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SUMMARY

The fascinating properties of superconductors have led to their widespread use in ap-

plications such as quantum computing, MRI machines, and particle accelerators. However,

understanding how factors like material thickness influence these properties remains a key

challenge in the field. This thesis focuses on investigating the relationship between the

thickness of aluminum nanolayers in superconductors and their corresponding resistivity

and critical temperature. Aluminum, being a well-characterized low-temperature super-

conductor, provides an ideal model system for exploring these effects. By systematically

varying the thickness of the aluminum films and conducting comprehensive microstructural

and electrical characterization, this study aims to elucidate the fundamental mechanisms

that govern superconductivity in thin films. The research presented in this thesis not only

contributes to the fundamental understanding of superconductivity but also has practical

implications for the design and optimization of superconducting materials for technologi-

cal applications. By advancing our knowledge of how thickness and microstructure affect

the superconducting properties of aluminum-based films, this work lays the groundwork

for future innovations in both low and high-temperature superconducting technologies
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CHAPTER 1

BASIC CONCEPTS IN SUPERCONDUCTIVITY

1.1 Superconductivity

Superconductivity is a complex phenomenon where at low temperatures certain materials

can conduct electricity without any resistance. The way that electrons behave in supercon-

ductors is very different than that of normal conductors. In normal conductors electrons

are disturbed by the vibrations of the atoms in the conductor causing resistance and heat

production, on the other hand, electrons in superconductors form pairs known as cooper

pairs leading to zero resistance due to distortion in the lattice of the material this property

have let to developments of many new technologies that are used in fields such as high

speed computing, medical imaging, and energy transmission/storage. This property was

initially discovered by Heike Kamerlingh Onnes in 1911 in the field of condensed matter

physics. This phenomenon was first observed in Hg and was a result of advances made in

low-temperature physics when liquefying He, Figure 1.1 [1]. Current physics research in

material science has led to the discovery of new superconductors. Superconductivity was

then found in many kinds of metals and their alloys by 1980. Like many other major clas-

sical physics problems, the development of superconductivity contains periods of major

discovery and quieter periods.

In general, the study of superconductivity was a catalyst for the creation of new exper-

imental approaches as well as theoretical physics, many-body physics, and quantum field

theory techniques. It also laid the basis to discover more phenomenon such as the Meissner

effect, which explains the expulsion of magnetic fields from superconductors, BCS Theory

and Ginzburg-Landau Theory.
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Figure 1.1: first observation of superconductivity in Hg

1.2 application

One of the most significant applications of superconductivity is in Magnetic Resonance

Imaging (MRI), where superconducting magnets generate strong, stable magnetic fields

essential for high-resolution medical imaging. Additionally, superconducting magnets are

pivotal in particle accelerators like the Large Hadron Collider (LHC) for controlling and

guiding particle beams.

In transportation, superconductivity enables Magnetic Levitation Magnetic levitation

(Maglev) trains to levitate above tracks, reducing friction and allowing for high-speed,

energy-efficient travel. Furthermore, superconducting cables are employed for long-distance

power transmission due to their minimal energy loss properties. Superconducting magnetic

energy storage (SMES) systems also contribute to efficient energy storage and rapid power
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delivery for grid stabilization.

Superconducting Quantum Interference Devices (SQUIDs), based on superconducting

loops, serve as highly sensitive magnetometers with applications in medical diagnostics and

geophysical exploration. Moreover, superconducting materials are promising for quantum

computing due to their potential for high-coherence qubits and scalable integration.

In communication and radar systems, superconducting materials are utilized to create

high-performance Radio Frequency (RF) and microwave filters. Nuclear Magnetic Reso-

nance (NMR) spectroscopy benefits from superconducting magnets for chemical analysis

and medical research.

Superconducting magnets play a vital role in fusion energy research, providing the

magnetic confinement necessary for controlling high-temperature plasma in fusion reac-

tors. Additionally, Superconducting Fault Current Limiters (SFCLs) protect power grids

by rapidly limiting excessive currents, enhancing grid stability and reliability.

These diverse applications highlight the versatility and significance of superconductiv-

ity in technology and science, offering solutions for energy efficiency, healthcare, trans-

portation, and fundamental research [2].

in the following we explores foundational elements in early development of supercon-

ductivity.

1.3 BCS Theory

One of the most fundamental theories of superconductivity is Bardeen-Cooper-Schriffer,

developed in 1957 by physicist John Bardeen, Leon Cooper, and Robert Schriffer in the

field of condensed matter physics[3][4]. The Bardeen-Cooper-Schriffer (BCS) theory emerged

as a response to the need for a comprehensive theoretical framework to explain the be-

haviour of superconducting materials at low temperatures.

According to the BCS theory, electrons can overcome their mutual Coulomb repulsion

this is caused by interactions with phonons, which are quantized vibrations in a crystal lat-
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tice. Interactions between phonons and electrons result in Cooper pairs. When an electron

moves through the crystal it creates a lattice distortion, that attracts another electron to the

area. This relocation of another electron results in two connected pairs with zero momen-

tum known as Cooper Pairs. Although these pairs are separated by a substantial distance

they have large amounts of overlap in their wave functions. At low enough temperatures

these pairs stay bound to each other allowing no resistance, resulting in superconductivity.

