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Abstract—Superconducting quantum circuits constitute one of
the most advanced and promising platforms for building fault-
tolerant quantum computers. However, the associated relatively
short coherence times remain a major challenge. Therefore quan-
tifying the various responsible loss mechanisms is key, which can be
achieved effectively by refined loss modeling. An important source
of dissipation is thermal quasi-particles, for which many simulation
tools exist. Here, we improve on these by integrating two of them in
a self-consistent manner into an automated workflow for a circuit
composed of two materials. Namely, the workflow consists of a
numerical simulation of the Mattis—Bardeen surface impedance
and electromagnetic finite-element simulation using Ansys HFSS
to predict temperature-dependent quasi-particle loss from normal
state material properties. As a test, we use it to simulate the
quality factors as a function of the temperature of superconducting
resonators composed of tantalum. Tantalum resonators are often
found to be dominated by quasi-particle loss at a significantly lower
temperature (less than 1 K) than what would be expected from the
bulk critical temperature (4.4 K) observed to good approximation
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in dc transport measurements. A likely cause is a defect phase with
alow critical temperature, potentially associated with the tantalum
beta phase. By fitting the temperature-dependent loss data to the
workflow results, we estimate the concentration of the defect phase.
This is an important step forward in correlating material design
and microwave loss.

Index Terms—Simulation framework, superconducting quan-
tum circuits, superconducting resonators, tantalum (Ta), thermal
quasi-particle (QP) loss.

1. INTRODUCTION

MONG the many competitive physical platforms for real-

izing practical quantum computers, the superconducting
quantum circuit [1], [2] is one of the most promising systems
with its high gate speed and fidelity, as well as the large scale
of qubit integration [3], [4], [5]. In recent years, tantalum (Ta)
has attracted widespread interest in the community as an emerg-
ing material for superconducting quantum circuit elements. By
merely replacing the commonly used niobium with Ta for its
capacitor, the coherence time of the transmon qubit is improved
by a factor of 3 [6], [7]. This discovery has sparked renewed
interest in further improving the coherence of superconducting
qubits through materials science [8]. As a natural consequence,
superconducting circuits will be increasingly composed of more
complex and an increasing number of materials. Consequently,
understanding their different contributions to the loss budget of a
circuit will be essential. This is the motivation for the simulation
framework presented here.

In the last decade, a large number of powerful supercon-
ducting quantum circuit design and simulation platforms have
emerged. One notable example is Qiskit Metal [9], a power-
ful open-source quantum electronic design automation. Other
Python packages for circuit quantum electrodynamics analysis
are also available, such as QuCAT [10], SQcircuit [11], and sc-
Qubits [12]. All of the aforementioned systems use QuTiP [13],
an open quantum system analysis tool, to simulate the dissipation
of circuit devices, where a decay rate is required for the dissipa-
tion calculation. In general, specific material-dependent super-
conductivity parameters are not considered in these packages.
In the literature on superconducting devices, superconducting
material parameters are often introduced into the simulation
through the Mattis—Bardeen (MB) model, but they do not take
into account the response of more than one material in an
automated way [14], [15].
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Fig. 1.

Conceptual block diagram of the entire framework and simulation framework for thermal QP loss in superconducting resonators composed of two

materials to predict their temperature-dependent quality factors. Input parameters include superconducting material parameters, temperature and frequency ranges,
dimensions of device layout, and parameters relating to the spatial distribution of the second phase. The automation of the superconducting device layout generation
and segmentation for the phase distribution is accomplished by PyAEDT. Surface impedances computed using the MB model (highlighted in orange) are set as
boundary conditions of different phases for the HFSS eigenmode simulation. Generation of the simulation files (one for every surface impedance) and the extraction
of simulation results from HF'SS files is carried out on a local computer, while the eigenmode simulation can be parallelized on an HPC platform. The part of the
framework highlighted in green color is using Ansys HFSS via Python package PyAEDT. In the output area, the main output is highlighted in dark blue box, and

the intermediate data of the simulation are marked in light blue box.

