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ABSTRACT

In nanomaterials thin film research, understanding molecular arrangements
at interfaces is crucial for customizing material properties. Materials can form
ultrathin films at interfaces, allowing for the modification of their physico-
chemical properties. Amphiphilic molecules like fatty acids, cholesterol, lipids,
and liquid crystals can be spread onto the water surface to create a stable
monomolecular layer known as a Langmuir monolayer. At the air-water (A/W)
interface, this monolayer exhibits various surface phases depending on surface
density. These phases can be transferred to solid substrates using Langmuir-
Blodgett (LB) or Langmuir-Schaefer (LS) techniques for device applications.
These ultrathin LB films are valuable due to their stability and controllable
nanoarchitecture, making them useful in sensors, electronic devices, and coat-
ings. Nanomaterials, with at least one dimension smaller than 100 nanometers,
exhibit unique properties due to quantum confinement effects, increased sur-
face area to volume ratio, and novel nanoscale interactions. These properties
differ significantly from their bulk counterparts and can be exploited for ad-
vanced applications in electronics, energy, catalysis, sensing, and biomedical
fields. Aligning nanomaterials in ultrathin films enhances their properties and
performance. Nanomaterials can be tailored for specific analyte interactions
by engineering their composition and morphology. Research has focused on
nanostructured carbon allotropes like carbon dots, carbon nanotubes (CNT),
graphene, and fullerene due to their unique properties and diverse applica-
tions. CNT and graphene, with their exceptional electrical and mechanical
properties, are promising for sensing applications, offering superior sensitiv-
ity and biocompatibility due to π − π interactions.

Pristine-CNT are hydrophobic and tend to aggregate at A/W and air-solid
(A/S) interfaces. Functionalizing CNT improves their dispersion in organic
solvents and processability. Functionalization stabilizes the Langmuir mono-
layer at the A/W interface and enhances analyte interaction during sensing,
improving sensitivity and selectivity. In gas sensing, particularly for acetone
detection, metal-oxide-based platforms have been widely studied but exhibit
drawbacks like high power consumption and elevated temperature operation.
These platforms typically use resistance as an output parameter, which is temperature-



dependent. Hence, there is a need for a gas sensing platform capable of de-
tecting acetone over a wide concentration range with a low detection limit at
ambient temperatures.

This thesis proposes the use of octadecylamine-functionalized carbon nan-
otubes (ODA-CNT) for acetone sensing. Investigations reveal that ODA-CNT
can sense acetone across a broad concentration range (1-300 ppm) with a low
detection limit (0.5 ppm) at room temperature. The surface π-electrons of CNTs
enhance gas molecule affinity, and even minor perturbations can disturb the
conjugated π-electron system upon interaction with analytes. CNTs operate
effectively at room temperature with minimal power consumption, making
them suitable for diverse applications in environmental monitoring, industrial
safety, and healthcare diagnostics.

Graphene, a 2D carbon nanomaterial, is another promising candidate due
to its high electrical conductivity, exceptional mechanical strength, and ex-
cellent thermal conductivity. It has a plethora of surface π-electrons for bio-
conjugation, making it suitable for applications in electronics, sensors, en-
ergy storage, and composite materials. The thesis explores ultrathin films of
ODA-functionalized graphene (ODA-gr) at different interfaces and uses LB
films for E. coli sensing. E. coli is a major source of water/food contamina-
tion, leading to chronic diseases and deaths in developing countries. Early
and low-level detection of E. coli is crucial. Existing pathogen sensing tech-
niques in potable water are often time-consuming, expensive, label-based, and
require pre-processing. Thus, a label-free, easy-to-operate sensing mechanism
is needed. This thesis proposes ODA-functionalized graphene for label-free
and selective E. coli detection using Electrochemical Impedance Spectroscopy
(EIS), achieving a detection limit of 2.5 colony-forming units/mL (cfu/mL).

