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feature of our sensor, we further extract dipole moments from individual TLSs and provide the
moment histograms of the two aluminum oxide film types. We observe polycrystalline oxide has
an average dipole moment = 2.6 Debye and a single-peak histogram consistent with a single TLS
origin. On the other hand, TLSs in amorphous oxide have a wide spread of dipole moment values

probably due to oxygen deficiency. Saturation slopes of TLSs in bulk films (polycrystalline and



amorphous phases) show a square root dependence of power indicating an ignorable TLS-TLS
interaction. Moreover, TLSs in the polycrystalline phase are more stable in the time domain
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dashed lines of Eq. 2.15 are plotted and compared in the right panel. We find
that the mechanical noise from the pulse tube slightly reduces the internal quality
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whether pulse tube is workingornot. . . . . . . ... ... 0oL
A schematic drawing of the electronic setup used in this thesis. Two microwave
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temperature stages stop the thermal radiation from the environment. Two circu-
lators after the cryogenic switch prevent the back-action of the amplifier noise.
Left: The schematic of a handmade RC filter. The symmetric T-shape circuit has
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voltage response of the handmade RC filter vs frequency. A sine wave with an
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find out the cutoff frequency f. is 40Hz. Right: Transmission rate of the RC filter
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Simulation of Eq. 3.5 with two strong-coupled TLSs. Only one of them is af-
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coupled to two TLSs and both have no voltage noise. The colored dashed lines
show the enhancement of o from 0.1 X g to 10 x g on the lower TLS. (b) Sim-
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Image of a Cu sample box and a printed circuit board (PCB). A total of 6 SMP
connectors includes two ports for transmission measurements and four ports for
voltage biasing. A sample chip is glued by GE varnish and wire-bonded to the
PCB. . . e
Left: Photo of the AXXIS chamber. Three sputtering guns on top and two of
them can apply a DC voltage and one of them can apply an RF voltage. Our
deposition system also carries an ion miller to remove substrate residues and an
e-beam evaporator on the bottom. The substrate holder is in the middle of the
chamber. Top right: Diagram of a sputtering process. The Ar ions are attracted
to the target material and will dislocate atoms from it. These atoms fly through
the chamber and deposit on the wafer. Bottom right: Diagram of an e-beam
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An example of reactive sputtering done in AXXIS. X-ray diffraction of titanium
nitride (TiN) films deposited by two parameter-sets shows two different domi-
nated peaks. Left: (200) peak 20 = 22° is seen in a 100 nm-thick TiN film
deposited at a total pressure F,,; = 6mTorr, Ar to N2 flow ratio = 2:8, tempera-
ture 7' = 650°C and a RF bias power = 15W. Right: (111) peak 20 = 18° is seen
in a 100 nm-thick TiN film deposited at P;,; = 2mTorr, Ar to N2 flow ratio = 3:7,
T =600°C'andaRFbiaspower=15W. . . . . ... ... ... .. .......

Comparison between a harmonic LC oscillator (a,b) and an anharmonic oscillator
(c,d). The anharmonicity is from a Josephson junction replacing the inductor in
the LC circuit. In the anharmonic oscillator, the energy spacing between each
level is different, which allows for the confinement of the computational subspace
to the lowest two energy levels. Figure is taken from Ref. [6] . . . . . . ... ..
A Josephson junction and a junction phase ¢ = ¢r—¢@r. A voltage can be applied
on two superconductors resulting an oscillation in ¢. Credit to Ref. [7] . . . . . .
Figure is from Ref. [8]. (a) Patterns formed at various stages of the process
flow:(1) TiN paddles, (i1 and iii) leads and (iv) (in a dashed circle) connected
Josephson junction which is formed by two angled evaporations and oxidation
near the Dolan bridge. Top Al evaporation finger overlaps an oxidized Al base
layer. (b)-(d) SEM images at consecutive stages. (b) Patterned Dolan bridge
before evaporations (c) Bridge with JJ (d) JJ after liftoff (bridge removed). (e)
Cross-sectional TEM image of angle-evaporated JJ. (f) Inline SEM measurements
of finger width in resist, with a fit to mean (solid line) and standard deviations o
(dashed line). Finger widths of top Josephson electrode with a standard deviation
of 0.78%. . . . . .
Qubit microwave measurement setup. Two input lines, A and B, transfer the mi-
crowave pulse for transmission and reflection measurements, respectively. Both
input lines have a total 70 dB attenuation and a 12GHz low-pass filter. The 1-
to-6 cryogenic switches allow us to measure up to 6 devices in one cooldown.
There are two circulators to reduce the reflection noise from the HEMT amplifier.
The control/measurement pulses are generated by a series of an IQ mixer and
mechanical switches. . . . . . .. ... Lo
Punch-out qubit readout. Left: qubit is in |0). Right: qubit is in the mixed state of
|0) and |1) by continuously pumping the qubit at its frequency. While increasing
the cavity drive power, we start to notice the cavity resonant frequency shifts to
a “bare” cavity frequency (~7.825 GHz) at high power. We find that it requires
more power for panel (a) than panel (b) to switch into the bare resonance. The
guideline is showing the readout power. . . . . . . . .. .. ... ... ... ..
Continuous wave measurement Sy; near cavity resonant frequency f. Left: In-
tensity plot of |Sy;(f)| vs qubit drive frequency f,. (b) |S2;| when qubit drive
frequency is around 4.71 and 4.42 GHz to excite |0) — |1) and |1) — |2) transi-
tion, respectively. . . . . .. L e e e e
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(a) Pulse sequences for Rabi and Ramsey measurement on top and bottom, re-
spectively. (b) Rabi measurement to determine the pulse length. (c) Ramsey mea-
surement to determent the qubit frequency and 75. (d) The histogram of single
shot measurement. We obtain the measurement fidelity F,. = 1 - P(e|g) — P(gle)
= 66%, where P(e|g) is the probability of qubit initialed in the ground state but
being measured as in the excited state. . . . . . ... ... ... L.

Left: the schematic of an Electrical-Bridge Quantum-Defect Sensor (EBQuDS).
A voltage bias is applied on the bias port on top. The four equal capacitors have
a voltage drop Vj;.s. Right: Image of a thin alumina film resonator used in this
chapter. . . . . . . L
Left: An individual TLS within a parallel-plate (tri-layer) capacitor with an ap-
plied voltage across two electrodes. Middle: An illustration of the TLS being
biased from position 1 to 3 and crossing the resonator frequency in the blue line.
Right: The transmission as a function of frequency and the bias voltage for a bi-
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Transmission electron microscope diffraction pattern. Left: polyscrystalline sam-
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Oxygen content x of AlOx layers fabricated with different oxidation techniques
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cles. Figure from [10]. . . . . . . . . . .. . .
TEM images and O-concentration profiles of AlOx layers fabricated by a single
oxidation process in (a) and iterative oxidation in (b). The oxidation condition is
the same at 250°C and 0.3mbar. Blue dotted lines are simulated O-concentration
profiles for Al1Ox layers with an ideal abrupt Al/AlOx interface. See Ref. [10] for
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Histogram H (p.), material TLS density D(p.), and distribution fits. The chosen
functions to fit D(p,) are a Gaussian function (red) and a gamma function (black).
The fitting method is shown in Appendix B.2. (a) H(p,) of 394 TLS moments
from polycrystalline phase. A Seaborn box is plotted to show measured (not
material) statistics, including the mean moment, a 25% and 75% range (dark
box), and data range (bar limits). (b) D(p.) o« H(p.)/p. after accounting for
the experimental weighing factor. From the Gaussian fit, we report the material
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(a) Color scale plot of |Sy| vs f and electric field Eq, from a a — AlO, resonator.
(b) Example of processed transmission data. The LC resonance is approximately
5.132 GHz (no longer visible after data processing). (c) The same data with traces
fit to TLS energy function. 7 fitted dipole moments are extracted at values of 3.2
- 12.7 D. TLSs whose energy does not depend on bias voltage are marked by
arrows. Curved red dashed trace shows an anomalous TLS; it switches between
a hyperbola and nearly constant energy of 5.116 GHz at E., = —30 kV/m and
Eo,=—18kV/m. . . .. . e
TLS spectrum of a — AlO, sample scanned from low-to-high in voltage (top)
and high-to-low in voltage (bottom). The two scans are measured without time
interval. We find TLSs are not repeatable after the voltage bias changes direction.
Left: The measured distribution of 189 a — AlO, TLSs. Right: The probability
of the material TLS dipole distribution. Dashed lines are acquired by calculation
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Chapter 1: Introduction

1.1 Overview of quantum computing

Richard Feynman once proposed the idea of using quantum computers (QCs) to simulate
quantum systems which can outspeed classical computers [11]. It was unclear how to actually
achieve a quantum speed-up until a few quantum algorithms were discovered [12—16]. Peter Shor
proposed an algorithm for integer factoring which is computationally difficult for large integers
in a classical computer and is the basis of the standard encryption via the internet [12]. Thus,
the security of widely used cryptosystems could be potentially broken by QCs [14]. Grover’s
algorithm solved the problem of searching through unstructured data and showed a potential
improvement of operation numbers from O(N) to O(v/N) [16]. In the near future, we might
not see the above two algorithms running since they require millions of qubits with very high
fidelities [17]. However, some algorithms have potential if we could reach hundreds of qubits.
For example, quantum approximate optimization algorithm (QAOA) was proposed to improve
the computation time of problems such as Max-Cut and the max-independent set [18]. More-
over, quantum simulation of chemistry problems with quantum processors could potentially have
practical consequences in the near-term [19,20]. As a result, cryptography, chemistry simulation,
optimization, and machine learning have been significantly impacted by this technology.

The fundamental of computing is a bit, which is the smallest unit of classical information



and can be in one of two discrete values (0 or 1). A classical bit is relatively robust to all sorts of
noise, such as physical motions, temperature fluctuations, magnetic fields, etc, within a reason-
able margin. Even if an error occurs, well-developed error correction codes can rectify it [21].
A quantum counterpart of a bit is called “qubit”. A qubit has states in the basis of |0) and |1),
and can represent an infinite set of values. Unlike classical bits, qubits are highly vulnerable to
environmental noises [22,23]. Based on quantum mechanics, any unwanted interactions with the
environment will cause a quantum state to collapse into a spurious state. Moreover, imprecision
in qubit control would propagate forward during operations, and there is nothing to prevent the
accumulating errors from building up. The problems lie in the conflicting demands which re-
quires tremendous efforts to achieve together: a highly isolated quantum system on one side, and
fast manipulations and rapid readouts on the other side.

Many schemes of quantum error correction are proposed to correct errors [24-27]. When
multiple connected qubits have their gate error per operation below a certain threshold value,
then we could bundle many imperfect qubits together into one near-perfect “logical” qubit. In the
simplest example, a bit-flip code copies the information multiple times and corrects the error if
disagreement happens, while the phase-flip error correction is more complex [24]. A more com-
plicated error-correcting process (i.e. surface code) attempts to use a number of two-dimensional
physical qubits array as one fault-tolerant logical qubit [27].

In principle, any quantum system with distinguishable energy states can be operated as
a qubit. Many physical implementations have been proposed and developed: polarization op-
tics [28,29], nuclear spin [30], spins trapped by crystal defects or within quantum dots [31, 32],
ionized atoms [33], superconducting qubit [34-36], etc. There are strengths and weaknesses
in each approach, and none has convincing advantages to set itself apart as the only candidate.
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Superconducting (SC) qubits meet most of the requirements of building QCs in the future: long-
lived qubits, purity of two-qubits entanglement control, qubit state readout, scalability, etc. SC
qubits utilize the Josephson effect to realize artificial atoms [37] and the well-controlled Joseph-
son junction (JJ) barrier thickness guarantees the accuracy of designed qubit frequencies. A
“quantum Moore’s law” shows an increase in their lifetime by five orders of magnitude [22,36].
The improvement of qubit quality comes from many aspects. First of all, researchers learn to
avoid the loss mechanisms from (1) two-level systems (TLSs), which are located in disordered
interfaces or dielectric materials [38—40], or (2) quasiparticles generated by high-energy parti-
cles [41,42]. Moreover, new superconductor materials, such as Ta [43], Nb [44], or TiN [45,46],
are found to have low loss and replace the traditional metal Al to improve the qubit lifetime.
Third, quantum-limited amplifiers utilizing the nonlinearity from JJs [47,48] or the kinetic in-
ductance of superconductors [49] provide a large signal gain with a small added noise and en-
hance the readout fidelity. Fourth, noise insensitive designs are proposed to protect qubits from
decoherence i.e., transmon [35], fluxonium [50] or O-7 [51] qubits, which have delocalized wave-
functions either in charge or/and in phase. Lastly, SC qubits are relatively easy to scale compared
to other systems. Due to the compatibility with the well-developed complementary metal-oxide
semiconductor (CMOS) techniques, one can design quantum systems on two or three chips with
high-density qubits and attach them together [52, 53].

However, when the qubit processors are made more compact, complicated crosstalk be-
tween qubits would be an issue that is hard to be classified and be prevented. Moreover, the
problems of heating from readout pulses, complex coax cables for qubit frequency control, or
insufficient spacing for cryogenic microwave components in cryostat cast a few daunting chal-
lenges. In current standard decoherence time (7} ~100 us), the requirement of an arbitrary

3



quantum algorithm would be millions of qubits and would pose challenges for cryogenic engi-
neering [17]. Additionally, even though the physical size of a qubit is small, it is still larger
than that of its classical counterpart. These problems present challenges to the manufacture of
high-quality qubits with scalability to fulfill the advantage of quantum computing. In this thesis,
we aim to understand TLSs, the dominating loss source, in aluminum oxide, especially their mi-
crowave properties and microscopic information. The technique we used would be powerful for

future TLS characterization on other materials as well.

1.1.1 The Bloch sphere

As mentioned above, the qubit can be described by two levels, the ground state |0) and the

excited state |1). A general expression for a qubit state in the basis of |0) and |1) is

W) = a0) + B[1), (L.1)

where o and /3 are two complex numbers. The probabilities of |0) and |1) are |a|* and |3]?,

respectively, which can be confirmed in measurements. As expected, the probabilities follow the
normalization rule of

la> + |8 = 1. (1.2)

It is useful to imagine the state as a vector on a sphere, also called the Bloch sphere, as shown in

Fig. 1.1. We define that two orthogonal basis states, |0) and |1), are on north and south poles on
the z-axis, respectively, and % points to the positive x-axis on the Bloch sphere. Each vector

on the sphere can also be represented by two real value bases: # and ¢. @ is the angle between



10} + |1}

V2

Figure 1.1: The Bloch sphere provides a visualization of a single qubit state. Any point on

this sphere can be represented by a linear combination of the |0) and |1) states with complex

coefficients as mentioned in Eq. 1.3. A T-pulse ’rotates’ a qubit from the |0)-state to % along

the y-axis. Figure is from Ref. [1]

the vector and the z-axis. ¢ is the angle between the vector and the positive x-axis measuring

counter-clockwise. The state can be rephrased as

) :cosg|o>+ei¢sing|1>. (1.3)

1.1.2  Density matrix

A state is called “pure” if it can be represented by a vector |U). For a pure state, the density

matrix
Poo  Po1 lal*  ap*
P10 P11 BB 2
However, it is insufficient if we want to describe qubits in “mixed” states by a vector. Mixed states

cannot be represented as linear superpositions of normalized state vectors. Traces of the square

p* is smaller than 1, Tr(p?) < 1, for a mixed state. Here Tr(A) is the sum of all elements on the



diagonal. Mostly, the off-diagonal term, |pg1 |, is smaller than |a/5*| due to the decoherence or the
measurement. For example, due to the nature of a quantum mechanical system, the qubit state
would collapse or project on the measurement axis after the measurement. The post-measurement

state becomes a mixed state and

p= (1.5)

after measuring in z-axis.

1.1.3  Qubit gate and Pauli matrices

For accurate qubit controls, fast operations of a set of quantum gates are essential to max-
imizing the operation number within the qubit lifetime. Theoretically, all single qubit gates can

be comprised of Pauli matrices

0 1 0 —i 1 0
Oz = y Oy = y Oz = (1.6)
10 1 0 0 —1
and
0 2 0 0
oy = , O_ = (1.7)
0 0 2 0

in the basis of |0) and |1). Operators describing the angle # of rotation about three axes are R,,

R,, and R, where

R;(0) = e12% = cos <§>f — isin <g>a@- (1.8)



fori=x, y, 2. Ampulse R, (7) or J pulse R, (5) (see Fig. 1.1), for example rotates the qubit
state along the y-axis, is one of the most common gates. A 7 pulse rotates the state from |0) to

the positive x-axis and is shown in Fig. 1.1.

1.1.4 Qubit decoherence

Classically, a bit of 1 that gradually switches to 0 due to noise can be protected by thresh-
olding [21]. However, unlike classical bits, thresholding does not help qubits since qubits no
longer carry quantum information after measurements. Additionally, qubits lose their informa-
tion exponentially via environmental interactions and collapse into a random axis. One kind of
noise is “bit-flip” errors that switch the ground state to the excited state and vice versa. Another
noise acts on ¢ and causes “phase” error corresponding to the unstable energy of a qubit, which
has no analogy to the classical one. It is unique because it involves no energy loss.

To incorporate the dissipative environment, one would need to know the Hamiltonian and
density operator of the complete system consisting of both the qubit and the environment. This
approach is not feasible due to the size of the computation basis. However, this problem can be
mitigated by explicitly adding a dissipation term for incoherent interactions with the environment
to the qubit Hamiltonian . The resulting equation is the so-called Lindblad master equation [54]

o _

i
o= 3 [Mr) +;FkDﬁk (), (1.9)

where the jump operators Ly, describes the exchange of single quanta with the environment at
an interaction rate Iy for the decoherence channel “k”, and the Lindblad operator D), (p) =

MpM" — L(MTMp+ pMTM).



For instance, the energy relaxation from a bip-flip error is encoded in the operator L; =
|0) (1| = o_/2 at a decay rate I'; = 1/T;. And the dephasing process from a phase error has

operator Ly = 0, /+/2 at a dephasing rate I';. Inserting these two error types into Eq. 1.9 yields

Iy
d Poo  Po1 ‘ —I'1 poo - (— + F¢) Po1
4 — L+ ’ . (L10)

P10 P11 - (% + F¢>) P10 I'1 p1n
Following standard convention, I define the off-diagonal decay rate (or decoherence rate) [y =
D4 Ty =1/

In a relaxation measurement, we apply a 7 pulse and readout the qubit of the z-axis after a
certain waiting time. An exponential decay is expected and pi;(t) = e~*/Tt for a state initialized
in [1). After measuring on the z-axis several times, we access p;1(t) by counting the number
of the states in |0) and |1). In order to measure the decoherence or the ¢ decay, we change the
measurement axis by applying two 7 pulses with waiting time in between. We determine the

performance of a single qubit by these two measurements in Chapter 4.

1.2 Wave and Quantum electrodynamics

Cavity quantum electrodynamics (cQED) is a physics subfield that describes a quantum
system (with quantized energy levels such as atoms or electrons) interacting with discrete har-
monic modes (photons, electromagnetic fields, etc). The quantum electrodynamics of microwave
fields and quantum bits implemented in superconducting circuits is called circuit QED (also ab-
breviated as cQED). cQED plays an important role in superconducting qubit readout [55, 56]

and quantum simulations [57]. Following standard methods, I start with the quantized electro-



magnetic field by collective harmonic modes. Second, I will describe the quantization of the
field of superconducting LC circuits as a harmonic oscillator or a resonator. Finally, I will use
the Jaynes-Cummings (JC) model to describe the whole system including a qubit (atom) and a

resonator.

1.2.1 Quantization of the electromagnetic field

The first one to describe radiation and matter was Dirac who came up with the idea of the
quantization of the electromagnetic field as an ensemble of harmonic oscillators and introduced
the concept of creation and annihilation operators of particles [58]. He was able to describe
the spontaneous emission probability of an atom. One of the standard strategies to describe a
light-matter system involves quantization of the electromagnetic (EM) field. It is convenient to
consider an EM field without a source as a collection of infinite harmonic oscillator modes. From
Maxwell equations, I can write the electrical field (E') and magnetic field (B) which must satisfy

the vector potential (A) and scalar potential (P) as

(1.11)



For the total field in a volume V' supposing periodic boundary conditions, we can perform a

Fourier expansion on A over a collection of these modes k:

1 .
A(r,t) = — Y  Ag(t) e, 1.12
where
/dgr KT KT — V5. (1.13)

Two potentials are put in the radiation gauge such that any set of the potential has the properties

®=0and V- A =0resulting in k - Ay = 0. From Eq. 1.11, the vector potential satisfies a wave

equation VA — L4 — () and we can further choose Ax(t) = Ay e “* and wy, = |klc. In

the case of a standing wave in a box, the standing wave is a combination of positive and negative

wavevector k and we obtain a new equation from Eq. 1.12:

1 ) ) ) )

A(r,t) = —= Apetkriont 1 A emikrtint (1.14

Since A* = A, we get A_, = Aj. The energy H gy, in the space contains energy from the
electric field and magnetic field, and

1 1 1 (0A\?

= — | &x(E? B2:—/d3 == V x A . 1.15

Hou 87r/ oE +B) 8m Yl ot +(VxA) (1.15)
Substituting A from Eq. 1.14 yields

M :izw—’%\A 1?4+ k2| Al (1.16)

EM = o . 2 14k k| .
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which looks similar to the Hamiltonian of a classical harmonic oscillator. Inspired by Dirac and
harmonic motions, we can introduce annihilation operators, ax and a_g, for the k and -k mode.
Since k - Ay = 0, there are two transverse unit vectors corresponding to photon polarization é,,

where o = 1, 2. Therefore, we obtain

4drc?h (ko + aik
A, = Ye,, 1.17
e 2 4
and
h 1
Hem = Z kz (akaaLa + aLaa,m + a_kaaT_,m + aT_kaa_ka) = hkz <a};aaka + 5) .

(1.18)

We can recast A(r,t) as

1 Ancch ((aga+al .. ke tal
A(’r, f,‘) = — Z €. e k —ka ezk:-rfzwkt + a—ka + A, efzk:-rJrzwkt .
2VV = Wi V2 V2

(1.19)

Finally, E¥ and B are quantized as

[27h , , , ,
E(r,t) — 3 % % /_Wk éa (a'ka ezk.r—zwkt _ a};a e—zk.r—i-zwkt) (120)

2mhc? kxe . . . .
B(rt) = iy/ i (a | etkr—ient _ ot e—““‘+w>. (1.21)
( ) V g \/W_k k ko
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1.2.2 Quantization of LC circuit

An LC circuit is also a harmonic oscillator (resonator), and, therefore, can be quantized
using the same methods as mentioned in Chap. 1.2.1. Quantizing resonators are important to
understand the fundamental of our quantum system. To begin with, I will start from the classical

LC circuit. From current / and voltage V relationship in inductor L and capacitor C', we have

I(t) = OdZ—f)

V(T) = d;_gf) (1.22)
e 1
Gl O+ 2510 =0

with the angular resonant frequency w = \/%*c The energies store in C' and L are Up = %CV2

and Uy = %LI 2, respectively, and the Lagrangian

1 1
L= 5Cv2 — 5L12. (1.23)

Choosing a more convenient pair of variables (branch flux ¢ and branch charge ()) [59] by the

definition that
t
Qlt) / I(7)dr (1.24)
and
t t
o(t) = / V(r)dr = / Qg)dT, (1.25)
I get
2 2
o ;2_0 _ f_L (1.26)



or

Co* ¢
_— = — 1.27
L= 2 2L (1.27)
Since 2% 50 EQ ¢, ¢ and (Q are a pair of conjugate variables . Therefore, the Hamiltonian H ¢
in terms of ¢ and (@) is
¢2 Q*
=— 4+ — 1.28
Hic = + 50" (1.28)

The transformation from classical to quantum mechanics is similar to the Hamiltonian of a me-

chanical oscillator H,,,, = 2 4 me? 32 through p — Q, & — ¢, m — C and mw? — 1. The

2m 2
annihilation operator a for LC circuit can be written as a = \/% (\/%—L —1 @> such that
- hZz
b= 7(aT + a) (1.29)
and
A h
Q=—iy/57(a' —a), (1.30)

M (a” — a) [60]. The

&'

where Z = \/% . A useful expression of voltage operator V= % = —1
amplitude of V is Vipr = 4/ g—g and is frequently used in later chapters for calculation of the Rabi
frequency or the coupling strength of TLS-resonator. For example, the zero-point electrical field
of a tri-layer capacitance C' in an LC resonator is

Veps 2C hw

B, =2 — — = 131
B d 2V (1.31)

where the dielectric has a thickness d, a dielectric constant € and a volume V.
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Figure 1.2: Left: Illustration of the Jaynes-Cummings model. An atom with two states sits
inside a cavity. Figure is from Wiki (link). Right: The cavity resonant frequency depends on
qubit’s state and the frequency shift is 2y. To obtain high readout fidelity, it is important to have
2X > Kiot, Where k4 15 the total decay rate of the resonator. Figure is from Ref. [2]

1.3 Jaynes-Cumming model

The Jaynes-Cumming (JC) model describes the system of a two-level atom interacting with
a quantized mode of a harmonic oscillator (or a bosonic field) shown in Fig. 1.2. The JC model
is particularly important in describing qubit-resonator systems due to the readout scheme. The
full Hamiltonian is

H= Hfield + Hatom + Hinh (132)

which consists of the field Hamiltonian H f;¢;4, the atom Hamiltonian H ..., and the interaction

of atom-field Hamiltonian H,;,;. Here, H ie1q = hweata, Hotom = h‘;“ o, and H;y = hgla +
a’)(o4 + o_), where g is the coupling strength, w, is the harmonic mode frequency, and w, is
atom frequency.

