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We propose a lumped element Josephson parametric amplifier with vacuum-gap-based capacitor. The capacitor is
made of quasi-floating aluminum pad and on-chip ground. We take a fabrication process compatible with air-bridge tech-
nology, which makes our design adaptable for future on-chip integrated quantum computing system. Further engineering
the input impedance, we obtain a gain above 20 dB over 162-MHz bandwidth, along with a quasi quantum-limit noise per-
formance. This work should facilitate the development of quantum information processing and integrated superconducting

circuit design.
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1. Introduction

Parametric amplifiers are mostly pumped nonlinear oscil-
lators, among which Josephson parametric amplifier (JPA) is
a primary candidate for superconducting circuits.!'-% Joseph-
son junctions provide not only lossless non-linearity but also
the flexibility of working points. In the last decades, Josephson
junctions have been employed to realize the quantum-limited
parametric amplifier, which plays quite important roles in,
e.g., single-shot readout,!’°! quantum state squeezing,!'%!!l

and quantum jump trajectory.!!?]

With the emerging of
noisy intermediate-scale superconducting quantum technol-
ogy (NISQ),!'3") wide bandwidth amplifiers with quasi
quantum-limit noise are quite in demand for fault-tolerant
quantum computing.

The mainstream of existing wide bandwidth JPA can be
sorted into traveling-wave-based and lumped-element-based
types. On the aspect of gain response, traveling wave para-
metric amplifiers (TWPAs)!1%-18] typically provide gain above
10 dB with bandwidth of several-Gigahertz, while lumped el-
ement Josephson parametric amplifiers (LJPAs)[1°?% com-
monly have 100-MHz bandwidth accompanied with gain of
20 dB. On the fabrication aspect, TWPAs need reliable fab-
rication for series of thousands of Josephson junctions, and
LJPAs are composed by superconducting quantum interfer-
ence device (SQUID) and lumped capacitor, like interdig-
itated capacitor,*?! and parallel-plate capacitor.[?>=2>1 Tt is
worth noting that, to preserve working region, capacitors with
small parasitic inductance, such as parallel-plate capacitor and
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vacuum-gap-based capacitor, are preferred. While parallel-
plate capacitor lowers parasitic inductance of the interdigi-
tated capacitor, its multi-layer structure introduces fabrication
complexity and amorphous heterogeneous interface, where
surface defects are most likely to be found. Although most
JPA devices have declared quasi quantum-limit noise, further
decreasing defects makes a considerable difference on qubit
readout fidelity, which is a key limitation for current scalabil-
ity of quantum computing.

Typical wideband LJPA design takes comparatively
large lumped element capacitance, and skips coupling ca-
pacitors to the environment. These lead to wider spec-
tral linewidth, but smaller impedance, due to the limita-
tion of characteristic frequency. To lower impedance mis-
match at the signal reflection interface, impedance trans-
formers becomes a common choice, among which, copla-
nar waveguide (CPW) based one is a primary candidate for
its simple designable structure.!?°>") Commonly used CPW-
based impedance transformers are composed of a quarter-
wavelength CPW section (with main characteristic parame-
ters including resonant frequency @, and impedance Z;) and
a half-wavelength CPW section (with @y, and Z,). Accord-
ing to transmission line theory, input impedance of a load
can be transformed via CPW section, which can be expressed
as Zin(0s) = Zepw{Zi + 1Zepwtan(2nv s/ Ocpw) } /{Zepw +
iZ tan(2nV @,/ cpw)}. The variables labeled with ‘cpw’
refer to parameters of the CPW section, Z refers to load
impedance, and @, refers to probe signal frequency.[*°! There-
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fore, for @s ~ Wcpw, quarter-wavelength CPW section (with
v = 1/4) edits the real part of the input impedance, and half-
wavelength CPW section (with ¥ = 1/2) balances the imag-
inary part. Introduction of auxiliary impedance engineering
helps break gain-bandwidth product limitation of LJPA to be
several-hundred-Megahertz bandwidth accompanied with gain
about 20 dB.[23-3031]