As a step in this direction, we present a simulation framework
and a workflow that integrates the latter in a self-consistent
manner with the electromagnetic simulation software Ansys
HFSS to predict thermal quasi-particle (QP) loss in supercon-
ducting resonators composed of two materials. We use the
surface impedance boundary condition (SIBC) based on MB
theory, which assumes that thickness and curvature radius of the
devices are larger than the magnetic field penetration depth. It
reduces requirements on computing resources when compared
to the more accurate complex conductivity [15] and intrinsic
impedance [16] methods, which require the solver to solve
Maxwell’s equations in the entire volume of the device.

Superconducting quantum circuits are generally not operated
at temperatures where thermal QP loss is relevant. However,
temperature-dependent loss is a convenient way to examine the
superconducting properties of the circuit materials and possible
degradations of it. We consider this scenario in a test application
for the presented framework. Finally, other example applications
of this framework include the simulation of thermal QP loss
in superconducting radio frequency devices [17] or circuits
composed of multiple elements with different superconducting
properties, such as QP-engineered devices [18] or circuits com-
posed of metal alloys that phase separate [19], [20].

The rest of this article is organized as follows. We start by in-
troducing the two methods employed by the workflow. First, MB
theory is presented in Section II-A with a brief historical account
and a discussion of the input parameters and limitations of the
model. In Section II-B, we introduce the architecture of the Ansys
HFSS part of the simulation framework and explain in detail the
implementation of the self-consistent inclusion of two materials.
In Section III, we then demonstrate an example application of
the workflow by simulating loss in superconducting resonators

composed of Ta with defects as the second material. Finally,
Section IV concludes this article and provides an estimate for
the defect concentration in the Ta resonators as well as a brief
outlook.

II. METHODS OF THE SIMULATION FRAMEWORK

The framework presented here aims to simulate the
temperature-dependent thermal QP microwave loss of the su-
perconducting circuit elements composed of two materials. A
detailed diagram of the general workflow based on this frame-
work to fulfill the goal can be found in Appendix A. In addition,
the thermal QP results in a shift of the resonance to lower
frequencies, which can also be modeled with this framework.
However, here, we choose to focus on loss as the relative
frequency shifts are normally small and, therefore, harder to
simulate accurately (see Appendix B). On the top level, the
framework consists of two main parts (see Fig. 1), which are
described in the following two sections.

A. MB Theory

In the first part of the framework highlighted in orange
in Fig. 1, we determine the surface impedance Z4(T, f) =
R+ iX, where R is the surface resistance and X is the surface
reactance of the two superconducting materials for a list of
temperatures 7" and frequencies f. Each material is defined by
a set of five material parameters, as discussed later. For these
calculations, we employ a program written by Halbritter [21]
around 1970, which solves the microscopic electromagnetic
response of a superconductor based on the Bardeen—Cooper—
Schrieffer (BCS) theory [22] (see Appendix C). We start with a
short recap of the literature leading up to Halbritter’s code and



then discuss its limitations. Finally, we discuss the material input
parameters, summarizing some equations to estimate them.

Mattis and Bardeen [23] derived the first microscopic electro-
magnetic response model of superconductors from BCS theory
soon after the latter was published. By considering the extreme
anomalous limit, where the electron mean free path [ — oo,
and London penetration depth is smaller than the coherence
length 11, < &, they derived an expression for the ratio of com-
plex conductivity for the superconducting state o, = 01 + 102
to normal conductivity oy . In principle, the expression given
there can be solved numerically. Converting it to a surface
impedance, as required for the HFSS simulation software, is
not straightforward in general, but in the extreme anomalous
limit [14], it is approximately given by Z4(T) = Aos(T)7,
where A is a constant and v = —1/3. However, the accurate
numerical solution of MB model is difficult, and the expression
does not take into account the electron mean free path. In
subsequent developments in the community, the model was
improved, making it more practical for simulating real supercon-
ducting materials [24], and expanding the microwave absorption
frequency beyond the superconducting energy gap A(0)[25].

