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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 �m 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 �m, yielding a characteristic impedance of � 50 
. 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

�m 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 �nd 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-�lm

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

In order to protect Nb in a multi-layer superconducting �exible cable con�guration, 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 con�guration 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 �exible trans-

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

di�erent con�gurations were fabricated and characterized to di�erentiate 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 Schrie�er to understand the behavior

of superconducting material.

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

Superconductors can be classi�ed 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 �eld. 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 �elds 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 �eld expulsion at an intermediate magnetic �eld

strength and show a gradual decrease magnetic �eld expulsion with increasing magnetic �eld

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 e�ciency signal transmis-

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

�exible substrate therefore we designed, fabricated and characterized thin-�lm transmission

lines in microstrip and stripline con�gurations, 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. Schrie�er 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 �rst 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 o�er no resistance to the

�ow 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 �uid 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-

�uence of an electric �eld 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 �uid 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-�uid 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

�ows through the shorted super�uid 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 ofnn and ns. London penetration

depth (denoted by � L ) represents the distance at which the magnetic �eld decays in a su-

perconductor. This penetration is governed by the density ofns. When the superconductor
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is cooled belowTc, critical magnetic �eld gradually increases leading to decrease in the pen-

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

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

penetration depth is expressed as:

� L =
r

m
� 0nse2

(1.2)

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

� (T) =
r

m
� 0ns(T)e2

(1.3)

At T = 0, ns = n whereasnn = 0. So Eq. 1.3 can be modi�ed as:

� (0) =
r

m
� 0ne2

(1.4)

Hence we can write:

ns

n
=

�
� (0)
� (T)

� 2

(1.5)

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

� (T) = � (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 showsns 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 o�ers

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 di�erent samples. A witness sample, 1 cm� 1 cm Si die with SiO2, was

used to measure theTc of unpatterned thin �lm of Nb for this work to ensure good Nb �lm

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 �lm 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, �exible 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 �exible polyimide material processing

steps. 400 nm thick SiO2 bu�er 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 �lter using a gold (Au) bumping process with under

bump metallization of Ti/Au.

Figure 1.9. Nb based �exible connector attached to LC-�lter 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 �lter- and detector-chips. Adapted from [8].

Fig 1.11 shows superconducting transition temperature of two �exible connectors with

di�erent trace width of 10 � m and 14 � m. Both Nb connectors achieved superconducting

transition temperature of � 7 K.

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

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

Nb �exible 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 �ex cable (left) and solder pads
(right). Adapted from [9].

Fig. 1.14 shows the transition of a Ti/Nb/Ti �ex cable, 25 � m track width which had

an RRR of 5. The measurement shows 2 transitions, the �rst 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 �ex cable, 25 � m track width. Adapted
from [9].

In this work, they have also demonstrated a re�ow process to solder these �exes directly

to PCB's using re�ow soldering process (shown in Fig. 1.14)

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

The thermal conductivity of Nb on PI-2611 �ex 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 �nger 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 �ex 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 �exible 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 a�ect the superconducting properties including superconducting transition

temperature (Tc) and critical current (I c). 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 di�usion into the Nb increases and leads to degradation of Nb.

Three di�erent 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 bene�ts of using PI-2611 are low stress, low coe�cient 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 di�erent

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 di�erent
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 di�erent temperatures for a di�erent 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-de�nable 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-de�nable. HD-4100 is an excellent stress bu�er and has numerous applications

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

adhesion to under�ll 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 bu�er 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 �lms

for �exible superconducting cables. Polyimide is a promising material for �exible 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 �lms deposited on

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

Ti, Ta, and SiO2. They reported signi�cant 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 di�usion of oxygen, hydrogen, or other degrading materials into the

thin Nb �lms and lines. In an e�ort to solve this problem, we have studied the e�ects 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

� m wide patterned lines, as opposed to blanket �lms. The lines had larger probe pads

on each end in order to facilitate measurements. The di�erent 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-o� process, a 10� m

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� m 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� m 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� m 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 �lms.
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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

We measured the superconducting transition temperature of the 50� m Nb lines with di�erent

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

evaporation. Di�erent 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 di�erent cured polymer layers. In order to better analyze

the di�erences 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 highestTc values. Following these measurements,

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

re-measuredTc (Fig. 2.11). Most of the samples showed signi�cant degradation inTc, 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 highTc ( 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 � m 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, theTc 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 di�erent 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 � m of PI-2611 cured at 350� C.
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Figure 2.12. Plot of normalized resistance vs. temperature measurement after over-coating metal
lines with 12 � m 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 � m 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-afterTc values of approximately

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

The degradation of 50� m 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 di�usion barrier, an oxygen getter, and a strain bu�er.

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 Al 2O3 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 �lms, 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 di�use 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 Al 2O3 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 di�erent 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.

29



2.3.1 Fabrication Process

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

with 50 � m wide patterned Nb lines, as opposed to blanket �lms, in order to represent

patterned conductor traces that one may �nd 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 �lm 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 �rst 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
Al 2O3 on a substrate using the precursors (TMA and H2O).
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Figure 2.17. 50� m 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-o� process to de�ne

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 su�cient pumpdown followed by a Ti evaporation and gettering

step, which gave repeatable Nb properties for di�erent samples. Nb �lms were deposited in

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

between samples subjected to di�erent 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 theTc of an unpatterned thin �lm 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 e�ect 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 (I c) 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� m 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 e�ectiveness 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., reducedTc) is observed in the superconducting

transition temperature. Minimal degradation can also be seen inI c and RRR measurements.

After curing HD-4110 at 225 � C, I c 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

Al 2O3 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. I c and RRR

of the sample were measured before and after curing HD-4110 on top of the sample. TheI c

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

After curing at 225 � C, the I c dropped to 182 mA and RRR dropped to 3.52. After curing at

375 � C, the I c dropped to 75 mA and RRR dropped to 3.22. Though there was a reduction

in the Tc and RRR, and signi�cant degradation in the I c 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.

Figure 2.23. Plot of normalized resistance vs. sample temperature showing superconducting transi-
tion temperatures of Sample 2(a) with Al2O3/Nb/Al 2O3 without over-coated HD-4110 and of same
sample (now Sample 2(b)) with over-coated HD-4110 and cured at di�erent temperatures (225� C
and 375 � C).

36



Figure 2.24. Plot of normalized resistance vs. sample temperature showing superconducting tran-
sition temperatures of Sample 3 with Al2O3/Nb/Al 2O3 without over-coated HD-4110 and of same
sample with over-coated HD-4110 and cured at di�erent 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 di�erent samples.

PI
Sample 1 Sample 2 Sample 3

T c Ic T c Ic T c 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 di�erent 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

e�ect 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� m 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 o� process

to pattern 250 nm thick Nb another 10� m 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 di�usion 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 �lm leading to loss of superconductivity. In

order to test the e�ectiveness of 20 nm Al capping layer in embedded samples and compare
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