Label-free measurements in sensing technology are essential as they reduce
dependence on fluorescent tags that may interfere with molecular interactions.
Various techniques like electrochemical, capacitive, resistive, optical, piezo-
electric, magnetic, and calorimetric are known. Surface plasmon resonance
(SPR) offers high-precision, label-free measurements, making it valuable in
bio-sensing and bioanalysis. In order to improve selectivity and sensitivity
of SPR based sensors, often the metallic layers are functionalized with suitable
ligands. The strength of the plasmon field decays exponentially in the sensing
medium. Bio-ligands are in general very thick and thereby the perceptibility
of SPR device due to binding of analytes with such ligands are poor. There-



fore, it is essential to optimize the film thickness and the nature of material for
enhanced sensing using SPR phenomenon. In this thesis we have addressed
some of the important issues related to sensing using SPR which are not in-
vestigated elsewhere. We present our research on the role of anisotropy in
ultrathin film on the SPR response and present a calibration curve displaying
the effect of film thickness, optical anisotropy on the SPR response. The cali-
bration curve was employed to estimate the optical birefringence in ultrathin
LB film of organic materials. This study was the first of its kind. In general,
whenever ultrathin film is developed for sensing using SPR, it lacks unifor-
mity over a large length scale. In such cases, the film can be considered as a
sub-monolayer where the surface coverage (So) is less than 1. In this thesis,
we present our investigation by simulating the SPR phenomenon using finite
domain time difference (FDTD) methods by considering the sub-monolayer
of silver nanoparticles as a function of surface coverage. Interestingly, we re-
port insulator-metal transition above a critical surface coverage of the silver
nanoparticle in the sub-monolayer regime. The similar system was verified
experimentally and we report a good agreement of simulation and experimen-
tal findings. Additional simulations were carried out to consider anisotropy in
ultrathin films with variable surface density, examining SPR spectra and plas-
monic fields based on nanotube alignment. These studies provide valuable
information for development of advanced functionalized layers for SPR-based
sensing. The thesis also investigates the plasmonic characteristics of graphene
systems, demonstrating their capability to generate plasmonic fields in the ter-
ahertz frequency range. Graphene exhibits strong bio-affinity, enhancing its
potential for sensitive biological material detection. The thesis evaluates the
sensing performance of monolayer, bilayer, and twisted bilayer graphene sys-
tems, with twisted bilayer graphene near the magic angle showing the highest
sensitivity of 29,120 nm/RIU due to strong interlayer coupling. This research
contributes to the development of advanced SPR sensors with dual function-
ality for bio-sensing and plasmonic applications.
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CHAPTER 1
Introduction

In the field of nanomaterials research, the interface plays an important role

in defining the properties and behaviors of materials at the nanoscale. An

interface refers to the boundary or region where two different phases meet,

such as solid-liquid, liquid-liquid, or gas-liquid interfaces. These interfaces

are dynamic and often exhibit unique properties distinct from those of the

bulk phases. The molecules at the interface undergo unique arrangements due

to the influence of surface effects and interactions with neighboring phases.

Understanding this molecular arrangement at the interface is critical for cus-

tomizing the material property. The unique molecular arrangement can be uti-

lized for a variety of technological and scientific disciplines, including chem-

istry, physics, and materials science. Interface energy governs critical phenom-

ena like adhesion and phase transformations, governing the stability of inter-

faces, spreading, and bonding processes. The comprehensive understanding

of interface energy enables the prediction and control of material behaviors,

facilitating the development of tailored adhesives, coatings, and materials. In-

terfaces also serve as hosts for defects, such as vacancies, dislocations, and

grain boundaries, which significantly impact mechanical, electrical, and op-

tical properties. Understanding defects at interfaces is crucial for optimizing

material performance and reliability across various applications. Moreover,

molecules at interfaces exhibit unique electronic and optical properties due to

quantum confinement and interfacial charge transfer effects, offering advance-

ments in optoelectronics and photonics.

1.1 Air-water (A/W) interface

Among the various interfaces, studying the molecular arrangement at the air/water

(A/W) interface is of great importance. It is easier to create and control distur-

3
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bances at the A/W interface. The various advantages of A/W interfaces are

well recognized in supramolecular chemistry and materials science research.

