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Abstract

In cryogenic electronics applications and experiments, i.e., for cold detectors and low
temperature quantum computing, the base temperature is typically below 100 milli-Kelvin.
In order to reach this temperature range, a significant effort is undertaken to reduce the ther-
mal load of the system by using microwave and dc cables with a low thermal conductivity.
As the number of connections increase in superconducting cryogenic computers, the more
difficult it becomes to cool the system down. One practical solution to address this issue is
to reduce the cross-sectional area of the cables used in the cryogenic system. For cryogenic
cables and interconnects that deliver microwave signals, we want low loss dielectric materials
to interface different kinds of microwave devices, especially superconductor devices. There-
fore, we want to minimize losses in the substrate by selectively choosing dielectrics that are
low-loss and mechanically compliant when used as free-standing flex cables.

Half-wavelength, capacitively coupled superconducting microstrip resonators have been
constructed on various flexible substrates including 50.8 pm (2 mil) thick free-standing Kap-
ton polyimide and 20 pm thick spin-on polyimide. Cu normal conducting and Nb super-
conducting resonators were designed and fabricated on these substrates. We extracted the
complex dielectric permittivity of the films over a wide frequency range and at cryogenic
temperatures below 9 K. In order to better characterize these thin and low loss dielectric
films, we require high-quality factor resonators to allow extraction of the dielectric properties.
We designed these resonators to be weakly coupled to reduce the coupling loss, this involved
several iterative designs and measurements at cryogenic temperatures. The metal stack-up
of these superconducting resonators mainly consisted of a 250 nm thick superconducting Nb
film to limit conductor loss. The fabricated resonators exhibited high-quality factors (Q) at

a temperature of ~1.2 K of 7000 for E-series Kapton film, 13 000 for a spin-on PI-2611 and
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17000 for a spin-on HD-4100 in the 2-10 GHz frequency range. These results imply the loss
tangent of all the materials measured is less than 0.00016 at 2 GHz. These high-Q measure-
ment results provide evidence that spin-on polyimide film, as well as commercially available
Kapton can be potentially useful as a microwave substrate material for flexible supercon-
ducting interconnects or cables, which are of great interest for use in cryogenic electronics
systems.

In this work, we also investigated how different under layers and capping layers of the
Nb films impacted the conductor losses in the GHz frequency range. We mainly studied
how the different thickness of a Ti (10 and 50 nm) under-layer for adhesion impacted the
superconductor losses. This is important, as Ti is a commonly used metal for adhesion to
various substrate materials. We also studied Cu (10, 50, 100, and 200 nm) capping layers
and how they affect the conductor loss. Conductor loss studies were carried out on 20
pm thick spin on polyimide (PI-2611) films and were characterized at different cryogenic
temperatures. The results indicate normal-to-superconductor (Ti/Nb) and superconductor-
normal (Nb/Cu) bi-layer structures have more surface resistance, which leads to an increase
of RF loss when compared to “bare” Nb conductor traces. We quantified this additional loss
by measuring @Q-factors at different cryogenic temperatures (4.2 K, 3.6 K, 3.0 K, and 1.2
K). This work provides experimental support for the fabrication and performance of bi-layer
normal-superconducting structures on these types of thin dielectric films.

Lastly, we investigated embedded superconducting resonators on thin polyimide (PI-
2611 and HD-4100). We built a series of embedded superconducting edge coupled half-
wavelength microstrip transmission line resonators (MTLR) with a top layer dielectric that
was half of the thickness of the bottom dielectric. These resonators provided useful infor-
mation for building other multi-layer polyimide based microwave structures such as stripline
transmission lines and stripline resonators that are expected to be fabricated in future ef-

forts. From these measurement results, we determined superconducting Nb film quality can
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be degraded during the top polyimide layer curing process, even at a reduced curing tem-
perature of 225°C. We observed that an Al/Nb/Al (20 nm/250 nm/20 nm) metal stack-up
can effectively prevent this degradation from occurring. We expect that the degradation is
related to oxidation of the thin Nb due to exposure to Hy,O or O, though determination of
the exact mechanism was not the focus of this work. These experiments were studied on
both types of polyimide PI-2611 (low-stress) and HD-4100 (photo-definable). Both of these
films exhibited similar results, which leads to the conclusion that Al/Nb/Al metal-stackup

may be useful for more complex multi-layer structures, such as stripline.
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Chapter 1

Introduction

1.1 Scientific motivation

Recently, cryogenic computing, especially quantum computing, has had a rapid devel-
opment. The operation temperature of these quantum computing devices is usually in the
milli-Kelvin range by using a dilution refrigerator. Currently, most research groups using
coaxial cables to transfer microwave signal since it not only can provide a good microwave
performance but it is also easy to make connections with other microwave devices. But most
of the RF coaxial cables introduce a significant thermal load, which will extend the sys-
tem cooling time and limited the number of connections between temperature stages. Some
of the cryogenic coaxial cables have low thermal loads but very high conductor resistance,
which result in high transmission losses. Additionally, the physical volume capacity of the
dilution refrigerator is limited. One of the solutions to this problem is to reduce the cross
sectional area of these cables to reduce the thermal load on the cryogenic system and shrink
the size of the cables. If we can build microwave transmission lines on thin film dielectrics, it
will significantly reduce the substrate cross section area compared to currently used coaxial
cables. Furthermore, this can allow us to build high-density multi-signal transmission lines
cables with limited crosstalk on the thin film dielectric. An overall goal of this project was
to build superconducting microwave transmission line flexible cables with a reduced thermal
footprint and minimal RF attenuation to be used in deep cryogenic systems.

Therefore, it is important to characterize the dielectric properties, such as loss tangent
and dielectric constant of the different materials of interest. The dielectric constant infor-
mation of these thin film dielectrics at cryogenic temperature can help us make appropriate

microwave transmission line designs. The loss tangent value of these materials will help



us estimate the transmission loss in these cables as a function of frequency. For cryogenic
computing, we want a mechanically robust dielectric substrate material with minimal losses
that can lead to the best microwave performance of these superconducting flexible cables.
Therefore, we purposefully built a series of superconducting flexible resonators on the differ-
ent types of dielectrics and characterized them at cryogenic temperatures and at frequencies

up to 20 GHz.

1.2 Important concepts for low temperature superconductors

A superconductor is an element or metallic alloy in which the dc resistance goes to
zero when the temperature is decreased below a certain critical transition temperature (7).
There are different ways to classify superconductors such as by their response to magnetic
field (Type I and Type II), by a theory to explain the superconductivity (conventional
and un-conventional), by their critical temperature, or by its material parameters (single
elements, alloys, ceramics...), etc. If we classify a superconductor by critical temperature, it
can be classified as a high-temperature superconductor (HTS) when the critical temperature
is above the liquid nitrogen temperature of 77 K and as a low-temperature superconductor
(LTS) when critical temperature is below 77 K |1,2].

Most pure metals show superconductivity when the temperature is below their 7. as
shown in Figure [3]. The exceptions include good conductors such as copper, silver,
and gold, noble metal as well as magnetic materials shown as white in Figure [I.1] Material
such as copper, silver, and gold do not exhibit superconductivity at any temperature due to
the inability of these metals to form Cooper pairs [4]. Cooper pairs are electrons bound by
an electron-phonon interaction with a material-dependent binding energy. At temperatures
below T,, the Cooper pairs carry a super current that exhibits no dc loss. To break a pair,

the excitation energy is expressed in equation [I.1}

2A = 3.5k5T. (1.1)
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Figure 1.1: Periodic table of known superconductor elements. Adapted from .

where T, is the superconducting transition temperature. A is the gap energy of the super-
conductor, and kg is Boltzmann constant. This relationship is true for temperatures well

below T..

1.2.1 Surface impedance

When the temperature is below T, the dc current travels through the superconductor
without any resistance. For ac current, there is a nonzero impedance. If an electric field is
applied near the surface of a superconductor, it will cause the Cooper pairs to accelerate
converting their motion into a kinetic energy. Since there is no dissipation in the supercon-
ductor, this energy may be extracted by reversing the electric field. Energy may also be
stored in the magnetic field inside the superconductor. The cumulative effect is that a su-
perconductor has a complex surface impedance due to the reactive energy flow between the
electrons in the superconductor and the electromagnetic field . The surface impedance

can be expressed as in equation ﬂgﬂ:

Z, = Ry + iwLy, (1.2)
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Figure 1.2: (a) The gap energy relationship for quasi-particles and Cooper pairs. (b) Quasi-
particle and Cooper pair density relationship. Adapted from [10].

where the surface impedance (Z;) includes a surface resistance (R;) term, which describes
losses at an angular frequency (w) caused by the small fraction of electrons that are not in
Cooper pairs, i.e. quasi-particles. Ly is a kinetic inductance, which originates from energy
stored in the movement of the Cooper pairs. The gap energy relationship between quasi-
particles and Cooper pairs is shown in Figure (a). The density of these two types of
particles in the superconductor depend on temperature and the relationship is shown in
Figure (b), where n,,(T") is the density of un-paired (normal) electrons and n(7') is the

density of paired (superconducting) electrons.



1.2.2 Coherence length and London penetration depth

Coherence length (&) is related the size or extent of the Cooper pairs. There are two main
theories to explain this phenomenon: Ginzburg-Landau (GL) and Bardeen Cooper Schrieffer
(BCS). In addition, different superconductor films, based on their deposition conditions
and fabrication methods may have different coherence lengths due to the quality of the
superconducting material. In our work, we primarily used Nb, whose quality is related to
the deposition conditions and surface properties of the substrate. In the next section, we
will discuss what room temperature parameters are of interest that quantify the quality of
the Nb. An important parameter that reflects the quality of any superconducting film is the
London penetration depth (Az), which is similar to the skin depth of normal conductors and
characterizes the depth a magnetic field penetrates into the superconductor [11-13].

The relationship between coherence length and London penetration depth of both types
of superconductors (Type I and Type II) is shown in Figure . For example, a Nb film
thickness less than the coherence length can cause superconductivity suppression [14] (metal
film does not shown zero dc resistance, no Cooper pair formation, etc.). If the Nb film is
thicker than the London penetration depth, then the film can carry more current, but the
critical current density will be maintained approximately the same. Nb is a type-II super-
conductor, and therefore the coherence length is generally less than the London penetration
depth. Our Nb film thickness is consistent ~ 250 nm, which is equal to the estimated value
of Nb coherence length at 4.2 K. The calculation detail is based on the dirty limitation
equation [15]:

T

Ear = 0.85(&,1)Y3(1 — i)

(1.3)
where &, is the coherence length at 0 K. For ideal Nb film, & = 39 nm. [ is electron
mean free path. In this calculation, we use [ = 0.078 cm, which is based on relationship

pl = 3.7 x 107% Qem? [15]. p is the measurement resistivity of our Nb film right before

transition temperature. For rough estimation, our penetration depth is approximately 255
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Figure 1.3: Relationship between coherence length and London penetration depth for type-I
and type-IT superconductors. Adapted from [24].

nm based on the radio of &/A;, = 1.02 . Therefore, we choose our Nb film thickness to
be between the coherence length and London penetration depth. The reader is directed to

excellent references including [17-23] for details on the theory of LTS.

1.2.3 Superconducting proximity effect

In the present work, we have also studied structures comprised of stalks of supercon-
ductor material plus normal conductor material. In structures such as this the materials can
be affected by the superconducting proximity effect. The superconducting proximity effect
describes the behavior when a superconductor has an electrical contact with a normal metal

or another superconductor. This bilayer structure can realize superconductivity, but may



Figure 1.4: Topographic STM image of the sample showing proximity effect at 0.3 K for
two superconductors. The spectroscopy map allows visualization of the proximity effect.
Adapted from [29).

show a certain level of suppression in the T,. When the bilayer is below transition temper-
atures, Cooper pairs will leak into the normal metal (or another superconductor) region as
shown in the Figure [I.4] This can be explained by Cooper pairs having a coherence length
that is macroscopic in distance, even after penetrating into the normal metal . Another
perspective is that the wave function of the superconducting state of one superconductor
penetrates into the other superconductor or normal conductor, thereby proximity electrons
into the superconducting state. This impacts electrons in the normal metal layer, by also
inducing pairing, but with a coherence length that is different from the coherence length
in the superconductor layer. The penetration distance is limited by the interface contact,
quality of superconductor, normal metal type, etc. There is a significant amount of on-going

research in this area from both the experimental and theoretical sides [26-2§].



1.3 Flexible dielectric materials

There are a lot of ways to reduce the thermal load in a cryogenic measurement system.
Shrinking the cross-section area of the cables were used in these systems was considered one
of the best solutions. There are significant efforts have been taken into this area by replacing
the coaxial cables to thin polymer-based flexible cables. But most of the researchers focus
on building superconducting dc flexible cable or Cu RF and dc cable on these types of thin
flexible dielectric material [30H32]. Our work focuses on making superconducting RF cable on

these types of dielectric materials such as free-standing Kapton film and spin-on polyimide.

1.3.1 Free-standing Kapton film

Kapton polyimide is a commonly used flexible substrate material that provides sev-
eral benefits compared to other flexible materials, such as a low cost, range of available
thicknesses and good mechanical stress tolerance [33,34]. Based on its low thermal con-
ductivity, Kapton has been widely used for thermal isolation in cryogenic systems [35,36].
Though it is an often used material in low temperature systems, there are limited reports
on the microwave properties of these materials at deep cryogenic temperatures. A. Harris,
et al., have reported Kapton loss information at 77 K [37] and several other groups have
reported loss information at 4.2 K, but only at low frequencies (~1 MHz) due to limitations
in their measurement methods [38-40]. Furthermore, there are few reports of superconduct-
ing microwave structures on commercially available Kapton, presumably due to fabrication

challenges related to defects present on the Kapton surface [41].

1.3.2 Spin-on polyimide

Spin-on polyimide is another commonly used dielectric for microelectronics packaging
and integration structures. For cryogenic interconnects that deliver microwave signals, we
desire low loss dielectric materials to eventually fabricate transmission lines that can in-

terface to different types of microwave devices, especially superconducting devices, which



are extremely sensitive to environmental noise and thermal fluctuations. Therefore, our
intentions were to minimize losses in the substrate by selectively choosing dielectrics that
are low-loss and mechanically compliant when used as free-standing microwave flex cables.
Polyimide based materials have been widely used as cryogenic thermal isolation layers and
packaging materials since they have very low thermal conductivity [42,43]. To be a useful
microwave flexible substrate material, a relatively low loss at microwave frequencies is an
important characteristic. Therefore, several groups have characterized the loss information
of different types of polyimide at cryogenic temperatures to determine its applicability in
cryogenic electronics, though, the majority of the characterization was focused on the low

frequency region (< MHz) [38-40].

1.3.3 Potential alternative dielectric materials

LCP (liquid crystalline polymers) are commonly used as a substrate material with low
loss over a very wide frequency range [44]. Therefore, LCP has been widely used as a flexible
microwave substrate for transmission lines, antennas [45-49], packaging material, as well as
interconnect material [50-54]. Similar to free standing Kapton, LCP can be found in various
thicknesses. There are also several groups who have studied the thermal performance of this
material [55-H57]. Given that LCP has shown to be a suitable substrate material at room
temperature, it would be worth noting that its cryogenic microwave properties have not yet
been studied using superconducting metals. We did not investigate LCP for cryogenic flex
cables, though this is an area of future research that could be undertaken to characterize this
material at low temperatures and the structures and techniques described in this dissertation

should be applicable to such an effort.



