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Chapter 1

Introduction

1.1 Quantum Computing

The concept of quantum computing can be traced back to the 1980s, when Richard
Feynman, Paul Benioff, and Yuri Manin proposed the idea of a fully quantum model for
computation. Physicist Paul Benioff pioneered the concept of quantum compufi8gOin a
paperon quantum mechanical model of the Turing macliitje This demonstrated reversible
computing R] was possibleia the Schrédinger equation. Yuri Manin and Richard Feyndicn
additional researctio showhow a quantum computer could perform better than a classical
computerfor certain types of calculatiofi8][4]. As research into quantum computing progressed,
Kazuhiro Igeta and Yoshihisa Yamamoto proposed using atoms and photons as a physical platform
for building a quantum computgs]. Their proposal sparked a frenzy of experimental activity as
researchers began to investigatany possible types of qubits atite feasibility of building a
working quantum computer.

In the 1990s, David Deutsch and Richard Jozsa proposed a deterministic quantum
algorithm that could efficiently solve articularcomputational problem that no deterministic
classical algorithm could solve efficientlifhey were able to demonstratee superiority of a
guantum computer over a classical comp{égr Peter Shor's quantum algoritqim] for prime
factorization of integers was also developed in 1994, sparking a surge of interest in building

physical realizations of quantum computers.



Since this early workrapped ion§][9], quantum dof10], superconductinf11][12], and
linear optical qubit$13], havebeen developedith relatively high-fidelity control and quantum
error correctionDespitethese and many othegchnologicabdvance®ver the lastwo decades,
there are still many challenges to overcome belfmge scalequantum computers can bailt.
One of the most significant challenges is developing faldrant quantum systems capable of
correcting errors caused by decomeeand noisgl4]-[17]. Thepotential of quantum computing
to solve problems that are currently intractable for classical computers makes it an exciting field
of researchQuantum computing has the potential to revolutionize fields such as cryptography
[18], drug discovernyj19], and materials sciend20], andmay have a significant impact on our

society in the coming years.

1.2 Superconducting Qubits

A qubit is a fundamental unit of quantum information that is the quantum analog of a
classical binary bit, in which information is stored in the quantum state of the systdhalso
use fAqubit o-levebsystem that noataires this wformatidihile a classical bit can
only be in one of two states, either O or 1, a qubit can be in a superposition of states, representing
both 0 and 1In addition, the state of a qubit can be entangled with the state of other Babasse
of these quantum pperties of qubits, quantum computers can perform certain types of
calculations much faster than classical computers.

The coherence time of a qubit measures the lifetime of the logic state and serves as a metric
for completing logic operations. Decoherernisedue to two causesnergy relaxation and
dephasingwhich areultimately caused by entanglement between the qubit and its environment

This entanglement causiedormation in the qubito belost to the environmeri21][22].
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The field ofcoherenguantumeffects in superconducting devidesgan in the 1980s with
the discovery of macroscopic quantum tunnel2®j[24] and quantum energy levels in Josephson
devices[25]. This work continued witlthe development of singlelectron device$26] and the
Cooperpair box[27], and the search for macroscopic quantum coherent oscillations m the
superconducting quantum interfereeice (f SQUID) [28][29]. The superconducting quantum
computation began when tl@operpair boxwas shownby Nakamuraet al. [11] to undergo
coherent quantum oscillation¥his served as the foundation for early superconducting qubits.
However, charge qubits are sensitive to quasiparticles and charge noise, severely thmiting
lifetime of thequantumstatesUltimately, this limitation waseventuallyovercome by making the
electrostatic charging ener@¢ much smaller than the Josephson ené&ggnd by adding &ow-
loss shunting capacitance across the junctionetiectively reduce loss due to the junction
dielectric This new devicgcalled a transmon [30], achievedeful anharmonicity and was less
sensitive to noise, making it a more practical optiorstgrerconductinguantum computing.

Superconducting qubits aceirrentlyamong the leading candidates for building scalable
guantum computers. They can be designed to have reastmapboherence times and fast gate
timesandthey can be produced in large quantities using standard lithographic techGioggeisg
work to develop systems wi#00 and moresuperconductingjubits has been reported@l] by
IBM, indicating that progress toward building a practieafjescalequantum computer using

superconducting qubits is being made.

1.3 Overview ofDissertation

The goal of my research is to fabricate transmon devicesmggipeered to suppress

guasiparticle tunneling betwe#re two electrodes of thenction thus enhance the relaxation time
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T1. In this dissertation, | discuss the fabrication of -gagineeed transmons and how
superconducting gap differencaffect quasiparticlenduced relaxationThe qubits | fabricated
and measured were fixed frequency transmons. The transmeyasmounted in 3D cavities to
allow measurement of the qubit state and to provide isolation of the qubit from the environment. |
also discus8fluctuationsin the transmon relaxation tini@ and ppposea mechanisnthat may be
the underlying cause of these fluctuations.

In Chapter 2, introducethe quantumtheory of the transmon andiscussthe relaxation
time T1. In chapter3, | discuss the BCS theory and superconducting gaps of thin filnr@hapter
4, | explain modeling of quasipartickeinduced loss in junctions that have two electrodes with
different superconducting gaps Chapter 5, Idescribethe design and fabrication of the cavit
and transmondn Chapter 61 illustratethe experimental setup | used to acquire dstakey
experimentalresults are presented in the rest of the dissertatidavice characterizatiomns
discussedn Chapter7. In Chapter 8, bo overthe different transmon layostl used and the
corresponding relaxation time measureme@tgpter Iemonstrateselaxation time fluctuations
and a modelof fluctuatingdissipation channels whickeems to capture some of the behaviors
observed inthe T fluctuations.Finally, Chapterl0 summarize the thesis and concludasith

somesuggestions foadditionalresearch.



Chapter 2

Theory of Transmons

In this chapter, | discuss the quantum behaviors of transiaehgheir applications to
guantum computing. | begin with an overview of the Hamiltonian and the role of the Josephson
junction - a critical component in transmon systems. | examine the energy levels and their
anharmonicity, a key property of transmonghén discuss energy relaxation and dephasing and

conclude with a discussion of the paramet®sY, and"Y.

2.1 Quantum Harmonic LC-Oscillator

The simple harmonic oscillator is one of the hastierstood quantum systems in physics.
This is very fortunate because a ground understanding of the quantum harmonic oscillator is
helpful for understanding transmons circuit Quantum Electrodynamics (QE&nd numerous
other systemf2]. A simple harmonic L&scillator circuit can be built by connecting an inductor
with inductance L across a capacitor with capacitance C. One can write the Hamiltonian for an
isolated LCoscillator as:

— —h

6 ¢d ®

whereff;and[{3 are Hermitian operators for the charge on the capacitor and the flux in the inductor,

respectively.

The nonHermitian raising and lowering operators can be builB8hs |



W X B g B
il L. h &0
cu% 3 <

whered3is the annihilation operatods is the creation operator, and = 1M0 dis the angular
resonance frequency.
The Hamiltonian for the harmonic oscillator can then be written as:

0 uwwwguw &

N |0
o«

where =@ Qis the photomumber operatord]. Eq. (2.3) is diagonal with eigenvalues n=0, 1,
2, ... and results iaqually spaced energy levélg U

If a nonlinear inductoris incorporated into the L-@scillator circuit, the system behaves
like an artificial atom with unevenly spaced energy levels. Uneven level spacing is required to
enable the manipulation of only two energy levels in a qubit while leaving other levelsatedff
Nonlinearity is accomplished for superconducting qubits by incorporating a Josephson junction

[4], which functions as a nonlinear inductor within the circuit.

2.2 Josephson Junction

The concept of a Josephson junction (JJ) was first introduced by Brian D. Josephson in
1962 B]. It is the essential building block of any type of superconducting quitsideal for a
Josephson junction is a trilaystructure that has two superconducting layers separated by a very
thin insulating layer (see Fig. 2.1). For most superconducting qubits that are currently being used,

the junction is made of AI/AIQAI. This type of Josephson junction can be made relatively easily
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and turns out to be relatively robust. Aluminum has a stable oxide layex) (&l®the other hand,

the superconducting transition temperatUig ¢f Al is about 1.2 K and the oxide layer can contain
atomicscale defects, called twlevel systems or TLS, in the interfaces, that can be detrimental to
the qubit lifetime.

Aluminum is notan obvious choicdor building Josephson junctionbecause of its
relatively lowTc. Despite having zero dc resistancé¥atsuperconductors have naero ac losses.
This is becauséhe electronsin the superconductor are bound@soper pas with a binding
energy of> e p& @ “Y[6]. At nonzero temperature, thermal energy can break some pairs, which
generatdl q u a s i p bBprovide some additionaliscussion of Cooper pairs agdasiparticles
in Chapter 3Quasiparticlesalso results iloss ina tunnel junctionyhich will be discusgedin

Chapter 4

Superconductor
Sy

Superconductor

Figure 2.1:lllustration of an SI-S Josephson junction formed by sandwiching a thin layer of
insulation between two superconductdrse electrodes of the junction are connected tmltage

source V that drives current | through the junction.
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The key electricalcharacteristic of a Josephson junction is the relationship between the
phase differencéoacross the junction, the junction currgrdnd the junction voltagé. They can

be described by the Josephson equafidhs

"0 00 Bd c8M
o % 2K 80
°Q0 S

wheren B ¥¢ A o7¢ As the reduce flux quantumB is the flux quantumandOis the
critical currentCombiningEgs. 2.4 (a) and 2.4 (d)can write:

% QO
"OA 1 %X 0

)
This is similar to thecurrentvoltage relation for annductorww 0 z — and implies thathe
Josephson junction can b#ought of as a nodinear inductor with inductance0
B 7 ¢ AOAT %o.

An inductor that is carrying currehhas a stored magnetic energy-0"0. Similarly, a

Josephson junction with phase differef@bas a stored energy ‘@ 0O & %o, whereO

"Orc” is the Josephson energy.is the capacitanceetween the two superconducting layers
of the junctionthere will also be a charging enef@y Tt1O¢ ,whereé —is the pair charge

numberandO Q7¢O is the charging energy of the junctioBonnectingd and0 in

parallel gives us LC oscillator with angular resonant frequency:

==
VO

O|o

Yoo 8 &

For a Josephson junctiplh is called the plasma frequency and it is an important parameter. It

can be showthatd onlydepends on the transparency of the insulating layteinneling of pairs
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and the dielectric constant hatindependent of the junctiarea For AlOx insulation layers, the

oxidation process is the most important factodetermining the transparency.

2.3Cooper Pair Box

The Coopeipair box (CPB was the first experimentally realized superconducting qubit
[7][8]. Figure 2.2shows &ircuit schematic of a CPB. ingle Josephson junctionisilconnected
in parallelto capacitanc€,. CPBs ardypical biased witha gate voltagd/y, which is applied to a
gate capacitandgg and can be used to gbe polarization charge on the island.

The Hamiltonian associated with a Cooper Pair Box (CPB) can be expres8gd as |

-G 10 & ¢ OA @& &

wherelGis operator for excess number of Cooper pairs that tunnel onto the &sland, 6 ®¥¢Q

is the reduced gate chargadGis the operator for the superconducting phase difference across

the Josephson junction. Heagain% and% arethe Josephson energy atite charging energy
Typically, Coopeipair boxes hav® L ‘O. In this limit, the charge on the island serves as a
sharply definedquantumnumber that is controlledly ng. The operator§&andGare conjugate

variables and satisfy the commutation relafi@jh
GG '8 QT

The Hamiltoniarequation (2.7¢analsobe expressed in the phase basi$8]:

h oo 2
= 10 Q- ¢ O A | %8 ()
oo



Figure 2.2: Circuit diagram of a Coopleair Box

The exact solutionfor the wavefunctionsan be written iterms of theMathieu functionsand the
energy eigenvalues are given loy'

0O Owé¢ TQar iﬁ P T
¢O
where & TiplthB o ;i is the characteristic value for even Mathieu functions with
characteristic exponent=2 and parameteq ¢ Qd&af h and™Qaf is an integer
valued functiorthat specifieghe order of the eigenvalues. The ground and excited stathe of
CPB with energyO andO respectivelydeterminghe qubit transition energy.

Figure 2.3 show® ford& Tip,2 and 3 for different values @70 , corresponding to

the stateg@et SGandsG@iof the qubit For the Coopepair box regiméOTO L p, theO
curves depend strongly @n, while forOTO | p, which is the phase qubit limjiL0], the®O

are almostndependent of . CPB qubits are normallpperated [11] at T, where O is

10



minimum.This operating point isommonlycalledthe "sweet spot’becauséO is least affected
by small fluctuations i , protecting the qubit froramall levels ofcharge noise-However, he
charge nois@é the CPBturned out to bso largethat the coherence time was quite sheven at
the sweet spot~or this reason (charge noise) the CBBo longer considered a viable qubit
candidate This wasone of the maimmotivatiors for the design of the transmon, which was

proposed by Kockt al [12].

(a) E_]/E(? = 1.0 (b) EJ/E(_’_‘ = 5.0
| ! I | L | v | v I

T 3

- § i I ~ \J‘SEJE(.‘ T
0 T ¥ T ¥ Y t T 0 T t 1 } I t 1

-2 -1 .0 1 2 -2 -1 0 1 2
Mg Ng

Figure 2.3: The first three energy levels of the coggaér box as a function ofgp plotted for
different values of&; /Ec [13]. For all plots, the black curve correspondsEtp the red curve

corresponds t&: and the blue curve correspond<£to

11



2.4 Transmon Qubit
The transmon regimeorresponds t® | 'O hwhich typicallyO v 1O . In this limit,
'O isalmostindependent of . To reduce loss from the junction dielectric, this limit is typically

achieved by adding law-lossshunting capacitod parallel to the junctionThis reducs’O and
improvesTi (see Fig. 2.4).

| note that the Hamiltonian for the transmondisnticalto that of a CPB orraun-biased
phase qubit, the only difference between them iSQf® ratio. Using perturbation theory, the

Hamiltonian of a transmon can be rewritterj3s

<

Ge T 6 ° o 26 &
quoo<93=<S§vc 0 pc@ & 8 P p

C, = § ==,

Figure 2.4: Circuit diagram of an isolated transmon.
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& and&are the corresponding creatiandannihilationoperators, respectivefpr excitations n
the transmon, and we have only retained termstorder inds and& The first term is the
harmonic oscillator Hamiltonian, with spacing between levelfO'O while the last term

introduces an anharmonicityn this approximationthe energy of thé -th levelO is[13]
O Yoo Q- O —ca4 ¢ca p8 P C
Thus, the transmon transition enei@y is to this order:
0O 0O © Yoo 08 P o

In order tofunction as ajubit, thetransmorievelsneedto be anharmonic. In other words,
the next highest transition ener@y 'O 'O must be sufficientiydifferentfrom 'O that the
lowest two energy levelsn = 0,1) can bdrivenwithout producing excitations to the m = 2 level

The anharmonicity is defined as:

From Equation (2.13), one find9]
| [OF:] ¢Pp L
This negative sign of meansO is smallerthanO . ForO TQD otop 11 ( ,lbne typically
would like| ¢ 1 MHz and this giveg M OTO M¢ 1t &s an acceptable range for the
transmonlt should also be noted that Eq. (2.15) is only approximate and more accurate values for

‘O and can be obtained with the Mathieu function solutions.

13



2.5 Circuit QED System

A transmon is often capacitivelypgpledto a microwave resonator to provide control and
allow the state to be measur®]. The resonator can be a planar resonator (for 2D transmons)
[14][15] or a 3D cavity (for 3D transmons})§][17]. This arrangement makes use @fcuit
guantum electrodynamics (cQE@gchniques [2]. Th&QED technique has severaiportant
benefits, including: (1) isolation of the qubit from direct coupling to the external electromagnetic
environment; (2high-power andqjuantum nordemolition microwave measurements (QND§]|
and (3) potential to be used as quantum b8kffk entangling multiple qubits.

The Jayne€£ummings Hamiltoniarwas developed in 1963 by Edwin T. Jaynes and
Frederick W. Cummings2D] to describéhe interaction of a twdevel atom with a single mode
of a quantum electromagnetic fielsh cQED, thisapproachhas been generalized to model the
Hamiltonianof a qubit linked to a singlmodeof acavity.

For a twalevel system with a transition frequency coupledto a cavitywith frequency

1 , the Jayne€ummingsHamiltonian is [20]
- ) ; ] .
G g 66 7—6 o0 &6 6.6 s <

Herethecoupling strengtlis 'Q , & is the creation operator for photons in the cavity @isithe
annihilation operatorGhG, and,G are thew ho- and@-Pauli matrices, respectively artde

raising and lowering operatoys are defined as

” 8 C$ X

The, operators only act on the qubit stdtet the qubit's energy eigenstatessband<f and
the resonator's energy eigenstates be the number $tat@he product states donated $P¢ &

and<(rE & are a naturathoicefor thebasis of thesoupled systeniThe coupling term in thibasis
14



is entirely oftdiagonalhasthe critical property of preserving the total number of excitatiotise

system Thematrix element®f the couplingerms are [@]:

0Q "u &, w, T QW g CP ¢d

=yt

UQ Qe &, ©, "  UQNa g P P

0¢

The coupling terneffectively mixes states with the same total number of excitations. It is useful
to define an operator for the total number of excitatiors [20]
00 = gﬁ P w
| note that with thiglefinition, the number of excitatioris zero for the ground state of the system,
ie.
T oS T8 & T
Due to the structure of the Jayr@ammings coupling term, we can rewrite the
Hamiltonianin Eq. (2.16)with a blockdiagonal form in the number basis wi¢h ¢ blocks along
the diagonal:
. 1 o~
€ pl — Q Ve
9 ¢ , 8 & p
Q Ve €l —
The eigenvalues of this matrix are:

. . P 2 o~
On € o] E& TQ ¢€h C8 ¢

C
where 3- is the detuning between the qubit and resonator frequerckes 1 8The
corresponding eigenvectors are given by
gh a AT &< pd OEF sa g O
gha OER4m pé Al & SGESS 8 @
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where the— is given as

¢'Q nE
3

OAd— 8 & T

The ground state BGriwith energy

0 > 8 C& U

The stateg h &are the dressed states of the Jay@esimings systenThe uncoupled qubit and
resonator 'bare states' are ‘dressed' due to the coupling.

Definethe critical number of photons
éc r kt_8 C& ()

In terms of¢ ; , ,;we can write thenergy eigenvalues as

Or & -9 Zp 8 C& X

and then we have

O Ack 8 &

crit
From these expressions, we see that the gdiq , js;an important parameter in determining the
eigenvalues and eigenvectors of the Hamiltonian.
Thelimite L €., js;called the dispersive limit. From E.26) we can see that this limit

is more easily satisfied whenl "Q . In this limit, with perturbation expansion of the expressions

we have:
O, & -9 —p — 8 & w

We then write the unitary transformationas
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O Adbp— G, “», 8 C® T

Applying this transformation, we have Hamiltonian:

. . Ol o
BRG] & J W T 2..0W, 8 C® p
where... "Q 7¥ais called the 'dispersive shift' of the resonator frequencyaand 1 .S

the Lambshifted qubit frequency.

