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This dissertation describes three main projects focused on characterizing and im-
proving superconducting transmon qubits operating nominally at temperature of 20
mK. The first topic I discuss is characterization of ground state fidelity of a passively
cooled 3D transmon qubit using two techniques. The first technique was counting
the number of false counts when performing single-shot read-out measurements of the
weak resonator signal using a nearly quantum limited traveling wave parametric am-
plifier. Over about a million shots, only 772 counts were found with the system in the
excited state, corresponding to a residual excited state population of P, = 0.083%.
The second technique used was performing Rabi oscillations between the first and
second excited state levels of the transmon qubit. By fitting the data, the residual
excited state population was shown to be P, = 0.088%+0.018%. These state of the art
low values for the infidelity of the ground state suggest that the effective temperature
of the transmon qubit with fundamental transition frequency of 3.6 GHz was T' < 25
mK.

The second topic I discuss is improvements in the coherence of our planar trans-



mon qubits such that I was able to measure energy relaxation times and coherence
times up to tens of microseconds. There were two main improvements that I achieved
during this research. First, I identified a significant loss mechanism associated with
the way that the planar transmon qubits were packaged. 1 did this by measuring
the internal quality factors (Q;) for a series of thin-film Al quarter-wave resonators
with fundamental resonant frequencies varying between 4.9 and 5.8 GHz. By utilizing
resonators with different widths and gaps, I sampled different electromagnetic energy
volumes that affected @);. When the backside of the sapphire substrate of the res-
onator device was adhered to a Cu package with a conducting silver glue, a monotonic
decrease in the maximum achievable (); was found as the electromagnetic sampling
volume was increased. Simulations and modeling showed that the observed dissipa-
tion was a result of induced currents in large surface resistance regions underneath
the substrate. By placing a hole underneath the substrate and using superconducting
material for the package, I was able to decrease the Ohmic losses and increase the
maximum (); by an order of magnitude for the larger size resonators. The second
improvement I made to achieve improvements to our planar transmon qubits was de-
veloping a new fabrication process to improve the quality of the interface between the
substrate and the superconducting shunting capacitor of the transmon. For this new
process, the large features (> 1 pm) of the thin superconducting film are subtractively
defined by etching the film. The small A1/AlO, /Al junction is added in a second step
by defining the junction in electron-beam lithography, an ion mill step, and standard
double-angle evaporation.

Finally, I discuss my study of the coherence recovery time after injecting quasi-
particles in several transmon qubits. Quasiparticles in the transmon junction were
created by applying a large-amplitude microwave pulse resonant with the readout res-

onator. Immediately after generating the quasiparticles, a significant decrease of the



energy relaxation time of the transmon qubit was observed. By performing relaxation
time T; and coherence time 7T, measurements over the course of several milliseconds,
I tracked the recovery T; and T,, which I then used as metrics of the quasiparticle
density at the junction. I fitted the recovery data with a numerical model involving
differential equations and extracted the quasiparticle trapping rates around lms™!
and recombination rates around 1/25ns™ at the sites of a few transmon qubits. I
measured transmons that were either galvanically connected to ground or isolated,
fabricated with aluminum (with superconducting gap Aa; ~ 200 pV) or tantalum
(with Ata ~ 600 V) for the shunting capacitor. Finally, with a larger quasiparti-
cle injection power and by measuring two transmons on the same chip, I observed a
phenomenon that was consistent with phonon-assisted quasiparticle poisoning. I dis-
cussed my quantitative modelling of such data, and how this effect presents challenges

to further improving the coherence times of transmon qubits.
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Chapter 1

INTRODUCTION

1.1 Quantum Computation

The exponential growth of information has fueled an unceasing pursuit for more
potent computing systems capable of addressing the escalating demands of modern
society. Computation, as we have come to understand it, has predominantly relied
on classical computers that manipulate discrete bits represented by the binary digits
of 0 and 1. However, parallel to these advances in classical computation, our deepest
understanding of the physical world has been shaped by the principles of quantum
mechanics, a eld of study that unveils the astonishing behavior of matter and energy
at the quantum level.

Quantum mechanics, formulated in the early 20th century, elucidates the funda-
mental laws that govern the behavior of particles at microscopic scales. It reveals
a reality that is probabilistic, often non-intuitive, and characterized by phenomena
such as superposition and entanglement. Quantum mechanics lay the foundation for
the concept of a \qubit", the fundamental unit of quantum information.

In contrast to a classical bit, which has only two discrete states (0 or 1), a qubit
can be in a simultaneous superposition of both 0 and 1 states. 3fe represents a

gubit state, it can be expressed as
Se ®e Se (1.2)

with complex numbers and satisfyingS$ S$ 1.



Moreover, two or more qubits can also be entangled, a phenomenon where the
guantum states of multiple qubits become inherently interconnected, regardless of
their physical separation. As a result, in general it requires 2" complex numbers
on a classical computer to completely store the information of the Hilbert space
spanned byn qubits. Exploiting entanglement allows for the execution of parallel
computations across multiple qubits, providing an exponential speedup in certain
problem-solving scenarios compared to classical computers.

Several algorithms for quantum computation have been proposed that would yield
a speedup against best-known classical algorithms, including Shor's algorithm for
discrete factoring [125], Grover's algorithm for unobstructed search [49], and the HHL
algorithm for solving linear systems [54]. Experimentally, there has been reports
[3, 153, 148] over the past few years of quantum computers achieving \quantum
supremacy", solving problems faster than all existing classical computers, although
the problems solved in these demonstrations were of little predicted use.

There are many physical implementations for a qubit, including neutral atoms
[121], trapped ions [91, 105], nuclear spins [62, 64], quantum dots [76] and various
superconducting circuits [93]. In particular, qubits based on superconducting circuits
can be made from capacitors, inductors and Josephson junctions. The Josephson
junction provides energy levels with nonlinearity, which is critical for constructing a
qubit (see Sec. 2.2.1). Depending on the choice of other reactive circuit components,
superconducting qubits can be roughly categorized into charge qubit [141], phase
qubit [83, 130], ux qubit [38, 138], transmon [68], uxonium [78, 106], unimon [57],
and many more. Fig. 1.1 show di erent types of superconducting qubits, as distin-
guished by the relations between the Josephson enerfy, the inductive energyE_
and the charging energyE.. Among these, this dissertation in particular is focused

on the study of transmon qubits.



Figure 1.1: Dierent types of superconducting qubits distinguished by the ratio
of the Josephson energ¥; and inductive energyE, to charging energyE.. See
Sec. 2.2.2 for details of some of the energy de nitions. Figure from Ref. [57] under
Creative Commons CC by license.

1.2 Increasing Qubit Lifetime

Unlike a classical bit, the continuous nature of quantum states means a qubit is
inherently vulnerable to the problem of decoherence. This means a qubit may only
preserve quantum information for a limited lifetime before such information is lost
due to its interaction with the environment. Two common metrics characterizing the
coherent behavior of a qubit are its energy relaxation timé&; and coherence timel,
(see Sec. 2.2.10 and 4.6.3-4.6.5 for details).

As shown in Fig. 1.2, over the past two decaddg, and T, for superconducting
gubits has increased signi cantly. Despite that, lifetime in these systems cannot
support arbitrarily long quantum computations, contrary to classical computation

with very low bit error rates. To address this issue, quantum error correction, such



Figure 1.2: Superconducting qubit coherence time versus year, gure from Ref. [127]
under license number 5574400977925.
as Shor's code [126] and the surface code [37], has been proposed. Due to the no-
cloning theorem [100], an arbitrary quantum state cannot be \copied" in a classical
sense. Instead, quantum error correction works by spreading the information of one
(logical) qubit onto a highly entangled state of several (physical) qubits, and multi-
qubit measurements are intermittently performed, which do not disturb the quantum
information in the encoded state, but retrieve information about potential errors on a
subset of the physical qubits (usually one), and then correct for those errors. Recently,
a quantum error correction scheme extending the lifetime of a logical qubit beyond
the longest lifetime of its constituent physical qubits has been demonstrated [97].
For quantum error correction schemes to work, the error rate per quantum gate op-

eration has to be below a certain threshold (typically below 1%) [113, 37]. Lower error



rates require a smaller number of auxiliary qubits. Currently, the delities for some
qubit gates for superconducting qubits are limited by decoherence times [132, 35].
In this case, improving the lifetime of qubits could lead to meaningful expansion of
the capabilities of near-term quantum computers. In Chapter 5, | discuss improving
the coherence of my superconducting planar resonators and transmon qubits by im-
proving the package environment. In most error correction schemes, the error rate is
assumed to be Markovian and uncorrelated between di erent qubits. In contrast, it
has been shown that bursts of cosmic-ray muons andrays could generate a large
amount of quasiparticles, resulting in correlated errors of multiple qubits on the same
chip [145]. In Chapter 6, | present my studies on the quasiparticle dynamics that

a ects superconducting qubits.

1.3 Overview of the Dissertation

In Chapter 2 of this dissertation, | discuss the theory of transmon qubits and
the Hamiltonian when it's coupled to a readout resonator. | lay out the numerical
simulations of the energy levels that qualitatively captures the characteristics of the
high-power Jaynes Cummings readout [116]. These simulations were needed for the
studies of quasiparticle dynamics in Chapter 6, where quasiparticles were inadver-
tently generated during readout.

In Chapter 3, | discuss how | designed my transmon qubits and coplanar waveguide
resonators, and the steps | took to fabricate them.

In Chapter 4, | discuss the experimental setup that | used to measure and char-
acterize the devices, determining parameters such as resonant transition frequencies,
coupling strengths, as well ag; and T, of the transmon qubits andQ; of the res-

onators. In particular, in Sec. 4.6.7 | discuss how | measured the residual excited



state population of some of my qubits, which are among the lowest observed in su-
perconducting qubits.

In Chapter 5, | discuss my measurement of the internal quality factor§; of
ve resonators on a single chip and how such values were related to the packaging
environment. Using nite element simulations, | identi ed a conducting adhesive to
be the dominant source of loss for some of the resonators. | extended these simulations
to show how theT; of a transmon qubit could be limited by the packaging environment
in the absence of such conducting adhesive. These studies led to the design of a new
package that greatly improved the maximum observed; for planar transmons in our
group.