A major prediction made by the BCS theory is that in the single particle excitation spectrum

of a superconductor a superconducting gap will appear. In normal state in metals all of the

states are full up to the Fermi level, on the other hand in the BCS ground state the electrons

when approching the Fermi level are all in Cooper pairs. Unlike single electrons, Cooper

pairs behave like bosons. This results in a large change in the DOS when approaching the

Fermi level. Due to this condensation a measurable superconducting gap appears around

the Fermi level. This gap can be measured by calculating the energy that is required to

separate the Cooper pairs into electrons. This gap is related to the temperature conditions,

and is largest at zero temperature and is zero at critical temperature. The absence of the

band shows the transition out of the superconducting state and into the normal state. The

relationship can be predicted through the following equation,

kBTc = 1:14�h!D exp

(
� 1

NF jVeffj

)
(1.1)

which KB is Boltzman constant, !D is Debye ferquency, NF defines the density of states

per spin at Fermi level, Veff defines the net pairing potential between electrons, and � =

NF jVeffj shows electron-phonon coupling constant. In the weak coupling limit ( � < 1),

The BCS theory works well and fails completely when the energy gap is larger than the

Debye ferquency �(0) << �h!D or for the materials with large �(0). The energy gap at a

temperature close to Tc is given by

�(T ) = 1:74�(0)

√
1� T

Tc
(1.2)
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This indicates that the superconducting gap diminishes as T = Tc. and that the gap at

T = 0 K and Tc are related by a universal ratio

�(0)

kBTc
= 1:76 (1.3)

experimental observations like Meissner effect provide strong support for the predic-

tions of the BCS theory.

1.4 Meissner effect

Meissner and R. Ochsenfeld observed that as a superconductor is cooled below the critical

temperature (Tc), while exposed to an external magnetic field, the superconductor expels

all magnetic flux from by setting up electric current near its surface, leading to a state of

perfect diamagnetism. In this state, a superconducting metal doesn’t allow a magnetic flux

density to exist within its structure. The London equation provides a theoretical explana-

tion for the Meissner effect through a parameter called penetration depth. It shows that

the magnetic field decays exponentially within the superconductor over a range of 20-40

nm. Figure 1.2 illustrate Meissner effect in a normal conductor and superconductor [5].

Figure 1.3 shows a typical picture of a superconductor floating over a permanant magnet

[6]. F and H london suggested in the case of superconductor Maxwell equation should be

replaced by the following London equation,

4��

c
r� ~J = �~B: (1.4)

obtaining,

~B = ~B0e
� z

λL (1.5)

which implies ~B � 0 for depths significantly greater then �L, in agreement with Meiss-
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(a) (b)

(c)

Figure 1.2: Meissner effect in (a) normal conductor, (b) superconductor type-I, (c) super-
conductor type-II

ner effect. the constant �L is called pneteration depth. The value of �L might significantly

differ from � due to variations in the density of superconducting electrons compared to den-

sity of conduction electrons in a regular metal, and it would vary from material to material

and is a function of temperature.
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Figure 1.3: A superconductor floating above a magnet

1.5 Ginzburg-Landau Theory

Based on Landau’s previously formulated theory of second-order phase transition, Ginzburg

and Landau proposed that the free energy density of a superconductor near the supercon-

ducting transition can be expressed in terms of a complex order parameter field �, and it

may be represented as the product of modulus j�j and a phase factor �

� =
p
ns exp (i�) (1.6)

where �(r) characterizes the deviation of the system from its normal state, and in the

case of superconductors represents the macroscopic wave function of Cooper pairs.

The superconductor’s free energy density Fs has the form

Fs = Fn + �j�j2 +
�

2
j�j4 +

1

2m
j(�i�hr� 2eA)�j2 +

B2

2�0

(1.7)

where � and � are temperature-dependent functions, A represents the magnetic poten-

tial (vector), �h is the Planck constant, and e and m are the charge and mass of the particles

described by phi.

The total free energy is given by F =
∫
fs d

3r. To minimize the variation in the order
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parameter � and the magnetic potential A, that affect free energy, one uses the derivative

of Fs with respect to � to derive

� + j�j2 +
�

2
j�j2�+

1

2m
(�i�hr� 2eA)2� = 0 (1.8)

And superconducting current density

J =
e

m
[�� (�i�hr� 2eA)�] (1.9)

Wherer�B = 4�
C
J, and B = r� A.

Ginzburg-Landau equation predicted two new characteristics,

Coherence length, which characterizes the extent of thermodynamic fluctuations during

superconducting:

� =

√
�h2

2m�(T )
(T < TC); superconducting phase (1.10)

� =

√
�h2

2m�(T )
(T > TC); normal phase (1.11)

Penetration depth,

� =

√
m

4�0e2�2
(1.12)

As previously mentioned, � signifies the equilibrium quantity for the order parameter in

the absence of an electromagnetic field, whereas � indicates the depth to which an external

magnetic field can penetrate a superconductor [7][8].

Despite multitude of theories attempting to explain superconductivity, all questions re-

mained unanswered questions like the precise mechanism of the cooper pairs that make

them able to travel through material with no resistance, or why some materials show super-

conductivity, has led to ongoing research with the goal of attaining a more comprehensive
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grasb of superconductivity.