Meanwhile, Abrikosov et al. [26] derived an expression of the
superconducting current density based on the BCS Hamiltonian
and the quantum field method, conveniently introducing the
mean free path of electrons in the material as a parameter.
Following the field method, Halbritter [21], [27] developed a
surface impedance model with an accessible Fortran implemen-
tation. For the framework presented here, we take advantage
of Halbritter’s work and convert the original Fortran code into
Python to make it more accessible to the quantum computing
community. For convenience, we will refer to it as the MB model
in the rest of this paper.

Note that the MB model requires the following basic as-
sumptions to be true. First, it is intrinsically only applicable
to weakly coupled superconductors since it is a derivative of
the BCS theory. Second, it is only applicable to low-field-
strength (H < H_.) and low-frequency (hw < Ay) conditions.
Fortunately, the aforementioned conditions are met for most
application scenarios of superconducting quantum computing
devices.

There are seven input variables to the MB model in total. Out
of these two are environmental variables, namely, temperature
T and frequency w/27. The other five are parameters relating
to the superconductivity of the material: critical temperature 7,
superconducting bandgap A(0), coherence length &y, London
penetration depth A, and the charge carrier mean free path
l. The latter four are all considered at 0 K. The output of the
model includes surface resistance Rg, surface reactance X g, and
penetration depth at finite temperature A7, which is related to
the surface reactance by Xg = wpuohr.

B. 3-D Finite-Element Electrodynamics Simulation

In Fig. 1, the second part of the framework is highlighted
in green. It contains the 3-D finite-element electrodynamics
eigenmode simulation of the resonators in HFSS, which are
used to determine resonator quality factors for the temperature-
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Fig.2. Implementation of randomly distributed defects as the second material
in the HFSS simulation using a chessboard grid. The left-most image shows
a section of the lumped element resonator schematic. Next to it is a magni-
fied schematic showing a small portion of the meandered inductor with the
chessboard-like grid array used for uniformly distributing the low-T,. phase at
random and at the required concentration, as shown in the adjacent image to the
right. Here, the concentration of defects is set to be 6%, and the width of each
grid cell is set to 3 pm, for illustration. Finally, via an intersection operation
between the resonator and the selected defect grid cells, the device layout
with two materials is formed. To this, we apply the two different impedance
boundaries as determined from the MB model calculations.

and frequency-dependent boundary conditions determined in
the previous section. The impedance values are fed into mul-
tiple HFSS simulation files that can be solved in parallel in a
high-performance computing (HPC) environment. This part of
the framework is automated by the PyAEDT, a Python client
library that interacts directly with the Ansys Electronics Desktop
(AEDT) application programming interface (API). Next, we
will give a more detailed description of the PyAEDT-based
components of this simulation framework. We will introduce
them in the approximate order in which they are called in the
workflow.

As a first step, the workflow generates a template file (.aedr)
for the HF'SS simulation. It contains the device layout design
with two materials, where the secondary material is homo-
geneously distributed throughout the primary material. There
are various ways to enter the device layout into HFSS. In the
workflow, we give the option to import either an external .gds
file or create the layout for a particular lumped element resonator
directly using the PyAEDT package. This defines the areas
covered by the primary material. Note that in the simulation, the
electromagnetic response of the superconducting circuit device
is described by the SIBC neglecting the thickness. The method
for embedding the secondary material regions homogeneously
in the same area is shown schematically in Fig. 2: The workflow
first divides the surface containing the circuit into a regular
chessboard structure. In PyAEDT, we realize this by creating
a virtual grid array. We then select a number of grid elements
corresponding to the secondary phase concentration at random.
Using 2-D sheet objects in PYAEDT, the workflow segments the
original device layout, resulting in two objects corresponding to
the two materials. There will be a certain deviation between the
generated concentration and the required concentration, due to
the finite size of the grids and the distribution of the secondary
material across the full surface. There is a checking procedure
in the workflow that determines how large this deviation is and
decides if it is too large. A threshold for this deviation can be set
as an input parameter together with the size of the grid elements.
Finally, the workflow applies all the general simulation settings



to the template file. Template files for the example application
of the simulation framework can be found in Appendix G.

