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Josephson parametric amplifiers (JPAs) with nearly quantum-limited noise performance have become indispensable
devices for the measurements of superconducting quantum information. We have developed an all-Nb lumped-element flux-
driven JPA operating in the three-wave mixing mode. Our Nb-based JPA comprises Nb/Al-AlO,/Nb Josephson junctions, a
parallel-plate capacitor with SiO» dielectric sandwiched between two Nb layers, a bottom coplanar waveguides layer, and a
top Nb wiring layer. We experimentally demonstrate a 20 dB gain over a 190 MHz bandwidth, a mean 1 dB compression of
—123 dBm, and near quantum-limited noise performance. This fabrication process can be further used to design impedance
transformed parametric amplifiers for multiple-qubit readout.

Keywords: Josephson parametric amplifier, Nb/Al-AlO,/Nb Josephson junctions, lumped-element resonator

PACS: 85.25.Cp, 85.25.Am, 85.25.Dq

1. Introduction

Superconducting parametric amplifiers based on Joseph-
son junctions have been widely used in the past decade be-
cause of their capabilities to provide amplification with a noise
performance near the quantum limit.['>) The unique char-
acteristics of Josephson parametric amplifiers enable them
to be applied to weak measurement,®’ quantum feedback,!”!

9-11

squeezed microwave!® and qubit readout.®-'!1 In previous

works, two kinds of parametric amplifiers have been de-
veloped, one based on individual resonant architecture12-15]
and the other named Josephson traveling wave parametric
amplifier (JTWPA) based on Josephson junction transmis-
sion line.!'®~18] JTWPA has extraordinary bandwidth and sat-
uration power, however its fabrication process is compli-
cated and requires thousands of Josephson junction units.
On the other hand, the impedance transformed parametric
amplifier IMPA) based on lumped-element Josephson para-
metric amplifier (LJPA)!¥ has the best performance among
resonant-type JPA. LJPA includes much fewer Josephson
junctions in the dc superconducting quantum interference
device (SQUID), and supplies the profits of broad band-
width of several hundred MHz and near quantum-limited

[19-21

performance. I The Josephson junctions were fabricated

using standard Al/AlO,/Al tunnel junction with shadow

DOI: 10.1088/1674-1056/abeee6

evaporation.?>23] Sandwich structures of parallel-plate capac-
itors in LJPA were fabricated independently of junctions. %]
The uniformity of the lumped-element LC resonators com-
prised of parallel-plate capacitors and Al Josephson junctions
makes it challenging to prepare Al junction-based JTWPA de-
vice that requires thousands of units.

In addition, Nb-based multilayer process is compatible
with the existing commercial semiconductor micro-fabrication
All-refractory Nb/Al-AlO,/Nb Josephson junc-
The fabrica-

tion technology of Nb/Al-AlO,/Nb junctions is currently well-

platforms.

tions are robust after several thermal cycles.

established and is usually used for the fabrication of super-
conducting devices such as single-flux-quantum (SFQ) logic
circuits, programmable Josephson voltage standards, and dc
SQUIDs. 7426 Recently, the reliable and reproducible fabri-
cation process for high quality Nb/Al-AlO,/Nb junctions with
small leakage currents was developed.!?’! The high uniformity
of the properties of the Nb-based junctions has the potential to
develop JTWPA.

In this paper, we report the fabrication and characteriza-
tion of LJPAs using a multilayer micro-fabrication process. %]
The LJPAs are comprised of Nb/Al-AlO,/Nb junctions and
Nb/SiOy/Nb parallel-plate capacitors. The fabrication pro-
cess is based on dry etching of the Nb/AI-AlO,/Nb trilayer
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on intrinsic silicon. In Nb trilayer junction process, we typi-
cally make a SiO, layer as an electrical isolation layer and a
wiring Nb layer on top of the SiO, layer to connect part of
top and bottom Nb layers. The parallel-plate capacitors are
fabricated at the same time owing to the overlapped layers of
the wiring Nb layer, the bottom Nb layer, and the intermedi-
ate SiO; layer. We experimentally demonstrated 190 MHz of
almost 3 dB smooth bandwidth with a 20 dB gain centered
around 6.848 GHz. Within the entire bandwidth of the ampli-
fier, an average 1 dB compression point of —123 dBm with the
near-quantum-limited noise performance makes it have the po-
tential to be applied in broadband IMPA and multi-qubit read-
out.