In this paper, we propose an LJPA with vacuum-gap-
based capacitor. Aluminum-based microelectronic process-
ing is adopted, which means the design can be integrated
for Josephson-junction-based on-chip superconducting quan-
tum computing system. The lumped capacitor using vacuum-
gap-based structure results in lower parasitic inductance and
smaller amorphous heterogeneous interface.*?! The separated
superconducting pads are patterned via photo lithography,
while the quasi-floating one requires extra evaporation and
wet etching. Multi-material fabrication, including amorphous

B39 to form

silicon,[21:23:311 gilicon nitride,[*! or silicon oxide
capacitor gaps are avoided. Pad size is designed compar-
atively larger, in order to certificate structural ductility and
process reliability of the vacuum-gap-based capacitor. Ad-
ditionally, the device is strongly coupled to the environment
via a CPW-based impedance transformer to increase gain

bandwidth. [26-27]

2. Theory

In the perspective of theoretical analysis, the Josephson
junctions embedded circuit can be treated as nonlinear cavity.
With external pump, circuit Hamiltonian can be mapped onto
a parametric amplifier.[*>-33-34] For typical wide-band weak
signal gain usage, to avoid pump tone interfering, JPAs are
pumped around twice the frequency of its eigen-mode, which
refers to the so called three-wave mixing. Three wave men-
tioned here are named as pump tone (wy), probe tone (@),
and idler tone (@;), with serial characteristic frequencies sat-
isfying @wg = s + w; (See Fig. 1). The Hamiltonian can be
written as

H = h&(aias —l—afai) —ihA(asa; — a;fa;f), (1)
¥
1
for probe and idler tones. Ay = @y — @g/2 — 2, with A rep-
resenting the effective driving strength, and @, representing

where a5 (af) and a; (a!) are annihilation (creation) operators

the nonlinear cavity frequency. A is meanly determined by the
Kerr constant and averaged intra-cavity photon number, which
is dominated by the strong pump. In our design, lumped el-
ement parameters are of Cygp = 4.83 pF (capacitance of the
vacuum-gap-based part), Lyo, = 24.2 pH (parasitic inductance
of the vacuum-gap-based part) and Lg[0] = 165 pH (unbiased
inductance of the SQUID).

Combination of quantum Langevin equation and input-
output theory gives the photon number gain of the probe tone

G|as], which is indeed the square of modulus of the reflection

coefficient: [16-35]

Gloy = [1—Kx11 ], )

where y)1 is an element of system susceptibility matrix y [a],
which arises from [as,a;]T = x[a)s][asﬁin,aiAin]T. And x is the
effective damping rate, dependent by both the JPA intrinsic
damping rate and the impedance difference of it from the
environment. While the former factor is determined by the
vacuum-gap-based capacitor and the SQUID, the latter can be
lowered by impedance engineering, and thus broadens the JPA

gain bandwidth.
Ws
et wa
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Fig. 1. Illustration of components for the LJPA device, including CPW-based
impedance transformer, vacuum-gap-based lumped capacitor and SQUID.
During the three wave mixing process, annihilation of a pump tone photon
comes with creation of a probe tone photon and an idler tone photon, and vice
versa.

For the specific circuit presented in this work (see Fig. 2),
with auxiliary CPW-based impedance transformer, effective
damping rate can be approximated into 1/(2Cy,R;), when the
probe tone is slightly detuned from @gy/2. The transformed
environment resistance is of R; = Zé /R, where Zy =409 Q
is impedance of the quarter-wavelength CPW transformer, a
partial auxiliary impedance engineering part, and R = 50 Q
is resistance of the input channel. Resonant frequencies
of quarter-wavelength CPW transformer and half-wavelength
CPW transformer are designed to be @ = o, = 5.6 GHz,
which is mainly determined by the length of the waveguides.
Besides, Z is designed to be 58.0 Q. Impedance of the waveg-
uides is mainly determined by the width of the centerline and
gap. Accordingly, the system susceptibility matrix x[cw;] can

be expressed as?!:?7]

