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Abstract

The future of superconducting and cryogenic electronic systems depends on densely

integrated superconducting multi-layer and multi-signal flexible cables due to the massive

number of electrical interconnects needed in systems such as superconducting quantum com-

puters and detector arrays. Flexible superconducting cables, based on Nb and polyimide

(PI), in a microstrip and stripline transmission line configuration is demonstrated in this

work. In addition to providing useful mechanical and electrical properties, polyimide also

offers low thermal leakage and is amenable to multi-layer fabrication, which are important

considerations for electrical interconnects in densely-integrated cryogenic electronics systems.

In order to maintain superconductivity in niobium (Nb) thin films, film stress and

degradation must be minimized. In a stripline configuration with embedded traces, the

superconductor material will be subjected to subsequent fabrication steps; these must not

degrade the properties of the superconductor. We observed degradation in the superconduct-

ing properties of Nb, such as reduction of both superconducting transition temperature and

critical current, as a result of curing a polyimide passivation layer at supplier recommended

curing temperature (350 ◦C). This deterioration in the superconducting properties may be

due to the diffusion of hydrogen or oxygen into Nb during the curing process

We have investigated multiple material stack-ups to protect Nb-based superconducting

thin film flexible cables. We show that curing polymers above a certain temperature on top

of a Nb layer can adversely affect the superconducting properties including superconducting

transition temperature (Tc) and critical current (Ic). Multiple barrier materials have been

explored: metals such as Al, Cr and Ta, alternative polymer layers such as Asahi Glass

AL-X2010. Metal barrier layers may be viable options for potential use in superconducting

flexible cables for high frequency use, provided they do not unduly degrade the high frequency
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signal propagation due to microwave skin effects or proximity effects. We used nominal curing

temperatures of 350 ◦C for PI-2611 and 190 ◦C for AL-X2010. Different thicknesses of metal

barrier layers (in the range of 10’s of nm) and multiple metal stack-ups have been fabricated

and tested. Atomic layer deposition (ALD) deposited Al2O3 was also investigated as an

alternate barrier layer to protect Nb superconductivity at elevated temperatures.

By varying the Ar pressure and applied power during sputter deposition, we have pro-

duced both tensile and compressive films in order to find the pressure that yields a near

zero stress Nb and Nb/Al thin film. A low stress Nb film was tested with a thin Al barrier

layer (of the order of 10’s of nm) between Nb and polyimide on both sides (top and bottom)

to preserve Nb superconductivity during the curing step in order to overcome the observed

degradation effects.

We have designed, fabricated and characterized a fully-shielded stripline structure, with

bottom ground – middle signal – top ground configuration, and we report on these efforts

here. The stripline fabrication process incorporates thin layers of Al between the Nb and

PI, which serves as barrier layers, to protect the Nb superconductivity during the PI curing

step. 20 µm thick layers of photo-definable PI (HD-4110), 250 nm thick layers of Nb, 20

nm thick Al layers and an electroplated Cu via process, were used for this work. 25 cm

long, 3-metal layer stack-up (i.e., ground-signal-ground) stripline transmission lines were

fabricated with a line width of 24 µm, yielding a characteristic impedance of ∼ 50 Ω. We

also fabricated stripline resonators, with a length of 13 cm, following the same fabrication

process as stripline transmission line, in order to provide a sensitive measurement of the loss

of the stripline structures. Both transmission lines and resonators were encapsulated with 4

µm thick HD-4100 to enhance the mechanical reliability and robustness of the cables.

In order to better design and optimize various types of low loss superconducting flexible

transmission line cables, we have explored multiple techniques to separate the conductor and

dielectric losses using weakly-coupled SC embedded microstrip transmission line resonators.
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The high-quality factor resonators provide sensitive measurements of the aggregate loss prop-

erties of the conductor and dielectric, as functions of frequency and temperature. Different

resonator structures were investigated such as embedded, non-embedded and embedded with

a barrier layer of Al2O3. One of the techniques included the measurement of quality factor

(Ql) for each resonator case after being exposed to elevated temperatures: 225 ◦C, 250 ◦C

and 275 ◦C. The impact of temperature on the overall resonator internal loss was studied, in

order to better characterize and separate the dielectric loss and conductor loss. The other

technique involved the use of external magnetic field to suppress the superconductivity and

thereby reducing the conductor loss. Different intensities of magnetic field were applied to

find the the reduction in Tc of the resontor. Surface resistance analysis was performed on the

different resonator structures mentioned previously. Residual resistance and BCS resistance

were extracted using the temperature dependence of surface resistance for each resonator.

The results of this work are important for understanding loss and transmission properties of

similarly designed and fabricated transmission line interconnects.

The data presented in this paper provides design guidance for constructing low-loss,

flexible thin-film superconducting interconnects using transmission line configurations. It

also provides a solution to robust, multi-layer interconnects, with enhanced shielding and

low cross-talk for use in future cryogenic electronics systems.
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Chapter 1

Introduction

1.1 Background and Motivation

In cryogenic systems such as dilution refrigerators, a large number of semi-rigid coaxial ca-

bles are used in order to route many RF and microwave signals. These coaxial cables not

only add to the thermal load but also causes thermal leaks between various temperature

stages. There is a need for densely-integrated SC interconnect technology with high density,

low transmission loss, low thermal leakage, and, preferably, electromagnetic (EM) shielding

with low cross-talk. These interconnects are expected to find use in cryogenic electronics

systems, such as densely-integrated computing systems, where a large number of intercon-

nects is necessary along with consideration of thermal leakage between temperature stages

(i.e., between 77 K and 4 K or between 4 K and 100 mK).

In this work, we present high-density and low thermal leakage cables with low cross-

section and wider bandwidth. This was achieved by fabricating and characterizing thin-film

superconducting flexible cables with controlled impedance on a low-loss dielectric substrate.

In order to protect Nb in a multi-layer superconducting flexible cable configuration, we

developed multiple solutions to protect Nb from degradation caused by curing polyimide on

top of Nb as elevated temperatures. Low curing temperatures for polymers were explored as

alternate solutions to preserve Nb superconductivity. A fully-shielded stripline process, with

bottom ground – middle signal – top ground configuration was fabricated to provide better

electromagnetic shielding and low cross talk. In order to cancel the impedance mismatch

from the connection pads, microstrip transmission lines were fabricated with varying anti-pad

size in the ground plane.
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To better design and optimize various types of low loss superconducting flexible trans-

mission lines, weakly-coupled SC embedded microstrip transmission lines resonators with

different configurations were fabricated and characterized to differentiate conductor and di-

electric loss.

1.2 Superconductivity

A Superconductor is an element, alloy or compound in which the electrical resistance drops to

zero when the temperature is reduced below a critical value, known as the superconducting

transition temperature (Tc) [14]. Unlike other materials in which the resistance show a

gradual decrease but does not vanish, in superconductors the resistance is absolute zero

as shown in Fig. 1.1. This abrupt drop in resistance is well explained by BCS theory

developed by John Bardeen, Leon Cooper and Robert Schrieffer to understand the behavior

of superconducting material.

Figure 1.1. Graphical representation of normal metals and superconductors. Adapted from [1].

Superconductors can be classified into various types:

1) Type 1 and type 2 superconductors:

Superconductors are divided into type 1 and type 2 superconductors based on how they

behave in the presence of magnetic field. Type 1 usually comprise of pure metals (as shown

in Fig. 1.3) which exhibit zero resistivity at low temperatures and are capable of completely
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excluding magnetic fields from the interior of superconductors. Type 2 superconductors are

usually alloys that have much higher critical current and therefore can carry much higher

current densities while still being in a superconducting state. Unlike type 1 superconductor,

type 2 superconductor show partial magnetic field expulsion at an intermediate magnetic field

strength and show a gradual decrease magnetic field expulsion with increasing magnetic field

strength before tuning into a normal conductor (shown in Fig. 1.2).

Figure 1.2. Image showing the magnetic phase diagram of type 1 and type 2 superconductors.
Adapted from [2]

2) Conventional and unconventional superconductors:

The behavior of conventional superconductors can be explained using BCS theory

whereas unconventional superconductors cannot be explained by BCS or related theories.

3) Low temperature and high temperature superconductors:

Elements with superconducting transition temperature below 30 K are known as low

temperature superconductor (LTS) and the elements with superconducting transition tem-

perature above 30 K are known as high temperature superconductor (HTS).
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Figure 1.3. Periodic table indicating the superconducting elements. Adapted from [3].

One of the main advantage of using superconductor to transmit microwave signal is its

ability to provide low ohmic losses which allows for extremely high efficiency signal transmis-

sion. Our goal is to build high density, low thermal leakage cables with small cross section on

flexible substrate therefore we designed, fabricated and characterized thin-film transmission

lines in microstrip and stripline configurations, as shown in Fig. 1.4.

Figure 1.4. Cross-section image of microstrip (left) and stripline (right) structures. Adapted from [4].

1.3 BCS Theory

BCS theory was formulated by John Bardeen, Leon N. Cooper and John R. Schrieffer in 1957

to understand the behavior of superconductors at low temperatures. A key aspect of the

theory is pairing of electrons into cooper pairs through slight attraction of electrons related
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to lattice vibrations. According to the BCS theory, when a negative charged electron (which

act as fermions, due to half integer spin) interact with lattice, it causes vibrations in the

lattice structure which leads to emission of phonon. As a result of these vibrations an excess

of positive charge ions draws towards the electron. This excess charge attracts the second

electron, which absorbs the phonon emitted by the first electron. This interaction of two

electrons binds them into a Cooper pairs as shown in Fig. 1.5. Essentially, Cooper pair is

a combination of two electrons (that behaves like Bosons and condense into a ground state

energy level) with opposite spin and momenta. These Cooper pairs offer no resistance to the

flow of the current.

Figure 1.5. Image showing the electron-phonon interaction leading to formation of cooper pairs.
Adapted from [5].

1.4 Two Fluid Model

Two fluid model is a very useful model to help us understand the behaviors of superconduc-

tors at nonzero temperatures. The electron in a normal metal behaves like free electrons

(quasiparticles) in a normal metal i.e. each electron can move independently under the in-

fluence of an electric field E, whereas in a superconductor, the electrons are bound together

in Cooper pairs. At a certain temperature, T which lies in between absolute 0 and Tc, there

will be a mixture of super electrons (Cooper pairs), ns and normal electrons (quasi-particles),

nn.
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nn(T ) + ns(T ) = n (1.1)

We know from BCS theory that Cooper pairs behaves like Bosons and condense into

lowest energy level, thereby creating an energy gap of 2 ∆ between Cooper pairs (superelec-

trons) and quasi-particles (normal electrons). The two fluid model realizes superconductors

as two parallel channels consisting of quasi-particles and cooper pairs (as shown in Fig. ??)

at non-zero temperatures. The quasi-particles are represented by the resistor and the Cooper

pairs are represented by the inductor.

Figure 1.6. BCS energy gap for density of cooper pairs and quasi-particles and two-fluid circuit
model for superconductor. Adapted by [6]

.

In the case of DC, the inductor channel acts as a short, as a result all the current

flows through the shorted superfluid channel thereby producing no DC resistance. At low

frequencies, most of the current goes through the inductor and some of the current goes

through the resistor. At high frequencies, the impedance of the inductor increases and most

of the current goes through the resistor channel, which leads to dissipation of energy and

breaks Cooper pairs into individual electrons.

Below is the derivation for temperature dependence of nn and ns. London penetration

depth (denoted by λL) represents the distance at which the magnetic field decays in a su-

perconductor. This penetration is governed by the density of ns. When the superconductor
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is cooled below Tc, critical magnetic field gradually increases leading to decrease in the pen-

etration depth. However, when the superconductor is warmed above Tc, critical magnetic

field drops to 0, leading to a maximum penetration depth in the superconductor. London

penetration depth is expressed as:

λL =

√
m

µ0nse2
(1.2)

At a temperature below Tc, Eq. 1.2 can be written as:

λ(T ) =

√
m

µ0ns(T )e2
(1.3)

At T = 0, ns = n whereas nn = 0. So Eq. 1.3 can be modified as:

λ(0) =

√
m

µ0ne2
(1.4)

Hence we can write:

ns

n
=

[
λ(0)

λ(T )

]2

(1.5)

The temperature dependence London penetration depth can be expressed as [7]:

λ(T ) = λ(0)

[
1−

(
T

Tc

)4
]−1/2

(1.6)

Using Eq. 1.5 in 1.6, we get:

ns ≈ n

[
1−

(
T

Tc

)4
]

(1.7)

Substituting Eq. 1.7 in 1.1 we get:

nn ≈ n

(
T

Tc

)4

(1.8)
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Figure 1.7. ns vs. temperature as shown in Eq. 1.7. Adapted from [7].

Both nn and ns are temperature dependent. Fig.1.7 shows ns as a function of temper-

ature based on the Eq. 1.7. Eq. 1.8 can be used to estimate the density of super-electrons.

1.5 Superconducting Material Selection: Nb

The key reasons to use Nb was the availability of this material and the deposition system in

our fabrication facilities. Nb is a conventional type 2 superconductor and is widely used as a

building block in many superconductor applications such as high power accelerator magnets,

magnetic resonance imaging, superconducting generators etc. Nb based alloys such as NbTi

and Nb3Sn form the basis of large number of cryogenic cable applications. Nb also offers

high thermal conductivity and high melting point (∼ 2500 ◦C). All these qualities make Nb

a promising material for use in this study. Nb could be deposited by electron beam physical

vapor deposition (EBPVD) or by sputter deposition. In this work we have deposited Nb

using a CHA Mark 50 deposition system (shown in Fig. 1.8).
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Figure 1.8. CHA Mark 50 metal deposition system.

250 nm thick Nb was used in this work. Nb was deposited using a DC sputter for 30

minutes at an Argon (Ar) pressure of 4 mTorr. The purity of the Nb sputter target used in

this work was 99.999%. A vacuum base pressure below 3×10−7 Torr was obtained prior to

depositing the Nb followed by a Ti evaporation and gettering step, which gave repeatable

Nb properties for different samples. A witness sample, 1 cm × 1 cm Si die with SiO2, was

used to measure the Tc of unpatterned thin film of Nb for this work to ensure good Nb film

quality. Typical Tc’s in the range of 8.5 K to 9 K were obtained for various Nb depositions

performed in this work.
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1.6 Literature Review of Work on Superconducting Flexible Cables and Nb

Degradation

Thin film Nb is widely used as a superconducting layer in superconducting electronics (SCE)

integrated devices and circuits. Bruijn et al. have described a fabrication process for super-

conducting, flexible and demountable connector to a kilo-pixel transition edge sensor (shown

in Fig. 1.9. The connector part used in this work was made from Nb which retained it su-

perconducting properties and was compatible with the flexible polyimide material processing

steps. 400 nm thick SiO2 buffer layers were used in this work to prevent degradation of Nb.

An extra protection to Nb layer from oxidation was provided by using thin tantalum (Ta)

layers (as shown in Fig. 1.10). Nb layers are protected against oxidation by thin Ta layers.

The connectors were attached to LC filter using a gold (Au) bumping process with under

bump metallization of Ti/Au.

Figure 1.9. Nb based flexible connector attached to LC-filter by a bump array. Adapted from [8].
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Figure 1.10. Schematic representation of the lithographic fabrication process for the connector,
including interfaces with LC filter- and detector-chips. Adapted from [8].

Fig 1.11 shows superconducting transition temperature of two flexible connectors with

different trace width of 10 µm and 14 µm. Both Nb connectors achieved superconducting

transition temperature of ∼ 7 K.

Figure 1.11. Resistance vs. temperature measurement measurement of Nb-based traces across the
flexible connector. Track with highest Tc: 14 µm wide bottom line. Track with lowest Tc: 10 µm
wide upper line. Adapted from [8].
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Weers et al. have characterized and fabricated Nb flexible cable on Pyralin PI-2611

polyimide substrate suitable for sub-kelvin temperature [9]. Fig 1.12 shows the stack of the

Nb flexible cables with titanium (Ti) as an adhesion layer. They also fabricated samples

in which an additional Ti layer was used on top of Nb to provide protection from PI-2611

curing at 350 ◦C.

Figure 1.12. Schematic representation of the layer build-up of the flex cable (left) and solder pads
(right). Adapted from [9].

Fig. 1.14 shows the transition of a Ti/Nb/Ti flex cable, 25 µm track width which had

an RRR of 5. The measurement shows 2 transitions, the first close to the superconducting

transition temperature of bulk Nb, the second ∼ 7.8 K. The second transition is for only a

fraction of the total resistance, possibly related to the SnPb soldered contact areas.
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Figure 1.13. Superconducting transition of a Ti/Nb/Ti flex cable, 25 µm track width. Adapted
from [9].

In this work, they have also demonstrated a reflow process to solder these flexes directly

to PCB’s using reflow soldering process (shown in Fig. 1.14)

Figure 1.14. Nb flex cable mounted using solder interconnect onto a PCB. Adapted from [9].

The thermal conductivity of Nb on PI-2611 flex cable was measured in the region of 150

mK to 9 K using the setup shown in Fig. 1.15. The upper PCB is thermally anchored to

the cold finger of an insertable probe. The bottom PCB is thermally decoupled and includes
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a heater. Two RuO2 SMD resistor thermometers are used to monitor the temperatures T1

and T2 of both PCB’s.

Figure 1.15. Experimental setup used to measure the thermal conductivity of the flex cable. Adapted
from [9].
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Chapter 2

Multiple Ways to Preserve Nb Superconductivity in Thin-Film Superconducting Flexible

Cables

In this we section we show multiple ways to protect superconductivity of Nb. Details of

the fabrication processes, experimental procedures and performance results are presented in

order to provide insight into possible material stack-ups for producing multi-layer Nb-based

superconducting flexible cables.

2.1 Preserving Nb Superconductivity by Curing Polymers at Low Tempera-

tures

In this section we have shown that curing polymers above a certain temperature on top of a

Nb can adversely affect the superconducting properties including superconducting transition

temperature (Tc) and critical current (Ic). We observed a loss in conductivity when polymers

were cured on top of Nb at elevated temperatures. Most of the polymers are cured above

250 ◦C, beyond which the diffusion into the Nb increases and leads to degradation of Nb.

Three different polymers: PI-2611, HD-4110 and PI-255 were used in this test.

2.1.1 Low Temperature Curing Tests Using PI-2611 Polyimide

Some of the major benefits of using PI-2611 are low stress, low coefficient of thermal ex-

pansion (CTE), low moisture uptake and high modulus for microelectronic application. An

aminosilane based adhesion promoter VM-652 was used prior to coating PI-2611 on silicon

substrates to improve adhesion. The standard curing temperature for PI-2611 is 350 ◦C.

Multiple samples were measured in order to counter the yield issue and to reproduce the
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results. Fig 2.1 shows resistance vs. temperature measurement results showing supercon-

ducting transition temperatures for one sample, with and without PI-2611 cured at different

temperatures (lower than 350 ◦C). Minimal degradation in the Tc was seen when the sample

was subjected to a curing temperature of 225 ◦C. However the degradation in Tc is evident

when the curing temperature is increased in intervals of 10 ◦C.

Figure 2.1. Resistance vs. temperature measurement for PI-2611 coated sample cured at different
temperatures for one sample.

Fig. 2.2 shows similar trends for another sample and corresponding subsequently-

processed versions, which were fabricated and measured in the same way as previous sample.

This serves to demonstrate that 225 ◦C can be used as an alternate curing temperature for

PI-2611.
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Figure 2.2. Plot of normalized resistance vs. temperature measurement for PI-2611 coated sample
cured at different temperatures for a different sample.

Fig 2.3 presents superconducting transition temperature plot of Nb with 20 nm Al

capping layers for two independent fabrication runs, before and after over-coating with cured

PI-2611 cured at 225 ◦C. It can be seen that both runs have nearly identical before-and-after

Tc values, thereby indicating run-to-run reproducibility and repeatability.
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Figure 2.3. Plot of normalized resistance vs. temperature measurement of samples with PI-2611
cured at 225 ◦C on Nb/Al(20 nm).

