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Abstract

Decoherence is one of the major limitations of superconducting cir-
cuit as an architecture of quantum information processing and scal-
able quantum computation. Below the critical temperature of the su-
perconductor, dielectric loss is one of the most significant channels of
decoherence. This semester paper explores the possibility to reduce
dielectric loss and the geometry dependence of quality factors of the
coplanar waveguide resonators by changing the design of the resonator
in various simulators. Reducing contamination on interfaces by surface
treatment and etching into substrate below CPW gap are found helpful
in reducing dielectric loss in CPW resonators.
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Chapter 1

Introduction

Quantum mechanics provides the possibility of computing some problems
much faster than classical computers[” 2], and the possibility of theoretically
secure communication!®l. To achieve the protocols, quantum bit (qubit), the
quantum counterpart of classical bit, should be developed. A reasonable
qubit for scalable quantum computing should satisfy several criteria named
after D. DiVincenzol*l:
1. identification of well-defined qubits;
2. reliable state preparation;

3. low decoherence;

4. accurate quantum gate operation;

5. accurate quantum measurement;

and two extra criterial®l:

1. information in stationary qubit can be converted to flying qubit with
high fidelity and

2. reliable transfer of flying qubit.

Superconducting circuit based qubits satisfy most of the criteria well. The
possibility of non-demolition measurement of the qubit statel® 7], the poten-
tial in scalability!®l, and the relative high fidelity of single-qubit and multi-
qubit gate operations!” 1%l make superconducting circuit based qubit one of
the most promising candidates of qubit. However, relatively short coherence
time limits the overall performance of superconducting circuit. This thesis
focuses on dielectric loss, one of the origins of decoherence.
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1.1 Coplanar Waveguide Resonator

A coplanar waveguide resonator (CPW resonator) is an on-chip microwave
analogy for optical cavity. In superconducting circuit, coplanar waveguide
resonator is a key element in on-chip quantum information processing like
photon detection!'], quantum computation!® 1%, narrow-band filters!'?! etcetera.
A typical structure of a CPW resonator is shown in Figure 1.1. Purple col-
ored parts are superconductor elements: input/output port, central line,
ground plane grown on substrate. Gaps between superconductor elements
are coupling capacitor and waveguide gap. When connected to a circuit, a
CPW resonator is equivalent to an LC resonator, as the coupling capacitors
provide some portion of capacitance and central line provides inductance
and the rest capacitance.

coupling
capacitor gap

Figure 1.1: (a) Structure of CPW resonator, where purple parts are superconductors and gray
part is substrate; (b) an optical microscope image of CPW resonatorl3l

In a coplanar waveguide shown in Figure 1.1, more than one modes are
supported, among which odd and even modes are two primary ones.
Odd mode distributes between two ground planes, and is usually consid-
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ered as parasitic. This mode can be avoided by connecting two ground
planes. As for even mode, electromagnetic wave propagates in the CPW
gap, and is mostly confined in the plane of conductor. Even mode is the
mode utilized in most cases, so is in this semester paper. When capacitor
gaps are introduced, standing waves with wavelength A = 2k (L is the
length of central line, n is a positive integer) appear between two capaci-
tor gaps. As an analogy for LC resonator, at coupling capacitor gaps are
anti-nodes of electromagnetic field.

(@) (b)

contaminations

contaminations

Figure 1.2: Typical cross-sectional sketches of CPW resonators. The contaminations at inter-
faces are the main source of dielectric loss. (a) A design without etching into substrate, where
W is CPW gap width, S is central line width, and H is metal thickness; (b) a design with etching
into substrate at CPW and capacitor gaps, where the extra parameter D is the etch depth.

Figure 1.2 shows two typical cross-sectional designs of CPW, with one etch-
ing into substrate and the other not. The differences between the two designs
will be compared in Chapter 2.

1.1.1 Fabrication

Superconducting CPW resonators can be fabricated by photolithography
treatment on substrate followed by evaporating metal layer on it!!®l. Basic
procedure of photolithography is as follows!':

1. clean the substrate to remove organic or inorganic contaminations;

2. coat viscous liquid solution of photoresist by spin coating, which re-
sults in a uniform thin layer;

3. align prefabricated photo mask on the wafer, and expose it in UV light
to remove photoresist at designed position (gaps in CPW resonator
case);

4. etch into the substrate by liquid or plasma chemical agent;

5. remove photoresist.
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After photolithography, the substrate is metalized with materials like Al
by electron beam evaporation, and lifted-off with hot acetone. This step
finalizes the fabrication of a CPW resonator.

1.1.2 Basic Resonator Properties

Fundamental frequency fy and characteristic impedance are two most basic
properties of a CPW resonator!!3l, where f; is given by

c 1

Ve

where c is speed of light in vacuum, [ is the resonator length, and ¢,s is
effective permittivity, which depends on the material of CPW resonator and
its geometry. Equation 1.1 allows determining ¢.¢r, when the fundamental
frequency of the CPW resonator is available. By definition, phase velocity
in the CPW is given by v,;, = c/\/@ = 1/+/L;C;, where L; and C; are the
capacitance and inductance per unit length of the coplanar waveguide. By
conformal mapping techniques, L; and C; are given byl!¢ 171

fo

(1.1)

!

_ Ko K(ky)
L= 1 K(ko) (1.2)
K (ko)

C =4 ; 1.3

I €0€effK(kO> (1.3)

where K is the complete elliptic integral of the first kind with geometric
arguments

S
ko= 5w, (1.4)

ko =1/1— K2 (1.5)

where S is central line width, and Wy is the CPW gap width (gap between
central line and ground plane).

Then the characteristic impedance of a CPW is given by

= 1 [ p K(ky)
ZO - Ll/Cl N 4 €0£eff K(ko)

(1.6)
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1.2 Decoherence

Decoherence is the process of quantum system losing coherence when cou-
ple to the environment. Decoherence can be classified into thermal excita-
tion, relaxation and dephasing. Thermal excitation is the process of incoher-
ently exciting the quantum system through thermal fluctuation, which can
be suppressed effectively by cooling the system. Relaxation is the process of
a qubit relaxing from excited state to ground state, which randomizes the
phase of the system; in quantum information context, characteristic relax-
ation time is usually referred as T;. In superconducting circuit, relaxation
may be caused by spontaneous emission, Purcell effect, dielectric loss, quasi-
particle tunneling, flux coupling etc.'8l. Dephasing is the process of a qubit
losing phase information; characteristic dephasing time is usually referred
as T». In superconducting circuit, dephasing may be caused by charge noise,
flux noise, critical current noise, Ec noise and quasiparticle tunneling!8].