In Chapter 6, | discuss my investigations of quasiparticle di usion, trapping and
recombination rates. Quasiparticles were injected into the qubit junction using a
high power microwave pulse at the frequency of the readout resonator. By tting a
numerical model to my result, | found the extracted quasiparticle dynamics are similar
to what other groups have reported. In particular, | observed an e ect consistent
with phonon-assisted quasiparticle poisoning across a long distance on the chip, with
a somewhat longer recovery time constant than reported in the literature.

Finally, I conclude in Chapter 7 with a summary of my main results together with

possible directions for future studies.



Chapter 2

THEORY OF TRANSMON AND READOUT
RESONATOR

In this chapter, | discuss the theory of transmon qubits, their physical realization
with Josephson junctions, their Hamiltonian when coupled to a readout resonator for
state measurement, the microwave manipulation of transmon states, and predominant
channels of loss. By numerically solving the eigenenergies of a transmon coupled
to a readout resonator, | obtained qualitative insight into the high-power Jaynes
Cummings Readout in Sec. 2.2.5. For some of my qubits, | found the quasiparticles
were generated during the high-power Jaynes Cummings, which inspired my studies

into their dynamics, as discussed in Chapter 6.

2.1 Coplanar Waveguide Resonator

A coplanar waveguide (CPW) is a planar transmission line fabricated on a sub-
strate, consisting of a center conductor stripe and a pair of ground planes on either
side [143]. This geometry supports a quasi-TEM (transverse electromagnetic) mode
of transmission. Fig. 2.1 shows a cross-sectional view of the components of a CPW,
and the distribution of electric and magnetic elds of quasi-TEM propagation.

A CPW can be modelled with a distributed capacitanceCqe, and distributed
inductancel 4. Letthe width of the center trace bew and the gap between the center
trace and ground plane bey. | assumew and g are much larger than the thickness
of the metal layers, but much smaller than the thicknesé of substrate underneath

them, with substrate relative dielectric constant ,. These are valid assumptions for

7



Figure 2.1. Cross-sectional schematics of a coplanar waveguide and the associated
electric and magnetic elds. Figure adopted from Spinningspark at Wikipedia under
CC BY-SA 3.0 license.

the devices studied in this dissertation. Then [128]

~ KAko'
Cgeo 20 ¢ 1° K ke (2.1)
K ke
Lgeo —2 i 2.2
o R 2.2)
A ke
ZO geo 0 0 . (23)

Cygeo 80+ 1K ko'
where K "ke is a complete elliptic integral with modulusk, kg, w~w 2g* and
k& 7 1—k§ For impedance matching, the values olv and g were designed to give
Zo 50 .

To create a resonant structure out of a CPW, typically two discontinuities along
the waveguide are introduced, associated with impedances di erent frofy. Typical
physical realizations of discontinuities are a gap in the center trace or an inductive
short to the ground. The discontinuities prevent travelling wave structures and thus
create local storage of energy in the form of oscillating electromagnetic elds. Su-
perconducting CPW resonators have been used as optical detectors for astronomical
applications [29] and for readout in quantum information systems [45].

All of the CPW resonators that | studied in this dissertation were quarter-wave

resonators, created by shorting the center trace to the surrounding ground plane on

one end (voltage node, current anti-node), and making the other end open (current

8



node, voltage anti-node), with the distance between the two endsrelated to the
wavelength of the fundamental resonant mode by | 4, hence the name \quarter”

wave.

2.2 Theory of the Transmon

2.2.1 Josephson Junction

A Josephson junction consists of two superconducting electrodes with a barrier or
restriction between them (see Fig. 2.2). For superconductor-insulator-superconductor
(S-1-S) Josephson junction, which is the focus of this dissertation, the barrier is a thin
layer of insulator in between the two superconductors. In contrast, a thin layer of
normal metal can serve as a weak barrier to create a superconductor-normal metal-
superconductor (S-N-S) Josephson junction. It was predicted by Brian Josephson
in 1962 that a currentl can ow through the junction with zero DC voltage drop
[63]. This is a result of the macroscopic wavefunction of the superconductor, which
extends through the barrier and allows Cooper pairs to tunnel as a coherent quantum
mechanical object. In particular, the current-voltage characteristics for an ideal bare

Josephson junction can be obtained from the following two relations:

[ Icsin™ e (2.4)
d e« 2eV.
i R (23)

whereV is the voltage across the junction] is the current that ows through the
junction, is the phase di erence of the two superconducting wave functions across
the junction, and I is the junction's critical current.

From Eq. 2.5,V 0 as long as is stationary. According to Eg. 2.4, a non-



Figure 2.2: 3D rendering (left) and circuit symbol (right, a cross) of a Josephson
junction.

zero results in a constant supercurrent.sin® ¢ owing across the junction, this
is called the DC Josephson E ect. In addition, ifV x 0, then as well as the
current through the junction | oscillates at a frequency of &/-h, this is called the
AC Josephson E ect.

Transmon qubits typically operate with smalll and V biases. Performing a rst

order Taylor series expansion (sik X O~x3¢) on Eq. 2.4 gives

— (2.6)
I
Taking the time derivative of Eq. 2.6 and plugging into Eq. 2.5 leads to
Rd | dl
2el.dt  dt’ 7

where L % is identi ed as the Josephson inductance. From Eq. 2.7 one can see

that to the lowest order, a Josephson junction behaves like an inductor, where the
inductance is determined by the tunneling of Cooper pairs and not a magnetic ux.
The higher-order terms in the Taylor series expansion give the a non-linear Josephson
inductance. As | will discuss later, this nonlinearity is essential for constructing a

qubit.
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2.2.2 Transmon Qubit

A transmon qubit, short for transmission line shunted plasma oscillation qubit
consists of a Josephson junction shunted by a capacitor [68]. Fig. 2.3 shows a circuit
diagram of a transmon that's voltage biased via coupling to gate capacitanCg. The

Hamiltonian for this circuit is given by
H 4E.°A ng’ Ejcos’ (2.8)

wherertis the number operator for excess Cooper pairs that tunnel from one side of the
capacitor to the other side,n; CyV,~e is the reduced gate charge, is the operator

of the di erence of superconducting phase across the junctiok, €*~2°C; Cgye is
the electrostatic charging energyE; |, o2 is the Josephson energy and, h-2e

is the ux quantum. For transmon qubits, typically C; Q C,, where C; contains
both the shunting capacitance and the self-capacitance of the junction. In the low
temperature limit, the Josephson energ¥; is related to the normal state resistance

R; of the barrier by [136]
Ro .

E;
whereRq h-~€? is the resistance quantum and is the superconducting gap for the
two superconducting leads, which were aluminum in this dissertation.

While Eq. 2.8 can be rigorously solved, | provide some insight into the structure

of the energy levels for the transmon. Using the conjugate relationship

N (2.10)
and assumingng 0O, the Hamiltonian given by Eq. 2.8 can be rewritten as
2
H 4ECCE%§‘ E; cos” (2.11)
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Figure 2.3: Circuit diagram of gate-biased transmon qubit.

Taking a rst order expansion of the cosine function, one nds

2
@ 1_a :
H 4ECCE;—L@ EEj 2 Ej: (2.12)
This resembles the Hamiltonian for a simple harmonic oscillator
o1, 15 1@°% 1
H — k&2 —R ==« Zkg? 2.13
2m 2 m i@ 2 (2.13)
with energy eigenvalues given by
Yo
! (2.14)

5 Kk
E, «n é‘ Q E:
Using this as an analogy, to the lowest order of the cosine function, the energy

eigenvalues of Eq. 2.12 are
(2.15)

»
En <n é.

8Ej E. Ej .

For the harmonic oscillator, in Eq. 2.13, theclassical amplitude related to energyE

Yo__
2E . Similarly for Eq. 2.12, one can think of an equivalent \amplitude" of

IS Xmax
b _ .
%. The approximation in Eq. 2.12 only includes terms up tdD %0%Z

as  max
max the

so for the same energ¥, the larger the E;, the smaller the \amplitude™

12



Figure 2.4: Transmon qubit energy levels for four di erentE; ~E. ratios from 0.1 to
100. The six lowest energy levels normalized tyo,"0:25 E;"0:25 E,"0:25 are
plotted.

smaller the approximation error with Eq. 2.12. Thus, the transmon energy levels
resemble dinear harmonic oscillator, but only to lowest order inn. To conclude, in a
gualitative manner, the anharmonicity of the transmon is negatively correlated with
the ratio E; E..

The exact solution for the eigenvalues of Eq. 2.8 is given by the Mathieu's char-
acteristic value functions[26]

E;

., 2.1
2E; ’ (2.16)

En"ng® Ecazng kninge <

wherea,” g is the v-th Mathieu's function and k™ n; n4e is a sorting function given by

K'n;nge |Ql int <2ng Ié- mod 27 int"nge | 1" "n lediv2e: (2.17)

where int'xe is a function rounding x to the nearest integer, and x div ye gives the
integer quotient ofx andy.

The exact transmon's energies (Eq. 2.16) are plotted in Fig. 2.4 for a variety of

E;~E. values. As the ratioE; ~E. increases, the charge dispersiong. the dependence
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of E, on reduced gate charg@,) decreases. Also note that for a xedg;~E., the
charge dispersion of a level increases as the energy level increases.

For su ciently large E;~E. and small enough level numben where ng can be
neglected, the Hamiltonian (Eqg. 2.11) can be Taylor expanded to the# order in the

cosine term. The energy levels are then

17> ECo 2 > .
En «n 3+ BEE. —f%n* 2n 1Z E: (2.18)

The equation above has an additional term of E."2n2 2n 1¢~4 when compared
to Eq. 2.15. Eq. 2.18 gives

»

Eos BEE. E (2.19)

for the transition energy between the ground state§e) and the rst excited state
(®e) of a transmon. From Eq. 2.18, the transition energy between the rst$e) and

second § e excited state of a transmon is given by
»
Ei 8E;E. 2E.: (2.20)

As | discuss in Sec. 4.6.7, | used thE, transition to measure the residual excited
state population for some of my qubits. The anharmonicity of a transmon qubit is
given by

Eio Ew Ecd (2.21)

From Fig. 2.4 and Eq. 2.19-2.21, an o set-charge insensititeansmon is a par-
ticular kind of qubit with su ciently large E;~E. ratio such that its Eo,; transition
does not have a noticeable dependence ag. | designed my devices to be in this
regime because the local voltage and charge environment drifts and uctuates, result-
ing in changes inng, instabilities of Eq,, and therefore dephasing of the transmon.
[68] At the same time, a transmon has it€E; £ ratio not too large such that the

»
relative anharmonicity, ~Eg; E.~8E; is not too small. This ensures that it can
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be treated as an e ective two-level system with su cient energy spacing to reduce

spurious transitions being driven to the second excited state.