2. Design and device fabrication

The design of the LJPAs we fabricated is similar to the
ones reported by Mutus et al.l'”! As shown in the schematic
circuit and optical micrograph in Figs. 1(a) and 1(b), the os-
cillating system includes of a SQUID with flux-dependence
nonlinear inductance shunted by a parallel plate capacitor.
The parametric amplifier resonator whose resonant frequency
can be tuned in the 4-8 GHz range by adjusting the static
magnetic flux threading the SQUID loop is directly cou-
pled to a single input—output signal line. An on-chip pump
line, which is realized by a 50 Q transmission line, pro-
vides an ac flux and energy of parametric amplification.[>’]
These amplifiers have an unbiased nonlinear junction induc-
tance Ly = 54.9 pH, a geometric inductance L, = 13.39 pH,
a capacitance of C = 5.68 pF, producing a resonant frequency
fo= 1/271:((LJ+Lg)C)1/2 = 8.08 GHz. The coupled quality
factor (Q) of the LJPA is expressed as Q = 2nZ fyC = 14.4,
where Z is 50 Q of the environmental impedance. ']

The LJPAs based on Nb/Al-AlO,/Nb Josephson tunnel
junctions were fabricated with multilayer processes in the Su-
perconducting Electronics Facility (SELF) at Shanghai Insti-
tute of Microsystem and Information Technology. In the first
step, Nb/Al-AlO,/Nb trilayer was deposited on an intrinsic
silicon substrate in-situ in a combination equipment with sep-
arate chambers for dc magnetron sputtering of Nb, Al, and
for AlO, formation by static oxidation. Nb base and counter
electrodes were both 150 nm-thick and the Al film was 10 nm-
thick. The thickness of the AlO, barrier which determines the
critical current density of the Josephson junction can be con-
trolled with the oxygen exposure. Appropriate oxygen pres-
sure and exposure time for oxidation were adjusted to obtain
the Josephson critical current density of about 100 A/cm?. In
the second step, a layer of photoresist AZ703 was spin-coated
above HMDS and baked. We used a Canon FPA-3030 i5+
stepper with 350 nm imaging resolution for photolithography
of all layers. The Nb/Al-AlO,/Nb Josephson junctions we

used were designed as circular-shaped and defined by etch-
ing the top Nb layer. After that, lithography and wet etching
were performed to define the AlO, barrier whose area must
be larger than junction’s so that the barrier between the Nb
base and counter electrode was not damaged during the pro-
cess. The Nb layer was etched via a process using inductively
coupled plasma (ICP), then the AlO, barrier was wet etched
using developer. In the third step, the transmission line and
Nb base electrode were defined by reactive ion etching (RIE)
the bottom Nb layer. In the fourth step, a 250 nm-thick SiO,
film was deposited using a plasma enhanced chemical vapor
deposition (PECVD) process and etched using CHF3 to form
an electrical isolation layer between the bottom Nb electrode,
the transmission line, and the wiring layer. The dielectric lay-
ers used for capacitors and contact holes for vias through the
SiO; layer were also made. In the fifth step, a 300 nm-thick
Nb film was deposited and etched to form the top electrodes of
the shunt capacitors and the crossovers on the signal and pump
lines. This layer was also used to form the shunt connections
between the Josephson junctions and parallel plate capacitors,
meanwhile, the electrical connections between the junctions