Among all the decoherence channels, dielectric loss is a significant one. The
origin of dielectric loss has been found to related to two-level states (TLSs)
in contaminations distributed mainly on the various interfaces of a coplanar
waveguide and related to disorder close to the surface of a crystal! 20,211,
as indicated in figure 1.2. Typically, dielectric loss in contamination is much
larger than that in disordered crystal close to surface. Sapphire is a com-
monly used material of substrate, due to its low dielectric loss. A recent
work indicates that Hydrogen bonds in Al,O3 play a role in dielectric loss,
by tunneling Hydrogen atom between two neighboring Oxygen atoms!?% 211,
The loss mechanism of tunneling is introduced in reference [22]. To enable
tunneling, the potential has to be in coincidence configuration (see figure
1.3 for detail), which usually happens on the interfaces, where the distance
among atoms deviates from that in the bulk crystal. The authors of reference
[21] also pointed out that this loss mechanism is ubiquitous, because Hydro-
gen is a common impurity in metal oxides. A direct hint from this work is
to reduce exposure to water vapor and acid, and to use plasma (dry) etch
method instead of liquid agent when fabricating CPW resonators. In our
lab, plasma etching method is used. However, more work could be done to
investigate the differences between the two etching methods.

Although the mechanism of dielectric loss is still not well understood, some
intuitive ways of reducing its effect mainly by modifying the geometry of
CPW are introduced!?” 2] The effect of those methods will be discussed in
Chapter 2.

1.3 Quality Factor

The quality factor (Q factor) is a dimensionless parameter indicating rate of
energy loss relative to the stored energy of a resonator(?4]. Electromagnetism
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Figure 1.3: (21] Self-trapped and coincidence configurations. (a) Geometry of the self-trapped
configuration for a hydrogen interstitial in Al203. H is bonded primarily to a specific O atom,
but could alternatively be bonded to a next nearest neighbor O atom. Al atoms are represented
by large (grey) spheres, O atoms by smaller (red) spheres, and H atoms by the smallest (pink)
spheres. (b) Geometry of a coincidence configuration, obtained by averaging over two adjacent
self-trapped configurations. The two symmetric hydrogen sites are indicated by semi-transparent
bonds. (c) Schematic potential-energy curve for the self-trapped (black) versus the coincidence
(red) configurations. The latter corresponds to a double-well system with energy barrier Ej,.

states that electric field can be written as E(?,t) = E(?)e(_g“‘u)t for the
most of the time, where ¢ controls growing and decaying of electric field
amplitude over time, and w is the angular frequency. Subsequently, the
definition of Q factor is

w

T

(1.1)

In general, the definition here is not the intrinsic Q factor of a resonator but
the so called loaded Q factor (Qp), if the resonator is loaded to an external
circuit!’®l. One can recover intrinsic Q factor using

So1(wn) _ Qr

Qo= (1+8)QL = (1+m) E T 1= S (wn)

(1.2)

in the context of two-port measurement, where ¢ is the so called coupling
constant, and Sy1(wy) is the S parameter from port 1 to port 2 at resonance
frequency of nth harmonic (0 stands for fundamental) w,. Alternatively, one
can determine Q; by looking at the resonance peak of a resonator



1.3. Quality Factor

QL= I (13)

where f, is the resonance frequency of nth harmonic, and oy, is the band-
width of the resonance peak. Subsequently, one can determine the intrinsic
Q factor of a resonator in two-port measurement by

Qp=dr 1

0~ Opw (1 - SZl(wn)) (1.4)

For a resonator without resistive loss, which is valid in our case of supercon-
ducting CPW resonator, the intrinsic Q factor Qg is determined by

Qo= 15)

tand

where tand is the effective dielectric loss of the resonator (see Chapter 2
for detail). Thus, intrinsic Q factor of a superconducting CPW resonator is
related to the effect of dielectric loss in the structure. As direct study of
dielectric loss is difficult, coplanar waveguide resonators provide an easy
way to approach the effect of dielectric loss by studying its effect on the
intrinsic quality factor (Q factor) of a resonator!?’l. High Q factor is also
required for various tasks involving CPW resonator, for high Q factor means
low decoherence in the circuit. In our lab, for example, high Q resonators
can be used as a prob to the quality of fabrication methods and the shielding
effect of the sample boxes.






Chapter 2

Dielectric Loss Study

Dielectric loss is an intrinsic property of a certain dielectric material, which
can be well described by a physical quantity called loss tangent!?®!. Electro-
magnetism points out that dielectric permittivity of a material can be written
in the form of ¢;(w) = e/d(a)) — ig;;(w) in general, where w is the frequency
of electromagnetic field?®]. Real part of the complex dielectric permittivity
is mainly responsible for reaction to electric field. Imaginary part is non-
zero when there is finite dielectric loss, as an analogy for resistive loss in
metal. Loss tangent is then defined as

0e(w) + we (w)
we;(w)

tand = (2.1)

where 0. is electric conductivity of the material. In our case, o, is zero in
general, then loss tangent can be reduced to

G 2.2)
e (w)

There is evidence showing that, in a CPW resonator, dielectric loss is propor-
tional to the electric field experienced by the lossy materials like contaminations?’];
the stronger the electric field is, and the more lossy material “"sees” electric
tield, the larger the dielectric loss is. So the direct way of reducing dielec-
tric loss is to reduce contaminations on the surface of the CPW resonator by
surface treatment. However, the technology by far cannot totally remove the
lossy materials, and results in some unsatisfactory Q factor?®! which calls
for other parallel methods to improve the performance. An indirect way
of reducing the effect of dielectric loss in a CPW resonator is to modify its
geometry to reduce the electric field amplitude at interfaces, and to reduce
lossy material available for electric field.
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As mentioned in Section 1.3, dielectric loss study is conducted in coplanar
waveguide resonator. Only simulation work is done in this semester paper.
Simulation softwares used are COMSOL, SONNET and Microwave Office,
for which some basic manual can be found in appendices. None of the
software can fully satisfy the requirements of this study, combining the their
results gives a more comprehensive picture.