1.4 Low temperature superconducting materials

Nb is one of the most common low-temperature superconductors studied. Nb has an
ideal, bulk T, of 9.3 K, which is > 4.2 K and one of the highest of any elemental super-
conductor. Moreover, Nb can be easily deposited through a sputtering process, and it is
not difficult to achieve reasonable thicknesses without impacting the superconductivity. We
have been able to deposit controllable quality Nb film in our lab sputtering chamber. We
have noticed the Nb film quality is sensitive to the chamber conditions such as oxygen level
in the chamber, sputtering pressure, and Nb target changes. We judge the Nb film quality
by measuring the room temperature sheet resistance of Nb films on a witness die with an
SiO, surface. M. D. Henry, et al., showed there is a relationship between a superconduc-
tor’s normal room temperature (RT) sheet resistance and superconducting critical transition
temperature, which is shown in Figure [58]. Therefore, as the sheet resistance at RT de-
creases, the Nb T, shows an improvement, which moves closer to the bulk 7,.. Based on this
relationship, we track the sheet resistance of the Nb film to note any increases or decreases
in the sheet resistance and we proceed with further sample characterization if the Nb quality
is deemed sufficient.

Due to a higher transition temperature than Nb, we briefly studied niobium nitride
(NbN), which is a good low-temperature superconductor material candidate. Similar to Nb,
the sputtering parameters must be carefully chosen to obtain high-quality films and the gas
composition (ratio of Ny and Ar) must be carefully chosen to yield high quality NbN films.

M. Lucci, et al., studied NbN growth on different types of substrates [59]. They found the
deposition of NbN on different substrates impacted transition temperature and transition
width (slope from normal resistance to zero dc resistance), which the authors noted was
related to the crystalline (single, poly, or amorphous) nature of the underlying substrate.
The exhibited transition temperature trend for the different substrates is shown in Figure

. For flexible substrates, such as Mylar and Kapton (lack of crystallinity), the 7, was

10
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Figure 1.5: Nb film critical temperature as a function of sheet resistance. Adapted from [58|.

lower and the transition width was larger with respect to crystalline substrates, such as
magnesium oxide (MgO).

Other commonly studied low temperature superconductors include MgB, and Al. Al
is a good material due to its robust oxide and reasonable transition temperature of 1.2 K,
though it is below our desired T, > 4.2 K. Researchers commonly use Al resonators patterned
on sapphire substrates because it provides a stable radio frequency (RF) performance and
can be easily wire bonded. Moreover, researchers in high-profile research groups have been
able to build resonators with extremely high quality factors (Q)) above one million and can

therefore be used for quantum bit applications [60,61].

1.5 Overview of superconducting flexible cables

Thermal loading and heat leakage from a higher temperature to a lower (colder) tem-

perature stage is a concern for cryogenic experiments performed in the mK range. Recently,

11
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Figure 1.6: Resistivity vs. temperature plot of NbN film on various substrates. Adapted
from [59].

there has been significant interest in the development of quantum computing using super-
conducting qubits, which has lead to a desire for advancements in technology for cryogenic
systems. One source of thermal loading is the measurement cables, both dc and RF coaxial
cables. The RF cables are generally attenuated at different temperature stages to reduce
thermal noise. Therefore researchers use materials that are poor thermal conductors, such
as stainless steel, but this type of cryogenic coax cable has high conductor resistanceEL which
results in additional attenuation at high frequencies. Another type of cryogenic coax ca-
ble uses superconductors to limit thermal leakage, which leads to more efficient use of the
cryogenic systemﬂ. Furthermore, using superconductor metals to replace the normal metals
reduces the microwave conductor losses of the cables. Generally, though, the more cables
that are loaded into the cryogenic system, the longer the cool down time for the system. One
approach to solve this problem is to reduce the cross sectional area of the cables, thereby

reducing the thermal load on the cooling system.

'http://www.lakeshore.com/products/cryogenic-accessories/cable/pages/overview.aspx
Zhttp://www.keycom.co. jp/eproducts/upj/upj6/page.htm
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Figure 1.7: Direct current (dc) flexible cable on YSZ tape. Adapted from .

There are several research groups working on the development of superconducting flex-
ible dc cables such as C. S. Yung, et al. [30], M. Y. Cheng, et al. and T. Tighe, et
at. [32]. C. S. Yung, et al., successfully built a flexible flat cable with 33 traces on 200 pm
wide, 300 nm thick MgB, deposited on a flexible yttria-stabilized zirconia (YSZ) substrate
and compatible with commercially available dc connectors, as shown in Figure .

Most of the deep cryogenic computing use microwave connections to interface to low-loss
substrates. Therefore, there is a need for efficient (high speed) and low cross-talk, flexible RF
cables to replace traditional coax connections. This would allow researchers more connections
in a single cable to interface to multiple RF connections. A. Harris, et al., designed and built
a 10 cm long, 7 parallel microstrip transmission line cable on DuPont Pyralux AP-8555R,
stock substrate as shown in Figure [1.8, The substrate was 5 mil thick and had standard
copper cladding of 0.5 oz. (17 pm thick) . Based on the dielectric thickness, they designed
the signal traces to be 11 mil wide, which allowed this group to solder directly to the flex
cable using standard edge launch SMA connectors.

A. Harris, et al., measured loss and cross-talk for arrays of microstrip lines in flex circuit

technology at 297 K and 77 K, which showed good RF performances up to 20 GHz. They
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also built resonators to characterize the Kapton substrate from 297 to 77 K. The result
shows the dielectric constant (e,.) of Kapton changes very little in this temperature range.
Meanwhile, the loss of the substrate dropped by a factor of approximately two, from tand
= 0.013 to 0.007. In order to reduce the thermal loading, they also patterned the ground
plane under the signal lines, which reduces the heat flow by a factor of three, compared to a
solid ground plane, which reduced cross-talk at the expense of higher thermal conductivity.
The microwave performance of this flexible cable is shown in Figure [I.9) In order to relate
the impact of the dielectric loss tangent to insertion loss (S2;) measurements, we simulated
the same length microstrip transmission line (without the edge launch structure) on Kapton
substrate with various loss tangent values as shown in Figure [[.I0] We can clearly see the
dielectric loss tangent can dominate the insertion loss, even when there is no conductor loss.
Therefore, it is critical to measure the dielectric loss tangent of the underlying substrate to
quantify the loss solely due to the substrate. They proposed future work to include reducing
the thickness of the substrate, but mentioned that the fabrication and measurement would
be a challenge (this would change the trace width) [37].

Thin-film cables fabricated at a wafer level using convectional photolithgraphy, present
an excellent opportunity to significantly reduce the cross-sectional area of multi-conductor
superconducting flexible cables. The use of normal conductors would result in excessive
losses since the dimensions are small (i.e., thickness ~250 nm and width ~50 pm ). There-
fore, we explored the use of superconductors, which allow very small conductor traces with

insignificant loss over a wide frequency range (up to 20 GHz).

1.6 Characterization of dielectric materials using resonators

There are several methods that can be used to obtain the microwave properties of
a dielectric material. One of the dielectric characterization techniques is based on using
microstrip transmission line resonators. There are many types of transmission line resonators

based on microstrip, stripline, CPW, etc. These include both ring and line resonators. We
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Figure 1.9: 27 c¢m long Cu microstrip flexible cable (Kapton) RF performance at room
temperature (297 K). Inset table is the summary of the dielectric constant and loss tangent

measurement at 297 K and 77 K. Adapted from [37].
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Figure 1.10: Agilent Advance Design System (ADS) simulation result of a 27 cm long mi-
crostrip with varying loss tangent on a Kapton substrate. The metal layer is perfect con-
ductor in this simulation, to observe the losses due to the dielectric.

will introduce ring resonator first. A ring resonator configuration is shown in Figure [1.11}
which included a ring loop in series with two small capacitors on each end. This type of
resonator has negligible radiation losses but also has disadvantages including: (a) effects of
curvature, (b) local radiation distortion of the electric field in the vicinity of the coupling
gaps, (c) possible field interactions across the ring, (d) possibility of resonant splitting due
to non-uniformities around the line width of the ring. If the ring radius is large enough
(generally the width of the ring divided by the radius of the ring resonator is smaller than
0.2), one can minimize the problems listed as a-c [62]. The design detail and layout will be
explained in chapter 3.1.

Straight transmission line resonators can be made in two forms: a half-wavelength
transmission line in series with small coupling capacitors on each end, as shown in Figure

[1.12 or a quarter-wavelength resonator coupled in shunt directly to the feeding line, as shown

in Figure [1.13

16
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Figure 1.12: A half-wavelength transmission line resonator with series capacitors for input
and output coupling. The characteristic impedance of the line is Z;. Adapted from [63].
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Figure 1.13: A ring resonator with series capacitors for input and output coupling. The
characteristic impedance of the line is Z;.

Similarly to microstrip transmission line resonators, CPW resonators can also be de-
signed to be either half-wavelength or quarter wavelength resonators. The impedance of
CPW resonators can be controlled by different lateral size scales from millimeters down to
micrometers. CPW quarter wavelength resonators are the common method in cryogenic ap-
plications. Most of the superconductor resonators recently reported are coplanar waveguide
(CPW) resonators. This is due to the ease of incorporating into an interface circuitry and
typically only require one metallization layer. Another reason this type of resonator is pop-
ular is due to the rapid development of quantum qubit devices, where the resonator works
as an information transfer bus. These types of resonators have also been used in sensitive

detectors known as microwave kinetic inductance detectors (MKID).

1.6.1 Principles of characterizing dielectrics using resonators

If we choose to use a resonator to characterize the dielectric, we need to design the
resonator to be under coupled to the feed lines. The under coupled design produces negligible
shifting of the resonant frequency and provides a high sensitivity to the properties of the

dielectric material. In order to meet this requirement, the geometry of the coupling gap has
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to be optimized. If the coupling gap is too large, the attenuation of the coupling gap may be
too high. This will lead to insufficient signal for exciting some of the higher order resonances
of the ring resonator. In our work, we used an EM simulation tool (i.e. HFSS) to sweep the
size of the gap to verify the resonant frequency does not show an obvious shift.

Loss tangent characterization can be carried out more accurately with lower coupling
levels since one would like to minimize coupling losses. In addition, if the coupling level is
too weak the resonant mode may be buried below the noise level on a network analyzer.
Therefore we designed our resonators to have the 1st resonant mode above -30 dB, which
is ~20 dB higher than the noise floor and found that this is a good level to observe the
resonance peaks. The quality factor of a resonant peak is 27 times the ratio of the total
energy stored divided by the energy lost in a single cycle, or equivalently the ratio of the
stored energy to the energy dissipated over one radian of oscillation. In general, we obtained
the quality factor by using the -3 dB technique, where the quality factor is defined as the
resonant frequency divided by the 3 dB bandwidth, where the output power has dropped to

half of its value, as shown in equation [I.4}

Jo

Qload = m

(1.4)

where (Qj,qq is the loaded ). Usually we can obtain () value directly from our measurement
system or data. In this dissertation, the () factor in all the plots is the loaded (), unless
noted differently. In order to extract the loss tangent (tand) of the dielectric, we need to
extract the unloaded quality factor. A relationship between the loaded and unloaded quality

factor (Quniaa ) can be given as in equation :

S S
Qload Qunload Qe:vtra

e (1.5)

where Qunioeq 18 the unloaded quality factor and Q.. is an “all-inclusive” extra quality

factor, which mainly includes the loss related to coupling. In this work, we extract the
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coupling quality value by using Agilent Advance Design System (ADS) simulator. There are
also other factors that cause losses in the loaded quality factor, such as the measurement
system losses. In these measurements, the sources of the external loading are the feed lines,
connector interfaces, measurement cables, and the network analyzer. For negligible coupling
levels, the measured quality factor of the resonator (Qi..q is approximately equal to the
unloaded quality factor Qunioad-

There are different ways allowed us calculate unloaded quality factors. One of the com-

mon way to calculate Qunioaa Of symmetrical resonators is based on equation [1.6}

fo

=101/ (1.6)

C2unload -

where L is the insertion loss at the peak of the resonant frequency. By using this equa-
tion, we can calculate the unloaded quality factor accurately. This calculation requires an
accurate insertion loss measurement, which requires that an accurate calibration process be
performed before the resonator measurement. This can be a challenging situation and requir-
ing significant effort. For normal conductor metallization, especially for room temperature
measurement, the measured quality factor (Quq or @) is not sufficiently high, compared to
the other quality factors, it is preferred to use this method to calculate the unloaded quality
factor. Moreover, with a good calibration, obtaining accurate insertion loss measurements,
one can accurately determine of the unloaded Q).

For superconducting resonators, high quality factors (Qeuq or @) will be observed be-
cause the conductor loss has been minimized, compared to normal metallization. We can
use a different method to extract the unloaded @) factor of these superconducting resonators.
For microstrip resonators, the Q) uui0q0q relationship is provided in equation [1.7}

1 1 1 1

Qunload:@—l—@—'_@_’_‘” (17)
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where (). is associated with conductor loss, Qg4 is associated with dielectric loss and @,
is associated with radiation loss [64]. For superconducting resonators, specifically when T
< T, the conductor loss is negligible. So the corresponding @), is large and this term in
equation can be neglected. For a straight (non-ring) microstrip resonator, we have more
radiation loss than the closed loop microstrip ring resonator, since it has open ends. In
general, though, this loss is smaller than that from the dielectric itself, and therefore it can
be safely ignored. With these modifications, Quni0ed ~ Q4. We can then extract the dielectric

loss tangent value according to [64]:

1 1—g¢q
= 1 1.
tané( + qeér, ) (18)

Qa

where, (), is associated with dielectric loss, tand is the dielectric loss tangent, ¢ is the di-
electric filling factor and ¢, is the dielectric constant of the dielectric. This filling factor is
related to the dielectric constant and also the design geometry. Equation [1.8| allows us to
extract the dielectric loss information (loss tangent, tand) of the substrate material. At low
temperatures and frequencies below a few 100 GHz, intrinsic dissipation in superconducting
devices is dominated by losses from dielectric materials, therefore to characterize the loss tan-
gent of the dielectric is a very important first step in the process of making superconducting

microwave cables with low microwave losses.

1.6.2 Superconducting resonator design and measurements Considerations

Unlike normal metal resonators that typically have low quality factors below 100, su-
perconductor resonators have such high quality factors that one needs to make sure to take
sufficient number of data points at the resonant frequency range to obtain an accurate qual-
ity factor. If we only do a broad band frequency sweep, the resonant peaks can easily be
missed. Though, as shown in Figure [1.14] with sufficient points, the peaks can be found.
An ADS simulation result of a perfect conductor microstrip resonator is shown in Figure

[1.14 The broad band sweep results are shown in Figure [1.14] (a), we can see the insertion
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loss value (Ss1) of the fundamental harmonic is ~-30 dB. When we narrow the frequency
range and take finer simulation steps (100 Hz), the Sy; value of the fundamental harmonic
shows approximately 0 dB. This is critical for determining the -3 dB points for calculating
the (). In our measurements, we have to reduce the frequency span to an acceptable range
and increase the number of points to capture the true Sy, values. Therefore, we decrease our
frequency range to capture the peak S, of the resonance and increase the number of data
points to 1001, in order to have a sufficiently rapid response from the network analyzer and
avoid any unwanted transients due to temperature fluctuations in the cryogenic system.