The special case where the detuning A = w, — w, is much larger than g gives the so-

called dispersive regime. In this limit, the qubit and the cavity do not exchange energy, meaning
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the eigenstates of the system can be well approximated by the product states of the qubit and
the cavity. Starting from the JC model, I apply a unitary transformation D = exp (A\X_) =

exp{ (% (¢_a' — 04a™))} on H and expand the dispersive Hamiltonian

2

R N A .
Haisp = DIHD =H + N[H, X_] + 5 [[H,X_],X_]+ 0\, (1.33)

where A = £ is a small value. I further simplify the equation while considering only the first

order of A and

1 92
Haisp = 3 (wa + ZaTa) o, + hwea'a (1.34)
or
1 g2
Haisp = éhwaaz +h <wc + ZUZ> a'a. (1.35)

The above Eq. 1.35 indicates the possibility of quantum non-demolition (QND) measurements.
A QND measurement would leave the qubit in its measured eigenstate, e.g. if one measures |1)
the state will remain in |1) upon repeated measurements. Mathematically, it means that a QND
measurement operator M is commuting with the full Hamiltonian: [H4s,, M| =0. We can realize
QND measurement by probing the cavity frequency which yields M = dla. Experimentally,
we will observe that the cavity frequency w. £ x is depending on the state of a qubit, where
X = %. The illustration of the state-dependent resonator frequencies, w!” and w'cl>, is shown in

Fig. 1.2. A high-fidelity readout is shown when the two times the dispersive shift larger than the

total decay rate k¢ of a resonator: 2y > Ky [56].
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1.4 Overview of thesis

In our group, we try to understand the loss mechanisms of superconducting devices which
could direct a path for further improving the single qubit performance. My thesis is divided
into three parts: (a) characterization and analysis of TLS individually in bulk dielectrics, (b)
fast-switching behavior of Al surface TLS, and (c) measurement of all-optical lithography made
transmons. The goal of the thesis is to increase the understanding of nanoscale TLS defects.

In Chapter 2, I describe the standard tunneling model of TLS together with the design of
my defect sensors. In Chapter 3, I describe the experimental setup along with the equipment
for device fabrications. In Chapter 4, I introduce transmons solely made by optical lithography.
In Chapter 5, I introduce the TLS spectrum in two structural phases of alumina. In addition, I
describe the factors that prevent dipole extraction. Chapter 6 describes vacuum-gap resonators

which provide evidence of interacting TLS. Finally, I summarize the thesis in Chapter 7.

16



Chapter 2:  Superconducting Devices and Nanoscale Two-Level Defects

2.1 Quantum engineering

Exploiting the ultralow resistance of superconductors makes high-quality resonators pos-
sible. In 1911 Heike Kamerlingh Onnes discovered the first superconductor. He measured the
disappearance of the resistivity of mercury at temperature below 4.25K. In the 1950s, the theory
proposed by Bardeen, Cooper, and Schrieffer (BCS) microscopically describes the superconduc-
tivity [61]. They find that a weak attractive interaction between electrons and phonons can cause
the formation of bound pairs of electrons which they called Cooper pairs.

Resonators made by superconductors will have very small energy loss from Joule heat-
ing and, therefore, secure high-quality factors (). For example, bulk niobium resonators used
in particle accelerators reach quality factors of 10* [62]. In superconducting circuit, clean su-
perconducting materials such as aluminum and niobium can be grown easily by a physical va-
por deposition method and are compatible with the standard lithography fabrication processes.
Moreover, the Josephson effect, describing Cooper pairs tunneling between two superconductors
separated by a thin insulator, provides the nonlinearity for superconducting qubits [63].

In this section, I will introduce the concepts of lossless transmission lines and LC circuits

as resonators for material characterization.
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o—— ——o0
/4 (511 S12> V2
o— S21 S22 — 0

Figure 2.1: Schematic of a two-port network characterised by its scattering matrix.

2.1.1 Two-port network and scattering matrix

A two-port network shown in Fig. 2.1 is an electric circuit with two pairs of terminals.
Mathematically, a two-port network is fully described by a 2 by 2 scattering matrix of complex

numbers

. S11 Sia
S = . (2.1)

521 522

Defining the incident voltage waves as V," and the reflected (output) wave as V,~ from port k,

Vi Vy
SH = V_1+ and 522 = V_2+ (22)
Similarly,
Vi© Vy
312 = V_2+ and Sgl = V—l_,'_ (23)

For instance, a lossless ideal transmission line mentioned later in Chap. 2.1.2 has magnitudes
of Si5 and S5 equal to 1 and that of S7; and S5 equal to 0. The scattering matrix is particu-
larly important for resonator measurements as they directly reflect the properties such as () and

accessible through the measurement from a vector network analyzer (VNA).
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Conducting strip
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\ Dielectric substrate

Figure 2.2: Left: Microstrip transmission line. It consists of 3 layers, conducting strip, dielectric
and ground plane. Right: Coplanar waveguide transmission line. It is formed from a center trace
separated from a pair of ground planes, all on the same plane, atop a substrate.

¢n—1| (pn ¢n+1
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see C ox == C ox == Ciox == ooe

Figure 2.3: Lossless transmission line model: A lumped element representation of infinitesimal
sections of inductors and capacitors. A unit is comprised of a small inductor in wave transmission
direction and a capacitor to ground.

2.1.2 Transmission line

Transmission lines are one-dimensional waveguides and form an important part of quantum
circuits since they provide channels for transmitting signals. Microstrips, which have a center
trace and ground plane separated by dielectrics, and coplanar waveguides (CPW), which have
a center trace and ground planes on the same level, are two of the transmission line types (Fig.
2.2). CPW is more widely used due to the fewer fabrication steps and lower loss per meter
than microstrips. Both types can be described by a model of infinitesimal sections along two
conductors in the transverse direction of propagation [64]. In a simple case, we only consider the

lossless transmission line for CPW since the loss per meter is generally close to 0. The illustration
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of a lossless model is shown in Fig. 2.3.

In the case of a uniform capacitance and inductance per length, C; and L;, respectively,
the n-th infinitesimal section with length dx contains a small capacitor 0C' = C;dx and inductor
0L = L;6x. The Lagrangian is given by the sum over the energies of all nodes or sections,

1 ;2 1 (¢n - ¢n—1)2
L= <§6C¢n o) (2:4)

2 oL

n

where ¢,, is the flux of the n-th node and is defined in Eq. 1.2.2. Further, if x — 0, we yield

L
Ly = /_L dx [%q'ﬁ(x,t)? - QLLZ(qb’(x,t))z} : (2.5)

The equation of motion for this Lagrangian is

19%9(,1)

Cio(x,t) = o, o2

(2.6)

The phase velocity with which a signal propagates through the CPW structure is given by v, =
ﬁ, and electromagnetic waves propagating along a transmission line depend only on C) and
L; [65]. This model can build open systems, resonators, or semi-infinite systems with one or two
shorted ends. The differences are given by the boundary condition of the circuit configuration.

Next, I will describe CPW transmission lines with one or two openings as a common type of

resonator.
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Figure 2.4: Lumped element representations of RLC circuit. Left: a series RLC. Middle: a par-
allel RLC. Right: a RLC circuit inductively couples to a transmission line. Energy is exchanged
through the mutual inductance between the transmission line and the resonator.

2.1.3 Overviews of superconducting resonators

In superconducting quantum information, LC oscillators are typically used to control and
read out the state of a qubit. Generally, LC oscillators cannot be used as a qubit solely, (exceptions
see [66]). Energies with hw could excite the ground state to the first excited state but also lead
to the excitation of the first excited state to the second state as wyy = wy2. One can avoid this by
using a non-linear element, which is the Josephson junction and will be mentioned in Chapter 4,
to change the energy potential from harmonic to anharmonic: wyy # wis.

Electrical circuits comprising inductive and capacitive elements have a resonance frequency
due to the opposite phase shift between their impedance. The most general model here is an RLC
circuit, named after its components: resistor ([?), inductor (L), and capacitor (C). These can be
arranged in series or parallel (see Fig. 2.4). The model we used the most in our group is the
one in the right panel where the resonator is inductively coupled to the transmission line. The

effective input impedance Z;,, of our resonators is

Zo= (L4 L yic) 2.7)
"\ R wL w ' '
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Zi, becomes a purely real value, when w is the resonance frequency wy = \/%

Resonators or cavities made with superconductors show a high total quality factor () =
wo

Ao Where Auwy is the bandwidth. The quality factor can be characterized into two groups,

external or internal quality. The internal quality factor is defined as

Qi = woRC. (2.8)

(Q; describes the energy loss into the resistance which represents an environmental bath (TLSs,
quasiparticles, etc). The @); of the resonators relates to similar superconducting structures, e.g.

coplanar shunting capacitors [67], and the qubit relaxation time

Ty ~ S—é. 2.9)

Loss due to the coupling to the transmission line is characterized by the external quality
factor ().. A moderate (). is important for qubit measurements. If (). is too small, noise or
thermal photons would easily accumulate and reduce the coherence time [68]. If (). is too large,

it takes too long for readout photons to ring up. Lastly, the total decay rate x,,; is the sum of the

external decay rate Kk = % and the internal decay rate ', = %, and
wWo Wo Wo
Kot = —==kKk+1, = — + —. (2.10)
RO Qi Q.
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(Si chip measures ~5mm x ~5mm x 775um)

Figure 2.5: Images of different types of resonators. (a) Lumped element resonator. Distinguish-
able inductance part in a meander shape on the bottom and capacitance part in an inter-digital
shape on the top are shown. (b) Coplanar waveguide resonator. The length of the resonator
determines the resonant frequency. Panel (a) and (b) from Ref. [3]. (c¢) 3D cavity containing a
transmon on a Si chip measured in Chap 4.

2.1.4 Types of resonators

The common resonator types include “2D” and “3D” geometries and are shown in Fig.
2.5. For planar or 2D geometry, lumped-element (LE) resonators and coplanar waveguide (CPW)
resonators are two well-known types. In an LE resonator, the inductive region is a thin length

of wire in a meander or spiral shape, and the capacitor is two pads of metal separated by a gap.

1

Jic- an LE resonator can

Generally, there is only one fundamental resonance wy which equals
couple to the transmission line inductively or capacitively and usually has the same coupling
strength to two ports (k7 = k2). On the other hand, CPW resonators have an infinite number
of standing wave modes and the resonance depends on the boundary condition of whether the
resonator has one or two openings. No current can flow at the open ends which leads to voltage

anti-nodes and current nodes. Oppositely, closed ends require the voltage relative to the ground

must be zero. The opening of the transmission line is an anti-node for voltage and a node for
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current. A resonator with two openings is called % resonator and needs to fulfill the boundary
condition: \, = % [, where ), is the wavelength, n is an integer and [ is the length of CPW. A

resonator with one opening is called \/4 resonator and the resonant condition is \,, = l.

_4
2n+1

Generally, the dielectric loss is larger when the distance between two superconductor planes
is closer due to the larger filling factor in the dielectric. It means the trade-off between the res-
onator’s physical size and its internal loss. Long single-photon lifetimes on the order of millisec-
onds are observed in 3D cavities, whose size is thousands of times larger than the size of a 2D
resonator [69]. In recent years, 3D cavities attract considerable interest because of the increased
coherence times of qubits within a 3D cavity [70] and the proposals of bosonic qubits [71,72]. A

3D cavity can have rectangular or cylindrical shape and its dimension defines the modes. For a

rectangular waveguide terminating both sides, we can compute the modes as [64]

f B c k)2 mom\> mn\> 211
kmn_2ﬂ_\/m la + lb + lc ) ( )

where c denotes the speed of light in vacuum, ., is the relative magnetic permeability and e, is

the relative permittivity of the material inside the cavity, [, [, and [. are the dimensions of the
cavity, and k£, m and n are integers.

1 and ko can be set differently in CPW and 3D resonators by choosing different input and
output capacitors C;,, and C,,;. It is favorable to make the output capacitor large for maximizing
the signal power sent into the output port which connects to the amplification chain for readout.

The total external quality factor

(2.12)

B WOZO(OiQn + Cozut)’
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where 7 is the impedance of the line and usually equals 50 (2.

2.1.5 Resonator transmission equation

The quality factor of a resonator can be determined by the transmission rate of two ports as
a function of frequency, So;(w). I define a, a;;, and a; o, as the annihilation operators for the
cavity, the input wave from port i and the output wave to port i, respectively. According to the

input-output theory [73], I can get

da 4 K1+ ke + 1,
a ! (W —wo) — %a + V/K1G1,in + /K202,in,
A1,0ut = A15n — VK1Q, (2.13)

a2, 0ut = A2in — \/ Ka2a,

where x; and k9 are the coupling rate to port 1 and port 2, respectively. If assuming a symmetric

coupling K1 = Ko = g, I obtain a Lorentzian function

. . 2
Spp = 22— - 2 =1- < .. (2.14)
@1 iw — wo) + H5 1+2iQ (22)

In reality, the resonator response usually is not symmetric in w due to impedance mis-
matches. Mismatches can be from the cables, the printed circuit board (PCB) of the sample box,
or CPW on a chip. The correction is derived in Ref. [74], where I replace (). in Eq. 2.14 by a

complex Q. = |Q.le" and A = w — wy:

o TR
Spp=1———9c g _ 10 2.15
2 1+ 2iQA Jwg 1+ 2iQA Jwy (215)
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Figure 2.6: An example of transmission data Sy; and fitting curve. (a) Magnitude of Sy; vs
frequency. (b) Real and imaginary part of Sy;. The red line is the fitting of Eq. 2.16. The black
line represents the scaling of amplitude and the rotation from (1,0). The yellow line represents a
¢ rotation from a small impedance mismatch. We plot the data with a normalized amplitude and
an electric delay correction on the right hand side of this figure.

We denote a new definition for Q;' = Q! — Re(Q.1).
The amplitude and phase of transmission signal after a series of attenuation and amplifica-

tion are usually not normalized. A more general case is

- QIO e
=A 0 11— == . 2.1
Sa1 mp X e ><< 4 2i0A un (2.16)

We show an example of fit in Fig. 2.6 in red, where the magnitude of S5, and IQ data in panels (a)
and (b), respectively. In panel (b), we observe a small impedance mismatch rotation ¢ = 5.66°
in the yellow line (on the lower left). The ¢-corrected and normalized S, is displayed with its

opening facing (1,0).
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2.1.6  Number of photon in resonators

In quantum physics, the electromagnetic field inside the resonator can be quantized. There-
fore, it is convenient to express the energy (microwave power) as an average number of photon
n,y. When the resonator is probed with an applied power P, at frequency w, the average num-
ber of input photon n; ;,, = (aLmaLm) = P,,/hw. From Eq. 2.13 and a real external coupling

Kk = 2K1 = 2K9, we have

5 (2.17)
T
In the case of w = wy,
Tph 28—275% (2.18)

which agrees with Ref. [75].

2.2  Two-level systems

In 2005, it was the first time Martinis et al. [34] reported that dielectrics were the dominant
loss mechanism in their superconducting qubits. They observed that dielectric loss was saturated
by high-power microwave in resonators. Similar phenomena had been previously understood
as arising from resonant absorption of the acoustic wave by a bath of two-level systems (TLS)
possessing a strain dipole moment [76,77]. Likewise, TLSs with electric dipole moment would
couple to qubits or resonators and absorb their energy. This chapter will start with the history

and background of amorphous glass studied in the 1970s and then the refinements of models
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Figure 2.7: (a) Thermal conductivity of vitreous (amorphous) quartz and crystal quartz at low
temperatures. The vitreous quartz shows a much smaller thermal conductivity and has a different
temperature dependency (oc T2) at very low temperatures compared to the crystal one (o< 7).
Data from Ref. [4]. (b) specific heat of vitreous quartz and crystal quartz at low temperatures.
Below 0.5 K the specific heat C), of the vitreous quartz is proportional to 73, deviating from the
Debye model. Data from Ref. [5]

including TLS-TLS interaction.

2.2.1 Amorphous glass behaviors in low temperature

Amorphous materials are referred to as glassy materials. Below 1 K, glassy materials, re-
gardless of the structure or composition, are quantitatively very similar in the phonon scattering
properties including the specific heat [78], thermal conductivity [79] and the resonant ultrasonic
attenuation [80]. It has been known for some time, but the explanation is mainly phenomenolog-
ical.

In crystals, long-wavelength phonons from the collective excitation of the lattice are re-
sponsible for both the transport of heat and the specific heat of crystals. In the Debye model, we

introduce w = vq, where the phonon frequency w, the speed of sound in the crystal v, and the
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wave number ¢g. The phonon density of states D(w) is related to the volume V/, of the solid and
is given by

D (w)dw = — — dw. (2.19)

The heat capacity C'y can be calculated from the small change of internal energy U over temper-

ature at a fixed volume V and

ou g [vP
Cy = (8_T)V =37 /0 hwD (w) f (w,T) dw, (2.20)

where Bose-Einstein distribution
fwT)=—F—. (2.21)
Since the total number of atoms N is the integral of D (w) from 0 to a cut-off wp, we get
wp
N = / D (w) dw. (2.22)
0

For low temperatures, Eq. 2.20 can be solved analytically, and I obtain the well-known 7°-

dependency of
127 T\’
Cy = Nkg(=) . (2.23)
5 0
where Debye temperature ¢ = FL,;”—BP The thermal conductivity x;, can be treated within the

framework of the kinetic theory of gases considering the transport processes of a phonon gas
Kth = %C’V v, whereas [ is the mean free path of the phonons. At low temperatures, the phonon-

phonon scattering is negligible. In the case of a crystalline solid, the mean free path is limited by
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Figure 2.8: (a) Drawing of a double-well potential. V), is the barrier height separating the two
wells, A is the asymmetry energy (energy difference between right and left well), Aq is the
tunneling energy, and d is the spatial separation of the potential minima. The tunneling object
has a mass m in an isolated single harmonic well ¥, . (b) A TLS with the dipole moment

p = qd/2, under an external AC electric field Eac.

the sample’s diameter itself [ ~ constant. A T>-dependence of the phononic heat conductivity
Ky, is expected as well. ky, oc T2 is observed in a crystal quartz as shown in Fig. 2.7 left panel.
However, specific heat C, o T and ky, oc T? are seen in vitreous quartz which is a disordered

material.

2.2.2 Standard tunneling model

Several models are proposed to explain these discrepancies. Among them, a microscopic
model proposed independently by Phillips [77] and Anderson et al. [76] is the most successful.
The theory is known as the standard tunneling model (STM) [76, 77], describing a tunneling
object might be a single atom or a group of atoms with mass m. The tunneling object lives in two

equilibrium isolated well states (left well |L) and right well |R)) which differ by the energy A
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and are separated by the potential barrier height V. Since the transition energy to the first excited
state from the ground state in each isolated well is far larger than any other energy scale, we can
ignore any excited states in single well. The barrier height is chosen to be general soft-potential
such that the overlap of the two well’s wavefunction is considered as perturbation. Therefore, the
Hamiltonian Hy = Hp + Hr + Vine, where H and Hp are the Hamiltonian of left and right
well, respectively, and V;,,; is the interaction of two wells. It is equivalent to

er + (LI Vi [L) (L[ Ho|R)
Hy = (2.24)

(LIHo|R)"  er+ (B|Vint |R)
in the basis of the ground states of the two wells (|L) and |R)).
It is convenient to assume (L| V,,; | L) and (R| V;,,; |R)= 0. One typically uses the expres-
sion (L| Ho |R) /2 = Ay = li2e™?» obtained from the WKB approximation. Here

2V2 \* d
=4 (h2—p2> and A\, = o 2mV, (2.25)

md

and the distance of two wells is d. Therefore, a simplified Hamiltonian

A A,
Ho , (2.26)

Ay A

DN | —

where asymmetry energy A = €r — €.
In the STM, the TLSs are believed to have a uniform spatial distribution in a bulk amor-

phous dielectric. Also, the TLS spectral distributions in A and V, o log (A) are assumed to be
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uniform as well. Therefore, the energy distribution of TLSs per volume can be written as

dA
d*n = PydAd (log(Ag)) = P, A—O dA, (2.27)
0

where Fj is a material-related constant denoting the TLS spectral and spatial density and has a

typical value of 10%J~tm =3,

By, = /AT T AZ:

It is useful to write the distribution in the basis of TLS energy

8A Etls 1
d*n = Py |=——|dEys dAg = P dEys dAo. 2.28
0 aEtlS tl 0 0 AO m tl 0 ( )

The integration over A yields the density of states

E
D(E) = / *n = Pyln (~—22—) ~ Dy, (2.29)

AO,min O,min

Here, Ag ., is the low energy cutoff and D(Ey;) is usually approximated as a constant D over

our measurement range.

2.2.3 Field absorption by TLSs

If charges are involved in a tunneling process of a distance, the system owns a dipole
moment which I denoted p = %. For small fields, one can use the first order perturbation theory
and add the perturbation H; = J Hj into the unperturbed Hamiltonian H,:

L[ (A +6A) A+ A,
H=Ho+Hi= 5 . (2.30)

Ay + 04 A+ 0A
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Under the field F, it is assumed that the modification on the barrier height V), is ignorable so
that [0A| > |0Ao| ~ 0. The field changes A linearly as 0A = 2p - F = 2|p| |F| cos 6, where
6 is the angle between p and F. Experiments like [9, 81] strongly support this assumption. For
convenience, here we discuss electrical dipoles and there is no change of the concept from p to a
strain dipole moment [81] or a magnetic dipole moment. However, the effect of magnetic dipole
moment is less studied [82, 83]

Applying an unitary matrix to diagonalize H, the new Hamiltonian is #H' = H; + H],

where
Eys
H = T”az, (2.31)
A AN
H = [—az—i— —O'x:| -F,. (2.32)
! Etls Etls P

If F is oscillating with frequency w and F = F,.coswt, H' is equivalent to a classical spin-
% rotating under a magnetic field B: Hspin = —%é . S, where Y. 1s the gyromagnetic ratio
and S is the spin vector. We can map H' to H,:, by a total magnetic field B (¢), which is a
combination of a strong static field By . in z-direction and an oscillating perturbation field B, ()

in x- and z-direction:

B , cos (wt)

By, + B . cos (wt)
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The relationship of between the magnetic fields and TLS parameters is

_’YehBO,z = Etls

p-F(t) (2.34)

S8 = [(S)B- (1) — (S.)B,] - T(S.)
CS)) = [(S)B (1) — (S.)B] ~ TS, 2:39)
d

Here (5;) is the ensemble average of the spin operator, I'; and T’ are the relaxation and decoher-
ence rate of the spin, respectively, and (S.)., is the spin z-component when ¢ — co. With a new

set of definitions
1

F = 51_71(1C (eiwt 4 efiwt)
A
£=—
ts (2.36)
1o = |p||Fac| cos® = p F,.cosb
o Etls
W=7
we simplify Eq. 2.34 to
7eB0,z = —Wwo
’YeBl,m <t> == _£ QO (€th —+ Gith) (237)

YebBiz (1) = —\/QQO (eiwt + efiwt) '

34



Substituting Eq. 2.35 by Eq. 2.37 and mg = (S. ), = 3 tanh (%), I have

d
i
d
dt
d
dt

Se) = wo(Sy) — ['2(S)
(Sy) = |wo + VT = €290 (™ + )] (Si) = Ta(S,) = €Q (™" + ™) (S.)

(S.) =&Qo (™" +e ™) (S,) — Ty ({(S2) — mo).

(2.38)

To solve the Bloch equations, I write all three components, (S,), (S,) and (S,), in a sum of

frequency components at w, = k- w for k € Z and (S;) = >, S;xe™*" and S; ), = S;_y for

1=, Y, 2.