To understand how the state of a qubit can be manipulated, one needs to include in the
Hamiltonianthe effect of anicrowave drive. Following the method of Ste@d]| | considerthe
situation where the qubit is driven by an oscillatagctric field Suppose thahe electric field is
given by

06 +3'OAT]O(‘JL<§+§O'Q Q R ®C

where-bis the polarization vector for the fiel@ is the amplitude of the electric field of the drive,
and is the drive frequency. If the qubit has an electric dipole moment ope@atben we can
write [22]

§’ "QOQ SO ISB k "QOQ , , 8 ¢® o
The drive Hamiltonian can then be written as [22]

=int ,Q.t-'@

@)

ei®Q, , Q0 @ Q @1

Cot®A , Q . Q 8

n|dn|

Herel haveapplied the rotating wave approximation (RWA23] to average out the fast counter

rotating terms. The Rabi frequen@4] for the atom interacting with the field can then be defined

17



as
m — Cot ®A8 IS0
With this definition, thedrive Hamiltonian can be written as,
=it — . Q , 0 8 &0
The drive Hamiltonian for a resonator can be obtained by replacing the qubit operators in

Eq. (236) with the corresponding ladder operators for a reson2iir |

o) "
= Tm(lﬂ wQ

¢

C® X

wheren) is the effective Rabi drive frequency for the resonator. The driven J&uramings

Hamiltonian in the dispersive limitan then be written as,

o)
=b I O E} C.0M,
C®& Y
o) )
—:] . Q . Q —:] Q »nQ 8

A unitary transformation to the rotating frametbé drive can be applied to remove the

time dependence$] yielding

U u U .
- wed o oo, X "My ooh &
S S S
whex e] 1T ansd ] 1 are the detuningsetween the drive and the resonator

or qubit respectively

2.6 Energy Relaxation and Dissipation Mechanisms

Roughly speakinghe relaxation timéY measures how loniggtakes for the excited state

to return taits undriven steady statk thelas two decadedyetter fabrication techniquedeeper

18



understanding of relaxation mechanisangl better qubit designs have led to large improvements
in T1 of superconducting qubits (from ito ms) [27][28] The main factors affectingY are
coupling to microwave mode [29]ielectric TLS los$30] andloss due to quasiparticldgdy main
focuswas on quasiparticle induced relaxat{@i] due to norequilibrium quasiparticles tunneling

through the transmon junction

2.6.1 Relaxation Timed

The precise definition of theelaxationtime Tz is that it isthetime required for the qubit
to return to its equilibrium thermal staaéter it has beeexcited For norzero temperature, this
will differ from the time for the excited state to return to the ground state. In gehered]dxation

rate can be written 482]

— 3o 30 8 8 m

Heres o is the rate at which the excited stdfirelaxes back to the ground stg@ ands o

is the rate at which the qubittisermallyexcited fromsto (b The importance of: arises from
manipulaing quantum states effectivelly the excitedstate decagtoofast it becomes challenging
to perform many operationsbefore quantumcoherenceis lost and there is an error in a
computation

It is essential to note th&i would notbeinfinite even at absolute zero temperature (T=0).
This limitation arises due tooupling of the qubit to the electromagnetic environment and other
atomicscale quantum systems.

For a transmonthe environment's influencean be characterized by the complex
admittanced] . Analogous to the impedance of free spagehe reciprocal of the real part of

Y quantifies the dissipation experienced thg device.Specifically, for each transmon decay
19



process,we can associate amdmittance] in paralel with the transmonThe transmon's

characteristic decay RC time constant is then giver88y34]

Y ——h 8 p

whered6 0 O is the total capacitance across the Josephson junction.

In practice, it is oftemecessary tonclude more than one lossechanisnmand the overall

relaxation ratep is

3 — Bu-8 8 ¢

h

wherepT"Y; is the relaxation rate from tH@ 'relaxation channel.

2.6.2 Purcell Effect

The Purcell effectdiscovered in 1946 by Edward M. Purc¢R9] describes the
enhancemenbr suppressiorof the spontaneous emission rate of atoms in a resonant cavity.
According to Fermi's golden rul@%], the transition rate of an atom in vacuum is proportional to
thedensity of states of tHenal states. Except neaa cavity resonance, the density of final photon
states in a cavity is much lower than the density of states in free spaceuplimgof a transmon
to a singlemode cavity, the Purcell effect contributianrelaxations given by [29]

P Q

"YﬁPurceﬂI 1

I8 g o

It should beemphasizedhat this formula is only applicabfers 1 sl sQ s Dueto the
Purcell effectthe spontaneous emission rateajubit in a cavitcan be increased in the case of
resonance and decreased in the case of far defwoimgpared to qubit in free spadéne transmon

relaxation in thdiPurcell limitd will be determined by the cavity decay rdlteand hence by the

20



cavity photon lifetimeas well as the detuning and the coupling to the casitiditional Purcell
contributions willtypically be present as a result of the qubiuplingto higher order cavity
modes. Increasing 1 sisoften the easiest wayg decrease Purcell loss. Howeuge cavity

is also used to read out the qubit state increasing 1 sreduces the signab-noise ratio

in the reaebut. Another method to prevent qubit relaxation from the Purcell effect while
preserving measurement rate is to use a Purcell fd&yr\hich restricts microwave transmission

at the qubit frequency via bandpass filtering.

2.6.3 Two-Level Systems

TLS lossrefers todissipationcausedy the interaction between the qubit atdmicscale
two-level systems (TLSs) in the surrounduhiglectricmaterials 87]. TLSsaredue tomicroscopic
defects or impurities that can couplectrically tothe qubit, resulting in relaxation and dephasing
processes. Twaevel systems (TLSs) may exist in Al oxide in the Josephson junetgrexposed
metal surfacend the substratas well as the substratgetal and substratar interface TLS loss
It has been identified as a significant fadtolimiting the ™Y of transmong$30][37][38]

The relaxation rate of a transmon dud kcs losscan be written as:

J—

5 =— 1 0 OAT § OAT ©§ OAl 8 & 1
Herel is the participation ratio, defined as the fractiorlettricenergy stored in the volume of
region’Qwith intrinsic quality factold and loss tanger® Al in the single photon limi® YY®&

ando oOrepresent the interfaces between air and substrate, substrate and conductor, and conductor

and air Additionally, TLSinduced dephasing processes reduce the coherence, limiting the fidelity

of quantum gate operationA. significant complication is that TLS loss depends on power and
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temper atur e. I n addition, there may be discre

can affect the expected frequency dependence and temperature dependence.

2.6.4 Quasiparticle Loss

As mentioned in Section 2.3 Cooper pairconsiss of two electrons with opposite
momentum and spithat are bound togethek dc aurrent carried byCooper pairs exhibit zero
resistancea signature ofhe superconducting statétakes energy ~¥to break aCooper pair,
but doing sareaesexcitations known as quasiparticl®n-equilibrium quasiparticleare now
a wellrecognizedsource of relaxationin superconducting qubit$31][39]-[41]. When a
guasiparticle tunnels through the junctipdf], it can gain or lose some of its energy I&.
particular, a gasiparticle tunnelinghrough the junctiorran caus@n excited qubit to decay by
transferring energyld from the qubit to the quasiparticle. Quasiparticle tunnetiag also
excite a qubit from thgroundstate qubit tdhe excitedstateby transferring energild  from the
guasipatrticle to the qubit.

The currentnoise created by quasipartisleunneling through the junctias intrinsically
related to dissipatiorFor conventional singiparticle tunneling (no multiple Andreev reflection),

the quasiparticle current noipewerspectrumat frequencyQ can be written asif3]

YQ Qo O h 8 v
whereE 5 ¢ As the qubitgCiito shitransition frequency), o  is the current flowing across
the junction as a result of quasiparticles travelling from the left to the right eleetheatethere is
a voltageE/E TAacross the junction ande is the current generated by quasiparticles traveling

from the right to the left electroddhis quasiparticle tunneling noisaninduce spontaneous

transitions between the qubit stagd@P I8N Eq. (2.45),"Y "Q is a doublesided quantum
22



noise spectrunBp] with positive frequency corresponding to the transigli® giand negative
frequency corresponding to the transit@fi® s&& From Fermi's golden rulghe rate at which

Sarelaxes back tgliis [43]

) QO Eoga Q Y'Q 0 "YQ 8 8
Wo C 00 a9

For negative frequencies, the noise produces excitations of the ground state of the transmon at a
rate given by43]

o .
oo ¥
00 Q

. %3
@o QOETQ v 0 N 8 c8 x

Thenthe relaxation ratey;, due to quasiparticle tunneling can be written as

N p O Y™Q Yo Q 3 8
Wp K v @ 0 0 gy

To use this expression, we must determiMéQ hwhich depends on the quasiparticle
density and distribution. MARMultiple Andreev Reflectionsgffects mayalsobe important, and
Eq. (2.48) will then require considerable modificatidfore discussion about quasiparticle loss
can be found in Chaptdmwhere | give a detailed analysis of the situatrarhuding the temperature

dependencegndwhen the tunnel junction has electrodes with different energy gaps.

2.7 Dephasing Timed|-
The dephasindime Y quantifies the loss of phase coheremce® to pure dephasing

processeg,e. processes that do not cause energy relaxd®ore dephasingan be attributed to
noise intransition frequency afhe system. Any pure state of a quantum system with two levels

can be represented as
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g ma Al %—sna OEAIE_‘Q pth 8 w
wheregtandgpdare the groundtateand excited state of the qubit- and%. can beconsidered
as polar and azimuthal angles on the Bloch spf{sae Fig. 2.5)Now, assuming that relaxation

can be ignored, the time evolution of the state can be determined by applying the unitary operator

ong TaQ

Yo 058 B T

= is the Hamiltonian of the systerpplying™Y 0 to Eq. (249) then gives

$ 00 Qo g ma

Al C—C}_'QTS‘(& OE%_'Q ERS s cd p
Note in Eq. (2.51) that theverall phase of 0 Ghas no physical relevancéfter

removng an overallcomplex factorthe physically equivalent statan be written as

- ¢ 2 ® g

Figure 2.5Geometrical representati@f Bloch Sphereg Gis a state in between tisgdanda
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Theg -to-e transition angular frequencs.

| can then write

s 08 Al (%_s‘ca OEIE'Q 8 c® T

Let us now assume thtte qubit transition frequency fluctuatestime as @4
10 ] 11 oh ¢® v
wherg ] 0 is the fluctuation at time. Then thephase at timé can be defined as
%0 %o ] o . M 0 ™8 ® o

The correlation functiofe 0 for the phase fluctuations can now be written as

%00 K 17 ] o} C£ Y 1 Q ‘Qlh C® X

whereY 1 is the power spectrum of thieequencyfluctuations.

Now consider the function

&ok Q- " 8 cd Y

Using the relationQ Q- [44], then we have:

&0 AQD% o w11 611 6
AGD T% oY 1 0
A@Df—? "QT?O"Y 1 OET%O 8 B

TheO E 11Ad¢ termwill give higher dephasing at lower noise frequencléss relation cafe
used to examinthe dephasing due to sosndard types of noisé4].

25



Consider first Gaussian white noise, which has a uniform noise power spectral density

Yo “Y. For this case, Eq. (2.59) can be evaluated as

SS
&0 A8 ca T

This indicates thahephase decay is exponential with dephasing tiorestant4 ¢r'Ys

Next consider the case p¥ noise [44] withY 1 © pZ$ s One finds [44]:

&0 % A8 CHp
The phase decays with a Gaussian envelope.
Due to the reconfiguration of ions within the tunnel barrier, Josephson junctions may

exhibit critical currenfluctuationsand charg@oise [%]. Noise in‘Ocauses fluctuations i® and
hence fluctuations in . Sinceg ® "Qthe variancein  can be written as Bt

Th g owmz
17 %Q@ec.—oa@ C#® g

For al/f spectrum, we can apply Eqg. (2.61) and show that:

Charge noise enters in an analogous form,
Th .
—_ 8
11 = 1 € CH T

Due to coupling between tliansmonand cavityin a cQED systemfluctuations in the
number of photonhl in the microwave cavity also cawssiephasinglf the microwave input/output
lines are not properly isolated and thermalized, tais impose significant limitations on the

coherenceime. In particular, the transverse couplirig7] of a transmon and cavity mode induces

26



ag..shiftin]  per cavity photonln 2006, A. A. Clerk and D. Wahyu Utan4§] demonstrated

that dephasing from cavity photons couldelxpresseads

p Il ¢Q... ve...
vk 3 EZ A »p B T ph QG

<

wherell is the cavity decay rate, agds the average number of thermal photons in the cadwity.

this limit ...I |, this reduced to

%e el C® o

2.8 Coherence Time{

A qubitthat isprepared in a superposition stata decohere due tiephasing and energy

relaxation processes. The coherence tivheés related to'Y and™Y by [49]:

P P P

This relation puts an important upper bounddigiven by"YL ¢"Y8

The coherence timeéY is also called the spiacho time $0]. Spinrecho measurements are
insensitive to firsbrder inhomogeneous broadenings. spinecho decay measurements are
insensitive to minor shdb-shot variations in energy level transition frequencies. The Ramsey
coherence time, also known as the spectroscopic coherené&timanotheusefulcharacteristic
time of a qubit The spirecho decay time€Y is insensitive toshotto-shot variations
(inhomogeneous broadenigvhereas the Ramsey decay tififeincludes contributions from
inhomogenous broadeningRamsey spectroscopyncludes contributions from loss, pure
dephasing, and inhomogeneous broadeniiigis,”Y  "Y. For aqubit that experienes low-

frequency disturbansg”Y canbe important founderstanithg possible causes
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Chapter 3
The Superconducting Energy Gap @ and

Granular Aluminum Thin Films

The superconducting gagp is often thought of as being an intrinsic property of a
superconducting material. Howevgranularaluminum thin filmsexhibit a superconducting gap
that depends on the site of the graimsthis chapter| discussthe superconducting gap atice
behaviorof granularaluminum thin films.A major goal of my research w&s produce granular
Al thin films with specific gap values and then use these to buildlioed transmons (see Chapter

5).

3.1 BCS Theory and Superconducting Gaps

Bardeen, Cooper, and Schrieffer (BCS) proposed in the late 1982k b theory that
provided the first basianderstanding of supercondwaty. It accomplishd this by offering a
microscopic explanation of superconductivity based on quantum mechanics. Onekefy the
featuresof the BCS theory ishat the electrons forra Cooper paird]. The pairing involves the
electrors causng a distortion ofthe crystallattice by attractingnearby positive ions. This altered
electrostatic environment subsequentlyaets a second electrofhis can be thought of as two
electrons exchanging a virtual gho. Thetwo electronsin a Cooper paipossess opposite
momentaand opposite spin {wave pairing).

Thus, theBCS providedan explanation to howelectrons can surmount the Coulomb

repulsion, which normally would prevent two negatively charged electrons from binding together
28



The Coulombforce betweentwo electrons is inherentlyepulsivedue to their negative charge.
However, in the BCS theory, this repulsion is attenuatedhbyelectricalscreeningwithin a
conductor;the collective behavior of freoving charge carriers neutralizes an external electric
field within ashort distance [1].

Another key feature of the BCS theory is thestence of a critical temperatufebelow
which the Cooper pairs are condensed into a coherent macroscopic quantum state described by the
BCS wave functionAt sufficiently low temperatures, the production of Cooper pairs causes an
instability in the Fermi Sea of electrons, and the Cooper pairs condense into a single ground state

The BCS ground state wavefunctisn

& "0 wARA y B o

whereA MA % representshe pair creation operator withtotal momentumg s is theelectron

occupancyprobability, O s p Ls is theelectron vacancyrobability, andg3 Gis the

vacuum gte (no electrons)The BCS Hamiltonian of a superconducting system

(G "Xt AHAH '6 AWA ﬁA §ARS og,

The first term is the kinetic energy tfe electronswith respect tahe system's chemical potential
t . The second term represents the attractive interao@tween electrons with interaction
coupling strengtit .

The ground stat¢ &tstigiven in Eq. (3.1)s a manybody state composed of a phase
coherent superposition of pairs of electrons occupying stB#éis E8 . Following the discussion
in Tinkham [4] die to the coherence, operatérssA . can have non zero expectation values and

we can writeA sA, ©6A A0 A A, O0A ,A.0, where the second term can be small
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[4]. Substituting this expression into the interaction term in the HamiltoniarBEY, ¢ne finds

[4]:

The order parametecan now be defined as
Hamiltonianto be written as

(G "X [ Aﬁ/&ﬁ "3‘/5\ bAVI 3

h

Equation(3.4) can then be written imatrix form[4]
p - - U 3 AI/I N

G Aw A s A v 3A 8 oR

Here note thatt X t andA G6A sA.& The Hamiltoniancan now be diagonalized by

introducingthe quasiparticle operators andr from the Bogoliubovwalatin transformation

[5]

Using Eq. 8.6), werewrite the Hamiltonian as
O u v 3 G wu f
¢ O 3 s & O o

(G B m ( [

v 3A 8

By expanding the middle three matrices and selettia@ andu so that the coefficients of the
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off-diagonal termsr r andr r vanish we may diagonize the Hamiltonian E8.7) in the

basis. The three middle matrices from Ej7) are multipliedvhichyield [add ref.]

s ¢s, 30 30 ¢’ , o663 ¥
8 od
¢o”’, o ¥ 'tz s ss, 0'° Fo"
The coefficientsof undesired (ofHdiagonal) components will disappear if
3 d 3 d .
5 q) 5 $sS T1h o
Solvingthe resulting quadratic equatigields:
3 o .
5 U S U % uh op T
where
% u @88 oPp p

% in Eq. (3.11)s the energyf a quasiparticle with wavevector k. From this result we se¢thbat
minimum energy to excita quasiparticlés theenergy gajg s Thequantityz can also be taken
asthe order parametef the systenj4][6][7] and disappears whdn> T..

UsingODs s pandEgq.8.10, we caralso write

~ p U
@S p DS Ep %8 o q

Using this expression, thlemaining diagonal terms in Hamiltonian E8.7) can be evaluatexhd

one finds [5]:

G % rr " A % 8 op o
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The last itemin Eq. (3.13) is calledhe condensation enerd9y] andis the energy difference
between the superconducting state and the normal state @t The first term in Eq. (3.13) is
excitation energy from the ground statel theexcitations(quasiparticlesgrecreated by and

r . Theexcitationsare also known as "Bogoliubs" or "Bogoliubov qausiparticles."

By inverting the transformatiom Eq. (3.5), we get[5]:

p>]

r n H'ZA 8
2~

oP T

Q Q
p>]

r s o An8

A s removes melectronwith E8 from the systenand thisis equivalent to introducingna
electron with EY . Thus r effectively formsexcitations withmomentum k and spifi.

Similarly, r  creates excitations witlvave vectork and spir¥.
Combing Eqg. (3.5) with the order parametes B 6 OGAsA.G, we can write
[5]
A Bwo” p I I o v
At 4 1 there will beno quasiparticles and E@®.{5) reduces to [5]:

P Sl

3 6 Cu c 6 % o @
To proceed, we can assume a v@mple form forthe BCS interaction
® g s 0
W oP W
T ot heBwi se

Hered represents the Debye cutoff frequerafythe lattice This choice implies thatlectron
electroninteractioncaused by the phonons orikes placen a thin shell near the Fermi surface
With this choice, the gagoes not change with the direction ofTkis is theiBCS modeb of the

electronphonon interactionl]|[2] andit yields anisotropic or swave symmetripairing
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Insertingé from Eq. B.17) into Eq. B.16), we carnobtain a selconsistency equatidn]

T % P §s
< op Y
V| ot he8wise
In Eg. 3.18), | notethatthe sumis only over asmallshell around the Fermi energwth § S
$ ‘s 9] . Transformingthe sum over knto an integration over energyfrom 9 5tod 4
equation 8.18) becomes
’ P

p 6 n——3 v A8 0P W
v 3

Note that thephas been cancelled from both sides of Eq. (3.18) lamdaictor of 2 disappears
because othe symmetry of the integration overSubstituting, @ candassuminghat for the
limited integration range the typical metal density of stétes can be¢akenasaconstant , one
finds [5]:

Lo . .. O
p 6% OEIl & 6$ OEI E? o8 T

Rearranging this expression gives the BCS equation for the energy gap [4]
w ——— ¢»Q 8 og p
This resultfor gpis only accuraten the weakcoupling regiméO wL p.Also, the effects
produced byquasiparticles must be considerechatrzerotemperaturesit temperature T,hte

Fermi function provides the probability of a quasiparticle excitation with er@rgy

Q0 L8 o] T

a9 0
At non-zero temperatures, E(.15) becomes [5]:
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Using Eq. 3.17) andagainassuning thatwis independent of thigdirection,one can show that

[5]:

1 O, Q8 o8] T

e-lo

Equation (3.24peterming the superconducting gap as a function of temperdtuide
critical temperaturéYis wherethe gap disappears, and the material turns into a regular metal.

Substitutingwy mand”Y “Yinto Eq. (3.24) gives [5]:

Il T 11 og ¢

&l
N
Q
<

and thus

QY ppop® 8 o8 X
ComparingEg. 3.21) and Eq. 8.27), we find that he superconducting ga@ 1 at T=0 and the
critical temperaturéY are related by

WM G

QY B o P o0& o8 Y

Thusin conventionaBCS theory there is a direct correlation between the crigraperaturéyY

and the superconducting gaprt .
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3.2 Granular Aluminum Thin Films

Granular aluminum films are made up of small aluminum grains separated by thin
insulating barriers of aluminum oxide @&)3). My research made use of granwddrminum thin
films becausé¢heir superconductingap can be changed by altering the grain.size

In thelate1960s, researchedsscovered surprising behavioratiminum thin films grown
in low-pressureoxygen([8]. In particular, hese films showednhanceduperconducting critical
temperaturéY. The key to thienhancement was the small size of the grains that were produced
whensmall amounts of oxygenere presenduring thegrowthof the film.

Granular films are best described usithg GinzburgLandau equatiarThis involvesthe

parameter kappa, defined as the ratio of the penetration degtih the coherence length The

parametep determines whether the superconductor willlgpe-l (8 <|f) or Typell (8 >|‘/|:) [4].