A suitable cryogenic microwave measurement package is very important for obtaining
reliable and consistent measurement results. Unlike room temperature measurement setups
where probes can be used or fixtures can be adjusted as necessary without too many com-
plications, at cryogenic temperatures, where it may take hours (or days) to cool-down, a
reliable packaging setup is very important. At cryogenic temperatures, we require a reliable
connection between our device and connectors, this implies reliable materials that can be re-
peatedly thermal cycled with a reasonable life-time. One of the most common ways to make
reliable electrical connections includes wire bonding or flip chip attachment to a microwave
device. A significant number of microwave cryogenic research groups have developed their
own sample measurement packaging (holder). One of the sample holders is shown in Figure
[1.15] Wire bonding is usually the best choice for connecting to the small microwave traces
from the microwave launch structures. For most of the quantum groups, they choose Al wire
bonds to connect their launch structure to compact Al or Nb resonators, as shown in Figure
[[.16] In our project, there were several packaging challenges, which are inherently different
from the traditional resonator measurement setups. For example, there are cryogenic probe
stations that some groups use, but for our measurement temperatures of interest (4.2 K and
below), cryogenic probe stations are not necessarily the most efficient system to use. There-
fore using a cryogenic probe station using microwave probes (i.e. GSG probes) was not a

good choice for measuring our devices. Furthermore, we were limited by the film thickness of
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Figure 1.14: Simulation results of perfect conductor microstrip resonator.
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(a) A broad

frequency view of a resonator with a simulation step size of 1 MHz. (b) A small frequency
range simulation with various tand values and a step size of 100 Hz. (c) ADS simulation

setup.
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Figure 1.15: A CPW resonator assembled in a sample holder. Adapted from .

our devices and the trace width (for 50 € characteristic impedance) for structures with ~50
pm dimensions. Therefore, we interfaced to our thin-film resonators as free-standing films
with edge launch connectors that had the smallest pin size that is currently commercially

available (~0.005”). The details of our measurement package will be discussed in Chapters

2 and Bl

1.6.3 Other applications of superconducting microwave resonators

Superconducting microwave resonators can be used to carry microwave photons and
for superconducting qubits (quantum bits), which is termed “circuit QED”. A. Wallraff,
et al., experimentally coupled a cavity QED with a single artificial atom and a single
photon in a solid-state system using a Nb resonator as shown in Figure|l1.1

These types of resonators have also been widely used as read out systems in MKIDs
,, where the detectors are sensitive enough to detect single photons. Superconductor
films exhibit kinetic inductance, which increases as the film thickness is decreased. MKIDs
detect photons by detecting the changes in surface impedance. Photons incident on the
surface have enough energy to break Cooper pairs and generate quasi-particle excitations
that change the characteristic impedance of the detector. The phase and magnitude of the

signal change is read with assistance from a CPW superconductor resonator.
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Figure 1.16: A CPW resonator connected to a CPW launch structure by Al wire bonds.
Adapted from .

Figure 1.17: (a) Integrated circuit for cavity QED. (b) Coupled capacitor at each end of the
resonator. (c) The cooper pair box. Adapted from [67].
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1.7 Outline of this dissertation

The outline of this dissertation is shown below:

e In Chapter |2, we start with a discussion of the Kapton selection process. Supercon-
ducting metals such as Nb and NbN can realize superconductivity only on certain types
of Kapton surface. Initially, we built test structures on different types of Kapton to
determine the most suitable Kapton surface. We then go into detail about the Kapton
microstrip resonator design, measurement setup, and characterization results. Lastly,

we discuss our design and fabrication for a one meter long microstrip on Kapton.

e In Chapter 3] we present characterization results of spin-on dielectrics that were fabri-
cated at the wafer-level and made into free-standing films. We investigated two different
types of spin-on polyimide: PI-2611 (low stress, non-photo definable polyimide) and
HD-4100 (photo-definable polyimide). We built flexible resonators directly on these
dielectric films. We discuss the design, measurement setup and characterization result.
Lastly, we report the loss tangent of both types of thin film polyimide at various cryo-
genic temperatures as well as over a the broad frequency range. Moreover, we explore
the quality factor changes at different output power level of PNA. Superconducting
structure usually shows sensitivity to current (power) since high current (power) can
break Cooper pairs, which shows a high RF loss. We present our flexible supercon-
ducting resonators also shows sensitivity to power changes. Eventually, we studied the

changes in microwave properties during various humidity exposure times.

e In Chapter {4 we present results from a study of the effects of a Ti adhesion layer
beneath the Nb. We also discuss the effect of cladding Nb with Cu, which can help
improve mechanical reliability and potentially improve thermalization. We report the
changes in quality factor for the different metal combinations and at various tem-
peratures. From these measurements, we quantify the surface resistance changes for

different Nb/Cu structures. In the second part of this chapter, we explore embedded
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superconducting microstrip resonators on both types of polyimide. Our measurement
results show Nb quality can degrade during the polyimide curing process, while a

Al/Nb/Al stack can effectively prevent the Nb from degradation.

e In Chapter b| we summarize the conclusions of this work. Several ideas about possible

future work are also discussed in Chapter [6]

In this work, we successfully built superconducting resonators and characterized differ-
ent dielectric films through the use of superconducting Nb resonators at various cryogenic
temperatures and over a wide range of RF and microwave frequencies. The microwave prop-
erties of the dielectric materials provided in this work are useful for those interested in the
design of flexible transmission line cables or other types of interconnects for use at cryogenic
temperatures. Lastly, we successfully built embedded resonators, which shows potential to

build polyimide-based, fully enclosed multi-layer microwave superconducting structures.
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Chapter 2

Microwave characterization of Kapton at cryogenic temperatures

In order to reduce the thermal loading in cryogenic systems, our work seeks to replace
conventional RF connections with thin film transmission line flex cables. This change intro-
duces significant challenges, not only from the fabrication process stand point, but also from
the physical connections that need to be made to these substrates. In addition to reduce the
microwave loss, we require superconducting films for both the signal and ground to exhibit
properties close to bulk, when deposited on non-crystalline substrates. There are several
reasons we chose to start with this type of dielectric. First, Kapton is a commonly used
flexible substrate, retains its isolation properties at cryogenic temperatures [33,34]. The
resistivity of Kapton itself is as low as 1E+19 m/S and becomes more isolating when the
temperature is decreased furthelﬂ Secondly, it can be purchased in various thicknesses. The
thickness of the Kapton we used in this project was ~50 pm.

In this chapter, we introduce the processes that we undertaken to determine a suitable
free-standing Kapton substrate for the fabrication of superconducting microstrip transmis-
sion lines. In order to obtain an impedance match to a 50 {2 microwave system, we character-
ized the dielectric properties (broad frequency band €, and tand) at cryogenic temperatures
in the frequency range from 1 to 10 GHz [70]. The superconductor metal we chose was Nb

and NbN due to their high T..

2.1 Free-standing Kapton selection

We initially purchased Kapton film from the online vendor, McMaster-Carr, we referred

to this Kapton film as McMaster-Carr A Kapton. On this Kapton, we patterned 5 cm long

"http://www.dupont .com/content/dam/dupont/products-and-services/membranes-and-films/
polyimde-films/documents/DEC-Kapton-summary-of-properties.pdf
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Figure 2.1: Patterned NbN lines with different line widths on various Kapton substrates. (a)
DuPont 200EN, (b) DuPont 200HN, (¢) DuPont 200FN919, (d) McMaster-Carr A Kapton,
(e) DuPont 500HN, and (f) DuPont 500FN131.

lines with widths of 120 pym onto which we deposited NbN with a ~0.25 pym thick metal-
lizaton. Measurements that were undertaken to determine the T, of these lines indicated a
partial transition (Rpc # 0 when T < T). After closer inspection, we noticed the Kapton
and the metallization visually appeared rough. We therefore searched for different types of
Kapton from DupontEl with various surface finishes. We obtained three different types of
Kapton: EN, HN, and FN series, as shown in Figure 2.1 For this study, the Kapton film
thickness varied from 50 pm to 125 pm.

In order to quantify the surface roughness, we performed AFM scans of the bare surface
of the different Kapton films with and without ~0.25 pm thick NbN metallization. The AFM
results are shown in Figure and Figure[2.3] We determined that the surface of McMaster-
Carr A was approximately 10 times rougher than the 200EN Kapton with and without the
metallization. For example, the average roughness of 200EN Kapton was ~49 nm and after
metallization the average roughness decreased to ~29 nm. We therefore consider that the

NbN had a good step coverage and was helped smooth out the surface.

Zhttp://www.dupont . com/
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(d)

1.4 pm | 1.15 pm

~ 0.0 pm " 0.00 pm

Figure 2.2: AFM image on McMaster-Carr A Kapton. (a) Bare McMaster-Carr A Kapton.
(b) ~0.25 pm NbN film on the McMaster-Carr A Kapton.

0.16 pm
0.12 ym H

. ~0.00 pm
0.00 pm

Figure 2.3: AFM image on DuPont 200EN Kapton. (a) Bare DuPont 200EN Kapton. (b)
~0.25 pm NDbN film on the Dupont 200EN Kapton.
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2.1.1 NDbN transition temperature comparison for different line widths and

lengths on various Kapton films

This work stemmed from an interest in knowing what the T, of our sputter deposited
NbN film on different types Kapton would be. To simplify the measurement process, we
used a four point pogo pin measurement set up, which is shown in Figure 2.4 The layout of
the test structures is shown in Figure . This design included various line widths (50, 100,
120, and 150 pum) with a fixed length of 3.9 mm and a solid square. The purpose of the solid
square was to measure the NbN film thickness and sheet resistance at room temperature.

The T, measurement results of a 50 um wide NbN line on McMaster-Carr A Kapton
and DuPont 200EN Kapton are shown in Figures and [2.7) which show a full transition
on both McMaster-Carr A and on DuPont 200EN. Measurement results of the 7, on the
McMaster-Carr A substrate were consequently inconsistent (e.g. sometimes a full-transiton
was observed and other times it did not). Meanwhile, the NbN on EN Kapton always fully
transitioned. We suspected that their were surface imperfections in the film that led to
variable NbN properties on the McMaster-Carr A. More precisely, we suspected that the
defects on these ~4 mm long lines did not capture enough of an area to consistently measure
the NbN film not transitioning. Consequently, there were sufficient superconducting paths
in this area to short the dc measurement. We therefore, instead employed a new design
that used a line with a width of 119 ym and a length of 5 cm. The 7. measurement setup
for this new test structures is shown in Figure 2.8 We attached the Kapton line onto a
Rogers Board®| and soldered four wire onto four Au-coated pads on a Rogers Board, which
was eventually connected to our 4 wires measurement setup in pulse tube .

The T, measurement results of the 5 cm long lines on McMaster-Carr A and 200EN
Kapton are shown in Figures and [2.10] respectively. For McMaster-Carr A Kapton,

which has a rougher surface, the line did not show a full transition. After the transition

3http://www.rogerscorp.com/index.aspx
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Figure 2.4: Four point pogo pin measurement setup.

temperature, the resistance stabilized at 132 €2. We repeated the same test on 200 EN
Kapton with a 5 cm long line, which consistently fully transitioned.

We also studied two other types of Kapton, HN and FN series and measured the T,
of NbN on these substrates. The NbN lines on HN series measured a residual resistance
on the NbN line, which indicated a partial transition. Meanwhile, the FN Kapton fully
transitioned, but had a very high sheet resistance at room temperature. Moreover, the NbN
on FN Kapton had poor adhesion. Therefore, we chose DuPont EN series as the substrate

material for the fabrication microwave superconducting flexible cables [71].

2.1.2 Different types of superconductors

The kinetic inductance of superconducting metallization is an important material pa-
rameter that can be calculated from room temperature measurements. For example, Nb
with a bulk 7, of 9.3 K, has a lower sheet resistance (R,,) than a bulk NbN film [72], which
results in a lower kinetic inductance (L) at cryogenic temperatures. The kinetic inductance
can be calculated from the room temperature sheet resistance, by using the relationship
shown in equation 2.1, The kinetic inductance of a narrow line structure was calculated

based on the room temperature measurement of the Ry, and the T, value of the Nb and
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+——— 50 ym wide Line

Figure 2.5: Mask layout for measuring 7, information of narrow lines on various types of
free-standing Kapton.
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Figure 2.6: T, measurement of NbN film on McMaster-Carr A Kapton. The width of the
test line is 50 um and the length of the line is 3.9 mm.
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Figure 2.7: T, measurement of NbN film on DuPont 200EN Kapton. The width of the test
line is 50 pum and the length of the line is 3.9 mm.

Figure 2.8: Four point 7T, measurement setup of a 5 cm long line with a 119 pym wide on
McMaster-carr A Kapton.
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Figure 2.9: T, measurement of NbN film on McMaster-Carr A Kapton. The width of the
line is 119 pum and the length of the line is 5 cm.
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Figure 2.11: Estimated L; of Nb and NbN films. Parameters used in this calculation are
based on the Nb or NbN film deposited in our lab.

NbN film deposited in our laboratory. The calculation results are presented in Figure [2.11]
The NbN film quality was sensitive to the deposition conditions, we included two types of
NbN films produced in our lab, NbNy.. was the best NbN film we have obtained and Nb/N
represented the more general case. From the Figure 2.11] the general NbN case has the
highest kinetic inductance even at temperatures as low as 3 K. For the best NbN quality
deposited in our lab, the kinetic inductance is still higher than Nb. Therefore, we conclude

that Nb on Kapton was a better choice for resonators than NbN.

L= (D3 50—

) (2.1)

Here | and w are the length and the width of the structure, Ry, is the sheet resistance
at room temperature, h is the thickness of the superconducting film and the A(T) =
A(0)1.744/(1 — TZ) is the energy gap value at a given temperature. For an ideal Nb film the

energy gap at 0 K is A(0) = 1.76kgT, , where kg is Boltzmann constant .
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2.2 Characterization of Kapton at cryogenic temperatures using resonators

In order to obtain the microwave properties of the Kapton film at cryogenic temperatures
(below 10 K). We designed a set of resonators on E-series Kapton substrates. Based on the
various dielectric constant information found online, we initially based our designs on a
dielectric constant of 3.6. The variation in dielectric constant is due to the different types
of Kapton films available. Some of the Kapton films are sensitive to moisture and others
are sensitive to temperature. These different properties of Kapton can lead to different
dielectric constant values. Therefore determining the dielectric constant of E-series Kapton
at liquid He temperatures and in the GHz frequency range was necessary. The microwave
loss tangent was another important parameter that was necessary to extract, especially
at cryogenic temperatures, where superconductor metallization can be used in which the
primary losses come from the dielectric [73]. Therefore we built superconducting microstrip

resonators on this dielectric film to extract the loss tangent.

2.2.1 Resonator design on Kapton

The mask layout of the transmission line resonators on ~50 pm thick Kapton is shown
in Figure 2.12] The design included microstrip line resonators and conductor back coplanar
waveguide (CBCPW) resonators. All of the designs were symmetric half-wavelength res-
onators with a series capacitor at each end. The resonant frequencies were designed to be
at 2 GHz, 4 GHz and so on. We chose the resonant frequencies of the half-wavelength res-
onator to coincide with a resonator length of ~5 cm. As was introduced in the first chapter,
we required weakly coupled resonators to extract accurate loss tangent information. If our
coupling level was too weak, we would not be able to observe the resonant peaks because
they would have been buried in the noise floor of the network analyzer, which was ~-50 dB.
Therefore, these resonators exhibit resonant peaks at approximately -30 dB for different loss

tangent values.
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Figure 2.12: ADS layout of a resonator mask for 50 pm thick Kapton substrate. Mask design
includes MTLR and CPW resonator designs.
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Figure 2.13: ADS layout of a MTLR for 50 pm thick Kapton substrate.

