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Abstract—Quantum Sensing is a rapidly expanding research
field that finds one of its applications in Fundamental Physics, as
the search for Dark Matter. Devices based on superconducting
qubits have already been successfully applied in detecting few-
GHz single photons via Quantum Non-Demolition measurement
(QND). This technique allows us to perform repeatable mea-
surements, bringing remarkable sensitivity improvements and
dark count rate suppression in experiments based on high-
precision microwave photon detection, such as for Axions and
Dark Photons search. In this context, the INFN Qub-IT project
goal is to realize an itinerant single-photon counter based on
superconducting qubits that will exploit QND for enhancing
Axion search experiments. In this study, we present Qub-IT’s
status towards the realization of its first superconducting qubit
device, illustrating design and simulation procedures and the
characterization of fabricated Coplanar Waveguide Resonators
(CPWs) for readout. We match target qubit parameters and
assess a few-percent level agreement between lumped and
distributed element simulation models. We reach a maximum
internal quality factor of 9.2x10° for -92 dBm on-chip readout
power.

Index Terms—Qubit design, Quantum sensing, Qubit simula-
tion, CPW characterization, X-mon

I. INTRODUCTION

Recent advancements in the field of quantum physics have
enabled significant progress in the precise measurement and
control of individual quanta such as microwave-photons [1],
phonons [2[|—[7] and magnons [8]], [9], opening new directions
in the detection of Dark Matter and Fifth Forces [10]-[12], in
tests of Quantum Gravity [13]], [14] and Quantum Mechanics
of macroscopic objects [15]], [16].

One remarkable feature of quantum systems is their capa-
bility to preserve the history of their interactions with the
environment within their quantum state. This property can
find a practical application in the form of Quantum Non-
Demolition (QND) detection, which proves to be well-suited
for implementation in superconducting qubits platforms for
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single microwave photon detection [[10]], [[L7]]. This is exempli-
fied by considering a superconducting qubit, initially prepared
in a superposition of ground |g) and excited |e) state:

) = % (19> + Ie) )

In addition to a dispersive readout resonator coupling for
readout, the qubit is also weakly coupled, to a high-quality
factor cavity which serves the purpose of photon storage.
Using this experimental setup, when resonant photons enter
the storage cavity, the qubit undergoes a time-dependent phase
shift represented by the state:

'y = % (1g) + e*2n€t ) @)

Here, £ is determined by the qubit-cavity coupling strength,
and n corresponds to the number of photons stored in the
cavity. By conducting Ramsey interferometry on the qubit,
we can infer the presence of photons in the cavity, without
destroying the photon state. Thanks to the QND nature of
this technique, redundancy in photon measurements makes it
possible to suppress false positives in single-photon counting
experiments exponentially.

The Qub-IT project aims to advance quantum sensing
using superconducting qubits for fundamental physics, with a
primary focus on axion search, hence its direct application to
experiments such as QUAX [18§]]. The axion-photon coupling
mechanism only occurs in the presence of magnetic fields,
which presents an added complexity for the measurement
setup. To address this challenge, our approach will involve
itinerant-photon detection, performing QND measurements on
the photon as it travels along a transmission line, from the
region with the intense magnetic field to the qubit system
one [19], [20]. Magnetic field suppression around the qubit
chip region is achievable through spatial separation between
the storage cavity and the photon counter subsystems, linked
by a coherence-preserving waveguide. A similar technique
was demonstrated in [?] for achieving remote entanglement
between qubits stored in different refrigerators.

In this contribution, we present the status of Qub-IT [21]],
towards the fabrication of its first transmon [22] qubit chip.
Sec. presents an analytical model for estimating target
Hamiltonian parameters. In Sec. we showcase the final
design and the simulation technique to extract all the relevant
parameters needed for control and readout. Sec. |[V] highlights
the current advancements in fabricating the readout coplanar
waveguide resonators (CPW). We draw our conclusions in Sec.

