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Post-fabrication Frequency Tuning in Superconducting Transmon Qubits
- To Mitigate the E [edts of Fabrication Uncertainty

MAURIZIO TOSELLI

Department of Microtechnology and Nanoscience

Chalmers University of Technology

Abstract

This thesis presents a study on the manipulation of the normal state resistance
Rn of AIZAIOx/AIl Josephson junctions using electrical DC signals. The goal is to
develop a post-fabrication method for tuning the frequency of transmon qubits in
superconducting quantum processors. This method aims to correct initial fabrica-
tion uncertainties and mitigate frequency collisions to scale up the number of qubits.
The project initially focused on a precise, non-intrusive technique to measure Ry
at room temperature, which is directly related to the qubit plasma frequency fo;
through the Ambegaokar-Barato [relation. Subsequently, the natural aging of two
types of devices, thin-oxide and thick-oxide junctions, was studied. Thin-oxide junc-
tions proved less stable, exhibiting a resistance increase of more than 30% within
the first two weeks after fabrication, compared to the 3% to 4% observed in thick-
oxide junctions. A procedure was then developed to deliberately increase Ry at
room temperature using high DC voltage biases, achieving increases of nearly 20%
for thin-oxide devices and about 10% for thick-oxide ones. This demonstrates the
potential for correcting fabrication variations on a wafer-level scale. An essential
finding was the delayed resistance increase after manipulation, suggesting the need
for further studies to better understand and control this e [edt. Theoretical modeling
and simulations also revealed that the applied voltage plays a crucial role beyond
simply delivering localized heat to the junction. Finally, a technology demonstration
performed with a new experimental setup specifically designed to address individual
qubits validated this method on a working quantum processor, providing a proof
of concept. The results showed frequency shifts of several hundred megahertz after
manipulation, without compromising qubit lifetimes. Despite a systematic overes-
timation of the final frequencies, likely due to the delayed resistance increase, this
thesis successfully demonstrates a promising frequency tuning method and suggests
future optimization and implementation directions.

Keywords: frequency tuning method, transmon qubit, Josephson junction, super-
conducting quantum computing, electrical measurements, junction aging.
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1

Introduction

The idea of using the principles of quantum mechanics like superposition and en-
tanglement to address speci ¢ computational problems which cannot be e ciently
solved by classical computers traces back to the early 1980s. Pioneering scientists
like Paul Benio, Yuri Manin, and Richard Feynman [1] were among the rst to
propose this concept. Over the following decades, this idea gained popularity, lead-
ing to the establishment of the eld nowadays known as quantum computing.

The theoretical foundations of this discipline were relatively quickly laid, accompa-
nied by the development of various algorithms and possible applications to demon-
strate the potential of these quantum machines. However, experimental validations
were slower in coming. Even now, more than 40 years since the inception of quan-
tum computing, building a quantum computer that can outperform classical ones
in solving practical and useful problems remains an ongoing and ambitious challenge.

During the initial years, many platforms were proposed to physically implement

a quantum computer. Among the di erent options, superconducting circuits have
emerged as one of the leading candidates for a scalable quantum processor archi-
tecture. The rst example in this direction dates back to 1999, when Y. Nakamura
et al. [2] rst developed a qubit based on a superconducting circuit called single-
Cooper-pair box. Since then the eld has rapidly grown, culminating in 2019 with
the achievement of the milestone known as quantum supremacy [3] by a group of re-
searchers from Google on their 53-qubit processor called Sycamore [4]. It is indeed
not a coincidence that many of the big technology companies that are nowadays
leading the quantum computing e ort, such as Amazon, Microsoft, Google, and
IBM, have decided to bet on the superconducting circuits platform.

1.1 Motivation

One of the many scienti ¢ and engineering challenges in building a quantum com-
puter is implementing scalable and well characterized qubits, as speci ed in the rst

of DiVincenzo's criteria [5]. Among the various superconducting qubit realizations,
xed-frequency transmons are particularly attractive for their long coherence times
(T, and T,) approaching500us [6, 7] and their high single-qubit and two-qubit gate
delities (above 99:99% [8] and 99:5% [9] respectively). Currently, the dimension

of state-of-the-art superconducting based systems already exceeds 1000 qubits [10],
but in order to achieve fault-tolerant quantum computing much more is needed [11].