The A/W interface can provide opportunities for the fabrication of thin films of

organic semiconductor, 2D carbon nanomaterials, metal–organic frameworks

(MOFs), covalent organic frameworks (COFs)[1]. In a recent article by Wan

et al.[2], authors have reviewed fabrication of various 2D films at a A/W in-

terface and their applications in many fields such as photoelectric conversion,

fluorescence, electronic devices, chemical sensing, electrocatalysis, and molec-

ular separation. Further, on the water surface, the difference in environment

between surface molecules and those in the bulk results in excess free energy

of water. The hydrogen bonding in water creates loosely defined networks

that are constantly modified near the surface. Therefore, certain molecules

when dispersed at the A/W interface try to orient themselves at the inter-

face to minimize their energy. If the molecules are neutral, then the forces be-

tween them will be short range and the layer will be of one or two molecules

thick. This monomolecular thick two dimensional layer of the self arranged

molecules are termed as Langmuir monolayer[3]. The Langmuir monolayer

formed at the A/W interface shows variety of phases depending on the molec-

ular arrangement and ordering. Numerous application of Langmuir mono-

layer at the A/W interface has been reported[4, 5]. There are variety of organic

molecules that posses both hydrophilic head group and non-polar hydropho-

bic tail group. Such molecules are known as amphiphillic molecules. These

molecules are mixed with a volatile polar solvent to form a homogeneous solu-

tion which can be spread at the A/W interface. As the solvent gets evaporated,

a uniform single layer of molecules is formed, which is termed as Langmuir

monolayer. In the monolayer, the head group of the amphiphilic molecules

are anchored to the water surface due to electrostatic interactions, such as

ion-dipole or dipole-dipole interactions (including hydrogen bonds). The hy-

drophobic tail part experiences repulsive interactions with water and van der

Waals interaction with each other. The balance between the hydrophillic and

hydrophobic interactions leads to the stabilization of the film[3, 6, 7].

Amphiphiles such as fatty acids, cholesterol and its derivatives, lipids and

phospholipids have been extensively studied in the past at the A/W inter-
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face due to their biological relevance. The compression and expansion of such

molecules on the A/W interface has helped in understanding the working of

biological membranes[6].

The compression of the monolayer using the mechanical barriers in the

lateral direction gives rise to various phase transitions and control over the

nanoarchitecture of the ultrathin film. With the increase in the surface den-

sity, the monolayer undergoes phase transitions depending on the nature of

molecule-molecule and molecules-water interactions.

1.2 Air-solid (A/S) interface

Studying monolayers at the A/W interface yields valuable insights into sur-

face phases which are governed by intermolecular forces. Such phases from

the A/W interface can be transferred to solid substrate via techniques such

as Langmuir-Blodgett (LB) or Langmuir-Schaefer methods. The transferred

Langmuir monolayer on to the solid substrate is interpreted as ultrathin films

at the air-solid (A/S) interface. The A/S interface, serves as a platform for in-

vestigations of various properties and molecular behaviors which are essential

for the design of efficient functional layers. The key parameters for investigat-

ing ultrathin film at A/S interface are surface morphology, molecular packing,

and interactions. These information are crucial for understanding surface sci-

ence leading to the development of innovative technologies in fields such as

sensors, electronic devices, and coatings. The phases of Langmuir film can

be transferred on to the solid substrates by the vertical dipping mechanism

known as Langmuir-Blodgett (LB) technique[8, 9]. The monolayer at the A/W

interface is held at a given phase and through the vertical motion of the sub-

strate the film is transferred. The key advantage of the LB technique is the

ability to precisely control the deposition of molecules onto the solid substrate.

This control enables the creation of well-ordered uniform films with tailored

properties. Additionally, by varying parameters such as the dipping speed,

angle, and number of deposition cycles, the structure and morphology of the

transferred film can also be manipulated.

Langmuir-Schaefer (LS)[10] technique is a variation of the LB method. In
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the LS technique, the solid substrate is horizontally withdrawn from the A/W

interface, allowing the monolayer to deposit onto the substrate. The LS tech-

nique is applicable to the cases where molecules have poor adsorption capa-

bility to the substrate. Inverse Langmuir-Schaefer (ILS) technique is another

variation where the solid substrate placed under the water before the forma-

tion of Langmuir monolayer. The substrate is lifted upward after the formation

of monolayer on the water surface. The substrate is tilted a few degrees with

respect to the horizontal for facilitating the drainage of entrapped water[1].