Figure shows the layout for one of the microstrip line resonators layout. We used
an interdigitated capacitor structure as the coupling gap, which was in series at each end of
the resonator. In order to make connections to these resonators, we included a UBM contact
pad at each end of the feed line. The ADS circuit simulation schematic is shown in Figure
[2.14] Since we did not know the value of loss tangent of the Kapton before hand, this design
covered a wide range of loss tangent values from 0.001 to 0.01. We adjusted the resonator
sensitivity to the loss tangent by adjusting the interdigitated capacitor parameter, which
included the length, the number of fingers and the gap between the interdigitated fingers.

Figure shows the layout of a CBCPW resonator. Limited by the width of the
signal line, a coupling gap was created by using an interdigitated capacitor structure. The
inset picture in Figure shows the interdigitated capacitor structure design and also the
fabricated sample. To determine the capacitance value of the gap, Q3D was used. The
simulation setup and result is shown in Figure [2.16, We then used this capacitance value in
our ADS circuit simulation tool to obtain the RF response. The circuit simulation setup is

shown in Figure 2.17]
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Figure 2.15: ADS layout of a CPW resonator on 50 pum thick Kapton.
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Figure 2.16: Interdigitated capacitor simulation setup and results in Q3D.
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2.2.2 Resonator fabrication on Kapton

The process to fabricate a NbN or Nb resonator on Kapton will be described here briefly.
The fabrication details are provided in a traveler, that can be found in the appendices. First,
we cut the Kapton as 4”7 by 4”7 square. We then cleaned the Kapton with acetone, methanol,
DI water and dried with nitrogen air. We attached the film onto a 6” Si handle wafer for
support. After a dehydration bake, we primed the surface with HMDS. We used traditional
photo-lithographic methods to pattern the Kapton. For the superconducting material (Nb
or NbN) deposition included a front side signal line and backside ground plane. We loaded
the samples into a dc sputtering chamber and evacuated the chamber, until it reached a
base pressure of ~ 1077 Torr. During the pump down process, we also had an oxygen filter
that was used to reduce the oxygen content of the Ar gas during the sputtering process.
The standard deposition process consistent of a two-minute ion mill followed by 30 mins of
sputtering. For the NbN film sputtering process, we flowed Ny with Ar during the sputtering
process. Both of these sputtering processes produced a ~0.25 um thick superconducting
NbN or Nb film. The metal deposition for the UBM pads consisted of an electron-beam
evaporation system (E-beam) consisting of Ti(500A)/Cu(5000A)/Au(100A). It is worth to
emphasize the Cu layer thickness was critical in this UBM metallization combination. Too
thin of a Cu layer led to a weak solder base and a failed solder joint. A completed resonator

on Kapton is shown in Figure [2.1§

2.2.3 Measurement results of the resonator on Kapton

As described in a previous section, Cu resonators were fabricated and characterized in
order to extract the real portion of the dielectric permittivity information at cryogenic tem-
perature (6 K) for use in subsequent designs. The main reason we choose Cu instead of Nb
was because superconductors exhibit kinetic inductance, especially when the measurement
temperature is close to the critical temperature, and this can provide undesired shifts in the

resonant frequencies leading to errors in the extracted dielectric permittivity. Furthermore,
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Figure 2.18: Examples of fabricated resonators on Kapton; (a) meandered MTLR and (b)
straight line MTLR.

the Cu shows a stabilized conductivity over a wide temperature range at cryogenic temper-
atures below 15 K. We designed the Cu resonator using the data sheet value of ¢, of 3.4 EI
and a half-wavelength of 4.5 cm at 2 GHz. S-parameter measurement results are shown as
markers in Figure An iterative process to match ADS simulation results to the mea-
sured results was performed and the matching simulation results are shown as a red line in
Figure The conductivity value in this simulation was 169 MS/m, which is based on the
sheet resistance of the Cu at room temperature of 0.0834 2/square and a residual resistivity
ratio (RRR = R@280 K / R@15 K) of 4.22. A relative dielectric constant of ¢, = 3.2 in
the simulation provided the best agreement with the low-temperature measurements; this is
slightly lower than the room-temperature data sheet value of €, = 3.4. This step provided
useful information for the design of the superconducting version of these resonators. In order
to get the dielectric information for different temperatures, we varied only the conductivity

value of Cu in our simulation and plotted these results together with the measurement at

4http://www.dupont.com/content/dam/dupont/products-and-services/membranes-and-films/ |
|polyimde—films/document s/DEC-Kapton-summary-of-properties. pdf|
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Figure 2.19: Cu microstrip resonator on 50 pum thick Kapton measurement and simulation
results at 6.5 K.

various temperatures. These results are shown in Figure 2.20 From these results, we can
observe the dielectric constant value is fairly stable across a wide frequency and temperature
range. The conductivity values were measured on a witness SiOs die at different tempera-
tures, these results are summarized in Table The ADS schematic simulation setup of

this resonator is shown in Figure [2.21]

Table 2.1: Conductivity values used in the simulation of a Cu resonator on Kapton film at
various temperatures.

Temperature (K) | Conductivity (S/m)
15 1.69E4-8
30 1.63E+8
77 1.09E4-8
150 6.35E+7
220 4.62E+7

44



Figure 2.20: Cu microstrip resonator on 50 pm thick Kapton measurement
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Figure 2.22: Micrograph of a Nb ground plane exhibiting cracking on the backside of the
Kapton for a meandered resonator.

In order to characterize the dielectric loss tangent for the low loss Kapton at cryogenic
temperatures, we required high quality factor (Q)) resonators. Weakly coupled superconduct-
ing resonators provided this capability. We changed our original design from a meandered
resonator to a straight resonator, because the meandered compact resonator were too short
compared to the dimensions of our SMA connectors. These connectors almost contacted each
other when assembled onto the sample. Since our edge launch connector was also very heavy
compared to the flexible sample, routine handling began to cause cracks on the Nb film.
In Figure we show the back side of a Nb resonator (ground plane) with the meander
design on the front side. We clearly observe cracks, especially at the ends of each connector
region, dc measurement of this region indicated an open. The most important take away
was that the Nb never exhibited superconductivity because this design caused significant
fatigue on the Nb metallization. The assembled straight resonator occupied more space but
minimized the handling damage compared to the shorter meandered resonator. Moreover,
this design improved yield and the resonators began to exhibit superconductivity. A wide
range frequency view of S; measured at 4.2 K for a straight superconducting microstrip

resonator on Kapton is shown in Figure [2.23|
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Figure 2.23: Nb microstrip resonator on 50 pm thick Kapton: Ss; response vs. frequency at
4.2 K from 1 to 10 GHz.

The fundamental resonance shows higher () than the other harmonics. The fundamental
resonance with a corresponding Lorentz fit is shown in Figure for a Nb resonator at 1.2
K. From this measurement, we determined the center frequency (fy) to be 1.98 GHz with a
3 dB bandwidth (Af) of 481 kHz, providing a loaded @ (@;) of 4110. We then determined

the loss tangent of this Kapton film according to [64]:

L4129

Q=0Qi= < (2.2)

Here ()4 is the dielectric loss quality factor, tand is the dielectric loss tangent, and ¢ is the di-
electric filling factor. This relationship assumes the resonator losses due to external coupling,
radiation, and superconductor surface impedance are all negligible. With an assumption of
€, = 3.2 and for the current microstrip design geometry, ADS was used to calculate a corre-
sponding dielectric filling factor of ¢ = 0.706. From these results and assumptions, we can

bound the loss tangent of the Kapton film at 1.2 K and 2 GHz to be less than 0.000275.
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Resultant @) factors for other harmonics at 4.2 K and 1.2 K ranged from 1300 to nearly 3300
as shown in Table[2.2] Each of the values shown in the Table 2.2 are the average value of ten
measurements, in order to account for temperature drift in the measurement environment.
If the dielectric and superconductor were both entirely lossless, simulations predict that the
@ values in Table would have ranged from a high of 124000 (at the fundamental reso-
nance) to a low of 24800 (at the 5th harmonic), owing to the weak capacitive coupling to 50
Q) equivalent loads at each end of the resonator. Since these coupling () values are always
>10x larger than the measured () values, our measurements accurately reflect the internal

resonator (), to better than 10% accuracy.

Table 2.2: Measured ()-factors for the first five harmonic resonances of superconducting
(Ti/Nb) resonator on Kapton film at 4.2 K and 1.2 K.

center frequency fo (GHz) | Q @42 K | Q @12 K
1.98 2960 4050
3.92 1870 3280
5.86 1670 2740
7.84 1648 2680
9.81 1310 2220

Temperature sweeps were also performed from 6 K to 1.2 K to observe the center fre-
quency shift and Q-factor change due to temperature-dependent changes in surface impedance.
This trend can be clearly observed in Figure [2.25] The insertion loss is reduced and the ex-
tracted @)-factors become larger as the temperature is reduced further below the supercon-
ducting transition temperature. This can be understood as a reduction of both the kinetic
inductance and BCS-related loss as the temperature is reduced, which leads to a correspond-
ing frequency shift and enhanced @), respectively. It is worth pointing out that in the present
case, we used a Ti underlayer for adhesion purposes, which may potentially cause additional
losses that do not result from the dielectric itself. Therefore the loss tangent values inferred
from equation are worst-case values (upper bounds). We also built Nb only resonator on

this type of Kapton. The measurement results are shown in Figure [2.26] which show a higher
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Figure 2.24: Fundamental resonance Ss; linear response at 1.2 K and Lorentz fit for Ti(50
nm)/Nb resonator on Kapton.
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Figure 2.25: Fundamental resonance S; response vs. frequency at multiple temperatures for
a superconducting microstrip resonator on Kapton.
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Figure 2.26: Fundamental resonance So; linear response at 1.2 K and Lorentz fit for Nb
resonator on Kapton.

@-factor. These results support the assumption that the adhesion layer induces additional

microwave loss.

2.3 One meter long microstrip on Kapton

Our work with Kapton also involved fabricating a meter long microstrip line. We de-
signed a spiral microstrip pattern with two parallel signal traces, which required four edge
launch connectors. The microstrip was designed to be separated into an individual flex ca-
ble. In order to separate the microstrip spiral easily, we also designed the ground plane to
follow the same spiral signal lines with a width of 1 mm. The ADS layout of this design is
shown in Figure The metal stack up of this design is shown in Figure 2.28 The fabri-
cation process was the same as the 5 cm long microstrip resonator. The completed sample
before separation is shown in Figure [2.29] The final separated microstrip lines had lengths

of one meter. The completed sample is shown in Figure [2.30] There were several challenges
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Figure 2.27: ADS layout of two parallel one meter long microstrip transmission lines for
fabrication on 50 um thick Kapton.

involved in fabricating these test samples. Low yield was a problem for this design, one
Kapton film could only produce one flex cable. Therefore, during the fabrication process, we
had to carefully handle and process these samples to avoid introducing additional fatigue on
the metalliztion.

The measurement setup of this structure was also very challenging due to the length of
the sample. We needed to ensure the signal line did not short to the wall of the measurement
chamber or the ground plane. In order to measure this microstrip line in liquid helium would

require additional fixtures to be made in order to streamline the measurement process.
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Figure 2.28: Cross section of a one meter long microstrip on 50 pum thick Kapton.
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Figure 2.29: One meter long microstrip transmission line prior to being separated.
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Figure 2.30: One meter long microstrip transmission line on Kapton in its final form.
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Chapter 3

Microwave characterization of thin film polyimide

In order to reduce the thickness of our flexible cables that were built on 50 pm thick
Kapton film, we also investigated spin-on polyimide, which yields thinner dielectric films
after a spin-on and curing process. In this chapter, we explore the microwave properties of
two different types of spin-on polyimide, including low stress, non photo-definable PI-2611
and photo-definable HD-4100, both of them from HD MicroSystems.

First, we attempted to extract the microwave properties by spin-on these dielectrics
on top of superconducting ring resonators on AIN substrate. However, the loss tangent
measurement result shows the AIN substrate dominate the loss instead of the dielectric on top
of it. The second attempt was building a resonator directly on top of the dielectric films with
a Si die as support. This method was also abandoned since we don’t have suitable package
case for measuring these type of samples. Eventually, we decided to release our resonators
from the Si support wafer and measure them as a flexible device. A series of edge coupled
microstrip line resonators were designed, fabricated and characterized. We extracted a broad
frequency range dielectric constant using a Cu resonator to avoid superconductor kinetic
inductance effects, which caused a shift in resonant frequency. We used superconducting
resonators to extract the loss tangent information of both types of polyimide films at various
temperatures |[74]. Lastly, we report the microwave properties changes when they are exposed
to a saturated humidity environment. The quality factor decreased when the sample was
exposed to humidity, but it can recovered after an appropriate low temperature baking

process.
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3.1 Superconducting ring resonator on AIN

We initially built superconducting ring resonators on aluminum nitride (AIN) substrate.
These ring resonators were fabricated on thick (500 or 635 um) AIN substrates. The idea was
to put dielectric materials on top of the ring resonator to extract the loss tangent information

of these dielectric materials.

3.1.1 Design of the microstrip ring resonator on AIN

A two-port microstrip ring resonator includes microstrip feed lines, coupling gaps and a
ring as shown in Figure[3.1] The gaps between the feed line and ring are a coupling capacitor.
By controlling the capacitance, we can control the coupling strength. Based on the weak
coupling principle, the gap dimension here has been optimized as introduced in Chapter [I}

The resonance frequency can be calculated from equation [3.1}

2mr =nh, (3.1)

where r is the mean radius of the ring and A, is the guided wavelength at the resonant
frequencies and n is integer number of the resonance (i.e. harmonic number).

Two different iterations of designs were created based on different connector geometry
and sample holder constraints. Design version one (V1), shown in Figure , was designed
for GPPO connectors and the ring resonator has a conductor backed coplanar waveguide
(CBCPW) transition to the microstrip ring resonator. The first iteration of this design
was based on a sample holder that could only fit a ~20 mm long sample. Design V1 was
eventually abandoned because the GPPO connectors were difficult to calibrate out. A ring
resonator design without a transition structure proved to be a practical choice. The mask
layout of this design is shown in Figure . Thus, a second design version (V2) was made

that includes ring resonators with only a microstrip feed line. The yellow boxes on the ring
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Figure 3.1: Layout of a two-port microstrip ring resonator.
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Figure 3.2: ADS layout of a ring resonator on AIN substrate.

resonator as shown in Figure is to define discrete regions of the dielectric. A detailed

discussion of the design and fabrication process is provided in next section.