[Vl and

II. ANALYTIC MODEL

The interaction Hamiltonian can be constructed following
the approach of Ref. [23|]. Starting from the circuit, e.g. that
presented in Fig. |1} we first introduce a classical Lagrangian

2r
+ Ej cos (‘I)o¢> , 3)

where & = (Pext, Or, @) is the vector of fluxes of the
external drive, resonator and qubit, respectively; E; is the

Cd.cd 6118

£ 2 2

qubit Josephson energy; C' is the capacitance matrix, whose
entries depend on the capacitive coupling between different
nodes, and L is the inductance matrix. Following standard
quantization procedures, we obtain the quantum Hamiltonian

b Q2 <27T> QP
T=se P \8,%) Yoe, Tar,t @
- %QT + (BiQ + B,Q)V (1), (5)
rt

where Q are the charge operators, the canonical conjugate
of the flux. The terms in (@) respectively describe the qubit
and the resonator, while those in @) describe the interaction
between them and with the external drive. Explicit expressions
for the coefficients as a function of the circuit elements will be
presented elsewhere. From those coefficients, we can compute
the qubit charge energy as Ec = €2/(2C;).

The qubit Hamiltonian can be diagonalized as ) E,, |n){n|
and in the transmon regime we can keep only the lowest
energy levels, which will be denoted as |0) and |1). Their
difference in energy is denoted as fww,, while the difference
between F> — Iy and hw, defines the qubit anharmonicity c.
The resonator Hamiltonian can be written as fw,afd, with
resonator frequency w,. When the qubit and the resonator
are off-resonance, after a rotating wave approximation their
interaction can be written as

9 gy (aF 01] + @ 110 ©
Crt
with coupling gi,. Moreover, in the dispersive limit, with a
Schrieffer-Wolff transformation we can decouple the qubit and
resonator to get the following effective interaction

- ha

H~ _Tq&z + W@, — x6%)a'a, (7)
where the new frequencies have a correction due to the
coupling g, and yx is called dispersive shift.

III. DESIGN PROTOTYPE AND SIMULATION
A. Design

We present the design details of a planar transmon qubit
chip, which is coupled to a transmission line (feedline) through
a \/4 resonator. We use aluminium as the superconductor on
top of a 600um silicon substrate. The design comprises a
base version and three improved variations. The base version
consists only of a fixed-frequency, resonator-driven transmon
qubit. In the first variation, we introduce a dedicated driveline
to enable faster qubit control, while the second variation
features a flux-bias line, which allows tuning of the energy
spacing between the qubit excitation levels. Lastly, the third
version includes both the driveline and the flux-bias line,
combining the advantages of both setups. The lumped-element
circuit is shown in Fig. [I] All four versions share the same
qubit-resonator-feedline geometry. The qubit consists of a non-
linear inductor (a Josephson junction for the fixed-frequency
transmon, a DC-SQUID in the flux-tunable transmon case)
connected in parallel with a shunt capacitor, formed by a
cross-shaped pad and the ground plane. Such a configuration is
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Feedline

C Fluxline

Resonator

Driveline

Fig. 1. Lumped-element representation of the full design circuit. The resonator
is modelled as an LC circuit while the qubit is a SQUID shunted with a
capacitance.

200 pim
—

Fig. 2. Close-up view of the chip rendering. The Xmon couples with the
CPW resonator claw, the driveline and the flux-bias line, respectively through
the top, left and bottom arms. The resonator is connected to ground and
additionally couples to the feedline.

also called Xmon [24]. The shunt capacitor allows for charge
noise mitigation [22] and must be carefully tuned in order to
reach the transmon regime. The CPW resonator is capacitively
coupled to the feedline and one of the qubit crosses. The latter
is mediated by a capacitive claw that customises the coupling
strength by tuning the claw length and distance from the shunt
capacitor.