Recently the advancement in material research has largely shifted towards

nanomaterials due to their exceptional properties and it would be interesting

to study different types of nanomaterials at the A/W and A/S interface.

1.3 Nanomaterials

Nanomaterials refer to materials that have at least one dimension in the nanoscale,

generally ranging from 1 to 100 nanometers. They are pivotal in scientific

research due to their unique properties and wide applications. These ma-

terials play a crucial role in various fields like medicine, electronics, energy,

and environmental science. Nanomaterials are of different types based on

quantum confinement in dimensions: zero-dimensional (0D), one-dimensional

(1D), two-dimensional (2D), and three-dimensional (3D). In 0D nanomaterials,

such as quantum dots, confinement occurs in all three dimensions, leading to

discrete electronic states. 1D nanomaterials, like nanowires and nanotubes, ex-

hibit unique properties due to confinement along two dimensions. Prominent

examples of 2D nanomaterials include graphene, which consists of a single

layer of carbon atoms and posses exceptional physiochemical properties. 3D

nanomaterials, while maintaining bulk properties, offer enhanced surface-to-

volume ratio, making them ideal for number of applications.

Nanomaterials often serve as valuable functional layers in sensing devices

due to their high surface area-to-volume ratio. This property enhances interac-

tions with target substances, improving sensitivity and selectivity in detection[11].

The composition and morphology of nanomaterials can be precisely tailored

to interact with specific analytes, significantly enhancing their sensing perfor-
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mance.

The fabrication of ultrathin films from nanomaterials offers a larger surface

area for interaction with analytes. This increased surface-to-volume ratio en-

hances sensitivity, allowing for the detection of trace amounts of substances.

This capability is crucial for sensitive applications such as medical diagnostics

and environmental monitoring. Overall, nanomaterial-based ultrathin films

represent a promising field for advanced sensing technologies with improved

efficiency and reliability[12, 13].

1.3.1 Carbon Nanomaterials

Over the last two decades, there has been extensive research into nanostruc-

tured allotropes of carbon due to their distinctive hybridization characteris-

tics and susceptibility to alteration during synthesis, facilitating precise con-

trol over material properties [14]. Notably, the chemical, mechanical, thermal,

and electrical attributes of these allotropes are closely linked to their structural

configuration. The most widely studied carbon allotropes are Carbon dots,

Carbon nanotubes (CNT), Graphene and fullerene. Carbon dots are 0D nano-

materials, whereas CNT are 1D, graphene has a 2D structure and fullerene are

considered to be 3D or bulk form of carbon nanomaterials. The discovery of

fullerenes, CNT, and graphene has led to a active research in different fields

like nanotechnology, electronics, materials science, energy, drug delivery, bio-

imaging, field emission devices and medical diagnostics[15, 16].

Carbon nanomaterials, especially CNT and graphene, exhibit unique struc-

tural, electrical, and chemical properties that makes them interesting systems

to study. CNT, with their one-dimensional nanostructures and high aspect

ratio, offer exceptional electrical conductivity and mechanical strength. Sim-

ilarly, graphene, a two-dimensional carbon allotrope, shows remarkable elec-

tronic and mechanical properties, along with a large surface area, making it an

attractive candidate for various applications[17–19].

CNT and graphene also have pleothra of surface π electrons which en-

hances their sensitivity towards external perturbation, making them valuable

materials for sensing applications [20–23]. In graphene, the hexagonal lattice

structure provides an extensive surface area with a high density of delocalized



CHAPTER 1. INTRODUCTION 8

π electrons, which can readily interact with molecules adsorbed on its surface.

This interaction can induce changes in the electronic properties of graphene,

such as conductivity or band structure, which can be measured to detect the

presence or concentration of specific analytes.

Similarly, CNT possess a high aspect ratio and a large surface area, along

with π-electron rich surface. This configuration allows them to interact strongly

with molecules or species adsorbed on their surface, leading to changes in their

electronic/optical properties.