1



1. Introduction

A big challenge for scaling xed-frequency transmon architectures is mitigating the
errors coming from the frequency collisions between the rst and higher order tran-
sitions of neighbouring qubits. It is easy to imagine that the need of scaling up the
number of qubits in a quantum processor, combined with the limited bandwidth
(typically 3 to 6 GHz [12]) available for qubit plasma frequencies, can lead to un-
wanted interactions between similar energy transitions of neighbouring qubits. This
phenomenon is usually referred to as frequency crowding [13]. To avoid these colli-
sions, it is therefore crucial that the qubit frequencies of a newly fabricated quantum
processor are aligned with the designed ones.

In a realistic situation however, precisely addressing the designed frequencies for
all the qubits in a device is not a simple task. As it will be explained in detail in
Chapter 2, the plasma frequency of a transmon qubit is related to the normal state
resistanceRy of the Josephson junction by the Ambegaokar-Barato relation (see
Equation (2.8)). Given the nanometer scale dimensions of the junctions employed,
the current level of fabrication technology results in a variation in tunneling resis-
tance on a wafer-scale ranging frorf% to 10% [14, 15]. This contribution usually
dominates the variation in the plasma frequency of transmon qubits, leading to a
frequency variation for the as-fabricated transmon qubits on the order &£5% to
5%. This is currently not enough to reliably produce processors with a number of
qubits that can scale above hundreds of units [16].

For this reason, in the last couple of years, many post-fabrication methods and tech-
niques for individually tuning the normal state resistance of Josephson junctions
have been developed [17 21]. Most of these methods are based on the observation
that the resistance of a tunnel junction can be increased and eventually stabilized
against what is commonly known as aging by a thermal treatment as shown in
previous works [22 24]. The common idea of these methods is to compensate for
fabrication uncertainties by individually addressing single qubits inside a quantum
processor and tuning the resistance of their Josephson junction to the target value.
By using di erent physical means to locally manipulate or deliver heat to specic
gubits, these methods promise to correct for fabrication uncertainties and increase
the production yield of quantum processors, enabling further scaling of the number
of qubits.

In this scenario of practical necessity for a post-fabrication method to individu-
ally tune the frequencies of transmon qubits in a quantum processor, a discovery
made by some researchers at the Quantum Technology Laboratory (QTL) division
at Chalmers immediately appeared promising. They observed some correlation be-
tween the routine resistance measurements of Josephson junctions and their aging
process, suggesting that the resistance value of the junctions might have been af-
fected by the electrical signals applied during the measurement procedure. This
observation is the starting point that led to this master's thesis project.

2



1. Introduction

1.2 Aim

The aim of this master's thesis project is to develop a post-fabrication method to

individually tune the resistance of the Josephson junctions inside a quantum proces-
sor, with the purpose of adjusting the frequency of the transmon qubits and correct
for fabrication uncertainties. To enable the manipulation of the normal state resis-

tance of the junctions, the investigated physical mean is the application of electrical

signals in the form of voltage or current DC biases.

For the purpose of this project, the intended method can be delineated into a series
of steps or tasks that need to be accomplished and demonstrated independently.
This approach allows for the evaluation of the method's applicability and utility.
The di erent steps can be understood as follows:

Resistance measurement. The rst step of the method consists of assessing
the initial qubits' frequencies. This involves measuring the normal state resis-
tance of each Josephson junction (JJ) and estimating the plasma frequency of
each qubit using Equation (2.8), which is derived from the Ambegaokar-Barato
relation. It is crucial for this step that the measurement remains non-intrusive
and does not alter the resistance value of the junction. Otherwise, the method's
reliability would be compromised. A demonstration of this step necessitates show-
casing a measurement procedure that is su ciently precise in terms of standard
deviation of the outcome and that does not induce signi cant alterations in the
measured resistance value.

Resistance manipulation. The second step involves precisely and indepen-
dently manipulating the resistance of each individual qubit's Josephson junction.
These resistances must be adjusted and aligned with the designed values to mit-
igate the undesired e ects of fabrication uncertainty. Key aspects to consider in
this process are manipulation range, precision and yield. The range refers to the
maximum resistance manipulation achievable, which indicates the extent to which
initial resistance variations can be corrected. Precision indicates how closely the
manipulated resistance matches the target value. Finally, yield describes the
consistency and repeatability of the manipulation process. To demonstrate the
feasibility of this approach, it is crucial to show that the resistance can be ac-
curately controlled over a wide range and across a substantial number of samples.