We developed the circuit design using the Qiskit-Metal
toolkit [25[, and it is depicted in Fig. |Zl The Xmon cross
has dimensions 21 um width and 342 pum length, with a gap
of 14 uym from the ground plane. The CPW readout resonator
measures 4.689 mm in length, with a trace width of 15 um and
a 9 um gap, ensuring a characteristic impedance of Zy = 50 (2.
The coupling element is an 85 um long claw with the same
trace width and gap of the resonator. Additionally, the res-
onator is capacitively coupled to the feedline through a 500 um
coupling trait 30 um distant from the feedline.

B. Simulation

The simulations were executed using Ansys Q3D and An-
sys HFSS software. Ansys Q3D was utilized for extracting
capacitance values tied to distinct circuit elements and cou-
plings, which are summarized in Table [[, assuming a parasitic
capacitance for the non-linear inductor equal to ¢; = 2fF.

TABLE I
CAPACITANCE VALUES EXTRACTED WITH ANSYS Q3D.
Cs Cg (3 Cd Cr
87.40 fF 3.93{F 6.41 fF 0.20 fF 404.07 fF

Further use of Q3D was the extraction of the mutual
inductance between the SQUID and the flux-bias line, resulting
in 2.7mA per induced flux quantum.

For quantization with Q3D-extracted data, we resorted to
the Lumped Oscillator Model (LOM) [26] analysis. The latter
was carried out using the capacitance matrix related to the
qubit, resonator claw and ground plane subsystem. For taking
into account dielectric losses and 50 €) port impedances, as
well as to obtain more accurate estimates of resonator and
qubit frequencies with their quality factors, we resorted to
Ansys HFSS performing eigenmode analysis. Quantization in
this case consisted of the Energy Participation Ratio (EPR)
method [27]], which quantifies how much of the energy of a
mode is stored in each element to evaluate several parameters
of interest, such as the Kerr coefficients:

hwwn,
4F;

where the anharmonicities are «,, = Xmm/2 and the total
dispersive shifts x,,,, for n # m. Here, p,, and p,, refer to the
energy participation ratios of the Josephson element for modes
m and n. For simplicity, we will refer to x as the resonator
total dispersive shift induced by qubit transitions |g) < |e),
and to « the qubit’s anharmonicity.

In addition, with the eigenmode simulation, we evaluated
the contributions of the driveline and flux-bias line, verifying
that they do not affect significantly the Kerr coefficients of the
cavity and the qubit.

Assuming a zero-bias Josephson inductance of Lj = 10nH,
matching a critical current /. = 33.0nA, the results obtained
with the LOM and the EPR methods agree to the amount
expected [26]], [27] and are reported in table E The LOM
analysis needs the dressed resonator frequency w, as an input,
therefore we employed the value extracted through the EPR
method.

Xnm = PmPn ¥

TABLE 11
RESULTS EXTRACTED FROM LOM AND EPR SIMULATIONS, ASSUMING
L; = 10NH AND C; = 2 FF.

LOM EPR
Transmon regime E;/E. 79.44 80.92
Anharmonicity «/27 227.81 MHz 213.80 MHz
Dispersive shift x /27 0.558 MHz 0.438 MHz
Qubit frequency wq/27 4.970 GHz 4.878 GHz
Cavity frequency wy/2m 5.989 GHz 5.988 GHz

Fig. 3] shows the expected dependence of the resonator
dispersive shift with the frequency detuning A = |w, — wg.
The comparison between EPR and LOM dispersive shifts at
different flux bias conditions, not fully addressed in previous
related studies [?], [26], [27]], is a useful test that will enable,
after a thorough comparison between simulated and real data,



MANUSCRIPT TRACKING ID: EUCAS23-1-EO-DB-03S

0.0
o
-0.5 M
e
-1.0 4 ’0,
~ ¢
T “
154
s v
= 2.0 1
o ¢
=~
) .51 ¢ Lom ¢
¢ LOM-L;=10nH N
O EPR
~307 @ EPR-y=10nH N
O Calcs
-35 - - . . . . ;
-1500 -1250 -1000 -750  —-500  —250 0
A2 [MHz]