Comparing the existing w term, only the terms with £ = -1, 0, and 1 survive. In addition,

since when ¢ — oo, S, and S,, ¢ are irreverent, S, = S, o =0. Along with S;" = S,; +1iS,1,

I obtain

and

The stationary solution

%Sj = i [(wp — w) + T3] S — i€S. 0 (2.39)
d +

ESZ’O = €QO Im (Sl ) - P1<Sz,0 - TTL()). (240)
Sfr _ 590 (w — Wy — ng)mg (241)

(W—wo) +T3+ 2020, I

Eq. 2.41 can be seen as a single dipole being polarized by the field. Since the dipole moment

after unitary transformation in the off-diagonal part of Eq. 2.32 is now {p, we define the dipole

operator 7 = |p|cos 0 & ST [85]. The collective effect of the polarization Py = Y, ¢ 7 is the

summation of all TLSs and the polarization energy is F,F,.. The power dissipation density F;;,
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is given by the time average of the imaginary part of the polarization energy, and

w “
Py = Im <§Fac Z 7r> .
TLS

(2.42)

The ratio of Py to the storage power density in the dielectric film ng is the definition of loss
tangent

P 1 p cos €
tand = %eFQ = EZ

ac TLS (w - wO) + F%

Fz mo

COMT,TT e Z

p? cos? 0 E2 Ty my
e (W —wo)? + T3+ 2 QT
In the assumption of uniform TLS density in A, log Ay, and cos § (i.e., isotropic p and |p| = p,

(2.43)
the integration of Eq. 2.43 over all TLSs is

P 2 Amaz AO,maz dA
tand = 22 / dA / —
€ Amin

d(cos
o By (cos )

cos? 05" mg
-1

+ (W —wo) 2 + 22T, T

) =%

(2.44)
Eq. 2.43 is an approximation of Eq. (G.2) in Ref. [86] when w + wy > I's. Proven in Ref. [86]
the integration over 6 is solely associated to p and is equivalent to replacing p~ by averaged

According to Ref. [76], the energy decay of a TLS is only via TLS-phonon coupling (i.e
phonon emission and absorption), and

(2.45)

(2.46)
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where I'; o is a constant depending on the material intrinsic properties such as sound velocity and
mass density of the material [76,86]. When TLS-TLS interaction is ignorable, I'y = 2I's, I can

simplify Eq. 2.44 to the well-known power-dependent loss tangent

7TP0 p2 tanh (2 )
2’
e (®)

where Q. = /3T 5. When F,. is an electrical field, we have F,, = E,. = (8| E,f(a’ +

tand =

(2.47)

a)|B) = 2\/mpnE.ps, where |3) is a coherent state (and S is a real number) and n,, = (2 is
the photon number mentioned in Chapter 2.1.6. Since n,,, is generally more accessible than £,
which can be geometric-dependent (especially in planar resonators), it is useful to transfer the

equation from 2 to n,, by

=|—2— )= )
Qc 3 h Fl FQ Ne
and
3R2T, T
ne =" ? (2.49)
4p? Ezp ;

The TLS loss at a small field (n. > n) is called “single-photon” loss

P 2
tan ol =~ 3”’ . (2.50)
€

However, there are differences between the approximated solution Eq. 2.47 and a full

numerical integration of Eq. 2.44 when I'; < I's. The calculations of the full integration at
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Figure 2.9: Power-dependent loss tangent tan ¢ derived from a full numerical integration of Eq.
2.44. The color represents different values of 75 (sec) and all curves have a constant 717, =
10! (sec?). The constant value of T} T5 ensures the €, is the same for all curves. When 75 is
close to T, tan d can be approximated to Eq. 2.47, e.g., the violet curve.

various T5 (sec) are shown in Fig. 2.9. A constant 775 (sec?) ensures the (), is the same for all
curves. When 75 is small and 7 is large (e.g. the red curve), we observe the loss tangent would
deviate from Eq. 2.47 at large €. Only if 7, = T} as shown in the violet curve, Eq. 2.47 is a

good approximation of Eq. 2.44.

2.2.4 TLS loss in microwave resonator

Several different mechanisms can contribute to the loss of energy in a superconducting
resonator. To quantify these losses, we characterize the different contributions and the general

expression for the internal quality factor is given by

NN S SR S
Qi Qtls qu Qrad o

2.51)
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where )y is TLS-related and a function of power and temperature, (),, is quasiparticle-related
and a function of power and temperature, and (), is radiation-related. Since only the TLS
loss decreases with power and most of other loss mechanisms are power-insensitive or slightly

increasing with power, we can determine the TLS loss

1
Qins Qi  Qinm’

tan dys = (2.52)

where (); 1, and Q; y are the internal quality factor at low (or single-photon) and high power.
Since TLSs are generally located in dielectric, TLS loss is called dielectric loss as well.

The geometry of superconducting qubits or resonators contains dielectric loss from var-
ious materials or components k. TLS loss contribution from region with a volume Vj, can be
understood by the filling factor F,.j, times its loss tangent tan 6* and

Foo— Jy, e(r) [Eo(r)[* dr®
rk [ &(r) |Eo(r)|? dr3

(2.53)

where £(r) is the dielectric constant, £y is the electric field and r is the position. The total loss

tangent is written as

tandy, = »  Fp tan o, (2.54)
k

In Ref. [87], they characterize intrinsic tan (5(’)C from different interfaces and substrate by
various resonators designs. They realize the limitation of (); is from the superconducting surface
or substrate surface which has tand ~ 1072 ~ 10~ and the loss from Si substrate is usually
small with tan §g; = 2.6 x 1077 £ 4 x 1075,

A strategy to lower tan dy, is lowering F;. ;, by the geometry of the resonators. For instance,
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Figure 2.10: The pumping tone w, causes the original resonator frequency w, to shift to the final
resonance w,

due to a large vacuum volume in the 3D cavity, most of the energy is stored in the lossless vacuum
and the filling factor on the metal surface is minimized. It results in a high @; > 107 and the

photon lifetime > 100 us [70].

2.2.5 TLS two-tone spectroscopy

Here, I will introduce the technique [88,89] to extract the TLS’s Rabi frequency from two-
tone spectroscopy and derive the equations of frequency and loss tangent shifts in the resonator.
The two-tone technique uses a second strong pumping tone to saturate the TLS asymmetrically
to cavity resonance. For a saturation tone detuned Aw, = w, —w, > 0 from the original resonator
frequency w,, both the resulting resonance w,. and internal quality factor (), would increase be-
cause of the reduced TLS ground-state population on the upper side of w.. See Fig. 2.10 for
illustration of the tones.

First of all, I start by deriving the small complex frequency shift due to a single TLS. From

the Jaynes-Cummings Hamiltonian and a pumping tone at frequency w,,, we have

hwtls

H = hweala + o,+hg (CLTO'_ — aa+) + hJ (aTe_i“’Pt — aewpt) , (2.55)
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where a is the annihilation cavity operator, w, is the cavity frequency, wy; is the TLS frequency,
g = % is the TLS-cavity coupling strength, & is the TLS spin operator, and .J is the strength of
the pumping tone. To cancel out the rotating part e“»!, I apply a unitary operator U = giwptala

and the Hamiltonian in the rotating frame is

~ du

H(t) = o U+ UHU'. (2.56)
Since
icata , —iaata —ia
e ae =e "“a, (2.57)
icata 1t _—icata _ io t
e a'e =e"“a’, (2.58)
and
dU .
EUT = iwya'a, (2.59)
I have

() = (we — wy)ala+ Ty

o,+hg (aTU,eint — aa+e’iwpt) +nhJ (aT — a) . (2.60)

A second rotating unitary U’ = ¢™»'5 is applied to H (t) with rules of

. og

e g e = e g_ (2.61)

and

. oy

e“ 20,

T = e, (2.62)
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I have

h(wtls - wp)

H (1) = (we — wp) ala + 5

o,+hg (aTU, — aa+) +hJ (aT — a) ) (2.63)

The dissipation of TLS density matrix p is described by the Lindblad equation [54] men-

tioned in Eq. 1.9:
T, 'y
— = —= [7—[ ,,0] + 01D, (p) + 5 D,. (p) +T'.Du(p), (2.64)

where I'y and I, are the relaxation and the dephasing rate of TLS, I', is the cavity photon decay

rate. Using the fact that (A) = Tr(Ap), we yield equations similar to Eq. 2.38:

G = (=ia -5 ) @ —iglo-) + 265

d . ,
2(0) = (=idus = T2) (o) — ig{ac) (2.66)
%(UQ = —2ig ({(a'o_) + (ac.)) —T1((0.) — my), (2.67)

hwiis

where Ay = wys — wp and A, = w. — w,. Note that m = tanh<2kBT

) . From the derivation of
the Bloch equations in Chapter 2.2.3, we know only the terms of w,, with m = -1,0,1 are impor-

tant. I decompose (a) to a semi-classical stationary components («)) and modulated components

da(t)e’rt, where da(t) is a slow varying function:

(a) = a + Sa(t)e™", (2.68)

42



The same decomposition process applies to (o_) and (o ):

(0_) = 0_o+ do_(t)e ! (2.69)

and

(0.) = 0.0+ 00, (t)e™". (2.70)

From the hindsight of the Bloch solution, () has no oscillating term when ¢ — oo and do,(t) =

0. The semi-classical stationary solutions are

r
0= (—ZAT - 7’“) o — igog+ J (2.71)
0= (—ilAys —Ty)o_p —igao.y (2.72)
0= 2ig (a*a_,o + CW*—,O) —TI'1(0,0 — mo). (2.73)
We obtain
190,
O_g= ——"—'— 2.74
O A+ Ty 79
and
4T50 7t g% npy
oog=mo (1= 02t T ) (2.75)
AZ + T3 (1+4¢°n,, ')

where we denote the photon number in the cavity from pumping tone is n,, = |«|?>. The Rabi
frequency is given by

A
Q0 =2gny, = Qﬁp E.pfcos 0/, (2.76)

tls

For considering only the oscillating terms and a slow TLS dynamic, I can adiabatically
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eliminate 4 (do) = 0 and get

0 = —%(5@ —igdo_ 2.77)

and

—ig 0,00

do_ = (2.78)

—1 (wc - ths) - F2 '

Eventually, the small amplitude of d«v is depending on the TLS state o, by substituting Eq. 2.78

into Eq. 2.77:

- F’r QQUZ,O
ocv = <—7 + - n F2> da. (2.79)

[ (wc - wtls)

The second term in parenthesis is a complex pull from the TLS

9202,0
? (Wc - wtls) + FQ .

dw = (2.80)

Noted that the real part of dw is a frequency shift and the imaginary part Im(dw) = 24T,
After integrating dw over TLS distribution (Ag, wy, cos @), I obtain the equations of res-

onator frequency shift Aw = w./ — w, and a new internal quality ()’ [88] related to 2

QQ
Aw B 3mtand Awp m_ 1 (2.81)

e W2 1R
and
Qi [Aw,)\’ Aw,\? Aw,\ Aw,\?
xi_ 142 In (1 1— /142
Q 0 6+ 3 + 0 n + N + o )

where the maximum Rabi frequency h{)y = \%pEzp #+/Mpu (considering the averaging factor of
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Figure 2.11: TLS ground state polulation o, o calculated from Eq. 2.75 versus TLS frequency
over various TLS Rabi frequencies 2. A detuned tone pumps is at 4.99GHz and the resonator
frequency is at SGHz. The color represents the strength of pumping related to €2. On the top,
arrows represents the shifted resonator frequency at different 2.

\/3 for p). Ny, can be obtained from the pumping power F;, (see Chapt. 2.1.6) by

. 2K Pz
AAW2 4 K, hw,

(2.83)

N,

Here k,; and k are the total and external decay rate of the resonator.

0.0 and resonator frequency shift from the calculations at various Rabi frequency are
shown in Fig. 2.11. I plot 0. vs wys over different €y (oc |/7y,) with a detuned pump at
wp = 4.99GHz. On the top of the figure, I show w’ from its original resonance w. = 27 - 5 GHz.
Fig. 2.12 shows Aw versus the pump frequency. Each color represents a different €2. On the top
of Fig. 2.12, I show the maximum of Aw at each (), and there is a saturate phenomenon in the

maximum of Aw which depends on the TLS single photon loss tangent obtained in Eq. 2.50.
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Figure 2.12: Frequency shift of the resonator Aw = w!, — w, versus the pump frequency. Each
color corresponds to a different TLS Rabi frequency €2y, which positively related to the pumping
power, ranging from 10° to 10% Hz. Points correspond to the calculation from Eq. 2.81. On the
top, I show the maximum resonance shift for each €.
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Figure 2.13: Left: The cross section of the simulated £, of IDC. IDC has width and gap = 0.5
pm. Right: The probability of pL.,; in substrate-metal or substrate-air interfaces. Since the wide
spread of values, a single value n. is not preferred.
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2.3 Puzzles in loss tangent

Sometimes, researchers find difficult to interpret their experiments in terms of Eq. 2.47. A
phenomenological approach is adding a free fitting parameter ¢ (typically = 0.15 ~ 0.4) [38,90-

93] in the denominator part of Eq. 2.47 and yields

tanh (—2 ,:L;’T)

= (Q%yr'

The motivation of ¢ comes from the non-negligible interactions between TLSs leading to fre-

tan d = tan o)), (2.84)

quency drifts of near-resonant TLSs caused by far-detuned TLSs such that stronger fields are
required to saturate TLSs (see Chap. 2.3.1). However, those resonators with ¢ added are pla-
nar resonators which have position-dependent electric field distribution [94], and dielectric films
may exhibit a wide spread of p [9, 95], resulting in non-uniform 7, which is a function of both
parameters (Eq. 2.49). A simulation of pFE,; over interdigital-capacitor (IDC) with dipole mo-
ment p = 2 Debye is shown in Fig. 2.13. As a result, instead of using a single n., we need to
consider the different TLS effects (located in bulk or at the metal-air, substrate-air, and metal-
substrate interfaces) contribute to the total loss tangent 1/Q); [38,90,94]. Therefore, for scientific
understanding, it is important to verify the correct explanation by some means. In the next two

sections, I will provide the details for each explanation.

2.3.1 TLSs with mutual interactions

TLS models incorporating TLS interaction exist for describing the low temperature glassy

material properties [96,97]. A recent development in understanding TLS loss is that the TLS en-
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Figure 2.14: Interpretation of a coherent TLS (cTLS) coupled to thermal TLSs and quantum
systems. A cTLS in red which has energy close to a certain quantum system, e.g., a resonator,
interacts with low-frequency thermal TLSs in yellow. The quantum system is directly affected
by the cTLS but not thermal TLSs. This cTLS energy is fluctuating over time depending on the
states of thermal TLSs.

ergies are not stationary in time. Observations of phenomena induced by mutual TLS interactions
such as TLS spectral diffusion [98] and TLS-TLS avoided crossings are reported recently [99].
Specifically, high-frequency TLSs (coherent TLSs or cTLSs) are near-resonant to the resonator
resulting in dissipation. A bath of thermally activated low-frequency (LF) TLSs leads to fluc-
tuations of cTLS energies and consequently alters the observed (); value and resonant frequency
in the time domain. Figure 2.14 illustrates a red cTLS interacts with a bunch of yellow thermal
TLSs and the quantum systems. The cTLS energy is jittering at a rate . The fluctuations of the
TLS energy in the time domain have an important consequence on the TLS loss. When the TLS
energy shifts away from the resonator frequency, then it cannot absorb microwave photons from
the resonator. In this case, Faoro shows that the power dependence of the TLS loss tangent is

weak and becomes logarithmic [85]. In the condition that v > €2 > I'y, the logarithmic power
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dependence loss tangent is formally given as

Jmaz o, (2.85)

w
tand,, = tandy, P, tanh(?kBT) In( q

Here, the TLS jitter rate ratio P, = 1/In(Ymaz/Ymin)> Ymaz and Yms, are the maximum and
minimum rate of TLS jitter respectively, and C' is a constant accounting for power-insensitive
loss.

In a different region that v - I'; > Q2, one can obtain

hw ’Ymaa:FQ
2]{:BT)ln( o TG (2.86)

tandys = tandj, P, tanh(

2.3.2 Multiple contributions from different material interfaces

In typical planar resonator designs, the loss from TLSs (located in bulk or at the metal-
air, substrate-air, and metal-substrate interfaces) contribute differently to the total loss tangent
1/@Q; [87]. This yields an equation considering the filling factor for analyzing different material

volumes with TLSs [38]:

1 hw tan &Y
— = tanh Fl—— i 2.87
5 (%BT) Z Ty m (2.87)

In volume V;, the TLS loss properties (p, £.,¢, and I'; 5) are assumed to be the same. Another
expression in Ref. [90], on the other hand, uses an integration but the concept is similar to Eq.

2.87 and we obtain

Qi [ e(r) |Eo(r)|? dr?

1 [ e(r)|E (r‘)l2 tan dys(r) dr? (2.88)
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In the rest of this thesis, I will call Faoro’s model a fast-switching (FS) TLS model, and
call the model including different n. as a multi-contribution (MC) model. To our knowledge,
there is no systematic study to verify which explanation is more convincing. In Chapter 6, we
show the evidence that only the fast-switching TLS model is consistent with our data but not the
MC model. Moreover, the absence of such a logarithmic power dependent loss in the alumina
samples even with the observed TLS energy jitter is inspiring and more detail will be discussed

in Chapter 5.
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Chapter 3: Experimental Setup and Fabrication Tools

In this chapter, I will provide detailed information about the experimental methods used
within this thesis. The chapter starts with a brief introduction about performing measurements at
a millikelvin environment. I specify the microwave setup for measuring the resonator’s response
of the aluminum oxide samples. Next, I will introduce fabrication tools and steps for resonators.
This chapter also contains the specific DC voltage bias line setup that are of importance for the

observation of individual TLSs.

3.1 Cryogenic setup

3.1.1 Dilution refrigerator

Superconducting quantum devices require a low temperature much lower than their su-
perconducting transition temperature to suppress the quasiparticles and take advantage of low
resistance. Another benefit of low temperature is suppressing thermal noise and thermal excita-

tions in a quantum state [100]. For example, an common transition energy is equivalent to 250

mK (~ %BHZ) and the thermal population tanh <2,:‘;"T> is very low at 10 mK. In this thesis, all

the samples are measured in the CF-650 cryogen-free dilution refrigerator (DR), manufactured

by Leiden Cryogenics BV, and the working temperature is at tens of mK. The image of DR, the
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Figure 3.1: Left: Photo of our 3He/4He dilution refrigerator (DR). Middle: Schematic drawing
of a DR. The dilution unit is placed inside a vacuum can and a 3He circulation is done by a scroll
pump and turbo pumps. The devices are placed on the mixing chamber platform at the bottom of
the cryostat. Right: 3He/4He phase diagram.

schematic, and the Helium phase diagram are shown in Fig. 3.1. The working principle of DR is
explained below.

Cryogenic temperatures are reached by continuously circulating a mixture of 3He and 4He
isotopes [101]. Below 0.867 K, 3He/4He mixtures separate into two phases. One phase is rich
in 3He (the concentrated phase), and the other phase is rich in 4He (the dilute phase). The
cooling power of the dilution refrigerator comes from the latent heat required when 3He atoms
are transferred from the 3He rich side to the 3He poor side. By pumping with a turbo on the “still”
chamber which has a 4He-rich phase at about 0.7 K, 3He is mostly removed because the vapor
pressure of 3He is much larger than that of 4He. The difference in 3He concentration between
the still and the mixing chamber reduces the 3He concentration in the dilute phase in the mixing
chamber. In the mixing chamber, in order to maintain the lowest 6.6 % 3He concentration of the
dilute phase, 3He crosses the phase boundary from the concentrated phase to the dilute phase.

This process contains to absorb latent heat of 3He evaporation into 4He. The latent heat is
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Figure 3.2: 1Q plot of the resonator transmission measurement when the pulse tube is off (left
panel) and is on (middle panel) along with loose cable connections. Two fitting dashed lines of
Eq. 2.15 are plotted and compared in the right panel. We find that the mechanical noise from the
pulse tube slightly reduces the internal quality factor ();. Note that if there is no loose connection,
(; would be unchanged whether pulse tube is working or not.

provided from the mixing chamber and results in the cooling of the mixing chamber.

A pulse tube cryo-cooler is used for initiating cool-down and keeps the inner vacuum can at
< 4K, and the cryostat is considered as “dry”. However, this additional cryocooler creates some
vibrations which might cause inaccuracy of ();. The mechanical noise is enhanced and obvious
shot noises are seen in the time domain of S,; measurement when cable connections are loose. In
Fig. 3.2, S5; traces of a resonator with loose cable connections are measured when the pulse tube
is turned off or on. The green and blue dashed lines are the fits and the extracted (); ~ 12k and
11k, respectively. The comparison of the fits is shown in the right panel where the green circle is
slightly larger, which means a higher/better ();. It is worth checking the cables before cooldowns

to prevent the pulse tube noise.
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Figure 3.3: A schematic drawing of the electronic setup used in this thesis. Two microwave input
lines, labeled “A” and “B”, have the same microwave components and are measuring transmission
and reflection rates, respectively. Attenuators at different temperature stages stop the thermal
radiation from the environment. Two circulators after the cryogenic switch prevent the back-

action of the amplifier noise.
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3.1.2 Microwave measurement setup

A schematic of our microwave components in the DR is shown in Fig. 3.3. A network
analyzer (Agilent N5242A PNA) generates a microwave signal from port 1 and measures the
return signal in port 2. We choose either semi-rigid or rigid coaxial cables to carry RF signals,
which have a small attenuation per meter. The cables in the cryostat are thermally anchored
to the plates to allow the center conductor of the cable to be cooled. RF signal is attenuated
strongly before the device under test (DUT) by several attenuators (Midwest Microwave model
ATT-0298-10-HEX-02) on each plate. The cold attenuator is equally reducing the thermal and
signal noise while adding thermal noise of its own temperature. One of the main thermal noises
1s Johnson—-Nyquist noise and the mean squared noise voltage from a resistor [? at temperature 7'
in a bandwidth A f is

(vy) = 4kgTAf. (3.1

For ideal components, the resulting noise temperature 7;, seen by the DUT is

where A, A,, and Aj are the attenuation factors at the mixing chamber, the still plate and 3K
plate, respectively. We choose A; = —30 dB, A, = —20 dB, and A3 = —20 dB (see Fig. 3.3)
and 7,, = 10.7 mK 1is slightly larger than the base temperature = 10 mK. However, in reality, the
thermalization of the electrical components is never perfect and the components have a higher
temperature than their anchored stage’s.

We install solenoid microwave switches (modified from Radiall R573423600 for reducing
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the switching heat) at the input and output sides of the DUT and can perform an in situ through-
transmission calibration [102]. Switches also allow us to connect up to six different samples
without needing to warm up the DR. The switching-current-induced heat can be taken away in
less than 15 min. From the DUT’s output and before the network analyzer, there are two circu-
lators to prevent the microwave from higher temperature stages and the noise from the amplifiers
flow backwardly. A high-electron-mobility transistor (HEMT) low-noise amplifier (LNA: CIT-
4254-077) on the 3 K plate follows after the circulators. This LNA has a very low noise level in
the range of 4-8 GHz. On the output at room temperature, there is a low-phase-noise Miteq am-
plifier (AMF-5F-04000800-07-10P-LPN) with a maximum noise figure of 0.7 dB and a minimum

gain of 50 dB in the frequency span of 4-8 GHz.

3.1.3 Voltage bias line

A low frequency (DC — 100MHz) voltage bias line is used for tuning the individual TLSs.
In order to suppress noise in the voltage bias line, we spend efforts on filtering all noise above
tens of Hz. We place multiple electronic components including a 100Hz cutoff low pass filter and
an SR560 preamplifier at room temperature, and a copper powder filter, attenuators, a handmade
RC filter, and a bias tee at cryogenic temperature.

The output of the DC voltage source is filtered by an RC filter with a cut-off below 100Hz
and then connected to an SR560 pre-amplifier that has an integrated tunable low-pass filter.
SR560 is operated on its internal battery mode to isolate 60Hz noise from the power cable, and I
choose only DC voltage can pass. The output voltage of SR560 passes through a series of com-

ponents thermally anchored on the 3 K plate including a copper powder filter (CPF) which has
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Figure 3.4: Left: The schematic of a handmade RC filter. The symmetric T-shape circuit has two
resistors with 4.5 k2 and a 0.33 pF’ capacitor to the ground. Middle: The voltage response of
the handmade RC filter vs frequency. A sine wave with an amplitude of 500 mV is applied from
one port and is measured on the other output port. From the fit of an exponential decay function,
Vour = Aexp(—f/f.), we find out the cutoff frequency f. is 40Hz. Right: Transmission rate of
the RC filter in series with a commercial 12GHz-cutoff low-pass filter. If the DC line directly
connects to the device and is not heavily attenuated, thermal photons from room temperature will
affect quantum devices and a low-pass filter is needed. Although the RC filter works well in the
low frequency, it cannot filter the frequency range of > few GHz due to the imperfect residual
resistance or inductance in the capacitor. In our measurement, there are more other types of filters
and components in the DC line for mitigating the voltage noise.

a 10MHz cutoff, a 10 dB attenuator, and a low-pass RC filter with a cutoff frequency of 40Hz.
Our handmade RC filter is a T-shape symmetric one-stage RC filter and the schematic and its
microwave response are shown in Fig. 3.4. It contains two resistors with 4.5 k(2 and one 0.33 uF
capacitor to the ground. Although our handmade RC filter has a low cutoff frequency, we find the
microwave above 1 GHz cannot be blocked effectively. At high frequency, the residual resistance
or inductance in the capacitor dominates which reduces the effect of filtering. A CPF is required
for blocking high frequency noise that leaks through the RC filter. On the mixing chamber plate,
the DC line is equipped with another 10 dB microwave attenuator. Lastly, before connecting to
DUT, the DC line connects to the DC port of a bias tee. With this arrangement, the DC voltage
Vhias across the capacitor is about 100 times smaller than the DC voltage at the voltage source.
In Ref. [103], we sweep TLSs periodically by a triangle wave up to 20 MHz and filter any

frequency above 250 MHz. There is no filtering in the line between the voltage source and DR
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Figure 3.5: Simulation of Eq. 3.5 with two strong-coupled TLSs. Only one of them is affected
by voltage noise (lower one). (a) The solid blue line shows a resonator coupled to two TLSs and
both have no voltage noise. The colored dashed lines show the enhancement of o from 0.1 x g to
10 x g on the lower TLS. (b) Simulation of the lower TLS under an enhanced decoherence rate.
The color lines indicate the behavior of the lower TLS is similar to the enhancement of ¢ in (a).

at room temperature. We do not equip the CPF, the handmade RC filter, and the bias tee but add
a 250 MHz low-pass filter (Mini Circuits PLP-250) on the 3K stage. The ratio of DC voltage
across the capacitor and from the DC voltage source is 1:10. Moreover, it is worth mentioning,
due to the huge impedance of the capacitor on the device at low frequency (as a open end), the
oscillating voltage amplitude is two times higher than the value measured by DC voltage. It
would affect the fitting result of the dipole moment value by a factor of 2 in the experiments
such as Refs. [103, 104]. Moreover, we observe no heating of the fridge from the current during

voltage biasing.