2.1 THz Resonators

In this section, COMSOL is the primary simulator. Due to the limitation
of COMSOL and limitation in calculation power, resonators of resonance
frequency in THz regime instead of GHz regime are simulated. The detailed
discussion can be found in subsection 2.1.1.

COMSOL Multiphysics is a powerful simulation tool designed for various
physical problems, including electromagnetism, circuit analysis, mechanics,
fluid dynamics, heat diffusion etcetera. In this paper RF module is used,
which is designed for radio frequency analysis.

In COMSOL, one can draw a model directly, and adjust the geometry of the
model conveniently by using self-defined parameters. Parameter sweeping
function enables automatic run-time adjustment of model geometry. Im-
porting geometry from a file built by other software like AutoCAD is also al-
lowed. This function makes it possible to analyze models with complicated
geometry consisting of non-standard shapes. However, sweeping geometric
parameters is forbidden in this function. Livelink between COMSOL and
geometry design software can resolve the problem.

In our models, angle J in loss tangent of contaminations are uniformly set to
be 0.002, which is a reasonable value of contaminations on the interfaces of
superconducting CPWI2°. The material of substrate is sapphire, a common
substrate material, whose relative dielectric constant is anisotropic:

93 0 0
0 93 0 (2.1)
0 0 115

Contaminations are modeled by thin layers of sapphire with certian loss tan-
gent. Though, in principle, it is possible to model it with transition bound-
ary condition (an easier way), we did not manage to achieve that, as it is
hard to find the manual teaching the usage of a certain function in COM-
SOL. To simulate the effect of superconductor, all conductors in the model
are perfect conductors. (There is no built-in perfect conductor in COMSOL.
Self-built material with purely imaginary permittivity with large imaginary
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part (—10%%i) is used instead, where minus sign is the convention used by
COMSOL.)

Figure 1.1 (a) is a screen shot of a CPW resonator model in COMSOL without
substrate and with above air blocks hidden.
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Figure 2.1: COMSOL simulation of electric field norm distribution in a CPW resonator

Eigenfrequency study around fundamental frequency of the resonator gives
a electric field norm distribution shown in Figure 2.1. The simulation is con-
sistent with the theoretical description in Chapter 1, in the sense of finding
anti-node at coupling capacitor gaps, while node at center of the resonator
for fundamental frequency. The slightly asymmetric distribution is a result
of the asymmetric automatic mesh.

Eigenfrequency study also enables determining Q factor of the model, which
follows the definition (1.1). Although the measured Q factor is loaded Q, it
reflects dielectric loss reliably as long as the intrinsic impedance of the CPW
resonator matches port impedance.

2.1.1 Parametric Sweep in Metal-Substrate Contamination Model

The table 2.1 lists different parameters swept in the simulation, the corre-
sponding parameter symbol, and the standard value (the value when the
parameter is not swept).

In the simulation, S, W, Wg and dcont are typical values in a CPW resonator(13 201,
However, L is 100 times smaller than a typical value in superconducting

11
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Table 2.1: COMSOL parameter list

parameters symbols | standard value
resonator length L 130 (um)
central line width S 10 (um)
coupling capacitor gap width | W 4 (um)

CPW gap width We 4 (um)
contamination thickness deont 2 (nm)

etch depth into substrate detch 8 (nm)

circuit based quantum information processing, leading to a resonance fre-
quency in THz regime, 100 times larger than the typical one. Limitation of
calculation power is responsible for this mismatch; because the consump-
tion of memory increases linearly with the length of resonator, when the
mesh resolution remains the same. The current model already consumes all
the memory, even though the mesh is reasonably coarse. The big fluctua-
tions in Q factor in the simulation is an evidence of coarse mesh. Though
the frequency is 100 times larger than the typical one, one might argue that
the simulation of dielectric loss is still plausible; because all properties in
the simulation are frequency-independent. We will see later that the simu-
lation in Sonnet in GHz regime confirms the argument. What is more, the
etch depth into substrate is also relatively small. Again, limitation of calcu-
lation power makes it hard to simulate deep etching model with the same
meshing strategy used above (see Appendix A for detail); because deeper
etching requires more mesh sweeping layers to resolve the geometry. In the
model with deep etch and different meshing strategy, no resonance mode
was found, which is problematic.

Figure 2.2 shows different parameter dependence of Q factor of a model
with metal-substrate interface contaminations only (some technical prob-
lems prevent us from sweeping the parameters in a full contamination model).
Port impedance adjustment is required for S and W¢ sweeping. (In principle,
it is also necessary for detn sSweeping, but the change of circuit impedance
is negligible in the range of dei, sweeping. This point will be clarified in
Section ??.)

From figure 2.2 contamination thickness sweep shows a clear correlation
with Q factor, which is a nearly perfect power law with exponent -0.937. This
result is intuitively understandable: thicker contamination implies larger
amount of available lossy material for electric field. A more systematic in-
terpretation is given in [20]. The total effective loss tangent is given by
Y., = pitand;, where the sum is over different interfaces, and the participa-
tion ratio p; is given by!20, 18, 26l
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(a) Q (b) Q

Q factor

©) Q (d) Q

(e) Q (f) Q

Figure 2.2: Simulated Q factor in COMSOL for a model with ms contaminations only: (a) sweep
resonator length; (b) sweep central line width; (c) sweep coupling capacitor gap width; (d) sweep
CPW gap width; (e) sweep contamination thickness; (f) sweep etch depth into substrate.

pi = W ldie; / ds|E? 2.2)

where W is energy per unit length, d; is contamination thickness, and ¢;
is dielectric constant. By equation 1.5, in the condition lossless metal, Q
factor should proportional to d_,.., with some possible deviation due to the
difference between loaded Q and intrinsic Q and some fluctuation in the

simulation. The result of d.,,;; sweep agrees well with the prediction.

Another noticeable result is a nearly linear increase in the sweep of d,
which is probably caused by a modeling problem with COMSOL, leaving
the dependence unclear. This problem is discussed in subsection 2.1.2.