2.2.3 Transmon Coupled to Readout Resonator

A common way to measure the state of a transmon qubit is to couple it to a
bosonic eld with frequency! ,~2 . For the case of a 3D transmon qubit, the bosonic
eld is formed from a physical 3D cavity. [90] While for a 2D or planar transmon
qubit, the eld is typically formed from a CPW resonator. [12] In general, when a
two level system (ideal qubit) is coupled to a single-mode bosonic eld, the undriven

system can be described by the Jaynes-Cummings Hamiltonian [60]

Hic R, aa % %Q S Ryan  an Z; (2.22)
where ~ "/ M e2, NG AN, are Pauli operators on the two-level systema”
and & are creation and annilation operators on the bosonic eld, 4 is the transition
frequency of the two-level system, ang is the coupling strength between the two-
level system and the bosonic eld. Since most of my transmon qubits studied in this
dissertation (Table 4.1) were 2D transmon qubits, | use the language of a transmon
qubit coupled to a resonator for the remainder of this chapter.

The Jaynes-Cummings Hamiltonian for a multi-level transmon with nonuniform

energy spacing can be generalized to [11]

> 1 > . > N . <
Hicmuidevel B ¢ <&A > Q ) i$eJS Q QJj;j 1989 lejS ape] 1¥;
i 0 j 0

(2.23)
o
where the level coupling strengths arg; 1 ] 10o1. The detuning j; 1 between
the resonator and thej ] 1 transition of the multi-level system is de ned as
i1 AIJ 1 IJ' L (224)



| typically operated the system in the dispersive limit where j; 1~g; 1Q 1. In
this limit, the following unitary transformation
T exp® H loage] 1S 4 lej s (2.25)
jo @1t
can be used to diagonalize the Hamiltonian. If | only keep the two lowest levels of

the transmon, the unitary transformation of the Hamiltonian in Eq. 2.22 is

THy T HI® R caa % %Q N R oaan: (2.26)
Here, g~ is the dispersive shift between the two-level system (transmon) and

the readout resonator.
The dispersive shift for thej j 1 transition of the multi-level system is

2
gj;j 1.

Bl

i1 (2.27)

To distinguish from number states in the resonator, in this dissertation, | follow
the tradition of the transmon community by using the notation $e 8¢ and $e to
denote the lowest three coupled transmon states. Here \g" stands for ground state,
\e" stands for ( rst) excited state, and \f" is for second excited state. Considering

multiple transmon levels, applying the unitary transformation on Eqg. 2.23 results in

. > 1 1 N N
THicmuisew T Hic® Rcaa 2o SRt R aan (2.28)
where ge e 2! lge geand!y !, 2. Here geand ¢ are de ned

by takingj O andj 1inEq.2.27. Among these parameterd,.~2 corresponds

to the \bare" frequency of the resonator, which is the frequency of the resonator if it
weren't coupled to the qubit. The two frequencieS!~  «~2 are called \dressed"
frequencies of the resonator, since they are the frequencies of the resonator coupled
to the qubit. Fig. 2.5 shows an illustration of the relationship between these various

frequencies, assuming, @ ..

16



Figure 2.5: Schematics of angular resonant frequency for a notch resonator coupled
to a transmon qubit. The solid black curve is the bare resonance &at. The two
dressed resonances correspond to the qubit in tlge state (blue curve) and the qubit

in the ®e state (red curve) at!+

2.2.4 Measuring the State of the Transmon

Eq. 2.28 shows that when the qubit is in an eigenstate of the, ®operator (with
eigenvalues 1), the third term causes the frequency of the resonator to dier by

~2 . Thus by probing the resonator, the state of the qubit can be inferred. For
example, Fig. 2.5 shows the transmission across a notch resonator that's used for qubit
state readout, which is the case for most of the qubits studied in this dissertation.
If a microwave pulse at”!~ SSe2 frequency is applied and low transmission is
measured, that means the pulse is on resonance with the readout resonator and thus
the qubit is in the §estate. If instead high transmission is measured, then the readout
resonator's frequency is not af!~ SSe2 and thus the qubit is not in the $e state.
This method is called \low power dispersive readout” [13, 141]. In addition, for each
additional photon in the resonator, the frequency of the qubit is shifted additionally

by 2 ~2 . Thus by performing qubit spectroscopy, the number of photon stored in
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the resonator can be accessed (see Sec. 4.6.6 for details).

This \Low power dispersive readout” has the advantage of being quantum nonde-
molition (QND) [12]. That is, the qubit eigenstates (ge, ®€) are preserved after the
measurement.

Another way to measure the state of the qubit is the \high power Jaynes Cum-
mings readout"[15, 116]. To understand it, note the transformation from Eq. 2.23

into Eqg. 2.28 is only valid if the number of photons stored in the resonatar satis es

2
NP Neit Egi; (2.29)

where ngi; is the \critical photon number". Otherwise for n a n.; and Eq. 2.28
breaks down, the frequency of the resonator eventually goes!tp~2 , which diers
from the low-photon case of!~v~  «~2 (see Fig. 2.5).

In the next subsection, | provide a detailed numerical analysis of the \high power
Jaynes Cummings readout". To understand it in simple terms, according to Fig. 2.5,
if a microwave pulse of large enough power is applied at the bare resonator frequency
I .2 , the dressed resonator frequency for qubie state at "'~ S Se2 s closer to
I .2 than the dressed frequency!~ S Se2 if the qubit is in $estate. This means
during photon buildup in the resonator, the pulse detuning is smaller if the qubit is
in e state and thus it's easier for photon number to reach.;; and for the dispersive
condition to break down. As a consequence, there is a particular range in power
(usually 2-4 dB for my measurements) that a microwave pulse dt,~2 frequency
would create enough photons so that the resonator is at the bare frequency ¢f2 |,
if the qubit is in ®e in which case there would be low transmission (following the
notch resonator example earlier); but the resonator would not be at.~2 frequency
if the qubit is in $e state, in which case there would be high transmission. The

di erence in the transmission can be used to distinguish the state of the qubit.
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The behavior is somewhat di erent if qubit frequency is higher than the resonator
frequency,i.e. !4 A!,. In this case, the dressed resonator frequency is closer to
the bare resonator frequency if the qubit is in thege state at low photon numbers.
Nonetheless, as photon number builds up in the resonator, there would still be a range
of photon numbers where this relationship ips, and qubit®e state corresponds to
smaller detuning. See the program in the appendix of this dissertation for details.

Since a high photon number is used with the \high power Jaynes Cummings
readout”, it has the bene t of a relatively large signal-to-noise ratio. This is helpful
if the rst stage amplier has a small quantum e ciency. Furthermore, it's only
sensitive to qubit decay during the photon buildup phase, which is helpful if; of the
qubit is small. The most signi cant drawback is that it's not a QND measurement
as the qubit state is destroyed by hybridization with a large number of photons. In
addition, | found for some of my transmons, this \high power Jaynes Cummings
readout" generates quasiparticles in the transmon (see Sec. 2.2.6) and decreases its

T, (see Chapter 6).

2.2.5 Numerical Simulation of Jaynes Cummings
Readout

If the cosine term in Eq. 2.11 is expanded to order® and constants are ignored,

Eg. 2.23 can be rewritten as
N EC N o
H R,aa  BEE.bb l—ss%tabz2 6% b Ry%b ab’
ES

5= 0%b” 30%b7 40% b’ (2.30)
45 BEE,

wherea "a* and b" b are the raising (and lowering) operators for the resonator and

transmon respectively. The last term on the second line is from the expansion of order
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" | will use S eto represent a state with excitations in the resonator and
excitations in the transmon. Then-excitation manifold for the lowest 5 energy levels

of the transmon is spanned by the set of basis states
“$) 44e® 33D 2228 1led 00 :

The Hamiltonian in Eq. 2.30 is then expressed in matrix form as

E2 o 0_
" °n 4el, 41 10E; B C gn34 !
— [o] 0_ ! E2 o 0_ —
— gn34 "n 3l 31 BEc 2C gn23 —
— o 0_ ] EZ o] 0_ —
- gn?23 “no2e1p 20 3Ec 8¢S gn1il?2 —_
— o o _ ! g2 o _
- gnil?2 n 1ty Uy 1Ec 2759 nT
” 0_ T °
n nl
(2.31)

whose eigenvalues can be solved numerically. Here | have de rgd 7 8E,E, and
assumed® 1 for simplicity. In this way, the qubit frequency is approximated as
'y "!; Ec¢~2 . Considering the common case where the qubit frequency is smaller
than the resonator frequency! j;! o+ @ ., let v,; be thei-th largest eigenvalue of
Eq. 2.31 of then-excitation manifold, then v,.; would correspond to the energy levels
of the transmon-resonator system when the transmon is in th8e state, and v,
for ®e state. The transition frequency of the resonator between the-photon and
“n 1le-photon states is
fF'ne “Vn i Vg2 (2.32)

Figure 2.6 shows the di erence between the transition frequency of the resonator
fT and its bare frequency! \~2 versus photon numbem, for the transmon in §e
and ®e states. The transition frequencyf; was obtained by numerically solving
Eq. 2.32, settingi 1 for transmon $e state andi 2 for transmon e state. The
nominal parameters were: bare resonator frequenty~2 8 GHz, qubit frequency
g2 5:8 GHz, charging energyE.~h 200 MHz, and resonator-qubit coupling

g2 60 MHz. At low photon numbers with the qubit in the $e state, the dressed
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Figure 2.6: Relative frequency of resonator vs stored photon numberfor qubit in

ge (blue) and ®e (red) states. The dashed line represents critical photon numbers
Ngit 336. The arrows and texts correspond to some of shifts in frequencies de ned
in Sec. 2.2.3 and shown in Fig. 2.5.

resonator frequency is shifted from the bare resonator frequency by an amo@y.S
0>~8 14,S 164 MHZ 2 .. The dierence in the dressed resonator frequency
between the qubit in the@estate and8estate is given by Swith SS Sy 2S5

0> Ec~1y g~y g Eee 0:14 MHZ 2 «. The quantities of 4 and 2 are
represented by arrows in Fig. 2.6. As the photon number in the resonator increases,
the dispersive approximation breaks down, and the resonator frequenGy gradually
shifts back to the bare frequency 2 .

