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Qubits exploits the 
states superposition to 

increase calculation 
power 

A two level quantum 
system is required

JJ provide a solid state system that is able to mimic the 
features of an artificial atom with discrete energy levels

Qubit



W. D. Oliver, P.B. Welander, MRS Bulletin, 2013

𝜓! = 𝜓 𝑒"#!

𝜓$ = 𝜓 𝑒"#"

Chapter 2. Josephson junction devices 2.1. Josephson effect

Here, the Schrödinger equations for the macroscopic wavefunctions Y1,2 = (n1,2)1/2eij1,2 of
the two superconductors are written, where n1,2 are the densities of superelectrons and j1,2

their phases. Considering a bias voltage V between the two superconductors and assuming
a coupling to account for the tunneling process, the Hamiltonians are manipulated to obtain
the two Josephson equations:

dj

dt
=

2e
h̄

V, (2.1)

I = Ic sin j. (2.2)

j = j2 � j1 is the phase difference across the barrier, I = JA is the current flowing through
the barrier (with J the current density and A the junction area), and Ic is the critical current, a
temperature-dependent parameter measuring how strongly the phases of the two electrodes
are coupled through the weak link. Its temperature dependence is given analytically by the
Ambegaokar-Baratoff formula [77]

Ic(T)Rn =
pD(T)

2e
tanh

✓
D(T)
2kBT

◆
, (2.3)

where D(T) is the superconductors’ gap and Rn, the normal tunneling resistance, will be
better explained later on.

From equations (2.1) and (2.2), four effects due to pair tunneling can be predicted: the dc
and ac Josephson effects, described in the following, the inverse ac Josephson effect and the
macroscopic quantum interference effect. The last two are mentioned shortly in Sec. 2.4.

dc Josephson effect. The dc Josephson effect is already explicit in equations (2.1) and (2.2).
When no voltage V is applied, Eq. (2.1) results in j = const, meaning that at zero voltage a
dc current flows spontaneously only thanks to a phase difference. From Eq. (2.2), the current
I is given by the value of the phase j, while Ic represents the maximum current allowed.

ac Josephson effect. Considering a constant applied voltage V, Eq. (2.1) can be integrated
to give j(t) = j0 + (2e/h̄)Vt, which gives a phase varying from 0 to 2p with the Josephson
frequency wJ/2p = 2eV/h. The flowing current is then

I = Ic sin (wJ t + j0) , (2.4)

being an alternating current with maximum amplitude Ic and frequency wJ/2p.

2.1.1 Ideal I-V characteristic

Before describing the processes that explain a Josephson junction I-V characteristic, it is use-
ful to visualize the energy levels representation of a superconductor. This is sketched in
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The most widespread qubit type is the transmon.

Transmon consists of a small JJ shunted by two large capacitors to 
reduce the charge noise. Its simple design and high quality

performance make the transmon one of the best candidates for 
large-scale production.

Josephson Junction



Transmon in a RF cavity

Josephson Junction

Transmon

Two metal pads (two large capacitors)
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Qubit in 3D cavity

We read the Qubit state through a cavity measurement

ωq ωr

Dispersive regime

Δ01

Δ01=ωq-ωr ωq=ω01

χ#$ =
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Δ#$
χ	 = χ&! −

χ!"
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Fabricated @ Technology Innovation Institute, Abu Dhabi



Qubit in 3D cavity: Cavity spectroscopy
Bare cavity frequency
νr= 7.268 GHz
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Qubit in ground state



Qubit in 3D cavity: Resolving Photon Number
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The qubit frequency 
depends on the number 
of photons in the cavity

Number of photons in cavity 4  3  2  1  0

With a two tone measurement, 
we measure the qubit frequency

The deep position 
depends on the number 
of photons (PVNA) in the 
cavity



Estimate of anharmonicity and capacity
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Qubit in 3D cavity: Rabi and T1 measurements
Rabi

T1 T1=8.68±0.72 µs
P G

P G

Time [µs]

Time [µs]



Qubit in 3D cavity: Ramsey spectroscopy

T2 =2.30±0.11 μsA
T2
	= A
-T$+ ATϕ	 Tϕ= 2.𝟔𝟓±0.15 μs

Averaging over all the T2 measurements
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Qubit in 3D cavity: HFSS simulations
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Fq=6.57GHz
Ctot=100fF

500 𝜇𝑚

Qubit in 3D cavity: Design and fabrication a new Transmon

r0 [𝜇m] 500

d1 [𝜇m] 243

deff [𝜇m] 508

Expected T1
improvement 
of ~30%

New design already fabricated 
and soon to be tested

d1

r0

Manufacturing of 3D qubits 
with circular pads at IFN CNR

Aluminum JJ with 
area about 200 x  
350 nm



Move to Al 5N (99.999% purity) to reduce surface loss and improve the 
quality factor

Al alloy

Alloy cavity and qubit
fabricated at Technology 
Innovation Institute, Abu 
Dhabi

𝑄 = (1.78 ± 0.9) ⋅ 10O

Qubit in 3D cavity: Ultra –pure Al cavity



3D Cavity Fabrication

Mechanical 
machining

▶Vibro-tumbling ▶Electropolishing



𝑸 = 𝟐. 𝟐 ± 𝟏. 𝟎 ⋅ 𝟏𝟎𝟓
Already improved with
respect to previous Al 

alloy cavity!

S11 S21

Scattering parameters results
All measurements at 30 mK

Cavity

12

Cavity

12

7.46 GHz

Al	alloy Al	5N

Qubit in 3D cavity: pure Al cavity measurement

𝑄 = (1.78 ± 0.9) ⋅ 10O

The first new 
cavity in ultra-
pure Al



Conclusion:

In conclusion, we showed our characterization of a dispersively coupled qubit-cavity 
system.

• We measured all the relevant parameters of the Hamiltonain and the coherence 
properties of the qubit. 

• The simulations reproduce the measured parameters very well. 
• A superconducting qubit with circular pads has been designed and fabricated. 
• We fabricated and tested the superconducting cavities with pure Al
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