Once the template .aedt file is finalized, the workflow dupli-
cates it as needed and sets the impedance boundary condition
calculated by the MB model corresponding to each temperature
(and frequency). The advantage of generating a separate file
for every temperature is that the files can be solved in parallel
on different machines or in a cluster computing environment. To
simplify this, the workflow automatically generates a shell script
file (.sh) related to each .aedt file. A batch file also implemented
as shell script is generated, which can be executed to submit all
.aedt files to the cluster computing environment at once.

In the next step of the workflow, the simulation files are
executed in an HPC environment. In the workflow applica-
tion discussed below, the simulations are performed on either
BwUniCluster2.0 or HoreKa. Both use the Simple Linux Utility
for Resource Management to schedule jobs. Before their exe-
cution, the generated files need to be uploaded from the local
computer to the HPC. To achieve this as well as downloading the
solution files after execution, the workflow uses the Secure Shell
package. The code for uploading, executing, and downloading
is contained in the Python script of the workflow. Finally, after
downloading the results, the workflow can be used to extract the
eigenfrequencies and quality factors from HFSS result files and
plot them.

Note that the device frequency is both an input of the MB
model and an output of the HFSS eigenmode simulation. There-
fore, the workflow includes an optional loop that approaches
self-consistent frequency values. When the self-consistent loop
mode is turned ON, for each temperature, the workflow generates
a set of surface impedances within a certain input frequency
range, which is written in the Optimetrics option of the corre-
sponding .aedt file. In this case, the workflow will try to find
an interpolated match between input and output frequencies for
each temperature. The frequency determined in this way is then
used in the next loop iteration. The loop mode is particularly use-
ful if the superconducting material has high kinetic inductance,
such as in the case of disordered superconductors [28]. We would
like to emphasize for clarity that the workflow does not predict
some sources of loss commonly encountered in microwave
devices, such as those resulting from dielectrics, local field en-
hancements, or nonideal (rough/disordered) boundaries, which
normally only exhibit a weak temperature dependence. A short
discussion of current crowding and local field enhancements is
found in Appendix F.

III. EXAMPLE APPLICATION OF THE SIMULATION FRAMEWORK

An example application of the simulation framework is pre-
sented in Fig. 3. Our test device for the framework is a super-
conducting lumped element resonator shown schematically in
Fig. 3(b) and composed of Ta as a superconducting material.
In experiments, we and other groups [29] found an unexpect-
edly low superconducting 7, as deduced from temperature-
dependent quality factor measurements (RF' — 1), when com-
pared to four-point-probe transport measurements (performed
in a Quantum Design physical property measurement system)
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Fig. 3. Example application and motivation for the multimaterial simulation

framework. (a) Discrepancy in critical temperature measured with dc transport
and inferred from microwave resonator loss. The left-hand graph shows the
resistivity of a Ta thin film as a function of temperature measured with the
four-probe technique in a physical property measurement system. There is a
clear superconducting transition at the indicated temperature 7. The right-hand
plot shows the internal quality factor as a function of the temperature of lumped
element resonators patterned from the same film. 7, can be determined from
these measurements by fitting the decrease in quality factor as temperature
increases with a model for thermal QP loss (Halbritter’s implementation of
the MB theory—see text). A possible origin for the clear discrepancy in the 7.
values is explained in (b), where low-T, defects are contained in the film. The left
schematic shows the lumped element Ta resonator used for the microwave loss
measurements. It is composed of Ta on sapphire lithographically shaped into
a meandered inductive part that connects two outer square-shaped capacitor
plates. The eigenfrequency of the Ta resonator is 5.5 GHz. The series of
magnified images of the meander indicate the exponential increase in QP density
at randomly located defects causing microwave loss, while the defects have a
sufficiently low concentration to be shorted out in dc measurements. Here, the
critical temperatures of tantalum 7% g and for the elliptical defects T 1, are set
to 4.4 and 0.6 K, respectively. The color scale is normalized by the thermal QP
density of the defect at 0.6 K. The size of the defects is exaggerated for clarity.