For the high power Jaynes Cummings readout, a microwave pulse of povigy is
applied at the bare resonator frequency,~2 . Depending on the qubit state, such a
pulse would result in a di erent average photon number in the resonator and di erent
transmitted power Pyans. Neglecting the transmon, the relationship betweeR;, and

the average photon numben in a resonator is
2
P 2hQe, ) 7 42 fq: (2.33)
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where is the photon relaxation rate of the resonator, given by 2f ~Q_, Q,*
Q.! Q;! where Q. is the loaded quality factor, Q. is the external quality factor
and Q; is the internal quality factor, and f is frequency the detuning between the
applied microwave pulse and the resonant frequency. Most of the readout resonators
that | studied in this dissertation are over-coupledj.e. the internal quality factor Q;
was much larger than the external quality factorQe, and thus Q. Q. (see Table
4.1). For the following numerical simulations, | usedQe 3 10%Q; 3 1 and
assumed these values did not depend on the number of photons

As Eg. 2.33 shows, the average photon numbeardepends on f and P;,. Fur-
thermore, f depends on qubit state and photon numben (see Fig. 2.6). Combining
these, Fig. 2.7 shows a plot of photon numbar versus microwave input poweiP;,
applied at the bare resonator frequency, for the qubit in thege and ®e states. In
Fig. 2.7, at the lowest and highest input power / photon number, there's an approxi-
mately linear relationship between these two parameters, which doesn't have obvious
dependence on the qubit state. However, at intermediate powers, a small increase in
input power leads to a huge increase in the average photon number. The location in
power where this occurs depends on qubit state.

The ratio of the magnitude of the transmitted signal to the magnitude of the input
signal is Y

$,1S \vV —; (2.34)
n

whereV is the complex voltageP stands for power. Fig. 2.8 illustrates the relation-
ship betweenV;, and V, for a notch resonator. The ratio of the minimum transmitted

voltage Vi min (which is achieved when f 0) to the input voltage Vi, is
S/t,min "'VinS QL '"Qi: (2-35)

As Fig. 2.8 shows, the actual transmitted voltag#®/ lies on a circle whose diameter
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Figure 2.7: Stored resonator photon numbem vs input power Py, for qubit in
ge (blue) and ®e (red) states, when applying a microwave pulse at bare resonator
frequency! ,~2 . The same parameters as Fig. 2.6 were used for this simulation.

Figure 2.8: Relationship between the complex transmitted voltag®; and the com-
plex input voltage Vi,, see main text for description.
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connectsV; min and Vi,. In the limit  f~7 P 1, the angle in Fig. 2.8 is given by
4Q =

1 4Q. ?rf’

; (2.36)

where @ @ , andthat and f have the same sign. From Fig. 2.8, it can be

shown that

B0

Q . 2 QL . 2
Sin e <1 COS  lee : 2.37
2Q, 2Q, (2.37)

is given by Eq. 2.36 and it depends on f and f7, both of which can be obtained

$,1S <

from Fig. 2.6 and 2.7. As a result, the ratics,; Scan be calculated as a function of
input power.

Figure 2.9 showsS,;Sversus input power. At low input powers, the applied
microwave signal at! , is not on resonance with the dressed resonator, so a high
transmission is observed. As the input power increases, the frequency of the readout
resonator shifts to! , (Fig. 2.6), reducing &,;Sas the detuning between the applied
microwave signal and resonator decreases. This transition happens at a lower input
power when the qubit is in the $e state (see red curve in Fig. 2.7 and 2.9). The
dashed line in Fig. 2.9 represents input power that gives maximum di erence 8
between the two qubit states. At this power, when the qubit is in the®e state, the
microwave pulse is in resonance with the (notch) resonator, resulting in a sm&}; S
but when the qubit is in $e it is not in resonance, resulting in a largefs,; S It is this
di erence between the transmitted power that | used to distinguish the qubit states
as high-power Jaynes Cummings readout.

It's also worth noting that the two curves diverge at roughly the same input power
in Fig. 2.7 and Fig. 2.9. In Fig. 2.7, the range of photon numbers where the two curves
diverge is roughly the same range of photon numbers in Fig.2.6 where the resonator

transitions from dressed frequency to bare frequency. In addition, the lower end of
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Figure 2.9: Simulated $,,Svs input power P;, for qubit in $e (blue) and ®e (red)
states, when applying a microwave pulse at bare resonator frequenicy~2 . The
same parameters as Fig. 2.6 and Fig. 2.7 were used for this simulation. The dashed
line at 2:6 pW represents the power of maximum di erence ir5,; between the two
qubit states, which is used for high-power Jaynes Cummings readout.

this photon number range is close to the critical photon numben; 24g? 336
for the parameters | used in these simulations.

While Fig. 2.9 showsS,;Sversus input power for a microwave signal applied at
the bare resonator frequency ,~2 , the calculation can be extended to microwave
signals applied at any frequency and power. For example, in Fig. 2.10 | show false
color plots of &,1Svs frequency and input power, for the qubit in the§eand ®e states.

It's worth noting this simple numerical model does not consider coupling to higher
modes of the readout resonator, the transient behavior during photon buildup, the
Poisson distribution of photon numbers, higher energy levels of the transmon which
may have signi cant charge dispersion, and higher order expansions of the cosine term
in Eq. 2.11. For these reasons, these simulation results appear somewhat di erently

compared to the experimentally measured spectra presented in later chapters (see
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Figure 2.10: Simulated transmissionS,; Sof the readout resonator vs frequency and
power, with the qubit in the $e (left) and the ®e (right) state. The same parameters
as Fig. 2.6 were used for simulation. Areas in white are not covered by simulation
due to small photon numbers. At approximately 2 10 1?2 Watt input power and
8.00016GHz frequencys,;S 1 for the e state and $,; P 1 for the ®e state, which
could be used for high power Jaynes Cummings readout. In the transition region
(around 101 and 101'?), the simulated S,; is very sensitive to input power and
frequencies, due to the simpli cations of the model discussed in the main text.

Fig. 4.10 and 4.11). This is particularly evident in the transition between the low
power dispersive region and the high power bare resonator region (around #Gnd

10 12 W input power in Fig. 2.10).

2.2.6 Estimating the Voltage across the Junction

While performing characterization on some of the transmon®(g. qubit H-i, see
Sec. 4.3 for naming nomenclature), | observed a reducéd (see Sec. 4.6.3 for mea-
surement setup) when measuring the state using the high-power Jaynes Cummings
readout, as compared to measuring the state with the low-power dispersive readout.
| suspect that an AC voltageV was being generated across the Josephson junction

during the readout process, such thav exceeds 2 ~e where is the the super-
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Figure 2.11: Lumped-element circuit model to estimate the voltage across the
Josephson junction.

conducting gap of aluminum. Such a large voltage can generate quasiparticles (see
Fig. 6.1) in the superconducting leads and thus reduces the qubii. Note that if
\multiple Andreev re ection” is present, a voltage of 2 ~ne with integer n may also
generate quasiparticles. [5]

To estimate the AC voltage across the Josephson junction when a microwave signal
was applied at the input port of the package, | used a linear lumped-element circuit
model (see Fig. 2.11).

In this model, Zy, 50 is the characteristic impedance of the transmission
line and the distributed impedance of the CPW resonator. For this calculation, the
Josephson junction is approximated as a linear inductor with inductande,, and the
transmon qubit includes a shunting capacitanc€, e?~2E.. The (angular) resonant

»
frequency of the qubit is!y 1~ Ly Cg The LRC resonator is coupled to the

transmon with a coupling capacitanceC,, with a value obtained either from nite
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element simulations or the qubit-resonator coupling by [133]

A Yo
_'q_% ' oZr |
CiZ:Co ° Cq

(0]

after some approximations. Heré, 1~ L, C; isthe angular frequency of the read-
Ya__
out resonator, andZ, (L:—f is the characteristic impedance of the lumped element

(2.38)

resonator. For a quarter-wave resonator, which is what | used in my experimeng,

is related to the distributed impedance by [41]

z. 47, (2.39)

The resistanceR; in the parallel RLC circuit of the readout resonator is related to

the internal quality factor of the resonator by
R, QiZ: (2.40)

In addition, Cg is the coupling capacitance between the resonator and the transmission

line. It is related to the external quality factor Q. of the resonator by

2 -
Zo Z, 12 CZ

Qe (2.412)

Figure 2.9 shows the (simulated) resonator transmissid®,; Swhen applying mi-
crowave signal at bare resonator frequendy,~2 . From this plot, | can determine
the input power resulting in the maximum di erence ofS,; between qubit statesge
and $e (dashed line in Fig. 2.9); this is the power one would use for readout. At
this input power and assuming the qubit is in the®e state, the average number of
photons stored in the readout resonator would be 1:7 10 for the parameters
used in Fig. 2.7 and 2.9. In the lumped circuit model of Fig. 2.11, the relationship

between the voltage across the readout resonatdg, c and photon numbern is given

by

Vee n R 12 Z: (2.42)



This voltage is split between the coupling capacitor with impedance-l ,C4 and the
transmon with impedance’i! ;C,; 14! (L4 1, so the voltage across the junction can

be expressed as
1 Cq I Lget _
“1Cq M Lget 14 ,Cy

Vi Vkic (2.43)

For the parameters used in Fig. 2.9 in Sec. 2.2.5, this corresponds to ¥5-RMS
across the junction for the high power Jaynes Cummings readout.