2.1.2 Low Temperature Curing Tests Using HD-4110 Polyimide

The photo-definable capability as a spin-on polyimide makes HD-4110 a promising material

for various micro-electronic applications. The primary reason for using HD-4100 is that

its photo-definable. HD-4100 is an excellent stress buffer and has numerous applications

in packaging and flip chip bonding. It is also used to prevent cracking and provide good

adhesion to underfill and under bump metallization (UBM) processing steps. The standard

curing temperature of HD-4100 is 375 ◦C. Similar to the case for PI-2611 polyimide, HD-4110

was spun-on and cured at 225 ◦C on top of Nb. Fig 2.4 shows the superconducting transition

temperature of Nb over-coated with HD-4100 cured at 225 ◦C. An abrupt transition at ∼

8.8 K from normal state to superconducting state can be observed, which indicated that Nb

retained its superconducting properties.
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Figure 2.4. Plot of normalized resistance vs. temperature measurement of samples with HD-4110
cured at 225 ◦C on Nb.

2.1.3 Low Temperature Curing Tests Using PI-2555 Polyimide

PI-2555 is another alternate polymer option from the polyimide family. The key advantage

of using PI-255 is its ability to imidize faster at lower temperatures which makes it a good

contender for substrates with low temperature tolerance. The curing temperature for PI-2555

is 200 ◦C. Its most common applications include stress buffer and as inner layer dielectrics

over low temperature substrates. Fig 2.5 shows resistance vs. temperature plots for Nb with

and without the overcoat of PI-2555. It can be seen that Tc values are nearly identical for

both samples, this indicating run-to-run repeatability.
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Figure 2.5. Plot of normalized resistance vs. temperature measurement of Nb samples with and
without PI-2555 cured at 200 ◦C.

Fig 2.6 shows resistance vs. temperature plots for Nb with a capping layer of 20 nm

thick Al, with and without PI-2555 on two samples. Similar Tc results as shown in Fig 2.5

were observed before and after curing PI-2555 on top at 200 ◦C for multiple samples.
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Figure 2.6. Plot of normalized resistance vs. temperature measurement of Nb/Al (20 nm) samples
with and without PI-2555 cured at 200 ◦C.

2.2 Barrier Layers to Protect Nb Superconductivity in Thin Film Supercon-

ducting Flexible Cables

In this section we focus on ways to preserve the superconducting properties of Nb thin films

for flexible superconducting cables. Polyimide is a promising material for flexible substrates

and for embedding superconducting traces. Van Weers et al. [9] and Bruijn et al. [8] have

fabricated and characterized the superconducting properties of thin Nb films deposited on

and embedded within thin-film polyimide layers, using various protective layers such as

Ti, Ta, and SiO2. They reported significant reductions in the superconducting transition

temperature (Tc) of Nb when subjected to a 350 ◦C polyimide curing cycle, which they

attributed to thermal stress. We have fabricated similar structures and observed similar

reductions in Tc following curing of an encapsulating polyimide overcoat. We speculate

that, in addition to imposing thermal strains, curing the polyimide layer above a certain
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temperature leads to diffusion of oxygen, hydrogen, or other degrading materials into the

thin Nb films and lines. In an effort to solve this problem, we have studied the effects of

metallic capping layers of Al, Cr, and Ta. Additionally, an alternate polymer overcoat (AL-X

2010) was investigated.

2.2.1 Fabrication Process

Since this work is directed at creating embedded superconducting traces, we studied 50

µm wide patterned lines, as opposed to blanket films. The lines had larger probe pads

on each end in order to facilitate measurements. The different metals were deposited in a

vacuum system capable of both sputter deposition and electron-beam thermal evaporation.

All of the tested substrates started as oxidized silicon wafers, onto which 250 nm of Nb

was sputter-deposited (DC sputter for 30 minutes in 6.1 mTorr of argon at 1KW). Vacuum

base pressures of ∼ 3×10−7 Torr were attained prior to depositing the Nb, which gave fairly

repeatable Nb properties. The capping layer (if any) was then e-beam evaporated without

breaking vacuum. After patterning of the conductor traces using a lift-off process, a 10 µm

layer of PI-2611 (HD Microsystems) was spin-coated over the test structures and oven-cured

at 350 ◦C in N2 for one hour. As an alternative to PI-2611, 12 µm of Asahi Glass AL-X2010

was deposited on another set of test structures by spin-coating and oven-curing at 190 ◦C

in N2 for two hours. Fig. 2.7 shows an image of a fabricated 50 µm wide line (Nb with an

Al capping layer) taken with an optical microscope. The left side of the image is where the

line meets the probe pads.
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Figure 2.7. Optical image of a fabricated 50 µm wide line with metal stack of Nb (250 nm)/Al (10
nm). A portion of a test probe pad is visible on the left side of the image.

2.2.2 Measurement Setup

Superconducting transition temperature measurements were carried out in a pulse-tube cryo-

stat (shown in Fig. 2.8) with temperature control from ∼ 1.2 K and up. For each of these

systems, the sample is mounted onto a sample holder using a 4-point probe PCB (shown

in Fig. 2.9) in order to achieve accurate resistance measurements. Applied currents were

maintained below the critical currents of the superconducting films.
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Figure 2.8. Pulse-tube cryostat.

Figure 2.9. PCB mounted onto a Cu sample holder for making 4-point probe resistance measure-
ments low temperatures.
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2.2.3 Results and Discussion

Wemeasured the superconducting transition temperature of the 50 µmNb lines with different

metal capping layers of Al, Cr and Ta, which were deposited by electron-beam thermal

evaporation. Different capping thicknesses were tested, in the range 10 to 50 nm. We

desired to use as thin of a capping layer as possible in order to minimize the impact of the

capping layer on the superconducting properties of the underlying Nb. We present results for

a comparison of superconducting transition temperatures for Nb lines with various metallic

capping layers, with and without different cured polymer layers. In order to better analyze

the differences between various layer stacks, the normal-state resistance is normalized to

unity in these plots. In Fig. 2.10 we present results for the various capping layers on top of

Nb with no polymer overcoat. All of the metal capping layers tested in this section exhibited

a fairly abrupt transition from normal to superconducting. Among the capping layers, 10

nm of Cr and 20 nm of Al exhibited the highest Tc values. Following these measurements,

we coated 10 µm of PI-2611 on top of the capped samples, cured them at 350 ◦C in N2, and

re-measured Tc (Fig. 2.11). Most of the samples showed significant degradation in Tc, which

would be unacceptable for applications such as Josephson logic that are intended to operate

at or near 4.2 K. Nonetheless, the 20 nm Al capping layer retained a relatively high Tc ( 8.5 K,

only 0.7 K less than for bulk Nb). Fig. 2.12 shows results for a similar set of test structures

with 12 µm of AL-X2010 (instead of PI-2611) deposited and cured on top of the capping

layers. We can see that, except for 50 nm of Ta, the Tc of all the capping layers exhibited

minimal degradation. This is possibly due to the 190°C curing temperature of AL-X2010,

which is lower than the 350 ◦C used for PI-2611. Based on these results, additional samples

were fabricated and tested to check the reproducibility of the superconducting transition

temperature of the 20 nm Al capping layer on 250 nm Nb after high temperature curing of

PI-2611.
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Figure 2.10. Plot of normalized resistance vs. temperature measurement of different types and
thicknesses of metallic capping layers with no polymer overcoat.

Figure 2.11. Plot of normalized resistance vs. temperature measurement after over-coating metal
lines with 10 µm of PI-2611 cured at 350 ◦C.

26



Figure 2.12. Plot of normalized resistance vs. temperature measurement after over-coating metal
lines with 12 µm of AL-X2010 cured at 190 ◦C.

Figure 2.13. Plot of normalized resistance vs. temperature measurement of two independent depo-
sitions of 250 nm Nb traces capped with 20 nm Al before applying polyimide.
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Figure 2.14. Plot of normalized resistance vs. temperature measurement of 250 nm Nb traces
capped with 20 nm Al after over-coating with 10 µm of PI-2611 and curing at 350 ◦C.

Fig. 2.13 and Fig. 2.14 presents a comparison of Nb lines with 20 nm Al capping layers

for two independent fabrication runs, before and after over-coating with cured PI-2611. It

can be seen that both runs have nearly identical before-and-after Tc values of approximately

8.5 K, thereby indicating run-to-run reproducibility within this small set of samples.

The degradation of 50 µm wide, 250 nm thick Nb traces was substantially prevented by

using 20 nm of Al as a protective capping layer. The aluminum is possibly acting as some

combination of a diffusion barrier, an oxygen getter, and a strain buffer.

2.3 Atomic Layer Deposited Materials as Barrier Layers for Preservation of Nb

Superconductivity in Multilayered Thin-Film Structures

In this section, we present experimental results on using thin dielectric barrier layers, specif-

ically Al2O3 deposited by atomic layer deposition (ALD), to isolate and protect the Nb
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from the surrounding materials and sources of contamination, thereby reducing the degra-

dation of the superconducting properties of the Nb during subsequent fabrication steps at

temperatures greater than 250 ◦C.

ALD is a surface-controlled layer-by-layer process that results in the deposition of con-

formal thin films, one atomic layer at a time. Several groups have previously described and

characterized the growth of Al2O3 [15–20]. Proslier, et al. have used a thin uniform ALD

deposited Al2O3 protective layer with subsequent annealing at temperatures ranging from

250 ◦C to 500 ◦C in ultra-high vacuum (UHV) to remove the oxides from the inner wall of

Nb cavities and to diffuse oxygen into the bulk Nb [21]. Al2O3 deposited by ALD is dense,

stable and provides excellent dielectric passivation properties on metallic surfaces [22–24].

High quality Al2O3 layers can be deposited using thermal ALD at a relatively low process

temperature, below 250 ◦C. These qualities make Al2O3 a promising material to be used as a

protective layer to preserve Nb superconductivity. We note that our choice to use Al2O3 was

due to the above qualities in addition to the availability of this material and thermal ALD

system in our fabrication facilities. Other dielectric materials, such as TiO2, or alternating

stacks of similar dielectric materials, may provide equal or better results and are worth ex-

ploring. The incorporation of a barrier layer that protects the superconducting properties

of Nb can relax the need for the use of lower temperature fabrication processes and open up

possibilities for use of different processes or alternative (more desirable) materials.

In the past, we found that using a lower curing temperature (i.e., lower than the tem-

perature recommended by the manufacturer of HD-4110) of 225 ◦C can be used to protect

the superconductivity of Nb, although it is possible that the polyimide layer is not fully cur-

ing at the lower temperature, which could present mechanical robustness or stress concerns

during subsequent fabrication steps or during use [25]. In the next sections, we describe the

fabrication processes, measurement methods, setup and results.
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2.3.1 Fabrication Process

The test structures used in this section consisted of DC electrical measurement structures

with 50 µm wide patterned Nb lines, as opposed to blanket films, in order to represent

patterned conductor traces that one may find in an integrated superconducting electronics

circuit. The test structures also had larger probe pads on each end in order to facilitate four

point electrical measurements (shown in Fig. 2.17). Samples that incorporated Al2O3 had

the film deposited by means of thermal ALD at 200 ◦C using trimethylaluminum (TMA)

and H2O as precursors, in a system similar to a Veeco (previously Cambridge Nanotech or

Ultratech as shown in Fig. 2.15) Savannah thermal ALD system at a growth rate of 1.5

Å per cycle. TMA was pulsed first on the sample surface, the excess TMA that is not

chemisorbed by the surface is pumped out of the chamber using nitrogen, which acts as a

carrier and purge gas. The dissociative chemisorption of TMA forms AlCH3 on the surface

of the sample. The TMA pulse is followed by an H2O pulse, which reacts with the surface

CH3 to form CH4 as a reaction byproduct and results in a hydroxylated Al2O3 layer. Fig.

2.16 illustrates the whole deposition process for coating Al2O3 onto sample surface.
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Figure 2.15. Image of the thermal ALD system including the deposition chamber, pressure monitor,
precursors, valves and other electrical components.

Figure 2.16. Schematic showing the detailed step-by-step process for depositing one atomic layer of
Al2O3 on a substrate using the precursors (TMA and H2O).
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Figure 2.17. 50 µm wide Nb lines on Si substrate with pads on each side to make 4-point probe
measurement.

For each sample, 250 nm thick Nb was sputter-deposited (DC sputter for 30 minutes in 4

mTorr of Ar at 1 KW) and subsequently subjected to a conventional lift-off process to define

the Nb pattern [26]. The purity of the Nb sputter target used for deposition was 99.999%.

A vacuum base pressure below 3×10−7 Torr was obtained prior to depositing the Nb in our

CHA Mark 50 system with sufficient pumpdown followed by a Ti evaporation and gettering

step, which gave repeatable Nb properties for different samples. Nb films were deposited in

the same run for all the samples used in this work to allow more straightforward comparison

between samples subjected to different subsequent fabrication processes. A nominal thickness

of 250 nm (± 10 nm) was used for all samples. A witness sample, 1 cm × 1 cm Si die with

SiO2, was used to measure the Tc of an unpatterned thin film of Nb. The Tc and RRR of

the Nb on the witness sample were found to be ∼ 8.9 K and 3.60, respectively. Fig. 2.17

shows image of a diced Nb sample used in this section without PI and Al2O3 overcoat. For

samples that received subsequent processing, small Kapton tape “dots” were placed onto the

connection pad area, followed either by another layer of Al2O3 and/or polyimide, on top of

the Nb.

In order to compare the effect of Al2O3 as a protective barrier layer we fabricated

multiple stack ups: one comprised of bare Nb with no capping layer of Al2O3 (shown in

Fig. 2.18) and the other comprising barrier layers on both sides of Nb (shown in Fig. 2.19).
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Figure 2.18. Schematic cross-section of 250 nm Nb sputter deposited on bare Si (Sample 1(a)).

Figure 2.19. Schematic cross-section of 250 nm Nb sandwiched between two Al2O3 layers (Sample
2 (a)).

20 nm thick Al2O3 layers were used for this work. We began with somewhat thin barrier

layers, with the expectation that it would minimize the impact of the barrier layer on the

superconducting properties of the underlying Nb. After testing samples without a polyimide

topcoat, the same samples were then over-coated with a polyimide layer as shown in Fig.

2.20 and 2.21. It is important to note that the stacks-ups shown in Fig. 2.20 and 2.21 were

the same samples shown in Fig. 2.18 and 2.19 that were subjected to further processing,

thereby allowing a direct comparison and a determination of the impact of the subsequent

processing. The polyimide used in this work was HD-4110 from HD Microsystems. The

Kapton “dots” were removed before curing the top HD-4110, in order to create openings for

electrical contact.

We note that all the samples were kept in a nitrogen dry box desiccator during sub-

sequent fabrication steps to prevent oxidation of Nb surfaces. Nb was exposed to the lab

atmosphere and is expected to form native oxide, it has not been characterized in this section

but will be explored in our future experiments.

2.3.2 Measurement Methods and Setup

We measured superconducting superconducting transition temperatures (Tc) and critical

current (Ic) of multiple samples. The measurements were carried out in a pulse-tube based

closed cycle cryostat (Cryo Industries of America), with temperature control from ∼ 1.2
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Figure 2.20. Schematic cross-section of 250 nm Nb over-coated with 20 µm HD-4110 (Sample 1(b)).

Figure 2.21. Schematic cross-section of 250 nm Nb capped with Al2O3 and over-coated with HD-
4110 (Sample 2 (b)).

K and up. The temperature was measured using LakeShore 335 temperature controller.

Each sample was mounted onto a sample holder that allows 4-point probing of the test

structure, using pogo pins, in order to achieve accurate resistance measurements for samples

with a wide range of resistance values. Samples were measured in vacuum and the sample

holder was instrumented with temperature measurement diodes for accurate temperature

measurement. Critical current was measured using a Keithley 2400 source meter. A micro-

Ohm meter (Keysight 34420A) was used to measure the resistance values for determination

of superconducting transition temperature. Residual resistance ratio (RRR) was obtained

by taking the ratio of resistance at 300 K and at 4.2 K.

2.3.3 Results and Discussion

In this section we present results comparing the effectiveness of using Al2O3 as barrier layer to

protect thin and narrow Nb traces during elevated temperature polyimide curing processes.

Fig. 2.22 presents results of normalized trace resistance vs. sample temperature mea-

surements showing superconducting transition temperature for Nb lines with and without a

cured HD-4110 layer on top of the Nb (Samples 1(a) and 1(b) shown in Fig. 2.18 and 2.20).

The transition from normal to superconducting state of the Nb as temperature was reduced

exhibited a fairly abrupt transition, as can be seen from Fig. 2.22 for the sample without
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Figure 2.22. Plot of normalized resistance vs. temperature showing superconducting transition
temperature of Sample 1(a) without over-coated HD-4110 and of same sample (now Sample 1(b))
with over-coated HD-4110 cured at 225 ◦C.

an HD-4110 overcoat. The sample was then coated with HD-4110 on top of the Nb signal

line and cured at 225 ◦C in a N2 atmosphere and subsequently characterized a second time.

We note a small amount of degradation (i.e., reduced Tc) is observed in the superconducting

transition temperature. Minimal degradation can also be seen in Ic and RRR measurements.

After curing HD-4110 at 225 ◦C, Ic dropped from 186 mA to 182 mA and RRR dropped

from 3.58 to 3.34. On the same sample when the HD-4110 was subsequently cured at 375 ◦C,

no electrical connection was found between the pads on the line, hence no transition plot is

shown. This is evidence for full degradation of the Nb leading to a loss of superconductivity

and possibly full oxidation of the Nb trace caused by curing the polyimide layer at 375 ◦C.

Fig. 2.23 shows normalized trace resistance vs. sample temperature measurement results

showing superconducting transition temperatures for Sample 2, which has Nb lines with

Al2O3 barrier layers, with and without HD-4110 (i.e., Samples 2(a) and (b) in Figure 2.19

and 2.21). Very little degradation in the Tc was observed on the sample when it was subjected
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to a cure temperature of 225 ◦C. The same sample was then cured at 375 ◦C and remeasured

to determine Tc. The sample retained a relatively high Tc of 8.1 K (0.6 K less than pristine

bare Nb), but much higher than the case of the sample without the Al2O3 layers. Ic and RRR

of the sample were measured before and after curing HD-4110 on top of the sample. The Ic

and RRR for the sample prior to HD-4110 deposition were 250 mA and 3.55, respectively.

After curing at 225 ◦C, the Ic dropped to 182 mA and RRR dropped to 3.52. After curing at

375 ◦C, the Ic dropped to 75 mA and RRR dropped to 3.22. Though there was a reduction

in the Tc and RRR, and significant degradation in the Ic for the sample cured at 375 ◦C,

the Nb retained superconductivity and appears to have been fairly-well protected by the

ALD-deposited Al2O3 barrier layers.
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Figure 2.23. Plot of normalized resistance vs. sample temperature showing superconducting transi-
tion temperatures of Sample 2(a) with Al2O3/Nb/Al2O3 without over-coated HD-4110 and of same
sample (now Sample 2(b)) with over-coated HD-4110 and cured at different temperatures (225 ◦C
and 375 ◦C).
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Figure 2.24. Plot of normalized resistance vs. sample temperature showing superconducting tran-
sition temperatures of Sample 3 with Al2O3/Nb/Al2O3 without over-coated HD-4110 and of same
sample with over-coated HD-4110 and cured at different temperatures (225 ◦C and 375 ◦C).

Fig. 2.24 shows similar trends for Sample 3 and corresponding subsequently-processed

versions, which were fabricated and measured in the same way as Sample 2. This serves to

demonstrate a promising level of repeatability of this process and fabricated structures.

Table 2.1. Tc and Ic at 4.2 K for different samples.