Proof of concept. The last step consists in providing a proof of concept to
showcase the potential of this frequency tuning method. The main goal is to
demonstrate that the plasma frequencies of the qubits within a quantum proces-
sor unit (QPU) can indeed be individually modi ed. Furthermore, to validate
the method's e ectiveness and practicality, it is crucial to ensure that its im-
plementation does not compromise other properties of the qubits. The primary
metric for assessing the "quality” of a qubit is the relaxation timd; [25]. If
manipulating the resistance signi cantly reduces this relaxation time, the bene t
of the frequency adjustment provided by the method would be overcome by this

3



1. Introduction

drawback, rendering the method inconvenient. Demonstrating the capability to
individually manipulate the resistance of the qubits without signi cantly a ect-
ing their lifetime would be the ideal validation of the method's applicability and
potential.

The aim of the project can thus be summarized in the achievement and demonstra-
tion of these three steps.



2

Theoretical background

2.1 Transmon qubit

One of the simplest, yet most used, superconducting qubit realization is the xed-
frequency transmon qubit. A xed-frequency transmon qubit is made by a shunt
capacitor Cs in parallel with a nonlinear superconducting element called Josephson
junction (JJ), which will be analyzed in detail in Section 2.2. The contribution of
the JJ to the circuit can be expressed in terms of an additional self-capacitance term
C; and a nonlinear inductance

L, = 0 ; 2.1

7 21 .cos 2 (—;) 1)
wherel . is the critical current of the junction, 2 ( t)= o ' (t) is the dierence
in phase between the two superconducting islands and, = h=(2e) is the magnetic
ux quantum. The electrical circuit diagram of a xed-frequency transmon is shown
in Figure 2.1a.

Following the derivation from reference [26], the quantum Hamiltonian of this circuit
is given by

2

B = et E;[1 cos 20 I; (2.2)

whereC = Cs + C; is the total capacitance andg; = I¢( 0=2 ) is the Josephson
energy. The operators'\ and O are obtained by promoting the classical conjugate
variables and Q to operators which satisfy the commutation relation[A;Q] =
i~f. This Hamiltonian is then usually simpli ed by discarding the constant energy
term +E; and introducing the rescaled ux” = (2 = )" and chargeq = Q=2e
operators. This results in

AN

B =4Ec6 E,cos’ (2.3)

where Ec = €=2C is the charging energy required to add an additional electron
to the superconducting island. The obtained Hamiltonian is similar to the LC har-
monic oscillator's one (Equation (2.20) in [26]), but in this case the cosinusoidal
potential introduces a nonlinearity into the system. By diagonalizing this Hamilto-
nian, an anharmonic energy spectrum is obtained, which means that the transition
energies between the levels are di ererft-! o, 6 ~! 1, 6 ~! ,3 6 ::) as shown in Fig-
ure 2.1b. This allows to de ne a computational two-dimensional subspadie0i ; jlig

5



2. Theoretical background

(@)

(b)

Figure 2.1: (a) Circuit diagram of a xed-frequency transmon qubit. The two
superconducting islands of the transmon are represented by the two nodes of the
circuit.  is the upper node ux, while the lower one is took as reference (ground).
The nodes are connected by a shunt capacitd@s in parallel with a Josephson
junction. (b) Anharmonic energy spectrum of a transmon qubit. The cosinusoidal
potential energy of the transmon circuit (blue line) is compared with the quadratic
one of the LC harmonic oscillator (dashed red line). The former results in an an-
harmonic energy spectrum.

made by the two-lowest energy eigenstates of the system and therefore approximate
the multi-level transmon to a quantum two-level system.