Next, | xed the parameters of the readout resonator from Sec. 2.2.5 (2 8
GHz, Q. 3 104,Q; 3 10°), and E.~h 200 MHz of the qubit. | then varied the
frequency of the qubit! ;2 and the couplingg in the simulation. Fig. 2.12 shows
how the estimated voltage across the junction during high power Jaynes Cummings
readout depends on frequency detuning and coupling strength. As expected, a smaller
detuning and largerg both yield a larger voltage across the junction. An important
observation from Fig. 2.12 is that, if the frequency detuning between the resonator
and the qubit exceeds some threshold (about 2.5 GHz), the voltage across the junction
during the readout process only has a small dependence on detuning.

To avoid quasiparticle generation when performing the high power Jaynes Cum-
mings readout, the peak voltage (a factor o;‘) 2 of the RMS voltage plotted in
Fig. 2.12) should be smaller than two times the superconducting gap. (This ig-
nores the possibility of Andreev processes.) Given aluminum's superconducting gap

A 200 eV , this puts an upper bound ofg 140 MHz of coupling strength between
the qubit and the readout resonator.

| note that this discussion only involved the resonator and transmon lumped circuit
model in Fig. 2.11, and not the input/output transmission line. In Sec. 6.1 of this
dissertation, | discuss a similar way of estimatingy; by solving the entire circuit in
Fig. 2.11 for a ratio ofV;~Vi,. In addition to the limitations of the numerical model

(outlined at the end of Sec. 2.2.5), quasiparticle generation at a Josephson junction
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Figure 2.12: False color plot of numerically simulated (RMS) voltage across a
Josephson junction during high power Jaynes Cummings readout, versus detun-
ing between readout resonator and qubity-axis) and couplingg~2 between read-
out resonator and qubit (k-axis), assuming qubit is in the e state. The solid
black dine indicates the contour where the estimated voltage across the junction is

2 a~ 2 283V . Beyond a certain detuning ( 2.5GHz), the voltage across the
junction predominantly depends on coupling strengthy.

is a highly nonlinear process. Thus the model in this section is highly simpli ed.
Nonetheless it sheds some light on the measurement of quasiparticle dynamics, to be

discussed further in Chapter 6 of this dissertation.

2.2.7 Driving Transmon Transitions

Eq. 2.28 describes the Hamiltonian of the dressed transmon-resonator system in
the absence of an applied time-dependent microwave pulse. In practice, applied mi-

crowaves resonant with the transmon are used to stimulate transitions and manipulate
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its state. Suppose the qubit has an electric dipole moment operator given by [48]
N ~gfee"gees segse “gdke” .; (2.44)

and the electric eld of the applied microwave pulse is given by
Brte o cosl gt %I‘TEEO"/@” at g litalz: (2.45)

Here! 4~2 is the frequency of the microwave pulse, anf is the amplitude of the
electric eld (which could have a time dependent envelope). The interaction between

the qubit and the oscillating electric eld of microwave pulse can be expressed as

Hug & B %‘gﬁ dge” e ot ety (2.46)
%‘g&&l doetko & ot el atZ; (2.47)

where the rotating wave approximation (RWA) [59] was used to derive Eq. 2.47.
De ning

. %‘gﬁ dge (2.48)
as the Rabi frequency (a metric of the strength of the drive), the interaction Hamil-

tonian can be written as

R . .
Hint,q Zq %o @' at e itaty: (249)

Following a unitary transformation U exp%o!%tz one can remove the explicit time

dependence in Eq. 2.49 to arrive at

R
2

Hintq .. (2.50)

In a similar manner, if a microwave pulse with frequency ,~2 is applied and
interacts with the resonator, one can change the Pauli operators to creation/annihi-

lation operators of the resonator and transform Eq. 2.50 into

S .
Hint,r 2r Y%a aZ (2.51)
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The combined Hamiltonian is thus

‘ 1 1p ‘ R . R
H R &8 > EQ . : Paa, 2f % al 7‘* . (2.52)
where , !~ !,isthe detuning between the resonator and its drive, and, ! !4

is the detuning between the qubit and its drive.

2.2.8 Bloch Sphere Representation

The Hamiltonian in Eq. 2.52 includes Pauli operators that act on the qubit. A

pure state of an isolated qubit can be expressed in the form of

Se - S8 sS8 1, (2.53)

or in Dirac notation as

Se cosége e sinéfée (2.54)
with these two expressions related by

= € sinz: 2.55
0032 sm2 ( )

A Bloch sphere [14] is a powerful way to graphically represent the state of a qubit.
The two angles ( and in Eq. 2.54) that de ne the qubit state also de ne the location
of the state on a Bloch sphere surface(see Fig. 2.13a).

Assuming ; is a generalized Pauli matrix that operates on a two-level system with
Rabi frequency (Hamiltonian is thus H S j~2), solving Schredinger equation

yields the evolution of the state
STtee exp” i 7 te~2eS70se “lcos t-2¢ i jSinT t~2e¢S "Oee: (2.56)
The state evolution in Eq. 2.56 can be visually interpreted as rotation of stat8 eon

the Bloch sphere, about an axis de ned by the components of, and with rotational

angular velocity (see Fig. 2.13b and the following discussions).
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Figure 2.13: Bloch sphere representation of qubit state and rotation. (a) Bloch
sphere with states labelled. | label the south pole of the sphere &g state, the north

pole as®e state, and the states on the equator are equal superposition of them with

di erent phases. The green arrow is a sample sta®®2 1% uniquely identi ed

by two angles ~2 and ~4. (b) Evolution of quiit state starting from $e
under Pauli operator , (green) and operator , 0:5 ,e~ 1:25 (red). Thex, y and
z axes are labelled. The sphere is rotated 90 degrees alangxis from (a) to better
present the rotation of qubit states. The qubit states go through di erent rotations
(see text) with the arrows indicating the axes of rotation.

To illustrate the state rotation of a qubit on the Bloch sphere, assume the system
described by Eq. 2.52 starts in the ground state,e. there are no photons in the
resonator (&4e 0) and the qubit is in the $e state, and there is no resonator
drive ( . 0), but there's a microwave drive on resonance with the qubit frequency
( g 0). The remaining (qubit) Hamiltonian in the rotating wave approximation is
simply

H R4 2 (2.57)

The evolution of the qubit state is a rotation about thex-axis on the Bloch sphere
(o}

(i.e. around the ")e ®ee~ 2 state), indicated by the green points in Fig. 2.13b.
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Starting from $e state, after time ~ 4 the qubit is \ipped" and reaches the ®e
state. This is called a \ -pulse" as it rotates the state of the qubit on a Bloch Sphere
by an angle of about the x-axis.

If the qubit drive is not on resonance with the qubit ( 4 x 0), the (qubit) Hamil-
tonian would beH R q x2 R q z~2. The red points in Fig. 2.13b show the qubit
state evolution starting from $e for the case 4~ 4 0:5. Here, the qubit state ro-
tates about an axis (red arrow) that's an angle ofarctan™ 4~ 4e*¢ from the x-axis.
As a result of this detuning, the qubit never reaches th&e state.

As a result, when driving qubit transitions | typically sent microwave pulses on
resonance with the qubit frequency. In rare occasions when a small detuning was
needed (such as Ramsey oscillation measurements), | made sugeP 4 so that
the transitions had good delity. On the other hand, due to the limited anharmonic-
ity of the transmon, the microwave pulse could also couple to unwanted higher-level
transitions of the transmon €.g. 8¢  $6€ which drive the transmon out of the
computational basis. The®e $etransition di ers from the desired e ®etran-
sition by the qubit anharmonicity S S To decrease the spurioug&e $ e transition,
| typically required 4P SS For example, for typicalSS 200 MHz, the maximum

drive strength 4 | used in my experiments was on the order of a few MHz.

2.2.9 Density Matrix Representation

In addition to pure quantum states, which can be represented by Eq. 2.53, a more

general quantum state can be represented by a density matrix operatora8 [94]
" QpSie S (2.58)
|

where S je are pure quantum states, andg; indicates the probability that the system

is in state Sje For a two level system such as a qubit, ih general can be expressed
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by a2 2 matrix

S3
A= = (2.59)

TN
where bothS 3 and S$ are non-negative real numbers satisfyin§3 S$ 1. In
addition,

tr°A N B1L (2.60)

where \tr* stands for trace as the summation of all diagonal terms of a matrix.
Eq. 2.60 takes "' sign if M is a pure state that can be expressed without the summation
in Eg. 2.58. Eq. 2.60 takes@sign if ~ is a mixed state. [94]

If & is an observable of the system, then its expected value can be expressed as
‘Oe tr W"Z: (2.61)

In particular, all Pauli matrices are physical observables, and thus can have expec-
tation values ™ jei >"x;y;ze. Since the Bloch sphere in Fig. 2.13 has unit radius, a
general qubit state ~can be represented by coordinat€s e y&  ,ee This point
lies on the surface of the Bloch sphere if it corresponds to a pure state, and inside
the Bloch sphere if it's a mixed state.

For an isolated system described by Hamiltoniakl , the density matrix evolves in
time according to

i@%t AH  HA M (2.62)
2.2.10 Lindblad-Kossakowski Master Equation and
Decoherence

There are many ways for a quantum system to be in a mixed state, such as being

the result of a partial trace from a larger Hilbert Space. For my qubits, a mixed

35



guantum state often stems from decoherence.

While Eq. 2.62 describes the density matrix evolution of an isolated quantum
system, a typical quantum system would interact with the surrounding environment.
For example, a qubit may be coupled to and exchange excitation with a heat bath.
In general, it's not possible to keep track of coherent evolution of the environment.
Instead, the e ects of the intersection are treated as decoherence of the qubit system.

Assuming the environment can be treated as Markovian [79], that is, it retains no
memory of its interaction with the smaller system, then the evolution of the small

system can be described by the Lindblad-Kossakowski master equation [69, 73]
FP@ "H LN 2.63
Far (2.63)

Compared to Eq. 2.62, there is an additional tern. ~ , which is called a Liouvillian

and is given by

LR Q DA N Q (AN AAN KA. (264)
| |
In Eq. 2.64, the summation is over the decoherence channels, each with decoherence

rate ;, and A, is the \Lindblad operator" of each decoherence channel [89].