Purealuminum is a Type superconductor, with a Ginzbutgandau parametey approximately

equal to1.5x103 , which ismuch lesghan the Typdl threshold ofpFVC.
However,aincreasesvhen disorder is introducedhe effect of disorder can be quantified

using the mean free pathfor the scattering from structural defects or inhomogeneiliass

scattering reduces the coherence length accordifg:to

PP Py

) k) 'I-b
where3syp is the coherence length in the absence of disomére dirty limit/H. , the coherence

o8 w

length 3 is approximately equal tdb, and the Ginzburftandau parametee becomes
approximately equal tof/bThis means that disorder can significantly increaspushing the
aluminum into the realm of Typkk superconductivityThis phenomenon has particular relevance
for granular aluminum films. If the size of the aluminum grains is smaller dyahhas been

argued thathis effectively reduces the coherence lendfh leading to an increase &andw.
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Since 1960s, granular superconductors have been studied extensively. Although various
models being put forth to explain their unconventional properties [9][10], there does not seem to
be any agreement on the cause of the enhancement. The oxide layees lyztwes are generally
understood to produce a hightgrruniform structure in the aluminum filnThe oxygencauses
thin insulating barrierso form between the grain§hese barriersomewhaisolate each grain,
turning them into individual islands ofjgerconductivity within the filmAs a result of the granular
structure, each of the superconducting grains within a granular aluminum film could potentially
exhibit a different critical temperatur€his variationwould be expectedue to the differences in
the size and separation of the grains, and the degree of disorder within the grains, all of which can
influence thesuperconductivity state.

By manipulating the conditions under which the granular aluminum films are fabricated,
such as the deposition rate, the oxygen content, or the substrate tempehstugzain
characteristicand film properties can be tuned. Figure 3.1 shows an Atomic Force Microscope
(AFM) topographic surface scan image of a granular Al thin film. This film was with 70 nm thick
and grown using an oxygen doping pressure of 2.5 uTorr during the evaporatogralin size
clearly varies, which magause local variations ithe gap. Such variations could also lead to
spatial variations in theon-equilibrium quasiparticle densignd prevent quasiparticles diffusing.
| will present detailed results on transmons fabricated from granular aluminum in Chapter 5 and

Chapter 7.
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Figure 3.1 Topography of70 nm thickgranular Al filmshowing rough surface.
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Chapter 4
Theory of Quasiparticle Behavior in Junctions

that Have Different Gaps

In Chapter 2, lbriefly discussed dissipation mechanisms that lead to relaxation of
superconductingubits. In this chapter, | will focu®n the main topiof my research relaxation
due toquasiparticle tunneling will discuss theoretical modeling gliasiparticlenduced loss and
the behavior ohonequilibrium quasiparticke in junctions with electrodes that have different
superconducting energy gag-rom the model, we find the temperature dependensity of
guasiparticlesand calculate the relaxation time of qubits. | will also discuss Multiple Andreev

Reflection in the 8-S junctionand its impacbn the relaxation of thieansmon

4.1 Quasiparticles

According to the BCS theorfl][2], superconductivity arises due to the formation of
Cooper pairs[3] at low temperatures. These pairs consist of two electrons with opposite
momentum and spin, which are bound together by an attractive interaction mediated by lattice
vibrations (phononsAs discussed in Chaptert®, break a&Cooperpair requirea minimumenergy
of ¢ 3wheres-is the superconducting gap. For a superconductor in the-goegiting BCS limit,
the superconducting critical temperaturgisirelated to the gap by the expressson 1.7&sTe.

Pair breakingcan be caused bihermalenergy a microwave drivethat is sufficiently strong

optical illuminationor the absorption of high energy particles such as cosmic rays.
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4.1.1 Thermal Quasiparticles

The number of equilibrium thermal quasiparticles at temperature T is g b
¢ "0'0"Q0Q@ P

where’ QO prfQ 7 p is the Fermi distribution’ is the chemicapotential [5]and

O O is thesuperconductingensity states of the quasipartiglgsven by

» SS <
00 cvu — h f o 3 & A

nh f o®s 3 T80

Here( o¢ Tt- isthe density of states of the electrons of one spin in the normal, meisl
the Fermi energy angl is the electromlensity [4]. Settindhe chemical potential T, theEq.

(4.1) then gives

‘sthqp T0 "“\! P Q0
0 15
T l’) |§'2 'O‘!—'Q _ m p 8
no =
In the last expression,Teaylor expansion has been used to evaluate Q * . In the limit
OD3] Q"Yweget
\ 4 LIy [ dn % A
€ et QY m—Qw
_ . N
o
8
. — wQ 3 W Q=
QY ¥ M@ — M ep——08
o 3 Q7Y o 3
(o QY QN0

For¢ #Q"Y1 p, the formulabecomes [4]
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Again, taking the limit-] "Q"Ygives

€ hgpS C°QB0 Q 8 T
Eq. (4.6) implies that there are practically no quasiparticles pres&ht i#1'Q . For example, for

aluminums  p x‘mQatT ¢ 1™ U, onefinds, hBX pm ‘I

4.1.2 NonEquilibrium Quasiparticles

Quasiparticle may affectthe performance of a wide range of superconducting deAtes
small densities, one expects the effects to duaarly with quasiparticle densitnfortunately,
it is difficult to directly measure the quasiparticle density. Instead, is forced to use indirect
measurement ofjuasiparticle densitypy measuring a property that depends on quasiparticle
density, such as the relaxation tifie The disadvantage of this approach is that relaxation has

contributions from mechanisms that do not involve quaatcles

From published experimentise claimed fraction of broken Cooper pairs often falls in the
range ofw  10°-10°[5]-[9]. This is not a density, but an inferred fraction & 7¢
which is thenumber of quasiparticles normalized by the number of Cooper pairs peolumnite.
Mosttransmonsre made of thin Al films and are thermally anchored to the mixing chamber of a
dilution refrigerator around 20 mKAs discussed above, the expected density of thermally
generated quasiparticles at such temperature is vanishingly smai. Fprx ‘A or Al, we get
W 10°% This is many orders of magnitude smaller than observed densities, the extra

guasiparticles are calletbn-equilibrium quasiparticles.
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Nonequilibrium quasiparticles could be causedigy absorption ohfrared radiatioror
high frequency microwavefom higher temperature stages of the dilution refrigerai6y, [
photons traveling through the transmission lineld,[4tray cosmic radiation P}, or background
radioactivity [12]. In the steady state, the rate of excess quasiparticle crealide balanced by
recombinationof the quasiparticles to Cooper paansd trapping Trapping can occur at normal
defects and vorticedf trapping pr&ails over recombination, the overall quasiparticle density is
simply given& € € [13].

In 1970,0wen andScalapino [#] proposedh model foithe distribution ohon-equilibrium
quasiparticlesby defining an effective chemical potentidlin the Fermi distribution:"QO
“‘HY O "QO ‘*RY. Except for this sultisution, the theory is the same as the equilibrium
theory. In particular, we can write

3 10 "Of of h T
p Q %

wherg W 3 andf QY
In the low temperature limit wheh Y, the norequilibrium quasiparticle density

becomes

This can be solved fdhe effective chemical potential asunction of4 ande

‘FéQazil 38 &

Parker proposed anotherodel [15] where th@onequilibrium quasiparticle distribution

results from an effeiste temperaturéYhi.e."QORY © "QCHY . In this model,
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where®’ —andd ——Physically, The Parker model re

quasiparticles witflY  "Y which theOwen andScalapinomodel can give an equivalent density
of Acol do quasipart i ¢BSmee hat and ¢old quasgpanticieseda mot t e my

have the same distribution, the two modelsrateequivalent.

4.2 Quasiparticle Relaxation and Excitation with Regionghat Have Different
Gaps

From the BCS theory, one expects the density of thermal quasiparticles in a material
increases when the temperature increases. From this, one would expect that the transmon
relaxation timeT1 would decrease as the temperature increases. It was thus very surprising that
the group of our collaboratoRui Zhang[16], observed that some samples showed an increase in
Tiastemperature Tncreasedrom 30 to 100 mK.

In this section, thi®ehavioris explainedas arising fronthe behavior of norquilibrium
quasiparticles]7]-[19] when the junction electrodes have slightly different superconducting gaps.
This explanation also suggests that deliberately engineering the gaps of the two electrodes may
provide a way to increase tfie of transmon qubits

Our transmonsave two Al pads connected to the electrodes of a Josephson junction. The
Al padsin combination with the junction itselfive total capacitanceé* to the device When
properly chosen, this capacitarsagppresses charge noi@d][and couples the device to the 3D

superconducting Al cavityDetailsof my transmon constructioarecovered irchapter 5.
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To keep this discussion as simple as possible, | considgh@usivo lowest levels of the
transmormand assume that the coupling streri@ihetween the cavity and the qubdtisfied QL
¢“$Q "Q swhere Qis the cavity resonance frequency afdis the qubit's @o-1 transition
frequency this is the dispersive limiErom the discussiom section 2.6.1thedecayrate of an
undriven transmon is 12

p¥Y 30 3o h P p
wheres o is the rate at which the excited state relaxes back to the ground state aisithe
rate at which the excited state is excited from the ground state due to energetic prboesses
assume thaindividual singlequasiparticletunneling through the junctiois the main source
causing relaxatiorgnd in thiscase [2]

o ...
,m.QYQh P ¢

3o

where™Y "Q is the currentnoise power spectral density of the quasipartictenelingcurrent at
frequency'@Qi. Y "Q is a doublesided quantum noise spectruni]2Positive frequenciesause

downward transitionswhile negative frequenciesauseexcitations.The upward transitiorate is

O

3o "m0

Y "Q o

The noise spectrumesults from single quasipartidienneling through the junctios

YQ Q0 > 8 9T

Here'Q, is the current fronsinglequasiparticle tunneling from the left to the right electrode and

G

is the corresponding current from quasiparticle tunneling from the right to the left electrode

at voltagew "QXQ A physical picture for this behavior ikat transmon relaxatiamsults when

energyCxX) is transferred from the transmon to quasiparticles that tunnel through the junction.
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To calculatethe quasiparticle current® and® , we have to carefully consider the
physical layout oburtransmos. Our transmons are fabricated using a dowligle evaporation
technique 23] that involves depositing two thifiim aluminum (Al) layers to create a Josephson
junction, as depicted in Fig.1.Fabrication begins with the deposition of the first Al layer onto a
sapphire substrate, followed by oxidation to form a #li@x tunnel barrier. Subsequently, the
second Al layer is deposited on top of the first layer usinglzeaen resisbridge stencil, resulting
in a precisely defined junctionith small overlap between the two layers. It is important to note
that the two Al layers can have different thicknesses, and variations in the growth conditions can
lead to gynificantvariations in their superconducting gag4]f[27].

| will assume thathte first layerhas as u p e r ¢ o n d uiard ithis dormg the leftg
electrode (See Fig. 4.I)hesecond layer and rigllectrodehasa s uper condThist i ng
electrode connects to the right pad of the transiNarte that both the right and left side of the
device have two layers. | denote the volume of the first and second layer on the righi to be
andm , respectivelyTo ensure coverage, the second layer is approximately twice as thick as the
first layerand the left and right side volumes are vertically safhen we havéhe approximate
volume relatios m m m ¢ m 7¢. As we willsee the relative volumes of the layers
may play a significant role in the temperature dependencguatiparticle inducedelaxation
phenomenon.

For the devices$ built and measured?Q L 3 FOQ L 3 . | will also assume that nen
equilibrium quasiparticles are generated in the junction electrodes by an external sobreakisat
pairs such as strong radiatiom addition,| assume that the quasiparticles in each pad have
thermalized to the substrate's temperature T and that the two layers in each padcam in

diffusive contact. These assumptions imply thatrtbeequilibriumquasiparticles in each region
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Figurehemhti 8 view of the AThAl PuhAti 0we e ph me
Al | aay etrhsi nngr gleawi drh 1s u(p e mpcaondd uac ttihn de lkKgeawiltahy e r

gaganadonstelog r egi on tonagdegileed on the right

will still have aFermiDirac distribution’Q O andobey’Q 'O p "Q 'O. Under this
assumption, quasiparticles with T1tquasi electronandO Tt quasi holewill both contribute

to the current noise. From Eq. 14), the noise which is at frequen®is related tc@ and®

at an applid voltager "QXYQ From Tinkham, for an ideal tunnel junction in the low transparency

limit [4], the currentan be written as:

o 3z " O M 3 Ny . _
o = © MO p QO U  QBATH U
QY 0 3 0 ™M =
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where'Y is the normalstatetunneling resistance of the junction;O is the Heaviside step
function, Ois thequasiparticleenergy and* and‘  are the chemical potential for ti 7t
guasiparticles on the left side of region 1 and right side of region 2, respectively.

From the previous discussion, the density of quasiparticles in the system is detérynined

the chemical potential [28]. For the left side of region 1, the density of quasiparticles is [16]

O .
£ 10 "0 ‘On Q0

10 3 " Q U = LN

wherev is the modified Bessel function, o¢ Ft- is the singlespin density of electron
states in the normal staaetheFermi level,¢ is the electron density, and is the Fermi energy.
The densitye  of quasiparticles of layer @ the right is obtained ghangingz to 3= and'
to* inEqg. (416).

The next step is to calculatiee noise spectrum fromhe junction currents by evaluating
Eq. (414) with positive frequenciesMly junctions were designed so that 3 B 3
™, * | Q"andz> * | "Q"YUnfortunately, some of my junctions did not meet

these design goals. Nevertheless, if these constraints are satisfied, then

G

where [16]:

| 38 P Y

and
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The quantityd 'Q“Yacts like areffective thermal energy of thguasiparticlesApplying
different values ofr for Eq. (418) and comparing to the numerical integration of EqLE¥.we
find thatad & providesa good approximation for typical parameters. Similarly, the current
‘®> can be obtained by exchanging the subscripts 1 and P aaadd¢ 2everywhere in Egs.
(4.17), (4.18)and (4.D).

Using Egs. (4.13) and (4.16), ofeds [16],

3 Q —_ € ¢ 8 & T
Combining Egs. (4.13) an(4.20) yields
s p | e . L2 fe- s R a
©ote Q C g
where
T oY o P 8 T& C
A similar analysisof the excitation rate, which corresponds to negative frequencies in Eq.
(4.20), gives
Q ra3k . 3l . y
30 : e Q —e Q h & O
Te q S
where
I 1 - N 13 8 T8 T

UsingEqQ. (411) (4.21) and (4.23)we can rewrite theelaxation time as [16]:
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If 3= 3 3, this expression becomes

3 F 0 aQyY 3 ¢t €
Y - — 38 8 0

e~ ” 3 R E 8
p Q 2 0 aQY

From Eq. (4.26) we can see that the relaxation time scales inversely with the average
quasiparticle densitg and¢ . Taking a different limit/ QYL & 3 '0Q, the non
equilibrium quasiparticles willend to accumulata layer 1, since the gap of layer 1 is smaller
than the gap of layer. In this case we willtend to hage L ¢ andthe relaxation time reduces
to

¢te

Vsl & T8 X

As a result, at sufficiently low temperatures, we expect the relaxation time to scale inversely with

thequasiparticle density in the junction's l@ap electrode.

4.3Modeling Quasiparticle Density

From the prewvwineus athhi:dempsslheamddd To fitnd how

depends onweemaiicadiohgeuasi partilcéreldgepsintdi es

t emperTat Wroe .s 0 ,a cweo utndtread g i | | berg win gabnads umar t i c |
It i's unknown i f our tbrraenaskmonngs 6i sneodneergaugi nl i K&
phonons, infrared photons ., 2ppRtl|iTal kpdémtitomisng o

assume t haatc otnhsetraent-i, 8 d eeprpred datitar *@ e oeq wit leisbr i um
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guasi patrta cdtesadwyratd (whlhindcdhcits wditrhe ¢ thley subs
l eft and r i glhtalssscame mbo h ap a thbteh egrunaasliipzaerd itcd etsh e
temperature T and that the two | ayers in each
In orderto model the behavior of quasiparticles in a Josephson junction that has regions
with different gaps, | also made the following assumptions:
(1) The left side of the junctiois formed from contact to layer 1L, which remall volume
m with low gap3 . Above this in layer 2L, which hdarge volumarn with high
gaps .
(2) The right side of the junctions formed fromhigh gap3 and large volume
m Beneath this is layer 1R with small volumme nm and gam 8
(3) The junction only contacts the low geggionon the left side and the high gap region
on the right side
(4) I neglectthe transferof quasiparticlescross the junction when calculating the steady
state density of quasiparticleés the different layers. This should be a good
approximation since the contact between layers 1 and 2 is much larger than the junction
area.
(5) On each side of the junction, laykcan easily exchange quasiparticles waifer 2.
(6) Nonequilibrium quasiparticles are only created on each side of the junctayeni,
which weassumas in contact with the substrate.
(7) We ignore quasiparticle recombination and instead asghatequasiparticles are
captured by normahetal inclusions, interfaces, vortices or other deviations from bulk

superconductivity.
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With these assumptionthe net rate of quasiparticle generation in the two layers on theateft

be written as:

Dy N T L0 . 0 :
m @) @] ORp U Oro O n]— Opo O n]— T8 t[ID
,Q") ) ) I ) A} 6 ) Al 6 ol
Tb @) Op U Oro O IT]_ Opo O m—8 & @

Herel is the number of quasiparticles in the region with the subscripis the contact area

between the twdayers on the left;O is the rateat whichnonequilibrium quasiparticke are
genergedin layerphO is the rateat whichquasiparticlesre generated thermaliy layer @O
is the rateat whichquasiparticlesretrapped in the indicated region, ai@o is the rateat which

quasiparticlesescaperom layer'Cand "Qto (n the left.We obtain the steady state number of

quasiparticles in region 1 on left by setting the derivatives in EgB)(tbZero, which yields [16]

0 "0 "Oro & O "0 "0
. Oy Oy Oy m Op O Oy
v Oro O Oro 0 8 8w

P of m O m
It is helpful to consider some limits of Eq. (4.29) to understand this expre¥¢en T
goes to zero, the thermal generation tei@sand’O are zeroSettingthe transfer rate®y, o
andOpo to zero for disconnected regions, algain
0 O T0; kU j 8 & T
Here we introducéhe parameted  to describe the number of naquilibrium quasiparticles
in the steady state at zero temperature in region 1 on theileftas disconnected from all other
regions Similarly the number of thermajuasiparticles in the twoegiors on the left to be
identified as
0 5 k'OTOp & p
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and
0 k' OTO; 8 T® ¢
Different kinds of quasiparticle traps, such as normal metal inclusions, normal metal
surface layers, normal metal interfaces, and trapped flux vornwesesult in trapping rates that
scale differently withthe thickness, area and volume of the regir simplicity | will assume
that the trapping idue to magnetic fluxortices that penetrate both layers of saenple If each
vortex acts like a cylinder with a surface trapping area of
o ¢“i10h 18 0
wherel is the effective radius of the vortexd™Qis the thickness of layer Then the total rate
at which quasiparticles are trapped in redions then
O 0 6—Dc“‘l Q) h &1
m
whereu is thespeed of the quasiparticlasd(0 is the number of vortices. Since laykiis on
top of layer 2, | assume théyave the sameumber of vortices) 0 . The trapping rate in
regiong ,is then:
Oy 0 U—U cC‘i' Q0 8 &L
m
Combining these two equations gives
Ok m 0g¢i QU m Q o .

O, mocias ma 5 A o

Notice thatd 0 s the planar area of layers 1 and 2 on the left.

| can nowrewrite the general expression for in Eq. (4.3) as

)

R o Oy o 5
6 h h Oﬁ m h h h 8 _[_8)_)(
Oro O Oro 0O

P 0y m ™ m
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If the trapping rate is relatively slow compared to exchange rate from layer 2 to layer 1, then

o . 5 .
| 'O 8 &

"Ofo
h m m -

Equation (4.37) then reduce to:

= 0 & 0 j O , 8 & W
ho

In thermal equilibrium there will be just as many quasiparticles flowing from 1 to 2 as from

2 to 1 so that

h 18 T

which yields

“Oﬁo m
"Oﬁo m 0

¢

8 18 p

5¢

Next consider thehermally generated quasiparticles in region Setting*  1Tin EQ.
(4.16, we have
O p comm c¢cQBQ 8 18 ¢
Region 2Lhas asimilar expressiorEquation(4.39 then becomes:

U f U j v 5 8 18 0

m 3
m 3Q m 3Q

From this result, the density of quasiparticles in region 1 with left becomes:

¢ 5 h 18 1

FQ
m 3Q

n
m 3Q
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where¢ y 0 j A7m is the densityof thermally generated quasiparticles in laykr We
assume theres the samelensity inregionslL and1R. A similar analysis givethe quasiparticle
densityin region2R as:

m 3Q m

m 3Q m 3Q ”]

| note that this assumes that requilibrium quasiparticles are only being generated in layer 1.