and the ground.
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Fig. 1. (a) Circuit diagram of LJPA. The input signal is amplified and
reflected from the resonant circuit through a circulator, which is used to
separate the input signal and output signal. An external magnetic flux @4c
provided by a superconducting coil and an ac magnetic flux ¢ supplied
by pump line tunes the resonant frequency. (b) The optical micrograph of
the device. The center square indicates the parallel plate capacitor. The
50 Q coplanar waveguides in the left and right indicate the signal and pump
lines, respectively. (c) Schematic of the cross-section of LJIPA. A struc-
ture of 10 nm thick Al-AlO, sandwiched between two Nb layers forms a
Josephson junction. A wiring layer on the top is isolated from the bottom
Nb by a silicon oxide, and a parallel plate capacitor is formed as shown in
the right side of the graph. The schematic diagram is not displayed to scale.
(d) Cross-sectional TEM micrograph of our LJPA as shown in (c). The top
layer is the protective layer used in TEM sample preparation.
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Figures 1(c) and 1(d) show a schematic of cross-section
and the corresponding transmission electron microscopy
(TEM) micrograph of a Nb-based junction and a part of par-
allel plate capacitor on a silicon substrate. These integrated
LC resonators were mass fabricated using wafer-scale pro-
cess, which produced hundreds of devices at the same time
and could be further used to make IMPA and JTWPA.

3. Measurements and results

In LJPA characterization measurements, the sample is an-
chored to the sample stage of a dilution refrigerator with a base
temperature around 17 mK. This paper includes two devices,
labeled A and B, whose designs are identical. They were si-
multaneously fabricated on one substrate. Before operating
the device as a parametric amplifier, we first characterized the
resonator’s reflectance with a signal tone. A superconducting
coil is used to supply the dc flux bias and tune the resonant
frequency of LJPA by adjusting the magnetic flux penetrating
the SQUID loop. Figures 2(a) and 2(b) show the resonant fre-
quency as a function of the flux bias for the LJPA we made.
The solid red line is the theoretical prediction from the de-
signed parameters. Resonant frequency of the LJPA can be
tuned from 4 GHz to 8 GHz by adjusting the bias current in the
superconducting coil. The modulation curve of device A is ex-
perimentally discontinuous, but the period of flux modulation
can still be observed. This phenomenon also exists in other de-
vices fabricated at the same time. We apply the magnetic field
with the external coils in the sample holder. The phenomenon
we observed is that the frequency is kindly “latched” when
we change the dc current in small range of the external coils.
Then it jumps to next frequency suddenly. We speculate that it
is due to magnetic flux crosstalk caused by a larger loop where
the SQUID loop is included. Also, this phenomenon may be
caused by poor contacts between crossovers and the bottom
Nb layers which are due to the inhomogeneity of etching of
SiO; in the fabrication process. Poor contact leads to unequal
grounding on two sides of the central conductor, resulting in
parasitic modes. Furthermore, there is no grounding meshes
near the SQUID. The flux trapping may also cause disconti-
nuities. In subsequent design, we try to improve the magnetic
flux jump by increasing the area of the loops around SQUIDs
and placing proper crossovers. By fitting theoretical formula
to the experimental modulation curve of the LJPA, the zero-
field Josephson critical current I, and shunt capacitance can
be obtained. The extracted I is about 3 A which is close to
the I-V curve measurement result at 4.2 K. The extracted C is
about 5.78 pF, which is close to the design value. The qual-
ity factor obtained by fitting S>; curve under zero flux bias is

approximately equal to 11, which is close to the design value.

The LJPA we fabricated can be operated in either a three-
wave mixing mode or a four-wave mixing mode. We charac-
terized our devices as a three-wave mixing amplifier by driv-
ing RF flux via the SQUID loop with the inductively cou-
pled pump line.*! The appropriate pump frequency and pump
power are optimized to realize large gain at different dc flux
biases. The data in Figs. 3(a) and 3(b) display bandwidths of
devices A and B with a 20 dB gain at three flux biases. In de-
vice A, a gain of 20 dB in the bandwidth of 190 MHz (centered
around 6.848 GHz) was observed, as shown in Fig. 3(a). The
pump frequency is around 13.696 GHz. The pump power is
around —25.8 dBm at the pump port. The flux bias is around
0.276¢9, where ¢ is the flux quantum. The large bandwidth
in the LJPA is expected to be further improved by engineering

the impedance transformer.