of the Ta films used for patterning the resonators [see Fig. 3(a)].
The latter are close to the value 7. = 4.4K for bulk Ta [30].
We determined the Ta resonator quality factors, by placing the
sapphire chips with the patterned resonators in a waveguide,
that was attached to the mixing chamber stage of a dilution
cryostat, and measuring microwave reflection coefficients near
the resonance frequency as a function of temperature. The mea-
surement uncertainty from Fano interference [31] is less than
the marker size. T, can be determined from these measurements
by fitting the decrease in quality factor as temperature increases
with the MB model for a single material and Qvp = éX /R,
where « is the kinetic inductance ratio, which is also var-
ied in the fit, giving a = 0.001. The fit takes into account a
temperature-independent residual loss term (),,, which could be,
for example, associated with dielectric loss, giving a total quality
factor 1/Qio = 1/Qo + 1/Qwmg. Details of the measurements
can be found in [32].



TABLE I
SUPERCONDUCTING PARAMETERS OF TANTALUM FILMS COLLECTED FROM
LITERATURE COMPARED TO THE DERIVED VALUES USED IN THIS ARTICLE

References 7. (K) Ag/kTe Ar (nm) &o (nm) o (nm)

this work 44 1.8 22 205 60
[39] 4.46 1.775 35 93 n/a
[40] 4.44 n/a 100 30 82
[41] 4.25 n/a 90 54 10

A straightforward explanation for this discrepancy is that the
RF — T,. measurements are sensitive to small concentrations of
low-T, material in the resonator [see Fig. 3(b)], because the
RF currents in the resonator split between the two Ta phases
proportionally to their microwave impedance. In contrast, a
subpercolation concentration of a reduced 7. phase will be
shorted out and invisible in dc transport. If the defects are suffi-
ciently small-grained and sparse, they can easily evade detection
in X-ray-diffraction (XRD) analysis and transmission electron
microscopy. While the low-7,, material could be, for example,
associated with impurities introduced during fabrication, it is
likely that the defects are composed of the Ta 3 phase, which
has a lower 7T, compared to the bulk Ta « phase [29], [33],
[34] found in film characterization and, therefore, results in
excess thermal QP loss with temperature. By fitting the results
of the workflow to measured resonator quality factors as a
function of temperature, we estimate a concentration of low-77
material that would have to be present to incur the observed
loss.

First, the input parameters for the example application of the
workflow need to be determined. There is abundant literature
exploring the superconductivity parameters of Ta, some of which
are listed in Table I. However, we decided to use the simple
following simple approximations to determine them from room
temperature properties of Ta. The three length scales A1, £y, and
can be estimated from mass m and charge e of the charge carriers,
their number density Ny, and room temperature conductivity
on. Note the simple estimate Ny = pN 4 /Mo, with density
p, Avogadro number N 4, and the molar mass M,,,;. The Lon-
don penetration depth can be approximated using the equation
AL = v/m/(oNoe?)[35]. The BCS coherence length we es-
timate with & = vsh/mA[30], where vp = %(3772N0)1/3 is
the free-electron Fermi velocity. Note that the coherence length
used in the MB model &y has a relationship with BCS coher-
ence length {mp = 5&o [36]. In the workflow, we estimate the
elastic scattering mean free path of charge carriers [y at 0 K with
the room temperature charge carrier mean free path [,, multiplied
by the residual resistance ratio. Finally, [,, can be estimated
using the Drude model expression I, = o, mvr/(Noge?)[30].
The input parameters used in the work flow are 7, = 4.4 K [30],
0n=T.6x10S - m ' [37], p=16.65 g - cm 3 [37], and
Mo = 180.95 g - mol~! [37]. The resulting superconducting
parameters are summarized in the first line of Table I. Sensitivity
of surface impedance to the three length parameters can be found
in Appendix D.