In general, the fluctuations of Q factor in L, S, W and W, sweep are much
larger than that of d.on and de, sweep. It is due to different meshing

13
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vertical sa horizontal sa
contaminations contaminations

Figure 2.3: The cross section of the models simulated in this subsection. Only substrate-air
contaminations are studied.

method. In L, S, W and Wy sweep, COMSOL rebuilds the mesh in the
region where geometry is modified, which leaves fluctuation in meshing
itself. However, in dcout and d,;.;, sweep, mesh sweeping method (a standard
meshing method for thin layer, see Appendix A for detail) keeps the mesh
pattern essentially the same during the parametric sweeping. Keeping this
in mind, we may conclude that L, S, W and W have no significant effect on
Q factor in the range we sweeping the parameters.

2.1.2 Etch Depth Sweep in Substrate-Air Contamination Model

Intuitively, etching into substrate changes the effect of dielectric loss on
substrate-air interface most. So in addition to the parametric sweep of a
model with metal-substrate contamination, d,, dependence of Q factors of
models with substrate-air contaminations is simulated. In order to apply
mesh sweeping method, the range of d,;, sweeping is from 0.1 micron to
0.8 micron, which is comparable to the thickness of conductor.

As the effect of etching on dielectric loss on vertical substrate- air contamina-
tion cannot be studied in section 2.1, in addition to the full SA contamination
model, a model with only vertical SA contamination is simulated.

The simulation results are shown in figure 2.4. Noticeably, all diagrams
shows a linear positive correlation between Q factor and d,,, and the Q
factors are of the same order. The result of lossless model indicates that the
increasing is not physical, but some modeling problem in COMSOL.

To avoid the modeling problem, we treat the result of lossless model as
background and subtract the effect of the background. Recall that in a model
without resistive loss, the intrinsic Q factor is just the inversion of effective
dielectric loss tangent (equation 1.5), and it is reasonable to do addition or
subtraction on effective loss tangent. So we first inverse the Q factors, then
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(a) Full SA Contamination Model (b) Vertical SA Contamination Model
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Figure 2.4: Simulated etch depth dependence of Q factor in COMSOL: (a) result of a model with
full substrate-air contamination; (b) result of a model with vertical substrate-air contamination
only; (c) result of a lossless model.

subtract the effective loss tangent of lossless model from the value of lossy
models, and finally conduct inversion again to get back Q factors.

The resulted Q factors are shown in figure 2.5. Q factor of vertical SA con-
tamination follows a shifted power law with respect to d,;;, with the power
exponent around -1. The negative correlation is expected, as etching into
substrate increases the area of vertical contamination. Q factor of full SA
contamination model shows a pretty linear positive correlation with d,,
which infer that the decreasing of dielectric loss on the horizontal SA in-
terface wins the competition against the increasing on the vertical interface.
The effect of etching on dielectric loss on horizontal SA interface is studied
in detail in section 2.2. The result of full SA contamination model suggests
etching into substrate to obtain a higher Q factor of a CPW resonator.

2.1.3 Contamination Comparison

In general, the contribution of contaminations on different interfaces to the
effective dielectric loss is different, even though tand;, dcons and ¢; are the
same. Because electric field has different boundary conditions on different
interfaces, which gives different participation ratios!?0l:

Pmuw/dma - Sn;;/dﬂEaJ_’Z (23)

15



2. DieLEcTRIC LOSss STuDY

16

2.000E+06

Full SA Contamination Model

(@)
1.400€+06
1.200€+06
) °
% 1.000E+06 L]
J 8.000E+05
1
S 6.000E+05
£ 4000805
2
2.000E+05
0.000E+00
o o1 02
(b) Vertical SA Contamination Model
6.000E+06
. 5.000E+06 °
o
g
& 4.000E+06
o L ]
- hd °
S 3.000E+06 'g L4 o (]
g
%
2
]
H

1.000E+06

0.000E+00
0 01 02 03 04

05 06 07 08

etch depth (um)

03 04 05 06 0.7 08 09
etch depth (um)

(c) Shifted Vertical SA Contamination Q factor

2.500E+06
L
2.000E+06

1.500E+06

1.000£+06 8,
" y=171170x%55

e R?=0.9986
5.000E+05 3
°

subtracted Q factor

2 2 o °
0.000E+00
0 01 02 03 04 05 06 07 08 09

etch depth

Figure 2.5: Previous Q factors after subtraction of background: (a) result of a model with full
substrate-air contamination; (b) result of a model with vertical substrate-air contamination only;
(c) result in (b) shifted downward to fit a power function.

Table 2.2: Q factor of model with contamination on different interfaces

Contamination place | ma sa ms every interface
Q factor 493 x 10° | 2.97 x 10* | 3.45 x 10* | 2.52 x 10°
PmsW/dms = (Sg/ems) /dS|EsJ_|2 (2.4)
D W /dss :esu/ds\EaH\z+s;11/ds]EaL|2 2.5)

When tand;, d.on,y and €; are taken to be the same, which is the case in the
simulation, pys and pg, are two orders of magnitudes larger than p,, and
psatl- Consequently, dielectric loss on metal-air interface is much smaller
than those on metal-substrate and substrate-air interfaces, which focus our
attention on the later ones to reduce dielectric loss.

The purpose of this subsection is to verify the validity of above statement. To
do this, a model with the potential to put contaminations on every interface

is built.

Table 2.2 shows the simulation result of varying contamination position. The
relative value among ma, sa and ms is consistent with the theoretical predic-
tion above, i.e. the Q factor of ma contamination is 2 orders of magnitude
larger than the other two. However, table 2.2 also shows some inconsistency
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(see section 2.3 for detail). Because of the inconsistency and unrealistic res-
onance frequency, we decided to switch simulation software to SONNET to
check the validity of the COMSOL results.

2.2 GHz Resonators

The simulators used in this section are SONNET and Microwave Office.