PI
Sample 1 Sample 2 Sample 3

Tc Ic Tc Ic Tc Ic

Before HD-4110 8.9 K 186 mA 8.7 K 250 mA 8.6 K 222 mA

HD-4110 - 225 ◦C 8.6 K 182 mA 8.5 K 182 mA 8.5 K 176 mA

HD-4110 - 375 ◦C X X 8.1 K 75 mA 8.2 K 65 mA

Table 2.1 summarizes all of the results of this study for the different versions of the 3

samples, which were tested initially, after deposition and curing of HD-4110 at 225 ◦C, and

then after cure at 375 ◦C.
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2.4 Nb Embedded Structures Using Al Barrier Layer and Low Temperature

Cured Polyimide

In the previous section we have demonstrated that curing PI-2611 at 225 ◦C had minimal

effect on Nb superconducting properties. In this section we have fabricated embedded struc-

tures with top PI-2611 layer cured at low temperature. The stack up of the embedded

structure includes a 10 µm thick dielectric layer of PI-2611 on top of silicon onto which 250

nm of Nb was sputter-deposited (DC sputter for 30 minutes). After using the lift off process

to pattern 250 nm thick Nb another 10 µm thick encapsulating layer of PI-2611 was cured

on top. The bottom PI-2611 was cured at 350 ◦C and the top PI-2611 layer was cured at

225 ◦C. Since there is no Nb underneath the bottom PI-2611 layer therefore it was cured at

350 ◦C. Whereas the second layer of PI-2611 is on top of Nb and is therefore cured at 225

◦C in order to prevent diffusion of PI-2611 into Nb. Fig. 2.25 shows the image of a released

Nb sample encapsulated between two PI-2611 layers. Fig. 2.26 shows the superconducting

transition temperature values of four samples measured using PT. Multiple samples were

measured to counter the yield issue and to check the repeatability for the process. It can be

seen that all the samples have similar superconducting transition temperatures of ∼ 7.1 K.

Figure 2.25. Image of a released PI-2611/Nb/PI-2611 sample.

Previously, we have shown that 20 nm of Al is an optimum barrier layer to prevent

degradation of polyimide impurities into Nb film leading to loss of superconductivity. In

order to test the effectiveness of 20 nm Al capping layer in embedded samples and compare
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Figure 2.26. Plot of normalized resistance vs. temperature measurement of PI-2611/Nb/PI-2611
samples with bottom PI-2611 cured at 350 ◦C and top PI-2611 cured at 225 ◦C.

the results, two samples were fabricated and released in which Nb (sputter deposited) and

a capping layer of 20 nm Al (e-beam evaporated) on top of it was encapsulated between

two PI-2611 layers. To be consistent, curing temperatures of the bottom and top layers of

PI-2611 were kept same as in the previous case i.e. 350 ◦C and 225 ◦C for the top and bottom

layer respectively. Fig. 2.27 shows the image of a released embedded sample in which Nb

with a capping layer of Al is embedded between two PI-2611 layers.

Figure 2.27. Image of a released PI-2611/Nb/Al(20 nm)/PI-2611 embedded sample.
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Figure 2.28. Plot of normalized resistance vs. temperature measurement of PI-2611/Nb/Al(20
nm)/PI-2611 samples with bottom PI-2611 cured at 350 ◦C and top PI-2611 cured at 225 ◦C.

We observed that 20 nm of Al acts as a good barrier layer when encapsulated between

two PI-2611 layers. An increase in superconducting transition temperature was observed

from ∼ 7.1 K in case of embedded Nb to ∼ 8 K in case of embedded Nb with 20 nm

Al capping layer as shown in Fig. 2.28. Having a capping layer between Nb and top PI-

2611 layer significantly prevents degradation of Nb, but its still in direct contact with the

PI-2611 at the bottom. So in order to further encapsulate the Nb and to minimise the

degradation of Nb by reducing its contact from the bottom PI-2611 layer, we deposited 20

nm thick Al underneath the Nb layer. Fig. 2.29 shows the released sample with 20 nm of

Al on both top and bottom of Nb, sandwiched between two layer of PI-2611. Fig. 2.30

shows the superconducting transition temperature plot of four samples measured with Al(20

nm)/Nb/Al(20 nm) encapsulated between two PI-2611 layers. It can be seen that all the

samples have similar transition temperatures. It also shows that this process is repeatable

since all the four samples showed similar results. Moreover an increase in Tc is observed (∼
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8.5 K) when 20 nm of Al capping layer is used both at top and bottom of Nb as opposed to

only one Al (20 nm) layer (Tc ∼ 8 K) on top of Nb.

Figure 2.29. Embedded PI-2611/Al(20 nm)/Nb/Al(20 nm)/PI-2611 released.

Figure 2.30. Plot of normalized resistance vs. temperature measurement of PI-2611/Al(20
nm)/Nb/Al(20 nm)/PI-2611 samples with bottom PI-2611 cured at 350 ◦C and top PI-2611 cured
at 225 ◦C.

Multiple material stack-ups have been investigated with a goal to protect the supercon-

ducting properties of Nb thin films. The degradation of Nb was significantly decreased by

using 20 nm of Al as diffusion barrier layer. We were also able to demonstrate that curing

polyimide at lower temperatures leads to less interaction with the material that diffuses into
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Nb at higher temperatures. This was shown by using AL-X which is cured at 190 ◦C, PI-

2611 cured at 225 ◦C and HD-4100 cured at 225 ◦C on top of Nb. We also show that curing

polyimide above 250 ◦C can deteriorate superconducting properties including Tc. Further-

more, our results show that these processes are repeatable and reproducible through multiple

samples.

2.5 Secondary Ion Mass Spectroscopy (SIMS) Study for Nb Degradation

SIMS has been widely used as a key technique to extract depth profiles of elemental and

molecular composition with high spatial resolution. The basic principle of SIMS involves

bombardment of the sample surface by an ion beam, either positive or negative stream

of ions, leading to ejection of secondary ions (as shown in Fig. 2.31). These ions are

then analyzed (mass to charge ratios) by a mass spectrometer to determine the elemental

composition of the surface. The recent developments in SIMS technology such as cluster ion

beams ensures high performance of organic compounds and biological materials [27–30].

Figure 2.31. adapted from [10].
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In this section, SIMS was performed to investigate the morphology of Nb stack ups as

a result of curing polyimide on top of it at high temperatures. Four different stack-ups were

explored. In order to understand the cause of degradation in Nb with PI cured at elevated

temperatures, one of the sample consisted of Nb with PI cured at 375 ◦C whereas the other

consisted of PI cured at 225 ◦C on top of Nb. The remaining two samples were prepared

with barrier layers of Al and Al2O3 on both sides of Nb, with PI cured at 375 ◦C. These

samples were built to study the effect of different barrier layers to prevent Nb degradation

after curing PI on top.

2.6 Sample Preparation and Measurement Results

500 µm thick silicon substrates with a thin oxide layer (∼ 50 nm) were used to fabricate

all the different stack-ups. A bulk layer of Nb was sputter deposited using DC sputter to

a thickness of 250 nm. For samples involving barrier layers, Al was e-beam evaporated in

the same deposition chamber without braking vacuum whereas Al2O3 was ALD deposited.

A typical thickness of 20 nm was used for the barrier layers. A 20 µm thick layer HD-4110

was spun coated and cured at 375 ◦C and 225 ◦C on top of the conductor.

After curing HD-4110 on top, a hole of diameter ∼ 1500 µm was etched in Si using deep

reactive ion etching. This hole was used to provide the spatial resolution for the primary

ion beam to penetrate into the sample surface. Extreme attention was given to the sample

preparation in order to prevent any kind of contamination. Fig. 2.32 shows the image of the

opening in Si on the back side of the sample with stack up of Nb/PI (375 ◦C).

43



Figure 2.32. Image of the etched area in Si of Nb/PI (375 ◦C) sample.

Fig. 2.33 shows the image of the opening in Si on the back side of the sample with stack

up of Nb/PI (225 ◦C).
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Figure 2.33. Image of the etched area in Si of Nb/PI (225 ◦C) sample.

Fig. 2.34 shows the image of the opening in Si on the back side of the sample with stack

up of Al/Nb/Al/PI (375 ◦C).
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Figure 2.34. Image of the etched area in Si of Al/Nb/Al/PI (375 ◦C) sample.

Fig. 2.35 shows the image of opening in Si on the back side of the sample with stack

up of Al2O3/Nb/Al2O3/PI (375 ◦C).
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Figure 2.35. Image of the etched area in Si of Al2O3/Nb/Al2O3/PI (375 ◦C) sample.

2.6.1 SIMS Analysis on Nb/PI (375 ◦C)

Fig. 2.36 shows the sputtering time dependent intensity of secondary ion intensity and the

corresponding cross-section. The interface of interest is highlighted in red in the cross-section

image. The diffusion of O2 into Nb can be clearly seen from the plot. This diffusion leads

to degradation of Nb and adversely affects the superconducting properties of Nb.
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Figure 2.36. Depth profile for Nb/PI (375 ◦C) structure. The interfaces of interest are highlighted
in red.

2.6.2 SIMS Analysis on Nb/PI (225 ◦C)

Fig. 2.37 shows the sputtering time dependent intensity of secondary ion intensity and

the corresponding cross-section. The interface of interest is highlighted in red in the cross-

section image. No diffusion of O2 into Nb was observed, due to curing PI (HD-4110) at lower

temperature of 225 ◦C.
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Figure 2.37. Depth profile for Nb/PI (225 ◦C) structure. The interfaces of interest are highlighted
in red.

2.6.3 SIMS Analysis on Al/Nb/Al/PI (375 ◦C)

Fig. 2.38 shows the sputtering time dependent intensity of secondary ion intensity and the

corresponding cross-section. The interface of interest is highlighted in red in the cross-section

image. The interface 1 and 3 can be clearly seen by the increase in the signal intensity of Al

and O2, this maybe due to formation of a thin oxide layer on top of Al. The interaction of O2

with Nb can be seen at interfaces 3 and 4, but an increase in Al intensity can also be observed

at those interfaces. This shows that Al acts a promising barrier layer between Nb and PI

and reduces the O2 interaction with Nb, thereby protecting superconducting properties of

Nb.
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Figure 2.38. Depth profile for Al/Nb/Al/PI (375 ◦C) structure. The interfaces of interest are
highlighted in red.

2.6.4 SIMS Analysis on Al2O3/Nb/Al2O3/PI (375 ◦C)

Fig. 2.39 shows the sputtering time dependent intensity of secondary ion intensity and the

corresponding cross-section. The interface of interest is highlighted in red in the cross-section

image. Similar to the previous case, interface 1 and 3 can be clearly visualized due to increase

in the signal intensity of Al2O3. An increase in the O2 intensity can be seen at interface 1

and 3 but a steep increase in Al2O3 signifies limited interaction of Nb with O2. Hence Al2O3

acts as an effective barrier layer and preserves Nb superconductivity.
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Figure 2.39. Depth profile for Al2O3/Nb/Al2O3/PI (375 ◦C) structure. The interfaces of interest
are highlighted in red.

In this section, multiple samples were investigated with a goal to understand the under-

lying conditions leading to Nb degradation at elevated temperatures. It was readily apparent

that the degradation of Nb was prevented by curing PI at lower temperature (225 ◦C) and

by using barrier layers of Al and Al2O3, which acts as a diffusion barrier and oxygen getter

against degradation caused by curing PI at elevated temperature of 375 ◦C.
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Chapter 3

Minimizing Film Stress and Degradation in Thin-Film Nb Superconducting Cables

Film stress plays a vital role in the superconducting material properties of Nb thin films.

One of the major reasons for film stress is because film depositions are usually made above

room temperature on top of a substrate with different coefficient of thermal expansion. Pre-

vious research efforts by other groups have focused on ion gun processing, substrate fixturing

and wafer preparation in order to minimize film stress. Bass et al. [31] have discussed the

role of wafer preparation on the stress of Nb thin films. They have shown the effect of ex-situ

substrate cleaning and in-situ ion cleaning on Nb film stress. Liu et al. [32] focused on sub-

strate material to minimize Nb stress. They have shown that a Nb film deposited on oxidized

Si is smoother and has larger crystallite size as compared to film deposited on bare Si sub-

strates. The also found that the Nb films deposited on oxidized Si had a better quality than

on bare Si. Hoffman [33] has made an extensive study of stresses in magnetron sputtered

thin films, and observed that the film stress transitions from compressive to tensile as Ar

pressure is increased. The transition pressure is a function of atomic mass of the sputtered

material as well as other parameters. In this section we have characterized the transition

pressure for 250 nm thick Nb films on flexible Kapton substrates in a particular sputtering

system, and have shown that neutral stresses can be achieved at room temperature, suitable

for fabrication of superconducting flexible circuits. We explored the impact of Ar pressure

during Nb sputtering on the quality of Nb thin films. By varying the Ar pressure during

sputter depositions, we have produced both tensile and compressive films in order to find

the pressure that yields a balanced stress Nb film on Kapton. In order to see the effect of

varying Ar pressure on the Nb film, all other deposition parameters such as base pressure,

ion milling, RF power and thickness were held constant. A balanced stress Nb film was also
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tested with a thin Al barrier layer (10’s of nm) to preserve Nb superconductivity during

subsequent fabrication steps.

3.1 Fabrication and Measurement setup

We used 50 µm wide photo-lithographically patterned lines with larger probe pads on each

end in order to facilitate measurements. The different metals were deposited in a CHA Mark

50 deposition system capable of both sputter deposition and electron-beam thermal evapo-

ration. The test samples included patterned samples to measure superconducting transition

temperature (Tc) and critical current (Ic), oxidized silicon coupons to measure sheet resis-

tance and 50 µm thick Kapton substrates to detect the film stress based on curling of the

Kapton. The Kapton sample was 50 µm thick and flat to start, in order to see the effect

of different Ar pressure on the whole structure (Nb/Kapton). Other substrates started as

oxidized silicon wafers (except for Kapton) onto which 250 nm of Nb was sputter-deposited

(DC sputter for 30 minutes). Vacuum base pressures of 3.5×10−7 Torr were attained prior

to depositing the Nb, which provided repeatable Nb properties in previous experiments. For

samples with Al, Al was e-beam evaporated without breaking vacuum. Ar pressures tested

were in the range of 2 to 8 mTorr. A power of 1 kW and RF power density of ∼ 0.008

kW/cm2 was used for all Ar pressures.

Superconducting superconducting transition temperature measurements were carried

out in a pulse-tube based cryostat with temperature control from 1.2 K and up. For each of

these tests, the sample is mounted onto a sample holder that allows 4-point probing of the

test structure in order to achieve accurate resistance measurements.

3.2 Stress of Nb on Kapton

Different Ar pressures in the range of 2 to 8 mTorr were investigated. The effect of varying

Ar pressure for Nb films deposited on Kapton is shown qualitatively in Fig. 3.1, based on

the direction and degree of sample curling.
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Figure 3.1. Images of 250 nm thin-film Nb deposited using different Ar pressures on 50 µm thick
Kapton substrates, exhibiting different stress characteristics.

It can be seen from Fig. 3.1 that Ar pressures lower than 4 mTorr produced compressive

films whereas pressures higher than 4 mTorr resulted in a tensile film.

Table 3.1. Thickness, Sheet resistance, Superconducting transition temperature and Critical current
comparison for different Ar pressures.

Ar pressure (mTorr) Thickness (nm) Sheet resistance (Ω/2) Tc (K) Ic (mA) Nb Stress

2 220 ± 10 1.10 8.5 82 Compressive

3 235 ± 10 1.10 8.4 130 Compressive

3.5 240 ± 10 0.98 8.5 130 Compressive

4 240 ± 10 0.98 8.9 194 Slightly Compressive

6 235 ± 10 1.10 8.9 158 Tensile

8 240 ± 10 1.60 8.7 134 Tensile

Table. 3.1 compares the thickness, sheet resistance, superconducting transition temper-

ature, critical current and stress state corresponding to specific Ar pressure. It can be seen

that 4 mTorr and 6 mTorr have the highest Ic of 194 mA and 158 mA respectively. We also

observed that both of these cases have a Tc of 8.9 K which is highest as compared to other

Ar pressures. It can also be seen that by changing the Ar pressure the thickness of Nb film

changes. The thickness was measured at multiple places along the 50 µm patterned lines.

The thickness corresponding to 4 mTorr Ar pressure is ∼ 240 nm which is very close to the

expected thickness of 250 nm.
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Figure 3.2. Plot of normalized resistance vs. temperature measurement comparison of ∼ 250 nm
Nb deposited on 50 µm thick Kapton using different Ar pressures. The sputtering power used was
1 kW over a target area of ∼ 127 cm2.

Fig. 3.2 shows the superconducting transition temperature plots for all Ar pressures.

It can be seen that the DC samples corresponding to all the Ar pressures have a clean

transition, while a 4 mTorr Ar pressure resulted in the highest superconducting transition

temperature of ∼ ∼ 8.9 K. From all of the results, we settled on an Ar pressure of 4 mTorr

for deposition of 250 nm thick Nb on 50 µm thick Kapton.

3.2.1 Test Results for Different Power Levels - 0.75 kW and 1.25 kW

Different power levels were tested with Ar pressure of 4 mTorr in order to study the effect

of power on the stress and superconducting properties of Nb. As shown previously, The

test samples included patterned samples to measure superconducting transition temperature

(Tc) and critical current (Ic), oxidized silicon coupons to measure sheet resistance and 50

µm thick Kapton substrates to detect the film stress based on curling of the Kapton. Fig.

3.3 shows the plot of superconducting transition temperature of 4 samples deposited using
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a power of 0.75 kW with 4 mTorr Ar pressure. Fig. 3.4 shows the corresponding image of

Kapton with slightly compressive stress.

Figure 3.3. Plot of normalized resistance vs. temperature measurement of Nb deposited using Ar
pressure of 4 mTorr and power or 0.75 kW.
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Figure 3.4. Image of Nb deposited on Kapton substrate using Ar pressure of 4 mTorr and power of
0.75 kW exhibiting slightly compressive stress.

Fig. 3.5 shows the plot of superconducting transition temperature of 4 samples deposited

using a power of 1.25 kW with 4 mTorr Ar pressure. Fig. 3.6 shows the corresponding image

of Kapton indicating compressive stress.
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Figure 3.5. Plot of normalized resistance vs. temperature measurement of Nb deposited using Ar
pressure of 4 mTorr and power or 1.25 kW.
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Figure 3.6. Image of Nb deposited on Kapton substrate using Ar pressure of 4 mTorr and power of
1,25 kW exhibiting compressive stress.

Table 3.2. Thickness, Sheet resistance, Superconducting transition temperature and critical current
comparison for different power levels with 4 mTorr Ar pressure.

Ar pressure (mTorr) Thickness (nm) Power (kW) Sheet resistance (Ω/2) Tc (K) Ic (mA) Film stress

4 180 ± 10 0.75 1.41 8.5 95 Compressive

4 240 ± 10 1.00 0.98 8.9 194 Slightly Compressive

4 275 ± 10 1.25 0.83 8.4 115 Tensile

Table. 3.2 compares the thickness, sheet resistance, superconducting transition tem-

perature, critical current and film stress corresponding to 4 mTorr Ar pressure for varying

power levels - 0.75 kW, 1 kW and 1.25 kW. A significant variation was observed as an effect

of changing the power. 0.75 kW of power yielded a thickness of ∼ 180 nm whereas 1.2 kW

of power yielded a thickness of ∼ 275 nm. Both of these thickness values indicate significant

amount of variation from the expected thickness of ∼ 250 nm, which was obtained by using

1 kW of power. Also a notable amount of reduction in Tc and Ic was observed for power

levels of 0.75 kW and 1.25 kW as compared 1 kW power level.
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Since 4 mTorr Ar pressure produced the least stress Nb film and has the highest Tc and

Ic therefore it was considered the optimum Ar pressure to get balanced stress Nb film with

best superconducting properties.

3.3 Stress of Al/Nb/Al Film on Kapton

In order to minimize degradation of Nb superconducting properties while curing subsequently

deposited polyimide layers, a barrier layer of Al may be used [25]. The sputtering parameters

used for Nb deposition were 0.008 kW/cm2 power density and 4 mTorr Ar pressure, since

this produced the most balanced stress Nb film. Al was e-beam evaporated in the same

vacuum chamber. 250 nm and 20 nm of thickness was used for Nb and Al, respectively.

Figure 3.7. Image of metal stack Al (20 nm)/ Nb (250 nm)/ Al (20 nm) on a 50 µm thick Kapton
substrate. Nb was deposited using 4 mTorr Ar pressure. The room temperature stress on Kapton
was approximately neutral as exhibited by the flatness of the free (unmounted) sample.

Fig. 3.7 shows image of an unmounted Kapton with a deposited Al/Nb/Al film. It

can be seen that the Kapton is essentially flat, showing balanced stress for this sample and

deposition conditions.
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Figure 3.8. Plot of normalized resistance vs. temperature measurement comparison of metal stack
Al(20 nm)/Nb (250 nm)/Al (20 nm). Nb was deposited using 4 mTorr Ar pressure.