The use of the SIBC based on MB theory for finite-element
method simulation imposes restrictions on the device geometry,
namely, that the thickness and curvature radius of the device be
larger than the magnetic field penetration depth A(w,T') [16].
This is because the MB surface impedance model is derived
based on the assumption of a semi-infinite superconductor. A
model for a corrected effective surface impedance can be found
in the literature [38]. In the example application, the resonator
thickness is approximately 250 nm, while the MB model calcu-
lates A(w, T') values of 55-100 nm over the temperature range of
0-0.59 k at 5.5 GHz. The resulting correction factors for the sur-
face impedance are, therefore, expected to be small and are not
included in the presented simulation results. Furthermore, con-
forming with the restriction on lateral dimensions, we assume
that the defect phase is composed of rectangular blocks with a
radial dimension of atleast 1 um (see Appendix G) that penetrate
the film. The actual distribution is not known for the film.

Out of the considered input parameters, the superconduct-
ing gap A(T) has the strongest influence on the temperature-
dependent microwave loss of a superconducting device. When
only the BCS superconducting mechanism is considered, the
energy gap ratio Ag/kT, of weakly coupled superconductors
is then a constant (the so-called BCS constant) [30], and the
temperature characteristics of the superconducting energy gap
are completely determined by 7. Therefore, in the actual sim-
ulation of Ta resonators, we only use different 77, to distinguish
different phases of Ta materials while keeping other input ma-
terial parameters fixed. More specifically, we fix all material
parameters of the resonator except 7. of the defect phase and
its concentration, which are obtained by fitting the result of the
workflow to the experimental data.

In order to test the workflow, we applied it to the example
application described earlier for a large range of defect phase
concentrations C', and critical T r,. The resultis shown in Fig. 4.
Note that the workflow does not take into account any proximity
effect [42], [43] between the majority and the defect phase. In
the case of the Ta resonator considered here, we expect this
to be a reasonable assumption: The critical temperature of the
defect phase as derived from thermal QP loss is significantly
lower than the critical temperature measured in dc transport and
that of « phase Ta. The defect phase likely has a poor interface
with the majority alpha Ta phase in this case. In a different
Ta resonator discussed in [32], which has a /5 phase component
detectable in XRD, the critical temperature is not reduced nearly
as much, which hints at a stronger proximity coupling between
the two phases. As a consequence of neglecting the proximity
effect, the quality factor can only be calculated up to 7. of
the defect phase. Furthermore, the graphs illustrate that defect
phase concentration and critical temperature are correlated to
some extent, limiting the accuracy with which the defect phase
concentration can be determined.

We also fit the quality factor measurements shown in Fig. 3(a)
to lift the discrepancy with dc transport measurements. The re-
sultis shown in Fig. 5. We deduce that the measured temperature
dependence of the resonator quality factors is compatible with a
concentration of a few percent of the defect phase. This extracted
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measurement, also shown in Fig. 3. We adapt the defect concentration C'y, and
critical temperature T, 7, while keeping T¢ g fixed at the values measured
in four-point-probe measurements. Other material parameters in the simulation
are fixed and the values are shown in Table I. The resulting value for T, , is
very similar to the one extracted with the single-phase model. However, the
workflow model predicts that defect concentrations as small as C, = 3% are
sufficient to explain the observed loss. Note that at this level of concentration, the
defects can be completely shorted in dc four-point-probe measurements, while
the low T 1, results in defects dominating the loss characteristics in microwave
measurements.

volume concentration is below the percolation threshold, which
is typically between 10% and 30% [44], [45], and therefore
compatible with the higher critical temperatures observed in
dc transport four-probe measurements if uniformly distributed.
Note that, in XRD, there is no evidence for the presence of
any [-phase Ta in the particular sample (see Appendix E).