. . -1
—i(0g — o)+ 42%[25] A 3
A —i(l)s + Ym[zﬂc)sf/;ws]

xlos] =

The input admittance Y;,[@s] can be expressed as (R; +
iZaux 05/ Oaux) ~'. While R, meanly determines expansion of
the spectral bandwidth, mismatch of 1Z,,x @/ ®,ux and stand-
ing wave emerged in the cable, produce ripple on the reflected
spectrum. According to transmission line theory,?%2"! the to-
tal auxiliary CPW transformer (seen from the lumped part) has
impedance of Zyux = {Z4(1 —Zé/Rz) +27Z4[1 —Zg/(RZZﬁ)]} X
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/4 =71.4 Q and frequency of Wy« /27 = 5.6 GHz. Note that
for large detuning, approximation of self-energy terms into
Y [0s]/(2Cygp) and Yip[@g — @]/ (2Cygp) should be adjusted.
For the optimal pump power at certain pump frequency, the
gain response spectral can be approximately given!>2"! as

Glax] = Gmax /{1 + (AS/I—EW)‘t}a “4)

where Aq = @4/2 — @, Gax = 1 + 16K24%/{k> — 4% +
4w — 03/2)*}?, and Ty = K/(2Gr1n/£(). Such broadened
lineshape comes as higher order approximation of Taylor ex-

pansion for Eq. (2), due to the enlarged x /27 = 0.49 GHz.

Vacuum
Gap-based
Capacitor

/4 CPW /2 CPW

] )0 um

Fig. 2. Photos of the vacuum-gap-based lumped element Josephson paramet-
ric amplifier. (a) An optical image of the whole structure, which is charac-
terized in this paper. The circuit components are individually colored and
labeled. Port 1 is made for microwave signal, including probe tone and direct
pump tone. Port 2 is made for both microwave signal and direct current input,
thus allowing flux pump and on-chip bias. (b) A SEM image of the whole
vacuum-gap-based structure and SQUID. The lighter larger rounds are stand-
ing contacts to support the floating pad. The darker small holes are made for
removing the sacrifice layer during fabrication. (c) A SEM image of partial
lumped capacitor, which serves as a proof of the quasi-floating condition. (d)
A SEM image of the fabricated SQUID.

3. Design and fabrication

The structure of our LJPA is composed of lumped ele-
ment part, CPW-based impedance transforming part, and con-
trol line. The lumped element part is composed of vacuum-
gap-based capacitor and SQUID. The control line is designed
to allow both microwave pump and flux bias.

5132361 is illustrated in Fig. 3. On-chip

Fabrication proces
lumped capacitor pad, control line and impedance engineering

part are firstly patterned via photo lithography and dry etching

from a niobium sputtered silicon substrate. Standing contacts
of the lumped capacitor are separated from the on-chip ground
by concentric ring gaps. CPW-based impedance transformer
and SQUID are directly connected to the quasi-floating pad
through standing contacts. Then we use e-beam lithography
followed with double angle evaporation and in-chamber oxi-
dation to fabricate the Josephson junctions. Another round of
photo lithography is applied to reserve standing contacts be-
tween the on-chip ground and the quasi-floating capacitor pad.
The photon resist (thickness about 3 um) used here serves as
sacrifice layer. The quasi-floating capacitor pad is then formed
by aluminum evaporation, and is separated from the on-chip
one by initially etched gaps. Wet etching after third round of
photo lithography is taken, to remove photon resist sacrifice
layer and unwanted aluminum part. Both standing contacts
and top layer etched holes are designed as regular hexagon
nested array.

Vacuum
gap-based
capacitor

[m—=——=

Josephson
junctions

r———l

1al

Aluminum

@ silicon @ Niobium
. Photon resist . Oxide layers

Fig. 3. Fabrication process for the vacuum-gap-based JPA. The circuit ele-
ment sizes are distortedly plotted for illustrations. Material types are marked
by different colors and annotated.