3.1.2 Fabrication of the ring resonator on AIN

Ring resonators were fabricated on AIN substrates that had a nominal thickness of 470
pm. The substrates were oxidized in a furnace at 800°C for 30 minutes in dry O environment.
Following the thin oxide growth, substrates were transferred to a metal deposition system
to sputter deposit the backside ground plane. The chamber was pumped down to reach
a base pressure of 2.3 - 2.5 x 1077 torr to ensure a high quality Nb film. Prior to metal
deposition, a 2-minute ion mill surface clean at 1 kV is performed. Following the surface

clean, Nb was then sputter deposited for 1 hour using a rotating sample holder to yield a
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Figure 3.3: ADS layout of microstrip ring resonator designs with CPW feed lines for fabri-
cation on an AIN substrate.

thickness of 490 nm (6 mTorr, 1 kW). After the backside sputtering was complete, wafers
were transferred to a dehydration bake oven and then patterned with AZ-9245 with the ring
resonator design. After the photolithographic definition of the ring resonator was completed,
Nb was sputtered again using the same conditions as the ground plane. A lift-off process was
then performed to complete the definition of the signal layer. An under bump metal (UBM)
layer was patterned uses the same photoresist recipe. The UBM consisted of Ti/Cu/Au
with thicknesses of 50/200/10 nm, respectively. The processing steps for designs V1 and V2
followed the same process flow, the only difference was the mask design. Figure [3.5/shows a

schematic cross section of a ring resonator on AIN.
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Figure 3.4: ADS layout of microstrip ring resonator designs with microstrip feed lines for
fabrication on an AIN substrate.

[ Solder pad
[ T
AN

Figure 3.5: Cross section of a microstrip ring resonator on an AIN substrate.
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3.1.3 Measurement results of microstrip ring resonator on AIN

The assembled ring resonator is shown in Figure [3.6] The Nb ground plane on the back
side of the AIN was electrically and physically attached to a copper plate using silver epoxy.
Edge launch connectors were directly soldered onto the copper plate and the signal pin of
the connector was soldered onto the feed line.

The measured Sy response of this ring resonator is shown in Figure 3.7 and 3.8, We
experimentally found that when the temperature was lower than the transition temperature,
we can begin to observe the resonant peaks on the network analyzer. The S; response in
Figure 3.8 compares quite favorably to the included simulation result. We created an ADS
RF circuit model to further analyze our measurement data from this ring resonator. This
model is shown in Figure[3.9] Actual physical dimensions were incorporated into this model.
From the measurement results, we find that our third resonance harmonic is not ideal, which
shows higher insertion loss (S51) than expected. So we added two inductors of 0.4 nH at
each side of the circuit model. This extra inductance leads to a better fit to the data. The
extra inductance may be caused by the way we mount our connector. This inductance is
quite small, therefore it does not significantly affect the extraction of the quality factor @) or
resonant frequencies.

Based on our fitting result, the AIN substrate shows a lower dielectric constant €, = 8.5
at 6.1 K, compared to the room temperature value ¢, = 8.8 reported by the manufacturelﬂ
At cryogenic temperatures, dielectric material typically shows a lower dielectric constant [75].
We calculated the @ factor based on equation[1.4 From the Lorentz fitting result, we found
a 3 dB bandwidth. The fitting result found using OriginLabP} is shown in Figure[3.10] To our
surprise, the manufacturer reports a loss tangent of 0.0005 at 1 GHz, but our measurements

indicate a value of ~0.013 at 10 GHz, which is significantly higher than expected.

"http://www.stellarind.com/products/ceramics/aluminum_nitride.html
2http://www.originlab.com/
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Figure 3.7: Sy response of superconducting resonator above and below the critical temper-

ature of the superconductor.

Since the AIN substrate has a large loss tangent, this structure cannot provide accurate

microwave loss information of the thin film dielectric. New designs based on spin-on poly-

imide substrates were made, which allowed us to characterize the dielectric. These structures

are described in the next sections.

3.2 Microstrip transmission line resonator on thin film polyimide

In order to characterize thin polyimide films at cryogenic temperatures, we chose to

design and build a series of half-wavelength, edge-coupled microstrip line resonators directly
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Figure 3.8: S;; measurement results and ADS circuit simulation for a superconducting ring
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Figure 3.10: Fundamental resonance measurement result and Lorentz fit of a superconducting
ring resonator on AIN.

on these films. These resonators are built on 20 pm thick spin-on polyimide films (PI-2611
and HD-4100) and were released and measured as flexible devices, which are representative
of our flexible cables. First, we designed a set of resonators with ~5 cm length corresponding
to resonant frequencies of 2 GHz, 4 GHz etc. After we successfully characterized this set of
resonators, a new set of longer resonators were designed, fabricated and measured in order

to acquire resonance information with higher frequency resolution.

3.2.1 Design of microstrip transmission line resonator

The first idea was to build microstrip line/ring resonators on 10 pm thick PI-2611
film and the whole structure was fabricated on top of a Si support wafer. The cross sec-
tion of this design is shown in Figure |3.11] and the mask layout is shown in Figure |3.12]
In this mask design, we included three different coupling strengths of half-wavelength mi-
crostrip transmission line resonators, two different coupling strengths of quarter wavelength

microstrip transmission line resonators and two different coupling strengths of microstrip
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Figure 3.11: Cross section of microstrip transmission line/ring resonator on 10 ym thick spin
on polyimide substrate, on top of Si handle substrate.

ring resonators. Figure [3.13| shows one type of our half-wavelength microstrip transmission
line resonator with an interdigitated coupling capacitor and UBM pad at the end. Figure
[3.14) shows another type of our microstrip ring resonator with an interdigitated capacitor, as
well.

The design of this set of microstrip resonators on spin-on polyimide follows the same
design principle as our microstrip resonators on Kapton. This design includes appropriate
coupling gaps and includes different coupling structures for measuring a wide dielectric loss
range. In order to show our resonators are sensitive for detecting the low dielectric loss
tangent, simulation results of the resonator insertion loss (S2;) over a range of loss tangent
values(from 0.002 to 0.004) is shown in Figure For this type of resonator, its quality

factor (@) varies significantly with different loss tangent conditions. The simulation results
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Figure 3.12: Microstrip transmission line and ring resonator mask layout for use on 10 ym
thick spin on polyimide films.

Figure 3.13: A half wavelength microstrip transmission line resonator layout for use on 10
pm thick polyimide substrates. Inset is an interdigitated coupling capacitor used in this
design.
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Figure 3.14: Microstrip ring resonator layout for use on 10 um thick polyimide substrates.

are shown in Figure[3.16] This set of resonators can be used to detect dielectric loss tangent
in a range from 0.001 to 0.01.

In order to make our simulation computationally efficient, we chose to use ADS circuit
schematic simulator instead of ADS momentum or FEM. Although we cannot easily set up
accurate superconductor surface impedance values in the ADS simulation environment, we
can assume our metal as a perfect conductor, which is very close to the actual situation.
Another advantage of ADS circuit simulation method is that it can generate a layout quite
easily. This layout and can then be imported into Sonnetﬁ simulation environment, which
allows us to incorporate superconductor surface impedance information if desired. A circuit
simulation model in ADS for a half-wavelength, edge-coupled microstrip resonator is shown
in Figure |3.17, This allowed us to generate a meander microstrip resonator design. Inter-
digitated capacitors can also be found in the ADS circuit library. Figure [3.18 shows all the
parameters of an ADS interdigitated capacitor. We note that, it was a sizable challenge
to build a suitable measurement package for this resonator that was suitable for cryogenic

measurements. As described previously, we tried to wire bond to this resonator to form a

3http://www.sonnetsoftware.com/
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Figure 3.15: Simulation results of S, response for different dielectric loss tangents of a
loosely coupled microstrip resonator design on 10 pum thick PI-2611.
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Figure 3.16: Simulation result of quality factor (Q) vs. substrate dielectric loss tangent of
the resonator design on 10 pm thick PI-2611.

useful transition launch structure. We found that it was difficult to get a reliable wire bond
connection since the dielectric material is soft and connection to the ground plane of the
sample was not easily achieved.

Another proposed idea was to release our resonators from the Si support wafer and
measured them as a free-standing, thin-film resonators at cryogenic temperatures. However,
this particular meander resonator design, based on 10 pum thick PI-2611, was too easily
destroyed during the releasing process, since it is very thin. Next, we designed a new set of
microstrip resonators on 20 ym thick PI-2611. A 20 pm thick polyimide substrate provides
a wider signal trace in a microstrip design and is less susceptible to handling damage. The
width of the signal trace was 46.7 pm (for Zy = 50 Q) and the length is ~5 cm (for fy =
2 GHz). The mask layout of this design is shown in Figure Figure shows the
interdigitated capacitor structure and the solder pad area (1200 pm long and 120 pm wide).
In order to make a reliable connection at cryogenic temperatures, a solder pad area was

designed, which allowed connection to an edge launch SMA connector. This set of designs
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Figure 3.17: Half-wavelength edge coupled microstrip transmission line resonator simulation

model in ADS.
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Figure 3.18: Interdigitated coupling capacitor structure shown as an ADS microstrip capac-
itor element.

was based on the manufacturer data sheet parameter of PI-2611 at room temperature, which
indicates the dielectric constant is 2.9 and loss tangent is 0.002 at 1 kHz. Normal metal
(Cu) and superconducting versions of this design were fabricated and measured at cryogenic
temperatures. For the superconductor version, in order to enhance the adhesion of Nb
metallization, we deposited 50 nm thick Ti as a underlayer. Figure [3.21| shows the cross
section of the released microstrip line resonator.

Based on the resonator measurement results (the detail result will be shown in section
3.3), we obtained the dielectric constant is 3.2 at 4 K and the loss tangent value should be
lower than the data sheet value. In order to build more sensitive resonators to extract the
real loss information, we designed another set of resonators, which provided even weaker
coupling strengths than the previous design. The weakest coupling strength layout of this

new design set is shown in Figure The coupling gap was 20 ym wide and the length
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Figure 3.19: ADS layout of microstrip transmission line resonators on 20 pm thick polyimide.

Figure 3.20: Launch and interdigitated coupling capacitor structure for a half wavelength
microstrip transmission line resonator on 20 pm thick polyimide.
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Figure 3.21: Cross section of released microstrip resonator on 20 pum thick PI-2611 substrate.
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Figure 3.22: Weakest coupled microstrip resonator design on PI-2611. The length of the
resonator region is 46.1 mm, L, is 1200 pum, Wegep is 20 pm, Wipspine is 47.4 pm, and L¢ is
300 pm.

of the gap was 300 um. These set of design helped us to successfully extract the low valued
loss tangent information of both types of polyimide.

In order to obtain finer frequency steps in the measurement, we also designed a series
of longer resonators. These designs include resonator lengths of 15 cm, 25 cm, and 55 cm,
which correspond to fundamental resonant frequencies of ~670 MHz, 350 MHz, and 270
MHz. In this design, we kept the coupling strength as the weakest one on the 5 cm long
design mask. This mask layout is shown in Figure [3.23] The 25 cm long resonator design

detail is shown in Figure
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Figure 3.23: ADS layout of a series of meander microstrip transmission line resonators for
use on 20 pm thick polyimide. This mask includes 15, 25 and 55 cm long resonators and
corresponding length transmission lines.
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Figure 3.24: 25 cm long microstrip resonator design detail with the weakest coupling gap
for use on 20 pm thick polyimide films. The length of the resonator region is 46.1 mm, L,
is 1200 pum, Wepng is 20 pm, Wiy is 47.4 pm, and Loy is 300 pm.
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3.2.2 Fabrication of microstrip transmission line resonator on thin film poly-

imide

The fabrication process for free-standing PT films starts with depositing a Cr/Al (500
nm,/ 2500 nm) release layer. Eventually, this layer will be etched in a NaCl solution. All the
structures we build on top of the release layer will be removed from a support Si wafer [76].
On top of the release layer, a thin layer of polyimide (PI—2611E] or HD—410(ﬂ) is spin-coated.
After a nitrogen curing process carried at 350°C for 2 hours (program 2), this yields an
approximately 10 pm thick polyimide film. We usually need to expose our film to oxygen
plasma for 20 second to modify the surface before we spin on another layer of polyimide.
The same curing process was repeated in a programmable nitrogen oven at 350°C. After
the last curing step, we obtain a 20 pm thick polyimide film. We begin our signal pattern
process after we obtain the ideal thick polyimide film by using standard photolithographic
process. After depositing the signal layer and performing a lift-off process, we pattern our
UBM layer. Since polyimide is sensitive to moisture, each time before we pattern our wafer,
we performed a dehydration bake in 120°C oven for at least 30 mins. All the fabrication
details and parameters provided in the appendix. After we finish all the fabrication process,
we dice the samples and begin our release process. The releasing setup is shown in Figure
include a metal mesh served as a cathode and the sample with support Si wafer is

applied a positive bias.
3.2.3 Measurement setup of the microstrip transmission line resonator on poly-
imide

In order to facilitate connections to the flexible resonator, we interfaced to the flex

directly with edge launch SMA connectors. Limited by the dimension of the signal trace, we

“http://hdmicrosystems.com/HDMicroSystems/en_US/pdf/PI-2600_ProcessGuide.pdf
Shttp://www.hdmicrosystems.com/ec/liquid-polyimides—and-pbo-precursors/products/
sub-products/hd-4100-series.html
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Figure 3.25: Release process setup.
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chose the smallest pin size (0.005 inches) connector from Southwest Microwaveﬂ In order
to make reliable connections at cryogenic temperatures, we soldered the signal pin from the
SMA connector to the solder pad on the flex by using high purity Indium solder. In addition,
we prevented the hefty SMA connectors from straining the flexible cable by mounting the
connectors and the flex onto a support board. A packaged sample is shown in Figure M(b)
Our test environment consisted of a pulse tube based cryostat with stainless steel cryogenic
RF coaxial cables shown in Figure [3.27] The cryostat with the RF cables can stabilize at 3
K and can reach temperatures of ~1 K. An Agilent N5227A PNA was used for measurement
of the scattering parameters. The whole measurement setup shown in Figure [3.28 which
include the pulse tube base cryostat, Agilent N5227A PNA, assembled sample loaded in the

pulse tube for measurement and screen shot of the measurement result from PNA.

3.3 Microwave characterization results of polyimide at cryogenic temperature

Our goal is to determine the dielectric permittivity information of these polyimide dielec-
tric films at cryogenic temperature. In order to avoid the superconductor kinetic inductance
caused resonance frequency shifting, we chose Cu instead of Nb to extract the real portion of
the dielectric permittivity information. The measurement result of Cu resonator on PI-2611
is shown in Figure[3.29] An iterative simulation process by using Agilent ADS was performed
to match the measurement result. The matching result is shown as a red line in Figure |3.29|
The inset shows the capacitor structure, the length of this interdigitated capacitor is 350
pm, the gap between the interdigitated lines and the gap at the end of the interdigitated

lines are all 40 pum, the length of the resonator is 4.9 cm.

3.3.1 Characterization of dielectric loss of polyimide

Since superconducting resonator can provide higher quality factor, we build Nb resonator

to extract the loss tangent value of both types of polyimide films. A wide range frequency

6http://mpd.southwestmicrowave.com/products/family.php?family=71
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Nb ~ 0.25 pm
Figure 3.26: 5 cm microstrip resonator on 20 um PI-2611: (a) released PI film with signal

trace and UBM, (b) completed sample with edge lanuch SMA connectors. The inset is the
corresponding cross-section.
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Figure 3.27: Pulse tube based cryostat: (a) measurement chamber, (b) sample holder with
stainless steel cryogenic RF coaxial cables on.
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Figure 3.28: Resonator measurement setup: (a) pulse tube based cryostat, (b) Agilent N5227
PNA, (c) sample loaded in the pulse tube for measurement, (d) screen shot of a resonator
measurement result from the PNA.
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Figure 3.29: Measurement and simulation result of a Cu resonator on PI-2611 at 6.5 K. Inset
is the coupling capacitor structure. The length of the resonator region is 4.9 cm, Ly¢,, is 350
pm, Woey, is 40 pm, Wiy, is 47.4 pm, and Lyc,, is 40 pm.
view of the fundamental resonance of resonator on PI-2611 at 1 K is shown in the inset
plot of Figure A reduced frequency range for the fundamental resonance with Lorentz
fitting result is shown in Figure (3.30]

We show the impact of temperature on the fundamental resonance in Figure[3.31] which
causes a shift in the center frequency towards a higher frequency and an increasing in the
Q-factor as the temperature decreases. The center frequency shifts can be explained by the
kinetic inductance decrease with the temperature decrease of the Nb film. The reduction of
un-paired electrons leads to low BCS surface resistance is shown as increased @)-factor.