However, considering the small concentration, the [-phase
crystallites are likely too small to detect with this method.
Similarly, they could also easily evade detection in localized
techniques such as transmission electron microscopy, depending
on how homogeneously they are distributed. High-resolution
scanning techniques, such as electron-back-scatter-diffraction
or synchrotron-based XRD, are more likely to be successful in
confirming the presence of these defects.

IV. CONCLUSION

The presented simulation framework and workflow (depicted
schematically in Appendix A, Fig. 6) provide a solution for
modeling thermal QP loss in superconducting circuit devices
composed of two superconducting materials. It is based on
a numerical simulation of the MB surface impedance, with
the results entered into Ansys HFSS models via the Python
module PyAEDT. These models are solved in parallel in
an HPC environment, and the extraction of the results is
automated.

We test the simulation workflow by fitting the measured
temperature dependence of microwave loss in superconducting
Ta resonators. We propose that the losses are dominated by a
defect phase with depressed 7. and predict a defect concentra-
tion. The latter is of the order of a few percent and, therefore,
explains why 7}, measured in dc four-point-probe measurements
is significantly closer to that of bulk Ta.

In addition to modeling defect concentrations, we expect that
this framework and workflow can be applied to the simulation
of temperature-dependent microwave losses of other supercon-
ducting circuit devices composed of multiple superconducting
phases, for example, due to the use of different materials, phase
separation in alloys, or variations in thin film thickness. Future
extensions to the simulation framework could, for example,
incorporate the loss from surface dielectrics via an effective
surface resistance [46].
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workflow. f{¢*4 and f(‘)’m'kﬂ"W are the frequencies at the initial temperature
of the measured data and the workflow simulation result, respectively. The
difference between the two frequencies may come from the slight difference
between the actual geometry of the tested device and the designed geometry
due to the manufacturing process, as well as the 2-D approximation of the
device during the simulation process. The simulation curve is smoothed using
the exponentially weighted moving average method.

APPENDIX B
FREQUENCY SHIFT

The temperature-dependent frequency shift due to thermal
QPs is not discussed in the main text. For completeness, we
document here the workflow simulation result for the frequency
shift corresponding to the quality factor data in Fig. 5. The
relative frequency shift simulated with the workflow is shown in
Fig. 7 and compared to the measured resonator frequency as a
function of temperature. As can be seen, the simulation exhibits
fairly large fluctuations compared to the small frequency shift
measured. To save computing resources, we did not pursue the
aim of making the results more accurate. This could be achieved
by a more stringent termination condition for the frequency
change between two iterations in the HFSS simulation—for the
simulation result shown, this was 1% . With this setting, each
simulation job corresponding to a single .aedt file and a specific
temperature used 179 MB of RAM and 4 h of computing time
in the cluster computer.

APPENDIX C
SURFACE IMPEDANCE MODEL

Halbritter’s [21] surface impedance model is employed for
the workflow impedance boundary calculation. A detailed dis-
cussion of the model and the employed numerical integration
methods can be found in [27]. Under the condition of dif-
fuse electron surface scattering, the surface impedance can be
expressed as

1

111(1+Q (g.0))
17Q0.w)K%q?

Zs = iloWTAL = Rs +1Xg. (1)

f dq

In this formula, w is the electromagnetic field frequency,

A1 = ———— is the London penetration depth at zero tem-
10|Q(0,w)]

perature, and ((¢,w) is the MB kernel, the detailed form of
which is given in (2). In the dimensionless parameter x =
2.8 - \where the model input parameter £ is the Cooper

€rA(0)°

A(0) cos(g(%)Q) is the
temperature-dependent superconducting gap, where the model
input parameter 7 is the critical temperature.