Fig. 3.8 shows superconducting transition temperature plots for all four samples. It can

be seen that all four samples have the same superconducting transition temperature of 8.6

K. This test shows the performance and consistency of the Al/Nb/Al deposited film.

Table 3.3. Sheet resistance, Superconducting transition temperature and Critical current compari-
son for 4 mTorr Ar pressure level for all Al/Nb/Al films.

Sample no. Sheet resistance (Ω/2) Tc (K) Ic (mA) for 50 µm wide line

1 0.57 8.6 242

2 0.57 8.6 205

3 0.57 8.6 235

4 0.57 8.6 230

Table 3.3 shows the sheet resistance, superconducting transition temperature and critical

current for four different samples with Al/Nb/Al films that were deposited with the same
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deposition parameters, but in four different runs. All four samples have the same sheet

resistance with an average critical current of ∼ 228 mA.

We successfully balanced the stress in Nb films deposited on flexible Kapton substrates.

We evaluated the impact of Ar pressure level in terms of stress, thickness and sheet resistance.

Nb deposited using a power of ∼ 0.008 kW/cm2 and Ar pressure of 4 mTorr produced films

with the most balanced (neutral) stress and the highest Tc of 8.9 K and Ic of 194 mA, as

compared to other pressures tested. Moreover we have used the low stress Nb deposition

parameters to explore stress in and performance of Al/Nb/Al films. We have produced near

zero stress Al/Nb/Al/Kapton structures with Tc as high as 8.6 K and Ic as high as 242 mA

for 50 µm wide lines and ∼ 250 nm thick lines.
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Chapter 4

Design, Fabrication and Characterization of Superconducting Flexible Stripline

Transmission Line and Resonators

4.1 Introduction

Significant progress has been made towards dense and multi-layer interconnect technologies

for cryogenic electronic systems [8,9,34–37]. Though the fabrication process is substantially

more involved, one of the major reasons to pursue stripline transmission lines is for enhanced

impedance control, electromagnetic shielding and reduced cross-talk compared to microstrip

transmission line configurations. Our previous work on related technologies demonstrated

that multiple layers of polyimide can be used to embed superconducting traces and, if per-

formed properly, can result in improvements in the robustness of the devices [25,36].

The polyimide used in this section are HD-4100 and HD-4110 (from HD Microsystems).

A drawback of using polyimide for passivation, embedding, or for multi-layer stacks with

Nb superconducting traces is the undesired interaction of the Nb and polyimide during the

polyimide curing process at high temperatures, which leads to degradation, variation or loss

of Nb superconducting properties.

Multiple material stack-ups have previously been investigated with a goal to protect the

superconducting properties of Nb thin films when the Nb may be subjected to subsequent

higher-temperature process steps (such as for curing of polyimide). Al was used in this

work because it was readily available and straightforward to use without breaking vacuum

in our deposition system. We found that the degradation of Nb traces was substantially

reduced by using 20 nm of Al as protective layers [25]. We also found that curing above a

certain temperature on top of a Nb layer can adversely affect the superconducting properties

including superconducting transition temperature (Tc) and critical current (Ic) [38]. In this
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section, we used two approaches to protect the Nb superconductivity: inclusion of thin Al

layers between the Nb and PI and using a lower curing temperature for the PI.

In the following sections we describe the stripline fabrication processes and measurement

procedures in more detail. We have measured DC properties, including Tc and Ic, of the

stripline transmission lines. We also present the microwave performance of Al/Nb/Al flexible

superconducting stripline transmission lines measured at 4.2K. We describe and analyze the

performance of similarly-fabricated stripline transmission line resonators and extract effective

parameters using the sensitive resonator measurements.

4.2 ADS Layout of Stripline Transmission Line and Transmission Line Res-

onator

The ADS layout of 25 cm long stripline transmission line, 13 cm long stripline transmission

line resonator and 7 cm long embedded microstrip transmission line is shown in Fig. 4.1.

Fig. 4.2 shows close-up view of the layout of stripline transmission line and transmission line

resonator.
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Figure 4.1. ADS layout of stripline transmission line and transmission line resonators on a 150 mm
diameter Si wafer. The layout includes 3 stripline transmission lines (centre), 4 stripline transmission
line resonators (bottom), 2 microstrip transmission line (one on each side) and via chains structures.
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Figure 4.2. ADS layout of a stripline transmission line (left) and transmission line resonator (right).

4.3 Fabrication Process

The fabrication procedure is outlined in Fig. 4.3. To start, on a silicon handle wafer,

a release layer of 50 nm thick Cr followed by 200 nm thick Al was deposited. A 10 µm

layer of HD-4100 was spin coated and cured in a nitrogen (N2) ambient oven at 375 ◦C

for one hour. A ground plane metallization stack of Al(20 nm)/Nb(250 nm)/Al(20 nm) was

deposited on top of HD-4100. Nb was sputter-deposited (DC sputter for ∼ 30 minutes)

with a power of ∼ 8W/cm2 and Ar pressure of 4 mTorr to a thickness of ∼ 250 nm [26,

32, 33, 39]. Each Al layer was electron-beam evaporated in the same vacuum chamber,
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during the same pump-down, without breaking vacuum, to a thickness of ∼ 20 nm. Small

openings (catch pads for electroplated Cu vias) were photolithographically-defined, using a

photoresist lift-off process, on top of the ground plane. These areas were then deposited

with 50 nm thick Ti, followed by 200 nm thick Cu, as shown in step 4 of Fig. 4.3. A 20µm

layer of HD-4110 was deposited by spin coating, patterned by photolithography to re-open

the via catch-pad areas and then cured at 225 ◦C (shown in Fig. 4.4). This HD-4110 layer

is the first dielectric layer, between the ground plane and signal trace layer. The main

reason to cure HD-4110 at 225 ◦C is to limit the temperature to which the underlying Nb

is exposed and thereby protect the superconductivity of Nb when embedded with polyimide

[36]. Using the Nb ground plane for a conductive path, the open areas in HD-4110 were

then electroplated with Cu to form bottom ground-to-signal layer vias. This was followed

by depositing an Al(20 nm)/Nb(250 nm)/Al(20 nm) signal trace layer, which was patterned

using a conventional lift-off process, as shown in step 6 of Fig. 4.3. The stripline trace had

a line width of 24 µm, which yielded a characteristic impedance of ∼ 50Ω. A second layer

of catch-pads were again defined on top of Al/Nb/Al and deposited with Ti/Cu. A second

layer of HD-4110 was deposited by spin coating, patterned and cured at 225 ◦C for a nominal

thickness of 20 µm. Cu vias were again electroplated on top of the Ti/Cu catch-pad layer

to continue formation of the ground-layer via stack (shown in Fig. 4.5). We note that the

signal layer did not have vias, was protected and opened during processing, in a manner

that allowed connector pins to make contact to the lines once the fabrication was completed.

A top ground layer of Al(20 nm)/Nb(250 nm)/Al(20 nm) was then deposited on top of the

second layer of HD-4110, as shown in step 9 of the fabrication procedure presented in Fig.

4.3. The top ground was covered with an encapsulation layer of HD-4100 cured at 225 ◦C

to a thickness of 4 µm. Signal connection pads (50 nm Ti followed by 250 nm Au) were

then deposited on top of the exposed signal trace ends and in patterned encapsulation layer

regions for connection to the ground layers, as shown in step 10 of Fig. 4.3. Fig. 4.6 shows

the image after deposition of UBM on one end of the stripline tranmission line sample. The
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samples were then released in a NaCl solution using anodic dissolution to provide individual

flexible structures [35,40].
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Figure 4.3. Schematic sample cross-sections at various points during fabrication, showing key fab-
rication process steps for superconducting stripline transmission lines.
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Figure 4.4. Wafer level image of the stripline transmission line after spin-coating HD-4110 and
creating openings to catch-pad for plating.

Figure 4.5. Wafer level image of the stripline transmission line after spin-coating HD-4110 on top
of signal layer and plating Cu through the openings in HD-4110 to connect bottom and top ground
layers.
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Figure 4.6. Wafer level image of the stripline transmission line after depositing UBM (Ti/Cu/Au)
layer to make connections for signal and ground layer.

Figure 4.7. Flexible Al/Nb/Al stripline transmission line (25 cm long, meandered), with Southwest
Microwave, Inc. SMA end-launch connectors attached and mounted to a PCB support board. Note
that two transmission lines, involving four external connections, are connected in this structure.
The design provides meandered lines that are in close proximity over a substantial portion of their
length and is also used for cross-talk characterization.
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Figure 4.8. Flexible Al/Nb/Al stripline transmission line resonator (13 cm length for resonant
section), with Southwest Microwave, Inc. SMA end-launch connectors attached and mounted to a
PCB support board.

4.4 Measurement Methods

End-launch SMA connectors from Southwest Microwave, Inc. were used for electrical con-

nections for DC and RF measurements. A blank piece of printed circuit board (PCB) was

used to support the sample to prevent it from breaking with the heavy end-launch connec-

tors attached. Fig. 4.7 shows an assembled stripline transmission line sample with four

connections to two closely-spaced lines (100µm spacing with no vias between the lines). Fig.

4.8 shows an assembled stripline transmission line resonator sample used to characterize the

microwave loss properties of structures fabricated using the multi-layer fabrication process.

A pulse tube (PT) cryostat with stainless steel cryogenic RF coaxial cables was used for

measurements above ∼ 1.2K (shown in Fig. 4.9). The resonators were baked at 90 ◦C prior

to loading in the pulse tube cryostat for measurements. For DC measurements, to obtain

critical current Ic and superconducting transition temperature Tc, 2-wire measurements at

multiple temperatures were made in the PT. A micro-Ohm meter (Keysight 34420A) was

used to measure resistance values for obtaining Tc. Critical current measurements were
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made in the set-up using a Keithley 2400. S-parameters were measured using an Agilent

(Keysight) N5227A PNA (shown in Fig. 4.10). The transmission lines were measured in

LHe at frequencies up to 10GHz. Since these lines had a very low loss, a careful calibration

was necessary. We used a short-open-load-reciprocal through calibration method that has

been previously discussed [35]. Measurements were performed with an RF power of -20 dBm

out of the PNA. The transmission line resonators were measured at different temperatures

(above 1.2K) up to ∼ 14GHz in the PT system.

Figure 4.9. A stripline transmission line sample mounted on a sample holder, connected to cryogenic
cables, for use in the PT system.

Figure 4.10. Agilent (Keysight) N5227A network analyzer with multiple ports.
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4.5 Results and Discussion

In this section we present the characterization results for flexible superconducting stripline

transmission lines and resonators. Multiple stripline transmission lines were measured to

characterize DC properties. Microwave performance was measured, including RF cross-

talk performance, for the transmission lines. To explore the microwave loss properties in

further detail, weakly-coupled stripline resonators, with high quality factors, were used and

corresponding results are also presented in this section.

4.5.1 DC Properties of Stripline Transmission Lines

superconducting transition temperature (Tc) and critical current (Ic) measurements were

carried out, as described in the previous section. Both signal and ground exhibit complete

transition at 8.8 K and 8.6 K, respectively. Fig. 4.11 shows superconducting transition

temperature Tc plots for the signal traces of stripline transmission lines. A total of eight

stripline transmission line samples were measured. It can be seen from Fig. 4.11 that all

the stripline transmission lines have a clean transition to the superconducting state and

resulted in a superconducting transition temperature of ∼ 8.8 K. Fig. 4.12 is the Tc plot

for the ground plane of the respective stripline transmission line sample. The Tc for both

the signal line and ground plane is close to the Nb bulk value of ∼ 9.2K and demonstrates

that the Al/Nb/Al signal layer has survived the multiple subsequent, elevated temperature,

fabrication processes.
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Figure 4.11. Tc measurement results for flexible stripline transmission lines measured in a pulse
tube cryostat.

Figure 4.12. Tc measurement results for the stripline ground plane measured in a pulse tube cryostat.
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Fig. 4.13 shows a box plot of Ic measurement results for multiple stripline transmission

lines. Ic results from measurements in the cryostat at different temperatures are compared

with the values obtained in a LHe dewar. The Ic values from measurements immersed in

LHe (in a dewar) were ∼ 2× higher than those for the same structures measured in the PT

system.

Figure 4.13. Ic measurement results for flexible stripline transmission lines measured in a pulse-tube
(PT) cryostat at different temperatures or in a LHe dewar at 4.2K.

4.5.2 Microwave Measurement of Stripline Transmission Lines

S-parameter measurement results, for a sample measured at 4.2K (in LHe), are shown for S11

in Fig. C.10 and for S21 in Fig. 4.15, along with corresponding Keysight ADS simulations.

S11 shows a reasonable impedance match over the tested frequency range, with increasing

reflection and a divergence from simulated response at higher frequencies. Better match

should be achievable with either better trace linewidth control or dielectric thickness control.

For the S21 data shown in Fig. 4.15, we see this structure has a very low loss and exhibits
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an oscillatory nature that is caused by the low loss combined with capacitive discontinuities

at each end of the transmission line due to connections to the signal pin pad. Fig. 4.16

shows the insertion loss per unit length for seven stripline transmission line samples. We

achieved repeatable loss per unit length (lower than 0.05dB/cm) for all the stripline samples.

We have previously described these considerations and refer the reader to the corresponding

paper [35].

Figure 4.14. S11 of a 25 cm long flexible superconducting stripline transmission line measured in a
LHe dewar (T = 4.2K). ADS simulation result is also shown.
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Figure 4.15. S21 of a 25 cm long flexible superconducting stripline transmission line measured in a
LHe dewar (4.2K). ADS simulation result is also shown.

Figure 4.16. S21 per unit length of a 25 cm long flexible superconducting stripline transmission line
measured in a LHe dewar (4.2K).
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Cross-talk is a critical signal integrity issue, especially in high density, high speed and

high frequency design. While stripline geometries provide shielding from external signals,

they can exhibit significant cross-talk if not properly designed. Fig. 4.32 shows results for

a cross-talk measurement between port 1 and port 3, adjacent ports on the same side of

the sample, corresponding to near-end cross-talk. Fig. 4.33 shows results for a cross-talk

measurement between port 1 and port 4, i.e., ports on opposite sides of the sample, corre-

sponding to far-end cross-talk. For comparison, we also include simple cross-talk simulation

results, simulated using Keysight ADS, which don’t include connector effects. There is a rea-

sonable match between simulation and measurement for the cross-talk results. Furthermore,

the cross-talk level is typically near or below -60 dB up to at least 10GHz.

Figure 4.17. Near end cross-talk measurement and simulation of Al/Nb/Al stripline transmission
line cables at 4.2K.
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Figure 4.18. Far end cross-talk measurement and simulation of Al/Nb/Al stripline transmission
lines at 4.2K.

4.5.3 Microwave Characterization of Stripline Resonators

Weakly-coupled superconducting resonators can provide a sensitive measurement of the low

loss properties of the superconductor and dielectric materials. We have previously used

SC resonators to characterize the loss properties of polyimide in microstrip configurations

[34, 36, 37]. For series (or through) resonators, S21 (and S12) contain the needed resonance

information. S21 was measured at multiple temperatures up to 14GHz, as described above.

A convenient way to plot the resonator response is 1/Ql vs. resonant frequency, where Ql

is the loaded Q value. This is shown in Fig. 4.19 for a stripline resonator. The primary

take-away from these results is that quite high quality factors can be obtained for these

structures (∼ 7 000 at 10 GHz and 1.2 K). This demonstrates that multi-layer, low loss,

flexible transmission lines can be fabricated in stripline configurations that involve multiple

elevated temperature processes after formation of the signal trace. A full analysis of the

resonator response is outside the scope of this paper. Methods described in [41] can be used
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to distinguish between dielectric and conductor losses, and uncover their temperature and

frequency dependencies.

Figure 4.19. 1/Ql vs. resonant frequency comparison of stripline transmission line resonators for
measurements at different temperatures.

4.5.4 Conclusion

We presented the fabrication details and characterization results for flexible superconducting

stripline transmission lines and resonators. We used thin Al layers on the top and bottom

of Nb signal traces to protect the Nb during subsequent fabrication steps. Polyimide curing

steps after Nb deposition were also performed at a reduced temperature to alleviate degra-

dation of the Nb superconductivity. Characterization (both DC and RF) of transmission

lines showed promising performance. Cross-talk between signal traces was also characterized

and showed excellent, low-cross-talk behavior. Furthermore, similarly-fabricated stripline

resonators exhibited promisingly high quality factor values. The data presented in this pa-

per provides design guidance for constructing low-loss, flexible thin-film superconducting
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interconnects using stripline transmission line configurations. It also provides a solution to

robust, multi-layer interconnects, with enhanced shielding and low cross-talk for use in future

cryogenic electronics systems.

4.6 Microwave Optimization of Connector Transitions For Superconducting Ca-

bles Using Microstrip Transmission Lines

One of the main reason for microwave optimization of connector transition region is to

minimize capacitive discontinuities in low loss systems. In this section we have explored

embedded microstrip transmission lines using anti-pads on the ground layer. These anti-

pads which are essentially an opening in the ground layer (as shown in Fig. 4.20), were

designed to counteract the extra capacitance at each end of the transmission line due to

connections to the signal pin pad using end-launch SMA connectors.

Figure 4.20. Close-up view of the anti-pad opening in the ground plane.

Fig. 4.21 shows the ADS layout of a 7 cm long microstrip transmission line. The whole

mask layout is shown in the previous section.
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Figure 4.21. ADS layout of a microstrip transmission line.

The width and length of the pin pad is 120 µm and 1200 µm respectively. In order to

optimize the connector transition region, simulations were performed in Sonnet and HFSS.

All the anti-pads were designed to have same length of 1200 µm but varying widths. Fig.

4.22 demonstrates the insertion loss (S21) upto 14 GHz for varying anti-pad widths obtained

from Sonnet. It can be seen that 132 µm wide anti-pad provides the lowest insertion loss.

Fig. 4.23 shows the insertion loss plot of varying anit-pad widths obtained from HFSS.

We note that the anti-pad width of 220 µm shows the lowest insertion loss. Based on the
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simulation results from Sonnet and HFSS, 132 µm and 220 µm wide anti-pads were designed

(as shown in Fig. 4.24) and fabricated for microstrip transmission lines. We also designed an

anti-pad width of 176 µm (halfway between 132 µm and 220 µm) , to check if we can detect

any trends in the measurements based on the anti-pads widths. The microwave properties of

microstrip with varying anti-pad widths is compared with the similarly-fabricated microstrip

with of no anti-pad.

Figure 4.22. S21 simulation of 2 cm long microstrip with varying anti-pad widths in Sonnet.
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Figure 4.23. S21 simulation of 1 cm long microstrip with varying anti-pad widths in HFSS.
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(a) Microstrip design with no anti-pad.

(b) Microstrip design with anti-pad width of 132 µm.

(c) Microstrip design with anti-pad width of 176 µm.

(d) Microstrip design with anti-pad width of 220 µm.

Figure 4.24. Image showing the connection regions with varying anti-pad width of 132 µm, 176 µm
and 220 µm in ground layer.

4.6.1 Fabrication and Measurement Methods

This section describes the fabrication process flow of microstrip transmission line. A release

layer of 50 nm thick Cr followed by 200 nm thick Al was deposited onto a silicon handle

wafer. HD-4100 was spin coated and cured in N2 ambient oven at 375 ◦C to achieve a
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thickness of 10 µm. This was followed by Al(20 nm)/Nb(250 nm)/Al(20 nm) ground layer

on top of HD-4100. The ground layer consisted of different width anti-pads (132 µm, 176

µm, 220 µm for microstrip transmission line). 250 nm of Nb was sputter deposited (DC

sputter for ∼ 30minutes) with a power of ∼ 8W/cm2 and Ar pressure of 4mTorr [26, 39].