4.4 Andreev Reflection

4.4.1Introduction of Andreev Reflection

Andreev reflectiorf32] of quasiparticleplay a significantole in quasiparticle tunneling
in junctionsthat have barriers with nexero transparency.

Andreev reflectionsare most easily understoad a superconductenormal metal (SN)
interface Suppose an electron with energy (Eheasured from ) that is less than the
superconduct i n@nSdNoaundaey feom the noranal metasd side. In this situation,
the electron can't enter the superconductor due to the lack of available quasiparticle states matching
its energy. Instead, the incoming electron is reflected baokits normal metahs a hole and
Cooper paientersths u per conduct or Andreeereflectiopprocdss cdnservesT hi s
both charge and momentum.

In contrast to regular reflections, which decreasértdresport current through the junction,
Andreev reflections lead to an increase in the conductance around zer@pidh¢amountof
Andreev reflection is affected by theeight and width of the potentidarrier between the

superconductoand the normal metaFor instance, a fully transparent barristréngthZ=0 or
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Figure 4.2: The process of Andreev reflection iN $iterface. Black and white circles represent

electrons and holes, repectively. The horizontal arrows represent the momentum. The vertical

arrows represent the spin.

transparency Dalwill have a large contribution froAndreev reflectionsincreasingbarrier
strength (denoted by a higher Z valaesmall transparency Buppresses Andreev reflections,
causing thecurrentvoltage characteristito resemble that of aonventionalnormatinsulator

superconductor (N/I/S) tunnginction [32].

4.4.2 BTK Model with SN Junction

The BlondefTinkhamKlapwijk (BTK) model [33]provides a convenient method for
includingAndreev reflectioawhen findingthe FV curves of N/S interface3heir model ishased
on the generalized semiconductor model using the Bogoliut@\Gennes (BdG) equationio
deal with the interface, they included a potentiafrier and ratched the wavefunctions at the

interfaceto find the transmission and reflection coefficients.
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Starting from my discussion in Chapter\8e can rewrite Eq. (3.6) and gtite one

dimensionaBogoliubov equation4][33] for the superconducting side of the junction:

LR ; 6 & 6 G
— = W 3w .
& Ca Tw Y .
2 h © 8
> 3 W —,—“ O] w LW L W
(o ca Fw { o

8 ¢

Thereis no superconducting gam the normal metal side, &uj. 4.46) becomes simply:

5 - .
- T 0w 0w
& Ca T v 0 8 18 X
, - 2P v b @
o/ ca Fw o

The eigenvalues for the energy E in the normal metal side can be found from Eq. (4.47) and one

finds simply:

(0 — R 8

where* 2 Q7ca is the Fermi energyWe then have two solutionsne corresponds to an

electron with wavevectofQ suchthatsQs "Q and energf0 >— ‘. The othersolutions

correspondo a holewhich hasawavevector’Q suchthat Q@  "Q and energy®

The wavefunctions corresponding to these solutions are:

Y

. . a
Wy w Q hwhelQe c—'O : 18 @
- 2
‘ n - . ca .
W w Q hwhe Qe O—' 0O 18
p

Onthe superconducting sideg. (4.46) gives eigenvalues of energy
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noticed that Eq. (4.50) implies thid N “.Fori "Q, one findsi 3

2 *, which gives the solution for quasiectrons, whiclthe hole caseccurs forj Q.
Thewavefunctios for quasiparticle®n the superconducting side daenbe written as
) . a .
W w , Q hwhene CO— o 3 T® W
. o - , ch ! .
W w 5 Q hwhemn e 'S ‘ O 3 8 ®
UsingEqQ. @.51) into Eq. @.46), wefind:
5 P no s &
C P o) Td Q
’ P o s 8 ® 0
¢ P To

Given EqQs. (4.49) and (4.51) for the wavefunctiamscanassume thawvhen an SN interface is

present there will bencident and reflected waveBor anincident electron wave functiomhich
comesfrom thenormal metalleft) electrode towardthe interface SN, | can write:

p
Wy a0 — Q 8 d T
11

This incident wave will be reflected back to the normal left sidéwasleft-moving waves

corresponding to both an electron and a hole. Note that the momentum of a left moving hole is the

negative of a lefinoving electron [33], and we have [33]:

i Tt
Q — Q ® v
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v
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wherei i s the amplitude of t hei eslteamplitode ofsher ef | e

Andreev reflection coefficient of the holes frantident electrons [33] andl € O é U s the
Fermi velocity on the left side.

On the right side of the interface (the superconductor), the transmitted wave consists of
right-moving electrorike quasiparticles and rigihoving holelike quasiparticles and we can
write the wave function as:

TR (‘)—,_{)'Q (‘)?;r)'Q h 8 0
0 0
whereo is the amplitude of the electron transmission coefficienttand the amplitude of the
hole transmissiorcoefficient [33]. Note that inEq. (4.56)0 and0 are the quasiparticle

velocities. To find the velocity of the quasiparticles in superconducting electrode, we use the

relationv S — to obtain:

Mo 3 an

, | B i
v O a O
., VO =3 onf 8 7
0) O & T X

Blonderet al. [37] solved the quasiparticle velocities using a semiclassical approximation. The
approximation is based on tHaiand3s- are relatively small compared to the Fermi enérg¥his

gives:

) ) Vi > UQ &
U U —_— T
(0] a v

By matching the wave functions and their slope at tH¥ fBterface, we can get the four
coefficients [33]:
00U
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where the barrier height parametedé&ined as [33]:

&) 0a "08 & T
2Q 92U

Blonderet al. next defined the transmission and reflection coefficients from Eq. (4.59):

0 9 S is the probability of Andreev reflecton) d s is the ordinary reflection
probability of electrons) O S is the transmission probability of electrons without branch
crossing whiléD 9 s is the transmission of the holes with branch crossing. Note that if

3, we willhaved O T[33].

The concept of Abranch Blomerst alj3ya@riseéstirat wa s
the existence ofour mechanisms that contribute to current through & iSterface. The first
contribution is due telectronghat travelto the SN contact from the normal side. Such electrons
may be Andreev reflected as holes normally reflected as electronggr may result in
guasiparticleshat are transmitted tthve superconducting side. The secondtributionis caused
by holesin the N side that impingen the SN interface. The third¢ontribution is fromelectron
like quasiparticles originating on the superconducting side and transferring electrons or holes to
the normal side. Thiast processvolves holelike quasiparticlesn the supercaductorthat are
incident on the 9N interface. To obtain the overall current, simply add the currents fromach

processBlonderet al.find:
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HereN(0) is the single spins density of states at the Fermi engfrgfye electrons in the normal

metal side.

4.4.3 Multiple Andreev Reflection in SI-S junctions

Equation (4.61) is for the current in aANSunction. For transmonsve are interested in
S-S junctions.The effects produced byndreev reflection becomgquite complexin SI1-S
junctions because tiie phenomena of Multiple Andreev Reflections (MABJ]. Here | discuss
what happensi superconducting junctiorfS-1-S) under a finite voltagand describéiashow a
guasiparticlemay undergo multiple Andreev reflectioi3uring each Andreev reflection, charge
of 2e is transferred across the junction, and the quasiparticle galasesan energy of 2eV
(where V is theroltage across the junction). After n such Andreev reflections, a quasiparégle
have acquired enouginergyto enterone ofthe superconduictg electrodes
In the following discussion, | mainly follow the approachAekrin andBardas [34]. Their
discussion is particularly clear adéscribes the currembltage characteristios f a d-Sngl e S
superconducting channed#3Wi.th arbitrary transm
Figure 43 illustrates my version ofthe AB model of an 8-S junction This model is
essentially an $l-1-N-S junction.The left lead in this model is a superconductor W#p3- ,
while the right lead ist superconductor with gap . For my research, | am interested in the case

wheres 3 .0 M M andO are the amplitudes of the electron and hole wavefunctions in
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N1 barrier

Right

Figure 4.3: lllustration of Andreev reflections process that occur in a model of an SIS tunnel
junction. The model has two S/N interfaces. An electika quasiparticle enters from the left
electroded and® represent rightward and leftward moving electron amplitude®amaad O
represent the amplitudes of leftward and rightward moving holes. The label n represents the net

number of Andreev reflection& is the nth reflection amplitude.

the left and right normal regions the middleof the junctionis a tunnel barriewhereelectrons
or holes are reflected or transmitted. A barrier thanisrely transparenwill have transparency
‘O p. In generalthe quantum channelill not be completelyransparety and Dwill be between
0 and 1. It's important to note that D is different from ploéential barrieiZ that we discussed

earlier in the BTK model. Thewgre relatecoy O pZ p @& [33]. Andreevreflectionstake
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place at each-8l interface This gives rise to thpossibility ofmultiple Andreev reflections and
multiple barrierscattering, which significantly complicates the analysis.
Andreev reflection can be characterized by a reflection amplidutfeat depends on

guasiparticle eergy- o T:

- OCF - 3 h forss 3~8 ®C

" p
w- =
¥ . o - forss s

Averin and Bardathendefined a scattering matrix to account for the tunnel barrier:

\
\

0
Yo i'0n ®0
o

whereQis the probabilityamplitudeof the quasiparticle reflectéfdom the barrieiin the normal
region (see N1 in Fig. 4.2)andCrepresents the probabiligmplitude for aquasiparticleto be
transmittedthrough the barrierin the AB modelwavefunctionsn region N1 generated by an

electronlike quasiparticlesncident from the left superconductcain be writteras B4):

whereQand- are the wavevector and energy of the incident quasiparticle,@nd & - £Qa®
andn is the net number of Andreev reflectiorhe second terraf the electron wave function
Eq. @.64 corresponds to a quasiparticle incident from the supercondartothisproduces an

electron in the normal region with effective souareplitude [34]:

- p P-s 8 &

AB find the wave functiosin regionN2 of the channedre:
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where the sum over represents contributions from multipdendreevreflections In this case, it
takes over all integers from H-to Ho.
AB next usedhe scattering matrix to relate the wavefunctions in region 1 and 2. They

wrote this matching conditions as [34]:

Y T x A
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¢
—~
&
£}

where
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Using Egs. (4.67)Averin and Bardagresented a recursion relation for finding the

coefficientsd M5 H5 andO for the case 3 . From Eq. (4.67a) we can get:




Then from Eq. (4.69) and Eqg. (4.70), we can@eand,O as a function ob ando

p [ - 190

0 h
(@] 5 0 5 0 5 & p
. ds . .. . 17, ds
o] = W ow O =0 —— O 8 T
5 5 = 0 & q
We get the similar results for the E¢.67b):
6 1" 6 o0 6 h & 0
, R N
O oOow 0 ?w 0O 8 T
Substitutingd from Eg. (4.70) into Eq. (4.73), we get:
o) ‘0 6 o) S5 A O -6 22504
i’ 6 YO & 6 0 0 0 iT%d 6 YO 0 I
thus:
o) ® OO WnUYo 6 © 6 o] h T 0
where2 ds.

The same method can be used to derive the recusdation ford [34]:
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Theserecursion relatiopareimportant becauséq. (4.76) and Eqg. (4.77) can be solved by
choosing a maximum valuenfior n and setting all coefficients to O if |[n| & Mhe wavefunction
amplitudesAn and B are needed to find treirrent through the-&S junction,as | describe in the

next session.

4.4.4 Transmon Relaxation with Multiple Andreev Reflections

Quasiparticles tunneling through a juncttbat is biaseavith a wltage Vcan gain or lose
energyneVfrom MAR processThisimplies that MARcan cause dissipation in the transraod
this dissipation will be greater than that duesilogle quasiparticle tunneling. During an MAR
process, the total charge transferred across the junctoi2is e, 2e, 3e..and the resulting
relaxation rate of the qubit is:

9.9)
P ¢n 20 —

¢ h T
Ci 6 R Ccho E 0 v

P
2V e

Thus, to find the relaxation rate due to quasiparticle, we need to find the current at Y§Kag®
due to each process that transfers different chaeggcross the junction, whege 1, 2,

3,... b.In conventional single quasiparticle tunneling through ati@usparency junction, only
the n = 1 term will be important. However, for junctions, with 42eno transparency, MAR can
be important and higher order terms will dominate.

The approach developed Bwerin and Bardas [34] provides raodel for finding the
currentvoltage characteristics of anrlSs junction undergoing MAR for the case =3 . This
approach was generalised to the aase 3 by W. T. Liaoet al.[38]. With MAR, an applied
voltage can lead toultiple Andreev reflections, allowing for the transport of multiple Cooper

pairs across the junction addition to quasiparticle3 he resultingurrentvoltage characteristics
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have features that occur at voltages that are a frastithre superconducting gap voltagef the
electrodes, as well as at their sum and difference.

When an electrotike quasiparticle with energyis incidentfrom the left superconducting
electrodeonto the S/Nnterface we could find the wavefunctions by applying Egs. (4.64) (4.65)

and (4.68). The electron and the hole probability current density can then be found by applying:

- u
’Q — z z 8
ca r T ¥ W

In principle, we can use this to firtbe total probability current density dueda electrorike
quasiparticle with energy incident from the leftsuperconducting sideAB find that this

probability current density can be written as a sum of Fooaemponents [34]:

. u'Q .,
Qo o M0 -hw'Q T 8 T
h h B
|l ntepreting over energy and including the
one can write the total current as:
00 oQ MR T p

whe®Dies the cuwWwithefkoburoert cemponent .
For my devices, | need to include contributions from-aquilibrium quasiparticles. |
assume the neequilibrium quasiparticles have an occupancy function for the electrorlike

guasiparticles and 7 for the holelike quasiparticles:

—— forf ™8 & @

"QTF]"Y T .
— fonn w8 & @

For thermal equilibrium quasiparticles, we have T and this was the case considered by AB
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and by W. T. Liacet al For nonrequilibrium quasiparticles, will be determined by the density
of nonrequilibrium quasiparticles (see discussion in section 4.1.2). For thexgualibrium

quasiparticles, W. T. Liaet al.formedthek-th Fourier componemwhich can be written as [38]:

.Q )
0O oo CQwWO Qf p ¢QF ® Qfp ¢Q7T & ht@o

where:
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Here D is the junction transparency. Theerscript L in the Aand K factorsarequasiparticle
amplitudes that anse from quasiparticles that were sourced from the left electrode, while the
superscript R in the kand K factors designatemplitudeghat anse from quasiparticles that were
sourced from the right electrod8imilarly, the L superscript in thex dactors designates an
Andreev reflection amplitude off the left electrode, while the superscript R superscript in the a
factors designates an Areev reflection amplitude off the right electrodéhne & factor is

generated by electrdike or holelike quasiparticles that started from the left electrode, while the

o factor is generated by electrtike or holelike quasiparticles that started from the right
electrode. This result appliesa 3 as well ag- =3 . Unfortunately, the electralike and

hole-like contributions have been combined. In Eq. (4.83a) and (4.83b) the sums are formally over
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all integer valuesi.e. for n =tth ph ¢, .. H. The sums cannot be completed analyticathg
we need to resort to numerical evaluation and terminate these sums.

Notice that the integration over enefgin Eq. (4.82) represents a sum over independent
events. There will be a probability of seeing each event, or rate at which each event occurs, and a
charge that is transferred during each event. The charge may correspond to a single electron
transfer of ‘Q as in Giaever tunneling of a quasiparticle from one electrode to the other electrode
of a junction. It can also be that charg®e is exchanged, as occurs for Andreev reflection of a
guasiparticle from an electle. When multiple Andreev processes are included, in general a
process can involve the transfemafcharges, where n is an integer. For determining the transmon
relaxation using Eqg. (4.83) it will be necessary to not only determine the current contributions from
the electrorike and holelike quasiparticles from each electrode, but we will also nedéatse
out each process, the rate at which each process occurs and the charge transfer during each process.

Table 4.1 listghe 16 possible distinct processes that may occur with MAR in-&$ S
junction [38]. In thisTable,positiven corresponds to clockwise movements around the diagram
in Fig. 4.1. In the kernel column, Oes hfor example, designatdhe amplitude for leftward
going electrons inregionNvi t h ener gy EO=E+2neV that were (gE¢€
incident from the left electrode <{superscript) with energy E. As another example,

O Otd designateshe amplitude for rightward going holes in regionwWi t h ener gy EO
were generated by a hol e t h asuperseript) with enérgyfEr o m t |
Similar to the discussion in Sec. 4.4.3, the amplitudes for the 16 processes can be solved from
recursion relations, which are shown in Teal2.

Figure 4.4 shows an exampl@mulation of current integrals for D=0.05, 3

cche c¢mAE @ YXAGBE 4 p 6A 8The blue curve shows the current
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from Process #3, the red curve shows the total current from all 16 procesgescEss #3, which
involves an electron from the left side Andreev reflecting off the right side and a hole being
injected into the left side. This is the key Andreev process. | consider a current flow from right to

left whenV was applied. | can write the current as:

£ Q -
‘9 Jz_u D OO s %sT %S G %G %O T&U

where the occupancy and kernel terms of Process #3 can be found in the Tallee4.1
characteristicare quite complicated, there are many featumeis plot The most prominent
feature includes in the blue curve,edt=3 +3 =420' A 6 This is due to quasiparticlei&ver
tunneling whent h e rerodgbk voltageTwo other features are at eV=208 6and 220 A 6
(correspondingat3 ands ). These are due wuasiparticles ithe gaps- =200* A Gands =220
“A 6 At ev=110" A Gand eV=100 A ghalf of 3 ands ), this is due to MAR with n=2 (2eV
transfer). Below 80 A 6the current is smadindindependentf voltage This current is from non

equilibruim quasiparticles. These step sizes will grow withribeeasedransparency.
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Figure 4.4: 1V curve forAndreev Reflection considering Process #3 and total cumesgmilog

scale.
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Table 4.1:Andreev tunneling processestin 2nd and 4th columns denote electiixe

guasiparticle (charged), h denotes a hole with positive charge e, L is the left electrode, R is right

el

ectrode,

L

s |

eft

el

ectrode.

E

i s i

ni ti

quasiparticlePQ is the charge transferred from the L to R electrode due to the process.

# start end occupancy source/drain kernel % 3l
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Table 4.2:Unity Source Recursion relations for finding the electron and hole wave amplitudes

e-source on left

h-source on left

e-source on right

h-source on right

(process 4) (process 92) (process B) (process 1346)
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Chapter 5

Transmons Design and Fabrication

The transmon qulstl fabricatedand measured wetgased on a thredgimensional (3D)
configuration [1] in which the qubit is mounted athreedimensional microwave cavity made of
superconductingl, asin H. Paik's original desigfhis innovative design offesomeadvantages
over 2D configuration§2], including reduction of decoherence caused by surface dielectric loss
and reduced loss due to coupling to {@amicrowave modesConsequently, this strategy allows
for potentially longer lifetimes of the qubits

In this chapter, | describe the design and fabricatioa thnsmon chip SKD102. Dr.
Sudeep Dutta wrote the pattern and | fabricated the khiection 5.11 discusghe design obur
transmonss well as the tegattens andhe layout of thehips. In section 5.2 discusghe cavity
design.This is followed, in section 5.3, viita discussion of transmon fabrication, including
substrate preparation;b@am lithography, thermal evaporation, anddift In the remaining

sections | describe initidésting on the junctions and films that | used to characterize the process.

5.1 Transmon Design

The design of our 3D transmons is similathat of many other groups [3][4]. | used the
same design for our conventional and-gagineered transmons. For most of my transmon chips,
there were two transmons and two sets of test junction patterns &mame 5Smmsapphirechip.

The main reason for having two transmons on one chip was to allow me to fabricate and

simultaneously test a gagmgineered transmon andt@ndardransmon.
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Figure 5.1(a) shows the design of our transmon chip pattern. Each transmon has two large
pads which act as shunting capacitors for the Josephson junctions. They also act as a dipole antenna
to couple to the mode of the cavity. Eachpaa 30 & m xand@his Gayoat give€g ~ 80fF
and OTQé ¢ mt( On a sapphire substratdy design target was for taansmon frequency
below4 GHz which reduces the loss from the Purcell effect [5].

For spectroscopic measurements to distinguish the two transmons on eachehip, t
junction areasvere designed to diffedoy 10% with 200 nm 200 nm and200 nm 220 mm,
respectivelywhich tends to give critical currents that differ by 1Q%opractice however, there is
too much variation in our oxidation process to make this difference reliable, so in addition the
spacings between the two pads were also made to differ. | used spacings ofrd2® 150 m
respectively, which resulted in a 10% differencedeén This difference irEc was observable by
measuring the anharmonicity and transiti@guencies.