In order to determine the temperature where the BCS conductor loss is negligible,
we generated 1/@Q versus the resonance frequencies plot. For PI-2611, the 1/Q) versus the
resonance frequencies is shown in Figure|3.33|and Figure is for HD-4100 film. In order to
consider measurement error and system temperature drift, each of the measured () factors is

the average of ten individual measurement results with a three sigma error bar. Based on the
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Figure 3.30: Fundamental resonance of a Nb resonator on PI-2611 at 1.2 K. The inset is a
wider frequency view for the fundamental resonance.

basic LRC resonator theory @ x fy = Constant, a 1/@) versus the resonance frequencies plot
should yield a straight line. If the BCS resistance is significant, then at different temperatures
the slope of the line should decrease with temperature decrease until the slope does not show
a strong temperature dependence. We can clearly observe the BCS loss has a significant effect
on the Q-factors in the temperature range from 4.2 K to 3 K. We deduce from the plot, the
BCS loss decreases when the temperature decreases, which follows the theory as expected.
In Figure and Figure [3.34] the measurement data at ~1 K shows an almost parallel
slope to the simulation ideal case (tand = 0). This indicates the Nb has minimal BCS loss at
this temperature. Therefore, the ()-factor mainly represents the dielectric loss at ~1 K. At
present, the 2nd harmonic does not fall in-line as the other harmonics, which exhibits a lower
(@ than expected. Numerous samples have been fabricated and measured and all have lower
(s than what would be expected by theory. This abnormality with the second harmonic

can be caused by the measurement chamber and/or humidity, at present, these all seem to
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Figure 3.31: S5; of fundamental resonance response of a Nb resonator on PI-2611 at mul-
tiple temperatures. The inset table lists the center frequency and @-factor as functions of
temperature for the fundamental resonance.

be contributing factors and is therefore excluded from the plots for clarity. The summary of
the quality factor and loss tangent (tand) information of both types of polyimide is present
in table [3.11

(@ factors are strongly power dependent as shown in Figure [3.32] The driving power has
a square relationship with the current transmitted through the resonator [77]. By increasing
the driving power, the resonance frequency tends toward lower frequencies, the measured
Q-factor drops and exhibits non-linearity in the rising part of the Sy; as shown in Figure
[3.:32] This non-linearity can be explained by the current flow in the superconductor trace
break the weak links that exist at the edge. This directly describes the surface impedance
increase when the input power increases in the resonator due to extra metal loss [78]. For
our resonator, () factors show a significant decrease when the driving power is above -25
dBm as shown in Figure [3.32] We therefore carefully chose an appropriate drive power level

to extract the ()-factors at each harmonic.
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Figure 3.32: Fundamental harmonic response of a Nb on PI-2611 resonator at 3 K for
different power levels incident at the sample. The range of loaded () values is shown. Due
to the obvious nonlinearity at higher powers, ) was calculated from the measured 3 dB
bandwidths, rather than fitting to a Lorentzian function.
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Figure 3.33: 1/@Q vs. resonance frequencies for a Nb resonator on PI-2611 from 4.2 K to 1.2
K. Simulation results with tand = 0 are also shown at 1.2 K.
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Figure 3.34: 1/Q vs. resonance frequencies for a Nb resonator on HD-4100 from 4.2 K to 1.2
K. Simulation results with tand = 0 are also shown at 1.2 K.

Table 3.1: Measured loaded Q-factor and calculated dielectric loss tangent (tand) at multiple
frequencies at ~1.2 K for PI-2611, and at both 1.2 K for HD-4100. The tand calculation
corrected for the coupling () and the non-unity dielectric filling factor of the microstrip. We
assume no other loss mechanisms at these low temperatures, and so the actual loss tangents
may be smaller than shown.

~ fo (GHz) | Qeoup | PI-2611 @ 1.2 K | HD-4100 @ 1.2 K
2 251000 | 13200 (8.21E-5) | 17300 (6.07E-5)
4 139000 | 7880 (1.35E-4) | 14100 (7.19E-5)
6 106 000 | 10500 (9.72E-5) | 13400 (7.34E-5)
8 88400 | 9170 (1.10E-4) | 12000 (8.17E-5)
10 77300 | 9660 (1.02E-4) | 10400 (9.42E-4)
12 75400 | 8870 (1.12E-4) | 9710 (1.01E-4)
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3.3.2 Humidity effects on thin film polyimide dielectric constant

Polyimide films are known to be sensitive to humidity. We therefore studied the impact
of humidity on the dielectric properties of PI-2611 and HD-4100 at cryogenic temperatures.
Tests were carried out in a saturated humidity chamber (99% and above humidity) and at
room temperature. Resonators were placed in the humidity chamber for varying amounts of
time and then transferred to the pulse-tube refrigerator for measurement. The resonators
were then baked at 90°C in vacuum oven and re-measured. Measurements of these resonators
after humidity exposure exhibited a shift in the resonance frequencies and decrease in the
quality factor. After a bake out, the quality factors recovered (within measurement error).

We quantify changes in the dielectric by calculating the effective dielectric constant(e.y)
relative to the post-bake value. We use the effective dielectric constant because our resonator
structure is in a microstrip configuration. We use the relationship shown in equation to
determine the effective dielectric constant.

c

nfy=—mn=1,23.. (3.2)
l, /Geff

n is the harmonic number, fy is center frequency, [ is the length of the resonator, ¢ is the
speed of light in free space and €.y is the effective dielectric constant.

Since we are using Nb as the conductor metallization and it exhibits kinetic inductance,
we cannot directly obtain e.f; because the kinetic inductance induces a shift in the reso-
nant frequency. We therefore used the same resonator for each of the experiments to avoid
variations in the kinetic inductance. Moreover, since the kinetic inductance shows a temper-
ature dependence, we ensured the measurement temperature was consistent throughout the

experiments. We therefore can calculate the Ae.fr, which is defined in equation [3.3]

C

nl(fO,bake - fO,humidity)

Aecsr = ( )2 (3.3)
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fopake 1s the center frequency of each resonant frequency after recovery bake. fo pumidity 18
the resonant frequency after humidity treatment. We used a 25 cm long Nb resonator with
a fundamental resonance frequency of ~350 MHz, but only measured the center frequencies
at ~1 GHz. We performed two types of humidity exposure tests, a long term humidity
exposure and recovery bake and varying-humidity exposure and recovery bake to observe
when humidity saturation may occur.

A long term humidity test and recovery bake cycle consists of two steps. First, the
sample is placed in a saturated humidity environment (~100%) for one hour and then trans-
ferred to a pulse-tube refrigerator for measurement. Measurements are undertaken at 4.2 K
and 1.2 K and then the sample is removed from the pulse-tube refrigerator and brought back
to room temperature in a drying tube. The second step consists of baking the sample in
a 90°C vacuum oven for two hours (recovery bake). The sample is immediately transferred
into the pulse-tube refrigerator and measured again at 4.2 K and 1.2 K. These two steps
consist of one cycle. The humidity-recovery cycle is repeated three times for each sample.

The relative effective dielectric constant as a percentage change during the long-term
treatment cycles is shown in Figure [3.35(a) for PI-2611 and in Figure [3.35(b) for HD-4100.
These tests reveal the effective dielectric constant doesn’t change significantly during the
humidity and recovery-bake treatment. Moreover, the effective dielectric change percentage
does not appear to have a frequency dependence, although the PI-2611 film exhibits more
variation than the HD-4100 during these measurements.

In addition to the long term testing, we also performed shorter exposures to humidity
to determine when the film would saturate. This process included exposing the sample in
a saturated humidity chamber for 5, 15, 30, and 60 minutes, followed by a two-hour bake
process in between each of the humidity treatments.

The characterization results for various humidity exposures times at 4.2 K and 1.2 K
are shown in Figures and for both PI-2611 and HD-4100. We note that PI-2611 has

greater sensitivity to humidity, as the time is increased and matches fairly well to the long
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Figure 3.35: Effective dielectric constant change of two types of polyimide after humidity
exposure and after recovery bake treatment at 4.2 K and 1.2 K. (a) PI-2611 and (b) HD-4100.
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term humidity exposure. HD-4100 remains fairly consistent through the various humidity
exposure times with a change of approximately 0.5 %.
3.3.3 Humidity effects on the loss tangent of thin polyimide

The change in loss tangent due to long term humidity-recovery bake treatment was

extracted using the relationship shown in equations [3.4] and [3.5

1 1—g¢q
= 1
t(mé( + g€, )

Qa (3.4)

Qg is the dielectric loss, tand is the dielectric loss tangent, ¢ is the dielectric filling factor.
This filling factor is related to the dielectric constant and also the design geometry. Equation

.8 allows us to extract the dielectric loss information of the substrate material.

tand = tandpumidity — taNOrecovery (3.5)

tand is the dielectric loss changes during the humidity and recovery treatment. tandnumidity
is dielectric loss after the humidity exposure and tand,ecovery is the dielectric loss after the
recovery bake.

The changes in loss tangent (Atand) vs. resonance frequencies at temperatures of 4.2
K and 1.2 K are shown in Figure for both PI-2611 and HD-4100. Similarly to the
changes in effective dielectric constant, we see greater sensitivity to moisture on the PI-2611
than the HD-4100. At 1.2 K, we do not see significant frequency dependence on the relative
change for either film. At temperature of 4.2 K, we note that there is an apparent frequency
dependence, we attribute this frequency dependence to conductor loss, therefore we cannot
separate dielectric losses in the film due to humidity at 4.2 K.

In the second test we performed, in which we varied the time the samples were exposed
to humidity, we extracted the changes in loss tangent as well. The purpose is to determine

a saturation point of the dielectric loss. The measurement results at 4.2 K are shown in
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Figure 3.36: Effective dielectric constant change of two types of polyimide after various
humidity exposure times, measured at 4.2 K. (a) PI-2611 and (b) HD-4100.
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Figure 3.37: Effective dielectric constant change of two types of polyimide after various
humidity exposure times, measured at 1.2 K. (a) PI-2611 and (b) HD-4100.
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Figure 3.38: PI-2611 loss tangent (tand) percentage changes after long term humidity expo-
sure and after recovery bake treatment measured at 4.2 K and 1.2 K.
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Figure 3.39: HD-4100 loss tangent (tand) percentage changes after long term humidity
exposure and after recovery bake treatment measured at 4.2 K and 1.2 K.
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Figure 3.40: PI-2611 loss tangent (tand) percentage changes after various humidity exposure
times measured at 4.2 K.

Figure for PI-2611 and Figure for HD-4100. The time-dependent sensitivity to
humidity exposure of PI-2611 films is also apparent in these measurements, especially at lower
frequencies. Unlike PI-2611, HD-4100 does not show a clear trend. The characterization
results at 1.2 K of this test is shown in Figure for PI-2611 and Figure for HD-
4100. Similar to the measurement result at 4.2 K, PI-2611 exhibits more sensitivity to
moisture than the HD-4100 film. At a temperature of 1.2 K, both films don’t show frequency
dependent loss tangent change to varying exposures to humidity. Thus we conclude that at
1.2 K, changes in the loss tangent are significant and a proper bake out of samples is necessary

to ensure the optimal microwave performance.
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Figure 3.41: HD-4100 loss tangent (tand) percentage changes after various humidity exposure
times measured at 4.2 K.
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Figure 3.42: PI-2611 loss tangent (tand) percentage changes after various humidity exposure
times measured at 1.2 K.
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Figure 3.43: HD-4100 loss tangent (tand) percentage changes after various humidity exposure
times measured at 1.2 K.
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Chapter 4

Bilayer and embedded microstrip resonators

In order to improve adhesion or enhance mechanical reliability, superconducting bilayer
structure has been widely used [79-81]. When we combine normal and superconductor metal
layers together, proximity effects begin to determine the behavior of this structure, such as
realizing superconductivity and corresponding coherence length in the normal metal layer
[82]. Several groups have reported a lot of information about the normal metal coherence
length in these bilayer structures [7,8284].

We first describe our investigation of Ti/Nb structures. Ti is a commonly used material
to improve the adhesion, therefore we explore its use between superconducting Nb and
polyimide. Some research shows that the deposition process of Ti layer can effectively
reduce the oxygen level in the deposition chamber by gettering and thereby improve the
quality of the Nb layer [85]. This type of bi-layer (normal-superconductor) usually exhibits
proximity effect leading to the whole structure exhibiting superconductivity, especially when
the normal metal is thin and has good contact with the superconductor [7]. Even though
this bilayer can realize superconductivity, the thin normal metal layer is still expected to
introduce extra RF loss. In order to quantify the extra conductor loss caused by this thin Ti
adhesion layer, we built a set of resonators with different thickness of Ti underlayers, such
as 10 nm and 50 nm. The resonator characterization result provides the loss changes over a
wide frequency range (2-20 GHz) at various cryogenic temperatures. From these results, we
determined the conductor loss changes coming from different thicknesses of the Ti layer.

M. S. Pambianchi, et al., reported the characterization result of conductor (Cu/Nb)
loss at 11.7 GHz [86]. Though, they only provided the conductor loss information at a fixed

frequency, which was limited by their measurement setup. In this work, we characterized this
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type of bilayer structure using our superconducting flexible resonator. We also investigated
Nb/Cu structure, since Cu can enhance the mechanical reliability [87]. We experimentally
controlled our Nb and Nb/Cu interface to be the same; the only variable parameter in this
series of sample is the thickness of Cu. The Cu thickness in this work includes 20 nm, 50 nm,
100 nm and 200 nm. The result provides the conductor loss of this superconducting-normal
bilayer structure over a wide frequency range. We also provide the surface resistance value
of this series of Nb/Cu resonators [8§].

Furthermore, we investigated polyimide-based multi-layer structures, which is in the
form of embedded microstrip resonators in this work. We successfully built fully transitioned
superconducting embedded microstrip resonator. We found that an Al/Nb/Al sandwich
structure efficiently protects the Nb from being degraded during the top layer polyimide

curing process. The detail measurement results shown in later sections.

4.1 Conductor loss characterization of superconducting-normal metal resonator

on polyimide at cryogenic temperatures

4.1.1 Characterization of the impact of Ti adhesion layer on conductor losses

The Nb layer in this study was ~0.25 gm. A cross section of these resonators is shown
in Figure[4.1, We measured the sheet resistance changes of the thin Ti film on SiO, die along
with the temperature decrease to helping analyze the Ti layer effect on our superconducting
resonators. This thin Ti layer was electron beam thermally evaporated on to a SiO, die,
which is the same deposition process as was used for depositing our Ti layer beneath the Nb
layer on polyimide films. The measurement results are shown in Figure [£.2] The reduction
of resistance with temperature is easily observed. Also, the difference in shape is assumed
to be due to enhanced film coverage for the 50 nm thick case. To keep the Nb quality as
consistent as possible, we deposited the same Ti thickness on both signal and ground plane
before the Nb deposition. In this study, we used a 5 cm long resonator design, which will

show the first harmonic resonant frequency at approximately 2 GHz.
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Figure 4.1: Cross section of thin film (PI-2611) superconducting resonator for different Ti
underlayer thickness.