4. Measurement and results

Our characterization measurement is taken at 25 mK in a
dilution refrigerator. Weak probe tone with characteristic fre-
quency of @, is injected by the network analyzer through port
1. It experiences attenuation before reaching to the cryogenic
environment. A circulator is placed in front of port 1. The
pump tone is applied by signal generator through port 2. Mix-
ing process transfer energy from the strong pump tone to the
weak probe tone. The amplified probe tone then comes out,

together with the idler tone and noise, through the circulator.
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The flux bias on the SQUID loop is controlled by global coil
inside the magnetic shield, which can be replaced by flux input
through on-chip control line, together with flux pump, using
bias-tee. Spectrum analyzer is added into the output channel,
to analyze the device noise performance.

Firstly, we modulate JPA characteristic frequency by ap-
plying flux to the SQUID loop through an external coil. Flex-
ibility of circuit characteristic frequency allows Gigahertz-
range operational bandwidth. As is illustrated in Fig. 4, gain
region is not restrict to the frequency of CPW transformer,
because its coupling to both environment and JPA is strong.
However, expansion of gain bandwidth for signal dispersive
from @,y is weakened.

—120 0 120

(b) Frequency (GHz)

5.47 5.53 5.95 6.25 6.30 6.70
ws (GHz)

Gain (dB)
= b
SR
T

Fig. 4. Bias-dependent reflection spectrum. (a) Unpumped phase spectrum
for varied bias. Orange dash line is the characteristic frequency fitting of the
CPW transformer dressed JPA circuit. @y refers to flux quanta. Three biased
points are marked in blue, green, and purple. Their accordingly three wave
mixing stimulated gain spectrum is plotted below. (b) The blue spectrum is
pumped at 11 GHz, and biased at —0.293@,. The green spectrum is pumped
at 12.18 GHz, and biased at 0.4049,. The purple spectrum is pumped at
13 GHz, and biased at —0.292&.

We then focus on bias at 0.404d, to characterize per-
formance of the device. Under the pump tone with frequency
of 12.18 GHz and power of —108 dBm, we obtain over 20-
dB gain with 162-MHz bandwidth. The corresponding 1-
dB compression is about —123 dBm. Measurement results
indicate the capability for simultaneous multi-qubit readout.
Note that all amplitudes of input signals are described in the
amount before reaching sample box. Dynamic range and gain
bandwidth of the device can be optimized by adjusting size

.37 If size of the vacuum-

of the vacuum-gap-based capacito
gap-based capacitor is halved, which results in halved Cygy,
similar to the JPAs with dielectric layer based parallel-plate
capacitor,?! gain bandwidth should be broadened beyond
300 MHz. Meanwhile, dynamic range should be decreased
for the same nonlinear cavity frequency targeted design. 33
We then compare the spectrum analyzer detected signal

to noise ratio (SNR) under pumped and unpumped cases, for

which subplot in Fig. 5(d) serves as an example. With accor-
dance to the characterized input channel attenuation and gain
response (exactly the blue line in Fig. 5(c)), this gives the JPA

noise.

(b)
22 'mﬁ
_ | [
% 20 °
~ - (-]
£
& 18t °
i —123 dBm®
16 ) )
—140 —120
P; (dBm)
— —123 dBm
o 251 — —146 dBm
E 20F N
£ 15} 162 MHz
O 10t

5.8 5.9 6.0 6.1 6.2 6.3 6.4
ws/2m (GHz)

Aps (kHz)

. o -60 ©

o 1.0f ° o = A — 80 °

~ 0° ~ I 90 79,

% 0.5F " ...O —-15 0 1.5 o A o

Z L 1 ° 1 .l 1 1 °

5.8 5.9 6.0 6.1 6.2 6.3 6.4
ws/2m (GHz)
Fig. 5. LJPA performance characterization under pump condition of