3.1.4 Individual TLSs under voltage noise

The change of TLS frequency dwy, due to a voltage noise V., within a parallel plate

capacitor separated by [y is

A A 2
SA = B 2p0Ves cost (3.3)

Wels Wils ZO

&Utls =
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The transmission rate of a resonator coupled to multiple TLSs is [105]

K/2
B i (w —wo) + 3

7 ; (3.4

i 71/2+z(w w;)

Sgl(CU) =1

where ~; is the decoherence rate, w; is the frequency of the i-th TLS, and «, I, and wq are
resonator parameters defined in Chap. 2. Inspired by Ref. [106], we assume that every TLS

experiences a frequency noise dw; having a Gaussian distribution and we rewrite So1(w) as

[Tiy/55 exp dow;
Splw) =1-% [ i xb( ) , (3.5)

2
Kty 9
5 T A+ ZZ Z+i(Ai+ow;)

where A, = w — wp and A; = w — w;. The sensitivity of w; to dw; is described by the standard
deviation o; of the i-th TLS related to 6V, and p.. Next, we show the enhancement of o; will
exterminate the effect of the i-th TLS. A simulation of different o; is shown in Fig. 3.5 (a), where
two TLSs are coupled to the resonator. The upper TLS in the plot is not affected by the voltage
noise and the lower TLS in the plot has g, 7y, and a random frequency shift with deviation, o
Simulations show that the lower TLS has a smaller and smaller effect on the resonator while the
voltage noise (or o) increases. The phenomena of the voltage noise is qualitatively similar to the
increasing decoherence v of TLS as shown in Fig. 3.5 (b). Later in Chapter 5.5.7, I will show

that the individual TLSs disappear due to the unfiltered bias line.

3.1.5 Sample box preparation

We carry our chip in the middle of a PCB patterned with two ports for transmission and 4

ports for low-frequency bias. The image is shown in Fig. 3.6. The chip is held by a small amount

59



35.6mm —<

Sample
chip

Figure 3.6: Image of a Cu sample box and a printed circuit board (PCB). A total of 6 SMP
connectors includes two ports for transmission measurements and four ports for voltage biasing.
A sample chip is glued by GE varnish and wire-bonded to the PCB.

of GE Varnish on four sides. The PCB is placed inside a 3.6x3.6x2 cm?® sample box. Sometimes,
the importance of the sample box is under looked. Impedance mismatches and parasitic modes
lead to losses and spurious reflections especially when the signal wavelength is comparable to
the feature size. We cooperate with A.R. Castelli and Y. J. Rosen who used HFSS to simulate
the transmission rate of an entire sample box containing the coupler configuration (SMP-PCB
connector), a dielectric film, wirebonds, etc. We ensure a close to 50€) environment seen by the

device. They minimized the impedance mismatch and found < 0.25 dB return loss in the crucial

4-8 GHz bandwidth.

3.2 Fabrication apparatus

In this section, I briefly describe the tools for fabricating devices in class 10k clean room
at the Laboratory of Physical Science building. The processes include deposition, patterning,
and etching. The characterization of alumina’s structural phases will be described separately in

Chapter 5.
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Figure 3.7: Left: Photo of the AXXIS chamber. Three sputtering guns on top and two of them
can apply a DC voltage and one of them can apply an RF voltage. Our deposition system also
carries an ion miller to remove substrate residues and an e-beam evaporator on the bottom. The
substrate holder is in the middle of the chamber. Top right: Diagram of a sputtering process.
The Ar ions are attracted to the target material and will dislocate atoms from it. These atoms fly
through the chamber and deposit on the wafer. Bottom right: Diagram of an e-beam evaporation.
Electrons generated by the filament fly through a magnetic field. Electrons will heat the source
and atoms will be evaporated from the melted source.

3.2.1 Thin film deposition system

Figure 3.7 shows the Kurt J. Lesker model AXXIS deposition system that I used for de-
positing aluminum. The processing chamber (PC) is equipped with a cryopump titanium sub-
limation pump and the pressure can be pumped to < 10~® Torr. The substrate is loaded in the
center of the PC and can be rotated to face the sputter targets on the top or the e-beam source on
the bottom. The system accommodates two DC-sputtering guns and one RF-sputtering gun. For

conductive metals, DC-sputtering guns usually are enough. For non-conductive materials such
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Figure 3.8: An example of reactive sputtering done in AXXIS. X-ray diffraction of titanium
nitride (TiN) films deposited by two parameter-sets shows two different dominated peaks. Left:
(200) peak 20 = 22° is seen in a 100 nm-thick TiN film deposited at a total pressure P,,; =
6mTorr, Ar to N2 flow ratio = 2:8, temperature 7' = 650°C' and a RF bias power = 15W. Right:
(111) peak 20 = 18° is seen in a 100 nm-thick TiN film deposited at P,,; = 2mTorr, Ar to N2
flow ratio = 3:7, T' = 600°C  and a RF bias power = 15W.

as silicon, RF-sputtering guns are needed to discharge the electron accumulating on the surface.
A controlled flow of argon flies in the chamber to fill the pressure = 10 mT and a voltage bias is
applied to create argon plasma. The argon ions are bombarded into the sputter target, and atoms
of the target are ejected and form a thin film on the substrate. The top right panel in Fig. 3.7
shows an illustration of a sputtering chamber.

Additionally, a reactive gas, typically oxygen or nitrogen, can be introduced into the cham-
ber and is ionized as well. The ions react with the ejected atoms forming compounds and this
process is called reactive sputtering. The stoichiometry and the structural phase of the deposited
film are controlled by many parameters: the total pressure and the partial pressure of the reac-
tive gas in the chamber, temperature, voltage biasing power, etc. Fig. 3.8 shows an on-going
project of depositing titanium nitride (TiN) in different crystalline textures. We perform X-ray
diffraction measurements on two TIN films and realize the texture depends on the deposition pa-

rameters. (200) peak 20 = 22° is seen in a 100 nm-thick TiN film deposited at a total presure
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P,o; = 6 mTorr, ratio of Ar to N2 flow = 2:8, temperature 7' = 650°C and a RF bias power on
substrate = 15 W. (111) peak 20 = 18° is seen in a 100 nm-thick TiN film deposited at P;,; = 2
mTorr, ratio of Ar to N2 flow = 3:7, T' = 600°C and a RF bias power on substrate = 15 W.
AXXIS also has an e-beam evaporator in the bottom of the PC. Unlike sputtering which
needs gases to activate the deposition, e-beam evaporations utilize electrons beam to heat up
and melt the target material for deposition. Inside the chamber, a tungsten filament biased at a
high voltage (~10 kV) emits electrons to heat up the target material inside the crucible. Once a
sufficiently high temperature is reached, the target material melts and evaporates atoms. A quartz
crystal is used to monitor the deposition rate of the material and a feedback loop ensures stable
deposition conditions by controlling the beam current. The bottom right panel in Fig. 3.7 shows
an illustration of an e-beam evaporator. An e-beam evaporated aluminum has a smaller stress
than sputtered aluminum, which is necessary for the vacuum-gap resonators, an more detail will

be described in Chapter 6 and Appendix A.

3.2.1.1 Photolithography

To transfer geometric patterns onto thin layers of various materials, I rely on optical lithog-
raphy fabrication technique. A thin layer of photoresist (PR) is spin-coated on the substrate and
a pattern is then exposed onto the PR with a certain amount of energy density. For a positive
PR, the exposed part of the PR becomes soluble in the developer, and the rest of the substrate
is covered by the PR after the development. I perform the patterning using a 5X GCA stepper
or a maskless Aligner (MLA150) from Heidelberg instruments. Before spinning a PR, I use iso-

propanol to clean off the dust and dehydrate the wafer at 90°C for a few minutes. I spin a positive
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PR (Fujifilm OiR 906-10) at 3000 rpm, pre-bake it at 90°C for 60 sec, expose a dose of 180J/cm?
and post-bake it at 120°C for 60 sec. The PR is then developed by OPD 4262 developer for 45
sec. An etching process is executed and the PR is then removed by the following procedure:
sprayed by acetone, immersed in acetone and sonicated for a few minutes, and rinsed with iso-
propanol (IPA). Sometimes, a stronger solvent, e.g., N-methyl-2-pyrrolidone (NMP), is needed
for a degraded PR caused by the heat from dry etching. Immersing the PR in 80°C for 3 hours

can remove most of the residues.

3.2.2 Etching

After lithography, the material is chemically and/or physically attacked in areas not covered
by a resist mask in an etching process. Etching processes can be divided into two types: dry and
wet etching.

Reactive ion etching (RIE) is a form of dry etching that uses plasma to create vertical walls
in a material. RIE uses chemically reactive plasma generated by RF power to remove materials.
Two ways to create plasma: capacitively coupled plasma (CCP) and inductively coupled plasma
(ICP). I use both types for different purposes. The gases typically used in our CCP reactor (Plas-
matherm 790) are fluorine-based (CF,, SFg, CHF3, etc). The ions in the plasma are attracted to
the negative potential where the substrate is. I use 790 to create the vias. However, dry etching
by CCP is mostly anisotropic. On the other hand, ICP is generated by an RF powered magnetic
field and a substrate voltage bias can control the etch profiles to be more isotropic. I use our
ICP reactor (Oxford PlasmaPro100) to etch SiNx sacrificial layers (SLs) isotropically (see also

Appendix A). ICP of chlorine-based gases, i.e., Cly and BCls, can be used to etch Al. However,
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we find wet etched Al-resonators have a better resonator quality due to the residues generated
after an unoptimized ICP etching process that has a high etch rate.

Ion milling is another kind of dry etching and usually performed before a metal deposition.
An ion miller with a voltage of 300 V inside the chamber of AXXIS allows Ar ions to physically
etch away the residues. Since ion milling generates heat, an iteration of turning on the shutter
for 20 sec and turning off the shutter for 60 sec allows heat diffusion from the substrate, which
is especially important in vacuum-gap resonators. If no off time, the PR (served as SLs) will be
degraded.

Wet etching is a form of chemical etching where the material is immersed in a solution con-
taining a liquid etchant. Liquid etchants usually have a high selectivity to the target material over
others but etch isotropically. I perform two wet etching processes, pre-deposition substrate clean
and aluminum wet etching. Pre-deposition substrate treatments optimize the deposited film’s ad-
hesion and eliminate TLSs. For silicon substrates, unwanted silicon oxide naturally grows on
the silicon surface and should be removed prior to any processing for enhancing ();. This can
be achieved using a solution of diluted hydrofluoric acid (generally 1% or 2%) or buffered oxide
etch (BOE). HF cleaning removes the SiO, and covers the surface with hydrogen (preventing
oxide re-growth). Since the native oxide will still regrow eventually, we load the cleaned wafer
in a vacuum as fast as possible. For sapphire substrates, I dip the wafer in a Piranha solution, a
mixture of sulfuric acid, and hydrogen peroxide in a ratio of 3:1, at 50°C for 5 min. The solution

removes amounts of organic residues which are the source of TLS loss as well.

65



3.2.3 Plasma-enhanced chemical vapor deposition

I deposit SiNx films using plasma-enhanced chemical vapor deposition (PECVD) in an
Oxford Plasmalab System 100. In my devices, SiNx is served as an insulator supporting super-
conducting bridge cross-overs or as a SL for vacuum gap capacitors. Recipes with different flow
ratios of SiH, to N, and temperature had been investigated in detail by Paik et al. in Ref. [107]
and Bahman’s thesis [105]. I choose the recipe which provides the lowest loss tangent (< 10~%)

and small film stress.

3.2.4 Dicing and packaging

After completing the fabrication process and before dicing, a thick PR (Fujifilm OiR 908-
35) is spun at 3000 rpm for 1 min and baked for 2 min at 120°C. The blades to cut silicon are
different than the blades for cutting sapphire. To cut silicon, I use Disco ZH05 SD2000-N1-50-
HEEE2028S blades. To cut sapphire, I use Disco DVCA0186 VT07-SD400-VC100-75. After
the wafer is diced into a size of 6.35X6.35 mm?, individual chips can be extracted. The PR layer
of a chip is removed with the standard organic removal procedure mentioned above. I attach each
chip to a sample box using a GE low-temperature varnish. After letting the varnish dry for at

least 2 hours, I wirebond the CPW launchers on the chip to the PCB.
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Chapter 4: Optical-Lithography-Made 3D Transmon

Superconducting quantum circuits based on Josephson junctions (JJs), which introduce
the required nonlinearity, are a leading candidate for quantum computers and simulators [22,
23,35,36,52]. The tunnel barrier in such junctions was typically formed by a thin amorphous
aluminum oxide layer (a-AlOy) sandwiched by two metallic electrodes. One common qubit
type is transmon qubits consisting of a JJ in parallel with a coplanar shunted capacitor to form
anharmonic oscillators [35]. A large shunted capacitor ~ 100 fF exponentially suppresses the
charge noise with a trade-off of low (but enough) anharmonicity.

Traditionally, JJs are defined by an electron-beam lithography method in order to pattern a
small junction area, typically a few hundred nanometers wide. Double-angle evaporations, such
as Dolan bridge [108] or Manhattan style [109], are commonly used to make overlapping struc-
tures, which require undercut or free-standing structures. A bilayer resist of a top thin layer and
a bottom thick layer is spun. The bottom PR layer is more sensitive to electrons than the top PR,
which results in a natural undercut of ~100 nm after development. Between two evaporations,
one would oxidize Al under a certain pressure and a certain period to control the supercurrent
of the junction. For Dolan bridges, the free-standing bridges cause shadows and two Al evapo-
rations under two angles would create an overlapping area. On the other hand, Manhattan style

techniques have the absence of bridges which increases the mechanical robustness of the resist
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Figure 4.1: Comparison between a harmonic LC oscillator (a,b) and an anharmonic oscillator
(c,d). The anharmonicity is from a Josephson junction replacing the inductor in the LC circuit.
In the anharmonic oscillator, the energy spacing between each level is different, which allows for

the confinement of the computational subspace to the lowest two energy levels. Figure is taken
from Ref. [6]

mask and improves productivity. Although the well-developed fabrication process, using e-beam
lithography has a huge drawback that it cannot have a massive and fast production compared to
a CMOS fabrication using optical lithography. There are questions if optical-lithography-made
qubits can perform as well as qubits made by an e-beam method.

In this chapter, I will present the transmon qubits fabricated solely from a optical lithogra-
phy process and the publication can be found in Ref. [8] with more details. First, I will introduce

the background of transmon qubits and provide the detailed fabrication process. Lastly, I will

show the microwave setup and qubit measurement results.
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Figure 4.2: A Josephson junction and a junction phase ¢ = ¢ — ¢r. A voltage can be applied
on two superconductors resulting an oscillation in ¢. Credit to Ref. [7]

4.1 Transmon Background

Harmonic oscillators comprised of linear L and C components have equally spaced energy
levels which are not easy to define |0) and |1) state (see Fig. 4.1 (a)). However, Josephson
junctions provide the nonlinearity based on the tunneling of Cooper pairs [63]. The tunnel current
across the junction depends on the relative superconducting phase ¢ = ¢, — ¢ of the two
electrodes (see Fig. 4.2). When a voltage V' is applied across the junction, ¢ evolves according
to %2 = 25V, where the magnetic flux quantum &, = .

According to the first Josephson relation, the tunneling current depends on ¢ : I = [.sin ¢,

where the critical current /. is the maximal supercurrent the junction can sustain. We can derive

the below equation of the time derivative of the current from the chain rule:

o1 0L ¢ = I.cos¢- i—ﬂV 4.1
0

at  dp ot
Rearranging the equation in the form of current-voltage characteristic of an inductor,

ol o, OI

ot orl, cosd Ot “4.2)

V= L(¢)
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A JJ acts as a nonlinear inductor and the inductance

Do
L(¢) = ———. 43
() 2ml.cos ¢ 4.3
The energy stores in the junction is the integral of the power over time and
2 2 o, O, 1. 2
AFE = / Ivdt = / I.sin p—d¢ = cos¢| = Ejcoso, (4.4)
1 1 2 2 1

where F; = % is the Josephson energy. Besides the nonlinear inductor, the two electrodes sep-
arated by a dielectric themselves are an intrinsic capacitor C;. A Josephson junction, therefore,

can be considered as a qubit but with a low coherent time [110] and the Hamiltonian

H = 4E¢ (i —ny)* + Ej cos ¢, (4.5)

62
2C;

where Eo = is the charging energy, 7 is the charge operator in the number of Cooper pairs,
qg is the phase operator and n, is the offset gate charge number. We can also map the capacitor
part of the energy to the Hamiltonian of a LC circuit equation (Eq. 1.28 in Chapter 1) by replacing
the charge operator Q = 2en.

Koch et al. show that transmons, containing a capacitor C'; > (C'; parallel to the junction,
can exponentially suppress charge noise dn, by engineering a large ratio g—é > 50 [35]. A new

charging energy F£. = % (see Fig. 4.1 (c) and (d)), where the total capacitance Csx, = C; + Cj.

In this condition, we are able to transfer the charge and phase operators to a regular creation and
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annihilation operators, b and b, and get

ne (SEEJC) (b\_/;)

PN

and

qg__,<8EC>}1(b+bT)
= —1 7, ol

We result in a Duffing oscillator type of Hamiltonian

H = /8EcE, (bTb+ %) _E,-Ee (b+0vh)*

12
and the corresponding m-th energy level is

Ec

1
E,= —E;+8VE;E¢ (m—l— 5) — = (6m?* + 6m + 3).

12

The magic in transmon is that the charge dispersion in |0) — |1) transition

3 8E
0o E ( Ey )4 oV

8ng 2EC

(4.6)

4.7)

(4.8)

4.9)

(4.10)

by the fluctuation of the offset charge n, is decreased exponentially with g—é However, the

trade-off would be the reduction of the anharmonicity o = Ey9 — Ejg =~ —E..

In qubit design, we can estimate F; from the Ambegaokar-Baratoff formula [111] before

a qubit measurement in cryogenic temperature. For tunnel junctions at T = 0 K, the relationship

between the normal junction resistance R,, measured at room temperature and aluminum super-
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conducting gap A, . is I R, = % With A,. = 162 peV and the finite-element simulation value

of the shunted capacitance, one can predict the qubit frequency by

] A
7V aR,Cs

W

4.11)

4.1.1 Transmon-cavity couplings and qubit measurements

Since qubits are vulnerable to the environment, we are protecting qubits by placing a res-
onator in between qubits and the transmission line. The total Hamiltonian is a combination of the
qubit Hamiltonian H, = 4E, (7 — ng)2 — Ejcos (dS), the cavity Heq, = hw(al + a), and the
qubit-cavity interaction H;,; = ¢ X V =2en x V,where V is the voltage operator of resonator.
Classically, voltage is the charge Q divided by capacitance C. In an operator form, we could write
V= % and Q = —z'\/g (a' — a) such that V' = —z'\/%(cﬁ — a). However, only a portion
of voltage from the resonators would act on a qubit and the actual voltage across the qubit is v,
where [ is the coupling capacitance ratio [35]. Finally, a total Hamiltonian of a superconducting

qubit and a resonator

) h
M = AE. (7 —ny)? — Eycos () + hwea'a + 2i e % (af — a) . (4.12)

Simplifying the qubit Hamiltonian having only the ground and the first excited state, |

obtain

h
%tot = %O—z + hwcaTa + hg01(0+ - U*)(aT - (Z), (413)
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where wg; = (E7 — FEy)/h and the coupling strength

hw - Ey; i
hao = 200y 5 O 1) = e\ (2) @14

A common choice of g ~ 27-100 MHz and detune A, = w, —w, ~ GHz makes the qubit-cavity
system in a dispersive regime with the dispersive shift +y = Aq_zc given in Eq. 1.35. As long as
X is larger than the linewidth of the cavity k + v &~ k < 2y, one can easily distinguish |0) from
|1) state. More importantly, the measurement is QND if we choose the measurement operator
M = a'a, which commutes with H,,;.

However, the transmon is not a pure two-level qubit but rather an anharmonic oscillator

[35]. The Hamiltonian is

Hiot —thz (i| + hwea™ a+thn 1n (n—1jn) (a —l—a) (4.15)

where fiw; denotes the transmon energy levels, and the coupling strength g,—1, = goiv/n
assuming no two-photon transition.
H.ot can be approximated into a Jaynes-Cummings style Hamiltonian ;- by diagonaliz-

ing and then truncating into the lowest two levels (|0) and |1)) and

~ 1.
Hio = hd, a'a + 5&)1002 + hx'aTaaz, (4.16)

2 2
where a new dispersive shift y/ = Aleaa) , a new cavity frequency w, = w, — ﬁ and a new
- o

qubit frequency wig = wig + 901 X’ is now a function of anharmonicity such that the larger the

capacitor is, the smaller the x’ is. A moderate choice of the shunted capacitor is important to
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assure « is larger enough and also 2’ > k.

4.1.2 Importance of JJ resistance variance

Crosstalks are identified as a dominant source for gate error and can be described as an un-
wanted interaction between coupled qubits [112, 113]. For superconducting qubits, the crosstalk
depends on the detuning between two qubits. A good qubit frequency targeting, the process of re-
ducing the mismatch between the designed and the measured qubit frequency during fabrication,
allows to minimize the crosstalks. However, the designed qubit frequency is usually unmatched
with the measured frequency due to the uncertainty of the AlO, thickness. People are aware of
the importance of clarifying the material science which governs the formation and stability of
thin AlOx films.

There are a few methods used to avoid accidental resonance of qubits, which leads to
strong ZZ interactions. The first method is to tune the qubit frequency using a tunable qubit and
the second is to temporarily disable connections between qubits using tunable couplers [114].
The problem with using both tunable qubits and tunable couplers is that such an architecture
generally is susceptible to flux noise. An alternative approach is IBM Q’s works having fixed
frequency qubits and fixed couplers but executing a laser-annealing technique [115]. Those fixed
quantum elements are immune to the flux noise. However, the downside of this architecture is
that the tuning range of qubit frequencies is small and the frequency targeting is still important.
There are efforts of improving the qubit frequency variance through optimizing the fabrication
process [116] in e-beam lithography. In this Chapter, we use only optical lithography and find

the JJ resistance has a comparable variance to that made by e-beam lithography.
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4.2 Fabrication process

The transmon qubits are fabricated and the room temperature junction properties are mea-

sured in SUNY Polytechnic Institute. The full fabrication content can be found in Ref. [8].

4.2.1 Motivation and Background

It is believed the same transmons have shorter 7} times fabricated by optical lithography
than by e-beam lithography. The main reason is the rough resolution (~500 nm) using 365 nm
i-line or 435 nm g-line in a lab standard machine and the JJ area ends up being in m? size. Since
the tunneling barrier AlO, is a lossy material containing strong coupled TLSs, a small JJ area
would be optimal. Furthermore, a large junction area means small £ ; and large self-capacitance
E. which makes it harder to reach the transmon region.

Optical lithography, developed in the CMOS industry, is well known to produce nearly
identical features over large areas. The narrowest resolvable lithographic line is given by ¥1* /x4,
indicating the important variables of lithographic wavelength A and numerical aperture NA. A
short wavelength and a close to unity numerical factor k; are hard to reach in a lab. SUNY Poly-
technic fabricated arrays of JJ on 300 mm wafers using an industry-standard 193 nm lithography.
Submicron junctions could be realized in a wafer size (> tens of cm) in a short time.

The fabrication process allows us to have a standard deviation of room temperature junc-
tion resistance as low as 2.8 - 3.6% across a 300 mm wafer. It is the first-time massive numbers
of transmons on the large wafer are fabricated solely by optical lithography. The result is compa-

rable to ebeam-lithography-made junctions in a 150 mm wafer [116].
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Figure 4.3: Figure is from Ref. [8]. (a) Patterns formed at various stages of the process flow:(i)
TiN paddles, (ii and iii) leads and (iv) (in a dashed circle) connected Josephson junction which
is formed by two angled evaporations and oxidation near the Dolan bridge. Top Al evaporation
finger overlaps an oxidized Al base layer. (b)-(d) SEM images at consecutive stages. (b) Pat-
terned Dolan bridge before evaporations (c) Bridge with JJ (d) JJ after liftoff (bridge removed).
(e) Cross-sectional TEM image of angle-evaporated JJ. (f) Inline SEM measurements of finger

width in resist, with a fit to mean (solid line) and standard deviations o (dashed line). Finger
widths of top Josephson electrode with a standard deviation of 0.78%.

4.2.2 Detailed process

A resistivity > 20 k{2-cm is chosen for small wafers in order to reduce the loss from the
substrate. There is a limited choice of high wafer resistivity for 300 mm Si wafers leading to a
question of whether high-performance qubits can be realized and we are choosing 10 k€2-cm for
our wafer.

The surface of the wafer is carefully inspected. KLA-Tencor SP3 with a deep ultra-violet
laser source found only 10 and 17 particulate defects > 90 nm from two randomly selected wafers
as a good starting surface cleanliness of the wafer. The native oxide of Si wafers is removed by
a dilute HF. The choice of superconductor is TiN, which was measured to have a long coherence
time in the past [117]. 40nm-thick TiN is grown using physical vapor deposition and found to

have a (200) texture by X-ray diffraction analysis. The TiN film is then patterned to form the
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probe pads in the Josephson junction arrays and the paddles in the qubits.