Fig. 3. Resonator’s dispersive shift x as a function of the qubit-resonator
detuning A according to LOM and EPR methods, showing the agreement
between simulations and the analytical model for L; = 10 nH.

to estimate LOM and EPR accuracies at any device work-
ing point. Finally, we quantified through EPR the coupling
contributions to the loaded quality factor of the resonator
and the qubit, allowing us to estimate their relaxation time
through the formula @Q; = w;T};, with ¢ € {r,q} obtaining
Ty, = 0.46ps and Ty, = 33.06ps in the zero flux bias
condition. The resonator linewidth resulting from this estimate
is kK = 0.60MHz, which is small enough to make the
dispersive shift 2x/2m, observable, thus enabling readout at
any relevant coupling condition.

IV. PLANAR MICROWAVE RESONATOR CHARACTERIZATION

In order to allow for a low-dissipation read-out of qubits,
we develop high-@Q) planar microwave resonators based on
aluminium thin-films. For the optimisation of the aluminium
film properties and of the microfabrication steps, we designed,
microfabricated and characterised a resonator chip consisting
of six planar lumped element microwave resonators coupled
to a common coplanar waveguide transmission line. The
microfabrication of the resonator chip involves two main steps:
1) the aluminium film physical vapour deposition, in which
we have deposited a 200nm thick aluminium film onto a
650 um thick silicon substrate via magnetron sputtering; 2) the
patterning of the aluminium film, in which we have employed
mask-based photo-lithography and a wet-chemical aluminium
etch to structure the resonators and transmission lines into the
aluminium film.

The final resonator chip has been characterised at a tem-
perature of 30 mK by means of a dilution refrigerator. In the
microwave transmission spectrum of the chip we have iden-
tified six resonances, which we could associate with the chip
microwave resonators. From resonance fits to the complex-
valued transmission So; [28]], we could extract the resonance
frequencies f;, the internal quality factors J; and the coupling
quality factors ). of the resonators. As an example, in Fig. ]
we show the resonance of the second microwave resonator on
chip for an on-chip read-out power of Fypip, = —92dBm. The
read-out power dependence of the internal quality factor (;
of the second resonator is depicted in Fig. 5} We associate the

[S21/? [dB]
|

()}

T
S—

6.63984 6.63988

f[GHz]

6.63980

Fig. 4. Absolute value of the measured microwave transmission |Saq|?
(blue) and of the resonance fit (orange) around the resonance of the second
microwave resonator. The read-out power on chip was Pepjp, = —92dBm.
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Fig. 5. Dependence of the internal quality factor @; on the read-out power on
chip Pcpip. The shown data corresponds to the second microwave resonator.

power dependent increase of (Q; at low powers to the presence
of two-level systems [29], whereas we attribute the decrease
of @; at high powers to the breaking of Cooper pairs. At
an on-chip read-out power of Pgi, = —92dBm we find the
maximum internal quality factor of @; = 9.2 x 10°. In order
to improve the internal quality factor (in particular in the low
power regime), we are currently optimising the fabrication
process minimising the presence and the influence of two-level
systems.

V. CONCLUSIONS

We finalized the chip layout for the first Qub-IT fabrication
and extracted several parameters of interest through EPR and
LOM quantization models. The simulations agree with the
target values within a few percent and consistency between
simulation strategies has been demonstrated. The direct com-
parison between EPR and LOM dispersive shift evaluation for
a flux-tunable transmon provides new insights into assessing
their accuracy and prediction agreement.

In preparation for the manufacturing stage, we optimized
the fabrication of coplanar waveguides reaching an internal
quality factor well above 10°. After chip fabrication, this will
be fully characterized and compared to the expected results in
order to validate the design and simulation procedure.
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