1.3.2 Advantages of sensing with carbon nanomaterials

• Superior sensing merit: Sensing using carbon nanomaterials offers sev-

eral distinct advantages over conventional sensing platforms [24, 25].

Their inherent sensitivity enables the detection of target analytes at ex-

tremely low concentrations, surpassing the detection limits of traditional

sensing technologies. This enhanced sensitivity is particularly beneficial

for applications requiring early disease diagnosis [26, 27] or trace-level

pollutant detection [28, 29].

• Biocompatibilty: Carbon nanomaterials exhibit excellent biocompatibil-

ity, making them suitable for interfacing with biological systems with-

out inducing adverse effects. This attribute is particularly advantageous

for healthcare applications, such as biosensing and medical diagnostics

[30, 31], where compatibility with biological samples is critical. More-

over, the stability of carbon nanomaterials ensure reliable and long-term

sensing performance, essential for real-world applications in harsh or dy-

namic environments.

• Multifunctional Sensor: The versatility of carbon nanomaterials allows

for the development of multifunctional sensors capable of detecting mul-

tiple analytes simultaneously or performing complex sensing tasks, fur-

ther expanding their utility across diverse applications [32, 33]. Thus,

sensing with carbon nanomaterials offers a promising pathway towards

the development of advanced sensing technologies with enhanced per-

formance, reliability, and functionality.
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1.4 Fabrication of ultrathin films

There exist numerous methods for fabricating ultrathin films of carbon nano-

materials. Some of these include chemical vapor deposition (CVD)[34, 35],

chemical exfoliation[36, 37], mechanical exfoliation[38], self-assembly[39, 40],

and the LB technique[22, 41–43]. While all these methods are widely used, the

LB technique has proven to be particularly effective for producing ultrathin

films of nanomaterials due to its cost-effectiveness and ability to precisely con-

trol the structure. Although, LB method was conventionally employed for the

deposition of amphiphilic molecues, in the diverse landscape of material sci-

ence research, a significant category of materials exists that lack amphiphilic

properties has emerged. Instead some of these molecules display purely hy-

drophobic characteristics. Consequently, there has been a gradual shift in focus

within LB research towards investigating such hydrophobic molecules. The re-

cent upsurge in interest in this area is propelled by the diverse potential appli-

cations rising from the optical and electrical properties of these films, alongside

their facile functionalization and enhanced physical properties.

The absence of hydrophilic headgroups presents a challenge regarding the

stability of Langmuir monolayers formed by such non-amphiphilic molecules

at the A/W interface. The general understanding is that the presence of a polar

head group in amphiphiles is crucial for anchoring the molecule to the water

surface, while attractive forces between the long-chain tails drive their self-

assembly. However, with non-amphiphilic molecules, monolayer stability at

the A/W interface may be achieved due to entropic considerations. The inter-

play between van der Waals and hydrophobic interactions could potentially

contribute to stabilizing the monolayer in such cases.

The advancements in the material science research and employment of car-

bon nanostructures in wide variety of applications, led to its investigation in

2D systems. Carbon nanostructures such as CNT and graphene, even they are

completely hydrophobic have been found to be able to form somewhat sta-

ble monolayer at the A/W interface. The ultrathin LB film of CNT have been

extensively studied from fundamental and application point of view. Pristine-

CNT are often dispersed in organic solvents like N-Methyl-Pyrrolidinone (NMP)

and Dimethylformamide (DMF), for the formation of Langmuir film at the
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A/W interface. However, due to strong van der Waals attractive forces be-

tween the nanotubes, the pristine-CNT gets agglomerated on the water sur-

face. To overcome this, functionalization of the CNT with organic ligands is

preferred. Functionalized CNT can easliy be dispersed in organic solvents

like dichloroethane (DCE) or chloroform, which are ideal for dispersing on

the water surface and for the formation of stable Langmuir film. The sta-

ble Langmuir film of functionalized CNT ensures good quality LB film for

any device fabrication. In a study conducted by Valli et al.[44], LB technique

was employed to achieve a well-organized structure of CNT bundles on dif-

ferent substrates. They further showcased the application of these organized

CNT bundles as photo cathodes in a photoelectrochemical cell. Choi et al.[45]