The bilayer photoresist is as follows. The bottom layer of 530 nm of polydimethylglutarimide-
based resist (PMGI SF6 series, from MicroChem) is spun and baked. This is followed by spin-
coating (and baking) a 208 nm-thick layer of a commercial 193 nm positive photoresist top layer.
The pattern for the junctions is drawn using an ASML TWINSCAN AT:1200B system.

After exposure, the wafer is immediately baked and developed using a 0.26N TMAH-based
solution. Through optimization of development time, PMGI SF6 resist is selectively removed to
form the Dolan bridge. The undercut is confirmed using tilt-view SEM observations (see Fig.
4.3 (b)). The 300mm wafer is then diced into 5 mm chips and each chip contains one transmon.
Each transmon is nominally the same, with a paddle spacing of 40 ym, paddle width of 250 pm,
paddle length of 500 pm, for a total transmon length of 1.040 mm.

Starting from a pressure below 5 x 107 Torr, the wafer is then sputtered with Ar for 4
minutes to clean organic contaminants. Separate tests determine that the sputtering decreases
photoresist film thickness but not SiO, film thickness. After sputter cleaning for =~ 60 s in base
pressure, the bottom electrode of the JJ is formed by 0° tilt of 30 nm of aluminum evaporation,
at a deposition rate of 0.1 nm/s. The aluminum is subjected to in-situ oxidation with a 20%
O, in Ar mixture flowing at a controlled rate of 800 sccm, with the chamber connected to the
only roughing pump. The system pressure under these flow conditions is ~ 0.23 Torr based on
measurements during several nominally identical runs and oxidation times fall in the range of 30
to 120 minutes.

After completing oxidation, we pump the chamber down and deposit 60 nm of Al using
55° tilt evaporation. The Al deposition made contact with the underlying TiN paddles. The chips
are subjected to lift-off with NMP followed by an IPA rinse and N, blow-dry. The variance of
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the JJ area is beyond the variance of finger width of resist pattern caused by rough evaporated Al
features. The cross-sectional TEM image in Fig. 4.3 (d) confirms a thin oxide layer sandwiched
by Al layers as a Josephson barrier but also in the interface of Al and Si substrate which would
limit the performance of qubits. Figure 4.3 (e) shows a standard deviation of 1.7 nm or 0.78%
of the median in the measured finger feature widths across a central 176 mm x 130 mm region
of the wafer. We characterize JJs resistance using a voltage sweep from -0.2V to 0.2V. An open,
shorted, or nonlinear I-V curve is defined as “bad”. The yield of “good” junctions in the arrays

is well over 90% for finger widths of 140 nm and greater.

4.3 Microwave setup

In qubit controls, fast qubit gates maximize the operation number one can do within the
decay time. Fig. 4.4 shows the microwave measurement setup. To generate a pulse, I send a
microwave from a frequency generator to the local oscillator (LO) port of an IQ mixer. The
output signal from the RF port is generated when the voltage is set on either in-phase (I) or
quadrature (Q) port. An arbitrary wave generator (Tektronix AWG 5014c) sends a voltage pulse
to the I port with an additional offset voltage on the Q port to minimize signal leakage. We find
at least a -40 dB on/off ratio with an optimal voltage offset on the Q port. To further reduce the
microwave leakage, especially in readout pulses, we have a mechanical switch after the mixer
and turn on the switch 50 ns before the readout pulse.

We read out qubit states in a homodyne measurement set-up. The high-power microwave
signal from the Keysight ES072A vector network analyzer at cavity frequency is first split into

two paths. The first path transfers the microwave for ringing up cavity’s photon number as a
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Figure 4.4: Qubit microwave measurement setup. Two input lines, A and B, transfer the mi-
crowave pulse for transmission and reflection measurements, respectively. Both input lines have
a total 70 dB attenuation and a 12GHz low-pass filter. The 1-to-6 cryogenic switches allow us
to measure up to 6 devices in one cooldown. There are two circulators to reduce the reflection
noise from the HEMT amplifier. The control/measurement pulses are generated by a series of an
IQ mixer and mechanical switches.
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detection signal (see Fig. 4.4 orange box). The detection signal passes a IQ mixer and a switch
as mentioned above to generate a short pulse (~3 ps). It is then phase shifted manually by a
phase shifter such that the qubit information only appears in one phase. The detection signal is
attenuated in room temperature before going into the DR and is further attenuated by 70 dB in
the input line. The heavy attenuation is necessary to minimize thermal photons in the cavity and
improve Ty decoherence time [100]. A 12GHz cutoff low-pass filter is placed in the lowest tem-
perature plate to filter thermal radial photons. The reflection signal from the cavity is amplified
by a HEMT and a LNA and the output line set-up had been mentioned in Chapter 3.1.2.

The amplified qubit information signal is sent to the RF port of the mixer, which is down-
ward converted by the microwave with the same frequency sent from the second path to the LO
port of the mixer. The low frequency signals out from the I and Q port would carry the in-phase
and out-of-phase informations of the cavity. We place a 100 MHz cutoff low-pass filter and an
amplifier before the signal goes into an Aquiris data acquisition card (DAQ). The DAQ digitized

the 10 MHz IF bandwidth filtered signal at 1 GSa/s or with a resolution of 1 ns.

4.4 Millikelvin Characterization

4.4.1 Qubit state readout

The readout scheme is following the “punch-out” high fidelity technique proposed in Ref.
[55]. Cavity modes would inherit some nonlinearity because of hybridizing with a qubit, and
the cavity is not a pure linear element. I show in Fig. 4.5 that when we drive much harder with
input power around -40 dBm, we start to see the evidence of the cavity being non-harmonic.

The cavity resonance splits into two states and behaves as a Kerr-Duffing oscillator. Further
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Figure 4.5: Punch-out qubit readout. Left: qubit is in |0). Right: qubit is in the mixed state
of |0) and |1) by continuously pumping the qubit at its frequency. While increasing the cavity
drive power, we start to notice the cavity resonant frequency shifts to a “bare” cavity frequency
(~7.825 GHz) at high power. We find that it requires more power for panel (a) than panel (b) to
switch into the bare resonance. The guideline is showing the readout power.

increasing the power, two peaks would be separated furthermore and the one being pushed down
in frequency would dominate eventually around power ~-30 dbm. This behavior indicates that
the cavity anharmonicity is removed at a certain point and restores its linear response. The cavity
is referred to as being in its bright state. Interestingly, the power of the cavity being in the bright
state is slightly different when the qubit is in |0) or |1). The frequency where the cavity goes
bright is always the same and we call this frequency the “bare” cavity frequency as if the cavity
is in the absence of the qubit’s nonlinearity. We use this phenomenon to measure qubit state: a
readout tone at the bare cavity frequency with optimized power to distinguish qubit state for the

maximal fidelity .

4.4.2 Continuous wave measurement

Transmon qubits are placed inside 3D Al cavities (see Fig. 2.5 (c)) and are measured at

< 20 mK. In our small JJs, most of the capacitance is from the large paddle and the paddle
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Figure 4.6: Continuous wave measurement S near cavity resonant frequency f. Left: Intensity
plot of |Sa1(f)| vs qubit drive frequency f,. (b) |S21| when qubit drive frequency is around 4.71
and 4.42 GHz to excite |0) — |1) and |1) — |2) transition, respectively.

capacitance can be simulated in HFSS. Two cavities are over-coupled to the transmission line
(external coupling rate k ~ 27- 350kHz >> internal decay rate) at w./27 = 7.83 GHz and 7.77
GHz, and the qubit frequency is at around SGHz.

We characterize the frequency of each qubit by a continuous microwave exciting tone scan-
ning around the expected qubit frequencies and a probe tone measuring the transmission rate of
the resonator. One example of such measurement is shown in Fig. 4.6 (a). In Fig. 4.6 (b), a
distinguishable second dip shifted to the left side indicates that x’/27 = -0.97 MHz > 2 and the
qubit is in the mixed state. We can also determine the second excited state through an exciting
tone near wyo, where a third dip would show up in Sy; (see Fig. 4.6 (b)). The rough qubit fre-
quency is chosen when the second dip has the lowest value. A precise qubit frequency would be

later determined by a Ramsey T's experiment.
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Figure 4.7: (a) Pulse sequences for Rabi and Ramsey measurement on top and bottom, respec-
tively. (b) Rabi measurement to determine the pulse length. (c) Ramsey measurement to deter-
ment the qubit frequency and 75. (d) The histogram of single shot measurement. We obtain the
measurement fidelity F. = 1 - P(e|g) — P(gle) = 66%, where P(e|g) is the probability of qubit
initialed in the ground state but being measured as in the excited state.
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4.4.3 Qubit T4, Ty and frequency determination

We determine the width of qubit pulses by a Rabi measurement as shown in Fig. 4.7 (b),
where we apply a various qubit pulse length (see Fig. 4.7 (a)) and a 3 us readout pulse is followed
immediately after the end of the qubit pulse. The qubit state population is oscillating between the
ground and the excited state. We increase the power until a 7 pulse has a length of 50 ns.

We characterize the qubit frequency by a Ramsey measurement in Fig. 4.7 (c), which
contains two 7/2 pulses with a varying interval time. We fine tune the qubit pulse frequency until
the Ramsey measurement has no oscillation. Ramsey measurements can also determine the T’.

The readout pulse power is optimized after we set a good guess of qubit frequency and a
duration of 50 ns. As shown in Fig. 4.7, 92% of single shot readouts show that the qubit is in the
ground state when the qubit is prepared in the ground state and 74% of single shot readouts show
that the qubit is in the excited state when the qubit is prepared in the excited state. The fidelity is
defined as F, =1 — P (elg) — P(gle) =1 - 8% - 26% = 66%.

The qubit fidelity is limited by the imperfect 7 pulse, the punch-out readout technique, no
qubit-reset scheme, input line radiation, etc. The 7 pulse we choose is a square pulse which
contains a spread frequency component including wq» and slight excites the qubit to |2) states.
Better pulse shapes are a Gaussian pulse or a derivative removal via an adiabatic gate (DRAG)
pulse [118], which can avoid the second excited state population and further increase the fidelity
of readout.

High power readout is a good method in the absence of a quantum-limited parametric
amplifier. Because of the high power, the readout pulse itself might switch the qubit state. It is

also an issue for the authors with only 87% fidelity [55]. With the help of ultralow noise amplifiers

84



made by JJs, qubit read-out fidelity can reach above 99% in a shot pulse duration [47,56].
Finally, we report the measurement of T and T's on both qubits. The T; = 26 and 23 us

and Ty is 4.9 and 4.4 us and one example of measurement of T; and T is in Fig. 4.7.

4.5 Conclusion

Our fabrication utilizes a 300 mm Si wafer with a resistivity of 10 k{2-cm as the substrate
for transmon qubits and T; = 26 and 23 ps in two transmons are observed. In this study, we
find a method to fabricate high-quality transmons using advanced optical lithography. For the JJ
array portion of these chips, the standard deviation in resistance is 2.8 to 3.6%. Two qubits have
a difference in |0)—|1) transition frequency of 1.33% which is consistent with the JJ statistics on

resistance.
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Chapter 5: Bulk Alumina TLSs Spectroscopy

5.1 Motivation

Two-level systems (TLSs) are present in the materials of qubits and are considered defects
because they limit qubit coherence. Unwanted TLSs are generated not only upon oxygen ex-
posure (metal-oxide) but also during various fabrication steps. For superconducting qubits, the
quintessential Josephson junction barrier is made of amorphous alumina, which hosts numerous
TLSs [34]. However, the microscopic identity of nanoscale TLSs in amorphous solids is gener-
ally unknown — either structurally or in atomic composition. Many different theoretical proposals
exist to explain the origins of TLSs and their corresponding dipole moment p [119-123]. Infor-
mation on TLS dipole moments p is of particular importance since TLSs absorb energies from
quantum devices through p. Given the additional information obtained from more recent qubit
experiments on strongly coupled TLS [99, 124], it is possible that we can compare the experi-
mental results to theoretical models. The coupling depends on the dipole along the axis of the
zero-point electric field £, ¢, which is set as z-direction. From qubit experiments, we are capable

of obtaining dipole moment information from the coupling strength

hg: _szzpfa (51)
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where p, is the dipole moment p projected on the direction of £,,;. Here, we assume a uniform

JJ barrier thickness d; (usually =2 nm), and ., = where w is the qubit frequency, C'y;

o,
is the total capacitance. For example, researchers obtain %pz <25-6.0(D)in a— AlOy of
JJs [34,125]. However, researchers want more structural information of p,, which is obscured by
the added factor of the TLS tunneling energy A that is usually unknown. Moreover, the accuracy
of ¢ is also limited by the variability of the JJ barrier thickness with a standard deviation of 0.35
nm [37].

To obtain p, information, we obtain individual TLS’s A by tuning TLS to its minimum
energy (= Ag). The applied tuning parameter is an external electric field which is aligned with
the £, ;. Since the individual TLSs are strongly coupled to the resonator, F, is extracted when
TLSs are near-resonant and we get p, through Eq. 5.3 (but there is no access to orthogonal
components p, and p,). We use a ~ 20 nm dielectric thickness which allows for a good accuracy
of dipole moment p, extraction relative to in-JJ TLS studies.

In this Chapter, I will briefly overview the previous studies that tune TLS via fields and
describe our devices. Later, I will give details of two alumina including the fabrication process,
chemical properties, and the TLS spectrum. Last, I will compare our result to the theoretical mod-

els including O-H rotors, O-O bonds, H-bonds, etc. We acknowledge Stefan Fritz and Dagmar

Gerthsen who deposit the amorphous alumina sample.

5.2 Field-tuned TLSs experiments

The schematic and optical image of the resonator used in this Chapter are shown in Fig.

5.1. We name our resonators with voltage tuning as Electrical-Bridge Quantum-Defect Sensor
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Figure 5.1: Left: the schematic of an Electrical-Bridge Quantum-Defect Sensor (EBQuDS). A
voltage bias is applied on the bias port on top. The four equal capacitors have a voltage drop
Vhias- Right: Image of a thin alumina film resonator used in this chapter.

(EBQuDS), which has a capacitor-bridge to minimize the microwave leakage through the voltage
bias port. Four equal capacitors have a voltage drop Vj;,s, and TLSs are located in the dielectric
of capacitors. SiNx TLSs in tri-layer capacitors [105] or on top of inter-digital capacitors [126]
have been studied previously by applying static fields. Besides, dynamical fields are also applied
to extract the averaged p, but only with logarithmic accuracy [103, 104, 127]. TLSs experience
a Landau-Zener (LZ) transition such that the loss tangent of the resonator returns to a universal
single-photon loss at a high sweeping rate. This dynamical technique has recently provided
evidence for an second type of TLS in amorphous silicon, which has an anomalously large p,
and is revealed only at high field bias rates due to a gap in its density of states [103]. Other
work shows that multiple LZ transitions with destructive interferences can dynamically decouple
a quantum system from TLSs [128].

A brief recall of Chapter 2: the variation in the asymmetry energy due to the variation of

the surrounding potential structures, electric and strain fields, is

A=2y-S+2p-E+ A (5.2)
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Figure 5.2: Left: An individual TLS within a parallel-plate (tri-layer) capacitor with an applied
voltage across two electrodes. Middle: An illustration of the TLS being biased from position 1
to 3 and crossing the resonator frequency in the blue line. Right: The transmission as a function
of frequency and the bias voltage for a biased tri-layer LC resonator [9]. One can see a hyperbola
which shows how the TLS defects move in energy with bias.

Here + is a tensor defining the TLS’s coupling strength to the strain field S, A’ is the asymme-
try energy without any external fields. The consequence of TLS energy in a tri-layer capacitor

separated by [, with a bias voltage drop Vj,;,s 1S

2
Eys =1/ A2 + A% = \/Ag + <2pcos 6% + A’) : (5.3)
0

An illustration and an example of the spectrum are shown in Fig. 5.2. In the right panel, a TLS
is sweeping from position “1” to “3” and the according A is shown in the middle panel. The
curvature of the hyperbola indicates us the dipole moment p,.

Besides studies on SiNx, a few other field-tuning-studies are aiming on the most common
qubit material, amorphous alumina a — AlO,, in SC qubits. In Ref. [81], they apply a piezo
voltage V, underneath the qubit chip which changes S and observe individual TLSs tuned into
their minimum energy as well. Although they are capable of obtaining the information of A,
the accuracy of p is still poor due to the uncertainty of the thickness (or £,,;) in JJ barriers. In

addition, Brehm et al. develops a CPW resonator shunted with a tri-layer capacitor containing
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Figure 5.3: Transmission electron microscope diffraction pattern. Left: polyscrystalline sample.
Right: amorphous sample. Figure from Ref. [10]

anodic oxidized AlOx, which has a good accuracy of £, and extracts a few TLSs with p =
2.3 - 7.4 D [129]. Other field tuned measurements in a — AlO,, studying the barrier of JJs,
detected several moments with p, = 1.0 - 2.9 D [130]. Below we report on not only alumina in an

amorphous phase mimicking the growth of JJs, but also in a polycrystalline phase for comparison.

5.3 AIlOx properties and deposition

To understand the properties of alumina, we execute the dipole extraction technique on
two structural phases: polycrystalline (v — Al;O3) and amorphous (a — AlO,). We find a clear
difference in the dipole moment distribution from the film types, indicating a difference in TLS
structures. In this section, I will describe the nanochemical properties of these two alumina,
where material information on the amorphous phase growth (a-AlOx) is from Ref. [10]. We are
measuring two a — AlO, films grown under two conditions, 70°C and 250°C, by Stefan Fritz and

one v — Al;Oj3 film which is fabricated in-house.

5.3.1 Fabrication method of two alumina

* Polycrystalline films:
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The v — Al,O3 sample is grown in an LPS electron-beam evaporator. After the HF pre-
treatment, a 100 nm Al bottom layer, a 20 nm alumina layer, and a 100 nm Al top layer are in situ
deposited by the electron-beam evaporation. The alumina layer is evaporated from o — Al,O3

pellets with 99.99% purity.

* Amorphous films:

The major-studied a — AlO, film is grown by Stefan Fritz in the Dagmar Gerthsen group,
and the fabrication of the resonator is performed in the LPS cleanroom. The thermal Al oxidation
process is self-limiting on the Al surface and yields a — AlO, layers with a thickness < 2 nm.
This thickness range is useful for JJs. However, thicker a — AlO, layers are required for both
quantitative chemical analysis and dipole moment analysis due to the limitations of the used
transmission electron microscope with an electron-beam diameter of 1.8 nm and the requirement
of suppressing the Josephson effect during voltage biasing, respectively. For this reason, a—AlOy
layers are deposited by iterative oxidation, i.e., after the first oxidation step, 1-nm Al is deposited
at 0.1 nm/s and oxidized under a certain condition. We mainly focused on an a — AlO, sample
in this thesis, which is oxidized at 250°C and 9.5 mbar.

Before the deposition, the Si wafer is dipped into diluted HF to remove silicon oxide and
the tri-layer of Al/a — AlO,/Al starts with the deposition of 100 nm-Al at 0.5 nm/s. Later, an
iterative process is repeated 8 times using the same oxidation conditions (either 250°C or 70°C)
and we get ~14.7 nm-thick films. In the last step, a 100-nm-thick upper Al layer is deposited
using the same Al-deposition parameters as for the lower Al layer. However, at 250°C, the heat
transfer is so strong that the sample plate heater is not capable of keeping the temperature to the

set value and the temperature decreases further until the end of the oxidation process. The actual
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Figure 5.4: Oxygen content x of AlOx layers fabricated with different oxidation techniques and
varying oxidation parameters. The two focused films are highlighted in circles. Figure from [10].

oxidation temperature ranges between 300 and 210 °C.

See Fig. 5.3 for the transmission electron microscope (TEM) diffraction patterns for both
alumina from Ref. [10]. They find differences in the chemical properties between single and
multiple oxidations also between two structural phases which will be discussed later in Chapt.

5.3.2).

5.3.2 Nanochemical properties of aluminum oxide

The analysis of nanochemical properties of aluminum oxide is done in Ref. [10]. Two
structural phases of alumina have different oxygen content x, which depends on oxidation tem-
perature, oxygen pressure, and growth technique. For amorphous alumina and a constant temper-
ature of 70°C, the oxygen content increases with pressure from x = 1.16 (0.3 mbar) to x = 1.28
(9.5 mbar). The same effect is observed at 250 °C. Similarly, for a constant oxygen pressure, the
oxygen content increases slightly with temperature. For example, at an oxygen pressure of 0.3
mbar the oxygen content increases from x = 1.16 (70 °C) to x = 1.22 (250 °C). Both effects can

be used to maximize the O content which reaches x = 1.30 for alumina at an oxygen pressure =
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Figure 5.5: TEM images and O-concentration profiles of AlOx layers fabricated by a single
oxidation process in (a) and iterative oxidation in (b). The oxidation condition is the same at
250°C and 0.3mbar. Blue dotted lines are simulated O-concentration profiles for AlOx layers
with an ideal abrupt Al/AIOxX interface. See Ref. [10] for more detail.

9.5 mbar and at 250 °C. On the other hand, the 7 — Al,O3 sample contains an oxygen content of
x = 1.5 as expected for the stoichiometric crystalline phase. See Fig. 5.4 (or Ref. [10]) for the
oxygen content of alumina layers fabricated by different processes. The films types that we study
with the EBQuDS are marked with blue circles.

The motivation is to study TLSs in the amorphous phase from a thicker film fabricated by
the process similar to the one in JJ. However, thick a — AlO, layers deposited by an iterative Al-
deposition/oxidation process may have modified the a« — AlOy properties leading to differences
between thin and thicker layers. One difference is the existence of nano-crystalline unoxidized Al
islands, which are only present in the thick a — AlOy layers. For static oxidation at high oxygen
pressure and high temperature, the amount of Al island is found to be less than 3% in volume. The
other difference is the oxygen content distribution. The oxygen distribution throughout the thin
and thick a — AlOy can be visualized by O-concentration profiles in Fig. 5.5. O-concentration
gradients are identical at the upper and lower Al/AlO, interfaces of the thin layer. In contrast, the

broadened O transition at the upper and lower interface of the thick layer are not the same, and
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the reason is unknown. Note that the TLS properties might depend on oxygen content such that

TLSs in the JJ barrier and our film are different.

5.4 TLS statistics analysis and intrinsic material density

We are able to extract hundreds of TLS dipole moments and analyze the histogram H (p, )
(e.g. Fig. 5.8). Before showing our experimental result, I would like to introduce a transformation
from H (p.) into intrinsic material properties, such as the TLS density D(p, ) or single photon loss
tangent. The derivation of H(p.) to D(p,) is adapted from Ref. [131] and Dr. Osborn’s notes.

At a given electric field bias range AE.,, TLSs with larger dipole moments have a larger
shift in asymmetry energy A relative to smaller moments, and this leads to a higher probability of
the former moments having their energy minimum within the resonator bandwidth. As a result,
H (p.) is not an intrinsic material property instead of a statistical bias. To obtain the relationship
between the D(p,) and H (p,), we start from the standard tunneling model [76,77]. The authors
assume that the density of levels per unit volume and energy, n(A, Ay), depends on tunneling
energy Ag but is uniform in A giving

where P, is a constant in unit of 1 /(.J m?). However, the model only considers a single moment
]?] = p and the dipole direction is isotropic. In our experiments, we notice the dipole moment

in the z-axis is not uniform and we add distributions in dipole direction and moment value. For a
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general case, we write

/

n(A, Ay, 7)) dAdAdp = A—ZD(?) dAAdAdp, (5.5)

where D( ) is a generalized material TLS distribution and P, is a new constant. D(7’) depends
on 3 Cartesian coordinates, but we only have measurement access to one component, p.. The full
investigation of D(7) is beyond the scope of this thesis, and therefore we assume that D(7') is

separable in p,, p,, and p,. Without loss of generality, we consider a simple case

7wA,AmpgdAdAmmz—-?Xf)dAdAmmm (5.6

where [ D(p.)dp. = P, and D(p,) is measurable in our experiments. In TLS spectroscopy,
Viias 18 known such that p,, Ay, and A’ can be extracted for individual TLSs and A = A’ +

% Next, we change variables to include Vs through Jacobian transformation giving

OA oA
Op= MWhias 2pz
dAdpz - dpz d%ias = l() dpz d%ias- (57)
Op Op
a_I;Z 8Vfias

Niot 1s the total number of observed TLSs from measurement histogram H (p,;) and

Nt = Y H(pzi) Apai, (5.8)

where p.; is the center value and Ap.; is the bin width of the i-th bin. N, can also be written
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related to Eq. 5.6 as

Nie =V /n(A, Ay, p.)dAdAydp,.

Substituting Eq. 5.7 into the above equation, we have

Similarly, we consider the i-th bin of H(p.;) and the number of TLSs in this bin
Ni = H(p.i) Apzi

If Ap,; and A, are small enough, we obtain

Afy
fo

2pzi

D<pzz) Apzz A%ias

or

_ 1 H(pz) ZO fO
D(pZ) N |4 2pz A‘/bias AfO7

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

where A fy = SOMHz is the measurement frequency span. Thus, we prove that D(p,) is not

proportional to measured histogram H (p,), but D(p,) %. Last, we can obtain the material

z

constant

Py = /D(pz)dpz

11 Lo fo

~ -

i V Dzi 2A%ias A_fo
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5.5 TLS microwave measurements

All measurements in this chapter are done at temperature < 15 mK to minimize the thermal

populations.