One decoherence channel for a qubit is energy relaxation, with a Lindblad operator

given by
) 0 OH
i — (2.65)
"1l O
Using the matrix notation of Eqg. 2.59, one can see
S$ 05
D ~ = = (2.66)
" 05*% SS.

which can be interpreted as transferring population from the upper-left cell of (*.e.
®e state) to the lower-right cell (i.e. $e state), while proportionally reducing the

diagonal terms. This is an incoherent process.
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Figure 2.14a illustrates qubit energy relaxation in a graphical way on a Bloch
sphere, where the qubit decays frorf®e to e The blue points represent sampling
of density matrix ~ with time interval 0:1~ , where is the decay rate for the
Liouvillian. It can be shown that the qubit's population in ®e (Pge) decays in an
exponential fashionPg. exp”™ te. In addition, a qubit may be excited by its
environment, with Lindblad operator and rate , although usually P
Adding these two rates gives the energy relaxation rate, the inverse of which is a
gubit's energy relaxation time constantT,,

1 i: (2.67)

T

Another typical decoherence channel for a qubit is pure dephasing, with a Lindblad

operator given by

1 1 0“
z = — (2.68)
"0 1e
such that
0 2
D , "N = J— (2.69)
m 2% 0o

This can be interpreted as removing phase information, which is encoded in the o -
diagonal terms of © while keeping the \population" of $e and ®e constant.

Figure 2.14b illustrates qubit dephasing in a graphical way on the Bloch sphere,
where qubit state evolves froni§e Se-f 2 to an evenly mixed state ofge and ®e
The blue points represent sampling of density matrix Aith time interval 0:1~ ,,
where ,~2 is the dephasing rate for the Liouvillian (due to the extra factor of 2 in
Eq. 2.69). It can be shown that the qubit's population evolves in an exponential
faction towards the centralz-axis in the Bloch Sphere, whose time constant is de ned
as the pure dephasing time

T L. (2.70)
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Figure 2.14: Bloch sphere representation of qubit decoherence, (a) qubit energy

relaxation from $eto $e and (b) qubit pure phase relaxation from$e 8ee~ 2 to
an evenly mixed state ofge and &e

2.2.11 Determining Optimal Readout Length

As discussed in Sec. 2.2.4, the \low power dispersive readout” is a common way to
measure the state of the qubit. This technugie uses the dispersive frequency shift of
the readout resonator due to changes in the qubit state. Due to vacuum uctuations
and noise in the ampli er chain, the readout signal from the resonator inherently
contains some noise. If the qubit has in niteT,, then a longer readout pulse would
give better signal-to-noise ratio: for a readout pulse of lengthP T,, the “signal' is
proportional to t while the (averaged) "noise' is proportional to0 t. On the other
hand, a qubit only has a nite lifetime T,, as a result, at time @t during the
readout pulse, the qubit only has probability exp ~T,¢ of being in the original
state, scaling the “signal' by a similar factor. Most of the measurements discussed in

this dissertation are averaged over many repetitions. As a result, | typically aimed for

a readout lengtht that was a balance between these two aspects, giving me the best
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signal-to-noise ratio of the averaged data (instead of single-shot readout delity).

To simplify the readout process, | ignore resonator ringup and ringdown for the
moment. In addition, for my measurements, microwave signals throughout the read-
out length t were integrated using equal weights. To quantitatively study the optimal
readout lengtht, suppose is the “signal' per unit time, characterized by the (voltage)
di erence in the transmitted signal between the qubitg§e and $e state (See Fig. 4.32
for a sample of single-shot readout data in the 1Q plane). Considering time @t
wheret is the readout pulse length, during the small time interval from to d,
the qubit only has probability exp™ ~T;¢ of being in the original state, thus the
contribution to the overall “signal' from this small time interval is exp® ~T;ed

The overall readout “signal’ is an integration of such term
t
signal g exp~ ~T;ed Ty "1 exp” t~Tpee: (2.71)
0

On the other hand, suppose is the "noise' per square root of unit time, then the
o

readout “noise' is thus t. This corresponds to the spread of single-shot readout
clusters on the 1Q plane in Fig. 4.32. In this way, signal-to-noise ratio (SNR) of the

readout can be expressed as

~ ~ 2
T, "1 egp_ t~T1 W

SNR W t (2.72)

The SNR in Eq. 2.72 is maximized respect to readout lengthby setting d(SNR)~dt

0, which is satis ed when
R R R Ty
exp” t~T;e "1 exp™ t~Tpee o 0: (2.73)

One ndsatt 1:26T;. It's worth noting this optimal readout length does not depend
on either or , but only on the qubit's T;.
It's worth noting that discussions in this section correspond to my measurements

where microwave signals throughout readout length were integrated using equal
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Figure 2.15: Figurative representation of SNR with respect to readout length.
The readout “signal' is proportional to the area in red, which, due to qubit energy
relaxation has an exponential shape with time constant;. The readout noise' is

proportional to t.

weights. It's possible to assign di erent weights to di erent portions of the signal,
e.g. assign more weights to the initial part of the signal where the qubit is more likely
to be in its original state, and less weight to the later part where the qubit likely
has experienced decay. In other words, the the ideal length of the \box car" lter
function was discussed in this section where the Iter function could be of any shape,

which could result in higher SNR than discussed in this section. [40]

2.3 Loss Mechanisms of Transmon

2.3.1 Quasiparticle Loss

In a superconductor, electrons with opposite spins and momenta form Cooper
pairs [22]. A Bogoliubov quasiparticle, or quasiparticle for short, is an elementary

excitation above the ground state of a superconductor, which can be formed as a
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result of broken Cooper pairs. Assuming a symmetric (equal) superconducting gap
on two sides of an ideal Josephson junction, it can be shown that due to single
guasiparticle tunneling, the transition rate from qubit statei to (a di erent) qubit

state f can be expressed as [43, 20]

~ 2
]:GEJ' : A A - 9 o © R if 2 o
if p—s df 1 f ﬁ)-if > == h,!if = 2W$In§$eW
(2.74)

where " is the operator for the di erence of superconducting phase across the junction,
f is the quasiparticle distribution function, ﬁ) i Ei Es is the energy dierence
between the initial and nal states. This equation assumes the low-energy limit
# if > and ignores Andreev processes [5].

For xed-frequency transmons with no external ux bias (o 0), assumingi e
andf $e it can be shown that

A2
Ec 1 coso Ec |

W $|n§$eW ﬁ) " > a) eg.

(2.75)

Assuming the quasiparticles have a distribution functiorf that follows Fermi-Dirac
distribution at an e ective temperature T that's much smaller than the supercon-

ductinggap (T P  ~kg), it can be shown that

eg 2R Xap (2.76)
where X, is the normalized quasiparticle density, de ned by, ngpep, the ratio
between absolute quasiparticle volume densityy, and Cooper pair density, which
isng 4 1P m 3 for aluminum (whenT P ~kg). At low temperatures and in

thermal equilibrium, Xq, is related to T by [19]

»

Xqp 2kgT~exp =~ ~kgTe: (2.77)

Assuming T 20 mK for the temperature of the dilution fridge, 200 eV as

the superconducting gap of aluminum, one would expesat,, 10 2. However, ex-
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perimentally measured quasiparticle densities are in the range xf, 108 to 10 *
[4, 124, 81, 140, 142, 31]. Possible sources of such excess quasiparticle densities are
the absorption of stray infrared radiation [9] and ionizing radiation such as muons

and gamma rays [139, 85, 17].

2.3.2 Two-Level System Loss

Dielectric two-level system (TLS) defects are a another source of loss for super-
conducting qubits and resonators. A simple model for a TLS defect is a charged ion
that can tunnel between two asymmetrical potential wells (see Fig. 2.16) [103, 32]. |
assume the minima of energy of the two potential wells di er by, and the tunneling
between the two wells has a strength , which is related to the distanceal between
the wells, the tunneling barrier heightV and the e ective mass of the TLSm, such
that EexpS d» 2mV 2. The energy di erence between the ground and excited
state of the TLS is thenE i 22

If the detuning between a TLS and a qubit is small and the coupling between them
is signi cant, excitations can be exchanged between the TLS and the qubit, leading to
the qubit's energy relaxation and dephasing. Although the exact microscopic identity
of TLS causing decoherence in superconducting qubits is not completely understood
[92], possible candidates are atomic defects such as O-H bonds [82, 123], chemical
residuals [110], oxygen defects [1, 72] among others[92].

Given that TLS loss often occurs in dielectric materials and interfaces, on a macro-
scopic level, this yields a loss tangent tan. A common characteristic of TLS loss in
superconducting resonators is that the loss decreases with increasing applied electric
eld. On a microscopic level, once a TLS is driven into a mixed state with equal

probability, it rst has to dissipate its energy before it can absorb more energy from
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Figure 2.16: Double-well potential model of TLS, reproduced from Ref. [127] under
license number 5574400977925.

the external eld. In this way, the TLS limiting Q; of a resonator can be expressed

as [104] 4
tanh %7

Q pitan —BTV (2.78)

Qims 1 %r%z

wherei indicates di erent loss regionsp; are their participation ratios (ratio of electric
eld energy in that region compared to total electric eld energy), tan; are loss
tangents characterizing TLS loss of each regioh, is the resonant frequency of the
resonator, n; is a critical photon number characterizing the saturation of TLS loss,
and n is the photon number stored in the resonator. For a single TLS under uniform
eld, 1 [104]. From Eq. 2.78, one can see that asincreases, the loss from TLS
decreases. In Fig. 5.3 of this dissertation, the measur€ versus photon number
is plotted for a series of coplaner waveguide resonators, most of which displayed an
increase ofQ; with increasing photon numbern, a trend consistent with TLS loss.
While the loss for superconducting resonators can be reduced by saturating the
TLS, transmon qubits typically operate in the single-excitation condition § B 1 in

Eq. 2.78), thus TLS loss can be a signi cant loss mechanism for transmon qubits.
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2.3.3 Purcell Loss

Discovered by Edward M. Purcell, the Purcell e ect [109] refers to enhancement
(or suppression) of the spontaneous emission rate of an excited atom or quantum
emitter that is coupled to a resonant optical cavity or nanostructure. For the case
of a transmon coupled to a readout resonator with resonator decay rate the qubit

can decay due to such coupling, with a decay rate given by [114]

Purcel O~ 2 (2.79)

where g is the coupling strength between the resonator and the qubit, and is the
detuning between the two. Eq. 2.79 is only valid in the dispersive limg P .