Al capping layers was e-beam evaporated without breaking vacuum to a nominal thickness

of ∼ 20 nm. Ti(50 nm)/Cu(200 nm) was then deposited on top of ground layer in small areas

(catch pads for electroplated Cu vias) defined by photoresist. HD-4110 was photo-defined in

the small catch-pad areas and cured at 225 ◦C in a nitrogen ambient pressure for two hours

to obtain a thickness of 20 µm. Using the Nb ground plane for a conductive path, the open

areas in HD-4110 were then electroplated with Cu to form bottom ground-to-signal layer

vias. Signal trace of Al(20 nm)/Nb(250 nm)/Al(20 nm) was deposited using a conventional

photolithography process. An encapsulation layer of HD-4100 was coated on top of signal

layer and cured at 225 ◦C. The samples were then released into flexible substrates in sodium

chloride solution using anodic dissolution [40].

Figure 4.25. Image of flexible Al/Nb/Al microstrip transmission line after release.

End-launch SMA connectors from Southwest Microwave, Inc. were used for electrical

connections for DC and RF measurements. Fig. 4.25 shows a released flexible microstrip
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transmission line fabricated using the multi-layer fabrication process.

Figure 4.26. Schematic sample cross-section at various points during fabrication, showing key
fabrication process steps for superconducting microstrip transmission lines.
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4.6.2 DC Measurement Results of Microstrip Transmission Lines

A pulse tube (PT) cryostat with stainless steel cryogenic RF coaxial cables was used for

measurements above ∼ 1.2K. For DC measurements, to obtain critical current Ic and super-

conducting transition temperature Tc, 2 wire measurements at multiple temperatures were

made in the PT. A micro-Ohm meter (Keysight 34420A) was used to measure resistance

value for obtaining Tc.

Figure 4.27. Tc measurement results for flexible microstrip transmission lines measured in a pulse
tube cryostat.

Fig. 4.27 and Fig. 4.28 shows the superconducting transition temperature (Tc) and

critical current plots for signal traces of four microstrip transmission lines. “Microstrip 1”

has no anti-pad, “Microstrip 2” has an anti-pad width of 132µm, “Microstrip 3” has an anti-

pad width of 176µm and “Microstrip 4” has an anti-pad width of 220µm. A clean transition

can be seen for all the microstrip transmission lines with a Tc of ∼ 8.8K.
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Figure 4.28. Ic measurement results for flexible microstrip transmission lines measured in a pulse
tube cryostat.

Table 4.1. Comparison of Tc and Ic for different anti-pad widths of microstrips.

Anti-pad width Tc (K) Ic at 2.5 K (mA) Ic at 3 K (mA) Ic at 3.5 K (mA) Ic at 4.2 K (mA) Ic in dewar (mA)

- 8.1 65 61 58 44 100
132 µm 8.8 96 95 94 90 217
176 µm 8.8 92 88 87 83 182
220 µm 8.8 90 89 86 82 176

Table 4.1 shows the comparison of Tc and Ic for different microstrip versions. All the

microstrip versions show a clean transition to the superconducting state. The Tc of the

microstrips with anti-pads is ∼ 8.8 K, whereas the microstrip with no anti-pad has a slightly

lower Tc of 8.1. A similar trend was observed in the Ic measurements as well, where the

microstrips with anti-pads show a substantial increase in Ic values compared to the one with

no anti-pad. The Ic measurements were carried out in PT cryostat at multiple temperatures

- 2.5 K, 3 K, 3.5 K and 4.2 K. These measurements were compared with the ones obtained

in LHe dewar.
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4.6.3 Microwave Measurement Results of Microstrip Transmission Lines

S-parameter measurement results, for a sample measured at 4.2 K (in LHe), are shown for

S21 in Fig. 4.29, 4.30 and 4.31 for anti-pad width 132 µm, 176 µm and 220 µm respectively.

Fig. 4.32 shows the S21 of microstrip transmission line with no anti-pad. S-parameters were

measured using an Agilent (Keysight) N5227A PNA. The transmission lines were measured in

LHe at frequencies up to 10GHz. A short-open-load-reciprocal through calibration method

(as previously discussed [35]) was performed to measure the microstrip transmission lines.

Measurements were performed with an RF power of -20 dBm out of the PNA. A significant

reduction in the oscillating behavior can be seen in the S21 of microstrips with anti-pads

compared to microstrips with no anti-pad. This oscillating behavior is due to the capacitive

discontinuities at each end of the line. The resonances observed in the following plots are

due to the cross-talk with the neighboring trace.

Figure 4.29. S21 of a 13 cm long flexible superconducting microstrip transmission line measured in
a LHe dewar (T = 4.2K) with anti-pad width of 132 µm.
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Figure 4.30. S21 of a 13 cm long flexible superconducting microstrip transmission line measured in
a LHe dewar (T = 4.2K) with anti-pad width of 176 µm.

Figure 4.31. S21 of a 13 cm long flexible superconducting microstrip transmission line measured in
a LHe dewar (T = 4.2K) with anti-pad width of 220 µm.

92



Figure 4.32. S21 of a 13 cm long flexible superconducting microstrip transmission line measured in
a LHe dewar (T = 4.2K) with no anti-pad.

Figure 4.33. Comparison of normalized S21 for microstrip transmission lines (with different antipad
widths).
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Fig. 4.34 shows the peak and trough analysis for the microstrip with anti-pad width

of 176 µm, compared with microstrip with no anti-pad, along with the quadratic fit. The

quadratic fits used in the plot are guide for the eye to compare between different anti-pad

widths. A higher difference between the peak and trough of the microstrips with no anti-pad

can be seen by the quadratic fit as compared to the one with anti-pad. We suspect this

difference might be coming due to the extra capacitance at each end of the sample, which,

in case of microstrip with anti-pad might be counteracted by the varying anti-pad sizes in

the ground layer.

Figure 4.34. Peak and trough analysis, along with corresponding quadratic fit, for microstrip with
no anti-pad and microstrip with anti-pad width of 176 µm.

4.7 Conclusion

In this chapter we have shown a decrease in the oscillating nature of the microstrips with

varying anti-pad widths on the ground layer. This oscillating nature is caused by a combina-

tion of low loss and capacitive discontinuities at each end for connection to end-launch SMA
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connectors. The data presented in this chapter provide guidance to optimize the connector

transition region for multi-layer, multi-signal interconnect technology.
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Chapter 5

Multiple Approaches to Separate Conductor Loss From Dielectric Loss Using

Superconducting Resonator Structures

In the following sections we provide a brief description of resonator including the weakly

coupled resonator design and the quality factor calculation carried out in this work. We

measured the microwave performance of different resonator structures - embedded, non-

embedded and embedded with Al2O3 barrier layer at multiple temperatures. We discuss the

effect of exposure to elevated temperatures (225 ◦C, 250 ◦C and 275 ◦C) on the microwave

performance of different resonator structures.

Different approaches were implemented to extract the dielectric and conductor loss using

resonator structures. In the first approach we measured the resonator structures at multiple

temperatures and were able to extract the dielectric loss using the exponential drop in the

density of normal electrons with lowering temperature. In a different approach we measured

resonator structures in varying external magnetic field strengths, which lead to breaking of

the Cooper pairs and thereby suppressing Tc. By plotting 1/Ql as a function of T/Tc, the

dielectric loss was extracted. Details of the fabrication process, experimental procedures and

performance results will be presented in detail in the following sections.

5.1 Resonator Theory

In the presence of an alternating voltage applied across a resistor, capacitor and an inductor,

the response of the circuit has a higher amplitude at frequency equal to resonant frequency of

the circuit. The electrical response of the circuit depends on the series or parallel combination

of the resistor, capacitor and the inductor [12]. In this following sections the characteristic

behavior of series and parallel resonant circuit is presented.
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5.1.1 Parallel Resonator

A parallel resonator circuit contains a resistor (R), an inductor (L) and a capacitor (C). At

resonance frequency, ω0 = 1/
√
LC, a current resonance is produced as an effect of circulating

current between inductor and capacitor. Fig. 5.1 shows the parallel combination of R, L

and C components with current source iin(t) connected across the terminals, i0(t) is current

flowing through the resistor and vo(t) is the voltage across the circuit.

Figure 5.1. Parallel R-L-C circuit. Adapted from [11].

The response curve of impedance vs. frequency is shown in Fig. 5.2

Figure 5.2. Magnitude response of input impedance as a function of frequency. Adapted from [12].

The frequency dependence of input impedance is shown in Fig. 5.2. The impedance

across the input terminal can be determined by:

Zin =

(
1

R
+ jωC +

1

jωL

)−1

, (5.1)
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The power supplied to the resonator is given by:

Pin =
1

2
V I =

1

2

(V )2

Zin

(5.2)

Substituting Eq. 5.2 in 5.1, we get the power inserted into parallel RLC circuit as:

Pin =
1

2
V I =

1

2
(V )2

(
1

R
+ jωC +

1

jωL

)
(5.3)

The power dissipation by the resistor is given by:

Ploss =
1

2
|I2|R (5.4)

5.1.2 Series Resonator

The series resonator circuit consists of R, L and C components in a single loop. In a series

resonator circuit inductive and capacitive reactance are equal in magnitude. The frequency

at which this occurs is called resonant frequency. Fig. 5.3 shows schematic of a series RLC

circuit.

Figure 5.3. Series RLC circuit. Adapted from [11]

A typical response for input impedance is illustrated in Fig. 5.4.
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Figure 5.4. Magnitude response of input impedance as a function of frequency. Adapted from [12].

The impedance across the input terminal can be determined by:

Zin = R + jωL− 1

jωC
, (5.5)

At resonance frequency, ω0 = 1/
√
LC, the power supplied to the resonator is given by:

Pin =
1

2
V I =

1

2
I2R =

1

2
Zin[I]2 (5.6)

Substituting Eq. 5.6 in 5.5, we get the input power for the resonator:

Pin =
1

2
V I =

1

2

(
R + jωL+

1

jωC

)
[I]2 (5.7)

The power dissipation by the resistor is given by:

Ploss =
1

2

|V 2|
R

(5.8)

5.1.3 Quality Factor Calculation

Quality factor (Q) is a dimensionless parameter that indicates the energy loss in a system.

In electronic circuits, Q is represented as the ratio of energy stored in a resonator to the

energy dissipated to it, per cycle (shown in Eq. 5.9).
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Q = 2π × energy stored

energy dissipated per cycle
(5.9)

Fig. 5.5 shows the response of current vs. frequency of resonator circuit. The peak of

the resonant curve is characterized by the center frequency (f0). Bandwidth is defined as the

total number of cycles below and above the resonant frequency, calculated by subtracting f1

from f2. Q is measured by using 3 dB technique, that essentially shows the point where half

the power is dissipated in the circuit.

Figure 5.5. Bandwidth of a resonant circuit indicating resonance frequency.Adapted from [13].

Ql =
f0

BW(−3dB)

(5.10)

Ql is the loaded Q, f0 is the center frequency of the resonator and BW(−3dB) is the -3

dB bandwidth as shown in Fig. 5.5. Ql can further be broken down into:

1

Ql

=
1

Qc

+
1

QD

+
1

Qr

+
1

Qcp

+
1

Qother

(5.11)
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Qc is related to conductor loss, QD is related to dielectric loss, Qr is related to electro-

magnetic radiation loss, Qcp is related to coupling loss and Qother is related to other potential

(not dominant) sources of loss.

The dielectric loss tangent can be determined from dielectric loss (i.e. 1/QD) using the

following equation:

QD =
1

tanδ
+

(
1 +

1− q
εr

)
(5.12)

5.1.4 Resonator Design

In this work, half wavelength (l = λ/2), capacitively coupled "thru type" microstrip trans-

mission line resonators (shown in 5.6) have been fabricated and characterized on flexible

spin-on polyimide substrates.

Figure 5.6. Top view of both ends of the microstrip transmission line resonator indicating the
coupling region.

In order to provide high sensitivity to the dielectric material, optimization of coupling

gap is necessary. If the coupling gap is too small then the loss due to the coupling region

will be included in the Ql whereas if the coupling gap is too large then the resonances may

be buried under the noise level of the network analyzer. Hence, the resonators are designed

with a coupling length of 300 µm and coupling gap of 20 µm so that the resonances are

above the noise level.
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5.2 Fabrication and Microwave Characterization of Flexible Thin Film Nb Res-

onator Structures

In this section, weakly-coupled Nb resonator samples were measured at multiple temper-

atures. By changing the measured temperature, we were able to observe the exponential

dependence of Ql on density of normal electrons and superelectrons. The effect of cur-

ing Nb samples at elevated temperatures was studied with a goal to protect Nb and to

detect the degradation in Tc of Nb after exposure to elevated temperatures. Multiple cur-

ing temperatures were explored on fabricated resonators such as 225 ◦C, 250 ◦C and 275

◦C. Resonator structures with various layer stack ups were studied such as Nb, Nb/PI and

Al2O3/Nb/Al2O3/PI. The effectiveness of Al2O3 as a barrier layer to protect Nb during sub-

sequent fabrication steps of curing PI on top at elevated temperatures was also studied in

this section.

5.2.1 Resonator Fabrication Process

Thin-film wafer-level fabrication processes, as illustrated in Fig. 5.7, were used. Starting

with a silicon handle wafer, a release layer stack of 50 nm thick Cr, followed by 200 nm thick

Al was deposited. A 20µm thick layer of HD-4110 (polyimide) was spin coated, photodefined

and cured in a nitrogen ambient oven at 375 ◦C for one hour. Signal traces were defined using

photolithography, followed by Nb sputter deposition and subsequent lift-off. The Nb was

sputter-deposited (DC sputter for ∼ 30minutes) to a nominal thickness of ∼ 250 nm. An

Ar pressure of 4mTorr was used to deposit Nb in our CHA Mark 50 system, yielding a low

stress Nb film [26,39]. The signal layer was covered with an encapsulation layer of HD-4100

(a photodefinable polyimide), with a thickness of 4 µm, cured in a nitrogen ambient oven.

The HD-4100 layer was cured at 225 ◦C to protect the superconductivity of Nb during the

curing of the embedding polyimide layer [25]. Under bump metallization (UBM) pads were

deposited in openings in the HD-4100 encapsulation layer, to make contact to the exposed
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signal traces. The UBM stack was formed using 50 nm Ti, followed by 250 nm Au, using

standard lift-off processes. The samples were then released using a NaCl anodic dissolution

process, producing individual flexible resonator structures [40].

Figure 5.7. Process flow for embedded microstrip transmission line resonator.
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Figure 5.8. Flexible Nb resonator assembly with Southwest Microwave, Inc SMA end-launch con-
nectors mounted, attached to a support board.

5.2.2 Cryogenic and Microwave Measurement Setup

Measurements were performed in a pulse tube based cryostat (from Cryo Industries of Amer-

ica, Inc.) with temperature control from ∼ 1.2K and up. The resonators were baked at 90 ◦C

prior to loading in the pulse tube cryostat for measurements. Microwave measurements were

made up to ∼18GHz, using a Keysight N5227A PNA, at a nominal power out of the PNA

of -20 dBm.

End-launch SMA connectors from Southwest Microwave, Inc. were used to connect to

and measure the transmission line resonators. Fig. 5.8 shows an assembled flexible microstrip

resonator sample, with connectors mounted. A piece of printed circuit board material was

used as a support board underneath the sample to support the heavy end-launch connectors.

5.2.3 Design and Characterization of Non-Embedded Resonator Structure at

Cryogenic Temperatures

A 3D view of the non-embedded resonator structure is shown in Fig. 5.9. Fig. 5.10 shows

S21 measurement results of a non-embedded resonator structure over a wide frequency range
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(from 1st to 10th mode). Broad frequency sweeps were performed, followed by narrower

sweeps at the resonant frequencies, in order to gather sufficient data around the resonances

to allow fitting to a Lorentzian curve. Fig. 5.11 shows the S21 measurement results of a

non-embedded resonator at 2 GHz and the corresponding Lorentz fit. The Lorentz equation

is given by:

|S21(f)| = A1 + A2f +
|Smax(f)|+ A3f√
1 + 4

(
f−f0

∆fLorent

)2
(5.13)

Where f0 represents the resonant frequency, ∆fLorent represents the bandwidth, A1

represents the constant background, A2 represents the slope on the background, A3 represents

the skew and |Smax| represents the maximum magnitude [42].

Figure 5.9. 3D view of one end of a non-embedded microstrip resonator structure.
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Figure 5.10. S21 measurement results of non-embedded resonator structure measured at 4.2 K over
a wide frequency range (1 GHz - 21 GHz).
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Figure 5.11. Fundamental resonance measurement and the corresponding Lorentz fit for non-
embedded resonator structure.

Fig. 5.12 presents results for 1/Ql vs. temperature for the non-embedded (without the

top PI overcoat) resonator structure measured at multiple temperatures. We can see that

at temperature close to the Tc there is a rapid decrease in value of Ql leading an sudden

increase in 1/Ql values. This is because at temperatures close to Tc there is an increase in

the density of normal electrons leading to lower Ql, whereas when the temperature is lowered

the density of normal electrons drops exponentially and Ql is mainly governed by the density

of superelectrons.

In terms of Nb degradation, we can clearly see the degradation in Tc when the sample

was exposed to elevated temperatures. The samples was first cured at 225 ◦C, which resulted

in Tc of ∼ 9 K. The same sample was then cured at 250 ◦C which lowered the Tc of the sample

to ∼ 7.2 K. After curing the same sample at 275 ◦C, Tc dropped to ∼ 5.5 K.
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Figure 5.12. 1/Ql vs. temperature plot showing degradation of non-embedded sample after different
curing temperatures.

Fig. 5.13 shows the same data from previous plot in log scale to better visualize the

overlapped data points.
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Figure 5.13. 1/Ql vs. temperature plot showing degradation of non-embedded sample after different
curing temperatures.

5.2.4 Design and Characterization of Embedded Resonator Structure at Cryo-

genic Temperatures

A 3D view of the embedded resonator structure is shown in Fig. 5.14. The same procedure

was followed in order to obtain the Ql values for embedded resonator structure, as shown

for the case of non-embedded resonator structure.
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Figure 5.14. 3D view of one end of a embedded microstrip resonator structure.

Fig. 5.15 presents results for 1/Ql vs. temperature for the embedded (without the top

PI overcoat) resonator structure measured at multiple temperatures. A similar trend was

observed in 1/Ql values at temperatures close to the Tc and at lower temperatures.

A significant amount of degradation was observed in Tc when the sample was exposed

to elevated temperatures. The sample was first cured at 225 ◦C, which resulted in Tc of ∼

8.5 K. The same sample was then cured at 250 ◦C which lowered the Tc of the sample to ∼

6.5 K. After curing the same sample at 275 ◦C, Tc dropped to ∼ 4.5 K.
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Figure 5.15. 1/Ql vs. temperature plot showing degradation of embedded sample after different
curing temperatures.

Fig. 5.16 shows the same data from previous plot in log scale to better visualize the

overlapped data points.
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Figure 5.16. 1/Ql vs. temperature plot showing degradation of embedded sample after different
curing temperatures.

5.2.5 Design and Characterization of Embedded Resonator Structure With a

Barrier Layer of Al2O3 at Cryogenic Temperatures

A 3D view of the embedded resonator structure with a thin Al2O3 layer is shown in Fig. 5.17.

The same procedure was followed in order to obtain the Ql values for embedded resonator

structure with a barrier layer of Al2O3, as shown for the case of non-embedded resonator

structure.
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Figure 5.17. 3D view of one end of a embedded microstrip resonator structure with a 20 nm thick
Al2O3 barrier layer.

Fig. 5.18 shows the results for 1/Ql vs. temperature for the embedded (with the

top PI overcoat) resonator structure with a barrier layer of Al2O3 measured at multiple

temperatures. As seen in the case non-embedded and embedded resonator structures, an

abrupt increase in the values 1/Ql was observed near Tc whereas an exponential drop in

1/Ql values was observed at lower temperatures.

Minimal degradation was observed in Tc when the sample was exposed to elevated

temperatures. The samples was first cured at 225 ◦C, which resulted in Tc of ∼ 8.5 K. The

same sample was then cured at 250 ◦C which lowered the Tc of the sample to ∼ 8.2 K. After

curing the sample at 275 ◦C, Tc dropped to ∼ 7.2 K.
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Figure 5.18. 1/Ql vs. temperature plot showing degradation Al2O3/Nb/Al2O3 sample after different
curing temperatures.