SONNET is a simulation software designed for high frequency electromag-
netic tasks. Unlike COMSOL, in which 3D modeling is possible, SONNET
is a 2D modeling tool, in which all metal structures are of no thickness,
although multi-layer pseudo-3D modeling is allowed. Even so, some true
3D structures like via and dielectric bricks are allowed in dielectric layers.
In SONNET userguide, via (metallic) and dielectric bricks (dielectric) are
introduced in detail. In simulation, dielectric bricks can be used to simu-
late materials in CPW gaps, like air and contamination on the substrate-air
interface. However, it is hard to simulate contaminations on vertical inter-
faces, because the calculation power consumed by dielectric bricks increases
dramatically as the area of dielectric material and Z partition (a parame-
ter determining the number of mesh layers in a dielectric layer) increase;
furthermore, it is essentially impossible for SONNET to resolve some thin
structures like vertical contamination, while keeping the calculation power
consumption in a reasonable range.

There is a built-in Q factor calculator in SONNET, however, the result does
not seem to make sense in at least our simulation. So equation 1.4 is applied
to calculate intrinsic Q factor of the resonator from S parameters.

contaminations contam|

Figure 2.6: First SONNET model: without etch gap and with metal-substrate and substrate-air
interfaces contaminations only. The small box on the upright corner is the cross-section shown
in SONNET's stackup manager.
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Table 2.3: SONNET parameter list

parameters symbols | standard value
resonator length L 1.3 (cm)
central line width S 10 (um)
coupling capacitor gap width | W 5 (um)

CPW gap width W 5 (um)
contamination thickness deont 2 (nm)

In all the GHz resonator models in SONNET, the vacuum block above and
the substrate are of thickness 500 um, and the standard values of parameters
are listed in table 2.3. Etch depth is not listed here. Because models in
subsection 2.2.1 have zero etch depth, while models in other subsections
have finite etch depth.

2.2.1 Parametric Sweep

In the model in this subsection, a full CPW resonator is simulated. The cross
section of this model can be found in figure 2.6, where only ms and sa con-
taminations are simulated, and loss tangents of both of the contaminations
are set to be 0.002.

The simulation results shown in figure 2.7 is consistent with the result in
section 2.1, where COMSOL is used as primary simulation software. Here,
the exponent of contamination thickness sweep is -0.986, which is slightly
closer to -1 than that of COMSOL simulation. This difference, however, is
within the tolerable range of error. Sweeping of other parameters shows no
clear correlation with Q factor within the sweeping range, which consists
with COMSOL results. The consistency confirms the validity of adopting
results from THz regime simulation in COMSOL to GHz regime case.

Because of the limitation of calculation power, contamination comparison
will be discussed in subsection 2.2.3 with the help of Microwave office, just
as the case of etch depth.

2.2.2 Etch Depth Study

Microwave Office is an easy-to-use simulation software designed for circuit
analysis. Though it is hard to design an element from structural level di-
rectly in Microwave Office, touchstone files created by SONNET can be im-
ported as subcircuits. In the specific task of CPW resonator, the resonators
are divided into several transmission line segments and two coupling capaci-
tors, so that calculation power consumption of analyzing a single element by
SONNET is kept in a reasonable range. The subcircuits are then assembled
to a resonator in Microwave Office as shown in figure 2.8, and the resulted
S parameters show clear signature of resonance, as shown in figure 2.9.
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Figure 2.7: Q factor of simulation in SONNET with O etch depth: (a) sweep over L; (b) sweep
over W; (c) sweep over deopt.

However, when the loss tangents of the contaminations are the same as the
models in COMSOL and SONNET, this subcircuit method gives a Q factor
much higher than the previous cases. To compensate the effect, a much
larger loss tangent (0.1) is applied.

Figure 2.10 shows the cross section of the full contamination model in SON-
NET. In the CPW gaps are dielectric bricks. They embedded in dielectric
layers. Dielectric bricks are drawn on the corresponding dielectric layer and
extend to the lower bound of the layer above (e.g. contamination bricks are
drawn on layer 4, and extend to the lower bound of layer 3). Metalization is
drawn on layer 1 (so, on layer 1, there are both metalization and air dielectric
bricks).

Figure 2.11 shows the simulation results of horizontal sa contamination mod-
els with respect to etch depth. A clear positive correlation of intrinsic Q
factor and etch depth is observed. The reason for the increasing is intuitive:
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40 transmission

. line segments )
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subCircuit S —Qo—, subcircuit
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line segment line segment
subcircuit subcircuit

Figure 2.8: The assembled resonator in Microwave Office consists of subcircuits of touchstone
files generated by SONNET.
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Figure 2.9: Sq, of an assembled resonator in Microwave Office. Clearly, the method captures
the resonance of the structure.

electric field decays fast away from the plane of metalization, and dielectric
loss is proportional to |E|%. In figure 2.11 (a), the increasing of intrinsic Q
factor reflects the inverse of the decay of |E|? as indicated by equation 2.2
and equation 1.5. The result points out that by deep etching, the dielectric
loss contribution from substrate-air contamination on the bottom of CPW
gap can be significantly reduced.

Not only intrinsic Q factors, impedance of the CPW and fundamental reso-
nance frequency also change with etch depth. As shown in figure 2.11 (c)
and (e), impedance and resonance frequency follow nearly perfect exponen-
tial saturation laws. This study shows a comprehensive effect of deep etch-
ing. Deep etching not only reduces dielectric loss, also changes impedance
and resonance frequency, which should be paid attention to when fabricat-
ing CPW resonators using deep etching method.

Figure 2.12 shows the intrinsic Q factor of a model with metal-substrate
contaminations only. No dependence on etch depth is observed. To have a
better comparison to the result of COMSOL (remember COMSOL shows a
positive correlation in the range from 0 to 80 nm), figure 2.12 (b) studies the
behavior in the same range, and again found no dependence. The reason
for the inconsistency will be discussed in the subsection 2.2.3.
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layer number metalization
contamination (no thickness)
layers

air air
bricks bricks

Figure 2.10: Cross section of full contamination model in SONNET with corresponding positions
of metalization and dielectric bricks. In the figure, "layer” stands for circuit layers, and " bricks”
stands for dielectric bricks.