Each chip also included test junctions. Below each transmon, there was a test pattern with
eight Josephson junctions (see Fig. 5.1(b)). Each test junction was identical to the left transmon
with 200 nm 200 mm junction sizes. The eight junctions in a pattern share one capacitance pad
in the centerThe purposeof these test patterns wé&s check the resistance variation co-

evaporated junctions and identify good oxidation patterns
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Figure 5.1: CAD drawing of the chip design. (a) Two transmons (large structures) and two sets of

testing junctions below. (b) Detail of the testing junctions.
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Figure 5.2 (a) CAD drawing of tram®n pads (blue) and the Josephson junction (red). (b) Detail

of the Josephson junction sign.

Figure 5.2 (a) shows the CAD design of the left transmon. The blue rectangles represent
the transmon capacitor pads and the red line represents the Jogepbson and its connections
to the pads. The dimensions of each pacbafe0 & B 0 . Rgure 5.2 (b) shows the design
for the Josephson junction of the left transmon. This pattern gives a resist bridge between two
disconnected lines; the bridge is used for-amgle evaporation of the junction [@]hetwo 200
nm wide linesareperpendicularly oriented to each otheadseparated bthe250 nmresistbridge.

The iight transmon has slightly different dimensions as discussed above.
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5.2 Cavity Design

The microwave cavities | used in my research were builtDoy Cody Ballard[7]. A
photographof cavity SI-2a is shownin Fig. 5.3 The 5mm 5 mm transmorchip was placed
insidethe 3D cauvity.

This cavity has dundamental cavity resonance of abdit @® p'v ( [8]. Setting the
cavity's resonance higher than the transmon's transition freqaen&y6 GHz wasan intentional
design choiceo decreasdossfrom the Purcell effedib]. The cavity was made from Alecause
it exhibits low energy loss when it is in a superconducting state. The cavity was fitted with two
non-magnetic SMA (Sub Miniature version A) connectdrBese serwkas the input and output
pins for themicrowavedrive and readoutespectively 9]. The strength of theouplingbetween
the caviy modeand these ports was fitenedby carefully adjusting the length of the central

conducting pin of the SMA connector that extends into the cgfjity

5.3 Transmon Fabrication

For the construction dfansmonsit's crucial to follow a precise andliablefabrication
processDust, unwanted oxide layers between the superconductor and substrate, contaminants,
impurities, ancerrorsin the alignment of th&ayerscan significantly dgradethe performancer
operating parameteds the transmonThefabricationof my transmonsvas carried oun the Toll
Physics Building room B0219 and the FabLab in the Kim Building at the University of Maryland
In the following sections, | present a comprehensive desgmmi of eachstep in thefabrication

procedure.
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Figure 5.3: Picture of Al cavity S2a. The left half has a transmon chip mounted inside it.
The SMA connectors (gold) are for the microwave input and output signals. The transmon chip
wassecured in place with indiubetween the sides of the chip and the caVibe cavity was then

sealed with Irbetweerthe two halves.

5.3.1 SubstrateCleaning

The substrate preparation was performed in the Fabydlr. Sudeep Dutta. Alean3-
inch diameter @xis orientegsapphire wafewas used. This wafer wd80e m t dndpolikhed
on one sideThe wafer was rinsedith acetonemethanaglisopropanol and finally watéo remove
any solvent residuezach rinsing process took around 1 miiime waferwas then dried with

nitrogen gasndbakedon a hot plate at 20CC for about 5 mintes.
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5.32 Application of Resist Layers

The wafer was mounted on a Headway EC101 wafer spih@eandLOR10A resis{11]
was appliedThe spin speed was increased from 1000 @000 rpm for 45 s. This speed and
time results in a 1000 nm thick layd&ihe wafer was then bakeah a hot plate at 18C to 200C
for 10 minute. Following the baking step, withe wafer stationargn the spinner, a drop 660
PMMA C2[12] was next applied. hen spurthe waferat 4000 rpm for 45 s, leaving a 150 nm
thick layer. The wafer was then baked at Z3th an oven for 2 hours.

Since sapphire is highly insulating, charging problems would occur dubegm writing.
To prevent this, | added a conducting layetisTanticharging layer wad5 nm ofthermally

evaporated\| on top of the LOR/PMMA blayer stack.

5.3.3 Wafer Dicing

Beforedicing the chip 1813 photoresiqtL3] was applied to the wafer and spun at 4000
rpm for 45 s. It was then baked at 1ZDfor 5 minutes. This protected thdeam layers and the
anticharging layer from damage and contaminatiGotting was done oa Microautomation
Industries Model 1006 dicing sg4] with a 200mm wide diamond blade to dice a wafer into 5
mm by 5 mm chipsin order tomount the wafer to the dicing saw stage, tape from Ultron Systems,

Inc [15] was used.

5.34 E-Beam lithography
Before doing eébeam lithography, | peeled off the chosen chip from the dicing adhesive
tape.l thenputthe chipinto an acetone bath for 3 minutes to remove the protective 1813 resist

layer. | then dried the chip with gas. Inextapplieda drop ofaquaSAVE, a conductive polymer,
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and spun the chip at 4000 rpm for a minute. The aquaSAVE heldedher reducecharging
problems After this stepthe chipwas therready for ebeam writing.

E-beam writing was done orRaith Eline systerfiL6] in theFabLabusinganaccelerating
voltageof 10 kV. | used a 60rim aperturdor junctions and a 126m aperturdor capacitance
pads After adjusting the beam alignment and fodhe, system was ready to do the writikgst,
following the procedure dbr. Sudeep Dutta for the junction layersised adoseof1 6 0 €>C/ ¢ m
with stepsize of 20 nm in x and y. Fdine pads layel usedadoseof 2 0 0  €?@ith €0 nm
lateralstep size. The design was dieal as DXF format files with different layers. After checking
the position list of each layer and the estimated dwell time, the chip was written. This typically

took aboubne hour for pattern writing [16].

5.35 Developing the Resists

After finishing the writing | developed the-beam resisin the cleanroom of the FabLab.
First, | removed the aquaSAVE atiarging layer by rinsing the chip in water for one minute and
then dying it with nitrogen gas. | next removed the Al adtiarging layer by placing the chip in
a beaker of MF CE26 [17] for 3 minutes. Inextrinsed the chip irdeionizedwater for 30s and
dried it with nitrogen gas.thendeveloped the PMMA-Beam resist layer by putting the chip in
a beakewith a mixtureof MIBK [18] andisopropanoin a ratio of 1:3 for about 88 | then moved
the chip to a beaker @§opropanofor 30 s and dried with nitrogen gashese stepsemoved all
the areas that had been exposed by the electron beam.

| nextplaced the chips in MF C26 again to develop the undercut of the junction bridges.
The development time for this step depends on the desired undercut Wityihisally used a
development time of 58 After this | put the chip ilDI waterfor one minute and dried the chip
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In Fig. 5.4, he undercut from the development of the LOR is visible as a bright edge around the
pattern. After developing, each transmon patteasan undercut bridgevhere the junction will

be.

Figure 5.4: An optical photograph of the-leeam resist layers of the junction area after the

development process. The brighter areas are the undercut region.
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5.36 Thermal Evaporation

| used thecryo-pumped thermal evaporator in Room 021hi& Toll Physics Buildingo
perform the evaporatiofsee Fig. 5.5)The base pressure of tl@gaporatois about2 107 Torr.
For Al evaporation, | used taf2 of the evaporatorThis evaporator top is designed for double
angle evaporation and has an angle indicator, which controls the sample tilt and can be seen
through a window on the evaporator.

The evaporator hassmall, separate volurménich can be filledvith oxygen for use during
the oxidation step. Tioxygen reservoir is connected to the chamber aggneralpurposevalve
and a needle valve. The needle valallows precise control of oxygepressureduring the
deposition(see last section of this Chapter)

After venting the evaporator, | loaded evaporation boawith 5 or six pieces oA\l shot
| used electrod#1 with tungsterwire evaporation baskets for the Al shatextclamped the chips
onto a sample holder made by Dr. Sudeep DEtiadepositing transmons with different layers, a
mechanical mask was attached under the sample holder. If identical devices were needed, this
mask was not used. Otherwise, the end of the mask was attached to the shutter with a string. With
this system yowcan move the neh ani c al ma s k , and al so cover
deposit, or only expose chips you want by rotating the shittenrmoving mask attached to the
shutter make allowed me to make different depositions on different devices on the samé chip
then mountedhe sample holder onto the rotating stage of the evaporation top, placed the top back
onto the vacuum chamber and then pathput the system to base pressurgpically pumped

overnight to ensure a low background pressure.
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5.3.7 Double-Angle Al Deposition and Oxidation
For transmon chip SKD102 with left transm0 and right transmo0 , | first set the
sample stagangleto %s - 45° andthe entire chip with two qubits was then exposed to the

evaporating aluminum. The typical evaporation rate was 0.3 nm/s to 0.6 nm/s. | stoppéd the A

Evaporator Top

Evaporation
Chamber

Pump

Control Evaporation

Control

Figure5.5: Photograph of the thermal evaporator.

82



deposition at a thickness ©1=28 nm. the base electrode layers of the left and right transmons
were evaporated at the same time, they should have the same supercondueting gap

After evaporating the base layérclosed the shutter argloppedthe evaporation. After
waiting one minuteor the systento cooldown, | closed thealve between the cryopump and the
evaporation chamber. | then oxidized the first Al lalygropening theyeneral valve between the
oxygen reservoir and the chamber to bleed in the desired amouint™ie amount of thé |
used would varyrom evaporation to evaporatioFor device SKD102 used2 Torr of 0 for 7.5
minutes. After the oxidation | reopened the epronpvalveand pumped the systefor about 5
to 10 min to reach base pressure. During this procaksfidhanged thenechanicaimask position,
so the right transmon was totally covered by the mechanical mask while the left transmon was
exposed to the evaporation source.

| then set an angle & -12.5° relative to the chip surface for the second evapaoratio
which is forsecond layer (counter electrode layer)haf gapengineerd transmor(left transmon).
| then openedhe needle valve to let oxygémslowly. When tha) pressurenside the chamber
stabilizedto 2.5 p 1t Torr, | opened the shutter and started the evaporatiorsédumdayer of
the lefttransmon needs folly cover thebase electrodiayer andshouldbe twice as thick as the
first layerto form a junctionso | evaporatedhe second laydp a thickness ohbout Q=77 nm.
After the evaporation, tlosed the shutter, turned off the needle valve and stopped the current.
This gave a second layer with a superconductingsgapat was greater tham .

| then set the angle t¥& 0° and moved the mechanical mask to fully cover the left
transmon with the right transmon exposed to the evaporation sourde;was present for this

evaporation. This let me build the right transmon so that it was neemgipeered. After the
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evaporation] closed the shutter and stopped the evaporation at a thickn€ss @ nmfor this
layer. The resulting gap of this layer should be close go.

Sudeep and | did separate measurements-aeposited film to obtain the gaps of each
electrode fromi'Y measurements. As discussed in the final section of this Chapter, | also did
separate tests to determine how the gap of the thin Al films dependedpoassure. For these
two devices, the€Y measurements gasve ¢ T@ieeV,3 ¢ ¢ eeVandz p wppeeV.

Finally, in order to have a clean oxide layer ontthyelayer of both device$ ended with
a passivation step. After the evaporation | closed off the-goyop and opened the reservoir
to seta pressure of about 1.5 Torr for 15 to 30 minuddter this was done, | vented the chamber
with 0 , placed the device in a chip holder, and moved onto thefliitage.The whole process
is shown schematically in Fig. 5.@zigure 5.7 shows thenages ofmechanical mask and chip
holder and how mechanical mask moves during the depositiigure 5.8 shows part of the
evaporation setup inside the evaporator with the location of shutter, mechanical mask and chip

holder.

5.4 Lift -off Procedure

| performed the liftoff process irRoom 0357in the Toll Physics Building The purpose
of this stepis toremovethe Al thatis not part of the final devicesfirst prepared a beaker with
Remover PG and put it on a hot plate set t8@5covering it with a glass lid. After 15 mithe
remover is hotandl placed the chip in the liquid and left it for about 15 minuiéext, | removed
the chip and sprayed it witiopropanoto remove the excess Al. After this, | placed the chip back
in the Remover PG for at least 30 min on the hot plate. | then removed it, gave itsofinghanol
spray, dried it using Agas, and placed it in a chip carrierfi@nsport.l then checked the junctions
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under the optical microscope. If needed, | would repeat theflifirocess. Figure 8 shows SEM

and optical microscope images of the resulting junction area.

, Mechanical mask
cover right half
put chip in oxidize 15 min.
— evaporator In 2 Torr of O, Layer [
w wm —eep 2 1
-
Smm*5mm sapphire chip Deposit 150 nm pure Al Deposit 300nm 0, doped Al upper
after e-beam lithography lower layer 1 with gap A, at layer 2 with gap A; at angle -¢
angle ¢
Mechanical mask transmon with transmon with
cover left half gaps Al and AZ gaps Al and A3
put chip out B Lift-off \ ¥
Layer yer Layer ———] =
B N E a | @ O

Deposit 300 nm pure Al layer 3 with gap
A4 for right transmon at angle -¢

Figure 5.6: Doubleangle evaporation fabrication procedure for building two transmons with

different layer configurations on the same chip in the same pump down. Trengapered

transmon has lanydergiff hwi tsh agmams dopt r ansamodn gh a s

@ b
- 13cm ®)

A 1 SKD 102 Thin film No.1

o— (2 quhit chip)
00 O O
J U )

O— Oo— Thin film No.2 | Thin film No.3
Mechanical Mask

4 cm

Chip holder
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Position 1: Chip A and B are exposed, Chip C
and D are covered

Deposit the first layer of both transmons
on SKD102 (chip A ) with A,

Co-deposit Al thin film (first layer) on chip
B with A,

Position 2:Chip A (left half) and C are exposed,
Chip B and D are covered

oO— ' 7 ’ o—
U0 :
(] ics D '
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UG O s -
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The mask cover the right half of chip A.
Deposit the second layer of left transmon
on SKD102 (Chip A) with A,

Co-deposit Al thin film (second layer of left
transmon) on Chip C with A,

Position 3:Chip A (right half) and D are

exposed, Chip B and C are covered

*  The mask cover the left half of chip A.
Deposit the second layer of right
transmon on SKD102 (Chip A) with A,

* Co-deposit Al thin film (second layer of
right transmaon) on Chip D with A,

Figure5.7: Images othip holder and mechanical mask. (a) The mechanical mask has six holes in

order to expose the chips on ttlgp holder (b) Thechip holder has four chips on it. The chip

SKD102 is placed on position A. The chips on positioil€&nd D ardor collecting the Al thin

films for gap measurementhe mask ianchoredn top of the chip holder with 5mm space in

between. ) Three different mask positisshowingthe deposition process of chip SKD102 with

two transmonghaving the same first layes-() but different second layes-( and3- ) and the

deposition of other threelAhin films.
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Figure 5.8: Evaporation setup inside the evaporator. Thehagrical mask is anchored with the
chip holder withscrews. The chip holder is covered by the mask and its position is fixed while the
mechanical mask can mofierizontally The mask is also attached to the shutter with a string, so
it can follow the movement of the shutter. By rotating the shutter, weasknmoveto different

positions for different depositions.
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(@)

2.0kV 15.3mm x9.00k SE(M)

(b)

Figure 5.9: (a) SEM micrograph showingransmon junction formed using doublangle

evaporation of Al(b) Optical micrograph of transmon junction area
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55 Tunnel Junction Resistance Measurement

| nextmeasured the resistance across the junctions using the probe statiahitotate
subbasement labRoom SB 0331 | used a 100 kq resistor in s
protect the junctions from being blown out by static electricity. To measure the resistance, | used
a Fluke 87 Ill handheld digital multimetfl9]s et t o a fi xed range of 60
the junctions, | attached a grounding switch via a BNC tee in parallel with the probes. While
touching the probet the junction pas this switch was set to dgr
probes; I switched to Aliveodo mode to take the
circuit. | also used an SCD model 963E benchtop air ionnZ@rto reduceelectrostaticharging
The gap engineered transmon on SKD102 had nestatdresistanceY ¢ & Emand the
standard transmon héY p @ Em. This was an acceptable range and corresponded to an

expected transition frequency of 2.GHzand 3.88GHz

5.6 Oxygen Doping Tests on Al Films

As discussed| useal granular Al with differentoxygen doping to fabricate transmon
electrodes with different superconducting gafise gapengineered transmameeded to have a
base electrode and counter electritdd haddifferent superconducting gap& have good values
for the gap, | needed to know how mudhto include during the deposition. To get this data, |
performed oxygen doping tests on thin Al films.

Thetest Alfilms were depositedn sapphirat a rate of about 0.5 nm/s in a ciyomped
system with a base pressurec@& p 1t Torr. Oxygen was bled into the chamber from an
opening about 13 inches above the substrate and flowed continually through the system during the

deposition. The@pr essur e was monitored just above the
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than the pressure at the sample, although we do not have an accurate calibration of difference in
pressure. The film thickness was monitored using a crystal thickness monitor.
| deposited thin films with different Opressure and thickness. After deposition, the
resistance of the samples was measured versus temperature to determine the transition temperature
“Y and the residual resistivity ratio (RRRhe RRR is a measure thfe purity andyranularityof
the material. These measurements were carriedusing aPhysical Properties Measurement
System (PPMS) in Room 0335 of Toll é6s Building
Figure5.10 shows the resulting critical temperati¥eversus oxygen doping pressire
according to crystal monitor during the depositidrgfiim thickness of the samplegerearound
either 151m and35nm.However, subsequent profilometer measurements of real thickness showed
this was about twice as large as the thickness from crystal monitor reAdiegpected, higher
oxygen doping pressure and thinner filn&l]f[24] producel higher Y values. From'Yhl
determined the superconducting gapsing the BCEg. (3.28)
Finally, Figure 5.11 shows theRRR of the films vs'Y. Higher"Y films producel lower
RRR as expected, and all the points fall on practically the same codependent of the film

thickness.
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Chapter 6

Experimental Setup

This chapter provides an overview of the experimental setup and proctdairegsedo
transmonsl first describethe dilution refrigeratorand then discusthe microwave wiringand

filtering, the cryogenic amplifier, and roetemperature microwave equipment.

6.1 The Dilution Refrigerator Setup

To prevent thermal excitatiaof asuperconducting qubive require

QYL U0 L ¢38 06

When| /2" ~4 GHz,this gives demperaturd much less thaB00 mK.Consequently, the device
must be cooledvell below this temperatur®ur devices were typically cooleasinga dilution
refrigeratorwith basetemperature of approximatehd-20 mK.

The experiments were carried out in an Oxford Triton 200 series dry dilution refrigerator
[1]. The refrigerator was in a shielded roamthe Toll's Physics Building's stiimsement. The
electrical connections, gas handling system, compressor, and puengoutside the shielded
room. Electrical connections between the outside and inside the room were carefully shielded and

filtered.

The Oxford refrigerator(see Fig. 6.1) hadive stages that operate at successively
reducedemperatures: the outgeacuum chamber is 300 K, the first pulse tube s{gdd) was at
45 K, the second pulse tube std§d2)was at3.2 K, the still is 700 mK, the cold platens at
about100 mK, and the mixing chamb@XC) reaches 120mK. The mixing chamber can also
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be heated to allow measurements to be made at higher temperatures, such as those | describe in

the following chapters.

PT1 (45 K)

PT2 (3.2 K)

Still (700 mK)

Cold Plate (100 mK)

MXC (15 mK)

Figure 6.1: Picture of Oxford Triton 200 dilution refrigerator. Each stage is labeled with its name

and operating temperature.
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The refrigerator has heat shields that atteached to thearious stages. The outermost
shield of the Oxford refrigerator jast thealuminum outer vacuum container (OVC), whistat
room temperatureA Cryomech pulse tube cooler cools down the first two stétgshpulse tube
stage has aaluminum shielding can. The still plabas acopper radiation shielding can. In
addition to these shielda/e used a Cu cylinder shield, mounted tortiieing chamber at 15 mK
The 3D cavity and device were surrdaa bythis shield The interior ofthis shieldwas coated

with SiC and epoxyo absorb stray infrared ligf2].

Our transmons argomewhasensitive to changes magnetidield. It is thereforecritical
to shieldthe devics from stray fields. Our setup ustdo high-permeability magnetic shields
Both shields were borrowed froBr. Ben PalmerOne shield was attachéd the exterior of the
OVC at room temperatuyevhile the other was mountéal the Cushieldon the MXC stagat 20

mK (see Fig. 6.2)RuQzis used as thermometer to monitor the temperature in the MXC.