Fig. 5.19 shows the same data from previous plot in log scale to better visualize the

overlapped data points.
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Figure 5.19. 1/Ql vs. temperature plot showing degradation Al2O3/Nb/Al2O3 sample after different
curing temperatures.

In this section, we have presented the fabrication and microwave characterization of

weakly coupled SC transmission line resonators. Different resonator structures were explored

- non-embedded, embedded and embedded with Al2O3 barrier layer with the goal to protect

Nb superconductivity at elevated temperatures. Resonator structures with a 20 nm thick

barrier layer of Al2O3 have shown the least amount of reduction in the Tc as compared to the

other resonator structures. The data shown here provides insight into promising material

and stack-up where Nb can be subjected to multiple subsequent high temperature steps.

5.3 Separation of Conductor and Dielectric Losses Using Resonators Measured

at Multiple Temperatures

In this section, we have used microstrip SC resonator structures to differentiate the conductor

loss and dielectric loss. It is very important to understand the various loss mechanism that

contribute to microwave losses in order to design an optimized, low loss structure for use in
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quantum computing. Multiple resonator structures were used to separate the internal losses -

embedded, non-embedded and embedded with Al2O3 barrier layer. The measurement results

of all these resonators were shown in the previous section.

Simulations were performed in Ansys HFSS of a 5 cm long Nb microstrip transmission

line resonator using the superconducting model provided by HFSS. Fig. 5.20 shows the

simulation result of embedded resonator structure and Fig. 5.21 shows the simulation result

of non-embedded resonator structure at 2 GHz. For each resonator structure, 1/Ql was

plotted at multiple temperatures for varying Tc (based on the Tc degradation observed after

exposure the elevated temperatures for the corresponding resonator type, shown in previous

section).

The value of loss tangent used for simulations was 2E-4. In order to account for filling

factor for microstrip, effective loss tangent was calculated using the following equations.

For w/h » 1, w represents the trace width and h represents the height of the dielectric.

keff =
k + 1

1
+
k − 1

1

 1√
1 + 12h

w

 (5.14)

qd =
keff
k − 1

(5.15)

tanδeff =
qdk

keff
tanδ (5.16)

Where w represents the trace width and h represents the height of the dielectric. k

and keff represents the dielectric constant and the effective dielectric constant , respectively.

From the above equations, we got keff=2.56, qd=0.71 and tanδeff=1.78E-4 for a 50µm trace

width in a microstrip configuration.
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Figure 5.20. Simulation results of embedded resonator structure at multiple temperatures for varying
Tc.

Figure 5.21. Simulation results of non-embedded resonator structure at multiple temperatures for
varying Tc.
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The fitting for temperature dependence of Ql was performed using the Eq. 5.17. The

intercepts were extracted by extrapolating to T = 0 K. These intercepts indicate the dielectric

loss (i.e. QD) for both resonator structures. For each resonator structure, tanδ was calculated

using Eq. 5.13.

Figure 5.22. Extracted tanδ from embedded and non-embedded resonator structures for varying Tc.

Fig. 5.22 shows the tabulated loss tangent values for both embedded and non-embedded

resonator structures. The extracted values of tanδ were very close to the actual value of

tanδeff (1.78E-4). This shows the promising proof of concept for this approach and hence

the same approach was used in the following section to extract the dielectric loss for the

three fabricated resonator structures.

5.3.1 Measurement Results and Discussion

According to BCS theory, there is an exponential drop by a factor of e
−∆
kbT in the density of

normal electron (i.e quasi-particles) as temperature is lowered below Tc/2. We have plotted

1/Ql vs. temperature for all resonator structures cured at multiple temperatures. We have

used following equation (valid for T<Tc/2) for fitting temperature dependence of Ql.

Rs ≈
ω2

T
exp

(
−∆(T )

kbT

)
(5.17)

ω represents the frequency, T represents the measured temperature. ∆(T) was calcu-

lated using the relation shown below:

∆(T )

∆(0)
= 1.74

√
1− T

Tc
(5.18)
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kb is the Boltzman constant and ∆ is the gap energy of a superconductor. The excitation

energy required to break a Cooper pair is given by:

2∆ = 3.5kbTc (5.19)

Fig. 5.23, 5.24 and 5.25 shows the measurement results of 1/Ql vs. temperature for

embedded resonator structure cured at 225 ◦C, 250 ◦C and 275 ◦C respectively at different

frequencies.

Figure 5.23. 1/Ql vs. temperature for embedded sample cured at 225 ◦C.
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Figure 5.24. 1/Ql vs. temperature for embedded sample cured at 250 ◦C.

Figure 5.25. 1/Ql vs. temperature for embedded sample cured at 275 ◦C.
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Fig. 5.26, 5.27 and 5.28 shows the measurement results of 1/Ql vs. temperature for non-

embedded resonator structure cured at 225 ◦C, 250 ◦C and 275 ◦C respectively at different

frequencies.

Figure 5.26. 1/Ql vs. temperature for non-embedded sample cured at 225 ◦C.
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Figure 5.27. 1/Ql vs. temperature for non-embedded sample cured at 250 ◦C.

Figure 5.28. 1/Ql vs. temperature for non-embedded sample cured at 275 ◦C.
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Fig. 5.29, 5.30 and 5.31 shows the measurement results of 1/Ql vs. temperature for

embedded resonator structure with Al2O3 barrier layer cured at 225 ◦C, 250 ◦C and 275 ◦C

respectively at different frequencies.

Figure 5.29. 1/Ql vs. temperature for Al2O3/Nb/Al2O3 sample cured at 225 ◦C.
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Figure 5.30. 1/Ql vs. temperature for Al2O3/Nb/Al2O3 sample cured at 250 ◦C.

Figure 5.31. 1/Ql vs. temperature for Al2O3/Nb/Al2O3 sample cured at 275 ◦C.
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5.3.2 Extraction of Dielectric Loss for Different Resonator Structures

We know that the loaded quality factor Ql is defined as:

1

Ql

=
1

Qc

+
1

QD

+
1

Qr

+
1

Qcp

(5.20)

Where Ql is the loaded quality factor and the other terms are quality factors associated

with conductor loss (Qc), dielectric loss (QD), radiation loss (Qr) and coupling loss (Qcp).

The resonators used in this work have a small cross-section, therefore we have assumed

negligible radiation loss. Weakly coupled resonators yield sufficiently high Qcp, hence 1/Qcp

can be safely ignored . With these assumptions we modify Eq. 5.20 and express it as:

1

Ql

=
1

Qc

+
1

QD

(5.21)

Exponential extrapolations to T = 0 correspond to an “absolute 0 K” case, which should

have negligible conductor loss. Therefore, the Ql values at these intercept points should

primarily depend on the dielectric loss (i.e., QD). From these intercepts, we can get the

frequency dependent dielectric loss and use Eq. 5.21 to extract conductor loss. Fig. 5.32

shows a sequence of steps followed to extract dielectric and conductor loss.

Figure 5.32. Image of a flow chart showing the steps followed to separate dielectric and conductor
loss.

Fig. 5.33 shows the measurement results of the 1/QD vs. frequency for embedded

resonator structure cured at 225 ◦C, 250 ◦C and 275 ◦C respectively at different frequencies
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Figure 5.33. 1/QD vs. frequency for embedded sample cured at multiple temperatures.

Fig. 5.34 shows the measurement results of the extracted 1/QD vs. frequency for non-

embedded resonator cured at 225 ◦C, 250 ◦C and 275 ◦C respectively.
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Figure 5.34. 1/QD vs. frequency for non-embedded sample cured at multiple temperatures.

Fig. 5.35 shows the measurement results of the extracted 1/QD vs. frequency for

embedded resonator with Al2O3 barrier layer cured at 225 ◦C, 250 ◦C and 275 ◦C respectively.
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Figure 5.35. 1/QD vs. temperature for Al2O3/Nb/Al2O3 sample cured at multiple temperatures.

The dielectric loss tangent for each resonator structure was calculated using Eq. 5.13.

Fig. 5.36 shows the measurement results of the tanδ vs. frequency for embedded resonator

structure cured at 225 ◦C, 250 ◦C and 275 ◦C respectively at different frequencies.

128



Figure 5.36. tanδ vs. frequency for embedded sample cured at multiple temperatures.

Fig. 5.37 shows the measurement results of the tanδ vs. frequency for non-embedded

resonator cured at 225 ◦C, 250 ◦C and 275 ◦C respectively.
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Figure 5.37. tanδ vs. frequency for non-embedded sample cured at multiple temperatures.

Fig. 5.38 shows the measurement results of the tanδ vs. frequency for embedded

resonator with Al2O3 barrier layer cured at 225 ◦C, 250 ◦C and 275 ◦C respectively.
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Figure 5.38. tanδ vs. temperature for Al2O3/Nb/Al2O3 sample cured at multiple temperatures.

5.3.3 Extraction of Conductor Loss for Different Resonator Structures

The 1/Qc was extracted using the Eq. 5.21. Fig. 5.39 shows the measurement results of the

extracted 1/Qc vs. frequency for embedded resonator cured at 225 ◦C, 250 ◦C and 275 ◦C

respectively.
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Figure 5.39. 1/Qc vs. frequency for embedded sample cured at multiple temperatures.

Fig. 5.40 shows the measurement results of the extracted 1/Qc vs. frequency for non-

embedded resonator cured at 225 ◦C, 250 ◦C and 275 ◦C respectively at different frequencies.
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Figure 5.40. 1/Qc vs. frequency for non-embedded sample cured at multiple temperatures.

Fig. 5.41 shows the measurement results of the extracted 1/Qc vs. frequency for em-

bedded resonator with Al2O3 barrier layer cured at 225 ◦C, 250 ◦C and 275 ◦C respectively

at different frequencies.
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Figure 5.41. 1/Qc vs. frequency for Al2O3/Nb/Al2O3 sample cured at multiple temperatures.

The following plots were generated to better compare the conductor loss of all resonator

structures at different curing temperatures. Fig. 5.42 shows the measurement results of the

1/Qc vs. frequency for all resonator structures cured at 225 ◦C.
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Figure 5.42. 1/Qc vs. frequency for all resonator structures cured at 225 ◦C.

Fig. 5.43 shows the measurement results of the 1/Qc vs. frequency for all resonator

structures cured at 250 ◦C.
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Figure 5.43. 1/Qc vs. frequency for all resonator structures cured at 250 ◦C.

Fig. 5.44 shows the measurement results of the 1/Qc vs. frequency for all resonator

structures cured at 275 ◦C.
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Figure 5.44. 1/Qc vs. frequency for all resonator structures cured at 275 ◦C.

In this section we have extracted dielectric loss and conductor loss using microstrip

resonators measured at multiple temperatures. The impact of curing samples at tempera-

tures - 225 ◦C, 250 ◦C and 275 ◦C on dielectric and conductor loss was studied. It can be

seen that at lower curing temperatures of 225 ◦C and 250 ◦C, non-embedded sampled shows

the least amount of conductor loss, this maybe due to absence of encapsulating PI layer on

top, which causes the degradation in the embedded cases (with and without Al2O3 barrier

layer). When the same samples were exposed to curing temperature of 275 ◦C, significant

amount of degradation was observed in embedded and non-embedded resonator structures,

whereas embedded resonator structure with Al2O3 barrier layer shows the least amount of

degradation. This proves the effectiveness of Al2O3 as a promising barrier layer at curing

temperatures above 250 ◦C.
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5.4 Separation of Conductor and Dielectric Losses Using an External Magnetic

Field on Microstrip Resonators

One of the most common ways to alter the state of superconductor from superconducting

state to normal state is by applying an external magnetic field. Several groups have studied

the effect of external magnetic field in superconducting radio-frequency (SRF) cavities which

are basically resonator structures that allow acceleration of charge particles at high energies

[43–49]. The field at which superconductivity is destroyed is called critical magnetic field Bc.

Superconductors are divided into two categories: Type I and Type II. Type I superconductors

not only behave as perfect conductors but also act as ideal diamagnets. Hence when the

temperature is lowered below Tc, in the presence of some applied magnetic field (less than

Bc) an induced magnetic field in the opposite direction is created inside the superconductor

leading to the expulsion of magnetic flux from the interior of superconductors. Type II

superconductors exhibit two critical fields - lower critical field and upper critical field. Below

the lower critical field, an induced magnetic field inside the superconductor opposes the

applied field, similar to type I. Above the lower critical field, there is slow transition from

superconducting state to normal state until upper critical field is reached. This phenomenon

is know as Meissner effect. The Nb used in this work falls under the category of Type II.

The critical magnetic field is related to temperature by the parabolic law shown below.

Bc = Bc(0)

[
1−

(
T

Tc

)2
]

(5.22)

Eq. 5.22 can be inverted to obtain suppressed superconducting transition temperature

(Tc) [50]:

Tc = Tc(0)

[
1−

(
B

Bc

)2
]

(5.23)

In this section, an external magnetic field was applied to separate internal losses i.e. a

combination of conductor loss and dielectric loss using microstrip resonator structures. In
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the presence of an external magnetic field, the electrons forming Cooper pairs tend to break

due to extra energy provided by the external magnetic field to overcome the energy gap. As a

result, the number of normal electrons in the superconductor increases leading to disruption

of superconductivity.

We report the microwave performance of non-embedded and embedded transmission

line resonator in the presence of external field. Neodymium magnets were used as a source

of magnetic field in this section, these magnets are strong permanent magnets and part of

the rare-earth magnet family.

5.4.1 Magnetic Test Fixtures

In order to study the effect of magnetic field on superconducting resonator structures, three

fixtures were built. Depending upon the proximity of the magnet to the sample, each fixture

exhibited different magnetic field strength on the sample.

5.4.1.1 Fixture for Magnetic Field Strength of 0.5 kG

Fig. 5.45 shows the 3D image of the designed fixture used for applying B of 0.5 kG on the

sample. The magnet is hidden inside the rectangular cavity as indicated in the image. This

was done to apply a constant field on the sample at all times during testing and to prevent it

from moving and or falling while performing tests at cryo temperatures. Fig. 5.46 shows the

assembled flexible microstrip resonator sample, with end-launch SMA connectors mounted

at each end of the sample.
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Figure 5.45. A 3D model of the test fixture with flexible sample and SMA connectors on each end
used to apply 0.5 kG of magnetic field on the resonator samples.

Figure 5.46. Flexible Nb resonator assembly with Southwest Microwave, Inc SMA end-launch
connectors mounted, attached to a 3D printed magnetic test fixture to apply 0.5 kG of magnetic
field on the sample under test.

5.4.1.2 Fixture for Magnetic Field Strength of 2 kG

Fig. 5.47 shows the 3D image of the designed fixture used for applying B of 2 kG on the

sample. Similar to the previous case the magnet is placed inside the cavity as shown in the

image. It can be seen that the magnet is moved closer to the sample in this fixture. Hence the

magnetic field increased to 2 kG. Fig. 5.48 shows the assembled flexible microstrip resonator

sample, with end-launch SMA connectors mounted at each end of the sample.
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Figure 5.47. A 3D model of the test fixture with flexible sample and SMA connectors on each end
used to apply 2 kG of magnetic field on the resonator samples.

Figure 5.48. Flexible Nb resonator assembly with Southwest Microwave, Inc SMA end-launch
connectors mounted, attached to a 3D printed magnetic test fixture to apply 2 kG of magnetic field
on the sample under test.

5.4.1.3 Fixture for Magnetic Field Strength of 4 kG

Fig. 5.47 shows the 3D image of the designed fixture used for applying B of 4 kG on the

sample. This fixture is a combination of two identical 2 kG fixture parts, one of the part is

inverted on top of the other and held down by screws to produce an effective field of 4 kG.

Fig. 5.50 shows the assembled flexible microstrip resonator sample, with end-launch SMA

connectors mounted at each end of the sample.
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Figure 5.49. A 3D model of the test fixture with flexible sample and SMA connectors on each end
used to apply 4 kG of magnetic field on the resonator samples.

Figure 5.50. Flexible Nb resonator assembly with Southwest Microwave, Inc SMA end-launch
connectors mounted, attached to a 3D printed magnetic test fixture to apply 4 kG of magnetic field
on the sample under test.

5.4.2 Measurement Setup

Microwave measurements were made up to ∼10GHz, using a Keysight N5227A PNA, at a

nominal power out of the PNA of, at a nominal power out of the PNA of -20 dBm -20 dBm.

Measurements were performed in LHe dewar at 4.2 K (shown in Fig. 5.51).
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Figure 5.51. LHe dewar.

5.4.3 Results and Discussion

Using the correlation shown in Eq. 5.23, Tc was calculated for each value of applied magnetic

field. Tc values of 8.97 K, 8.46 K and 6.86 K were obtained for magnetic strengths of 0.5

kG, 2 kG and 4 kG respectively. Based on these values, 1/Ql was plotted as a function of

T/Tc for a non-embedded sample (shown in Fig. 5.52). The sample was baked at 90 ◦C in a

vacuum oven for 2 hr prior to making measurements, this was done to minimize the humidity

effects on the resonator during measurement. An exponential fitting was preformed due to

the reduction in the number of normal electrons by a factor of e
−∆
kbT (as shown in Eq. 5.17).
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Figure 5.52. 1/Ql vs. T/Tc for non-embedded sample. The sample was baked before making
measurements.

The same sample was measured again without baking prior to making measurements.

Fig. 5.53 shows the plot of 1/Ql as a function of T/Tc. This was done to measure the change

in Ql value as an effect of humidity.
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Figure 5.53. 1/Ql vs. T/Tc for non-embedded sample. The sample was NOT baked before making
measurements.

By extrapolating the data points shown in previous plot, we obtained the absolute 0 K

case. This case represents the Ql values that primarily depend on the dielectric loss (i.e.,

1/QD), with no conductor loss. Fig. 5.54 shows the plot 1/QD vs. frequency for non-

embedded resonators. It is evident from the plot that dielectric loss for the non-baked case

is higher than the one for the baked case.
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Figure 5.54. 1/QD vs. frequency for non-embedded sample.

Fig. 5.55 shows the difference in 1/QD values between the baked and not-baked cases.
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Figure 5.55. 1/QD vs. frequency for non-embedded sample. NB represents not baked and B
represents baked.

Fig. 5.56 shows the percentage change in the dielectric loss as an effect of baking prior

to making measurement.
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Figure 5.56. Percentage change of ∆(1/QD) vs. frequency for non-embedded sample.

The dielectric loss tangent was calculated from dielectric loss (i.e. 1/QD) using the Eq.

5.13. Fig. 5.57 shows the plot tanδ vs. frequency for non-embedded resonators. Similar to

the case dielectric loss, the tanδ value for the non-baked case is higher than the one for the

baked case.
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Figure 5.57. tanδ vs. frequency for non-embedded sample.

Fig. 5.58 shows the difference in tanδ values between the baked and not-baked cases.
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Figure 5.58. ∆tanδ vs. frequency for non-embedded sample. NB represents not baked and B
represents baked.

Fig. 5.59 shows the percentage change in the tanδ as an effect of baking prior to making

measurement.
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Figure 5.59. Percentage change of ∆tanδ vs. frequency for non-embedded sample.

1/Qc was calculated using Eq. 5.21. Fig. 5.60 shows the plot of 1/Qc vs. frequency for

the non-embedded sample. Minimal change was observed in the conductor loss as an effect

of baking the sample.

151



Figure 5.60. 1/Qc vs. frequency for non-embedded sample. NB represents not baked and B
represents baked.

Fig. 5.61 shows the difference in 1/Qc values between the baked and not-baked cases

for the non-embedded resonator.
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Figure 5.61. 1/Qc vs. frequency for non-embedded sample. NB represents not baked and B
represents baked.

Fig. 5.62 shows the percentage change in the conductor loss as an effect of baking prior

to making measurement for the non-embedded resonators.
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Figure 5.62. Percentage change of ∆(1/Qc) vs. frequency for non-embedded sample.

We also studied the effect of varying applied magnetic field on embedded resonator which

was fabricated in the similar manner as non-embedded resonator but with an additional

top PI encapsulating layer. Embedded resonator structure is more practical and robust as

compared to non-embedded resonator structure. The sample was measured in LHe dewar at

4.2 K using all the three magnetic fixtures (shown previously). Fig. 5.63 shows the plot of

1/Ql vs. T/Tc for the embedded resonator at multiple frequencies after baking the sample

at 90 ◦C for 2 hr.
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Figure 5.63. 1/Ql vs. T/Tc for embedded sample. The sample was baked before making measure-
ments.