12.18 GHz, —108 dBm. (a) Gain response evolution toward saturation along
growing probe tone amplitude, for series probe frequencies. Probe frequency
dependent 1-dB compression is plotted as gray dash line. (b) Detailed plot of
the left one, for probe frequency at 6.09 GHz, with marked 1-dB compres-
sion at —123 dBm. (c) Gain response for probe power at —146 dBm (blue
line) and —123 dBm (red line). Gray dash line represents gain response line-
shape fitting. (d) Measured JPA noise (dots), with 1.2-dB insertion loss error
colored in gray, and orange dash line indicating quantum limit. Frequency-
dependent noise photon number is transferred into noise temperature via
1 /kg. Processing of SNR, at input signal frequency of 6.04 GHz, is taken as
an example (circled in pink). Its original data (Qou[7] = _lﬁ;P[Aps} dAp)
zoomed in 5 kHz span is presented in the subplot, where the pink area refers
to integration period 7 (1/3.75 kHz), and A refers to frequency difference
between probe tone and swept signal tone. T is the sufficiently settled inte-
gration period for wideband fast Fourier transformation that covers the JPA
gain bandwidth (1/100 kHz). Red line refers to the pumped spectrum, and
purple line refers to the unpumped spectrum. SNR is thus concluded from

QouT)(T = ©)/{(Nia[T] — Qou[7])}, whete Nt[T] = J73, PlAps] dAps.

To be specific, we can have a system noise in unit of
quanta defined as

N = 0i[7]/SNR, 5)

where footlabel ‘in (out)’ on Q7] refers to signal photon num-
ber input (output) during an integration period of 7, and SNR
represents signal to noise ratio detected by the frequency spec-
trum analyzer. It is worth-noting that integration period in-

fluence little on the noise calculation, because it is contained
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both in numerator and denominator of SNR. When JPA is not

pumped,
SNRup = Qs [T]/Na[f], (6)

where footlabel ‘up (p)’ on SNR refers to the unpumped
(pumped) condition, Qs means the fixed injected probe tone
photon number (around 2000), and N, means noise added
by the output channel with high electron mobility transistor
(HEMT) and room temperature amplifier. Similarly, when JPA
is pumped, we have

Niot = Nj +N€1/Gj7 (7a)
_ Gi(Os[t] +Nil7]) + Na[7]
e G (7b)

where Nj means noise added by the JPA, and Gj means JPA
gain. Comparing SNR;, and SNRy,;, gives

_ Qin . Qs
SNR, — 1  GiSNRy’

N ®)

This thermal calibration source free method well matched
the widely taken approximation method, where the noise is ex-
pressed as Tipa [@] = Tio[®](1/Nsnr[@] — 1/G[w]).?) In this
formula, T (jpa) means the total (JPA) added noise in the tem-
perature scale, nsnr means SNR improvement, and G means
JPA gain. Noise measurement results confirm that the vacuum-

gap-based structure reaches quasi quantum-limit.

5. Conclusion

For rounds of cooling, robustness of the vacuum-gap-
based geometric structure has been verified. We also varied the
gap design to test their room temperature capacitance, which
turns to have parallel-plate-capacitor-equivalent linear depen-
dency on size. This confirms designability of the electrical
parameters.

In summary, we have proposed a vacuum-gap-based ca-
pacitance structure for fabricating low-noise lumped element
JPA, with single material evaporation method. Our JPA
achieves over 20-dB gain with 162-MHz bandwidth, with
added noise about 1 quanta. The circuit can be further opti-
mized by finite impedance engineering and smaller capacitor.
Our device offers application in single-shot readout of multi-
qubit system, which emerges with the coming NISQ era.

Toward future integrated superconducting quantum cir-
cuits, air-bridge is becoming an essential component. Due
to the fabrication compatibility, our vacuum-gap-based LJPA
can be a strong candidate for hardware-efficient on-chip am-
plification. The vacuum-gap-based structure also inspires

3D-architectures of superconducting circuits. Furthermore,

such capacitor with low parasitic inductance can play roles in
lumped element circuit to tailor local electric field distribution,
which offers flexibility on designing characteristic frequency

and coupling strength.
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