6.2 Input and Output Microwave Lines

Our microwave setup fomeasuring transmorns shown in Fig6.3. The input microwave
drive line is constructed from short lengths of rigid-89 coaxial cable with stainless steel inner
and outer conductoB] to prevent thermal couplingetween different stages of the refrigerator
Each section of the line hd&idwest Microwave attenuatord][in order to thermalize the signal
on its way down andttenuatexternal Johnsehlyquist noise from highemperature stageshe
PT1 stage attenuateras10 dB, PT2was20 dB, and thetill attenuatorwas6 dB. This resulted
in a total attenuation of 36 dB between 300 K and 15usKdue to the fixed attenuators; the lines

contributed additional attenuatiofhe input linegoes tahe mixing chambeandFlexible UT-85
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(a) (b)

Figure 6.2: Picture of magnetic shields: ganetalmagneticshieldattached to the exterior of

OVC. (b Inner A4K magnetishield mounted to the Cu heat shield on the MXC.

coaxial cables were utilized between each compaauethis stageDue to its flexibility, this was
much simpler to deal with than the rigithinlesssteellines, and it was much simpler to create
suitable cable sections. Two 20 dB cryogenic attenuators were insaalted MXC (see Fig.
6.3). As a result, there was a total of 76 dEfigéd attenuation between the source and the cavity
input pin. After the tw@0dB attenuators, a 10.5 GHz lepass filter from K&L p] was usedsee

Fig. 6.3)
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High-power cavity readout

30d8B || 12dB
s s r?‘ 1 amp (] amp [ ©
| L X | RT Plate | | IIEI ] RF OUt
PT1 | 1 | | J
10 dB
4 pA— 1T
20 dB
Still 700 mK
| 6dB | Cu Can
l 100 mK - :
MXC
20 mK
/Cu can
Magnetic

shield (A4K)

L SiC coating

Figure6.3: Schematic of refrigeratetageshowingcomponents on thieput and output

microwave lines.
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The outputtransmittedmicrowave signal from the cavity returns to room temperature via
a separate coaxial linsee Fig. 6.3)The output goes from the output port of the cavitywo t
Pamtek CTH1365KS cryogenic isolato& fhat are mounted on the MXThese isolators, which
have a rated range of 4 to 8 GHz, restrict the output line's bandwidthedblagrovide 18dB of
isolation from waves traveling in the wrong directidtHEMT (high electron mobility transistor)
amplifier [7] was installed at th&T2 stage tamplify the output signal. The amplifier has a
nominal gain of 32 dB, a bandwidth af®2 GHz, and a noise temperature of less than/ 3B
attenuatowas put just beforthe HEMT to help match the input impedanthke output line leaves
the refrigerator and travels to a roagemperaturéMiteq AMF-3F04000800 lownoise amplifier
[8] with a gain of 30 dB and a bandwidth e845Hz. This amplifier's outputasrouted toa Mini-

CircuitsZX60-14012L+ amplifier §] with a gain of 12 dB and a bawdith of 300 kHz to 14 GHz.

6.3 Room Temperature Electronics Setup

Figure 6.4 schematically shows the setup of the reamperature electronics that | used
for measuring transmonghis setupwas initially put together by R. Budoy®(]. The instruments
on the left side of Fig. 6.4 wergsed to control the timing of the pulses and to create various
microwave signals. Theomponent®n the righsside of Fig. 6.4vere used for readoldA1 0 MH z
referenwaprsogindéd by a Stanford FBUbBnkRbs fre
r e f e signal, @alethe measurement compats were timaynchronized and stabl€his signal
also ensures thall parts of the measurement systara synchronized towork together properly.

The repetition rate of the experiment wset byan Agilent 33120A arbitrary waveform
generator (AWG) 12]. The AWG createa@ TTL signal with a frequency matching the repetition

rate, which was typically set at 1 kH&.Stanford DG535 pulse generatdf], which controlled
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the timingof the pulsewastriggeredusing this TTL signalAgilent E8257D, Agilent 83731B,
and Agilent 83732B microwave sources were useslipply qubit drive and cavity readout tones
[12]. Pulses froma Stanford Instrumenf®G535 were used tmodulatethe first two source
produce the cavity and the qubit pudseespectively. A constant Local Oscillator (LO) reference
signal that matched the frequency of the cavity sourcgveasdedby the third sourcelheoutput
from the cavity was monitoredsing homodyne detectionlf]. A Dell Windows PC with a
National Instruments PEEPIB card was used to link all the sources, pulse generators, and the
AWG [15]. This configuratiorallowed us to adjust the measurement parameigtiie computer
running MATLAB software

A MAC Technologies C32030 directional couplerle] was utilized to combine the
pulses produced by the cavity and qubit sousee Fig. 6.3) This coupler provideé 30 dB
coupling and runs between 4 and 8 GHz. The gusssed through the screen room wall to the
top plate of the refrigeratpand therto the refrigerator's input lindhe outputsignalemerged
from the refrigerator's output line, where it was further amplified by two ampl{fg=e Fig. 6.3).
Using a Marki 1Q0318L 1Q mixer, the boosted signal was mixed with theig@al. The mixer
suppliedtwo output ports: one for the-phase (I) port and the other for the quadrature (Q)
port. The signals from these two outputs wareplified usingtwo Stanford SR560 preamplifiers
after passing through two identical sets ofdpass filters 13]. Finally, the output | and Q signals
were sent t@ Nationallnstruments BN€110 breakout box [15] at the shield room wall. From

there, the | and Q signals were measuredgteonal Instruments PE3115 data acquisition card

(DAQ).
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Figure6.4: Room temperature microwave setup for qubit measurefi®ts he blue dotted

lines are the timing portion of the circuit.
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The data acquisition card (DAQ) performed the essential task of digitizing the | and Q
signals. This transformed the analog signals into digital @atdater processingThe data
acquisition wasetto a rate of 5 million samples per channel per second garivples/channel/s)
determined by a 5 MHz TTL signal that emanated from an Agilent 33120A arbitrary waveform
generator (AWG)Finally, Fig. 6.5 shows a photograph of the room temperature instrument rack.

Figure 6.5: Photograph of rack with microwave pulse control and qubit readout setup.

AWG AWG
Pulse
Voltage Generator
Supply Pulse
Generator
VNA
Cavity
Source
AWG [
Qubit LO Source
Source
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Chapter 7

Characterization of Two Transmons

In this chapter]| first describeDr. Sudeep Dutta and myeasurementsf the transition
spectrum on chip SKD10Z hischipwas sealed in 3Bl microwave cavity SR andthere were
two transmonson the sapphire chip (see Chapter 5). | next discuss characteristic time
measurements, including Rabi oscillations, the qubit relaxationTintlee spin echo timé&, and

Ramsey oscillations for these two transmons.

7.1 Measurement Details

Chip SKD102was measured inside the dilution refrigerator in Room SB0331 dfdle
Physics Building. The highpower readout methb (see section 25) was used for these
measurements.

Each measurement involved the application of a sequence of pulsessdfaemce of
pulses started witta cavity pulse that helped calibrate the system's transmission when the
transmonsverein theground state. The sequence then patised delay time o0 (of order 1
ms) to allow the system to relax enough for spectroscopic measurements. Following this, qubit
manipulation pulses were thapplied After this,acavity measuremeriulse waspplied and the
amplitude of the transmitted pulse was measured to determine whether the qubit was in the ground
state or the excitestate. This generglulse sequence is shown in Fig. 7.1.

After both the calibration cavity pulse and the measurement cavity pulse, the amplified

transmittedsignal was passed to a@l(in and out of phaseahixer. The output voltagamplitudes
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w andw were measured by mixing them with the reference signal from the cavity drive source

(see Chapter 6.3The amplitudef thetransmittecbutput voltage ishe magnitude of the coupled

voltage:

W w w38 X®
| definew to bethe measured voltage amplituadiethetransmittectalibrationcavity pulse ando
to bethe measured voltage amplitude of the seaoedsurementavity pulse.Most of my basic

qubit measurements were based on measuirrgdw and | often presented these results as a

fractionéadr e«.rodd age di

8 X&

This quantityis the scaled difference between the two pulse voltagdss proportional to the

probability to be in the excited state Ptypically averaged for $000shots.

Operation
Qubit Pulse t
Vo |
At k
Cavity Pulse t
Fignr&ener al applied pulse sequence for qubi
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7.2 Cavity Characterization

After cooling the deviceo base temperaturéhe first thingl measured wathe cavity
resonancevith the qubits in the ground stataiseda vectornetworkanalyzer (VNA) tomeasure
the transmissionzgas a function of frequency and power of the rf sighhls setup is different
from thehomodyne pulseahat | used for qubit manipulatiomhe outputpowerwas supplied by
Keysight E5071CG/NA [1] which operatd within a frequency range of 900 kHz to 8.5 Ghith
apower rangef -55 dBm to 10Bm. The VNA's first output pomwaslinked to therf input port
on the refrigerator's top panel. The VNA's secondwagconnected to thg output of the Mini
Circuits amplifier éeeFig. 6.3). Forthe cavity resonance measurement, the VNA determined
SY s % a8 Sas afunction of frequency and power by measuring the ratio of the microwave
outputsignal(with amplitudedy g)go theinputsignal(with amplitudecg ¢).

By sweepinghe frequencyndincrementally increasing power, | was able to determine
the bare cavity frequenty 7¢“ (at high powerpand the dressed cavity frequencyf¢” (at low
power) This let me confirm that the qubit was functioning as expecéed also provided an
estimate fothe dispersive shif]

1 1%% X&

Figure 7.2 presents a faiselor power map of the cavity, with frequency plotted along the
x-axis, the power applied by the vector network analy¥®A) along the yaxis, and |a|
represented by the color bar. There is a prominent peak at high power centered at 6.1155 GHz.
This is the bare resonance of the cavityf¢" . At low power, the resonance peak shifts to
approximately 6.1219 GHz. This is the dressed peak of the chugymportant to note thahis

shift in frequency is due to tlewupling of thecavity tobothtransmons. From #cavity map, we

104



see that total dispersive shiftie to both transmons 6.4 MHz.Sincethe qubit frequencies are
different thiswill lead toadifferentcontribution to thealispersive shiffrom each qubit due to the
different detuningNevertheless, simulations show tifa total dispersive shif$ pretty close to

the sumofeach qubi t ds iedforegrlequisiti. F¢ s&h-i (f 8his frequency

shift confirmed that at leashe qubitwas functioning hi s p |l ot i isitiafcooownt he ¢ h

P(dBm)
1S21/? (dB)

6.115 6.12 6.125
f (GHz)

Fi gu2€@avitrty p|&yfe chip®Di02n cavity Sk2a Thisfalsecolor map shows
|S1Pas a functionrfofpdwerquampelyi echdby the VNA.
peakstshartbraarmés i 6. alIn5ddGHlzZz eas e 6. p, @ AkhGHZA are i ndic

dashed | ines.
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Figure 73 showsseverafrequencyline cutsthrough the |G data presented Figure 72.
Theleft peakcorresponds to a VNA power €f0 dBm(black curve, which falls in the bare peak
regime.Other linecutsare forVNA powers of-45 dBm (red curve)50 dBm (green curve), and
-55 dBm (blue curve), falling within the dressed peak regime. Fitting the bare peladrentzian
yields a center frequency of 7¢* = 6.11552 GHz and a loaded qualfgctor O =49,000.
Similarly, fitting thedressed peak ressiin]  7¢* = 6.12189 GHz and a loaded quality factor of
0 = 48000.Thus, he quality factonof the dressed peak walightly lower than that of the bare
resonance, suggesting additional lassthe lowpower limit or theexistenceof additional

dephasing when the qubit was coupled to the cavity.

40 f

-50 +

S21]? (dB)

-60 |

> Miml L j

6.115 6.12 6.125
f (GHz)

Fiug78:Li nccut Brough plohowhifgsa gf uMmct2i on dfoufrrequ

applpioevdrs s
106



7.3 Qubit Spectroscopy

The qubit transition frequencies and| can bemeasuredisingspectroscopyvith a
homadyne pulse sequenc&his measurement starts withcavity reference pulsat cavity
frequency'Q= 6.1155GHzand cavity powed = 3 dBmto acquire the background transmission
“¥1, followed by an idle intervalThen aqubit tone with a long pulse length and moderate power
was used to perform qubit spectroscoplyis wasfollowed by a pulseddmodyne measurement
with a high drivequbit power of 16 dBm at the bare cavity pgake Fig. 7.1)

Figure7.4 showstwo spectroscopic plstof gV/V for the two transmon qubit® and
0 on SKD102using a higkpower readoutn both cases, a broader&z [CBipeak and a two
photon['@ [ peak are visibleln the plot, thequbit with high['®Z [Citransitionfrequency
occurs at  A¢* ~3.7739 GHz and a twephoton transition from™@+ [@ occurs at
/14“ ~36746 GHz. The charging energyan beroughly estimated from this data usiGgr'Qé
¢l T¢“ 1 Tt & 198.5MHz. The other qubit has §@z [Chtransitionfrequencyat
1 A¢* ~2.9297GHzand a twephoton transition froni@+ [@Goccurs at  /4“ ~2.8172GHz.
The charging energyis roughly O¥Qé ¢1 T¢* 1 7Tt & 225.0 MHz (from
anharmonicity). From the discussion in Section 5.3, the left qubit has a larger capacitance which
corresponds to a small€r. This difference makes it easier for us to distinguish the two qubits.
Thus, the spectroscopy indicates that the low transit@guency qubit is the gagngineered one
which we denote a® . The other qubit with higher transition frequency is a nominally standard
transmon, which | denote as (see Fig. 7.4). This is also consistent witk differences ifD.
| alsonotethatfor0 , A O Sdis also visible, suggesting significantthermalpopulationin

the Sbstatefor 0
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Figure 7.4: Qubit spectroscopyf the gapengineered transmah (top) and the nominally
standard transmaob  (bottom)at high qubit drive powensith qubit transition ~ 7¢* ~3.7739
GHzand| /4 ~36746GHzfor 0 and] ¥¢* ~2.9297GHzand] 14" ~2.8172GHz for

0

7 4 Rabi Oscillations

A Rabi oscillation ], involves drivingcyclic transitionsbetween the state§)jz [Chusing
a nearly resonant drivén the absence of dissipation and dephasing, driving a qubi¢ p@iz
[Chtransition frequencgauses sinusoidal oscillation of the system's state between the two levels

[4]. The process | used to measure Rabi oscillatizes! thegpulse sequence depicted in Fidb,
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where the qubit tone pulse duratiGaniatd is applied withvarying Rabipulselengths. Figure
7.6 showsplots of 250 kHz Rabi spanning an & duration forthe two transmons on chip
SKD102.Due todecoherencaghe amplitude othe Rabi oscillationslecaywith a time constant
Y.

Thewaveform carbe fitto a functionof an exponentially decaying sine wave

Osa 0Q p AT Qo 68 X8

The constant® and 0 are the amplitude ofthe oscillation and the steaebstate population,
respectively.The two curvesshown in Fig 7.6 have”Yé 50 es. Note that fora frequency
independent losand dephasinghe decay time afhe Rabioscillation is related t@1 and T2 by
[5]

P P

P
3% Y cY8 X8

which implies thatY 47Y/3.

1
1
1
1
1
—

Qubit Pulse tRabi

v

Cavity Pulse t

Figure 7.5: Pulse sequence for Radscillation measurements. The qubit tone pulse leagiis

varied for Rabi measurements.
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Figure7.6: Rabi Oscillation decay nasurements faransmonsd and 0 with 250 kHz Rabi
frequency. The red curves are fits to an exponential decaying sine "Wavé0 €s for both

devices.

7.5 Relaxation Time"Y

To measurghe relaxation tim&y, | first applieda 1 ¢ s cta and mgasugediils s e
transmission through the cavifgee Fig. 7.7)the magnitude of this output voltage ds. A
calibrated -pulse was then appliedwith a lengtho (calibratedusing theRabi oscillatios
discussed in Se.4). This“ -pulse puts the qubit into its excited statinen waitedor atime aet

and measukttheamplitude of the transmitted cavity pulse To correct for driftl also measured

the transmission through the cavity af -pulse The transmitted amplitude of this pulse was
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Before measuringd, | also repeated the measurement of the transmitted ampfitwa®en the
system was in ground stateypically, this proceswas repeatedround 1000 times and the results
were averagetb determine the population of the qubit in the excited sthtd the specified time
d e | augingeet

N wd wo
Us 5 ~ & X
w0 W

X®

These steps were repeatedddferentYoto obtainf)s g as a function o¥a. | fit my results to

y
65.6( OQ_ OFI )(8(

whereA ~ 1is the initial [(histate occupancy ar@ ~ Ois the steady state occupancy or residual
thermal[Chistate occupancy

Figure7.8 showsrelaxation measurement$ the two qubits on chip SKD102 at the base
temperature of about 20 mKitting to Eq. (7.7) to my result, fob  yieldedT1=181¢ s@nd0
yielded T1 = 84 ps. Repeatedneasurementshowed substantial fluctuations Ta on successive

days as | discuss in Chapter 8.

Qubit Pulse — ) —

tn l l tn . t
Vo Vf I{g Vo
At |
34—»
Cavity Pulse t

Figure 7.7: Applied pulse sequence foelaxation time™Y measurementsThe delay timesetis

varied. Four transmitted amplitudexo fto fio are measured to obtain ;atdelay timeset
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Figure 7.8: Blue points show oneefaxationmeasurementsgor transmons (a) and(b) 0

The red curves are fits to an exponential deThgfits yielded"Y = 181esfor 0 and”Y = 84

e dor 0
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7.6 Spin Echo™¥

The spinecho technique, pioneered by Erwin Hal%), [was designed to counteract
inhomogeneous broadeningp nuclear magnetic resonance (NMRjahn realized that
inhomogeneitie the magnetic field were leading g@nificantspectral broadening], and this
could be removed by using a clever pulse sequértedephasing that was not removed causes
the resulting signal to decay with a characteristie “¥, calledthe spirecho time.

Figure 79 showsthe pulse sequen¢employed for spirechomeasurement first applied
a les cavity pulsew and measured the amplitugeof three pulses transmitted through the cavity.
| nextapplied &‘ /2 pulse to drive the qubit tthe xaxison the Bloch spher&he systenthen
evolvedfor an intervalqy2, followed by & -rotation around the-axis. Assuming no decoherence
or relaxation, this pulsalignsthe state vector with the positiveaxis in the cerotating frame.
Thenthe system agaiis allowed to evolve for a timg®y2. A f i “r2adtation, in the clockwise
direction around the -axis, isexecuted The system is then measuredsulting in a signal

magnitude ofv . | also measured the response of the systiima“ -pulselabelled asw without

time delay Yo 1 and its background reference pulse sigbal

Qubit 1r;:ulse Qubit pulse
Qubit Pulse 7" : . g A— t
T . T z
Vo At L At
_. —— —
— | |
Cavity Pulse t

Figure 79: Applied pulse sequence fepin echd¥ measurementsThe delay timeeis varied.
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Figure 710: Spin echo masurementgblue points)for transmons (a0 and(b) 0 on chip
SKD102 The red curve indicates the fit to an exponential detagfittings yielded™¢ = 66.5¢s

for 0 and”¥=51.9¢sfor O

In an ideal scenario without any decoherence, this sequence would leave the qubit in its
excitedstate Howeverthe real system experienadscoherenceayhich reduces the probability of

finding the system in the excited stal@e averagdinal signalwas fit to

<

LT)sa 6'9_ o] F] XEﬂJ
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where0~1 is the initial (Bistate occupancy, anid~1/2 is the expected steadiate occupancy.