9

= experimental data
calculated data
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Fig. 2. DC flux modulation. Experimental data of resonant frequency
vs. flux bias is plotted by fitting the measured phase of the reflected mi-
crowave. The theoretical line is plotted by fitting the experimental data.
(a) Modulation curve of device A. The modulation curve is discontinuous,
but the resonant frequency of the LJPA can still be tuned from 4 GHz to
8 GHz. (b) Modulation curve of device B. The resonant frequency of de-
vice B changes continuously when adjusting the flux bias. The calculated
line fits well with the experimental data. The extracted critical current
of the Josephson junction is about 3 1A, the extracted capacitance of the
parallel-plate capacitor is about 5.78 pF, and the quality factor measured
by fitting S»; curve under zero flux bias is about 11. These data are close
to the designed values.

At each working point, we also measured the saturation
power and noise temperature of our LJPA. When the signal
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power is high enough, the gain of the amplifier will decrease
under the same pump condition. The saturation power is gen-
erally described by 1 dB compression point, which refers to
the signal power when the gain decreases by 1 dB. The 1 dB
compression power is characterized by recording the change
of the nondegenerate signal gain with signal input power for a

range of pump power [see Fig. 4(a)].

20 (a) foump (GHz)
L — 13.696 4
10} — 13.744

14.302

Signal gain (dB)
=
o

6.4 6.6 6.8 7.0 7.2 7.4
Signal frequency (GHz)

201 (b) Fomy (G7) ]
[ — 13.050 A
10 —13.920 |
— 14.474 ]

Signal gain (dB)
=
o

N D o B
20 /\'
10|

ol . . . 4]

6.4 6.6 6.8 7.0 7.2

Signal frequency (GHz)

Fig. 3. Signal gain of device A (a) and device B (b) as a function of the signal
frequency, for different flux biases and working frequencies. The maximum
gain at each working frequency is adjusted to 20 dB. The arrow symbols
indicate the positions of the resonant frequency in the absence of parametric

pumping.

The noise temperature of LJPA [Fig. 4(b)] was then esti-
mated by comparing the variation of the noise powers when
turning on and off the LJPA without the input signal. We
have calibrated every amplification and attenuation, such as,
HEMT, room temperature amplifier, the circulators, various
kinds of filters, and the cable loss between the microwave de-
vices. We infer a lower limit of the noise temperature, around
215.7 mK, from the 9.3 dB increase of the noise power when
turning on the LJPA with a 20 dB gain. The noise performance
was near quantum-limited, i.e., with a noise temperature of
T = hfr/2kp ~ 164 mK, in the full 190 MHz band.!!**] The
bottom panel of Fig. 4(b) shows that the 1 dB compression
point has an average value of about —123 dBm for the whole
band.

. (a) Ppump (ABm)

— —25.23
— —25.63

25r — 2583 |

)
s 20
=
S 15
3
[=]
210
wn
5
0 L L I |
—140 —130 —120 —110
Signal pwoer (dBm)
500 (b) = experimental data
400 1 quantum limit noise -

Noise temperature
(mK)

Sat. pow (dBm)

6.8 6.9

Signal frequency (GHz)

Fig. 4. The saturation power and noise temperature as a function of signal
frequency at the working point of Fig. 3(a) with a 0.276¢y flux bias of de-
vice A. (a) Signal gain as a function of the input signal power indicates the
saturation at the different pumping powers. (b) The noise temperature of our
LJPA and the 1 dB compression point within the 190 MHz bandwidth range.

4. Conclusion and perspectives

In summary, we have designed, fabricated, and charac-
terized the LJPA based on Nb/Al-AlO,/Nb Josephson tunnel
junctions. The fabrication process of Nb-based trilayer junc-
tions we developed yields the parallel-plate capacitors while
making the Josephson junctions, which has an ease of use for
scalability. We have demonstrated a paramp with a flat gain
of 20 dB in the bandwidth of 190 MHz, a saturation power
greater than —123 dBm, and near quantum limited noise per-
formance. Our devices fabricated with Nb trilayer process
have center frequency tunability and could be used for vari-
ous superconducting quantum information experiments. In our
process, the wiring layers of the devices could be etched and
connected with the bottom layers to form crossovers which can
be designed to transform the environmental impedance.!'”]
The process we developed can be further used to fabricate
JTWPA that requires thousands of Josephson junctions.
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