Loss from the Purcell e ect can be reduced by decreasing(i.e. increasingQ, )
or by reducing the e ective resonator-qubit coupling"g~ «. Reducing increases
the ring-up time of the resonator, preventing a fast measurement of the qubit states
while reducing“g~ ¢ reduces the signal-to-noise ratio of qubit state measurement.
In practice, the qubit may also couple to higher modes of a resonator structure,
which introduces additional Purcell loss. For transmons, additional modes are most
obvious when the qubit frequency is above the fundamental frequency of the readout
resonator.

For the qubits that | studied (see Table 4.1), the qubit frequencies were sometimes
signi cantly di erent than the design value, due to variations in the device fabrication.
However, the qubit-resonator detuning was typically su ciently greater than the
coupling g so that most of the qubits' coherence was not limited by the Purcell e ect.
Using qubit H-i as an example, 1.3 1Ps?! g2 157 MHz, 2:05 GHz, the
Purcell limited qubit T, is 130 s, much larger than the observed value of 1& .

One way to mitigate Purcell loss without a ecting measurement speed is the use

of a Purcell lter [122], which is an additional low quality-factor resonator between
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the transmission line and the readout resonator. However, fast and high- delity
measurements of the qubit state were not a focus of this dissertation. As a result, |

did not incorporate Purcell lters into the designs of my qubits.

2.3.4 Package Loss

My 2D superconducting devices were mounted in a package that could introduce
additional loss. For example, the qubit could couple to spurious low-Q resonance
modes [119, 56] of the package. This can be understood as another case of Purcell
loss discussed in the previous subsection. A common way to mitigate such loss is to
increase the minimum frequencies of spurious modes of the package, typically above 10
GHz for conventional superconducting transmon qubits. Reducing the dipole moment
of transmon qubits and thus reducing coupling to spurious modes is another way to
mitigate this loss. In addition, if normal metal is used in the package, it can cause

loss due to eddy currents. This loss mechanism is discussed in Chapter 5.

2.3.5 \Vortex Loss

When a magnetic eld is applied to a superconductor, screening currents ow on
the surface of the superconductor so as to cancel the magnetic eld inside the super-
conductor. If a superconducting sample is cooled through its critical temperatuii,
any applied magnetic eld will be expelled. This is called the Meissner e ect [88]. For
type-l superconductors (which include aluminum), such expulsion of magnetic elds
happens up to a critical eld strengthH.. If H AH., the material becomes normal.
For type-Il superconductors, such expulsion is only up to a lower critical eldH;.
Above H; the magnetic eld penetrates through the superconductor in magnetic ux

tubes or vortices, each of which contains a single magnetic ux quantum. [136, 118]
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An oscillating current in the superconductor creates an oscillating force on vortices,
resulting in their movements if they are not pinned. This ux- ow movement is as-
sociated with a vortex viscosity and causes loss in an oscillating electromagnetic eld
[131, 129].

| mostly used devices made from aluminum, which is ideally a type-I superconduc-
tor. However, thin Im type-I superconductors can contain vortices similar to that of
type-1l superconductors [135, 102, 77, 24]. As a result, planar superconducting res-
onators and transmon qubits could be subject to vortex loss. To mitigate against this
loss, our group used magnetic shielding in the cryostat (see Sec. 4.1). In addition, |
added perforated holes to the ground plane (see Fig. 3.11 for example) for \trapping"
vortices to mitigate this loss. In particular, device A did not feature perforated holes
but devices B-H did (see Chapter 4.3 for naming nomenclature); however, device A's
performance was on par, if not better, than devices B-H. This is an indication that

vortex loss was not the dominant source of loss for my devices.
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Chapter 3

DEVICE DESIGN AND FABRICATION

3.1 Device Design

The 2D cavity QED devices [12] studied in this dissertation consisted of two prin-
ciple components coupled to each other, a transmon qubit and a readout resonator.
The readout resonator was a quarter-wave meandering coplaner waveguide (CPW)
resonator, with a fundamental frequency set betweelry 7:5 and 8 GHz. This par-
ticular frequency was targeted to have a large detuning from the qubit and to use a
traveling wave parametric ampli er (TWPA) to provide good signal-to-noise ratio in

the readout. The length of these resonators can be calculated from

c
| - o— 4 mm; (3.1)
4 4 r;eff 1:X
where s ", 12 is the average dielectric constant of the substrate and the

vacuum with , 108 for sapphire. For my design presented in Fig. 3.1, | used two
kinds of CPW resonators: the two resonators above the center transmission line with
center trace widthw 24 m and gapg 123 m, and the two resonators below
the center transmission line withw 12 m andg 6 m . Both of these dimensions
give a characteristic impedanceZ, 50 on the sapphire substrate. The width
and gap of the center transmission line are the same as those of the rst kind of
CPW resonators. By placing a section of the readout resonators in close proximity to
the center transmission line, the readout resonators were coupled to the multiplexed
transmission line. By measuring the transmissio® parameters of this line, | could

study the properties of the resonators.
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Figure 3.1: 2D design layout of multiplexed resonators and transmon qubits with
annotations in color. Both of these designs were for a % mn¥ die size. The area
in black represents metal on the substrate, while the area in white was the exposed
substrate. The actual design featured arrays of holes (not shown) in the ground plane
to trap magnetic vortices.

While some of my readout resonators were used to assess the quality of the su-
perconducting Ims, others were mainly just used to measure transmon qubits. To
do this, the open end of these readout resonators were coupled to a cross-shaped
capacitor for the transmon qubit (see Fig. 3.1). For this particular shape, this type
of transmon qubit is called "xmon' [8]. A Josephson junction (not shown in Fig. 3.1)
connects the end of one of the four arms to the nearby ground plane. For the cross
design shown in Fig. 3.1, the length of the xmon arm was 156 , the width of
metal for the arm was 16 m , and the gap between the arm and the surrounding
ground plane was 22m . These dimensions were chosen to give a charging energy
E.~2 200 MHz, and to reduce the strength of thek S eld at the interfaces and
thereby decrease the e ect from dielectric loss.

Figure 3.2 shows a second chip design. This has only one "xmon' qubit on a single

48



@) (b)

Figure 3.2: 2D design layout of single transmon qubit, with annotations in red.

(a) Design of the entire 5 5 mn?¥ die. The area in black represents metal on the
substrate, while the area in white was exposed substrate. (b) Zoom-in view of the
area near the end of the "x'-shaped cross. The orange squares were alignment marks
to locate the position of the junction during e-beam lithography. The actual design
featured arrays of holes (not shown) in the ground plane to trap magnetic vortices.

die, and includes a dedicated qubit X/Y control line. This separates the qubit control

and resonator readout into di erent microwave lines. The readout resonator in this
design is nominally identical to the bottom ones shown in Fig. 3.1. The length of the
Xmon' cross arm is also 150m , but the widths and gaps are larger, with an arm

width of 32 m and a gap of 32m .

The design shown in Fig. 3.2a was intended to allow direct maskless photolithogra-
phy writing. The four small crosses were used for aligning the sample while performing
the second layer of photolithography for e-beam alignment marks (see Sec. 3.2.2). The
design shown in Fig. 3.1 was fabricated into a photo-mask for an i-line stepper. Sim-
ilar alignment structures were placed on other dies (not shown in Fig. 3.1). For each

“xmon' cross in Fig. 3.1 or Fig. 3.2a, four square-shaped marks (see Fig. 3.2b) made of
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Figure 3.3: 2D design layout of structures for e-beam lithography and Josephson
junction fabrication. (a) Entire structure where areas colored in red or yellow will be
exposed by electron beam. (b) Detailed view of the center of (a) with annotations
showing widths of two leads. The design size of the Josephson junction is thus 130
155 nn¥.

gold, were added near the end of one of the arms in a second layer of photolithography
to help alignment in electron-beam lithography of the Josephson junction.

A key component of a transmon is the Josephson junction. Figure 3.3 shows
the design of the structures that would be exposed by electron beam to create the
bridge [34] for the Josephson junction fabrication. The size of the Josephson junction
was determined by the widths of the two lines in Fig. 3.3b, which in this case is
130 155 nn?. To allow su cient overlap with the metal of the “X' and the ground
plane, the length of the structure in Fig. 3.3a is 44m . For some of my other qubit
designs, which had di erent distances between the two electrodes of the capacitor
of the transmon qubit, the length of the bridge and lead structure in Fig. 3.3a was

changed accordingly.
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3.1.1 Finite Element Simulation

To understand the parameters of my design, such as the frequency of the readout
resonator and its coupling strength to the transmission line and the transmon qubit,
| used nite element simulation with Ansys's HFSS [2]. Figure 3.4 shows the HFSS
simulation setup for the resonator and qubit pair corresponding to the lower-right
corner of Fig. 3.1b. To model the transmission, two wave ports (red rectangles)
with Z, 50 were added at the left and right ends of the transmission line. The
\integration vector" in HFSS was set pointing from the surrounding ground plane
(blue) to the center transmission line (white), setting the electromagnetic excitation.
The relative permittivity of the substrate (yellow) underneath the ground plane was
setat ; 108, with zero loss tangent. The volume which extended for 4.4 mm above
the ground plane was set as vacuum. All the metals were set to be perfect electric
conductors. Since HFSS does not model nonlinear components, such as the Josephson
junction, 1 modeled the junction as a high impedanceA1(® ) lumped port (green)
with an integration line between the two electrodes of the transmon's capacitarge.
from the surrounding ground plane (blue) to the "x'-shaped capacitor island (orange).
Except at the wave ports, the walls that encircled the simulation space were set to
be a perfect conductor to provide a uniform ground.