Fig. 5.64 shows the plot of 1/Ql vs. T/Tc for a embedded resonator at multiple fre-

quencies prior to baking the sample.
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Figure 5.64. 1/Ql vs. to T/Tc for embedded sample. The sample was NOT baked before making
measurements.

The data points for 1/Ql vs. T/Tc were extrapolated to yield 1/QD values for different

frequencies. Fig. 5.65 shows the plot 1/QD vs. frequency for the baked and not baked case.
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Figure 5.65. 1/QD vs. frequency for embedded sample.

Fig. 5.66 shows the difference in 1/QD values between the baked and not-baked cases.
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Figure 5.66. 1/QD vs. frequency for embedded sample. NB represents not baked and B represents
baked.

Fig. 5.67 shows the percentage change in the dielectric loss as an effect of baking prior

to making measurement.
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Figure 5.67. Percentage change of ∆(1/QD) vs. frequency for embedded sample.

Using Eq. 5.13 the loss tangent was calculated for embedded resonators. Fig. 5.68

shows the plot tanδ vs. frequency for non-embedded resonators.
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Figure 5.68. tanδ vs. frequency for non-embedded sample.

Fig. 5.69 shows the difference in tanδ values between the baked and not-baked cases.
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Figure 5.69. ∆tanδ vs. frequency for non-embedded sample. NB represents not baked and B
represents baked.

Fig. 5.70 shows the percentage change in the tanδ as an effect of baking prior to making

measurement.
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Figure 5.70. Percentage change of ∆tanδ vs. frequency for non-embedded sample.

Similar to the case of non-embedded sample, 1/Qc was calculated using Eq. 5.21. Fig.

5.71 shows the plot of 1/Qc vs. frequency for the embedded sample. A small variance was

observed in the conductor loss as an effect of baking the sample.
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Figure 5.71. 1/Qc vs. frequency for embedded sample. NB represents not baked and B represents
baked.

Fig. 5.72 shows the difference in 1/Qc values between the baked and not-baked cases

for the embedded resonator.
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Figure 5.72. 1/Qc vs. frequency for embedded sample. NB represents not baked and B represents
baked.

Fig. 5.73 shows the percentage change in the conductor loss as an effect of baking prior

to making measurement for the embedded resonators.
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Figure 5.73. Percentage change of ∆(1/Qc) vs. frequency for embedded sample.

In this section, the conductor loss and dielectric loss are separated using microstrip

resonators in presence of an external magnetic field. We have successfully extracted 1/QD

and used that to calculate 1/Qc by subtracting 1/QD from 1/Ql. The effect of baking to

lower the humidity is demonstrated by using both embedded and non-embedded resonator

structures. Essentially, baking the sample leads to evaporation of moisture in the dielectric

which yields a higher Ql whereas not baking the sample increases humidity in the sample

and lowers Ql . We have demonstrated that the extra loss in the case of not baked samples

comes mainly from the dielectric loss and has minimal effect on the conductor loss.

5.5 Surface Resistance Analysis for Resonator Structures Cured at Multiple

Temperatures

For direct current (DC) applications, the conventional superconductors show no energy dis-

sipation, whereas in the case of alternating currents (AC) a finite resistance is observed at
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temperatures below Tc. This response of a superconductor in the presence of AC fields is

well understood by complex surface impedance (Zs) according to two-fluid model (expressed

in Eq. 5.24). One of the most common application of Rs is in SRF, due to its dependence

on the cavity quality factor [51–55]. Several groups have been working on ways to reduce Rs

in order to get a higher Q-value for their SRF cavity [56–59] .

Zs = Rs + jXs (5.24)

The surface resistance (Rs) represents the dissipation and the surface reactance (Xs)

represents the field screening of superconductors. Rs can be expressed as:

Rs =
Γ

Q
(5.25)

Γ is a geometry factor and Q is the measured quality factor. To obtain Γ, the following

set of equations were followed [60].

ω′ = ω +
t

h
[ln(

2h

t
+ 1)] (5.26)

B = 1− ω′2

16h2
(5.27)

C =
1

h
(1− t

ω′h
) (5.28)

D =
2

ω′
[1 +

1

π
ln(

2h

t
)] (5.29)
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Γ =
4π2Z0

λgB(2C +D)
(5.30)

In the above equations, ω represents the width of the microstrip resonator line, h rep-

resents the thickness of the substrate, t represents the thickness of the conductor, Z0 is

the characteristic impedance of the microstrip resonator and λg represents the guided wave-

length.

In order to characterize the surface resistance, three different configuration of microstrip

resonators were used - non-embedded, embedded,embedded with Al2O3 barrier layer. The

fabrication process and stack ups of these three resonators structures were discussed in detail

in the previous sections. Each resonator stack up was exposed to elevated temperatures of

225 ◦C, 250 ◦C and 275 ◦C. Rs was calculated for each resonator structures at each frequency,

based on the Ql values shown in section 5.2.

Fig. 5.74, 5.75 and 5.76 shows the Rs vs. temperature plots for embedded resonator at

multiple frequencies. From all the Rs plots shown below, it can been seen that Rs has an

exponential dependence on temperature. This indicates an exponential fall in the density of

normal electrons by a factor of e
−∆
kbT (shown in Eq. 5.17).
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Figure 5.74. Surface resistance vs. temperature for embedded sample cured at 225 ◦C.

Figure 5.75. Surface resistance vs. temperature for embedded sample cured at 250 ◦C.
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Figure 5.76. Surface resistance vs. temperature for embedded sample cured at 275 ◦C.

Figs. 5.77, 5.78 and 5.79 shows theRs vs. temperature plots for non-embedded resonator

measured at multiple frequencies.
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Figure 5.77. Surface resistance vs. temperature for non-embedded sample cured at 225 ◦C.

Figure 5.78. Surface resistance vs. temperature for non-embedded sample cured at 250 ◦C.
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Figure 5.79. Surface resistance vs. temperature for non-embedded sample cured at 275 ◦C.

Figs. 5.80, 5.81 and 5.82 shows the Rs vs. temperature plots for the embedded resonator

with a barrier layer of Al2O3 measured at multiple frequencies.
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Figure 5.80. Surface resistance vs. temperature for Al2O3/Nb/Al2O3 sample cured at 225 ◦C.

Figure 5.81. Surface resistance vs. temperature for Al2O3/Nb/Al2O3 sample cured at 250 ◦C.
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Figure 5.82. Surface resistance vs. temperature for Al2O3/Nb/Al2O3 sample cured at 275 ◦C.

5.5.1 Residual Resistance

One of the main factor that contributes to Rres is the surface contamination, possibly due

to formation of surface oxides in case of Nb. Some other causes for Rres include surface

roughness, grain boundaries and trapped flux. Residual resistance (Rres) was extracted by

extrapolating the exponential fits of the data shown in Rs plots to 0 K temperature for

each resonator structure. An increase in the intercept point was observed with increasing

frequency, suggesting that the Rres increases with increasing frequency. It is evident that

for all three resonator cases the Rres increases with the increase in curing temperature. Fig.

5.83 shows the plot of Rres vs. frequency for embedded resonator structure cured at multiple

temperatures.
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Figure 5.83. Residual resistance vs. frequency for embedded resonator structure cured at multiple
temperatures.

Fig. 5.84 shows the plot of Rres vs. frequency for non-embedded resonator structure

cured at multiple temperatures.
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Figure 5.84. Residual resistance vs. frequency for non-embedded resonator structure cured at
multiple temperatures.

Figs. 5.85 shows the plot of Rres vs. frequency for embedded resonator structure with

a barrier layer of Al2O3 cured at multiple temperatures.
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Figure 5.85. Residual resistance vs. frequency for embedded resonator structure with a barrier layer
of Al2O3 cured at multiple temperatures.

5.5.2 BCS Resistance

Rs is a combination of superconducting resistance (RBCS) and Rres, written in an equation

form below. RBCS is calculated at 4.2 K for each resonator type by subtracting the extracted

Rres from Rs.

Rs = Rres +RBCS (5.31)

A clear trend of increased BCS resistance can be seen when all the resonator samples

were exposed to elevated temperatures. This increase in RBCS is due to the degradation

of Nb as a conductor at higher temperatures [8, 9]. Fig. 5.86 shows the plot of RBCS vs.

frequency for embedded resonator structure cured at multiple temperatures.
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Figure 5.86. BCS resistance vs. frequency for embedded resonator structure cured at multiple
temperatures. The plot shows measurement at 4.2 K.

Fig. 5.87 shows the plot of RBCS vs. frequency for non-embedded resonator structure

cured at multiple temperatures.
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Figure 5.87. BCS resistance vs. frequency for non-embedded resonator structure cured at multiple
temperatures. The plot shows measurement at 4.2 K.

Fig. 5.88 shows the plot of RBCS vs. frequency for embedded resonator structure with

a barrier layer of Al2O3 cured at multiple temperatures.
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Figure 5.88. BCS resistance vs. frequency for embedded resonator structure with a barrier layer of
Al2O3 cured at multiple temperatures. The plot shows measurement at 4.2 K.

The following plots were generated to better compare the BCS resistance of all resonator

structures at different curing temperatures. Fig. 5.89 shows the measurement results of the

RBCS vs. frequency for all resonator structures cured at 225 ◦C.
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Figure 5.89. BCS resistance vs. frequency for all resonator structures cured at 225 ◦C.

Fig. 5.90 shows the measurement results of the RBCS vs. frequency for all resonator

structures cured at 250 ◦C.
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Figure 5.90. BCS resistance vs. frequency for all resonator structures cured at 250 ◦C.

Fig. 5.91 shows the measurement results of the RBCS vs. frequency for all resonator

structures cured at 275 ◦C.
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Figure 5.91. BCS resistance vs. frequency for all resonator structures cured at 275 ◦C.

In this work, we have demonstrated that all the the resonator structures show com-

parable values of RBCS after being exposed to temperatures of 225 ◦C and 250 ◦C, but a

significant increase in the RBCS was observed for embedded and non-embedded resonator

structures, after curing the same structures at 275 ◦C. Whereas in the case of resonator

with Al2O3 barrier layer, very little increase in the RBCS was observed after subjecting the

resonator to temperature of 275 ◦C. This demonstrates that Al2O3 is a potentially promising

material to protect Nb superconductivity at temperatures higher than 250 ◦C.
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Chapter 6

Summary and Conclusion

In this work, thin-film Nb-based superconducting flexible cables were presented. The

main purpose of building these cables was to minimize thermal load and space inside a

cryogenic system. A spin-on polyimide, which acts as an insulating and passivation layer,

was used as a flexible substrate. Several polymers such as PI-2611, HD-4110 and HD-4100

by HD-Microsystems were explored.

As a part of the work presented, I have investigated multiple material stack ups to

minimize degradation of Nb superconducting properties when subjected to high temperatures

during subsequent fabrication processes, such as the curing of passivating polyimide layer at

350 ◦C. Multiple tests were performed to come up with an effective barrier layer to protect

Nb from subsequent high temperature steps for multi-layer structures. A thin-layer of Al

was demonstrated as a good barrier layer since it did not degrade the high frequency signal

propagation due to microwave skin effects or proximity effects. We also investigated Al2O3 as

a thin interface material between Nb and polyimide. It was deposited using a relatively low

temperature thermal atomic layer deposition (ALD) process to preserve the superconducting

properties of the Nb layer. As an alternate solution to preserve Nb superconductivity, we

cured polyimide at the lower temperature of 225 ◦C and observed promising results. Results

of these experiments provide insight into material stack-ups and fabrication process options

for robust, multi-layer superconducting flexible structures such as embedded microstrips,

striplines etc.

Design, fabrication, and characterization of thin film superconducting stripline transmis-

sion line and resonator were presented. Al/Nb/Al stack-ups were used as conductor layers

and HD-4110 was used as polyimide dielectric layers. We measured Tc as high as 8.8 K
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and 8.6 K for signal and ground traces respectively. The stripline transmission lines showed

reasonable match for S11 (reflections) of ∼ -15 dB and S21 (insertion loss) of less than 0.5

dB (∼ 0.04 dB/cm). We also measured near-end and far-end cross talk, which was typically

near or below -60 dB up to 10 GHz. For DC measurements, a pulse-tube cryostat was used,

and the RF measurements were carried out in LHe dewar with frequencies up to 10 GHz.

Superconducting stripline resonators, fabricated in the same manner as the transmission

line, were characterized at multiple temperatures up to 14 GHz. The resonators were baked

at 90 ◦C prior to loading in the PT cryostat for measurements. We obtained high quality

factors of the order of 7000 at 10 GHz and 1.2 K. The results of this work showed that super-

conducting, flexible cables with multiple layers can be fabricated in stripline configuration

(ground-signal-ground) that is robust enough to withstand multiple elevated temperature

processing steps.

Embedded microstrip transmission line structures were used to optimize the connector

transition regions by minimizing capacitive discontinuities. We have essentially used anti-

pads at each end of the transmission line where the signal pin of the SMA connector touches

the pads on the samples to cancel out the extra capacitance. Several anti-pad designs were

fabricated such as - 132 µm ×1200µm, 176 µm ×1200µm and 220 µm ×1200µm. S21 was

measured for all the respective anti-pad dimensions and it was observed that the microstrip

with the anti-pad size of 176 µm ×1200µm showed the least amount of oscillations (hence

lower capacitive discontinuities) in the insertion loss.

In order to have a better understanding of internal loss mechanism contributing to

microwave losses, weakly coupled microstrip SC resonator structures were fabricated. Dif-

ferent configurations for the microstrip resonator structure were tested, including embedded,

non-embedded and embedded with Al2O3 barrier layer. All the resonator structures were

exposed to elevated temperatures of 225 ◦C, 250 ◦C and 275 ◦C. Ql was measured after

each temperature cycle for all resonators. All the samples were measured in PT cryostat at

multiple temperatures. We demonstrate the degradation in Tc after each temperature cycle
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for each resonator type and also present the effectiveness of using Al2O3 as a barrier layer

for minimizing Nb degradation. We further used these resonator structures to plot 1/Ql vs.

temperature and used an exponential fit to signify the exponential drop in number of normal

electrons as the temperature is lowered. We were able to extract the dielectric loss (1/QD)

using the exponential extrapolation at T=0 K. Conductor loss (1/Qc) was calculated using

the Eq. 5.11. In addition to this, we also studied the effect of external magnetic field on all

these different resonator structures. In particular, we built three fixtures to apply different

magnetic field strength on the sample - 0.5 kG, 2 kG and 4 kG. From the applied magnetic

field strength, the suppression in Tc was calculated using Eq. 5.23. The measurements were

performed in LHe dewar for each magnetic field strength case. We were able to extract 1/QD

by extrapolation to T=0 K from the 1/Ql vs. T/Tc plot. Similar to the previous case, 1/Qc

was calculated using the Eq. 5.11.

Finally, surface resistance analysis was performed for all three resonator structures.

Based on the geometry and the measured quality factor, Rs was calculated for each resonator

structure. We determined Rres by using Eq. 5.17, which was essentially the extrapolated

intercept for Rs as a function of temperature. RBCS was calculated using the Eq. 5.31 for

all the resonator structures.
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Chapter 7

Future Work

In this work we have mainly focused on designing and fabricating superconducting cables

for use in cryogenic applications, but there is still a vast scope for further extension to these

cables for use in the quantum industry.

In order to optimize the functionality in quantum computer, highly densely integrated

superconducting cables with low loss and better EM shielding are preferred. Based on our

stripline fabrication technique shown in section 4 that resulted in a low cross-talk, multiple

parallel signal lines with proper isolation could be placed on a single substrate. In order to

further lower the microwave losses, other dielectrics such as benzocyclobutene (BCB), spin

on glass (SOG) and HD-8000 etc. could be used to fabricate similar structures and dielectric

losses could be extracted and compared using the analysis presented in this work.

There has been a rapid development in the advancement of quantum integrated circuits

[?,61–63]. To transmit microwave signal from room temperature to various stages of dilution

refrigerator, a reliable and stable implementation of cryo-packaging with dense interconnects

is needed. Flip-chip bonding of chip-to-chip or chip-to-flex can improve the scalability aspect

of quantum integrated circuits.

Thermalization has been a topic of discussion for decades. Several groups have made

significant progress to understand the effect of thermalization in quantum symptoms [64–

68]. Thermalization essentially refers to thermal equilibrium in isolated symptoms. Using

materials that can reduce thermalization are desired. Molybdenum (Mo) is viable choice for

substrate to improve thermal leakage. Microwave structures such as transmission lines and

resonators can be fabricated and measured in a similar fashion on Mo substrate as presented

in this work, to understand the thermalization behavior of different materials.

186



Another area that needs some improvement is optimization of RF/microwave cables

using other superconducting materials such as NbTi and NbTiN. Significant effort has been

made by several groups to fabricate NbTi ribbon cables to work at millikelvin (mK) temper-

atures for frequencies up to (20 GHz) [69–72]. The key properties that make NbTi a good

contender for use in various superconducting cables are: non-magnetic, high heat capacity,

relatively low thermal conductivity and low ductility. It can also support high critical cur-

rent and critical fields at 4.2 K. Fabricating and testing these cables comprised of NbTi will

provide useful insight into future generations of superconducting RF cables.
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Appendix A

Microwave Measurement of Thin Film Superconducting Resonator Structures with

Different Linewidth

We fabricated weakly-coupled, superconducting microstrip resonators with different res-

onator trace linewidths - 50 µm, 100 µm and 150 µm. Fig. A.1 shows a plot of 1/Q (i.e.,

loaded Q) vs. resonant frequency for resonators with different trace linewidth, measured

at multiple temperatures and frequencies. At 1.2 K, the Ql values are similar for all three

linewidths (the black markers in Fig. A.1). At higher temperatures, there is an increased

difference in the Ql value for resonators with different trace widths. Each data point on the

graph represents an average of ten measurements with error bars to consider temperature

drift in the pulse tube cryostat. The included ADS simulation results shown in Fig. A.1

are for simulated resonators with only coupling loss (i.e., with zero conductor loss and zero

dielectric loss). From Fig. A.1 it can be seen that 1/Ql values have a linear dependence on

frequency, which is consistent with BCS superconductor resonator theory. According to BCS

theory, the number of quasiparticles, which are responsible for energy loss in the system, de-

creases exponentially as the sample is cooled, which is evident from Fig. A.1, as the slope is

reduced as the temperature is changed from 4.2K to 1.2K. The slope at a temperature of ∼

1.2K is approaching zero since Nb at that temperature has a greatly-reduced quasi-particle

loss and the Ql is expected to be governed primarily, but not completely, by the dielectric

loss. For resonators with different trace width, the loaded Q exhibited a measureable depen-

dence on linewidth. We measured quality factors as high as Q ∼ 22 500 at 1.2 K. The results

of this work are important for understanding loss and transmission properties of similarly

designed and fabricated transmission line interconnects. .
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Figure A.1. 1/Ql vs. resonant frequency for resonators with different linewidths at different tem-
peratures. Square = 50µm, triangle = 100µm, star = 150µm, circle = ADS simulation with tan δ
= 0 and zero conductor loss.
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Appendix B

Moisture Effect on Microwave Performance of Microstrip Resonators on Polyimide

In order to study the effect of moisture, bake tests were preformed on different resonator

structures shown in chapter 5. In this test all three resonator configurations - embedded,

non-embedded and embedded with barrier layer of Al2O3 were measured before and after

baking in a vacuum oven at 90 ◦C for 2 hr. In the following section the Ql values for all

resonators were recorded after they were exposed to a temperature of 250 ◦C. This is an

extension of the work presented in section 5.2.

B.1 Embedded Resonator Structure

Fig. B.1 shows the plot of 1/Q vs. temperature before an after baking for the embedded

resonator. A slight degradation in Tc from ∼ 6.7 K to ∼ 6.5 K can be observed as an effect

of not baking the sample.
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Figure B.1. 1/Ql vs. Temperature plot before and after baking of an embedded sample at 250 ◦C.

Fig. B.2 shows the same data from the previous plot in log scale to better interpret the

data points for each case.
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Figure B.2. 1/Ql vs. Temperature plot before and after baking of an embedded sample at 250 ◦C
on a log scale.