5.5.1 TLS spectrum of polycrystalline v — Al,O3

An example single transmission trace |Sy;| vs frequency f is shown in Fig. 5.6 top panel
in blue. Within the bandwidth of the resonator, a few fine resonance dips reveal the energies of
individual TLSs. Fig. 5.6 middle panel shows a TLS spectrum example, |S2;(f)| at various dc-
field Eq, = Vl;—oﬂ from a v — Al,O3 sample. TLS energies exhibit hyperbolic energies versus Fe,
in agreement with Eq. 5.3. I estimate the A, from the minimum of the TLS energy (min(FEy;) =
Ay), and p, from the hyperbola — a steeper curvature gives a larger dipole moment. An optimized
Monte Carlo fit is performed on each TLS energy to extract p, of the specific TLS (see Appendix.
B.1). Only well defined TLS energy curves are selected for analysis. Two examples of extracted
p. are labeled in the boxes and the fits are plotted as blue hyperbolas in Fig. 5.6 bottom panel.

Next, we obtain an approximate intrinsic material loss tangent tan §° by using the averaged
transmission rate So1 qug = » ; S21(Vhiasi)/ D, 1 from different voltage biases. |Sa1 44| is shown
as the solid black curve in Fig. 5.6 top panel. A fit (dashed red curve) to Sz 44y yields tan 6® =
1/Q; = 1/680 = 1.5 x 1073 and Q. is extracted as Q, = 27 fo/k. = 590.

TLSs change their energies randomly during cool-downs from room temperature. From
four different cool-downs, we created different sets of TLSs in the two resonators. The two
histograms and statistics are shown in Fig. 5.7 and Table. 5.1. The mean p, of H(p,) are 3.5(1)

and 3.6(1), for Resl with fy =4.35 GHz and Res2 with f, = 4.95 GHz, respectively.
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Figure 5.6: Top: |So1| of a v — Al;O3 resonator. It shows multiple dips indicating TLSs strongly
coupled to the resonator. The black curve is the ensemble average |Sa1 4.4/, Obtained by averaging
all Sy in the next panel. The intrinsic quality Q; is 1/(1.47 x 1073) ~ 680 according to the
red fitting line. Bottom: Color scale plot of |Sy;| vs probe frequency f and electric field Ecy.
Data show a main resonance at 4.974 GHz. Several local minima in | Sy | reveal the energy of
individual TLSs. Several TLSs in blue hyperbolas are fitted to the energy model (Eq. 5.3), where
p. comes from the curvature of the energy hyperbola.
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Figure 5.7: Histograms of p, from two different v — Al,O3 resonators.
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Figure 5.8: Histogram H (p,), material TLS density D(p.), and distribution fits. The chosen
functions to fit D(p,) are a Gaussian function (red) and a gamma function (black). The fitting
method is shown in Appendix B.2. (a) H(p.) of 394 TLS moments from polycrystalline phase. A
Seaborn box is plotted to show measured (not material) statistics, including the mean moment, a
25% and 75% range (dark box), and data range (bar limits). (b) D(p,) o< H(p.)/p. after account-
ing for the experimental weighing factor. From the Gaussian fit, we report the material mean p,
of 2.6 D and standard deviation o = 1.6 D. The yellow-green dashed line illustrates a possible
material density if we assume an isotropic TLS direction. Since we expect the distribution > 0
when p, = 0, the gamma distribution is not preferred.
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According to the standard TLS distribution [76,77], TLSs have log-uniform A such that
there are negligible distribution changes for TLS tunneling energies that are only 0.6 GHz differ-
ent in our two resonator frequencies. We, therefore, combine all the data from different runs in
the two resonators to enlarge the sampling number and improve the statistics. The accuracy of
extraction is limited by the uniformity of thickness of alumina rather than the fitting process. A
total of 394 TLSs from two resonators are analyzed to form the measured p, distribution H(p,)
with an average of 3.5 + 0.4 Debye (D) shown in Fig. 5.8 left panel. A Seaborn box is plotted on
top of the left panel, where the red color line is the mean line, and the right and left sides of the
box represent 25" and 75" percentage of dipole moment data. The intrinsic material TLS dipole
distribution D(p,) is related to TLS material density Py = | D(p,)dp, (in units of J~tm=3).
The transformation is derived in Eq. 5.13 with a Sy; span A f, = 50.0 MHz, and D(p,) is shown
in the right panel. The dashed lines in Fig. 5.8 show the fits using a maximum likelihood estima-
tion (MLE) method (Appendix B.2). The chosen functions to fit D(p,) are a Gaussian function
(red) and a gamma function (black). From the fit of a Gaussian related distribution, we find that
D(p.) has a mean dipole moment p, = 2.6 + 0.3 D (= 0.54 £ 0.05 ed)yand o0 =1.6 D (=0.33
e¢A). The computed TLS density P, is 1.0 £ 0.1 x 10*(J~*m™3). This computed value of TLS
density along with the dipole moments agrees with the measured loss tangent. As a result, we

used the material units in the right panel.

mean measured p, (D) | standard deviation (D)

Res1 (4.35 GHz) | 3.55 1.47
Res2 (4.95 GHz) | 3.64 1.3

Table 5.1: Mean and standard deviation of extracted TLS p, in H(p.) for each v — Al, O3 res-
onator.
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For amorphous samples or random voids within polycrystals, we expect TLS dipoles to be
random in angle (isotropic). For the case of one single dipole magnitude p, and isotropic angle
0, the distribution in cos @ or p, is uniform. Therefore, D(p,) is expected to be independent of
p. until the maximum value py. As a guide to the eye, an isotropic distribution (random angle)
with dipole moment py = 4.5 D is shown as a yellow-green dashed line in Fig. 2 5.8. The positive
slope in the observed distribution indicates that we have a departure from isotropic distribution
(since isotropic TLSs give only a non-positive slope or a monotonic decrease). Thus, data in
Fig. 5.8 shows that TLSs can be different than the standard model for TLSs. The anisotropic
angular distribution may be caused by the polycrystalline film texture (crystallite orientation)
which influences the TLS orientation. Additionally, an interesting modified model attempts to

explain the anisotropy [132], and more experiments are needed to characterize its validity.

5.5.2 TLS spectrum of 250°C amorphous oxide

Fig. 5.9 shows a TLS spectrum, an adjusted spectrum, spectrum with TLS fits. The a —
AlQO, spectra are not as clear as 7 — Al,O3 ones due to higher noise in the spectra, despite using
the same setup. In addition, since the 70° a — AlOy has less clear spectra (see Fig. C.3) than that
of 250° a — AlOy probably due to a larger unoxidized Al island volume ratio, we focus on 250°
a — AlO, sample. To improve the TLS signal contrast, the S, data is shown after processing in

panel (b). For our first processing step, we subtract Sy 4,4 from Sy; and then multiple |5217,wg|:

So1(f) = (S21(f) = Sar,a09(f)) X [S21.a09(f)] (5.15)
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Figure 5.9: (a) Color scale plot of |Sa;| vs f and electric field Eq from a a — AlO, resonator.
(b) Example of processed transmission data. The LC resonance is approximately 5.132 GHz (no
longer visible after data processing). (c) The same data with traces fit to TLS energy function.
7 fitted dipole moments are extracted at values of 3.2 - 12.7 D. TLSs whose energy does not
depend on bias voltage are marked by arrows. Curved red dashed trace shows an anomalous
TLS; it switches between a hyperbola and nearly constant energy of 5.116 GHz at £, = —30
kV/m and E,, = —18 kV/m.
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In the next processing step, we apply a low-pass filter function F(z) in the frequency domain

and take the derivative with respect to frequency:

St pior = %(fw;l(fm (5.16)

We plot S2; ¢ in Fig. 5.9 (b) and (c) in an arbitrary unit and add hyperbolic fitting traces (blue
lines) in the panel (c).

As we will show in detail below, TLSs within a — AlO, are less stable than those in v —
Al;O3. The a—AlO, TLSs show sudden switchings in energy or even become invisible within the
resonator bandwidth in time, making it more difficult to identify individual TLSs. This leads to a
higher error in the Monte Carlo fit. We also observed energy features that are almost independent
of E.,, as indicated by black arrows. They are not expected because all coupled TLSs should be
frequency tunable in the device. Surprisingly, one of them seems to be only partially described by
hyperbola in the red-dashed curve. Increasing bias voltage at -30 kV/m, this TLS seems to switch
from a regular TLS state to an unknown state which has constant transition energy under bias until
-19 kV/m and finally switches back to normal TLS behavior. This indicates an unexpected state
near its energy minima A\, which we believe has not been identified previously. At -8 kV/m, one
hyperbola seems to change slope (as indicated by the start of a blue dashed line), although this
event may represent two separate TLSs.

Unlike the polycrystalline sample, the amorphous films show most of the hyperbolas from
TLSs in the bias range of —30 to 30 kV/m. Outside of this range, TLS tracks are seen, but
they do not typically trace out a smooth hyperbola. Furthermore, we find that most TLSs do

not appear with the same parameters (Ag,A’, and p,) after repeating the voltage scanning within
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Figure 5.10: TLS spectrum of a — AlO, sample scanned from low-to-high in voltage (top) and

high-to-low in voltage (bottom). The two scans are measured without time interval. We find
TLSs are not repeatable after the voltage bias changes direction.
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Figure 5.11: Left: The measured distribution of 189 a — AlO, TLSs. Right: The probability
of the material TLS dipole distribution. Dashed lines are acquired by calculation of Eq. 5.17,
and we report a mean dipole = 4.6 £0.5 D and o = 2.5 £0.3 D (not from a Monte Carlo fit).
Analysis of missing measured dipoles is needed, but even afterwards the mean value is larger in
this material than in v — Al,O3 (see Chapter 5.5.6).

the same cool-down. An example in Fig. 5.10 shows two TLS spectra measured consecutively
without a pause, where the first one is shown as the top panel and is scanned from low-to-high in
voltage, and the second is shown on bottom and scanned from high-to-low in voltage. In a small
fraction of TLS hyperbola (< 3%), TLS traces appear with the same dipole and A’ is within 1
MHz, such that they are regarded from the same TLS and counted only once in distribution. In
a — AlyO3, we identify and analyze a total of 189 TLSs using multiple field sweeps and cool-
downs according to the above procedure. The measured distribution H (p,) with counts and the
probability of material distribution D(p,) are shown in Fig. 5.11. H(p,) shows a broad range in
value from 0.5 to 16 D with an average of 6.0 D and the interquartile range (range from the 25"
to 75" points) of 3.8 D. Because of the large deviation, we cannot get a reasonable fitting to a
Gaussian function, which yields a mean value of 1.6 D and standard deviation of 4.2 D. Instead,

we calculate the material average dipole moment (p,) of D(p,) from H(p,) by

() = JpDw)dps [ H(p:)dp:
’ f D(pz)dpz fp;lH(pz)dpz

(5.17)
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The standard deviation o is done in a similar way. From this we find (p,) = 4.6 £ 0.5 (=
0.96+0.1 eA) and o = 2.5+0.3 D (= 0.52+0.05 eA). A guiding Gaussian curve with these two

parameters are plotted in red.

5.5.3 Loss tangent from dipole moment histograms

From D(p,), we are able to derive the statistical loss tangent tand?. The comparison of
tandg to the loss tangent tan (552 obtained from Sy 4,4 is an important completeness check of the

histogram. Following Ref. [86], Chapter 5.4 and Eq. 2.44, loss due to TLSs can be described as

2 —2L tanh E”S
e (Ty% + 20 4 (B — 2n f,)?

Emaz dE 1 d D 1 tanh(zgtlsj’) d (5 18)
- s U z F2) .
/0 S . \/7 / (p:) e (T2 + QZTl) (B — 27 )2 b

where ¢ is the permittivity constant, {2 is the Rabi frequency, u = Aq/Ey,s and Ty (T3) is TLS

relaxation (decoherence) time. The integral of u can be separated and

1
/ ﬁdu =\ J1-u2, ~1, (5.19)

where 1, is close to 0. In the case when Q%7 T, is much smaller than 1 and low temperature, the

equation is in the single-photon regime, and the fraction part besides p, is a Lorentzian function,
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whose integral is 7. Therefore, we obtain

tand? = / D(p.)p3dp.. (5.20)

Through the substitution of Eq. 5.13, we can estimate the loss tangent from H (p,):

7T 1 H(pz) lO f
€ V 2pz A%zas AfO

tand? = p2dp.

e
eV A‘/bzas A.fO

T

lo

H z zA z
VA%Z(IS AfO Z p p b

m
2¢

Finally, we have loss tangent from discrete p, as

m lo Jo
tan 0’ ~ — ——— L ;- 21
W N S VAV B 2 2D

Note that the function is 7 times larger than the equation (S6) in Ref. [9]. A comparison of
tan ) = 1.41 x 10~* from the TLS histogram to tan 0y = 1.47 x 10~? from the transmission
fits in polycrystalline film shows a difference less than 2% indicating we capture most of the
TLSs.

Unlike in v — Al,Os3, in the amorphous sample, tan¢? = 3.2(3) x10~* does not match
tan o) = 1 /Q; = 1 x 1072 and tan 0% is distinct with every cooldown, where the mean Q; =

1020. We anticipate that tan (52 is smaller than tan (5?, since there are unfittable TLSs due to TLS
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Figure 5.12: Time dependence of processed |S9;| with a frequency range > 30 MHz. (a)
v — Al, O3 spectroscopy versus time shows the TLSs are relatively stable in frequency near the

transmission minimum for 10s of hours. (b) a — AlO spectroscopy versus time shows relatively
large TLS energy switching and drift.

noise.

5.5.4 TLS spectrum in the time domain

To decipher the role of TLS-TLS interaction, we conduct temporal spectroscopy for the
two different film types. Fig. 5.12 shows the processed So; traces (the same process mentioned
in Chapter 5.5.2) observed over many hours. This resonant TLS noise is believed to be caused by
interactions with thermally excited low-frequency TLSs [85]. As shown in Fig. 5.12 (a), TLSs in
the v — Al,O3 film near the resonance frequency are relatively stable: their energies drift by less
than 2 MHz over tens of hours. On the contrary, TLSs in a — AlO, behave similarly to Ref. [133].

TLSs show irregular drifts of more than 5 MHz, including multiple telegraphic switching events
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Figure 5.13: Loss tangent vs number of photon. Square root power law fits (Eq. 2.47) are shown
in red. Left: polycrystalline film. At high photon numbers, the data is deviated from Eq. 2.47 in
red. On contrary, the fit of Eq. 2.44 (green) yields p, = 2.6 D, T} ;;, = 60 ms and 75 = 300 ns.

Right: amorphous film. Eq. 2.47 can explain the loss tangent implying 77 ~ 75, even through
spectral diffusion is observed.

(blue arrows) and ergodic abrupt TLS shifts (black arrow). Due to the larger dipole moments
observed in a — AlO,, we expect a larger mutual TLS interaction than that in v — Al,O3 (if the

low-frequency thermally activated a — AlO, TLSs have also larger dipole moment).

5.5.5 Power dependent loss tangent

The measurement of tan d at various power is a common way to understand the interaction
of ensemble of TLSs and microwaves. As discussed in Chapter. 2, we are generally using a
square-root power law (Eq. 2.47) to fit the tan 6. However, in a rare case of 77 > T5, we require
to use Eq. 2.44. We plot tan § vs photon number n from v — Al,O3 (left) and a — AlO, (right)
sample in Fig. 5.13. On the left panel, we observe the fit of approximated equation 2.47 in red
cannot explain tan ¢ at a high n instead Eq. 2.44 is needed. The fit in green yields the extracted
fitting parameters 77 ,,;, = 60ms and 75 = 300 ns by using {2y = 2p. F. ¢ \/n, where p, =2.6 D.

On the other hand, since spectral diffusions and telegraphic noises are observed in a — A1O,
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Figure 5.14: One TLS spectroscopy of a — AlO, TLS. Top: TLS fitting results and their dipole
p. (D). Bottom: TLSs with incomplete hyperbolas in red and their potential p, (D)

sample, it is possible that the traditional steady state STM model is not valid and the logarithmic
function matches [85]. Surprisingly, a — AlO, result is consistent with Eq. 2.47 in contrast to the
results of 2D planar resonators [92,93] and our vacuum gap resonators. We will discuss a possible
explanation later in Chapter 6. Moreover, since Eq. 2.47 agrees with the data, we suggest that T}

in a — AlO, is much lower than that in v — Al,Og if 75 is similar in both films.

5.5.6 Missing TLSs and overestimating mean dipole moment

From Chapter 5.5.3, we realized tan 6° is far smaller than tan 5? in the amorphous sample.
There are many unfitted TLSs in the spectra and we should be careful in concluding the analysis
of the histogram.

Due to the larger average dipole moments observed in a — AlO,, we expect a larger inter-

action from thermal TLSs (illustrated in Fig. 2.14) than that in v — Al,O3. The mutual interaction
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Figure 5.15: Computed average dipole for different conditions of plausible missing TLSs in the
amorphous film. We assume 10th (2.8 Debye) or 20th (3.5 Debye) percentile in original data
as small p, TLS in square or in star marks respectively. Small p, TLSs in the distribution are
multiplied by the multiplication factor M to simulate possible missing TLSs. The original data is
when M = 1. The black dashed line represents the average dipole in v — Al,O3. We take M=5 as
the most possible case for our data, implying p, 4, > 3.3 D in amorphous alumina film.

is observed in Fig. 5.12, where the a — AlOy TLS spectrum in the time domain is indeed more
unstable. TLSs are switched in energy randomly during voltage biasing, and thus it is difficult to
extract their p,. For example, a 2 Debye hyperbola track in a — AlO, data took about 10 hours
to obtain and might experience one to three frequency jumps. Moreover, a small dipole moment
TLS has a small coupling (g o< p) to the resonator which has a small dip in S5;. It is more
likely that the dip is covered by microwave noise when we are probing at low power. Because
of the unstable TLSs due to mutual TLS interaction, and resonator signal-to-noise ratio, we are
prone to measure the larger dipole moments than the smaller ones, especially in the amorphous
sample. Those TLSs without crossing their minimum are not counted in statistics due to the high
uncertainty. We show a few examples in Fig. 5.14, where preliminary manual fits are shown in
red dashed lines, which are generally small in p,. With a closer look, one can see some other
potential small dipole moment TLSs at the edges of the figure.

Here we estimate a case when we miss M-1 out of M small dipole moment by multiplying
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Figure 5.16: (a) Spectroscopy of DC bias sweep on v — Al,O3 with voltage noise. (b) One exam-
ple of |Sy;| from (a) without proper filtering. Voltage noise obscures TLSs within the spectrum
and ); = 1600.

the small p, TLS distribution. First, we define the small p, TLSs as the 10" or 20" percentile,
which equals 2.8 and 3.5 Debye respectively. The dipole smaller than the above value is mul-
tiplied M times in counts for a new distribution. The resulting new average dipole p, and ratio
of small p, TLS number to the total number are plotted in Fig. 5.15. In an extreme case with 8
missing TLS and 2 fitted TLS with p, < 3.5 D, 4 out of 5 are not analyzed. This also implies
multiple factor M = 5 and the new average is at least 3.3 Debye. This is still larger than p, =
2.6 Debye in v — Al;O3. Now, we turn to the isotropy of dipole orientation. There are missing
TLS extractions, especially of those small p, TLS. The portion of small p, TLS could be under-
estimated. As a result, if we add those small p, back, the material distribution D(p.) could be
monotonic decreasing as expected in the standard model. More studies are needed to understand

the small dipole TLSs in the amorphous phase.

5.5.7 Effect of less proper filtered bias line

Here, we discuss the effect of bias line filtering and TLS noise on resonator data fittings.

Filtering noise in the bias line is essential to study the individual TLSs in both film types. We
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performed a control experiment with additional bias-line noise. We start from a setup where the
bias line has only a low-pass copper powder filter (CPF) and a 12GHz K&L filter as opposed to
the usual situation in which a CPF, a K&L filter, and a RC filter are present (see Chap. 3.1.3 for
the bias line setup). Fig. 5.16 (a) shows measurements of v — Al,O3 TLS spectroscopy with low
frequency noise and Fig. 5.16 (b) shows a trace of | S| at fixed bias. There is no observation of
any individual TLS. Surprisingly, the fit gives an internal quality factor, Qi noise = 1600, which is
higher than Q; = 680 reported before. It is believed that without proper noise filtering, the bias

voltage noise strongly affects the visibility of the TLSs.

5.5.8 Theoretical models comparison

Ref. [34] suggests that OH bonds are the origin of TLS in AIOx films observed with qubits.
Several theoretical simulations point out the possible origins of TLSs in alumina including the
calculations based on density-functional theory (DFT) [119-122] and molecular dynamics [123]
simulations. Holder et al. find that hydrogen aluminum-vacancy TLSs VA — H in a@ — Al O3
have p = 3.0 D [119]. Separately, Gordon et al. simulated the interstitial hydrogen in o« — Al,O3
at various two oxygen(O) atoms distances where p = 2.2 — 2.7 D but a minimum frequency = 16
GHz [120]. Two models related to hydrogen(H) suggest total dipole moment p < 3.0 D [119,120].

Besides H-based simulations, two models of O-based TLSs suggest p > 4.2 D. DuBois et
al. studied models of delocalized oxygen atoms with six neighboring aluminum atoms [121,122].
They found oxygen deficient AlO, for x = 1.25 by varying distances between O and Al atoms,
with p = 4.2 - 6.5 D for TLSs with tunneling energy Ao/h = 4 GHz [121]. Additionally, Paz

et al.find natural bi-stable structures in amorphous alumina including only Al and O atoms and
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calculate an average p = 4.2 D from 7 TLSs [123]. Although there are differences between
theoretical models, they are consistent in that H-TLSs have smaller p than O-TLSs.

The v — Al,O3 D(p.) has a single peak at approximately p, = 2.6 D, which can be sourced
from H-TLS or two unresolved peaks of both H- and O-TLSs. Although small in statistics,
a — AlOy has a wider spread in D(p.) and two separate peaks. Furthermore, a — A1O, TLSs
have 10 % population with p, > 8.6 D, where p, = 8.6 D is the maximum in v — Al;O3. Using
a comparison between two alumina datasets and the fact that O-based TLS is the larger dipole in

DFT structures, we find a higher ratio of O-TLSs to H-TLSs in a-AlOx than v — Al;Os.

5.6 Conclusion

In summary, we have extracted the dipole moment p, of hundreds of individual TLSs in
nanoscale-thick films of (polycrystalline) v — Al,O3 and (amorphous) a — AlO, alumina. We
have used an Electrical-Bridge Quantum Defect Sensor (EBQuDS) and show it is suitable to
characterize a number of TLSs as quantum defects. Analysis of the measured histogram of p,
reveals that polycrystalline alumina fits well to a single Gaussian peak. From the material dis-
tribution (algebraically related to the measured one), we obtain that the mean TLS moment of
the polycrystalline film is p, =2.6+£0.3 D (= 0.5440.05 e/ol) and 0 = 1.6£0.2 D (= 0.33+0.03
e¢A). Furthermore, the material distribution disagrees with the isotropic model commonly used in
amorphous materials, indicative of a preferred texture (orientation) of the polycrystalline grains
that host TLSs or a modified model. On the other hand, we cannot conclude if amorphous alu-
mina dipoles are isotropic or not because of missing TLS extraction.

The ability to extract an accurate mean p, puts constraints on its defect type and allows us
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to make first comparisons to new microscopic structures used in DFT calculations. The poly-
crystalline data show one dominant peak and could be showing the dominance of H-TLSs, or
unresolved peaks of both H- and O-TLSs in the distribution. We find that a — AlO has a larger
mean p, = 4.6£0.5 D, which is consistent with previous amorphous alumina results. In contrast
to v — Al O3, the TLSs switch more rapidly, and our p, distribution in amorphous alumina yields
a larger standard deviation (= 2.540.3 D) and two peaks in contrast to one. The moments above
8.6 D (10% of the distribution) are larger than any TLS in polycrystalline alumina and agree only
with calculations of delocalized O atoms. Due to this and other amorphous distribution features,
we find that the ratio of O- to H-TLSs is higher in amorphous samples than in the polycrystalline
ones. Because of its relative simplicity in distribution, alumina seems to be an important material

for further JJ-barrier studies.
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Chapter 6: Surface TLSs Investigation by Vacuum-Gap Resonators

6.1 Motivation

To begin with, I would like to recall Chap. 2.3, where the standard tunneling model and the
puzzle of saturation slope correction ¢ are introduced. However, I will replace Rabi frequency
2 by photon number n,,, since n,, is a direct measuring parameter. Also, the direction of the ac
zero-point electric field E,;, depends on the position and is typically unknown in planar resonators
(so as ). It is useful to have p as a vector of dipole moment and p = |p|.

Measuring the loss (inverse quality factor 1/@Q);) of a resonator as a function of photon
number n,, provides information on TLSs. According to the STM with steady TLS frequencies

[76,77], the loss from TLSs gives

1 1 tanh(glng)

@: Q_?\/1+nph/nc'

6.1)

This is written in terms of the intrinsic loss 1/QY, the resonator frequency w, temperature 7T,
and TLS coherent time 7 = 1/T'5. Note that n_! o< (p - E,,)*r depends not on I';, since I'y
is only related to the phonon coupling [76]. Recent measurements of resonators with deposited
films support the saturation power law with an exponent of 0.5, @Q; o< 1), above 1. [34, 134—

136]. However, planar resonators with only oxide interfaces and processing residues have a
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small saturation exponent < 0.5. A phenomenological approach uses a free fitting parameter
¢ < 0.5 with the denominator part in Eq. 6.1 set as (1 + n,y,/ n.)? for matching the experimental
data [38,90-93].