For the series of resonators with different Ti thickness as under-layer, we characterized
each at temperature steps including 4.2 K, 3.6 K, 3 K and 1.2 K. Since 1/Q x R(loss), we
plot the quality factor measurement results as 1/@Q) vs. resonance frequencies, as shown in
Figure 4.3l Each of the Q)-factor results is an average of 10 measurements, which takes into
consideration the temperature drift in the cryostat.

From Figure , we can clearly see the sample with the thickest Ti (50 nm) underlayer
shows the lowest () value and the sample without Ti layer shows the highest () value at all
measurement temperatures. This indicates that the Ti underlayer does indeed cause extra
conductor loss and this loss increases with increase of Ti layer thickness. This loss is not
only dependent on the thickness of the normal metal, but also depends on the measurement
temperature. This conductor loss decreases when the measurement temperature decreases.
At 1.2 K, the @Q value of all three samples shows a comparable result, which indicates the Ti
layer doesn’t contribute significant conductor loss at this temperature. This can be explained
by, at this temperature, the number of unpaired electrons in the Nb layer is reduced and
leads to a move proximitized and longer coherence length in the normal metal layer [89].

So, the overall number of unpaired electrons in this bilayer structure reaches the lowest level
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Figure 4.2: Sheet resistance vs. temperature of 10 nm and 50 nm Ti thin films on SiOs,.

compared to other temperatures, resulting in lower conductor loss and higher ). Also shown
in Figure is a simulation result for tand = 0, therefore we conclude that for samples at

1.2 K, the remaing loss is related to the non-zero loss in the dielectric.
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We also calculated the surface resistance of this series of Ti/Nb resonators. To get

Qunload, Wwe can use:
1 1 1

_ 1 41
Qunload Q Qcoupling ( )

Here, Qunioaqa is unloaded quality factor, @) is the measured quality factor (loaded @) and
Qcoupling 1s the coupling (). We determined this coupling @) value by using ADS simulator.
In order to characterize the surface resistance of these resonators, we can calculate R,

using:

r

R. =
’ Qunload

(4.2)

where I is a geometry-related parameter and Qunioqq is the unloaded quality factor [90]. The

calculation of the geometry parameter is from:

, ¢t oh
= —ln(— +1
w w—i—ﬁ[n(t—k )]

w/Q

 16h2

1 t

C=-(1- .

S (4.3)
2 1. 2h

D="[1+=In(=
[ ()

o 471'220

~ \,B(2C + D)

B=1

r

where w is the width of the microstrip resonator line, h is the thickness of the substrate, ¢ is
the thickness of the conductor, Z; is the characteristic impedance of the microstrip resonator
and ), is the guided wavelength.

The results for different thicknesses of Ti layers beneath the Nb resonators at different
temperatures are shown in Figure We can clearly see that the surface resistance is re-
duced as the temperature is decreased from 4.2 K to 1.2 K. Since the un-paired electrons

contribute to the surface resistance, this reduction in the conductor loss can be attributed
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to a decrease of the quasi-particles in the Nb and increased thickness of the proximitized
Ti layer. Therefore, the additional surface resistance seen in the thicker Ti samples can be

attributed to the non-proximitized electrons in the Ti layer.

4.1.2 Characterization of the impact of Cu cladding layer on conductor losses

In order to reduce degradation of the Nb quality due to handling, which can result
in micro-cracks, we investigated normal metal (Cu) cladding layers on Nb. This bi-layer
structure has been shown reduce the degradation and enhance the mechanical reliability.
Here, our work is focused on investigating the extra conductor loss caused by the normal
metal for our flexible polyimide resonators. The design we used in this study consisted of a
~25 cm long resonator. The assembled sample is shown in Figure

We fabricated a series of Nb resonator structures with different thickness of Cu cladding
layers on thin (20 pm) polyimide (PI-2611) substrates. We used a single Nb deposition run
for all samples in order to prevent Nb quality variation due to different sputtering runs. Our
signal line metal deposition process flow in Figure [4.6| was followed. First, we sputtered a
~0.25 pm thick Nb film followed by electron-beam physical vapor deposition to yield a 20
nm Cu layer. Then, this wafer was removed from the deposition chamber and stored in a Ny
environment. After the second pump down, we performed a one minute ion clean to remove
any oxidized Cu followed by a second Cu deposition process in order to yield an additional 30
nm Cu layer (50 nm total). We removed the second wafer, which had a 50 nm Cu thickness
on top of Nb film on this wafer. This deposition process was repeated to deposit another 50
nm and 100 nm Cu layer, in sequence. Eventually, we obtained four wafers with the same
Nb but different Cu layer, thicknesses of: 20 nm, 50 nm, 100 nm and 200 nm. The benefit of
depositing the metal this way is we can have an identical Nb layer in order to avoid the Nb
quality variation from sample to sample, and have an identical Nb/Cu interface as well. The
same Nb layer and Nb/Cu interface should exhibit an almost identical superconductivity

proximity effect, which can help us evaluate the loss difference only coming from the Cu
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Figure 4.5: Assembled 5x11 cm long resonator on PI-2611 film.

layer with different thickness. In order to prevent Cu from oxidation during any further
processing, we put all four wafers back into the deposition chamber and deposited a thin
(10 nm) Au layer on all four wafers after a one minute ion clean process. Then, all of the
wafers under went the same UBM layer deposition, film release process and ground plane
Nb deposition process. We deposited the same Nb ground plane layer on the back side at
the same time for all the samples to prevent differences caused by the ground plane. The
information for films on witness SiOy of these Nb/Cu(20 nm, 50 nm, 100 nm and 200 nm)
samples is shown in Table [4.1]

Based on the theory of proximity effect, thicker normal metal may cause suppression of
superconductivity. The critical temperature results of Nb/Cu(20 nm, 50 nm, 100 nm and
200 nm) on SiO, die are shown in Figure All of the samples have a similar critical
temperature, which was approximately 9.1 K. This doesn’t show obvious superconductivity
suppression for these four Nb/Cu combination cases.

We characterized the microwave performance of these samples in a pulse tube based
cryostat. In order to reduce the effect of humidity, we performed a dehydration bake in a
vacuum oven at 90 °C for two hours before measurement. Our characterization temperature

range is from 4.2 K to 1.2 K.
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Figure 4.6: Metal deposition flow of Cu layer of Nb/Cu/Au series of resonators. (a) 20
nm Cu on top of the Nb layer, (b) additional 30 nm Cu on top of the Cu(20 nm)/Nb, (c)
additional 50 nm Cu on top of the Cu(50 nm)/Nb, (c¢) additional 100 nm Cu on top of the
Cu(100 nm)/Nb.
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Figure 4.7: Critical temperature of Nb/Cu(20 nm, 50 nm, 100 nm or 200 nm)/Au film on
Si0, witness die.

Table 4.1: Resistance information of Nb/Cu(20 nm, 50 nm, 100 nm or 200 nm) films de-
posited on SiO, die) at room temperature and before transition temperature.

Cu thickness (nm) | Ry, (2/0)@ RT | R ()@ RT | R (2)@ right before transiton

20 0.897 0.134 0.0406
20 0.691 0.089 0.0325
100 0.447 0.0594 0.02497
200 0.205 0.0299 0.0104
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Figure 4.9: 1/Q vs. resonant frequencies at various temperatures. (a) Nb/Cu(200 nm) (b)
Nb/Cu(100 nm) (¢) Nb/Cu(50 nm) (d) Nb/Cu(20 nm). Side plots are close-up view of the
1/@Q vs. resonant frequency plot of Nb/Cu(100, 50 and 20 nm) samples.

106



The Sy; measurement result of the Nb/Cu(20 nm) sample at 1.2 K is shown in Figure
4.8(a). In this Figure, we also provide one of the representative Lorentz fit result for one
of the resonant harmonic shown as Figure [.§(b). The summarized Q-factor results of this
series of Nb/Cu resonators is shown in Figure at various temperatures. We plot 1/Q) vs.
resonant frequency for each of the Cu thicknesses at 4.2 K, 3.6 K, 3 K and 1.2 K. In order to
compare the different samples, we set the scale to be the same for these plots. To observe the
temperature impact on each of the sample with different Cu thickness clearly, the side plot
shows an enlarged plot for the 50 nm, 100 nm and 200 nm cases at each of the temperatures.
Corresponding to the results in Figure 4.9, all of the samples show a significant reduction of
the conductor loss as measurement temperature is decreased. Furthermore, all of the Nb/Cu
samples followed the rule of: 1/Q x fo = constant, similar to Nb resonators.

Based on the proximity effect, the Cu region begins to show superconductivity as the
measurement temperature decreases, leading to lower conductor loss. Since all of our samples
go through the Nb/Cu(20 nm) deposition process at the same time, we yield four samples
with the same superconductor (Nb) layer and the same superconductor-normal metal (Cu)
interface. This allows us to quantify the proximity effect in these samples with different Cu
thickness.

In Figure and Figure we summarize the slope and intercept information from
the 1/Q vs. resonant frequency plots. From Figure , we can clearly see these slopes
exhibit an exponential relationship with the thickness of the Cu cladding layer. We can
assume the proximity effect on all of these samples are similar at each of the measurement
temperatures, since the Nb layer and Nb/Cu interface are all identical. Then we can explain
the slope difference is caused by differences due to Cu thickness. The more free electrons
remaining in the Cu layer, the more conductor loss will be observed at all the measurement
temperatures [86].

From Figure [£.11 we can clearly see that when the Cu thickness is below 50 nm, the

samples yield almost the same intercept value. This indicates that when the Cu layer is less
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Figure 4.10: Slope of 1/@Q) vs. resonance frequencies plots of Nb/Cu(20, 50, 100 and 200 nm)
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than 50 nm, the dielectric loss still dominates the overall loss, instead of the conductor loss.
But, when the Cu thickness is greater than 100 nm, we observe a higher intercept value, and
the Nb/Cu(200 nm) sample shows the highest intercept value. This indicate that when we
have too thick of Cu capping layer, the conductor loss, as opposed to the dielectric.

We analyzed the RF Rs of the set of Nb/Cu(20, 50, 100, and 200 nm) resonators by
using the same methodology as the Ti/Nb series of resonators. The results for different
thicknesses of Cu on the Nb resonators at different temperatures are shown in Figure [4.12]
We observed the same trend as the Ti/Nb samples, which is that surface resistance decreases
as temperature decreases. At 1.2 K, which is far below the Nb transition temperature (Tc
9.1 K), the un-paired electron density in the Nb layer is significantly lower, such that it can
be ignored. Therefore the surface resistance difference should solely be due to the top Cu

cladding layer. Since we have the same Nb layer and Nb/Cu interface, the coherence length

108



LI I B A A A S A A LI S A AL BN RL AL B Ty

2.5E-4 £ ® 42K E

3.6K o

e 1K v !

1.5E-4 | E

o

a ' ° ) :

S 1eal 2 v ]

2 L v ]
€

55 @ PN ¢ i

[ 1 1 1 1 1 Y T VT T WA N TR SR SR WY ST AT T S T U T WY A N SN U Lo

Nb/Cu20 Nb/Cu50 Nb/Cu100 Nb/Cu200

Metal stack up
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in the Cu layer of all of the four samples at this temperature should be the same. Therefore,
the additional surface resistance seen in the thicker Cu samples can be attributed to the

non-proximitized electrons in the Cu layer.
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4.2 Embedded microstrip resonator on polyimide at cryogenic temperatures

4.2.1 Nb embedded microstrip resonator on polyimide at cryogenic tempera-

tures

Polyimide is widely used in multilayer structures as a thermal insulation layer, especially
at cryogenic temperatures [91H93|. There are several groups who have reported multi-layer
flexible circuits based-on polyimide dielectric and several of them focus on cryogenic appli-
cations, such as a filter [94]. But none have reported on superconducting flexible multi-layer
microwave structures.

We have successfully fabricated and characterized superconducting embedded microstrip
transmission line structures, which show the potential to build more complex multi-layer
structures. In this work, 25 cm long Nb embedded microstrip resonators were built and
characterized at cryogenic temperatures (below 4.2 K). We used a Kapton stencil to define
the UBM connection pad area when we spin on the top layer polyimide. By keeping the
spin speed the same as the bottom layer and cured at 350°C, it yields a top polyimide
(PI-2611) layer of ~10 um thick after a curing process. The bottom layer remained ~20
pum (two spin-on process, cured at 350°C Ny oven after each of the spin-on process) thick
as previous resonators. The cross section of this embedded sample, as well as the non-
embedded version, are shown in Figure {.13] The quality factor of non-embedded and
embedded resonator measurement results at different temperatures are shown in Figure
and respectively. For comparison, we plot Q)-factor measurement results of the
embedded and non-embedded Nb resonator on PI-2611 together, which is shown in Figure
. From the 1/@Q) vs. resonance frequencies plot, we find the embedded version shows more
loss (higher slope) at both 4.2 K and 1.2 K than the non-embedded version. For the 1.2 K
case, we observe that the non-embedded sample shows the "no-BCS” flat-line shape, while
the embedded sample shows BCS-related losses. There are two possible reasons that may

cause the lower )-factor in these embedded resonators. The first possible reason is the low
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Figure 4.13: Cross section of embedded and non-embedded Nb resonators on thin film poly-
imide.
temperature (225°C) cured polyimide film may have a different loss tangent value compare
to the normal temperature (350°C) cured films. Another possibility is that the Nb quality
degraded during the top polyimide curing process. Here, we suspect the reason for low @)
values in the embedded resonator is the Nb degradation. We will show results that this case
in a later section.

Similar tests were also carried out on a photo-definable polyimide (HD-4100). We used
a 25 cm long meander resonator to do this test, as well. For comparison, the bottom
layer polyimide was cured (350°C) at the same time for both embedded and non-embedded

versions. All of the Nb signal traces were deposited at the same time, as well as the bottom
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Figure 4.14: 1/Q vs. resonance frequencies of Nb non-embedded microstrip resonator on
PI-2611 at various temperatures.
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Figure 4.15: 1/Q vs. resonance frequencies of Nb embedded microstrip resonator on PI-2611
at various temperatures.
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Figure 4.16: 1/@Q) vs. resonance frequencies of embedded and non-embedded Nb microstrip
resonators on PI-2611 comparison at 4.2 K and 1.2 K.

ground plane, to prevent the Nb variation from different deposition runs. Both of the top
layer HD-4100 is cured (225°C, ~10 um) at the same time. In order to reduce the humidity
effects on the dielectric, all the samples were baked in a vacuum oven at 90°C for two hours
before measurement. Then we characterized these resonators in the pulse tube cryostat
from 4.2 K to 1.2 K. The Q-factor measurement results of a non-embedded and a embedded
Nb resonator on HD-4100 are shown in Figure and Figure Figure is the
comparison of the Q)-factor between non-embedded and embedded Nb resonators on HD-
4100. We can see the embedded version of Nb resonator on HD-4100 shows different level of
degradation at both 4.2 K and 1.2 K compare to the non-embedded Nb resonator. Further
more, we also prepare both embedded and non-embedded Nb resonator on low temperature
cured HD-4100 substrate (225°C, ~20 pm) for investigating whether the low temperature
cured HD-4100 will cause extra loss. In this case, we also keep the top polyimide layer
of the embedded version as ~10 um thick and cured at 225°C. The Q)-factor measurement

results of these non-embedded and embedded Nb resonator are shown in Figure [4.20| and
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Figure 4.17: 1/Q vs. resonance frequencies of non-embedded Nb resonator on 350°C cured
HD-4100 at various temperatures.