Table 1.1: Penetration depth of different metals at 0K. [6]

S. No Metal Penetration depth at 0K (nm)
1 Pb 39
2 In 64
3 Al 50

1.5.1 Type-I and TypeII superconductors

There are two types of superconductors based on the response to external magnetic field.

type-I (soft superconductors) and type-II (hard superconductors). Figure 1.4 shows typical

behavior of superconductors in an external magnetic field [9]. Type-I superconductors

possess only one critical field Hc. Above this threshold, they lose all superconductivity,

while below it, the superconductor completely expels the magnetic field. Typically they are

elemental metals or alloys with relatively low values of Tc such as aluminum (Hc = 0:0105

Tesla) [10] . Conversely, type-II superconductors have two critical fields. Between these

thresholds, they permit partial penetration of the magnetic field through isolated points

known as vortices. Typically, type-II superconductors include alloys and some elemental

compounds like Nb3Al0.7Ge0.3 (Hc2 = 41 Tesla) and Nb3Ge (Hc2 = 36 Tesla) [10].

Figure 1.4: typical behavior of superconductors in an external magnetic field H
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1.6 Josephson effect

The Josephson Effect is a quantum mechanical phenomenon where a super current can flow

between two superconductors separated by a thin insulating layer, forming what is called

a Josephson junction. This effect, predicted by physicist Brian Josephson in 1962 and is

one of the fundamental effects in superconductivity, with both theoretical and practical

significance.

Josephson Effect core concept is about tunneling of Cooper pairs across the insulating

barrier, without the need for an applied voltage. This tunneling is possible through the

quantum mechanical principle of wavefunction overlap, that allows the super current to

flow even in the absence of an electric field.

There are two main types of Josephson effects:

The DC Josephson Effect, where a steady current flows across the junction without any

applied voltage, provided the current does not exceed a certain critical value. This critical

current is determined by the properties of the superconductors and the insulating barrier.

The AC Josephson Effect, When a voltage is applied across the Josephson junction,

the current through the junction oscillates at a frequency that is directly proportional to the

applied voltage. This relationship is given by the below equation

f =
2eV

h
(1.13)

Where h is Planck’s constant. The frequency-voltage relationship is highly precise,

making it a critical feature in metrology for defining the standard volt.

The Josephson junction has many applications, particularly in advanced electronics and

quantum computing.
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CHAPTER 2

SUPERCONDUCTIVITY IN LAYERED MATERIAL

2.1 layered Material

Multilayer devices refer to a category of superconducting devices comprising multiple thin

layers of superconducting materials interspersed with thin insulating layers. These devices

consist of alternating thin superconductive and insulative layers of material, and can be

applied to a multitude of devices.

Multilayer devices have become particularly attractive to researchers because they can

have an altered conductivity. This comes from the fact that the thickness of each of the

conductive layers can be changed to tune the critical temperature and current density of

that layer and thus, the conductivity of that layer at specific conditions. Multilayer de-

vices are also useful due to the emerging research done on the phenomena they contribute

to. New electronic states have been found to form on the interfaces between the differ-

ent conductive layers, including the formation of what are known as Josephson junctions.

Josephson junctions are becoming important for use in the computing industry. Multilayer

devices can also contribute to magnetoresistance and trapping of magnetic flux, which also

have applications in sensing and imaging processes. Multilayer devices can be applied

to many practical uses, such as MRI imaging, electronics manufacturing, and computing

techniques. Within biological fields, multilayer devices can be employed to sense internal

magnetic fields within the body. In the electronic industry, these devices can be applied to

produce circuits with advanced abilities to process signals.

Many technologies rely on the improvement of superconductors, specially those involve

photon detection methods and quantum computing processes.

Layered materials offer an extensive platform for investigating a diverse class of materi-
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als to optimize superconductivity, including, graphite compounds, oxides, nitrides, cuprates

and many more. To optimize the production of thin film superconductors under various

conditions, it is crucial to understand how critical temperature, thickness of a film and re-

sistance of the sheet of the conductor are related to be able to more effectively produce these

devices. J.J Hauser used mixtures of Al and Ge layered to reach slightly higher Tc = 3:48K

in Aluminum films [11].

various processing techniques have been used to alter the superconducting properties

of thin films including aluminum thin films [12][13] [14][15]. reactive ion etching (RIE) of

Aluminum thin films combined with photo-lithography, produces superconducting-normal

metal(S-N) interfaces by selectively altering the superconducting transition temperature

[16]. Ion implementation effectively shifts Tc, but increases normal state resistance largely

due to structural damage[17].By silicidation of metallic Vanadium layers deposited on sili-

con on insulator substrate people tried to describe a new method for synthesis of A15 phase

of Vanadium Silicide thin film [18]. Ion beam assisted deposition (IBAD) and pulsed laser

deposition (PLD) were used to to prepare Gd-based superconducting coated conductors

such as GdBa2Cu3O7��. the results show that when the thickness of superconducting

layer exceeds approximately 2 µm, critical current density, Jc decreases due to structural

degradation. measurements conducted under longitudinal and transverse magnetic fields

revealed that the optimal layer thickness for maximizing Jc is 1 µm at 65 K, as the longitu-

dinal magnetic field effects became more pronounced at lower temperatures [19]. Nb thin

films with the thicknesses ranging from 5 nm to 20 nm were deposited on sapphire substrate

using dc magnetron sputtering to study the influence of thickness, width, and temperature

of the wafers on the critical current density Jc. The films were patterned into bridges with

widths between 100 nm and 10 µm. Results showed that Jc depends on the film thickness

and width, with thinner and narrower bridges exhibiting higher Jc values. At 4.2 K Jc

decreases with increasing bridge with due to penetration and de-pinning of magnetic vor-

tices [20]. Dependency of critical current density Jc on the thickness of Y Ba2Cu3O7��

12



(YBCO) layers in coated conductors prepared using pulsed laser deposition on ion beam

assisted deposition (IBAD) substrate was investigated. the thickness of the layers changed

from 0.5 to 1.5 µm. Measurements were done at low 10�8 V/m and high 10�4 V/m electric

fields showed that Jc decreases with increasing thickness at low magnetic field [21]. super-

conducting properties of aluminum (Al) nanofilms grown using molecular beam epitaxy

(MBE) on GaAs and sapphire substrate was studied. results showed that superconducting

transition temperature Tc of these films increases with increasing film thickness, reaching

up to 2.4 K for a 3.5 nm thick Al film, which is double of bulk Al (1.2 K). they attribute

this enhancement to to surface phonon softening and increased electronic density of states

due to electronic confinement [22]. Superconducting properties of Ni/Bi bilayers was in-

vestigated with varying Bi thickness, and focusing on the effect of thickness on critical

temperature Tc , upper critical field and coherent length. Ni/Bi bilayers were prepared

using magneteron sputtering deposition silicon wafers covered by silicon oxide. with Ni

layers fixed at 8 nm and Bi layers ranging from 10 to 80 nm. based on this study the

formation of NiBi3 intermetallic compound at the Ni/Bi interface is crucial for supercon-

ductivity. the thicker Bi layers exhibited superconducting behaviour similar to bulkNiBi3,

with nearly isotropic coherence length. in contrast, thinner Bi layers displayed unconven-

tional superconducting properties, suggesting that superconducting state in Ni/Bi bilayers

is strongly dependent on the Bi layer thickness [23]. Superconducting properties of various

aluminum- based thin film structures were explored. The multilayer films, composed of Al

with Si and Al in the presence of oxygen, were fabricated using thermal evaporation tech-

nique. reducing the thickness of pure Al films from 20 to 3 nm increase the superconducting

transition temperature from from 1.3 to 2.45 K. inroducing oxygen during deposition also

enhances Tc, reaching up to 2.4 K at an oxygen pressure of 5 � 10�6 mBar. However the

inclusion of chromium sublayer can suppress superconductivity, especially if the Cr layer

is less than 0.5 nm thick. surface morphology, granularity, and roughness of the films were

characterized using atomic force microscopy (AFM). The results show that thinner films

13



exhibit lower roughness and more uniform surfaces, advantageous for creating homoge-

neous tunneling barriers [24]. Utilizing Al=Al2O3 hyperbolic material geometry, which

was fabricated through sequential thermal evaporation of aluminum films by oxidation to

form thin layers of Al2O3, the samples exhibited a two-fold increase in Tc compared to

pure aluminum, reaching up to 2.3 K. this study also highlighted superior transport and

magnetic properties of the hyperbolic meta-material structure compared to traditional core-

shell geometries[25]. Transport characteristic and thickness dependent superconducting

properties of exfoliated ��PbBi2 nanoflakes was investigated. The superconducting tran-

sition temperature Tc decreased as the thickness the thickness of the nanoflakes reduced,

with superconductivity completely suppressed below a critical thickness of 45 nm. For

thinner flakes, particularly below 36 nm, an an abrupt resistance increase near 7 K was ob-

served, followed by Resistance plateau at lower temperatures. They attribute this unusual

behaviour to enhanced disoreder and reduced phase coherence in thinner samples [26].

Despite all the studies that has been done in this field, the underlying physics of Thin

film superconductors are not fully understood. despite many studied in this field there is

no systematic study on the thickness- dependent superconductivity and transport properties

in layered topological superconductors and there is need for further work. motivated by

previous works and possibility of enhancing superconducting properties through precise

thickness control, we have developed thin film superconductors consisting of Aluminum

thin films and investigated their thickness relationship with the superconductivity prop-

erties. This study aims to provide deeper insights into how the thickness of Aluminum

thin films influences their superconducting characteristics, potentially contributing to the

broader understanding of thin film superconductivity.
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CHAPTER 3

METHODS

3.1 sample Fabrication

Physical Vapor Deposition physical vapor deposition (PVD) is a method used to deposit

thinfilms onto substrates through physical transformation of material. In PVD, the material

is vaporized from a solid or liquid source in vacuum chamber to substrate where it forms

a thinfilm this method allow the deposition of a wide range of material such as metals,

alloys, and ceramics. Primary method of PVD is sputtering where energetic ions from a

plasma collide with a target material, causing atoms to be ejected and deposited onto a sub-

strate.PVD is favored for its ability to produce highly adherent and uniform coatings with

precise control over thickness, composition, and microstructure.the schematic in Figure 3.1

shows the PVD process.

Figure 3.1: Schematic of the PVD process. adapted from [27]

Silicon substate with 0.5 mm thickness was used to prepare samples. Five samples were

synthesized, using Physical Vapor Deposition PVD with the thicknesses of 100 nm, 80 nm,
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Figure 3.2: Photographic image of Unifilm sputterer.