Table 2.4: Q factor of model with contamination on different interfaces

Contamination place | ma sa ms every interface

Q factor 2.17 x 10* | 4.61 x 10* | 9.00 x 10° | 5.63 x 10*

2.2.3 Contamination Comparison

Table 2.4 shows the simulation results of models with contaminations on dif-
ferent interfaces. The etch depths are chosen to be 10 nm for all models. This
result is totally different from the result in COMSOL and the theoretical pre-
diction at the beginning of this chapter: here, the relative relation between
sa Q factor and ms Q factor is reversed compared to COMSOL result. Fur-
thermore, Q factor of metal-air interface contamination is comparable with
the other two (in fact, ma Q factor is even lower than sa Q factor), which
contradicts both COMSOL simulation and theoretical prediction.

A possible reason for this inconsistency is the zero-thickness metalization in
SONNET, which may leak more electric field into the surrounding lossy ma-
terials. Consequently, contaminations right next to metalization (metal-air
and metal-substrate) become more lossy than the case in COMSOL (both
Q factors reduce significantly relative to that of substrate-air contamina-
tion). On the contrary, substrate-air contamination is away from metaliza-
tion, which gives a more faithful result. So the study on sa contamination
and etch depth is still plausible.

2.3 Discussion

From the results listed above, all methods have their advantages and disad-
vantages, and none of them can simulate a full contamination model plau-
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Figure 2.11: Etch depth study of a model with substrate-air contaminations on the bottom
of CPW gap only. (a) The intrinsic Q factor shows a clear increase as etch depth increases.
(b)(c) Impedance of the CPW resonator shows an exponential saturation as etch depth increases.
(d)(e) Fundamental resonance frequency also displays an exponential saturation.

sibly. However, combining the results of the simulations, one can have a
comprehensive picture of the dielectric loss in CPW resonator.

2.3.1 Modeling with COMSOL

In the THz resonators section, only metal-substrate and substrate-air contam-
ination models are studied. Because of some bug like problems of COMSOL,
it is extremely tedious to sweep parameters in full contamination model. Fur-
thermore, as shown in subsection 2.1.3, the model with full contamination
gives a higher Q factor than those with ms and sa contaminations only. This
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Figure 2.12: Etch depth study of a model with metal-substrate contaminations only. (a) dyp,
swept from 0 to 50 um; (b) d4j, swept from 0 to 80 nm. The intrinsic Q factor does not show
any dependence on etch depth in either studies.

result does not make sense, because the only differences between the models
are materials at the thin layers of contaminations. The 2-nm thick contami-
nation layer should not make much difference in impedance or other param-
eter, which may influence the Q factor of the model. This result casts doubt
on the validity of full contamination model in COMSOL, and persuades us
not to conduct parametric sweep in this model.

2.3.2 Etch Depth and Dielectric Loss

In subsection 2.2.2, a clear positive correlation is observed between d,;.;, and
Qo in a model with horizontal substrate-air contamination only. However,
some fluctuations prevent us from determining the exact function of de-
pendence. Power law and exponential law are two straightforward candi-
dates. The clear exponential saturation in etch depth dependences of loss-
less impedance and resonance frequency infers that the effect of etching on
electric field decays exponentially as etch depth increases, which makes the
exponential dependence of Qp on d,, more favorable. However, in subsec-
tion 2.1.2, the power law with exponent close to -1 in vertical sa contami-
nation model infers that participation ratio in unit length along etch depth
follows a power law with exponent around -2, because the total dielectric
loss is obtained by integrating unit length participation ratio along the etch
depth. Subsequently, electric field decays along etched depth following a
power law with exponent around -1, as participation ratio is proportional to
square of amplitude of electric field (equation 2.5), which suggests another
possibility of d.;, dependence of electric field.

Though there are some inconsistency, one can safely draw the conclusion
that etching into substrate increases the Q factor of a CPW resonator. Be-
cause simulation results show clear negative correlation between dielectric
loss in SA interface contaminations and etch depth, while show no correla-
tion between dielectric loss in MS interface contaminations and etch depth
(SONNET result).
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2.4 Conclusion and Outlook

Dielectric loss in a CPW resonator depends on its geometry. Q factor de-
creases as contamination thickness increases, following a power law with
exponent around -1. Q factor of models with contamination on substrate-
air interface also has a clear positive correlation with finite depth etching
into the substrate below CPW gap. Q factor of models with metal-substrate
contamination displays no dependence on etch depth in SONNET and a
doubtable positive correlation in COMSOL. Overall, etching into substrate
in CPW gap increases Q factor of the models. The simulation results indicate
that careful surface treatment of substrate after photolithography (to reduce
contaminations) and deep etching can significantly reduce dielectric loss in
a CPW resonator. The success of fabricating CPW resonators with Q factor
exceeding 1,000,000 using these two methods has been reported during the
time of this semester project?3], which is pretty impressive.

Future work can be done on the origin of dielectric loss as inspired by [21].
By controlling the exposure to water and acid material during fabrication,
one may be able to study the contribution of Hydrogen bonds to dielectric

loss.



Appendix A

COMSOL RF Module Manual

COMSOL is a powerful and widely used simulation tool for various of phys-
ical tasks. However, to my knowledge, there is no good manual or tutorial
available on the Internet. Most of my knowledge comes from the built-in
dynamic help (the button can be found at the top-right corner of correspond-
ing settings window (the window in the middle of the three) as a shape of
computer with a question mark) and by studying similar models in model
library (can be found in Dynamic Help — Contents — Model Library). This
appendix will introduce some basic functions and tricks of COMSOL RF
Module.

A.1 Build A New Model

When a new project is created, model wizard will automatically appear as
the settings window on the interface. One can choose the dimension, physics
and study type of the model one after another, following the guidance of the
wizard and click “next” arrow on the top-right corner of model wizard to
confirm the choice. After finishing all the choices, click the “finish flag” on
the top-right corner to finalize the selections. It is possible to add/remove
physics and study types at any time in the model builder window (the left
most window on the interface) by right clicking the corresponding node.

A.2 Global Parameters

Using self-defined parameters, instead of using numbers everywhere, some-
times can save a lot of work during the simulation, especially when some-
thing needs to be changed.

One can define a list of global parameters by right clicking “Global Defini-
tions” node in model builder window (the leftmost window on the inter-
face), and selecting parameters. The expressions of parameters can either be
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a number or a mathematical expression with built-in or self-defined param-
eters. The scopes of the parameters are global, so that they can be called
anywhere in the project.