proposed a single-walled CNT patterning technique, achieved through soft

lithography and the LB method. They suggested potential applications of

the patterned CNTs for wide applications such as flexible high-speed transis-

tors, high-efficiency solar cells, and transparent electrodes. In recent times,

LB film of CNT have also been employed for gas sensing and health monitor-

ing applications. In a study, Abdulla et al.[46] have reported the formation of

highly ordered ultrathin films of polyaniline-functionalized multiwalled car-

bon nanotubes (PANI/MWCNT)using the LB technique . The films exhibited

enhanced sensing properties for ammonia gas. The surface functionalization

of MWCNT with polyaniline allowed for an oriented assembly of nanotubes.

The resulting LB films demonstrated exceptional sensitivity to NH3 due to

direct electron transport and fast analyte diffusion through the oriented as-

sembly. The findings suggest the potential for fabricating high-performance

NH3 gas sensor arrays using this large-scale alignment technique. Penza et

al.[47] proposed the fabrication LB film of cadmium arachidate functionalized

SWCNT for a high frequency acoustic gas sensor with high sensitivity for ace-

tone, ethylacetate, and toluene at room temperature

Recently, the focus of gas sensing has been shifted towards sensing volatile

organic gases such as acetone, ethanol, hexane, ketanone, ammonia etc for

healthcare diagnostics. Acetone being one of the important biomarker for di-

abetes in the human body. Acetone is measured in the exhaled human breath

and based on the concentration of the ketonic group, diabetes can be moni-
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tored. Acetone molecules in breath are a byproduct of fat metabolism. As the

liver metabolizes free fatty acids in the body, it converts them into AcetylCoA.

Depending on glucose levels, AcetylCoA can undergo enzymatic degradation,

leading to the formation of acetone. Due to its small size, acetone easily en-

ters the bloodstream and diffuses into the air spaces of the lungs. Therefore,

acetone is expelled from the body through exhaled breath, providing a measur-

able indicator of ketone production and thus glucose levels. The reported level

of acetone in human breath for diabetic patient is above 1.8 ppm. According

to the recent WHO report; the prevalence of diabetes has witnessed a concern-

ing escalation, surging from 108 million individuals in 1980 to a staggering

422 million by 2024. The implications of this global health issue are profound,

with diabetes emerging as a significant contributor to various complications

including blindness, kidney failure, heart attacks, stroke, and lower limb am-

putation. Although there are several diabetes detection devices or mechanism

such as blood glucose monitoring, urine testing and haemoglobin A1 test, but

all the techniques are either invasive where blood/urine are extracted from the

patient body, time taking, costly and fails to provide regular monitoring. Thus,

monitoring acetone from exhaled breath proves to be safer, quick, inexpensive

and non-invasive technique for the diabetes monitoring. There are several sci-

entific reports available which have reported acetone detection for the poten-

tial employment as breath sensor in diabetes monitoring. Fan et al.[48] re-

ported acetone sensing for diabetes monitoring using thin film of Co3O4. The

proposed resistive sensor showed best performance in the range of 1-50 ppm

at 200◦C. Salehi et al.[49] proposed SnO2/Multiwalled CNT nanocomposite

synthesized by ultrasonic-assisted deposition–precipitation method for ace-

tone detection in exhaled breath for diabetes monitoring. They observed high

dependency of humidity and due to formation of a hetero-junction at the in-

terface between p-type MWCNT and n-type SnO2 semiconductor, sensitivity

of acetone was enhanced. They observed lowest detectable concentration of

0.5 ppm at 200◦C. Similarly, there are other reports which have proposed sens-

ing platforms for diabetes monitoring via acetone sensing.

However, low level detection of acetone at room temperature is still a ma-

jor challenge. Most of the studies present on acetone detection are either per-
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formed at high temperature or resistive based measurements. The resistive

based sensing mechanism are highly susceptible to humidity, temperature and

high power consumption. The sensor utilizing ultrathin film of CNT are found

to have high sensitivity, wider detectable concentration range, minimal re-

sponse time at room temperature.