60 nm, 40 nm, and 20 nm. Aluminum thin films were deposited onto prepared substrate

using unifilm sputterer, Figure 3.2. Prior to deposition, the sputtering chamber was evac-

uated to a base pressure of approximately 5 × 10−6 mTorr to minimize contamination. The

sputtering rate was set to 500 Å/minutes to poromote high quality film growth. The process

pressure was 2.5 mTorr. The deposition time was carefully controlled to achieve the de-

sired film thickness. The thickness of the deposited films were verified using Tencor KLA

Profilometer, depicted in Figure 3.3a. In orther to scan a surface, the scan parameters such

as lenght, speed, sampling rate , and the force applied to the sampele surface were carefully

adjusted. Also, Multiple measurements were taken at different locations on the sample to

ensure uniformity and accuracy. The prepared film was placed in the sample mounting

window inside the profilometer for thickness measurements. A typical thickness profile is

shown in Figure 3.3b.
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(a) (b)

Figure 3.3: (a) Photographic image of Tencor KLA Profilometer, (b) A typical thickness
profile of the thinfilms

3.2 Microstructure characterization

3.2.1 X-ray Diffraction (XRD)

The crystalline structure and phase composition were analyzed using X-ray diffraction

(XRD). X-ray Diffraction is the most common technique used to determine the atomic

and molecular structure of a crystal [28]. The diffraction patterns result from constructive

interference of scattered X-rays occurs as a result of X-rays scatterd from the sample’s

crystal structure. Based on the Bragg’s law, the condition for constructive interfrence is

given by 2dsin� = n� [29].

Figure 3.4: Schematic of the XRD process. adapted from [30]
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The Rigaku SmartLab diffractometer was used to examine the crystaline structure. The

schematic of XRD is shown in Figure 3.4. It consists of an X-ray source, a rotating sample

stage, and a detector. The Copper K� line with a wavelength (�) of 1.54 Å was utilized in

this study. The crystallinity orientation of the films was determined using a � � 2� scan.

3.2.2 Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) utilizes high electron beam to generate detailed im-

ages of a sample’ surface. In SEM the generated electron beam in the electron gun is

scanned across the sample’s surface in a grid pattern. As the electrons interact with the

sample, they produce several types of signals, including secondary electrons, backscattered

electrons, and characteristic X-rays. Secondary electrons, which are low-energy electrons

ejected from the sample due to inelastic scattering and are primarily used to provide high

resolution images of the sample’s surface topography. Back scattered electrons, which are

high energy electrons elastically scatterd back from the sample, provide contrast based

on the composition, with heavier elements scattering electrons more strongly then lighter

ones. When the electron beam excites the atoms within sample, characteristic X-rays are

released, collected by different detectors and their intensities are processed to form an im-

age, Figure 3.5.

In this work, Hitachi SU8230 SEM was used Figure 3.6 to gain further insight ino thickness

of the Al film and assess the uniformity and precision of the aluminum thin films on the

silicon substrate

3.3 why low temperature is interesting

Temperature is one of the key variable parameters, as well as pressure and magnetic field,

that can be adjusted to alter a material’s phase and consequently it’s mechanical, ther-

modynamical, chemical , electronic and phonon properties. Conducting studies at low

temperature is particularly fascinating because at room temperature, phonon activity is
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Figure 3.5: Schematic of the SEM process. adapted from [31]

significant due to thermal energy causing atoms to vibrant vigorously. however, as the

temperature decreases, the thermal energy reduces, leading to decrease in phonon activity.

at very low temperatures the amplitude of these vibrations diminishes and near absolute

zero they nearly vanish entirely. this means the significant phonon contribution almost

vanishes, allowing the quantum behaviour of the matter be observed. Superconductivity

and superfluidity are among the most remarkable phenomena observed under low tempera-

ture, exhibiting quantum behavior on a macroscopic scale exhibiting quantum behavior on

a macroscopic scale. In a superconductor, an electric current can flow indefinitely with-

out any voltage and without energy loss [6]. In this study we chose to study low tem-

perature Aluminum based superconductors as low temperature superconductors that are

based on elemental metals like Aluminum, offer a well- understood foundation in terms
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Figure 3.6: Photographic picture of Hitachi SU8230 SEM

of their underlying physics. studying them can improve deeper insight into the mecha-

nism of superconductivity, which are often more complex in high temperature supercon-

ductors. Additionally, low-temperature superconductors have been successfully utilized

in a variety of practical applications for many years, including MRI machines, particle

accelerators, and quantum computing. Improving these materials can lead to enhanced

performance and new technological advancements. These superconductors often possess

more predictable and stable properties compared to their high-temperature counterparts,

making them more suitable for precision applications where consistency and reliability

are crucial. Finally, low-temperature superconductors serve as an important benchmark

for evaluating new superconducting materials. Understanding their properties and behav-

ior helps in comparing and contrasting with high-temperature superconductors. Overall,

studying low-temperature superconductors can yield valuable information that contributes

to the broader field of superconductivity, leading to innovations and improvements in both

low and high-temperature superconducting technologies.
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3.4 Electric Transport Measurement

Temperature dependence of resistivity, (R-T) measurement, is one of the most common

techniques used to study the superconducting properties of materials. Superconductors

exhibit a sharp drop to zero resistance below a certain critical temperature (Tc), making

this measurement essential for determining the superconducting transition temperature and

understanding other key properties.

In this study, for Physical property measurement system (PPMS), Quantum Design Di-

lution Refrigerator (Model P850) DYNACOOL system was used to perform low-temperature

resistivity measurements, Figure 3.7. Helium gas was compressed, condensed, and then

liquefied by the cold head before being stored in the dewar. The cryostat is equipped with

a temperature controller to allow precise control and ramping of the temperature during

the measurement. The system can operate within a temperature range of less than 1.2 K

to 410 K. The sample temperature was measured using a platinum resistance thermometer

and a negative temperature coefficient (NTC) thermometer, both located directly beneath

the electrical connectors of the sample puck.