Figure. 7.10showsmy fit to the spin echo datr qubits 0 and 0 on chip SKD102
at base temperature. | fiflg = 66.5esand 51.%s, respectivelyNote that'Y is related to'Y and
the puredephasing timéyY by [5]

P P P~
Yooy v X®
if the loss and dephasing are frequency independeain the'Y and™Y valuesl measuredor

these two transmongields”Y = 81.5¢ dor0 and’Y = 75.0e $or 0

7.7 Ramsey Oscillations

Norman Ramsey, a student of Isidor Rdipst developed the method now calledmsey
interferometry[6]. This method allowsighly precisemeasurement of theansition frequencies

To measure a RasmyOscillation, | first apply a cavity pulse and measure the transmitted
voltageaw (see Fig. 7.11). After letting the systenolve, | applya“ /2-pulse which rotates the
qubit statearound the >axis. After this pulse, the system is given tig®to evolve. Following
this, anothef' /2-pulse isappliedaround the »axis, and the state is then measured by applying a
cavity pulse and measuring the transmitted amplitudéf g = 0, the effect is just 4 -pulse,
resulting in the qubit beinigft in theexcitedstate Converselyif gpis equal td' /gp , which gp
is the detuning, the state vector rotates by B80Rg the equator.hle subsequerit/2-pulsethen
returns the state vector to gsoundstate.For qp> 0, the qubit stateanrelax anddephase

Ramsey fringes arypically generated bgriving the qubitwith a tone that igustslightly
off its resonance. When the/ p2ise deviateby v from the qubit's resonant frequencye the
gubit stategprecessearound the &axisin the cerotating framewith the rotation angle being the
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product of the detuningd and the delayime q. The accumulated phase durigh leads to a
changen the final state's observed populatRyin the[(histate ConsequentlyR« oscillateswith
a frequency proportional &g . This oscillationdecreases imagnitudewith a time constanty*

called the Ramsey time constant in spectroscopic coherencéltiese oscillationsan be fit to:
Osg 0 p Q OEdH 30 h X T

whereo is the amplitude of the oscillations agu is the detuning between the drive frequency
and the qubit transition frequency.

Figure 7.2 shows the Ramsey oscillations produced by trangimoron chip SKD102 at
the base temperature. From the fit, | fitvd = 24.8¢ s@nd detuningl = 0.4 MHz. Note that the
Ramsey oscillation of  was so noisy that it was hard to extrat¥avalue.

By measuring Ramsey Oscillations for differesgtuningssj , | could map out the
behavior of theRamsey fringes. Ae frequency of the oscillations should match the detuning,
enablinga highly precise determination of the quliequency. By analyzing the oscillation
frequency relative to the drive frequency, the transition frequency can be pinpointed where the
Ramsey frequency becomewra Figure 7.13 showsan example ofthe Ramsey fringe
measurement o

In general, the Ramsey decay is relateth& Y relaxation andY dephasindgimesby

p PP P~
YooY Y " X P

where™Y is the time constant for inhomogeneous broadefifiiginhomogeneous broadening
arises specifically from lovirequency noisein measuremerb-measurement variations

Inhomogeneous broadening, loss, and dephasing all play a role in determining the qubit's

spectroscopic linewidth ariey”.
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Figure7.11: Pulse sequence f®amsey OscillatiomeasurementsThe delay timee s varied.
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Figure7.12: Measurement of the excited state populaBgsversus Ramsey delay tiraebf 0
The red curve indicates the exponential decay fit to the blue data d¢iefd. yielded"Y* = 24.8

e sith 3 T¢a = 0.4MHz.
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7.8 Summary of Measured Parameters of the Devices

In this chapter, | described the characterizatibthe cavitySIl-2a andthe twoqubits on
chip SKD102andpresented initial measurements'¥f Y, Y and”Y*. | presented the sections in
the order | usually follow for transmon characterizatitout it was necessary torepeat
measurements fairly oftdén ensurehequbit parametersad not drifted too muclA summaryof

themaincavity and qubit parameters avidedin Table7.1.
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Table 7.1: Summary of the measured parameters of transtonand 0 on chip
SKD102] isthe['®z [Chtransition frequencyin this tablem is the gap of the pure Al lower
layer.qu is the gap of the oxygedoped upper layer of the gamgineered transmahn . g is the
gap of thepure Al upper layer of the standard transmon . O is the Josephson energy addis
the rough estimate for thehargingenergy.q 2/ qiis the volume ratio of the upper and lower

layers of the transmon.

Gapngineer ed St antdmamd®mon
JunctionR a 200 220 200 200
1 T ( GHz) 2.9297 3.778
] (eV) 12 16
O TQ(MH2) 225.0 1985
OTQYAGH2) 5.55 9.95
n(eV) 200.0 200.0
r(eV) 227.7
w(eV) 191.1
q2/q1 2.75 2.32
Y& 5 50 50
Y€ 5 180.9 84.1
Y€ b 66.5 51.9
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Chapter 8
Transmons with Gap-Engineered Electrodes:

T1 Measurements andOther Results

In the previous chaptel,described a gapngineeredransmonthat showed a relatively
large value foiT1. The gap differece betweerthe transmomlectrode and count&lectrode was
intended to induce loss from single quasiparticle tunnelMgtivated by these findingd,
constructed Al/AIQ/Al transmons witha range of gap values and large arrangentendsscern
their influence orT1. In this chapter | mainlgiscusshree specific design3 hefirst design was
discussed in the previous chapter. It hdsmseelectrode of pure Ahnda counterelectrode of
oxygendopedAl. | call thisthe low gajphigh gap deviceFor the next designthis layout was
flipped: The baseelectrode used oxygetopedAl, and the counteelectrode was of pure Al.
called this a higigap lowgap design. The third design involved addargextra layer of pure
aluminum to function as a quasipartitiap.

In this Chapter, | describl vs time and1vs temperature results on three chips. | observed
large T fluctuations in time in each transmon. From these measurenhénésl to unravel the

source othesefluctuationsand the identity of the dominant loss mechanism.
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8.1 Comparison of Low-Gap High-Gap Transmon and an Undoped Al

Transmon

After completinga preliminary characterization of the qubitso qubits0 and 0 on
transmon chip SKD10g&ee Chapter 7) usedthe highpower pulsed cavity readout techniqag
to measure theelaxation timerepeatedly over many houfSachT: measurement®ok about 5
minutes to obtain and required averaging 2000 voltage measuremeynt¥«dndVq (see Chapter
5). After eachTi value was found for one transmon, | immediatalyasured thé&: of the other
transmon tayetrepeated interleavefl measurementsf 0 and 0
Figure8.1(a)shows repeated measurements of the relaxationmtimithe gapengineered
transmon0 at the 20 mK base temperature of the refrigerator. The measurements sganned 1
hours Large fluctuations were observed, witv ar yi ng bet ween a mini mum
a maxi mum of about 310 ¢s. Fi g ulrversuStimé forthe s h ow
transmorh  which had pure Al layersRelatively large fluctuations ifi. were also obvious in
thistransmonwith Tivar yi ng bet ween about 5efgineeseddevice 100
had aT1 that was typically about two or three times longer than that of the standard traRdimon.
thmeeasurements aremwosihit es5 @ G0 Tvdarytaseeap it 09ogol2@%.
Examination of Fig. 8.1 reveals that the fluctuations of the two transmons wen®s®t
correlated, even though both transmons were on the same chip and the measurements were
interleavedntime Thi s strongly suggests that the fluct
fluctuating ext er n ahe losspbutrrather istcdnsistent with a fluetiaegng at i n
loss that is local to each qubi u r tamerl oyfs itshe f | wa tl U atbieondi datuas s e

ChapQer
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Figure 8.1: (a) The T vs time t measurement fahe gapengineered transmaln on chip
SKD102.The maximunil is over 30Cs. (b) TheTivstimet for the standard transmob  on

the same chipThe measurementd the two devices weriaterleaved.

8.2 Temperature Dependence ofT: for Low-Gap High-Gap Device and

Nominal Al Device

| next measuredhe temperaturelependencef Ti of the transmong®) and 0 gTo
achieve higher temperaturgsp weas appl hedter resistors | ocat e
plat@e&his all owed ubetweerenalh m&mpeda®d0O0d mK.c ol
tempedapenedent dat a, I swept the temperature
period of over 2 days. Each measurAeamdretng etroad ku

over 2h@®eaKeased t oandire fidelity ofahe highowerreadout was paor
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Figure8.2(a) shows measurementslafvs temperaturé& for the gap engineered transmon
0 . These data were taken while the mixing chamber temperature was slowly swept higher and
lower two times.There was a large variation i after sweeping to high temperature as well as
large fluctuationsn Tz in this data set, particularly at low temperatures, Withanging between
about 70e sat the end of the temperature sweepsl 200¢ sat the start of the sweep\t
temperatures above about 150 niKdecrease rapidly, as expected fronossdue tothermally
generatedjuasiparticles.

Figure8.2(b) shows the correspondiriy vs T plot for the standard transman . This
datawas acquired at the same time as that for trangmarThis transmon also showsigjnificant
Tivariations andelatively large fluctuations, witfi1 ranging between abo60 ¢ s90 a std
low temperature, as well as a rapid decreasdiirabove about 150 mK due to thermal
guasiparticles.

Figure8.2(c) and (d) show the sanie vs T data, but on a serAng plot. Examination of
these two plots reveal thtite fractionalsize of the fluctuations i1 does noseem tadepend on
temperaturei.e. the size of the fluctuations im Bppears to be proportional Ta. In particular
this means that the fluctuationsTin persist with the same relative size into the region where loss
is dominated by thermal quasiparticles. This was quite unexpected and reveals much about the
source of the fluctuations and tharigin of the loss in these devicess | will discuss in Chapter

9.
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Figure8.2 (a) Relaxation timeT: vs temperaturd of the gap engineered transmon on chip
SKD 102 T1 was measurewghile slowly ramping the mixing chamber temperature, with different
cycles indcated by red and blue pointach point took around 5 minutes. {[)vs temperature

T of the standard transman on chip SKD 102 (c) Corresponding senriog plot of T1 vs

temperaturd for transmon0 and (d) 0

| discussed a quasiparticle model in Sec. 4.2 and Sec. 4.3. This model can be fit to the data
in Fig. 8.3,and one sees reasonablalitative agreementhe differenffitting curvescorrespond
to different norequilibrium quasiparticlelensities which were used to fit the uppenjddle and
lower bounds of the datat higher temperature regidhisreveals that the curves converge to one

curve wherethe loss is dominated by thermally generated quasiparticlesreyndepends on the
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temperatureThe fits give> =225.3s e V 3 a 230.90c e V 0f amds =190.5¢ eV and
3 =179.6e e V U @These differ from values =200c e %,=228¢c e V za Aa1ble e V

that we found from direct measurements of the thin films but pretty close.
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Figure8.3: (a) Plot of T vs T for (a) gapengineered transman with fitting parameters: =
225. 3 geV 28mMd 90 standdrd mansthot( bwjth fitting parameters = 190.5
eeV aprldd.6e e.\Red and blue points show measurements for different temperature
sweeps and the cyan, green, and magenta curves are fits togapgwaoodel of loss from
guasiparticles with different neaquilibrium quasiparticle densities (see inset talftg)and (d)

are the serrliog plot of (a) and (b).
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8.3 Fabrication and Measurementsof High-Gap Low-Gap Transmons

As | discussed in Sec. 4the relaxation rate of a transmdueto quasiparticles is directly
related to the density of quasiparticles in the base electrode and counter electrode. Ttieamain
of gapengineering a transmon is that whem{ ges | QY the quasiparticles in the higjap
side will accumulate in the logap side, and igh - q@s 91 , they will not be able to absorb
energy from théransmon by tunneling to high gap side

The quasiparticle model of loss that | presente@hapter 4 also suggests that having a
low-gap electrode with a larger volume will make it a more effective quasiparticle trap. Since the
counter electrode is thicker than the base electrode, this suggests making the counter electrode
have the lower gapVe call this arrangement a higfap lowgap transmon.

To testthis ideafor improving theTs, | fabricated chip KL103. Theverallchip layoutis
the same athat forthe chip SKD10ZseeSec.5.]) [2]. In KL103 the base ettrodewas oxygen
doped and the counter electrode is pure Al. FigudeillBstrates the fabrication procedurén
contrast with théabricationprocedure foSKD102,] did not use a mask to coviealf of the chip
and thetransmonsave nominallyidenticallayers | called the left and right transmobs and
0 .Both transmonkavenominallythe same oxygedopedbase electrode with gap and pure
Al counter electrode with gape. Unfortunately,| d i d n-@dpositsingle films todirectly
measure th@aps,butthe gap valuesvere estimated from our test deposition results and the O
doping pressurtestdiscussed in Chapter Bhe base electrode with doping has theaeground
257 eeV. The pure Al counter electrode has the gamround 200ceV. In this case, both

transmonsd and O havegap differences greater than the . Electrical characterization

revealed thathe right transmorD  had higher transition frequenat 2.8790 GHz compared to

2.6100 GHdZor the left transmo
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Put chip in oxidize 7.5 min.

the evaporator In 1.3 Torr of O,
-
e . > >
5mm*5mm sapphire chip Deposit ~30 nm O, doped Al
after e-beam lithography lower layer 1 with gap A; at
angle 6
Lift-off Q2 Qg
Layer N
_ >
2
Deposit ~70nm pure Al Q2 and Qg2 are both
upper layer 2 with gap A, with gaps A; and A,
atangle -6

Figure 84. Fabricationprocedure for building two transmons onip KL103 in the same pump
down. Both gagengineered transmons haae electrode with gaps anda counterelectrode

with gapss- .

| performedinterleaved measurementf T1 versust for these two devicefor over 10
hours Figure 8.5(a)showsT: vs t for transmon0 and Fig. 8.5(b) showsT: versust for
transmord . Thetransmons have simildi and both show relatively large fluctuations between
80¢s to 20Ces. The left transmom  has aslightly longeraverage valu&i. The maximurs of
Ti for both devices @pear to b@ver 200es. However,| note that ths was not larger thathe T1
of 0 , even though the gap differens@s larger ford0 and 0 and the volume of the lower

gapelectrodevas largefor 0 and 0
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Figure8.5: (a) T1 vs time t datafor the gapengineered transman . (b) T1 vstimet datafor the

gapengineered transman .

8.4 Fabrication and Measurementsof Transmons with Trapping Layer

It was quite remarkable that the transmons
times tha transmorD . A possible explanation was thifie quasiparticleweregetting stuckn
the granulaAl, whichwould leave quasiparticles the high gap sidevhich could tunnel through
the junction and reduck. To examine this idea,ttied addinga low-gap trapping layeon top of

the electrode and countelectrode to traghe quasiparticles from both layers.
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Figure 8.6showsthe fabrication procedutaised to build the transmonsdoverall layout
of chip KL109 was somewhat different from that of SKD102 and KLBa#h transmons on chip
KL109 had an oxygedoped base electrode with ggp alessoxygendoped counter electrode
with gapge andapure Al trapping layer with the lowest ggp. 1 d i d n 6 t -delpasitect singleo
films to measure the gapsut | estimated gap values of each ldyem the oxygerdoping tests
which | discussedn Chapter 5. The base electrode with doping has themamund B5ceV.
The less oxygerdopedcounter electrode has the ggparound 20 eeV. The pure Al capping

layer has the gagsaround 20&eV.

Put chip in oxidize 18 min.
In 1.6 Torr of O
: = the evaporator Layer 2 Layer
- _ 1 —_— 2 —

Smm*5mm sapphire chip Deposit 30 nm 0, d_OPEd Al Deposit 70nm 0, doped Al (less
after e-beam lithography electrode layer 1 with gap A at  pressure) counter electrode layer 2 with
angle 6 gap A\, atangle - 8
oxidize 8 min. . widdegap L€ft transmon
In 0.8 Torr of O, Lift-off I Q3
Layer _— O O
3

Middegap Right transmon
Qg3
Deposit 60 nm pure Al trapping layer

. with gaps A, and A, Side views of
electrode layer 3 with gap A; atangle — ¢ trapping layer gaps A the junction area
A >A, > A,

Figure 86: Fabrication procedure for building and0 onchip KL109 Both transmons have

a triplelayer structuravith gapsq geandgs .
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(b)

Figure 87: SEM image of (a) junction area with triple layer structure on chip KL109. (b)
Detailed view of junction area with colored layers (shifted from original location for better

illustration of electrode layout): layer 1(blue), layefgeeen), and layer (®drange).
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The left and right transmons on this chip wealed 0 and0 and they were deposited

at the same time. When depositing the third trapping layer, | appkighaly differentangle
compared to the counter electraateit would only touch the base electrode of the left side but not
the counter electrode of theght side This guaranteed that the Josephson junction was still
between the first two layers (base electrode and counter elextFagure 8¢ shows SEM images
of one of the junctions.

The right transmond  had a higher transition frequency which is9220 GHz. The
transition frequency of the left transman was2.1540 GHz.This was somewhat lower than the
3 GHz I was aiming for, but acceptable.

Figure 88 shows repeated measurements of the relaxationTiroé 0 andd at 20
mK. The measurements spanned about 12 hours and large fluctuatidnsware again
evident0 tended to have longerT1, which fluctuatel betweenabout80 s and120¢s. 0
hadT:that fluctuated between about d9and 80cs. The T1 values of both devicesereshorter
thanmy other gapengineeredlevicesd , 0 and 0

If I compare thd results for my gap engineered transmadhsdevice withhighest gap
difference gave theghortestl1. This was the opposite of what | expected, which meansething
is missing fromour understanding ahe deviceébehavior As | mentioned in the beginning of this
chapter, ae possible explanation could be quasiparticles get stuck in the granular Ablayieas
T1 gets worse with increased granularifithough the third layer in device§ and0d were
meant to fix this problem, it did not. This may have been due to poor contact of the third layer or
the fact that | usedh andqge that were even larger, producing even more granular films. If this is
correct the trapping layer may not help. Another group has publigsettsfrom very granular

Al resonators which suggegstettylong quasiparticle trapping times in thegsonator$3]. In their
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Figure 8.8(a) T1 vs time t measurements fahe gapengineered transmod , which had a

trapping layer(b) TheTivstime t measurements ftire gapengineered transman , which had

a trapping layes

superconducting microwave resonatommesudden eventsccur(maybe due to cosmic raytsiat
cause a large increase in quasiparticle dendftya resonator ismade of pureAl, these
quasiparticlesvould quickly recombin€ms), and the resonator frequency would relax back to
relatively small steady statalue.By contrast, very granular Al seems to recover slowly which
may bedue tolocal inhomogeneityin the gap or the presence of tunnel barriers between the

grains Whatever the source of quasiparticlesce they get stuck in a granular layer, they have a
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hard timefinding each other and recombininggwtting outo the lowgap side In that case, there
will not be good interlayer transfer and tipgasiparticlesvill not empty out of the higlgap side.
This could leave quasiparticlés tunnel across th@osephsofunction and itdoesrt matter that
the lowto-high gap quasiparticlaunneling is suppressed.
Another possible issue is that the model only assumed single quasiparticle tunnelling in
present. If MAR issignificant, then even quasiparticles trapped in thedaw side willcontribute

to loss (seesec. 4.4

8.5 Charge Dispersionand T

| also performed chargeispersion measuremenbn 0 and tried to determine if1
depended on the offset chargkhe offset charge changes with tingd leads to frequency
variations in a qubisuch as0 that shows charge dispersiofhis could then lead tdl:
fluctuationsif T1 has a frequency dependen¥¥as this the cause of the fluctuations | was
observing? To try to answer this question, we preptredjubit state using long low power
excitation athe 2photonfrequencyfor the [ga- [fatransition Since thdga- [fatransition varied,
this is not a conventional state excitation for dirgtette lifetime measureme/e thenwait a
delay timeYt which was variednd measure the state occupancy. From thesesurements we
could extracthelifetime ofthelfaand|edstates as a function tife 2photon excitatiofirequency.

| took spectroscopy ol over a day| used dong and low powegubit pulseto avoid
power broading ancheasured the state using the hgwerJaynes Cummings readdj. Figure
8.9(a)shows spectroscopic measurementbefgo- |edtransition The charge dispersiagsaround
0.12 MHz.Figure 8.8(b)shows thdga- [fatwo-photon transitionThe totalcharge dispersiofor

lga- [fatransitionwasaround 1 MHzNote this is a twegphoton transition, this will correspond to
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twice as much dispersion (2MHz) in the single phdéon [fatransition. These charge dispersion
are consistent witHO Q= 180 MHz andthe qubit Hamiltonian Note that thgga- [ftransition
charge dispersiors much larger than the dispersion of {g&- |ed With this broader charge

dispersion, it is easier to identify the frequency dependence of the state litgtovsotonwhich

| shownext

t (h)

Figure 8.9: Repeated measurement of charge dispersion spectrum in tramsmofa) |gi- |eb

transitionversus time and(b) charge dispersion spectrum fgu- [fatwo photon transition
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| then performed delayed spectroscopytitwo-photon|gé- [féitransition for0 . | first
measuredhetransition at 21 frequencies, which covered the dispersion range.rhdesured the
delayed spectrum for thepghoton|fa- [gatransition. This ontains informatiomn thelfa- jeddecay
andthesubsequerled- |godecay.Figure 8.10 shows a general process of getting the state lifetime
from the delay spectrum measurement. For the measurement in Fig. 8.9, the delay spastrum
measureat 21 frequencies arfdr a range o/t values. [fit the signalsrom different time delay

Yt to extracfT:1 ateachfrequencyin the 2photonfrequency range.