When calculating the @) integral, the integral variable q is
replaced by k using k = éqFAA((TO)). Q(k,w) is divided into three
parts, where Q4 (k,w) and Qp(k,w) are real and represent
surface reactance, which are the electromagnetic response of
the Cooper pairs, and Qscu(k,w) is imaginary and represents
surface resistance, which is the electromagnetic response of the
Bogoliubov QP

kow) = ——
Q)=

pair coherence length, A(T') =

(QA (k,w) +Qp (k, w) + Qscu (k, (JJ)) .
(2)

APPENDIX D
SENSITIVITY OF SURFACE IMPEDANCE TO
LENGTH PARAMETERS

We calculate the dependence of MB surface impedance
on three length parameters, namely, London penetration Aj,
coherence length &, and electron mean free path [y, which are
shown in Fig. 8. Here, the surface resistance Rg is taken from the
real part of the MB surface impedance, and the quality factor is
calculated as the surface quality factor, which is the ratio between
the surface reactance and the surface resistance Qs = Xs/Rs.

APPENDIX E
X-RAY DIFFRACTOGRAM OF THE TA FILM

In this appendix, we present the crystallographic analysis of
the Ta thin film, deposited by magnetron sputtering, and used
to fabricate the superconducting resonator shown in Figs. 3(a)
and 5 in the main text. We use a Bruker high-resolution XRD
system in reflection, equipped with a (0 2 2) Ge monochromator
for the characteristic K, line of a Cu X-ray source. As can be
seen in Fig. 9, there are no peaks corresponding to S-phase Ta
or any other impurity phases. The small sharp satellite peak at
34.7° close to the Ta «(110) peak, is due to some remaining
Cu K g X-rays not filtered out by the monochromator.

APPENDIX F
FIELD ENHANCEMENT AND CURRENT CROWDING

Local field enhancement and current crowding are common
physical effects in microwave devices. Both effects can be
correctly described by Ansys HFSS as long as the final mesh has
sufficient resolution in the relevant volume. In this simulation
framework, the losses caused by current crowding are included
in the simulation calculation based on SIBCs of the metal parts.
Since the loss tangent of the dielectric material is not included
in the simulation parameters, this workflow cannot simulate the
losses caused by local field enhancement; this part of losses are
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Fig. 10. HFSS simulation of (a) electric field distribution and (b) current distribution of Ta resonator. The length of the 3 phase grids is 5 pm. Surface impedance
is calculated at 0.01 K. The simulated eigenfrequency is 5.5 GHz.

included in the residual loss @), which is extracted from the ex-
periment data. The simulated electric field intensity distribution
and current distribution are shown in Fig. 10.

concentration, the workflow generates a template. aedt file with
the corresponding defect concentration and a specific defect dis-
tribution pattern. For each template file, the distribution pattern
of defects is random. When performing a temperature-dependent
quality factor simulation, the workflow implements it by copying
the template file and assigning the surface impedance of the cor-
responding temperature to the defect grids and the nondefective
part.

APPENDIX G
DEFECT PHASE DISTRIBUTION IN HFSS

Here, we show the defect phase distribution in the simu-
lated resonator structure in HFSS in Fig. 11. For each defect



(a) (b)

(d) = (e):‘; :

1000 pm

Fig. 11.

Template distribution patterns of defect phase with different defect concentrations. (a)—(f) correspond to 0.1%, 0.2%, 0.5%, 1%, 2%, and 5%, respectively.

To increase the speed of template file generation and reduce computational resource consumption during simulation, different defect grid sizes are used for different
defect concentrations. For defect concentrations of 0.1% and 0.2%, the size of the defect grid is 1 pm; for the rest of defect concentrations, the size of the defect

grid is 5 pm.
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