Figure 3.8 shows photographic image of film after Al deposition using sputtering sys-

tem. For four probe connection, a small amount of GE Varnish was used to attach the film

to the puck. Then electrical contacts for transport measurements were placed on the sample

and micro bridges were made by attaching gold wires with diameter of 50 µm on the pads

and on the film using silver conductive (RS 186-3600). The wired sample is depicted in

Figure 3.9. A multi-meter was used to test the resistance of micro bridges at room tem-

perature. For this measurement, constant current of 0.1 mA was passed through the sample

through the two current leads and the corresponding petential drop is measured bu the other

two consecutive voltage lead. The ratio of the sample at 300 K to that at 100 K is identified

by R300=R100, is commonly employed metric to assess the film’s quality. Typically, our

samples showed values from to indicating high level of linearity between resistance and

21



temperature. The transition temperature measurements was performed by sweeping the

temperature from 300 K to less than 1.2 K below the Tc value. the Tc measurements was

taken in zero field (B=0 T), and B=1 T.

Figure 3.7: Photographic picture of dilution refrigerator DYNACOOL
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Figure 3.8: Photographic picture of 100nm thick sample

Figure 3.9: Photographic picture sample set up for four probe measurement, sample con-
nected to puck with gold wires
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CHAPTER 4

DISCUSSION

Superconductivity in thin films is highly dependent on the structural and microstructural

characteristics induced by film thickness. By reducing the thickness of the aluminum layer,

we observed notable enhancements in the critical temperature, suggesting that supercon-

ducting properties in thin films are tunable

In this report we focused on five sample consisting of silicon substrate with the thick-

ness of 0.5 mm and Aluminum nano-layer deposited on the top, Using PVD method. We

systematically vary the thickness of Al from 100 nm to 20 nm and kept all other parameters

constant

4.1 Electrical Transport measurement

Four prob resistance measurements of thin films versus their superconducting transition

temperature (Tc) reveal their metalic nature in the normal state and the sharp transition to

zero resistance at Tc, indicating the onset of superconductivity. we measured the film in

plane resistance using a constant current bias of 0.1 mA and vary the temperature at a rate

of 0.073 K/min with no magnetic field. Upon cooling down from room temperature to less

than 2 K, sheet resistance of the 20 nm film started to drop from 1.4 K and becomes zero at

1.36 K, Figure 4.1a. resistivity of the sample with the thickness of 40nm starts falling into

zero with one steps with transition width of 0.25 K and becomes zero at 1.27 K. The 60 nm

thickness film Figure 4.1c resistivity increases before falling to zero and falling down to

zero at 1.22 K in two steps.

Resistivity drops to zero at 1.24 K and 1.22 K for 80 nm Figure 4.1d and 100nm Fig-

ure 4.1e thicknesses respectively with one step. These steps observed in resistivity curve, as

the temperature decreases to zero, during superconducting transition suggest the presence
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of additional mechanisms or phenomena affecting the superconducting transition, which

needs further discussion.

One possible explanation is granular superconductivity, where the film consists of su-

perconducting grains separated by non-superconducting boundaries. In such cases, differ-

ent grains or regions may transition to the superconducting state at slightly different tem-

peratures due to local variations in properties such as thickness, grain size, or strain. This

would result in a step-like behavior in the resistivity curve as individual grains sequentially

become superconducting.

Another potential cause could be the presence of weak links between superconduct-

ing regions. These weak links, often associated with grain boundaries, structural defects,

or impurities, might delay the complete transition to zero resistance. As the temperature

decreases, these weak links gradually become superconducting, causing discrete drops in

resistance corresponding to their individual critical temperatures. This behavior is particu-

larly common in films with inhomogeneities or imperfections.

The proximity effect might also contribute to the observed steps. When the supercon-

ducting film is in contact with a non-superconducting material, such as the substrate or

an interfacial oxide layer, the superconducting properties of the film can be influenced by

the adjacent layer. This can result in a gradual rather than abrupt transition as the system

evolves from a partially superconducting state to a fully superconducting one.

In some cases, the steps might arise due to thermal or measurement artifacts. Tempera-

ture gradients across the sample, fluctuations in the measurement setup, or variations in the

applied current could introduce artifacts that appear as steps in the resistivity curve. While

less likely, these factors should be considered, especially if the steps are not reproducible

across multiple measurements.

Finally, the presence of multiple superconducting phases within the film could also

explain the observed behavior. If certain regions of the film have slightly different compo-

sitions due to partial oxidation, contamination, or other effects, these regions might exhibit
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(a) Resistance vs. Temperature for 20nm Sample

(b) Resistance vs. Temperature for 40nm Sample

(c) Resistance vs. Temperature for 60nm Sample
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(d) Resistance vs. Temperature for 80nm Sample

(e) Resistance vs. Temperature for 100nm Sample

Figure 4.1: Electrical resiatance as a function of temperature with no magnetic fields for
thin films with the tickneses (a) 20 nm, (b) 40nm, (c) 60nm, (d) 80nm and (e) 100nm
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distinct critical temperatures. As a result, the resistivity would decrease in a stepwise fash-

ion as each phase transitions to the superconducting state.

Understanding the origin of these steps requires further investigation, as their presence

can provide valuable insights into the microstructure, uniformity, and quality of the thin

film.

For a better comprehensive comparison, Figure 4.2a presents the resistance variations

in thin films as a function of temperature. As the thickness of the thin film decreases all

graphs shift to a higher temperature expect for the sample with 60nm thickness which show

anomaly.