4.21] separately. The comparison result of these two resonators are shown in Figure [4.19]
We can see it shows the similar result as the resonators on 350°C cured HD-4100, which is
the Nb consistently shows degradation after a top polyimide layer curing process no matter

on which type of substrates.
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Figure 4.18: 1/@Q) vs. resonance frequencies of embedded Nb resonator on 350°C cured HD-
4100 at various temperatures.
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Figure 4.19: 1/Q vs. resonance frequencies of embedded Nb resonator on 350°C cured HD-
4100 measured at 4.2 K and 1.2 K.
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Figure 4.20: 1/Q vs. resonance frequencies of non-embedded Nb resonator on low tempera-
ture (225°C) cured HD-4100 substrate at various temperatures.
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Figure 4.21: 1/@Q) vs. resonance frequencies of embedded Nb resonator on low temperature
(225°C) cured HD-4100 substrate at various temperatures.

117



0.0012 —

V¥ 4.2 Knon-embedded | %
ﬁﬂﬁ

1.2 K non-embedded
B 4.2 Kembedded %
1.2 K embedded % +§
u

0.0008

T

1/Q
]
]
HH
.

0.0004
L]
v

0.0000 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12

Frequency(GHz)

Figure 4.22: 1/@Q) vs. resonance frequencies of embedded and non-embedded Nb microstrip
resonators on low temperature (225°C) cured HD-4100 comparison at 4.2 K and 1.2 K.
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4.2.2 Al/Nb/Al embedded microstrip resonator on polyimide

We observed in the previous section that bare Nb can be degraded when exposed to
a polyimide curing process to cure a top/embedding polyimide layer. In order to prevent
the Nb quality from degrading during the curing process of the top layer polyimide, we
investigated different metal cladding on Nb layer for protecting the Nb film. The result
shows a thin Al (20 nm) layer can efficiently protect Nb quality from degradation during
the curing process [95]. We also needed to determine the impact of the protective normal
metal layer on the conductor loss. Again, resonators are ideal structures for explaining these
effects.

Therefore, we fabricated non-embedded Nb/Al resonators on PI-2611 to quantify the
extra conductor loss caused by the Al layer. The Q-factor measurement results of this type
of resonator are shown in Figure |4.23] The comparison between non-embedded Nb resonator
and non-embedded Nb/Al resonator is shown in Figure[£.24] From the measurement results,
we observed the Al layer does cause some extra loss at higher temperatures (above 1.2 K).
But when the temperature reaches approximately 1.2 K, the Al capped Nb trace shows
comparable results of the Nb trace. The T, of Al is ~1.2 K so it make sense that the Al
layer begins to exhibit superconductivity at this temperature and exhibit lower loss.

Next, an embedded Nb/Al resonator on PI-2611 was fabricated to test whether the Al
can protect the Nb layer in order to obtain a higher () compare to an unprotected Nb em-
bedded resonator. The thickness of the protective Al layer was 20 nm and the top polyimide
layer was kept it at ~10 pm, which is the same as all the other embedded resonators. The
cross section of this type of resonator, as well as the non-embedded version, are shown in
Figure . The @Q-factor measurement results of this embedded Nb/Al resonator on PI-
2611 are shown in Figure [4.26] This result shows a higher @-factor than the embedded Nb
resonator but still doesn’t show as high as the non-embedded version.

We proceeded under the assumption that the Nb quality was degrading during the top

polyimide layer curing process and the Al layer keeps this degradation from happening. For
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Figure 4.23: 1/@Q) vs. resonance frequencies of non-embedded Nb/Al resonator on PI-2611
measured at various temperatures.
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Figure 4.24: 1/@Q vs. resonance frequencies of non-embedded Nb/Al and Nb resonators on
PI-2611 comparison at 4.2 K and 1.2 K.
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Figure 4.25: Cross section of embedded and non-embedded Nb/Al resonators on thin film
polyimide.
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Figure 4.26: 1/@Q) vs. resonance frequencies of embedded Nb/Al resonator on PI-2611 mea-
sured at various temperatures.

the Nb/Al case, even though we protected the top surface of the Nb film by adding a thin Al
layer, the bottom surface of the Nb film is still directly in contact to the bottom polyimide
layer, and is still potentially being degraded during the top layer polyimide process.
Therefore, an Al/Nb/Al structure was considered for the signal layer metal stack up.
The cross section of this type of resonator, as well as the non-embedded version, are shown
in Figure [4.27] The quality factor measurement results of embedded Al/Nb/Al resontor on
PI-2611 are shown in Figure 4.28, From this plot, we can clearly see the Q-factor improved
comparing to other embedded resonators at 1.2 K. The summary results of all types of
embedded resonators with a different signal metal combination are shown in Figure [4.29]
There is a clear @) value improvement for the embedded Al/Nb/Al resonator compared
to other embedded resonators. This provides strong evidence that a thin Al layer, above
and below the Nb layer, can effectively protect the Nb signal layer from being degraded

during subsequent processing steps. This Al/Nb/Al sandwich metal structure is suitable
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Figure 4.27: Cross section of embedded and non-embedded Al/Nb/Al resonators on poly-
imide.
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Figure 4.28: 1/@Q vs. resonance frequencies of embedded Al/Nb/Al resonator on PI-2611
measured at various temperatures.
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Figure 4.29: 1/Q vs. resonance frequencies of embedded Al/Nb/Al, Nb/Al and Nb resonators
on PI-2611 comparison at 4.2 K and 1.2 K.
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Figure 4.30: 1/Q vs. resonance frequencies of embedded and non-embedded Al/Nb/Al res-
onator on HD-4100 comparison at 4.2 K and 1.2 K.
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Figure 4.31: 1/Q vs. resonance frequencies of embedded Al/Nb/Al Nb/Al and Nb embedded

resonators on HD-4100 comparison at 4.2 K and 1.2 K.

and potential to be useful for building more complex polyimide based multi-layer microwave

structures.
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Another photo-definable polyimide, HD-4100, was also investigated in this work. All of
the bottom layer polyimide (20 gm thick HD-4100, cured at 350°C) were prepared at the same
time. For comparison, we deposited Al/Nb/Al signal layer together for both embedded and
non-embedded resonators. In order to avoid normal metal causing extra conductor loss, we
chose Nb as ground side metal. The ground side Nb was also deposited at the same time for
all of these resonators. Furthermore, the top layer polyimide (225° cured HD-4100, ~10 pm),
on both embedded Nb and embedded Al/Nb/Al resonator, were all cured at the same time.
The comparison results of the embedded, non-embedded Al/Nb/Al resonator on HD-4100 are
shown in Figure [4.30, The summary results of embedded, non-embedded Nb resonator and
embedded, non-embedded Al/Nb/Al resonators are shown in Figure [£.31] In this figure, we
removed the error bar for clarification. We can clearly see at 1.2 K, the Al/Nb/Al embedded
and non-embedded resonators show comparable results. The Al/Nb/Al embedded resonator
shows slightly lower ) than the non-embedded version because the electrical field passes
through more dielectric volume than the non-embedded version. However, the embedded
Nb resonator shows much lower ) than the embedded Al/Nb/Al resonator, which provides
further evidence that the Nb quality of the signal layer gets degraded during the top layer

dielectric curing process and that Al can be a useful protection layer.
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Chapter 5

Conclusion

The results of this work indicate that superconductors such as Nb and NbN can only re-
alize superconductivity on selected substrates, especially non-crystalline flexible substrates,
such as Kapton polyimide. Based on our experimental results, we believe that surface rough-
ness of the substrate material could potentially be the reason we observed superconductivity
suppression of NbN films, especially for narrow line structures. The narrow lines that that we
defined were only 119 pm wide on Kapton by using traditional photolithography methods.
The patterned lines were the width that would be used in a microstrip resonator or line to
have a characteristic impedance of 50 2. These lines were as process monitors to measure
the transition temperature (7) of superconducting thin films. We studied various types of
commonly available Kapton, including EN, HN, and FN series. NbN and Nb narrow lines
consistently showed fully transition (R4 = 0 when T' < T,) on E-series (EN and Tab-E)
Kapton.

Therefore, we selected E-series Kapton with 2 mil thickness as our substrate material
for the fabrication of superconducting resonators. The purpose was to characterize the di-
electric properties of the E-series Kapton, which could then be used for flex cable fabrication.
Therefore, we purposefully built Cu and Nb resonators on these E-series Kapton to extract
the microwave dielectric information at cryogenic temperatures. We measured both types
of resonators at temperatures below 6 K and extracted a relative dielectric constant of 3.2
in the 2-10 GHz range, with loss tangents less than 0.001. The properties of these films are
important for designing microwave electronics and flexible interconnects based on Kapton.
These results show that Kapton has promising microwave properties that could potentially

be used in future cryogenic systems.
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In this work, we were also interested in characterizing the microwave properties of various
types of spin on polyimide films such as PI-2611 and HD-4100. We designed and fabricated
high quality factor Nb half-wavelength microstrip resonators. In order to characterize the
dielectric at various frequencies, different lengths of resonators were designed and fabricated.
Both types of polyimide films were measured in a pulse tube as free standing films with edge
launch connectors attached. For a 5 cm long resonator, we measured ()-factors that were in
excess of 13000 for PI-2611 and 17000 for HD-4100 at approximately 1 K. This shows that
the 20 pm polyimide (PI-2611 and HD-4100) thin films provide a loss tangent at 2 GHz of
less than 1.0x10~%. These results indicate that these materials can potentially be used as
substrate materials for future cryogenic microwave devices and cables.

We also studied the impact of humidity on the microwave performance of both types of
polyimide films at cryogenic temperatures. Here we reported the dielectric constant and loss
tangent changes of these thin film polyimide at cryogenic temperatures during the humidity-
recovery treatment. Superconducting Nb resonators were fabricated directly onto thin poly-
imide film and characterized at 1 to 4.2 K to extract the microwave properties changes. Both
of them show increasing dielectric loss during the humidity treatment, while this effect can
be eliminated after a bake out process. Both types of polyimide film shows the ability to
recover after a bake out treatment. PI-2611 dielectric constant exhibited greater sensitivity
to humidity exposure than the HD-4100 film.

In addition, to studying the dielectric sensitivity to humidity exposure, we also looked at
the impact of underlayer and cladding of Nb on microwave loss. We therefore focused on thin
Ti (10 nm, 50 nm) underlayer and also different thickness Cu (20 nm, 50 nm, 100 nm and 200
nm) as cladding layers. All of these different metal stack ups exhibited superconductivity at
relatively the same transition temperature of ~9 K. The quality factor measurement result
showed all the normal metal layer induce an additional conductor loss while these losses are
reduced significantly along with the decreasing temperature to a residual surface resistance

as expected for a superconductor in the Bardeen-Cooper-Schrieffer (BCS) theory [96]. Based
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on the experimental results, we found when this normal layer is thin enough below (50 nm),
it does not introduce significant metal loss at ~1 K.

In order to build multilayer structures such as stripline in the future, we also built
embedded microstrip lines on these dielectrics. The experimental results indicate the Nb
film quality is degraded and superconductivity is lost at high curing temperatures. In order
to finish the curing process on top of the Nb layer, we chose a lower curing temperature
(225°C) process. We were able to successfully build embedded superconducting microstrip
transmission resonators based on a low-temperature curing process. While the results show
the Nb thin film quality still is degraded even after the curing temperature of the top poly-
imide layer was lowered. Here we then proposed a solution by using Al/Nb/Al encapsulation
metal structure instead of Nb only to build this embedded structure. The result shows the
both Al layer (20 nm) protects the Nb quality against degradation during the curing process.
Even though the Al layer introduces conductor loss at a higher temperature range (above

1.2 K), the conductor loss decreases significantly when the temperature is below 1.2 K.
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Chapter 6

Future work

Superconducting resonators can provide accurate loss tangent information of a dielectric
at various cryogenic temperatures. There are several dielectrics that are commonly used
in device packaging that may provide improved microwave and mechanical properties at
cryogenic temperatures. Therefore, superconducting resonators could be fabricated and
measured in a similar fashion to the work presented.

There were several issues that were discussed in this dissertation that would need to
be explored further. First, we mentioned measurements of narrow (120 pym) Nb lines that
exhibited superconductivity on E-series Kapton, but not on other types of Kapton. We
suspected the surface defects on the other types of Kapton prevented the Nb from becoming
superconducting. It would be useful to undertake a comprehensive study of the Kapton
surface (optical microscopy, AFM and SEM) to determine the types of defects that can
cause the superconductivity suppression. The result of this study would provide a framework
for selecting similar types of dielectric films. Second issue we observed, was an abnormal
second harmonic (lower Q than expected) when we measured superconducting resonators
on polyimide films, at present we have not determined the root cause. We suspect the
second harmonic abnormality is related to the humidity level of the sample or the location
of the sample in the measurement chamber. To understand the reason we observed a second
harmonic decrease in Q, would allow us to either improve our measurement system or how
we interfaced to the sample.

We also demonstrated embedded microstrip resonators that showed promising results.
Therefore a logical next-step would be to build multi-layer superconducting microwave struc-

tures. The benefit of developing fully enclosed microwave structure includes providing better
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protection to superconductor from the environment and handling. In our current work, we
successfully built embedded microstrip resonators by using low temperature (225°C) cured
polyimide with an Al/Nb/Al sandwich structure that kept the Nb quality from degrading.
A multi-layer structure such as stripline structure, would require corresponding stripline res-
onator to characterize the effective dielectric constant as well as the dielectric loss. Although
for stripline, vias will be required to route the ground plane and signal line to the top most di-
electric layer. Vias introduce significant fabrication challenges, but first steps should involve
using normal-conductor vias and then proceed to a fully-superconducting stripline, therefore
paving the way for integrating other microwave structures in-situ such as attenuators.
Another area that may require improvement, is the method we make connections to
our flex cables. Development of a suitable cryogenic microwave packaging fixture, where
a flex cable could be easily mounted and measured repeatedly would save significant time
in assembly and testing. Currently, we use edge launch SMA connectors and solder to the
microstrip resonators directly. The assembling process causes a lot of variation from both
the soldering process and handling aspect. Currently, the SMA connector we have used are
heavy, which can potentially cause damage to our thin samples. If we can replace the edge
launch connector by a fixed package case such as the one shown in Figure[6.1] we could easily
replace the sample when we need to measure it, this would simplify the assembling process.
Furthermore, these package fixtures can potentially be used to measure longer transmission
line structure such as a one-meter long microstrip line by including a fixture at the end of
each cable. At last, wire bonding will allow more narrow traces in the design. Currently, our
narrowest connection pad is 120 pm wide for soldering, which introduces significant mismatch

and hinders the microwave performance especially in our transmission line designs.
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Figure 6.1: The UCSB von Neumann quantum computer. Measurement package for res-
onators and superconducting qubits. This is adapted from .
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Appendix A

Fabrication travelers

In this chapter, the fabrication process is described in greater detail. Each step is

outlined with the appropriate step (e.g. bake, spin-on, etc.).
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