;’SA t ;0“-~,\\
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Q0
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0 102
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Figure8.10: The general process of getting state lifetime from delay spedtitst).the repeated
charge dispersion spectrum is averaged atigathen | measure the spectrum with adding various
Yt before the cavity readout and get averaged spectrum fodeaeimally, fit the amplitude from

averaged spectrum with differe¥itto a decay curve and get state lifetime at dach
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| note that in order to measure the delay spectrum, | needed to use a different cavity power
to measureghe stateAt low readout powemwe areonly sensitive tahe [fGstate In principle, this
let me findthe[fastate qubit lifetime as a function fgfi- [fGtransition frequencies thenusel the
high-power readoust higher power where it wasensitive to bothed and [fa states From this
second set¢ould extract thgetstate lifetime as a function fa- [fatransition frequencies

Figure 8.11showsresults from thelelayed spectroscopyeasurements. Figure 8.11(a)
showsf|fastate lifetime measuremanfow readout powgrwith time delay from0 s to 50¢s.
Figure 8.11(b) showthe |edstate lifetime measurementhigh readout powgmwith time delay
from 0 esto 150¢s. The sgnalsateach frequencdecay withincreasingime delayYt. Note that
in Fig. 8.11(b) the output is sensitive tooth the jedandthe [fastate but bylonger time delay to
150¢s, mostof thesignalswould befrom the [ed state.Comparing the two plotd, notethat the
shapes are different which suggests a variatidn with the2-photon|go- [fatransition frequency.

Figure 8.12 showtheresultinglifetime of |edand|fastates from the delayed spectrgsico
measuremernin Fig. 8.8 The red curve is thieastate lifetime and the blue curve is fftestate
lifetime. |eGstate lifetimes vary between 85 to klhwhich is similar to the dired measurement
in Fig. 8.8 (b) The [fastate lifetime varid between 25 to 65s. This wasshort compared t{ed

statelifetime as expectedyutthestrong dependence affifset charge was unexpected.
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Figure8.11: Delayed spectroscopy measurement of transtorversus the-photon transition
frequency (a) signal fronifdi- [edtransitionfor delayYt = 0- 50esand(b) |ed- |géitransition with

Yt=0- 150¢s.
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Figure 8.12: Sate lifetime measurement offa stateand |ed stateover the |@& - [fa dispersive

frequencies

8.6 Summary of All the Gap-Engineered Devicesand Conclusion

Table 8.1 summarizes the mparameters ddll thegapengineered transmen made and
measured © FQof some devices are estimated from anharmonicityused five different
approaches to fabricate these deviédkthe chips havadesign that is similar ttihat of SKD102,
with two transmons (left and right) on one sapphire.cBipp KL04 had two transmons, but only
one was measureablrocess was used fothe fabrication othip SKD102and is described in

detail in Chapter 7. Both transmons have a pure Al base electrode, teft trensmon counter
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electrode doped with oxygen atitke right transmorhas acounter electrode made of pure Al.
usedProcess 2o createtwo identical transmons with a pure Al base electrode and an oxygen
doped counter electroderocess Zadds a pur@&0 nm thickAl trapping layeron top ofProcess 2.
Process 4an be thought of abe inverse of Process®ith an oxygerdoped base electrode and

a pureAl counter electrodel used this for chigKL103. Process Shad an oxygerdoped base
electrode, a counter electrode witsdexygen and apureAl trapping layerl used this for chip
KL109.

All devices were measured in the same Oxford refrigeratdoaseemperature of 2K,
with the chip ina 3D Al cavity.The transmons hadansition frequencies between 2.15 GHz and
5.20 GHzandT: varied between 4 and 31Cs. Figure8.13reveals thathe maximumT: values
increasd as the transmon frequency decreiad3dne red line in Fig. 8.13 shows the phenomenal
fit of function

4 iZ!\O"@
y pXR = 2 3 B

| note that most of the transmons with> 100¢s have transition frequencies below 3 GHhis

is much less thathe cavity frequency of 6.2 GHwhich reduces the contribution of the Purcell
effect | also note thatY due to TLS and quasiparticles should both increase as frequency
decreases, but not this rapidly. More work is needed to verify this behavior and understand its
cause.

In conclusion, this chapter | mainly discuss themeasurement of gagngineered
transmons. The maximuffu at base temperature (20 mK) was over 3801 also measured
temperature dependenceTaffrom 20 mK to 250 mK{§ and0 ). | then fit these data with
nonrequilibrium quasiparticle model whiaives3 = 225.3s e V 3a a8 #30.90c e V 0f or

ands =190.5¢c e V 3 ald96 ¢ e V¥ Hcompared to measuredgaps= 2003 se V,
139



~

228 egeV= ahdl eceV. U hdé ,0randds withdasger gapsnd different
electrode configuratiordi d n 6t pr Biithan@ e whicl mag lsedue to the granular films
trapping the quasiparticles. | also discuss the lifetime measurement fsbm delay spectrum to

figure out the impact of charge dispersionTan

1000 =
- 100 . 3
= 2
= [
x X
©

S 10 €
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Figure8.13: The maximunil1vs transmon frequency of the devices in Table 8.1. The red line is a

fitting line with the power relation of1 proportional t6Q .
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Table 8.1: Parameters of the transmons
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Table 8.1 (continued): Parameters of the transmons
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Chapter 9

Analysis of Relaxation Time Fluctuations

In all my transmonsT: fluctuated on the time scale of minutes, with a standard deviation
larger than 30% of the averade.this chapter| provide analysi®f the fluctuations thateveals
how they depend on time, om: itself, and on the temperaturBhis analysis showthatfor the
different devicesat base temperatyréhis fluctuation magnitude roughly scalesTa%? On the
other hand, if |1 consider how the fluctuations in each deviceevavith temperaturethe
fluctuation magnitude appears to be proportionalitd showthatthis behavior is inconsistent
with being caused by a fluctuating source of +eguilibrium quasiparticles, fluctuations in the
two-level system dielectric loss, Poisson fluctuations in the number of quasiparticles and
fluctuations in quasiparticle trapgrdue to changes in the number of vortidethen propose a
model in which the dissipation is due to quasiparticles and the fluctuations are produced by
changes in the number of quaaicle dissipation channel§his model appears to be consistent
with the observed:®? scaling of the fluctuationi different devices at base temperatanelthe
linear scaling inT:1 if the temperature is swept in individual devicéscluding when the

temperature is over 150 mK, where the loss is dominated by thermally generated quasiparticles
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9.1 T Fluctuation Data

Figure 9.1(a) shows the sani& vs temperaturd dataas Fig 8.2for transmon®) and
0 , butin this figureon onesemtlog plot.Using this data, & determined the standard deviation
of T1 as a function of temperatuby sorting the results for each device into narrow temperature
bins, and then taking the standard deviation oflthealues ineachbin.

Figure9.1 (b) shows the resulting plot &f vs Ti1 for both devices. Note that in this plot,
the points on the right (largdn values) are at lower temperature, while the points on the left
(smaller T1 values) are at higher temperatyresere thermal quasiparticles dominate. Both
devices show that is linearly proportional td1, even at higher temperatuiiéhus therelative
fluctuation size /T1 appears to be constant, independent of the temperature.

The fact tha /T1 does not vary from low to high temperature suggests that a single
fluctuating mechanism (the numerator) is responsible over the full range and furthermore that the
same loss mechanism (the denominator) dominates over the entire range. Since we krgsw the lo
at high temperature is dominated by quasiparticle loss, this suggests that this is also the dominant
loss mechanism at low temperatur®¢e examine this behavior further below to understand
whether this qualitative observation can be verified quarngisti

Our group and our collaborators at LPS have over the last few years acagdtiédnal
somewhat less detailed data on fluctuations in several ¢tiesmons. Some devices were
measured before and after cycling to room temperature and our collaborators used a different
dilution refrigerator and measurement systéigure 92 shows a summary plot gf vs Tifor
several of these transmoatshaseemperatureThe large range of averagemay be the result of

the roughly inverse relationship between qubit frequencyTanthat we have observed, gap
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Figure9.1:(a) Semilog plot of relaxation timd1 vs temperatur@ with results for gagengineered
transmond  (blue) and standard transman (red). (b) Semilog plot of A vs T1 for gap-

engineeredransmord  (blue) and standard transman (red). For this plot, theT: data in (a)
was divided into the temperature bins and the standard deviation was then calculated for each bin.
Note that temperature decreases from left (shorter flf)ds right (longer timeJ1). Dashed line

showsA scales linearly witfT.
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engineering, as well agherrandomvariatiors in the devics. The straight lindit on this loglog

plot shows, is proportional toT1*#3 which is close ta1*2 Needless to say, this surprising

not only because these are many different devices and tais covers about 2 and a half

decades, but also because the exponent is not 1, which was the exponent seen whef plstting

Tifor eachsingle transmon when its temperature was swegtroup from Fermi Lab also found

similar power law relations qf is proportional tor:>[1].

| note thatthe pointfor 0 “is an outlier. When we first measured this device, the mixing
chamber shield was not coatgiih SiC. Thus, this device was measured umiiféerent and much
noisier conditions from theothers.Because of thistishowed a significant excess excited state
population at base temperature and shierOur groupmeasured the same chip two additional
times after the can was coateth SiC and the corresponding points fall in line with the other
measurements.

At first sight, it is hard to see what could account for these exponents being different, but

in the next sectiohpresent a simple model that yielapossibleexplanation of this behavior.

9.2Model for Fluctuations in Quasiparticle Dissipation Channels

In order to understand the unusual behavior of the fluctuatiofis described abovd,
consider a simple model of which the relaxation rate of a transmon scales with the product of
the numbeNqgof quasiparticles in one el ectrmMNoaoie of
quasiparticle dissipation channels that acéive in the junction. We can think of a dissipation
channel as a relatively highansparency atomiscale region in the tunnel junction barrier through
which only quasiparticles can tunnel and cause loss. Variations in the transparency of the channels,

due to random charge noise for example, could cause variations in the channel conductance,
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Figure 9.2: Plot of A vs T1 for different transmons at the base temperature26f mK. The
transmons have different resonant frequencies, from 2.7 GHz to 5.2 GHz, and different layer
configurations(see Table 8.1)The straight line is a power law fit showifig ¢ "Y® . 0O

0 ,and0 were measured more than one time on different runs of the refridgerator and with

different cavities.

impacting the loss. It is important to note that we typically do not see corresponding large
fluctuations inthgé r ansmondés transition frequency. This
not affect the tunneling of pairs and must only impact the quasipatrticle tunneling. This is somewhat
unusual or unexpected and why we refer to them as quasiparticle dissipahoelstiKim et al.

[2] have reported simulations of electron tunneling throAgAIO x/Al junctionsand thg seem
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to show channels. This suggests that channelsbegent toAl/AlO x/Al junctions, at least as |
fabricatedthem

In this situation, the relaxation rate of the transmon can be written as

~

— — _h 0B

where 17Y is the relaxation rate due to all other processes (Purcell effect, direct coupling to the
input/output lines, two level systems, etc.) and the factor A may in general depend on other system
parameters such as the temperalyrthe gaps- andz of the electrodes, and the volume of the

el ectrodes, as well as the devicebs R.dpacitan

relaxation timeT1 will then obey

8 R,

| now assume that the number of dissipation chamhelsdergoes slow fluctuations (over
times much longer than it takes us to mea3uyevith a Poisson distribution, so that the standard
deviation ofNc obeys
\ 0 8 o)
HereNc should be taken as the average number of channels.

From Egs. 9.2) and 0.3), the resulting fluctuations i will have a standard deviation

given by

” S_ g; - l,)’_

In the limit™Y >> A/NcNg, i.e. the relaxation rate due to the quasiparticles is much larger than the

relaxation due to all other processes, then
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and the standard deviationTareduces to

In this limit, | can then write

— 0 h o

whereNc shouldagainbe taken as the average number of channels. Note that the left side of Eq.
(9.7) is just the inverse of the relative size of the fluctuations squared. As we noted, the relative
size of the fluctuations i1 in our device appears to be temperature independent, and this is

consistent with Eq.9(7) if the number of fluctuating channéls does not depend on temperature.

According to Eq. 4.7), the fraction "Y7, gives the average number of fluctuating

dissipation channels. f and the fluctuations itlNc aretemperature independent, then varying
the temperature will just change the number of quasiparticles, which will clamge device,

and the fluctuations would then obey

[
¢

@

with Nc being a temperatwi@dependent constarithis gives a linear dependence,of on Ti.
This is consistent with the Fi§.1 (b), which shows for a single device as the temperatiire

is varied.We thus see thdhe simple model explains why the relative size of the fluctuations is
temperature independeartdwhy this persists into thilaermal quasiparticle limit.

| note that Eq.9.8) can also be written in the form



Consider now a collection of transmons that areatithe same temperature and have the same
nontequilibrium quasiparticle numbe¥y and factorA, but different numbers of dissipation
channelsN: and relaxation timedJi. Clearly this would only be roughly true for the devices
included in Fig 9.2, which were measured in different systems and had a range of parameters.
Nevertheless, when measuridigferent devices, Eqg.9.9) implies that we should expect to see

K scaling withT:®2, which is similar to the observed scalingemphasize that while this does

not prove that the model is the correct explanation of the phenomenon, it does demonstrate that

the scaling off  with Tiseen in Fig9.1(whenTxz is varied by sweeping in individual devices)
is not inconsistent with the scaling 6f with T1®2, seen in Fig. 2 (whenT: of different devices

is measured at the same temperati8k)

9.3 Ruling Out Other Sources ofFluctuations

Although the above model is quite simple, it is not trivial. We can see this by considering the
behavior caused by other potential sources of the fluctuations, which do not reproduce the behavior
we observe in thé&: fluctuations.

First, consider a fluctuating external source of-eguilibrium quasiparticles. Of courske,
mentionedabove that such a source is not consistent with the uncorrelated fluctuatiarthan T
we saw in two transmons that were on the same @Gloisee whynote againn this casd can

write the relaxation rate as

~

— — —h wp TT
where A is a constaniqp is the total number of quasiparticles, andris the relaxation rate due
to all other processes. The relaxation time can then be written as
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The total number of quasiparticles will in general include those from thermal generation
and the external sourcés | discussed in Chapter 4, ifignore recombination and assume

quasiparticles are lost by trapping, then we can write

~

0 0 0O h «p q
whereNegis the number of thermally generated quasiparticles in one electrode of the transmon and
Nnegpis the number of quasiparticles thagnegenerated by the external sourcéNdégpundergoes

fluctuations with standard deviatign , the resulting fluctuations ifm are

” s— S: - n T w 8 (*Ip o

For different devices run in the same system at the same temperature, we might expect similar

factorsA and, , and we would then see scaling,of as T1? for different devices aall

temperature This is not consistent with thebserveddependenceseenin Fig. 9.2. Note alsg if

we measurdi versusT in a single device, Eq9(13 implies that we should expect to see scaling
of , asTi? which is not observed. E®.L3 also implies that if we sweep the temperature of a
device and measurédf,, )% we should see that it scales inversely With This is not observed.

In the Chapter 8Figure 8.3 shows results frorfitting the maximumTz vs T curve, the
minimum T1 vs T curve and the middl@1 vs T curve using a detailed model for loss due to
guasiparticles in a transmon with electrodes with different.géps model was described in
Sec.4.2 and Sec. 4.Bhe model includes neequilibrium generation of quasiparticles as well as
thermal generatiotdowever, examination of the higher temperature region reveals that the curves

converge to one curve; at high temperatures the loss is dominated by thermally generated
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quasiparticles and only depends on the temperaflines at temperatures where thermal
guasiparticles dominate the loss, fluctuations in the number eéqoifibrium quasiparticles is
relatively unrimportant, and this contradicts the observed behavior. We note that this same
argument can be used to rulet ductuations in the number of quasiparticles due to fluctuations
in the quasiparticle trapping rate.

Next consider what happens if there are fluctuations in the dielectric loss due to fluctuating

two-level systemsl can again write the total relaxation rate as
~ — —h o T

but this timel will suppose that 1¥ is a fluctuating relaxation rate due to TLS dielectric ldss.

then find

o
S 1o B e A A v

If Y and, are temperaturendependent, at least in the temperature range of interest, then Eq.
(9.15 implies that we would expect to see scaling asTi2 when we sweep the temperature of a

device. This is not what is observed. Equat®Af also implies that:

- wp @

SinceTa varies with temperature due to thermal quasiparticles, this implies that the right hand side
will not be independent of temperature, and that instead the relative size of the fluctuations will
decrease witincreasingemperature. This is quifgausiblebehavior, but it is not observed in our

devices.
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9.4 Conclusion

l toncl,usweonmeasured | arge tempor alTioffl uct u:
Al / FAIO transmons. While we have not identified
on the same <chip suggest a | ocal sour ce. Ch

magniltiodieput s further constraints on the natur
Tican be shortened by increasing the temperatu
case, UtweTispwto 250 mK,alwHeorses tilse sture to be do
Al ternatively, different devi cTgs dsuteudioe diatf e
the ideviosgi properties or measur emeurPtTid€nviron
Neither of these results seemed to depend on
simple model that showed this behavior is con
Adi ssipation channel s, 0 aenrdnarlecesooous i guasi part h
l evel systems. Further work wild.l be needed to

in these devices.
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Chapter 10

Conclusions

To conclude, Ifabricated Al/AIO x/Al transmonswith gapengineering mounted the
devicesin a 3D cavityandmeasuredheir relaxation tim&1. Thebestgapengineered devidead
amaximumT: that exceeded®@O0 Iealsa measured:repeatedly and obtainéd fluctuation
data at different temperatures. Based on the observed behavipostulatedthat the T
fluctuatiors were due to fluctuations in the numbegaoésiparticle dissipatiochannels.

In Chapter 4, Idiscussedthe impact of norequilibrium quasiparticles on transmon
relaxation. | introducg a modelfor quasiparticleinduced loss in transmorand how this loss
would vary with temperaturdotably, this modetanpredicta significantTi riseasT is reduced
i f the twd al dbod@wmmnedenf & etdheen td igfafpesr ence of t he

"Q . In this case, tunnelingf single quasiparticléom the lowgap side to the higbgap side can

be suppressedt her conditions for seeing this effec

gener ateiqug Ilndm i um quasiparticles, i1i) a relat

sufficient quasiparticle accumuleati anmdi nitheal

of ot her | oss mechani sms pr oducsicrug sreudbtshtqgaing i

Andreev refeftac@adns( ¥yAR)i cantly modiTfy these
Chapter 5 is dedicated to tdesign and fabricatioaf the transmon chip SKD102This

chip had two transmonwith thin-film electrodes of pure Al and countelectrodes made with

either pure Al or oxygewoped Al.The superconducting energy gap of each layes set byhe

oxygenduring that layer deposition and t he |[|.dnyGhaptes6ltdtbBscknbes th
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experi ment al appar atssd and me asneskcheornesy e ti mactl ud i
f o uTh, @%T2andT2".

In Chapter 7 discussed the basic characterization of thetwotransmons devi ce SKD1
Such daracterization of a qubit is essential before one can perform qubit manipuatae
operationsDevice parameters such as the qubit transition frequency and coherendertare
drift with time andshift slightly between cooldovenin the first cooldown, | found thah¢ gap
engineered transmanda muchongerTithanthe nongapengineeringransmoneven though
they were on the same chip.

In Chapter8, | described myneasurements dh as a function of time and temperattoe
the two transmons on ch§KD102.At 20 mK, the gapengineeredieviceon this chipshowedT:
variations between abol@0 & s a n while3he Whr-daped device on the same chip showed
Tivari ations bet we e nTheafloctuatibns BT in the o devicés wers .
uncorrelated. These were remarkably lafg#uctuations.l also discussd and compared thia
measurementdrom chips KL103 and KL109 which had different transmon electrode
configurations. All the devices tddong Ti, but not as long as expectgiventhe gap differences
It is possible thathis discrepancy was duedaasiparticles gahg stuck in the granular Al layers
which might causd@i to get worse with increased granulayias | observed-urther work should
focus on lower electrode gago the film idess granular and better understanding of MAR.

Chapter 9 focused on tfe fluctuations and a model to explain the fluctuation behavior.
For thedifferent devicesmade by our group and our collaborajatss fluctuationmagnitude
appears taoughly scale as a power laef T1 with an exponent near 1.5. With increasing
temperature]1 decreases due to a higher density of thermally generated quasiparticleactror

individual device measured up to 250 mK, the fluctuation magnitude appears to be proportional to
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Ta. | presented a model of quasiparticle dissipation channels that reproduces both observed scaling
relationshipsFinally, | noted that the scaling power lawsTafare not consistent with fluctuations

in two-levelsystem dielectric loss or fluctuations in the density ofeguilibrium quasiparticles
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