B.2 Non-embedded Resonator Structure

Fig. B.3 shows the plot of 1/Ql vs. temperature before an after baking for the non-embedded

resonator. Similar to the case embedded resonator, minimal amount of degradation in Tc

from ∼ 7.2 K to ∼ 7 K can be observed as an effect of not baking the sample.
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Figure B.3. 1/Ql vs. Temperature plot before and after baking of non-embedded sample at 250 ◦C.

Fig. B.4 shows the same data from the previous plot in log scale to better interpret the

data points for each case.
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Figure B.4. 1/Ql vs. Temperature plot before and after baking of non-embedded sample at 250 ◦C
on a log scale.

B.3 Embedded Resonator Structure With a Barrier Layer of Al2O3

Fig. B.5 shows the plot of 1/Ql vs. temperature before an after baking for the embedded

resonator with barrier layer of Al2O3. A similar trend was seen in the degradation of Tc from

∼ 8.2 K to ∼ 8 K.
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Figure B.5. 1/Ql vs. Temperature plot before and after baking of Al2O3/Nb/Al2O3 sample at 250
◦C.

Fig. B.6 shows the same data from the previous plot in log scale to better interpret the

data points for each case.
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Figure B.6. 1/Ql vs. Temperature plot before and after baking of Al2O3/Nb/Al2O3 sample at 250
◦C on a log scale.

This test demonstrates that all three resonator configurations were sensitive to moisture.

Therefore baking of samples in vacuum oven is necessary for precise microwave performance.

As a standard practice, all the resonators used in this work were baked at 90 ◦C for 2 hr

prior to making measurements in the PT.
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Appendix C

Fabrication Travelers

This section illustrates detailed and step by step information of multiple fabricated

structures used in this work.
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Step # Process Process parameters 
1 Dehydration bake 120 ˚C for 30 mins 
2 HMDS While wafers are warm, transfer to HMDS bell jar for 10 

mins 
3 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 

2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 
seconds 

4 Soft bake Soft bake & 110 C on hot plate for 90 seconds (1 minute and 
30 seconds) 

5 Mask Alignment Mask alignment & Exposure time: 30 seconds on channel 2 
(2mW/cm2) 

6 Development Development & 3:1 DI water: AZ 400K Developer, 1 min and 
10 second, watch carefully the development, shake 1-5 sec 

before transferring into DI water, rinsing 5 min., N2 blow dry 
7 Metal deposition Metal deposition & Base Pressure: < 3.0 x 10 -6 Torr (a) 2 

minutes of ion milling (b) 5 mins pre-sputter followed by 30 
mins sputter 

8 Lift-off Lift-off & Rinse in Methanol/IPA/Water. Use Profilometry to 
determine Nb thickness 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1. Traveler for Tc and Ic measurements of Nb.
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Step # Process Process parameters 
1 Dehydration bake 120 ˚C for 30 mins 
2 Spin coat HD-4110: 1. Spin speed 500 RPM. ACC. 500 rpm/s time=5 

secs. 2. 1700 RPM Acc. 1000 RPM/s Time=30 secs. 
3 Soft bake 1 90 C  for 180 s 
4 Soft bake 2 110 C for 180 s 
5 Development (Wait 1 hour before developing) 

PA-401D and PA-400R. Followed by N2 Dry. 
6 Cure In N2 Oven Profile 7: 1. 90°C, 30 min ramp @ 10°C/min 2. 120°C, 30 min, 

ramp @ 10°C/min 3. 375°C, 60 min ramp @20°C/min 4. Cool 
back to RT in N2 

Signal layer 
7 Dehydration bake 110 °C for 30 mins in oven 
8 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 

2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 
seconds 

9 Soft bake 110 C for 90 s 
10 Alignment Exposure : 45s 
11 Development Developer. 1: 3 developer, 100 mL AZ400K: 300 mL DI H20. 1 

min 30 sec in developer. Followed by 2 min. DI Water Rinse. 
N2 Dry. 

12 Metal deposition Base Pressure: < 3.0 x 10 -6 Torr (a) 2 minutes of ion milling 
(b) 5 mins pre-sputter followed by 30 mins sputter 

Under bump metallization (UBM) 
13 Dehydration bake 110 °C for 30 mins in oven 
14 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 

2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 
seconds 

15 Soft bake 110 C for 90 s 
16 Alignment Exposure : 60s 
17 Development Developer. 1: 3 developer, 100 mL AZ400K: 300 mL DI H20. 1 

min 30 sec in developer. Followed by 2 min. DI Water Rinse. 
N2 Dry. 

18 Metal Deposition Deposition of Ti (50 nm)/Cu (250 nm)/Au/(10 nm) 
19 Lift-Off Rinse in Acetone/IPA. Followed by 2 min. DI Water Rinse/N2 

Dry. 
Top protective polyimide (PI) 

20 Dehydration bake 110 °C for 30 mins in oven 
21 Polyimide Spin HD-4100: 1. Spin speed 500 RPM. ACC. 500 rpm/s time=5 

secs. 2. 6000 RPM Acc. 1000 RPM/s, Time=30 secs 
22 Soft Bake 1 

 
90 °C  for 100 seconds 

 
23 Soft Bake 2 

 
100°C for 100 seconds 

24 Alignment Exposure : 18s 
25 Development (Wait 1 hour before developing) 

PA-401D and PA-400R. Followed by N2 Dry. 

Figure C.2. Resonator Traveler-1/2.
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26 Cure Profile 6: 1. 90°C, 30 min ramp @ 10°C/min 2. 120°C, 30 min, 
ramp @ 10°C/min 3. 225°C, 60 min ramp @20°C/min 4. Cool 

back to RT in N2 
27 Release Sample Using Excimer laser 
28 Invert sample Mount the sample to a wafer  
29 Backplane deposition Base Pressure: < 3.0 x 10 -6 Torr (a) 2 minutes of ion milling 

(b) 5 mins pre-sputter followed by 30 mins sputter 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.3. Resonator Traveler-2/2.
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Step # Process Process parameters 
Release layer 

1 Metal deposition Deposition of Cr/Al for release layer 
HD-4100 Protective layer 

2 Dehydration bake 110 °C for 30 mins in oven 
3 Polyimide Spin HD-4100: 1. Spin speed 500 RPM. ACC. 500 rpm/s time=5 

secs. 2. 6000 RPM Acc. 1000 RPM/s, Time=30 secs 
4 Soft Bake 1 90 °C  for 100 seconds 
5 Soft Bake 2 100°C for 100 seconds 
6 Alignment Exposure : 18s 
7 Development (Wait 1 hour before developing) 

PA-401D and PA-400R. Followed by N2 Dry. 
8 Cure Profile 7: 1. 90°C, 30 min ramp @ 10°C/min  2. 120°C, 30 

min, ramp @ 10°C/min  3. 375°C, 60 min ramp @20°C/min 4. 
Cool back to RT in N2 

Ground layer 
9 Dehydration bake 110 °C for 30 mins in oven 

10 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 
2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 

seconds 
11 Soft bake 110 C for 90 s 
12 Alignment Exposure : 45s 
13 Development Developer. 1: 3 developer, 100 mL AZ400K: 300 mL DI H20. 1 

min 30 sec in developer. Followed by 2 min. DI Water Rinse. 
N2 Dry. 

14 Metal deposition Deposition of Al/Nb/Al  for bottom ground plane 
Catch pads for electroplating 

15 Dehydration bake 110 °C for 30 mins in oven 
16 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 

2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 
seconds 

17 Soft bake 110 C for 90 s 
18 Alignment Exposure : 45s 
19 Development Developer. 1: 3 developer, 100 mL AZ400K: 300 mL DI H20. 1 

min 30 sec in developer. Followed by 2 min. DI Water Rinse. 
N2 Dry. 

20 Metal Deposition Deposition of Ti (50 nm)/Cu (250 nm)/ 
21 Lift-Off Rinse in Acetone/IPA. Followed by 2 min. DI Water Rinse/N2 

Dry. 
Via openings – HD-4110 (1) 

22 Dehydration bake 110 °C for 30 mins in oven 
23 Polyimide Spin HD-4110: 1. Spin speed 500 RPM. ACC. 500 rpm/s time=5 

secs. 2. 1900 RPM Acc. 1000 RPM/s, Time=30 secs 

Figure C.4. stripline Traveler-1/4.
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24 Soft Bake 1 
 

90 °C  for 180 seconds 
 

25 Soft Bake 2 
 

110°C for 180 seconds 

26 Alignment Exposure : 18s 
27 Development (Wait 1 hour before developing) 

PA-401D and PA-400R. Followed by N2 Dry. 
28 Cure Profile 6: 1. 90°C, 30 min ramp @ 10°C/min 2. 120°C, 30 min, 

ramp @ 10°C/min 3. 225°C, 60 min ramp @20°C/min 4. Cool 
back to RT in N2 

29 Plasma descum 1 min O2 plasma 
30 Clean oxide of Cu before 

plating 
50:1 (DI water: HCl) 

31 Electroplate  Electroplate Cu for 20 µm using direct current plating 
Signal layer 

32 Dehydration bake 110 °C for 30 mins in oven 
33 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 

2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 
seconds 

34 Soft bake 110 C for 90 s 
35 Alignment Exposure : 45s 
36 Development Developer. 1: 3 developer, 100 mL AZ400K: 300 mL DI H20. 1 

min 30 sec in developer. Followed by 2 min. DI Water Rinse. 
N2 Dry. 

37 Metal deposition Deposition of Al/Nb/Al  for bottom ground plane 
Catch pad on top of signal layer 

38 Dehydration bake 110 °C for 30 mins in oven 
39 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 

2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 
seconds 

40 Soft bake 110 C for 90 s 
41 Alignment Exposure : 45s 
42 Development Developer. 1: 3 developer, 100 mL AZ400K: 300 mL DI H20. 1 

min 30 sec in developer. Followed by 2 min. DI Water Rinse. 
N2 Dry. 

43 Metal Deposition Deposition of Ti (50 nm)/Cu (250 nm)/ 
44 Lift-Off Rinse in Acetone/IPA. Followed by 2 min. DI Water Rinse/N2 

Dry. 
Via openings – HD-4110 (2) 

45 Dehydration bake 110 °C for 30 mins in oven 
46 Polyimide Spin HD-4110: 1. Spin speed 500 RPM. ACC. 500 rpm/s time=5 

secs. 2. 1900 RPM Acc. 1000 RPM/s, Time=30 secs 
47 Soft Bake 1 

 
90 °C  for 180 seconds 

 
48 Soft Bake 2 

 
110°C for 180 seconds 

49 Alignment Exposure : 18s 

Figure C.5. stripline Traveler-2/4.
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50 Development (Wait 1 hour before developing) 
PA-401D and PA-400R. Followed by N2 Dry. 

51 Cure Profile 6: 1. 90°C, 30 min ramp @ 10°C/min 2. 120°C, 30 min, 
ramp @ 10°C/min 3. 225°C, 60 min ramp @20°C/min 4. Cool 

back to RT in N2 
52 Plasma descum 1 min O2 plasma 
53 Clean oxide of Cu before 

plating 
50:1 (DI water: HCl) 

54 Electroplate  Electroplate Cu for 20 µm using direct current plating 
Top Ground 

55 Dehydration bake 110 °C for 30 mins in oven 
56 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 

2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 
seconds 

57 Soft bake 110 C for 90 s 
58 Alignment Exposure : 45s 
59 Development Developer. 1: 3 developer, 100 mL AZ400K: 300 mL DI H20. 1 

min 30 sec in developer. Followed by 2 min. DI Water Rinse. 
N2 Dry. 

60 Metal deposition Deposition of Al/Nb/Al  for bottom ground plane 
Top Protective PI – HD-4100 

61 Dehydration bake 110 °C for 30 mins in oven 
62 Polyimide Spin HD-4100: 1. Spin speed 500 RPM. ACC. 500 rpm/s time=5 

secs. 2. 6000 RPM Acc. 1000 RPM/s, Time=30 secs 
63 Soft Bake 1 90 °C  for 100 seconds 
64 Soft Bake 2 100°C for 100 seconds 
65 Alignment Exposure : 18s 
66 Development (Wait 1 hour before developing) 

PA-401D and PA-400R. Followed by N2 Dry. 
67 Cure Profile 6: 1. 90°C, 30 min ramp @ 10°C/min 2. 120°C, 30 min, 

ramp @ 10°C/min 3. 225°C, 60 min ramp @20°C/min 4. Cool 
back to RT in N2 

UBM contacts for signal and ground connections 
68 Dehydration bake 110 °C for 30 mins in oven 
69 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 

2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 
seconds 

70 Soft bake 110 C for 90 s 
71 Alignment Exposure : 60s 
72 Development Developer. 1: 3 developer, 100 mL AZ400K: 300 mL DI H20. 1 

min 30 sec in developer. Followed by 2 min. DI Water Rinse. 
N2 Dry. 

73 Metal Deposition Deposition of Ti (50 nm)/Cu (250 nm)/Au/(10 nm) 
74 Lift-Off Rinse in Acetone/IPA. Followed by 2 min. DI Water Rinse/N2 

Dry. 
Release samples of the wafer 

75 Dehydration bake 110 °C for 30 mins in oven 

Figure C.6. stripline Traveler-3/4.
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76 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 
2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 

seconds 
77 Soft bake 110 C for 90 s 
78 Wafer dice  Dice silicon using diamond blade 
79 Release solution Make solution consisting of 700 mL of H20, 81.9 g of Nacl 

and mix with stir bar. 
80 Release sample Bias wafer at 0.6 V in a salt solution 

 

 

Figure C.7. stripline Traveler-4/4.
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Step # Process Process parameters 
Signal layer 

1 Dehydration bake 110 °C for 30 mins in oven 
2 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 

2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 
seconds 

3 Soft bake 110 C for 90 s 
4 Alignment Exposure : 45s 
5 Development Developer. 1: 3 developer, 100 mL AZ400K: 300 mL DI H20. 1 

min 30 sec in developer. Followed by 2 min. DI Water Rinse. 
N2 Dry. 

6 Metal deposition Deposit Nb (250 nm)/Cr (20 nm) 
or 

Deposit Nb (250 nm)/Cr (10 nm) 
or 

Deposit Nb (250 nm)/Ta (20 nm) 
or 

Deposit Nb (250 nm)/Ta (50 nm) 
or 

Deposit Nb (250 nm)/Al (20 nm) 
or 

Deposit Nb (250 nm)/Al (10 nm) 
 

7 Lift-off Lift-off & Rinse in Methanol/IPA/Water. Use Profilometry to 
determine Nb thickness 

Polyimide layer (PI-2611) 
8 Dehydration bake 120 ˚C for 30 mins 
9 Adhesion Promoter Adhesion Promoter: VM652 Spin speed: 1. 500 RPM Acc. 

500 rpm/s time=5 secs. 2. 4000 RPM Acc. 1000 rpm/s 
time=30 secs 

10 Soft Bake 120 °C for 60 seconds on hot plate 
11 Polyimide spin PI-2611: 1. Spin speed 500 RPM. ACC. 500 rpm/s time=5 

secs. 2. 1600 RPM Acc. 1000 RPM/s time=30 secs 
12 Soft bake 120 °C for 5 minutes on hot plate 
13 Cure in N2 oven Profile 2: 1. 90°C, 30 min ramp @ 10°C/min (1hr) 2. 120°C, 

30 min, ramp @ 10°C/min (1hr) 3. 350°C, 60 min ramp 
@20°C/min (3hr). 4. Cool back to RT in N2 

 

 

 

 

 

 

Figure C.8. Different barrier layer to protect Nb.
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Step # Process Process parameters 
Signal layer 

1 Dehydration bake 110 °C for 30 mins in oven 
2 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 

2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 
seconds 

3 Soft bake 110 C for 90 s 
4 Alignment Exposure : 45s 
5 Development Developer. 1: 3 developer, 100 mL AZ400K: 300 mL DI H20. 1 

min 30 sec in developer. Followed by 2 min. DI Water Rinse. 
N2 Dry. 

6 Metal deposition Deposit Nb (250 nm) 
 

7 Lift-off Lift-off & Rinse in Methanol/IPA/Water. Use Profilometry to 
determine Nb thickness 

Polyimide layer (PI-2611) 
8 Dehydration bake 120 ˚C for 30 mins 
9 Adhesion Promoter Adhesion Promoter: VM652 Spin speed: 1. 500 RPM Acc. 

500 rpm/s time=5 secs. 2. 4000 RPM Acc. 1000 rpm/s 
time=30 secs 

10 Soft Bake 120 °C for 60 seconds on hot plate 
11 Polyimide spin PI-2611: 1. Spin speed 500 RPM. ACC. 500 rpm/s time=5 

secs. 2. 1600 RPM Acc. 1000 RPM/s time=30 secs 
12 Soft bake 120 °C for 5 minutes on hot plate 
13 Cure in N2 oven Profile 2: 1. 90°C, 30 min ramp @ 10°C/min (1hr) 2. 120°C, 

30 min, ramp @ 10°C/min (1hr) 3. 225 °C, 60 min ramp 
@20°C/min (2hr). 4. Cool back to RT in N2 

14 Cure in N2 oven Profile 2: 1. 90°C, 30 min ramp @ 10°C/min (1hr) 2. 120°C, 
30 min, ramp @ 10°C/min (1hr) 3. 235 °C, 60 min ramp 

@20°C/min (2hr). 4. Cool back to RT in N2 
15 Cure in N2 oven Profile 2: 1. 90°C, 30 min ramp @ 10°C/min (1hr) 2. 120°C, 

30 min, ramp @ 10°C/min (1hr) 3. 245 °C, 60 min ramp 
@20°C/min (2hr). 4. Cool back to RT in N2 

16 Cure in N2 oven Profile 2: 1. 90°C, 30 min ramp @ 10°C/min (1hr) 2. 120°C, 
30 min, ramp @ 10°C/min (1hr) 3. 255 °C, 60 min ramp 

@20°C/min (2hr). 4. Cool back to RT in N2 
 

Figure C.9. Different curing temperatures of PI-2611.
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Step # Process Process parameters 
Signal layer 

1 Dehydration bake 110 °C for 30 mins in oven 
2 Spin coat PR: AZ 9245 1. Spread: 1700 RPM for 5 seconds. 500 RPM/s 

2. Spin speed: 2200 RPM Acceleration: 1000 RPM/s Time=25 
seconds 

3 Soft bake 110 C for 90 s 
4 Alignment Exposure : 45s 
5 Development Developer. 1: 3 developer, 100 mL AZ400K: 300 mL DI H20. 1 

min 30 sec in developer. Followed by 2 min. DI Water Rinse. 
N2 Dry. 

6 Metal deposition Deposit Nb (250 nm)/Cr (20 nm) 
or 

Deposit Nb (250 nm)/Cr (10 nm) 
or 

Deposit Nb (250 nm)/Ta (20 nm) 
or 

Deposit Nb (250 nm)/Ta (50 nm) 
or 

Deposit Nb (250 nm)/Al (20 nm) 
or 

Deposit Nb (250 nm)/Al (10 nm) 
 

7 Lift-off Lift-off & Rinse in Methanol/IPA/Water. Use Profilometry to 
determine Nb thickness 

Polyimide layer (AL-X) 
8 Dehydration bake 120 ˚C for 30 mins 
9 Adhesion Promoter AGC AP903: 1. 500 RPM Acc. 500 RPM/s t= 5 seconds time=5 

secs 2. 2500 RPM Acc. 1000 RPM/S t=30 seconds 
10 Soft Bake 100 °C for 90 seconds on hot plate 
11 AL-X spin AL-X: 1. 500 RPM Acc. 500 RPM/s t= 5 secs. 2. 1000 RPM 

Acc. 1000 RPM/s t = 30 secs 
12 Soft bake 120 °C for 5 minutes on hot plate 
13 Cure in N2 oven Profile 2: 1. 90°C, 30 min ramp @ 10°C/min (1hr) 2. 120°C, 

30 min, ramp @ 10°C/min (1hr) 3. 190°C, 60 min ramp 
@20°C/min (2hr). 4. Cool back to RT in N2 

 

 

 

 

 

 

Figure C.10. Different barrier layer after curing AL-X.
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