A.3 Port and Lumped Port

Under the “Electromagnetic Waves, Frequency Domain” (a kind of physical
situation available in COMSOL) node in Model Builder window, one can
specify boundary conditions. Boundary conditions are crucial in a electro-
magnetic wave problem. Wrong choice of boundary conditions may lead to
highly unphysical results. Some of the boundary conditions introduced here
are also available in some other physics related to electromagnetic field.

The default boundary condition on the surface of the model is “Perfect Elec-
tric Conductor” (a small “D” on its node indicating it is default), the detailed
properties can be found in dynamic help. This boundary condition can be
overwritten by other self-chosen ones. Different from self-chosen perfect
electric field, the default one cannot be defined on any interior boundaries
of the model.

For a circuit-like model, the most important boundary conditions are port
and lumped port, where electromagnetic energy enters or exits the model
(for eigenfrequency study, port or lumped port is not necessary).

A port is supposed to be surrounded by metallic boundaries, e.g. perfect
electric conductor or other metals. On the top of settings window of port is
boundary selection tap. One can select the desired boundaries by left click
followed by right click in Graphic window. Under Port Properties tap, port
name, port type, excitation, input power, port phase can be specified. Port
type should be adjusted according to the geometry of the port: rectangular
for rectangular port, coaxial for coaxial ones, user defined for other shape.
For user defined port type, input electromagnetic field should be specified
in Port Mode Settings tap; for rectangular port, mode type (TE, TM and so
on) should be specified.

A lumped port is supposed to be located between two metallic boundaries
(if it is surrounded by metallic boundaries, COMSOL will return an error
at run time). A lumped port is a justified approximation to port, when the
distance between two metallic boundaries is much smaller than wavelength.
Coaxial, uniform and user defined port types are available for lumped port.
User defined port type is basically similar to uniform one (both of them
deal with uniform field), but with more freedom in boundary shape and
range. Instead of specifying input electromagnetic wave, lumped port re-
quires specifying characteristic impedance.



A.4. Mesh

A.4 Mesh

Computers cannot solve truly continuous problem, so mesh is required to
reduce continuous problems to discrete problems. The finer the mesh is, the
more accurate the solution is. However, calculation power and calculation
time consumption increases linearly with total number of mesh elements.

For normal tasks, the automatic free tetrahedral mesh is enough. When
some structure requires finer mesh, the corresponding mesh can be built
manually by right clicking mesh node and selecting a specific mesh type,
selecting the desired objects in Graphics window (the rightmost window),
and specify the size of mesh by right clicking the corresponding mesh option
node and add a size controller.

For thin layers, usually COMSOL could not manage building mesh inside
these structures. Because the difference between edges of automatic mesh
element cannot be too big, which results in too many mesh elements in thin
layers. To resolve the problem, one can build surface mesh using options
like free triangular on one broad boundary of the thin layer, and sweep the
surface mesh to the other broad boundary by adding a “sweep” by right
clicking mesh node. In principle, many thin-layer structures can be replaced
by transition boundary condition, but we did not manage to do that.

A.5 Eigenfrequency Study

Eigenfrequency study is used when the properties of eigenmodes are inter-
ested. Resonance mode of a resonator is a good example.

Under the node of eigenfrequency study, there is a default solver property
node called ”Step 1: Eigenfrequency”. Selecting it, and the corresponding
settings window appears. Under the “Study Settings” tap, two parame-
ters “desired number of eigenfrequencies” and ”search for eigenfrequencies
around” should be specified. If the specified frequency is far from any eigen-
frequency of the model, COMSOL would not be able to find resonant modes
and will keep running, till some non-resonant solution comes about or fin-
ish the desired number of iterations (this can be set by right clicking eigen-
frequency study node — Show Default Solver — corresponding solver —
corresponding eigenvalue solver — Advanced tap — Maximum number of
eigenvalue iterations), so an estimation of desired eigenfrequency is impor-
tant when using eigenfrequency study. One can also change the accuracy
of the solution by right clicking eigenfrequency study node finding “Show
Default Solver” — corresponding solver — corresponding eigenvalue solver
— General — Relative tolerance. In general, the lower the relative tolerance
is, the higher the accuracy is, but the longer it takes to solve the problem.
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Please notice that if relative tolerance is too low, highly inaccurate solution
may appear.

One can also define parametric sweep in the solver to combine several stud-
ies in one by right clicking study node, selecting parametric sweep. Please
notice that parametric sweep on the model geometry is only valid to a geom-
etry built in COMSOL. Under ”Study settings” tap, one can add parameters
to be swept by clicking the “+” button, and choose the desired one from the
pull-down menu. In principle, multi-parametric sweep is possible, and will
return a matrix (tensor for higher dimensional case) of solutions. However,
in practice, this can be problematic.

After finishing all the study settings, one can simulate the model by right
clicking the study node, selecting "Compute”. The progress can be moni-
tored by selecting the “Progress” tap in the bottom-right window. The mem-
ory consumption is also shown at the bottom-right corner of the interface.
If the model is too complicated, COMSOL may use up all the memory and
cause some problems.

When the computation finishes, the default setting result will be displayed
automatically in Graphics window. One can change the displayed result by
selecting solution from Settings window — Data tap — Data — Data set and
Eigenfrequency. Other plot settings like color legend can also be changed
in this window. By selecting the “Multislice” node under the corresponding
solution node, the position and number of slice can be specified. More
importantly, the plotted expression can be selected by clicking the double
arrow button at the top-right corner of “Expression” tap in settings window.
Electromagnetic field related quantities can be found in ”Electromagnetic
Waves, Frequency Domain”. Most frequently used Q factor can be found in
“Electromagnetic Waves, Frequency Domain” — Global — Quality factor.

Eigenfrequency study cannot be used to determine S parameters (ports are
not necessary in this study type after all). To get S parameters, one should
conduct frequency domain study, which is not introduced here.

A.5.1 Graphics Window

Graphic window is the rightmost window on COMSOL interface, and is the
place where the geometry of the model and plot of results are displayed. It
is convenient to know some tricks of using graphic window.

One can rotate the graph in 3D by dragging it with left mouse button, and
move it parallelly by dragging with right mouse button.

Figure A.1 shows a screen shot of graphic window. There are a row of func-
tional buttons to control the display of the graph. The buttons are grouped
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Figure A.1: Screen shot of graphics window in COMSOL.

as functional groups: show and hide, zoom, view, selection option and some
other functions from left to right.