Our results demonstrate a clear trend, as the thickness of Aluminum thinfilm decreases the

superconducting transition occurs at a higher critical temperature. Figure 4.2b illustrates

critical temperature changes Tc as a function of film thickness, demonstrating increase in

Tc with decreasing film thickness. The observed trend suggest that reducing the thickness

of superconductor enhances its superconducting properties, within an elevated Tc. Several

Factors can contribute to this increase in critical temperature with decreasing film thick-

ness. One primary factor is the proximity effect, which becomes more pronounced as

the film approaches nano scale dimensions. The proximity effect refers to the interaction

between the superconductor and its neighboring materials, such as the substrate or other

layers in a multilayer structure. In thinner films, this interaction can induce changes in the

electron pairing mechanism, which, in turn, affects the superconducting transition temper-

ature. As the samples here only have one layer of Aluminum, the proximity effect may

be less pronouced compare to systems with multiple superconducting layers or adjusant

normal metals.

Another crucial factor in the thickness dependence of Tc is the influence of the electron

mean free path and the coherence length. The mean free path is the average distance an

electron travels between scattering events, while the coherence length represents the dis-

tance over which paired electrons (Cooper pairs) maintain phase coherence. In thin films,
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the reduction in thickness can confine electron motion, particularly when the film thick-

ness is comparable to or smaller than the coherence length. This confinement affects the

formation of Cooper pairs, leading to changes in the superconducting properties.

When the film thickness is reduced, the mean free path may become restricted due to in-

creased surface scattering. This effect can alter the electron-phonon interactions, which are

essential for the formation of Cooper pairs in conventional superconductors like aluminum.

Enhanced electron-phonon interactions in thinner films can result in stronger coupling be-

tween electrons, contributing to an increase in the critical temperature.

The structural characteristics of the thin films, such as strain and defect density, can

also significantly influence the critical temperature. As the thickness of the film decreases,

the degree of strain between the film and the substrate typically increases due to lattice

mismatch or thermal expansion differences. This strain can alter the electronic structure

of the material, thereby affecting the superconducting transition temperature. In aluminum

thin films, the strain-induced modifications to the electron-phonon coupling strength may

lead to an increase in Tc as the film thickness is reduced.
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(a)

(b)

Figure 4.2: (a) comparison of the electrical resistance as a function of temperature with no
magnetic fields for all samples. (b) critical temperature change in different samples as a
function of thickness of the thin films.
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4.2 XRD results

Figure 4.3 shows the X-ray diffraction (XRD) pattern of samples with their indexpeak cor-

respond to each peak. All XRD patterns have well defined sharp peaks. except for Al peaks

we can see Al2O3 and SiO2 which is due to oxidation of Al layer after the deposition and

also oxidation of Substrate before depositing Al. Consistent presence of characteristic alu-

minum peaks across all samples indicates that the aluminum films maintain their crystalline

structure at different thicknesses. Aluminum oxide peak at the (130) suggests a possible

oxidation layer on Al surface. The oxide layer formation is particularly significant in thin-

ner films due to the higher surface area-to-volume ratio, which makes thinner films more

susceptible to oxidation when exposed to air or during processing.

4.3 scanning Electron Microscopy results

The accurate thickness measurements obtained from SEM were critical for correlating the

observed superconducting properties with film thickness. The thickness of the aluminum

thin films was measured using cross sectional Scanning Electron Microscopy (SEM), which

provided high-resolution images of the film cross-sections. SEM allowed for precise de-

termination of the film’s actual thickness compared to the nominal values set during de-

position. Figure 4.5 Shows the SEM image for two samples with thickness of, (a)100nm,

and (b) 60nm. We coated a layer of Au in Thinner samples for better resolution. The

thickness of the samples were smooth with slight variation in thickness across different

regions. indicating that the deposition process was reasonably controlled but not perfectly

uniform, which could be attributed to substrate interactions and film growth dynamics. The

small variations in thickness might influence the local superconducting properties, as the

superconducting coherence length in aluminum is on the order of tens of nanometers

The interface between the aluminum thin film and the underlying layer appears smooth,

but some leakages of Aluminum layer in Silicon layer was observed. finer structural details
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(a) (b)

(c)

(d) (e)

Figure 4.3: X-Ray diffraction (XRD) pattern of different samples with their corresponding
peaks.
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Figure 4.4: XRD pattern of samples, 20nm- 100 nm thickness, with Y offset

at the interface (e.g., roughness or oxidation) are not easy to observe at this magnification.
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(a)

Figure 4.5: SEM images for the sample with (a) 100 nm, (b) 60 nm thickness with Au
coating.
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4.4 Conclusion

This thesis focused on studying the superconducting properties of aluminum thin films

and how their thickness affects critical temperature (Tc) and electrical transport behavior.

Through experiments and analysis, it was found that the thickness of the films plays a major

role in determining their superconducting characteristics. The results show that thinner

films tend to have a higher Tc compared to thicker ones. This behavior can be explained

by factors such as stronger electron-phonon interactions, quantum confinement effects, and

strain caused by the substrate. These effects become more noticeable as the film thickness

approaches the coherence length of aluminum.

The resistivity measurements also showed step-like changes during the superconduct-

ing transition. These steps suggest that factors like grain boundaries, weak links between

regions, or proximity effects at the interface between the aluminum film and the substrate

might influence the transition. Further investigation into these behaviors could provide a

deeper understanding of the mechanisms.