A physical mechanism for small ¢ may come from the non-negligible interactions between
TLSs. The concept is that frequencies of coherent TLS (cTLS) defined by hiw > kg1 would
depend on the states of neighboring low-frequency (LF) TLSs with fiw < kgT'. Thus, stronger
fields are required to saturate TLSs than if their frequencies were fixed as suggested by STM. The
stochastic fluctuations yield a logarithmic equation 2.85 which is used for the fits in the results
from planar resonators [92,93]. However, planar resonators have position-dependent field distri-
bution of F, [94], and dielectric films may exhibit a wide spread of p [95,103,131], resulting in
a distribution of n.. In consequence, Eq. 6.1 which has a single value n. is forced to be rectified
to Eqgs. 2.88 or 2.87.

Vacuum-gap capacitors (VGCs) or 3D cavities are two types of resonators to study TLS
loss solely from metal surface. VGCs can provide a small on-chip footprint of capacitance and
still maintain high quality for both micro- and mechanical wave resonators [137-139]. 3D cav-
ities show extremely high quality factor and are used widely to couple to transmon qubits [70].
However, 3D cavities still have a distribution of E,,. Here we choose VGC in resonators, where
the metal-air (MA) interface (i.e., AlOy) is the dominant TLS host material. A quasi-uniform gap
distance yields E,, ~ \/Wé, where Z is the direction of two plates separated by d and C'
is the total capacitance of the resonator. As a result, we are enabled to investigate MA TLSs and

verify the correct explanation.
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Figure 6.1: Schematic, side-views and scanning electron micrographs of vacuum gap capacitors
(VGCs). Vacuum-gap resonators are primarily sensitive to metal-air (MA) interface TLSs. (a)
Schematic of the resonators. (b) Side-view illustrations of the VGCs using SiNx (top) and pho-
toresist (bottom) as sacrificial layers. The shape of top electrode depends on the sacrificial layers
(see main text). (¢) VGCs with SiNx as the sacrificial layer, which yields a terraced bridge shape
with an average gap distance d ~ 125 nm. (d) VGCs with photoresist as the sacrificial layer,
which yields an arch shape and d =~ 250 nm. The process uses a 200 nm metal-thinning step
before removal of the sacrificial layer .

6.2 Fabrication Method

The schematic of the resonators follows the Ref. [95, 131] and is shown in Fig. 6.1 (a).
VGCs are achieved with a standard optical lithography process; two kinds of sacrificial layers
(SLs) are used, which are low stress SiNx and photoresist (PR). The capacitors are comprised
of perpendicular strips with widths of 6 and 13 ym. After releasing the SL, the top electrode

strip shape ensures a quasi-uniform gap distance. At the start of the fabrication, the bottom
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electrode and the ground plane are made from 120 nm-thick aluminum film deposited by e-beam
evaporation to ensure a small stress film. Next, we deposit the SL and name the resonators SiNx
VGC and PR VGC depending on the use of the SL. For SiNx VGCs, we grow 200 nm-thick SiNx
in an Oxford PECVD system at 300°C and spin PR to pattern the structures of the connection
via-holes and bridge supports. Later, we etch the patterns by SFg reactive-ion etching (RIE)
plasma. For PR VGCs, we spin S1805 positive PR at 500 nm thickness. The wafer is exposed to
the pattern of via and bridges and then developed by Microposit MF-CD-26. We reduce the PR
thickness from 500 to 200 nm by a timed RIE oxygen plasma descum and then bake it at 170°C
to strengthen the PR. A top Al layer of 300 nm is deposited by e-beam evaporation and patterned
to form the top electrode plate. We choose 300 nm-thick Al in order to fill vias and strengthen
the base piles for the top electrodes. Side-view illustrations of two VGCs are shown in Fig. 6.1
(b). The illustration of the fabrication can be found in Appendix A.

An additional thinning process is made by etching 100 ~ 200 nm of the top electrode to
prevent the bridge from collapsing. The thinning process reduces the beam mass/thickness which
changes the strain from compressive to tensile. We show a SiNx VGC without thinning process
in Fig. 6.1 (c¢) and PR VGC with 200 nm thinning in Fig. 6.1 (d). This step is essential for PR
VGCs or both types of VGC with support base piles having large separations. The separation
of piles is chosen as 9 pm in the final devices, and a separation > 15 pm always collapsed after
releasing.

Next, the wafers are diced into 6.5 X 6.5 mm? chips and the SL is ready to be released. For
PR VGC, the chips are immersed in 80 °C NMP for 3 hours, rinsed with IPA, and blown dry by
nitrogen. For SiNx VGC, the chips are placed under a high power inductively coupled SFg plasma
without forward voltage, which has a lateral etch rate around 4 ym per hour. Finally, we measure
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Figure 6.2: Left: Simulated resonant frequency w vs vacuum-gap distance d. From the intersec-
tion, we can estimate the stray capacitor. Right: Simulated |Sy; | vs d.

the resistivity from the bias port of the resonators and the ground to confirm a non-collapse VGC,
where the yield is more than 95%.

The gap distance d depends on the choice of the SL and the thinning process. We expect the
curvature or d would change during cooling from room temperature to mK. However, this affect
would be small and in fact all non-collapsed VGCs did survive cooling to cryogenic temperatures.
The gap d is estimated by comparing the measured resonant frequency to that of the finite-element
microwave simulation in Sonnet at different d (see Fig. 6.2). From resonance frequency and

2 versus 1 /d, we estimate the stray capacitor Cstray =~ 25 fF, which is

distance plotted as w™
primarily coming from the self-capacitance of meander inductance and is expected to have a high
quality factor. Since the VGC (d = 125 nm) has capacitance ~ 150 fF, we expect the dominating
TLS effect is from the MA interface of the VGC.

We find that d of all four resonators on the same chip have the same value. However, be-

cause of the strain, the top electrode-bridges are never precisely parallel to the bottom electrodes

(see Fig. 6.1 (b)) but also has d of the coefficient of variation < 15%. From the simulation,
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EHT = 4.00 kV Signal A= InLens Date: 29 Mar 2021
WD= 7.9 mm Photo No. = 6678 Time: 15:41:59

Figure 6.3: Left: Height measurement done by a laser confocal microscope. The red means a
higher position. Right: SEM image. A clear non-uniform top plates are seen.

we found that the average gap distance d from SiNx VGCs is 125 nm for no-thinning process
(Fig. 6.1 (c)), 135 nm for a 100 nm thinning process, and 150 nm for a 200 nm thinning process.
The filling factor of MA interface F; 4 are 0.9%, 0.8%, and 0.7% ,respectively. Moreover, F,
of other interfaces are at least a factor of 10 smaller than than a comparable coplanar resonator
which could have been used in a surface TLS study [87]. While PR VGCs in Fig. 6.1 (d) have
d =225 nm and F, va < 0.45%, which is smaller than our other resonators, it should have more
contributions to interfaces other than MA relative to SiNx VGCs. Since the MA surface loss

dominates, the surface loss tangent is tan dyr4 = (Q; Fym A)_l.

6.2.1 Unoptimized fabrication process

The original design version is shown in Fig. 6.3 which is followed Ref. [137,138]. The top
electrode plate is chosen to be a continuous piece which needs several supporting poles to hold
the plate not collapsing and releasing holes to speed up the lateral etching of the SL. This kind of

design offers a small footprint. However, the top plates are never flat due to local strain. The left
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1um EHT = 15.00 kV Signal A= SE2 Date: 30 Sep 2021
WD =17.8 mm Photo No. = 9202 Time: 14.01:59

-
400 nm EHT=20.00 kV Signal A= SE2 Date: 12 Nov 2021
WD =16.8 mm Photo No. = 10238 Time: 9:14:56

Figure 6.4: Unoptimized SiNx VGC. Left: 100-nm top Al layer resulting in collapsed bridge.
Right: Over-etched top Al resulting in non-uniform gap distance.

Date: 24 Feb 2021
Time: 8:46:53

Figure 6.5: Sputtered Al as the bottom layer. Dents are generated after post-annealing to 300 °C
during SiNx deposition. Left: microscopy image. Right: SEM image

of Fig. 6.3 is the height measurement done by a laser confocal microscope, where one can see
that the plate near releasing holes (smaller circles) is bowing up (d > d) and the plate between
supporting poles (larger circles) is bending down. I show a SEM image on the right.

Fig. 6.4 shows the unoptimized fabrication of SiNx VGC. On the left, collapsed bridges
are observed due to the 100-nm top Al deposition. It indicates a thicker top layer is necessary. On
the right, the top layer is over-etched from the original thickness of 300 nm to the final thickness

of ~ 60 nm. The local strain pulls the bridge non-uniformly resulting a non-uniform d.
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Figure 6.6: Intrinsic loss Q; ' vs. average photon number n,;,. The resonator results of a pho-
toresist (PR) VGC, a SiNx VGC, and a bulk amorphous AlO, sample are displayed from top to
bottom, where the AlO, loss is shown after dividing by 100. For the amorphous sample (blue),
the saturation slope follows the standard tunneling model (STM) and the fit to Eq. 2.84, with the
expected exponent of ¢ = 0.50. However, the VGC results are consistent with the fast switching
(FS) model which yields a logarithmic Eq. 2.85.

We choose e-beam evaporated Al as the bottom layer due to the dents observed after we

anneal sputtered Al at 300 °C. Dents have dimensions about 200 nm which prevents us to have

a uniform gap distance (see Fig. 6.5). This phenomenon is only seen in sputtered Al which we

suspect the reason is because of less dense Al deposited by Ar ion than by e-beam.

6.3 Verification of the correct model

6.3.1

Power dependent loss tangent

The microwave setup is given in Ref. [95], and has a strongly attenuated input line and a

low-pass filtered bias line. Each chip contains four resonators and six chips are measured (4 for
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SiNx VGC and 2 for PR VGC). All resonators except one that may have a collapsed capacitor,
worked with repeatable resonant frequency between cooldowns. A high internal quality factor
in single photon regime QY > 60k is found in SiNx VGC regardless of the thinning process.
Q% > 20k in PR VGC is generally lower possibly due to the ICP dry-etching thinning process
causing extra residues. A control group of coplanar waveguide resonators fabricated in parallel

with the VGC fabrication process shows QY > 0.5M, independent of the choice of SLs. We

1

O ™ 2 x 10~7 which is much smaller than
1,stray

would, therefore, expect the loss from Ci,.q is
Fraratandprg ~ 10~°. Another reference sample is the bulk amorphous AlO, films studied in
Ref. [95] for comparing TLSs in surface and in bulk. Since SiNx VGCs have a better ¢, we
focus on them below.

Due to the unstable TLS frequencies, ); fluctuates over time. Therefore, each Q);(n,,) in
Fig. 6.6 is an average value from 10 acquisitions of transmission Sy; and the separation time of
two acquisition approximates to 1.5 hours. Weak n,,;, dependent losses of a SiNx VGC (black)
and a PR VGC (green) are found in all VGCs. Their traces fit well to the logarithmic Eq. 2.85
derived from the FS model as shown in red dashed line. From the fit, we obtain 7,4, = 27 - 5.7
MHz and 7,,,;, = 27 - 20 kHz using p = 1.5 (Debye) which is extracted later in Fig. 6.8 (c). We
obtain £} ps4 P, tan 50 In(C) < 4 x 10~7 indicating the n,n-independent loss is trivial and not
affecting the accuracy of the fitting. In contrast, for the bulk AlO,, we find a good fit to Eq. 6.1
shown in Fig. 6.6 (a) in blue dots. Despite the fact that we observe spectral diffusion and jitters in
individual TLS frequencies, the mutual TLS interaction in bulk AlO, is still insignificant, which
is consistent with STM. The larger v in MA TLSs is possibly due to a larger LF TLS density than

that in AlO,.
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Figure 6.7: 1/Q); vs. n,, for two different fitting equations. (a) Fit to Eq. 2.86 using p = 1.5 Debye
as given in Fig. 6.8 (c). The fit yields the geometric average /e l2 = 27 14MHz. (b) Fit to
Eq. 6.2. We obtain the fitting parameters of F,; tand? = 1.1 x 107°, F,ptan 69 = 6.0 x 1075,
ne1 = 0.9, and n.» = 320. The two dashed guidelines represent the contributions from each TLS
contribution. However, from Fig. 6.6 (d), we exclude the possibility that Eq. 6.2 is the correct
equation (see the main text).

6.3.2  Alternative models for Q;(n,) fit

Here, I will show the fits to the MC model and the second logarithmic equation from
Ref. [85]. The fit to Eq. 2.86, which satisfies the different condition than Eq. 2.85, is shown in
Fig. 6.7 (a). We extract the geometric average \/Vmqezl2 = 2714 MHz, which is much larger
than (2 of the fitting range. Since we do not know the exact value of I'y, we prefer Eq. 2.85 in
this chapter.

On the other hand, the MC model is given by Eq. 2.87 with z = 1 to N, while an more
accurate integral form is Eq. 2.88 and can be also found in Ref. [136, 140]. Here, we consider

the case of two contributions (z = 1, 2), giving

r 2 tan50

\/1

'rl tan50
\/1+ L
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From the fit in Fig. 6.7 (b), we obtain F,; tand? = 1.1 x 107°, Fptandy = 6.0 x 107, n.,

= 0.9, and n.o = 320. Two guidelines showed two separate square root dependent ;. nc_zl X
(piE,p)*T, where p; is dipole moment of i-th group. The fit yield Z—f ~ 320, which is valid
only if there are two types of TLSs. However, the validity is negated by the results of two-tone

spectroscopy, where we observe weak power dependent TLS Rabi frequency.

6.3.3 Experimental two-tone spectroscopy

To further understand these MA TLSs, we perform a two-tone technique where the second

tone saturates TLSs at frequency wj, [88,89]. From our results of the two-tone spectroscopy, we

0.5

find that a similar phenomenological exponent ¢ is needed to fit the data (n,,,

— ng,) and

n = 2(|p - 2|) | E,p| 0, (6.3)

See Chapt. 2.2.5 for the theoretical derivation of frequency and quality factor shifts.

First, we show Aw vs. Aw, (Fig. 6.8a) and 1/Q} vs. Aw, (Fig. 6.8b) at a fixed P;,, ~
-105.5 dBm. The red curves are the simultaneous least-squares fit of both Aw and )} to Eq. 2.81
and Eq. 2.82. For the fit, we obtain ¢ = 0.3 and Q.. = Qy(Aw, = 0) = 27-1.7MHz, which
is also the maximum of Rabi frequency at Aw, = 0 and at a fixed P,,,. We plot Q,,,4, vs. P,
in Fig. 6.8 (c), which leads to ¢ = 0.27, which is consistent the fact that ¢ < 0.5. Similarly, we
measure the 1/Q); and Aw vs n,, at a fixed Aw, = 27-1.5 MHz, and the fit yields ¢ = 0.3 in
Fig. 6.8 (d). In the fitting process, k. is chosen as a constant = 27 - 280 kHz, although £ is
dependent on ()}, which in-turn depends on Aw,. We find only a slight sensitivity of the extracted

Qma: depending on if k4, 1S a constant or varying value in the next Chapter 6.3.4. Lastly, from
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Figure 6.8: (a-d) Two-tone spectroscopy with a pumping tone frequency w,,, and a probing tone
around the original resonant frequency w.. (a) Resonant frequency shift Aw = W' — w, Vvs.
pumping tone detuning Aw, = w, — w.. (b) Q; Lys. Aw,. Panel (a) and (b) show the two-
tone data from the SiNx VGC at a fixed input power P;, ~ -105.5 dBm. The red curves are
the simultaneous least-squares fit of both Aw and ); to Eq. 2.81 and Eq. 2.82 except for a
replacement of ngf — nf,’u, where ¢ allows a deviation from the STM. For the fit, we obtain
the maximum Rabi frequency of TLSs €2, = 27-1.7MHz. (¢) Q142 VS. Pi,. We find 4,
P27, where the exponent is < 0.5 against the multi-contribution STM model which takes diverse

p and Eypp distributions into account. (d) Aw vs. n,, for a fixed Aw, = —27-1.5 MHz. The fit
resolves ¢ = 0.30 consistently.
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Figure 6.9: Two tone spectroscopy, Aw vs. Aw,, using different models to fit. The black dots as
raw data and the red curve are the same as in Fig. 6.8 (a). The blue and green curves are based
on Qo o /My, with one and two groups of TLSs, respectively. We find that only a weak power
dependence (), can explain the behavior of Aw while increasing Aw,,.

Eq. 2.83 and 6.3, we extract p = 1.5 £ 0.2 Debye = 0.3 4+ 0.02 eA by considering isotropic p,
(Ip- ) = p/V3[86].

In Fig. 6.8, we substitute ng;f’ — nﬁh with ¢ < 0.5 for all equations derived from the STM
including Eqs. 2.84, 2.81, 2.82, and 6.3. A comparison using the MC model is shown in Fig. 6.9,
where we observe that the fit of Eq. 6.3 with ¢ = 0.3 (red) is the better fitting function than Eq.
6.3 with ¢ = 0.5 (blue). Even assuming two TLS groups with p; = v/320p, (and ¢ = 0.5) as shown
in green, the fit of Aw is not matching the raw data in black when Aw, increases. Therefore, it
is more likely that only one group of p exists. Additionally, TLS density distributing as 1/7 [125]
but not as p still gives ¢ = 0.5, we rule out MC model and find the FS model qualitatively
consistent. For comparison, our two-tone spectroscopy is consistent with Ref. [141], where they

resolved ¢ = 0.28 ~ 0.3 in a surface acoustic wave resonator with the same method of Fig. 6.8

(c).
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Figure 6.10: The minor effect of Aw,-dependent n,, at a fixed input power ~ -105.5 dBm. The
data set is from Fig. 6.8 (a) and (b). Panel (a): n,, vs. the pump tone detuning Aw,. Varying
TLS saturation tone Aw,, K is not a fixed value due to the change of ();. It is expected that
when Aw, is close to 0, there is a decrease of k,, since (); increases. We plot n,, with a fixed
Kot DY Qi(npu) — Q? in blue comparing to n,, with a varying x; in yellow as a function of
Aw,. The two red dashed lines represent Aw, which has the maximum |Aw|. Panel (b) and (c):
The effect of a fixed or varying k. in Aw vs. Aw, and 1/Q) vs. Aw,. The raw data is in black.
We observe little influence using a fixed or varying x,,; for extracting €24, .

6.3.4 Nonlinearity of n,, and {2,,,,, in two-tone spectroscopy

This resonator has external quality factor Q. ~ 25k and QY ~ 60k. When we measure
the two-tone spectroscopy, the nonlinear n,;, as a function of Aw, would affect the accuracy of
extracting €2,,,,. While using the equation Eq. 2.81 and Eq. 2.82 to fit the data of Fig. 6.8 (a)
and (b), we automatically assume ;. is a constant and independent of Aw, by Q;(n,,) — Q?.
However, in Fig. 6.10 (a), we also show how n,;, would have changed in analysis if we had allow
k.ot to be a fit parameter. Two vertical lines represent the maximum shift | Awy|,,q, in Fig. 6.8 (a).

In Fig. 6.10 (b) and (c), we recalculated Aw and 1/@Q} considering the difference of n,, using a
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Figure 6.11: (a) 1/Q; vs. n,, from a SiNx VGC at different temperatures. The exponent of
Q; " (nyn) or ¢ is slightly decreasing while temperature increase. (b) The loss at high power
1/Q" = 1/Q;(ny, = 107) is relatively constant for low temperature < 200 mK and it increases
due to thermally generated quasiparticles at high temperatures. (c) Fitted maximum and mini-
mum jitter rate y,q. min INCrease with temperature. This is expected since vy is affected by the
the number of low-frequency (LF) TLSs.

fixed ko Or a varying ko, (Aw,). The difference is small and the inaccuracy of €, is limited
by the accuracy of n,, and Aw, which depend on the input-line calibration and the extraction of

w’, respectively.

6.3.5 TLS properties with temperature effect

We next probe the temperature effect on dependence of MA TLSs. In Fig. 6.11 (a), we
show the 1/(); vs. n,y, for different temperatures 7" from 17 to 250 mK. From the fits of Eq. 2.85,

we obtain the loss tangent background Cy < 2x10~" and tan ¢° is roughly the same for 7' < 200
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mK. In Fig. 6.11 (b), we plot high power loss 1/Q" vs. T at a large n,;, = 10° and observe a rising
1/Q" from quasiparticles only when 7' > 200 mK. We also observe that both extracted ,,,,, and
Ymin increased with 7', as shown in Fig. 6.11 (c). This qualitatively agrees with expectations of
the increasing LF TLSs density.

According to Ref. [142], cTLSs’ decoherence rate 'y oc T depends on the number
of coupled LF TLSs. Here, 1 describes a non-uniform TLS asymmetry energy A density:
P(A) oc A*. This density of states dependence is introduced phenomenologically, and is
stronger than the expected dipolar gap from TLS-TLS dipolar interactions [97]. Additionally,
previous measurements [93] of 1/f resonant frequency noise induced by cTLSs show that the
noise oc I'2/T = T2 with p = 0.3. To study I'y of MA TLSs, we perform a transmission So;
measurement on resonance at various temperatures and display power spectral density (PSD) of
the phase 6. 6 is defined as the angle of the vector of the off-resonant point (1,0) to Sy; data and
the x-axis (see inset of Fig. 6.12 (a)). The PSD of the fluctuations in the phase angle, 66, pro-
vides the information of the fluctuations in the resonator frequency [86]. One PSD of 46 dataset
is plotted in the lower trace of panel (a). We fit the PSD to a function combining 1/f, Lorentz
and white noise: A/f* + Br/(1+ (2nf7)?) 4+ C. The Lorentz noise indicates single or few
coupled cTLSs with 7 = 3 sec, and the 1/f noise (o =~ 1) is from weak coupled TLSs [40, 143].
Guidelines show the Lorentz noise and 1/f noise separately in dashed lines. In Fig. 6.12 (b), we
show §60 vs. time (blue) and a Gaussian function filtered data in time domain (red). We observe
both telegraphic noise and spectral diffusion are affecting the resonance. We realize the noise
spectrum is also fluctuating with time (the same phenomenon in ();). In some data, the Lorentz
noise does not show up and is covered under 1/f noise. Therefore, the noise is analyzed by aver-

aging 8 consecutive measurement, and the average PSD is shown in the upper trace in Fig. 6.12
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Figure 6.12: (a) Power spectral density (PSD) of phase angle 66 = 6 — . Here, 0 is the angle
defined in the inset and described in the main text.  is the mean value of #. The bottom data is a
50 min continuous wave (CW) transmission measurement on resonance from a SiNx VGC. PSD
is fitted to a 1/f spectrum with Lorentz function and white noise (A/ f* + Bt /(14 (2n f7)*)+C)
in the red curves. An example trace and an average of 8 separate measurements (shifted by 50
times) are shown on the bottom and top, respectively. (b) An example of §6 vs time. The blue
dots are the raw data, and we applied a Gaussian filter in time to obtain the set of smoothed red
dots. (c) Inverse of Aj vs. temperature 7'. Ay is the amplitude of 1/f fit of the average PSD. The
error bar represents the max and min of A in 8 separate measurements at each 7. We assume the
TLS decoherence rate is temperature dependent: I'y (7') = 'y g + 'y 1 (T'), where the LF TLS
induced dephasing rate I's ;.- (T') oc T' . From the red fit to Eq. 6.4, we obtain p = 0.32.
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(a) with a shift (x50). The max and min extracted 1/f noise amplitude (A) from the eight scans
at each temperature are shown as bars in Fig. 6.12 (c).

The amplitude of 1/f type noise extracted from the averaged PSD is denoted as A. In the
derivation of Ref. [93], we see the noise is given by 1/ Ay o< T'3/T and plot 1/Ag vs. T (mK) in
Fig. 6.12 (c). In contrast to I'y o< T, we phenomenologically assume I's(T") = Ty o+ 1#(T)
to explain our data, where a TLS-induced dephasing I's ;,(T') oc T*™* and a constant intrinsic

dephasing is I'y o. We plot the fit (red) to the equation

1 (M+N - THey?
A—Oz( - ’, (6.4)

where M and N are constant, and yield p = 0.32. We also plot Aio oc T12# used in Ref. [93]
which has I'y y = 0 (or M = 0) in black. However, M = 0 is not consistent with our data. The
constant I'y o may originate from other effects, e.g., TLS phonon decay. It also set a bound for

the problem of infinite noise (A — co) when 7" — 0 and I' o = 0 [38,93].

6.3.6 Annealing effect

In the past, an annealing process is found to lead to a reduction of resonant frequency
noise [93]. In four measured SiNx VGCs, the post-annealing at ultrahigh vacuum and 300°C
for 1 hour changes the resonant frequency and causes one resonator disappear. The gap distance
is modified from a persistent d ~ 125 nm to d’ ~ 125, 100, 135 nm labeled as anneal 1 to 3
in Fig. 6.13. There are differences in microwave properties as well. We show the results of
three annealed SiNx VGCs, a comparison of one unannealed SiNx VGC (the same VGC in Fig.