To improve the accuracy of the solutions, | manually restricted the maximum
length of meshing elements in the simulation. Figure 3.5 shows the nal mesh for
the simulation setup presented in Fig. 3.4. For this design, the maximum mesh size,
at the 12 m -wide resonator and the 16m -wide x-shaped "cross' and their gaps to
the surrounding ground plane, was initially set to 38m . To accurately obtain the
coupling strength between the resonator and the transmission line or the transmon, |

also used a slightly smaller initial mesh of 29n in between these structures. HFSS
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Figure 3.4: Setup of HFSS simulation to help develop device design. (a) Overview
of the geometry. (b) Zoom-in view of the transmon qubit and the readout resonator.
(See main text for description.)

would automatically generate mesh in the remaining regions, and re ne meshing
during its processing. Empirically, | found for elements with high aspect-ratios such as
the long and thin meandering resonator, it was important to manually set a maximum
initial mesh size, as otherwise HFSS did not typically generate a mesh that was ne
enough to observe the resonance, let alone accurately determine the coupling.
Coupling between the readout resonator and the transmission line was character-
ized by the resonator's external quality factorQ.; lower Qe corresponds to stronger
coupling. To reduce the coupling or increas®., one can either increase the sepa-
ration between the readout resonator and the transmission line (see Fig. 3.4b), or
reduce the length of the section where the resonator ran in close proximity to the

transmission line. Adjusting the center width and gap of either the transmission line
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Figure 3.5: Example of simulation mesh used in HFSS for the qubit-resonator pair
shwon in Fig. 3.4. A high density of meshing was used at the resonator and the center
transmission line, while away from the design elementg.g. the ground plane), the
meshing was sparse.

or the resonator can also chang®.

Figure 3.6 shows the simulated transmissio8,; versus frequency for the con gu-
ration shown in Fig. 3.4. The corresponding t (see Chapter 4.4 for details) yielded
Qe 7:7 10% For comparison, | measured). in device H-i, which used this design,

tobe Q. 51 104

3.1.2 Black Box Quantization

Black-box quantization (BBQ) [95] is a semiclassical method for determining the
energy levels and coupling between a transmon qubit and readout cavity. In this

method, the electromagnetic environment at the junction is simulated by replacing
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Figure 3.6: Simulated transmissionS,; versus frequency from by HFSS (blue circles)
and t (red line).

the junction with a lumped element port (port 3 in Fig. 3.4b) from its self admittance
Y33 f ¢. The total admittance seen by the junction in the BBQ technique is then the
sum of all the admittances including the junction self capacitanc€; and junction

inductancel;,
1
i2fL

Based on the area of the junction, | used a value & 6 fF [33]; it's worth noting that

Y fe Y33Af b

i2fC (3.2)

the precise value for this term often isn't needed as most of the transmon capacitance
is provided by the shunting capacitor, which is included ifYss"f «. L; is the inductance
of the Josephson junction, approximated as a linear inductor. Its value is given by
Eqg. 2.7 and Eq. 2.9. For my devices, typicallyt; 10 nH, and it served as an
important parameter for tuning the frequency of the transmon qubit.

Figure 3.7 shows a simulation ofYss"f e for device H-i, and the total admit-
tance Y f « calculated from Eq. 3.2. Here | assumet; 8:7 nH, corresponding
to E; 1889 GHz, the Josephson energy that | measured from qubit H-i. The fre-

guencies where Imagy"f+ 0 indicate resonant frequencies in the system. The rst
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Figure 3.7: Results from black-box quantization showing the imaginary part of
admittance Y versus frequency. Imagrszs fe (blue line) was obtained from HFSS
simulation. Imag Y"fe (red line) was found using Eq. 3.2 withL;  8:7 nH. The
two frequencies where Imagy “f 0 correspond to the resonant frequencies of the
gubit and resonator.

resonance (around 5.6 GHz) corresponds to the fundamental transition frequency of
the transmon, and the second (at approximately 7.9 GHz) the fundamental mode of
the readout resonator. Following Ref. [95] by studying shift, BBQ in this case gives

a qubit-resonator coupling strength ofgy 125 MHz. This coupling is mainly set by

a coupling capacitor between the resonator and the qubit (red “fork'-like structure at
open end of the resonator in Fig. 3.4b). Extending the length of this coupling struc-
ture increases the coupling, reducing its length or adding ground plane between them
would reduce coupling. For device H-i, the measured (see Table 4.1) qubit-resonator

coupling strength wasg 157 MHz, which was close tg 125 MHz found by BBQ.

3.2 Device Fabrication

The fabrication of my transmon qubits chips involved these main steps:
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1. Fabrication of all the components except the Josephson junction. This produced
all the large components on the chip, such as the resonators, ground plane,
shunting capacitors for the xmon and the transmission line. For this rst step |
started with a thin Im of aluminum on either a silicon or sapphire substrate. |

then de ned large features in my design using photolithography and wet-etching

of aluminum.

2. Fabrication of gold alignment marks. These marks allowed me to align the

electron-beam junction layer with the initial aluminum layer.

3. Electron-beam lithography and double-angle evaporation to create the Joseph-

son junctions.

Of these three steps, only the rst step was needed if | fabricated superconducting
resonators to study microwave loss (without qubits coupled to them), such as my

studies of packaging loss (see Chapter 5). | discuss each of these three steps in detail

in the next subsections.

3.2.1 Photolithography and Wet Etching of Large
Superconducting Features

For devices F and G (see Chapter 4.3), | started the fabrication with a 100nm-
thick layer of aluminum that was epitaxially grown in ultra-high vacuum (10° torr)
on top of a high-resistivity silicon substrate by molecular-beam-epitaxy (MBE) team
at LPS [86, 117]. For the other devices that | fabricated, the thin Im of aluminum
was evaporated onto a sapphire substrate using the following process:

A 3-inch diameter sapphire wafer (from either Kyocera or GT Advanced Tech-

nologies) was immersed in acetone, then methanol, and nally isopropyl alcohol (IPA)
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Figure 3.8: Overview of photolithography and wet etching process. See text for
description.

before being dried by nitrogen gas. | next cleaned the substrate in a 3:1 solution of
H,S0O,:H,0, for approximately 10 minutes before rinsing with deionized (DI) water,
IPA and then drying. The wafer was then loaded into a Plassys 550 MEB electron-
beam evaporator. After reaching a base pressurelO @ mBar using a scroll-backed
turbo-molecular pump, the wafer holder was heated to 70@ for 30 minutes before
cooling down to 200 C. To further reduce oxygen in the chamber, a Ti getter was
evaporated in the chamber. Next, aluminum was deposited, for a typical thickness
of 100 nm, at an approximate rate of 0.4 nm/s in a background pressure of approxi-
mately 2 10 7 mBar. (Fig. 3.8(a))

After the wafer cooled to room temperature in vacuum, the wafer was transferred
into the LPS cleanroom and a layer of OIR 906-10 (Fuji Im) photoresist was spun
onto the wafer in a hood at 3000 rpm for 60 s, and then pre-baked at “@for 60
s (Fig. 3.8(b)). The resist was then exposed using either a stepper or a Heidelberg
maskless aligner (Fig. 3.8(c)). For devices F-H, the wafer was mounted in a GCA

ALS Waferstep 200 I-line stepper (with 5 reduction ratio) and exposed to 350 nm
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Figure 3.9: Mask design for photolithography. Areas in white are transparent to
the UV light in the stepper. The areas in black would have aluminum in the nal

chip. The mask was designed for a 5Sreduction stepper, so that the nal dies are

5mm 5mm in size. Ground planes were perforated with 4n squares that were 10

m apart. Due to rendering, the holes look much larger in this gure. The designs
presented in Fig. 3.1 correspond to the rst two dies on the rst row.

ultraviolet light for 0.35 s, through a mask that | designed (see Fig. 3.9). Devices
C-E were exposed in a Heidelberg Instruments MLA150 Maskless Aligner, which used
a focused UV laser to write the design across a wafer without the need for a mask.
After some exposure tests, | determined that a dosage of 15060 mJcm? with the
405 nm laser yielded the best quality features. After exposure with either instrument,
the wafer was then post-baked on a hot plate at 12 for 60 seconds.

The wafer was then developed in a beaker of OPD 4262 (Fuji Im) for 60 s with
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modest agitation, followed by a rinse in DI for another 60 s (Fig. 3.8(d)). Since
OIR 906-10 is a positive resist, the areas exposed to UV light were developed away,
exposing the underlying aluminum. OPD 4262 also etches aluminum, so the duration
of this step was kept as short as possible. The aluminum layer was then etched using
aluminum etchant 80-15-3-2 (J.T. Baker) at room temperature (Fig. 3.8(e)). Thisis a
mixture of 72.5% - 74.5% phosphoric acid ##0O,), 1.7% - 2.3% nitric acid (HNG),
and 9.5% - 10.5% acetic acid (C¥#COOH), with the remainder component being
water. With mild agitation and aiming for a 10% to 15% over-etch, | found 145 s
to be an ideal etch time for 200 nm thick aluminum. The etching was stopped by
rinsing in a beaker of DI for 30 s, before rinsing in another beaker of DI for 60 s, then
under running DI for about 15 s. | did multiple rinses because | observed residue if
the rinse only took place in one beaker.

To remove the undeveloped 906-10 resist (Fig. 3.8(f)), | placed the wafer in a
beaker of acetone for 12 min, before rinsing it in beakers of methanol and IPA for
one minute each. This technique for removing the remaining resist has been found to
be insu cient in removing the undeveloped photoresist. Later, | changed the process
so that the remaining photoresist was removed in two baths of Microposit Remover

1165 at 80 C for 60 and 30 minutes each.

3.2.2 Photolithography of Alignment Marks

| built my devices on either silicon g 14) or sapphire (AbO3, Z 10) substrate,
both of which had similar atomic numbers to the ground plane material of aluminum
(Z 13). As a result, it was generally hard to distinguish the patterned aluminum
thin Im from the substrate using an e-beam microscope. On the other hand, gold

(Z 79)is readily discernable from both aluminum and my substrate material. Thus,
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