Graphene is another important hydrophobic carbon nanomaterial which

has been extensively studied. Since its discovery in 2004, exploration and

advancement in the graphene related system have presented numerous po-

tential applications[1, 50]. The LB films of graphene are particularly signif-

icant due to their ability to control alignment, high surface-to-volume ratio,

and tunable properties. Furthermore, the characteristics of graphene can be

customized by altering their composition and structure. Applications of LB

films composed of graphene span across diverse fields including electronics,

sensors, catalysis, energy storage, and optoelectronics, offering adaptable so-

lutions to various challenges. Li et al. [51] proposed a technique for the fab-

rication of high-quality single-layer graphene sheets (GS). The process com-

menced with the exfoliation of commercial graphite, followed by intercalation

with oleum and tetrabutylammonium hydroxide (TBA). The intercalation ex-

panded the gaps between graphene layers which can lead to the production

of GS with a stable suspension in organic solvents, exhibiting remarkable elec-

trical conductivity at both ambient and cryogenic temperatures. Additionally,

the authors have demonstrated the layer-by-layer assembly of large transpar-

ent conducting films of GS using the LB technique. These GS films displayed

high transparency (93 %) and low resistance (8 kΩ) at room temperature for

the potential application in transparent conductive films and solar cells. Fur-

thermore, the LB film of SnO2/graphene oxide nanocomposite showed po-

tential as anode materials in Li-ion batteries [52]. In this approach, graphene

oxide layers were transferred onto copper foil deposited with SnO2. The re-

sulting nanocomposites were employed as anode materials in Li-ion batteries,

demonstrating impressive energy storage capacities, with an initial discharge

capacity of 1091 mAhg−1. The columbic efficiency remained stable at 62.5%

after 20 cycles, indicating good cyclic stability. The ordered layer architecture

of the nanocomposite contributed to enhanced storage capacity and stability,
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highlighting the effectiveness of the LB method in electrode fabrication for en-

ergy storage devices. The ultrathin LB graphene film has also been widely

used in biosensing applications. Poonia et al. [53] fabricated monolayers

of acid-terminated graphene (G-COOH) and utilized them for urea sensing.

The LB film of G-COOH exhibited a significantly lower detectable concentra-

tion of urea (8.3 µM) compared to the spin-coated film (41.6 µM). Sensitiv-

ity measurements, conducted using a quartz crystal microbalance, revealed

that the LB film displayed approximately three times higher sensitivity (42.5

ng/cm2/ µM) than the spin-coated film (12.9 ng/cm2/ µM). The same sensing

protocol applied to detect urea in milk showcased approximately five times

greater sensitivity with the LB film of G-COOH compared to the spin-coated

film, highlighting its potential as an extremely sensitive urea sensor capable of

detecting low concentrations.

Apart from the conventional sensing related studies, the LB film of graphene

can potentially be employed for water quality monitoring. In the second world

countries, the potable drinking water has many impurities such as heavy metal

ions, industrial effluents, pesticides, pathogen and bacteria. Due to the pres-

ence of such impurities, huge risk persists on the population in this region.

Biosensors based on bacterial detection in potable water has experienced ex-

ponential growth in recent years. Globally, bacterial contamination in water

remains a primary cause of hospitalizations and fatalities [54, 55]. Despite on-

going efforts, the annual reduction in deaths attributed to pathogenic bacterial

infections stands at only 1%, with a projected 13 million deaths by 2050[56].

Additionally, the potential use of pathogenic bacteria as biological weapons

is a significant concern in the scientific community[57, 58]. Therefore, there

is a great need for cost effective, reliable and efficient sensing platform for

pathogens.

The LB film of graphene offers high surface to volume (S/V) ratio and pre-

cise control over the thickness and morphology of the graphene film, allow-

ing for tailored sensor designs optimized for specific analytes. The surface

π electrons in ultrathin films of graphene interacts with the bio-membrane of

the pathogens. The bio-membrane of pathogens includes proteins and nu-

cleic acids which contain aromatic amino acids. These aromatic rings interact
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through π − π stacking with the aromatic rings of graphene. These interac-

tions alter the physical properties of the graphene film, which is suitable for

measurement during bacteria sensing. The LB films of graphene can also be

integrated into compact and portable devices due to their small size and low

power requirements. This miniaturization allows for rapid detection in remote

or resource-limited areas.