Show and hide functions are useful when the model is complicated and
some parts are blocked by others. In this case, one can hide the objects
blocking the objects in interest, and work on those interested ones directly.
Hidden objects cannot be selected directly in graphic window, which is cru-
cial for selecting blocked object in complicated model. (If the structure is not
too complicated, one can select a blocked object by selecting the front-most
object , and clicking at the same place again.) To my knowledge, hidden
objects can only be reset to “shown” by “Reset Hiding” function (which set
all objects as “shown”) or select them in settings window under nodes like
Materials and press “Show Selected”.

View functional group provides four standard views for users to go to when-
ever they are needed. The function is useful as it is hard to control the
rotation of model in graphics window.

In the rightmost functional group are ”"Scene Light”, “Transparency” and
"Wireframe Rending” buttons. ”Scene Light” function turns on and off a
light shining on the model. When light is on, the model looks more “3D”,
but may sometimes make it hard to see the structure. “Transparency” func-
tion turns on and off the transparent mode. However, left clicking still pri-
marily selects the front-most object in transparent mode. "Wireframe Rend-
ing” function can change the view of a model into framework only mode.
Similar to transparent mode, wireframe rending mode does not change the
priority of selection.
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Appendix B

SONNET Manual

New user of SONNET can follow the guidance in Quick Start Guide window
to create basic model and conduct analysis. If Quick Start Guide window
does not appear automatically, it can be find under Help — Quick Start
Guide. A well-written SONNET user’s guide can be found online, with
introduction to most functions and tasks/?”l. In this manual, I will focus on
dielectric bricks, an advanced and hard-to-control function. More details
can be found in SONNET user’s guide.

n Dielectric Layers-capacitor_sa_0.1losstan_10nmetch.son ?
Copy
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Figure B.1: Dielectric layer editor window in SONNET.

Before we introduce dielectric bricks, I would like to introduce some basic
concepts about dielectric layers first. Figure B.1 shows the dielectric layer
editor window. One can specify the properties like thickness, material, Z
partition of each dielectric layer, copy and move layers. The most important
thing to pay attention to is the way SONNET number the layers. Layers are
numbered by the lower bound, and counted from top to bottom, starting
from 0 and ending with GND (ground). Ground is the bottom of the model,
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and 0 layer extend to the top of the model. Metals are drawn on the in-
terfaces of dielectric layers, sharing the same number as the dielectric layer
above, and are primarily thin (without thickness). With these concepts in
mind, dielectric bricks can be introduced more clearly.

Ay

Dielectric Brick
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Dielectric
Layer

Level 0Metal

Dielectric
Layer

Level 1 hietal —p

]

Side View of Circuit shown above.

Figure B.2: [27] Views of dielectric bricks

A dielectric brick is a solid volume of dielectric material embedded within a
dielectric layer. A partially Z-direction-extended dielectric brick in a layer is
not possible, which can only be achieved by adding dielectric layers. Figure
B.2 shows the top view on the level where the base of dielectric brick is
located, the top view on the level above and the side view (not available in
SONNET) respectively of a circuit containing a dielectric brick. On the base
level, the brick is shown in solid line; while on the level above, it is shown in
dashed line. Dielectric bricks should be created on the level where its base
is located.

Whenever there are dielectric bricks in a dielectric layer, the Z partition
should be specified for the layer. The default Z partition is 0, which will
make SONNET return an error at run time. The more Z partition is in a
layer, the more accurate the result is. However, calculation power consump-
tion increases dramatically as the area of the dielectric brick and Z partition
of the corresponding dielectric layer increase. So dielectric bricks should
only be used very locally. When the thickness of the dielectric layer changes,
Z partition should be changed too. Figure B.3 shows the consequence of
keeping Z partition the same while changing etch depth: the model hits
some unphysical resonance. To my knowledge, it is best to keep the ratio
between Z partition and dielectric layer thickness the same, whenever it is
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Figure B.3: Etch depth study with the same Z partition of etch gap layer. The model " hits
some unphysical resonance” at etch depth around 10 um, with intrinsic Q factor goes to 0 and
resonance frequency goes to infinity. At some points, no resonance can be observed in Microwave
Office.

possible. Etch depth study with sa contamination on the bottom of CPW
gap applies the method. When the etch depth is 5 um, Z partition is 5;
when etch depth is 10 um, Z partition is 10 etc.
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Appendix C

Xmon Capacitor

Xmon is a recently developed superconducting qubit with long coherence
time, straightforward connectivity and fast control?8l. Before I started work-
ing on CPW resonators, I simulated an Xmon capacitor model using Ansoft
Maxwell. The result shows that the circuit quantum electrodynamical (cir-
cuit QED) properties of an Xmon are pretty close to a transmon qubit.

-y
sl

Figure C.1: Top view of Xmon capacitor in Maxwell.

Table C.1: Simulated and experimental values of parameters of Xmon qubits.

S (um) 8 16 24

W (um) 4 8 12

L (um) 130 130 130
Simulated Capacitance (pF) 0.0827 | 0.0824 | 0.0829
Simulated Ec (GHz) 0.2342 | 0.2351 | 0.2336
Experimental Ec (GHz) 0.206 | 0.210 | 0.204
Experimental Anharmonicity (GHz) | 0.224 | 0.228 | 0.222
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Figure C.1 shows the top view of Xmon capacitor in Maxwell, with geo-
metric parameters indicated in the figure. The materials are Aluminum for
metalization, sapphire for substrate, and vacuum for gaps. For simplicity,
no qubit or transmission line is coupled to the capacitor.

Table C.1 lists some parameters of simulated and experimental results. Roughly
10% deviations in E¢ are observed for all models, and the experimental Ec’s
are more sensitive to the change of geometry than simulated ones. Both of
the deviations may be explained by the coupling to SQUID and transmission
lines in experiment. In transmon qubits, anharmonicity & ~ —Ec!!8l. The
experimental Ec’s agree well with the anharmonicity in [28] except some
reasonable deviations, which may be caused by coupling. Both Ec and an-
harmonicity indicate that Xmon is close to transmon in the sense of circuit
QED properties.
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