In literature, this system is usually referred to as Cooper-pair box [2] and can be
highly sensitive to charge noise in the case whé&y  Ec. For this reason, the super-
conducting qubit community moved towards what is commonly known as transmon
regime, wherek, Ec. This can be accessed by shunting the junction with a large
capacitor (Cs  C;), resulting in a smallE¢c and a qubit which is less sensitive to
charge noise [25]. In this regime, the qubit plasma frequency can be approximated
by performing a Taylor expansion and using the harmonic oscillator basis with

| O
8ECE E

For a more accurate formula to calculate the qubit plasma frequency, refer to Section
2.3 in reference [27].
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2.2 Josephson junction

The Josephson junction is a fundamental element in superconducting electrical cir-
cuits and takes its name from the british physicist Brian Josephson, who predicted

in 1962 the mathematical relationships between the voltage and current across this
device [28]. In general, a JJ consists of two closely spaced superconductors coupled
by a weak link. This link can be implemented by dividing the two superconductors

by a thin insulating layer. The resulting structure is referred to as a superconductor-
insulator-superconductor (S-1-S) junction. In the superconducting quantum circuits
eld, JJs are usually made by two superconducting aluminium layers divided by an
oxide layer. This oxide layer is grown by a controlled oxidation process, resulting in
an Al/AIO /Al structure.

In such a structure, if the wave functions of the Cooper pairs in the two supercon-
ductors ;1 and , overlap, there is a nite probability for Cooper pair tunneling,
which results in an e ective supercurrent through the device. A schematic of a S-I-S
Josephson junction is shown in Figure 2.2a.

(@)

(b)

Figure 2.2: (a) S-I-S Josephson junction structure. The overlap of the supercon-
ducting wave functions ; and , (black lines) of the two superconductors allows
the tunneling of Cooper pairs.(b) IV characteristic of a superconducting Joseph-
son junction. Forl < | ; the voltage drop across the junction is/ = 0, meaning
that only the supercurrent is owing through the device. For larger current biases
dissipation occurs and the device behaves similarly to a resistor of normal state re-
sistanceRy (dashed gray line).

At su ciently low temperature, the behaviour of this device is described by the so
called DC (2.5) and AC (2.6) Josephson e ects [29]

| = I¢sin(); (2.5)
d _ 2V,

dt ~ < (2.6)
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where' ="', ' ;isthe dierence in phase between the two superconducting islands
as in Equation (2.1), V is the voltage drop across the junction and, the critical
current. The latter is a crucial parameter that represent the maximum supercur-
rent that the junction can support before switching to the dissipative state where
a quasipatrticle current starts owing. Under this condition, the device will behave
similarly to a resistor of normal state resistancdky. The complete nonlinear IV
characteristic of a superconducting Josephson junction is shown in Figure 2.2b.

The normal state resistancery of a Josephson junction is the tunneling resistance
of the insulator potential barrier felt by the quasiparticles in the superconducting
islands. It is related to the critical current at zero magnetic eld of the device by
the Ambegaokar-Barato relation [30]

|
_ (T (T) .
le= Sery BN ST

(2.7)

where ( T) is the superconducting gap from the BCS theory [31]. The normal state
resistance of a junction strongly depends on the insulating layer and other material
properties and can be extracted by the IV characteristic of the Josephson junction
for large biases as shown in Figure 2.2b.

In Section 2.1, an approximation of the plasma frequency of a transmon qubit was
given by Equation (2.4). Using Equation (2.7), it is possible to relate the qubit
plasma frequencyfo; directly to the normal state resistanceRy of its Josephson
junction, obtaining

q_ —
~(T)
oy 2Ec o Ec
h )
wheretanh (( T)=2KgT) 1since( T) 176 eV for aluminium thin layers and
these devices typically operate at temperatures in the order @b mK.

(2.8)

2.3 Tunnel junction

When the S-I-S Josephson junctions are not in their superconducting state, for ex-
ample at room temperature, they behave like metal-insulator-metal (M-I-M) tunnel
junctions. In general, a tunnel junction consists of a potential energy barrier be-
tween two electrically conducting materials. According to quantum mechanics, if
the potential barrier is thin enough, there is a nite probability for the electrons
(or quasiparticles) to pass through the barrier even if their energy is lower than the
potential energy of the barrier. This phenomenon, which is not allowed in classical
mechanics, is known as quantum tunneling.

By solving the Schrodinger equation for an electron in a 1D potential barrier using
the Wentzel-Kramers-Brillouin (WKB) approximation [32], it is possible to calculate
the transmission coe cient across the barrier as

8
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