Microstructural analysis using XRD confirmed that the aluminum films are crystalline

across all thicknesses. However, the presence of aluminum oxide peaks, especially in thin-

ner films, indicates that surface oxidation occurs,specially this is more pronounced in thin-

ner samples, likely due to their higher surface area to volume ratio.

SEM imaging provided accurate thickness measurements and revealed that the films

are generally uniform, with only small variations. These slight inconsistencies in thickness

are likely due to the deposition process and interactions with the substrate. While these

variations are minimal, precise control over the deposition process is essential for ensuring

consistent superconducting performance.

Overall the results show that Aluminum thin films can be fine-tuned for specific proper-

ties by controlling their thickness. Understanding how thickness impacts superconductivity

also provides valuable knowledge for exploring high-temperature superconductors.

35



REFERENCES

[1] H. K. Onnes, “The superconductivity of mercury,” Comm. Phys. Lab. Univ. Leiden,
vol. 122, p. 124, 1911.

[2] D. Van Delft and P. Kes, “The discovery of superconductivity,” Physics today, vol. 63,
no. 9, pp. 38–43, 2010.

[3] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, “Microscopic theory of superconduc-
tivity,” Physical Review, vol. 106, no. 1, p. 162, 1957.

[4] J. Bardeen, “Electron-phonon interactions and superconductivity,” Science, vol. 181,
no. 4106, pp. 1209–1214, 1973.

[5] M. N. Wilson, “100 years of superconductivity and 50 years of superconducting
magnets,” IEEE transactions on applied superconductivity, vol. 22, no. 3, pp. 3 800 212–
3 800 212, 2011.

[6] R. G. Sharma, Superconductivity: Basics and applications to magnets. Springer Na-
ture, 2021, vol. 214.

[7] A. Larkin and A. Varlamov, Theory of fluctuations in superconductors. OUP Oxford,
2005, vol. 127.

[8] K. Bennemann and J. B. Ketterson, “History of superconductivity: Conventional,
high-transition temperature and novel superconductors,” in Superconductivity: Con-
ventional and Unconventional Superconductors, Springer, 2008, pp. 3–26.

[9] A. Troitskii, T. Demikhov, L. K. Antonova, A. Y. Didyk, and G. Mikhailova, “Ra-
diation effects in high-temperature composite superconductors,” Journal of Surface
Investigation. X-ray, Synchrotron and Neutron Techniques, vol. 10, pp. 381–392,
2016.

[10] C. Kittel, Introduction to solid state physics. John Wiley & sons, inc, 2005.

[11] J. Hauser, “Enhancement of superconductivity in aluminum films,” Physical Review
B, vol. 3, no. 5, p. 1611, 1971.

[12] R. B. Pettit and J. Silcox, “Film structure and enhanced superconductivity in evapo-
rated aluminum films,” Physical Review B, vol. 13, no. 7, p. 2865, 1976.

[13] T. J. Kang et al., “Modification of optical and mechanical surface properties of
sputter-deposited aluminum thin films through ion implantation,” International jour-
nal of precision engineering and manufacturing, vol. 15, pp. 889–894, 2014.

36



[14] Y. Kwong, K. Lin, M. Park, M. Isaacson, and J. Parpia, “Long-range proximity ef-
fect in aluminum thin films with regions of nearly identical transition temperatures,”
Physical Review B, vol. 45, no. 17, p. 9850, 1992.

[15] A. Lamoise, J. Chaumont, F. Meunier, and H. Bernas, “Superconducting properties
of aluminium thin films after ion implantation at liquid helium temperatures,” Jour-
nal de Physique Lettres, vol. 36, no. 11, pp. 271–273, 1975.

[16] K. Lin, Y. Kwong, M. Park, J. Parpia, and M. Isaacson, “Superconducting-normal
metal interfaces produced by reactive ion etching,” Journal of Vacuum Science &
Technology B: Microelectronics and Nanometer Structures Processing, Measure-
ment, and Phenomena, vol. 9, no. 6, pp. 3511–3515, 1991.

[17] M. Park, K. Lane, J. Parpia, and M. Isaacson, “Modification of aluminum thin films,”
Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films, vol. 13,
no. 1, pp. 127–131, 1995.

[18] W. Zhang et al., “Thin-film synthesis of superconductor-on-insulator a15 vanadium
silicide,” Scientific Reports, vol. 11, no. 1, p. 2358, 2021.

[19] T. Yonenaka, E. Otabe, V. Vyatkin, S. Lee, T. Akune, and T. Nishizaki, “Evaluation
of layer thickness dependence of critical current density using longitudinal magnetic
field effect in superconducting coated conductors,” in Journal of Physics: Confer-
ence Series, IOP Publishing, vol. 1293, 2019, p. 012 017.

[20] K. Il’in et al., “Influence of thickness, width and temperature on critical current
density of nb thin film structures,” Physica C: Superconductivity, vol. 470, no. 19,
pp. 953–956, 2010.

[21] K. Kimura et al., “Dependence of superconducting layer thickness on critical current
density of ybco-coated conductors at high temperatures,” Physica C: Superconduc-
tivity and its applications, vol. 463, pp. 697–701, 2007.

[22] C.-C. Yeh et al., “Doubling the superconducting transition temperature of ultra-
clean wafer-scale aluminum nanofilms,” Physical Review Materials, vol. 7, no. 11,
p. 114 801, 2023.
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