6.6), and their fits to the FS model in Fig. 6.13. We find that the QY is not improved but the
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Figure 6.13: 1/Q; vs. nyy, Of an unannealed and three annealed SiNx VGCs. Label “unanneal”
is the same data set from Fig. 6.6 which has the smallest ,,,, among all unannealed VGCs. The
red dashed lines are the fits to FS model (Eq. 2.85). We observe that 7,,,, of three annealed
VGCs is smaller than all unannealed VGCs. There is no improvement in single photon Y. The

probable cause to the decrease in 7,4, and unchanged QY is that the desorption of surface spins
constitute LF TLSs, but not coherent TLSs.

maximum jitter rate is reduced by roughly a factor of two to V., = 27%x(2.9,1.9,0.9) MHz for
anneal 1 to 3, respectively. The reduced value of 7,,,, indicates a decrease in LF TLSs number.
The improvement is possible from the desorption of surface spins as reported in Ref. [93]. That
study finds a slight improvement in Q¢ and an almost tenfold reduction in the resonant noise. Our
results imply that the desorbed surface spins do not contribute to QY and are LF TLSs instead of

cTLSs since only 7., decreases.

6.3.7 Voltage tunable resonance and nonlinear oscillator

We are able to apply a voltage bias V}, on the capacitors in our design. The accumulated
charges on the electrodes would attract and bring two electrodes closer resulting in decrease of the

resonance frequency. In Fig. 6.14 (a) and (b), we show the magnitude of transmission Sy; and the

134



(@) 1 5.0
ML 4.5
4.0
O_
it 33
. i 3.0
U? _1 '2.5
_ 2.0
, 1.5
B 1.0
+4245GHz WO°
IR 0 2 i 00
f (MHz)
(b) (c)
] .'.."n.\
T\74.246- o N
—_ -1 N\
G S \
wo4.245- - ‘H\‘ )
4.244- \‘ \\\“ﬂ;
‘ 10—6_

0 2 4 100 10* 107
Vi (V) Nph
Figure 6.14: Resonance shift due to voltage biasing. (a) |Sy;| at different voltage bias V;. The
rainbow color show the increasing V}, from purple for V}, = 0 to red for V}, = 5V. (b) resonance f.

vs. V4. We found a quadratic decrease in f,. and the fit to m. V,f—l—mlvb—irmo, shown in the red line,
where m, = -0.13(%5%2), m; = 0.06(222) and mo= 4.2468(GHz). (¢) 1/Q; vs. n,y, from a SiNx

V2
VGC. When n,;, > 5 x 10°% tan d(n,y,) increases due to the high-power-induced quasiparticles.
The maximum ac voltage amplitude across the capacitor is 4/ %nph = 12 mV, which does not

cause an obvious frequency shift or extra complexity, corresponding to n,, = 5 x 10°.
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Figure 6.15: The aging effect on a SiNx VGC. The “Day0” indicates the resonator is in the
vacuum right after the releasing process. We find the jitter rate ;.. is slightly increased with
time but the changes are small.

resonance f, at various V;,. The f.(V}) shows a quadratic dependence: m2Vb2 +mq Vy+mg, where

mo =-0.13 (A{/];IZ), mq = 0.06 (@) and mo= 4.2468 (GHz). The red fit line is shown in Fig.

6.14 (b). In Fig. 6.14 (c), we display the resonator has nonlinearity when stored photon number

npn > 5 x 10°. The amplitude of the voltage 6V = \/Q]gcnph =12 mV when n,;, = 5 x 10°.
Since 12 mV is too small to have a significant effect on resonance, we conclude that the extra

loss is due to the quasiparticles induced by broken Cooper pairs.

6.3.8 VGC aging effect

We found little effect of aging in our SiNx VGC. In Fig. 6.15, we showed 1/Q); of one

SiNx VGC from right after the VGC was released as Day0O (about 2 hours to be pumped into
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vacuum) to Day N, where N is the number of days after releasing and the MA interface exposing
to the atmosphere. A slightly increased 7,,,,, change over time implies some accumulation of LF

TLSs.

6.3.9 Discussion

The dimensionless parameter describing collective mutual TLS-TLS interaction x = Py Uy =
1072 ~ 1073 is generally small in bulk films which is critical for the steady-frequency approxi-
mation in the STM [97]. Here, P 1 is the LF TLS density and U, is the interaction strength of
a TLS pair. @; in our resonator containing bulk amorphous AlO film is proportional to /T,
so that we expect Y is ignorable even though TLS spectral diffusion is observed. However MA
TLSs agree with the FS model. Thus, we expect that  is larger at the Al surface than in the bulk
AlOy film. The extracted p from Al surface is 1.5 D, which is the same order magnitude of p
in bulk amorphous film. Therefore, U, is expected to be similar in both samples if U, depends
only on electric dipole moment. Furthermore, from the post-annealing experiment, we learn that
Py, 1r 1s not necessarily equal to the density of cTLSs F ., since tan 0% Py 1s unchanged and
Ymaz 18 reduced by a factor of 3 via the annealing. Thus, one possible explanation for a larger y
of surface TLSs is that there is a much larger F; 1, at the Al surface than in the bulk AlOy film.

Ref. [3] overviews interface losses from a wide variety of materials, substrates and pro-
cesses through measurements of either lumped or coplanar waveguide resonators. The collec-
tive effect from different interfaces brings complexity and it is hard to distinguish the intrinsic
loss from a specific interface, though a good attempt has been made in Refs. [87, 144]. Similar

problems are in the experiments of planar resonator frequency noise made from various super-

137



conductors [145]. On the other hand, vacuum-gap resonators and 3D cavities provide the op-
portunities to study the effect only from a MA interface. For example, Gorgichuk et al. study
post-treated TESLA Nb cavities at 1.3 GHz and show the importance of accounting the variation
of Eyzpp. [140]. They claim that (); can fit to the STM which is an integral over the surface of the
cavity indicating that no extra free parameter ¢ is involved. It is likely that the electro-polished
cavities with Q? = 3 x 10'° have extremely low surface TLS density such that y is ignorable
and v is small. For comparison, the lower (); of anodized cavities with a thick surface oxide
layer (~100 nm) shows a low saturation slope of ¢ = 0.25. This may indicate there are two TLS
contributions or interacting TLSs, which can be verified by a two-tone technique in the future.
Qi(n,n) of VGCs follows Eq. 2.85 up to a certain n,, but starts to increases afterward
probably due to quasiparticles. In general we only analyze data that is an order of magnitude
smaller in photon number than where the loss reverses. The fits of Eq. 2.84 yield ¢ =0.18 4 0.2
and n, ~ 0.1 and 1 for the SiNx VGC and PR VGC in Fig. 6.6, respectively. Single-photon @’
of VGCs also vary with cooldowns up to about 20 percent probably due to a surface oxide aging

effect or a new set of TLS after a cooldown-and-warmup.

6.4 Conclusion

In the last decade, planar or 2D resonators have been popular in quantum information sci-
ence. They have a weak photon number (n,;,) dependence to the loss 1/Q); n;,f) at high power,
where ¢ is a phenomenological fitting parameter. ¢ is smaller than 0.5 derived from the stan-
dard tunneling model (STM) which is based on the assumption of steady TLS frequency. These

resonators have multiple imperfect interfaces, which can host quantum defects. The STM can
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possibly explain this phenomenon if multi-interfaces have different TLS types (dipole moment,
relaxation rate) or possibly if a broad distribution of electric fields is included from the resonator
geometry. In contrast, a fast-switching (FS) TLS model, considering mutual interacting TLSs,
would yield a logarithmic power dependence (Eq. 2.85). Typical resonators cannot distinguish
which model is correct.

To understand the loss without multiple interface types or distributed fields, we construct
resonators with VGCs (Vacuum gap capacitors). These allow us to primarily probe metal-air
interface TLSs using this approximation to a parallel plate capacitor. We fabricate these VGCs
using two kinds of sacrificial layers, that are SiNx and photoresist, and obtain good internal
quality factors of (); > 20k. The weak n,, dependent loss is best fit to FS model if there is only
one TLS type. This contrasts the loss properties of a reference device of amorphous AlO,, which
follows the derivation of STM. Using this VGC structure, we find that surface-based TLSs are
distinguishable from bulk TLSs.

Next, we apply a two-tone spectroscopy and find the maximum TLS Rabi frequency €2,
is weakly dependent to the input power F;,. All of the equations derived from STM need adjust-

0.5 ¢
ment of n,;” — ns,,

including Eq. 2.84, 2.81, 2.82, and 6.3 in order to fit the experimental data.
Therefore, we exclude the MC model which predicts ¢ = 0.5, no matter if TLSs have different
dipole sizes, coherent times, or different fields. Based on our data from a quasi-parallel plate
VGC which gives a weak n,;, dependence to (); and §2,,,,,,, we conclude the TLSs are switching
frequencies at a high rate and have a reasonably narrow distribution of TLS parameters.

We observe that the jitter rate of TLSs increases with temperature 7' from the measurement
of loss tangent. Additionally, we observe an increase of TLS dephasing rate on rising 7' from

the resonance phase noise. These effects are believed to arise from the noise of low-frequency
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TLSs on high-frequency (near resonant) TLSs [142]. Furthermore, we reduce the density of low-
frequency TLSs by post-annealing in vacuum at 300°C for 15 min. This does not change the
internal quality factor, which implies the source of low- and high-frequency TLSs are different.
Our study finds substantial difference between the thin-film (bulk) and surface (metal-air
interface) TLSs. The MA TLSs are understood using various measurements: power dependent
loss, two-tone saturation, and noise spectrum. This work could motivate further studies of TLSs
at material interfaces. In the future, a study could be conducted to study surface TLSs at other

material interfaces or individual TLSs to confirm the extracted dipole moment (1.5 D).
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Chapter 7: Conclusions

7.1  Summary of key results

Quantum computers offer the promise of efficiently solving certain problems that are com-
putational complex for classical computers [12, 14, 16]. In the development of quantum com-
puters, many candidates are proposed such as trapped ions, photons, defect spins, and supercon-
ducting qubits. In particular, superconducting qubits are one of the leading candidate for scalable
quantum processor architecture. Superconducting qubits are highly flexible to design. Different
types of high-coherent qubits, such as transmon, fluxonium, zero—pi qubit, etc, have the capaci-
tance, inductance, and Josephson energy in different regimes. With the demonstrations of multi-
ple high-fidelity, two-qubit gates as well as quantum error correction producing logical qubits (in
extensible superconducting qubit systems), Google has shown a clear quantum advantage over a
classical computer [146].

However, the local environment surrounding qubits are sources of noise that lead to de-
coherence and reduce the operational fidelity of the qubits. Two-level-systems (TLSs) retain
substantial amounts of attentions because they are seen as a major source of decoherence in su-
perconducting qubits. TLSs also affect other quantum devices including semiconducting qubits,
kinetic-inductance photon detectors, quantum-limited microwave amplifiers, and quantum trans-

ducers. Superconducting qubits typically contain aluminium oxide because it enables high-
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quality Josephson junctions using the well-developed techniques, i.e., double angle shadow evap-
oration. Aluminium oxide, an amorphous material, will grow once Al exposes to oxygen, which
is characterized by a large dielectric loss and a high TLS density. Moreover, TLSs in the insu-
lating tunnel barrier of JJs usually strongly couple to qubitsand cause qubits to exhibit splittings
or dips in 7}. Studying TLSs of aluminum oxide is extremely important to enhance the coherent
time of qubits.

A good qubit frequency targeting, the process of reducing mismatch between the designed
and the measured qubit frequency during fabrication, is important in designs with multiple qubits.

To avoid unintentional crosstalk, qubits should not have coincident frequencies: wi, = wf or

wih = w. The crosstalks depend on the detuning between two qubits and are identified as a
dominant source for gate error. However, the intended qubit frequency is usually unmatched
with the measured frequency due to the uncertainty of AlO, thickness. Moreover, despite the
well-developed fabrication process, using e-beam lithography has a huge drawback that it cannot
have a massive and fast production compared to CMOS fabrication using optical lithography.
There are questions if optical-lithography-made qubits can perform as good as the e-beam method
in coherent properties and in frequency targeting. In Chapter 4, we show data from transmon
qubits fabricated on 300 mm Si wafers with a resistivity of 10 k{2-cm by only optical lithography
processes. We measure T} = 26 and 23 ps in two transmons and the standard deviation in
resistance is 2.8 to 3.6%, which is comparable to e-beam method.

In Chapter 5, we utilize Electrical-Bridge Quantum-Defect Sensor to extract the dipole mo-
ment p, of hundreds of individual TLSs in polycrystalline v — AlyO3 and amorphous a — AlO,.
The sensor contains a film that is 20 nm thick that hosts TLSs. TLSs in v — Al;Oj films are rel-

atively stable. The material histogram of p, reveals that v — Al;O3 fits well to a single Gaussian
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peak. We obtain that the mean TLS moment of v — Al;O3 is p, =2.6+0.3 D and ¢ = 1.6+£0.2
D. Furthermore, the material distribution disagrees with the isotropic model derived from STM
commonly used in amorphous materials.

The ability to extract an accurate mean p, puts constraints on its defect type, and we find a
clear difference in the dipole moment distribution from the film types, indicating a difference in
TLS structures. We make first comparisons to new microscopic structures used in DFT calcula-
tions (delocalized O and hydrogen-based TLSs). The v — Al;O5 data show one dominant peak
with a mean p, = 2.6 Debye. This indicates the dominance of one TLS origin (likely to be H-
TLS). On the other hand, a — AlO, has a larger mean p, = 4.64+0.5 D, which is consistent with
previous amorphous alumina results. The moments above 8.6 D (10% of the distribution) are
larger than any TLS in polycrystalline alumina and agree only with calculations of delocalized O
atoms. Based on data and the candidate models, we find that polycrystalline alumina has smaller
ratio of O-based to H-based TLS than that of amorphous alumina.

In Chapter 6, we construct resonators with VGCs (Vacuum gap capacitors). These allow
us to primarily study metal-air interface TLSs without contributions from other interfaces and
keep the distribution of F,,; simple. We fabricate these VGCs using two kinds of sacrificial
layers, that are SiNx and S1805 photoresist, and obtain good internal quality factors of QY >
20k. The weak n,, dependent loss is best fit to the model, which assumes TLS frequencies are
unstable. This contrasts the loss properties of a reference device of amorphous AlO,, which
follows the derivation of STM. Using this VGC structure, we find that surface-based TLSs are
distinguishable from bulk TLSs. We apply a two-tone spectroscopy, which extracts the maximum
TLS Rabi frequency (2, as a fit parameter at a particular input power F;,. All of the equations

0.5 s n¢ including Eq. 2.84, 2.81, 2.82, and 6.3 in

derived from STM need adjustment of n,; s

143



order to fit the experimental data. With n,, dependent loss data, we exclude the MC model
which predicts ¢ = 0.5, no matter if TLSs have different dipole size or are under different fields.
We also extract the dipole moment p = 1.5 4+ 0.3 D from our quasi-uniform zero-point electric
field fluctuation. Based on the weak n,;, dependence to (); and €2,,,,,,, we conclude there is only
one type of TLS and TLSs are switching their frequencies at a high rate. The power spectral
density of resonator transmission rate So; at various temperatures indicates that TLS dephasing
rate is a function of temperature. The jitter rate v decreases after annealing the devices in vacuum
at 300°C but tan ¢° is unchanged. Those indirect evidences also show that TLSs are influenced
by the far-detuned TLSs which can have a different density.

This thesis presents our studies of aluminum oxide in different structural phases. TLSs in
different structural phases behave differently such that the conventional STM is not adequate to
describe the phenomena. The EBQuDS is a powerful tool to extract the information of the dipole
moment, which allows comparison to theoretical models, and can help pin down the origins of

TLSs.
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Appendix A: Fabrication recipes

A.1 Recipes of device fabrication

A.1.1 Optical lithography fabrication: photoresist and patterning

All the lithography processes are using the positive photoresist (OiR 906-10) expect for the

sacrificial layer of vacuum-gap capacitors.
1. Dehydrate the wafer at 90°C for 5 min
2. Spin HMDS at 3000 rpm for 60 sec, spin OiR 906 at 3000 rpm for 60 sec

3. Pre-bake at 90°C for 60 sec, expose at a dose of 180 mJ/m?, and post-bake at 120°C for 60

sec
4. Develop in OPD-4262 for 45 sec, rinse in DI water, and blow dry by nitrogen gun
5. Etching process (wet etch, ICP etch, etc)

6. Rinse and sonicate in acetone and IPA separately

A.1.2 Deposition

1. Sputtering Aluminum by AXXIS
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(a) Load wafer into loadlock chamber and pump down for 30 min (pressure is around

3 x 107 Torr).
(b) Transfer to processing chamber (PC) and pump down < 107 Torr.
(c) Inject 10 mTorr Ar and turn on DC voltage (100V) to ionize Ar.
(d) Pre-sputtering Al target for 5 min to reduce the Al oxide on the target surface.
(e) Reduce Ar pressure to 1 mTorr and open shutter for deposition.
(f) Turn off shutter, DC voltage and Ar gas gate.

(g) Wait for 10 min before exposing to atmosphere due to the sputtering-induced heat on

the substrate.
2. E-beam evaporate Al by AXXIS

(a) Load wafer into loadlock chamber and pump down for 30 min (pressure is around
3 x 107 Torr).

(b) Transfer to processing chamber (PC) and pump down < 10~ Torr.

(c) Open filament and increase the current to heat up the crucible.

(d) PID control the deposition rate as 0.2 nm/sec and open shuttle.

(e) Turn off shutter and cooldown for 10 minutes.

(f) Transfer back to loadlock chamber.

A.1.3 Etching

1. Ion-milling for via connection
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(a) Turn on Ar gas and the filament at 300 V

(b) Open shutter for 20 sec and close shutter for 1 min and wait the heat diffuses from the

substrate.
(c) Repeat (b) two times. The total etching time is 1 min

(d) Turn off Ar gas and filament
2. RIE O2 descum: 150W RF power resulting in etch rate = 3 nm/sec for S1805

3. ICP SiNx releasing: 2000 W ICP power and O W forward power at 20 mT SF6 gas resulting

in a lateral etch rate = 6 um/hr

4. ICP Al etching: 500W ICP power and 50W forward power at 0.5 mT BCI3/CI2 (3:2) gas

resulting in etch rate = 10 nm/sec

A.1.4 Vacuum-gap capacitor fabrication recipe
The fabrication process of vacuum-gap capacitors is the following. See the illustration of
each step in Fig. A.land the corresponding design pattern in Fig. A.2.
i) SiNx VGC
(a) E-beam evaporate 100 nm Al on sapphire, spin photoresist and pattern the ground/bottom
electrode layers by wet etching.
(b) Deposit low loss and low strain 200-nm SiNx
(c) Spin photoresist and pattern the via holes and supporting poles.

(d) Ton-milling surface by 3 iterations of Recipe Etching 1, deposit 300 nm Al by e-beam
evaporation, spin photoresist and pattern the top electrode layer by wet etching.
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Figure A.1: Illustrations of the fabrication of vacuum-gap resonators with SiNx (left) and pho-
toresist (right) as sacrificial layers (SLs). (a) Bottom e-beam evaporated Al layer is deposited and
patterned. (b) SiNx SLs are deposited at 300°C or PR SLs are spun. (c¢) On top of SiNx SL, the
PR layer is spun and exposed. For PR SL, the SL is exposed and developed. An additional step
of O, descum reduces the thickness from 500 to 200 nm. (d) Before top Al layers are deposited,
SLs are cleaned by ion-milling. The recipe for ion-milling is provided in this appendix. (e) Top
Al layers are patterned and etched by wet chemicals for SiNx or dry-etching for PR. (e) Top
electrodes are partially etched to reduce the mass if needed. After this step, SLs are ready to be
released.
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Figure A.2: (a) Ground and bottom layer (b) Via and supporting pole layer (c) Top electrode layer
(d) Thinning layer

(e) [Optional] Spin photoresist and pattern the thinning area by wet etching. This step
can be done after dicing as well.

(f) Spin thick photoresist, dice into a chip size and release SiNx by Recipe Etching 3.
i) Photoresist S1805 VGC

(a) E-beam evaporate 100 nm Al on a silicon wafer, spin photoresist and pattern the

ground/bottom electrode layers by wet etching.
(b) Spin S1805 at 4000 rpm for 60 sec, pre-bake under 120 °C for 60 sec.

(c) Expose S1805 with the pattern, develop by Microposit MF-CD-26 for 10 sec, check
the thickness is about 500 nm, timed-etch the photoresist by O2 plasma (Recipe Etch-

ing 2), and post-bake under 120 °C for 4 min.
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(d) Ton-milling surface by 3 iterations of Recipe Etching 1, deposit 300 nm Al by e-beam
evaporation, spin photoresist, pattern the thinning area by ICP dry etching (Recipe
Etching 4), and blow acetone and IPA by spray gun to remove photoresist. Note that

do not rinse in acetone which will remove S1805 as well.

(e) Blow dry, spin photoresist and pattern the top electrode.

(f) Spin thick photoresist, dice into chip size and release S1805 by NMP for 3 hours.
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Appendix B: Fitting procedures for Chapter 5

B.1 Fitting of hyperbolas in DC sweep plot

This section is describing the procedure of fitting the TLS dipole in Chapter 5. Take Fig.
5.6 as an example, We search the local minimum (hybridized state) of each |Sy;| and apply a
Gaussian filter on the 2D plot of the local minimum. The result is shown in Fig. B.1 (a). We
obtain the initial guess values of Ay, Vj;4s, and p, for all possible TLS candidates. Due to the
complexity of the TLS spectrum, TLSs are fitted separately in the order of their A, from the
largest to the smallest. The first candidate TLS with the largest A is fitted by the Monte Carlo
method and the result is shown in Fig B.1 (b). We assign those local minimum to first TLS
and subtract them from Fig. B.1 (a) to get Fig. B.1 (c). For the next TLS, we use the local
minimum plot from Fig. B.1 (c) and the next fitting will not be affected by the previous TLS
result. We repeat the process until all TLSs are fit and discard those TLSs not crossing their

minimum energies.

B.2 Fitting of TLS density by maximum likelihood estimation

Here, we show the procedure of applying Fisher’s maximum likelihood estimation (MLE)

on our dipole moment statistics. For simplicity, we choose truncated normal distribution as our
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Figure B.1: (a) Plot of extracted minimum energies in Fig 2 of main text. (b) The final result of
first dipole fit. (c) Subtract the first dipole fitting result from (a).
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target function f(p.; u, o) to fit our material density D(p,), and

Fpss . 0) = Clyrso) — exp<—M) B.1)

oV 2w 202

forp, € [0, 00), where 1 is the mean value, o is the standard deviation. The normalized constant

2
Clu,0) = B.2
(k,0) 1 — erf(—p/ov/?2) ®-2)
depends only on y and o, where erf(x) is error function defined as
(@) = — / (—t*)dt (B.3)
erf(r) = — exp(— . .
VT Jo
The likelihood function
L =[] f(puii n o). (B.4)
The necessary conditions for the occurrence of a maximum (or a minimum) are
dln(L dln(L
n(L) _ o 9ll) _ (B.5)
ou oo

Since D(p,) is not a directly measurement result and H (p,)is, there is a weighing factor p,

transferring D(p,) to H(p,). This leads to

N2
H(p.; pt, 0) = Niot C1(, 0)p. exp (—u) : (B.6)

202
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A new normalization constant is

_ 2 e (1 _ __H
Ci(p,0) —aexp< 202>+/L0'\/g<1 erf( . 2)), (B.7)

and N, is the total observed TLS.
We also apply a gamma distribution function f; and a mirrored Gaussian distribution func-

tion fs to fit the data.

a ,—fBx

fl(xvaaﬁ) - F(Ot)/@o"

(B.8)

and I'(«) is a gamma function. The fitting result gives aw = 5.15 and § = 1.72 and mean = 2.99 D.
However, we expect there is a distribution > 0 when dipole equals 0 so that gamma distribution

is not suitable. f, contains two Gaussian distributions with opposite sign of mean value 4y and

o) = fon () e (<) e

We obtain ;1 =2.73 and o = 1.63, which are slightly different than the mean value obtained from
the truncated Gaussian function.

MLE method applied to the amorphous alumina measured histogram does not adequately
give the main peak feature in the material distribution D(p,). Thus, we do not use MLE to report

averaged dipole in the amorphous data, but rather a calculated mean and standard deviation. See
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Figure B.2: (a) Histogram of amorphous alumina dipole moment H (p.). (b) TLS density D(p,).
The red lines are Gaussian function with a calculated mean and standard deviation mention in

Prob.

Chapter 5. The yellow lines are the fit to Eq. B.6.

Fig. B.2.
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Appendix C: Extra alumina TLS spectrum

This section shows additional spectroscopy data sets from different cooldowns on the two
alumina types. Fig. C.1 shows v — Al;O3 TLS spectra during voltage biasing and Fig. C.2 shows

TLS spectra in the time domain. Fig. C.3 shows an unsuccessful spectrum of a-AlO, deposited

in 70°C.
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Figure C.1: TLS spectroscopy of v — Al,O3 TLS. Fig. (a) and (c) show two raw data sets, while

Fig. (b) and (d) show TLS spectra with TLS fittings, respectively. The data sets are measured in
different cooldowns.
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Figure C.2: TLS dynamic in the time domain in two different dates.
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Figure C.3: Left: TLS spectrum of a-AlO, deposited in 70°C.

Only two TLSs are observed.
Right: Zoom-in of the left and right TLS.
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