Numerous reports are available based on water borne pathogen detection

from graphene as a functional layer. However, to achieve selective detection

using graphene as a functional layer, the layer was further modified with anti-

body of the pathogenic bacteria to be detected. In a report by Karuppiah et al.

[59], a label-free biosensor for the detection of Escherichia coli (E. coli) in wa-

ter using screen-printing paper electrode of nanoarchitectured graphene oxide

(GO) was proposed. The graphene coated electrode was immobilized with

Concanavalin A (ConA) lectin as a biorecognition element. The performance

of the biosensor was evaluated in real water samples, including sludge and

beach water, using electrochemical impedance spectroscopy (EIS). The charge-

transfer resistance of GO-ConA exhibited a linear increase with bacterial con-

centration within the range of 10–108 colony forming units milliliter −1 (cfu

mL−1), achieving a limit of detection (LOD) of 10 cfu mL−1. Similarly, Her-

nandez et al.[60] introduced a potentiometric aptasensor utilizing chemically

modified graphene oxide (GO). GO and reduced graphene oxide (RGO) served

as the foundation for constructing two versions of the aptasensor for detect-

ing complex microorganisms like Staphylococcus aureus (S. aureus). DNA

aptamers were covalently attached to GO and non-covalently to RGO. Both

systems achieved selective detection of a 1 cfu mL−1 of S. aureus in near real-

time assays. RGO-based aptasensors exhibits lower noise levels compared to

those made with GO. These novel aptasensors offer ultra-low detection limits

and rapid response times for microorganism detection. Thus, functionalization

plays a crucial role in selective sensing. By modifying the surface of graphene

with specific functional groups or biomolecules, researchers can tailor the sens-

ing platform to enhance the selectivity. Overall, LB films of graphene com-

bined with appropriate functionalization strategies can promise opportunities

for the development of highly sensitive, label free and selective bacteria sen-
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sors. These sensors are useful in environmental monitoring, public health, and

water quality assessment. While there are many reports on bacteria sensing

using graphene as a functional layer and further modified with aptamers and

DNA. The LB-fabricated functionalized graphene sheets have not been signif-

icantly explored for bacteria sensing. Based on the type of functionlization,

these ultrathin film of graphene has the potential to be employed for wide

range and selective detection of pathogens.

With the developing technology, sensing techniques have also evolved.

There are several transducers available which works on different type of mea-

surements such as electrochemical, capacitive, resistive, optical, piezoelectric,

magnetic and calorimetric. Each method has their own advantage and applica-

tion. However, optical methods of detection offer high precision and the label-

free concept. Optical biosensor platforms leverage inherent optical properties

of biomolecules, enabling precise and direct detection without the need for ad-

ditional labeling steps. This label-free approach streamlines assay procedures,

reduces experimental complexity, and minimizes the risk of assay interference

or artifacts.

Among the various optical techniques like surface plasmon resonance (SPR),

absorbance, photoluminescence, and surface-enhanced Raman spectroscopy,

SPR emerges as the next generation of sensing devices for widespread applica-

tions. SPR stands out as a optical phenomenon in bio-sensing and bioanalysis

due to its label-free detection capability with exceptional sensitivity and reso-

lution. Typically employed as a refractive index (RI) measurement technique,

SPR can detect the adsorption of even minute quantities of analytes on the

active area of sensor. In 1983, Liedberg et al.[61] group was the first to iden-

tify SPR for biosensing application. They proposed the sensing mechanism

for antibody based detection of different Immunoglobulins. They reported the

lowest detected concentration in nanomolar range. Chang et al.[62] proposed

zinc oxide coated gold films for the detection of breast cancer markers using

SPR. Carbohydrate antigen 15.3 (CA15-3), a tumor marker for breast cancer,

was chosen as a model analyte. They tested samples with concentrations rang-

ing from low to high and found a strong response in the linear range from 1

to 40 units per milliliter, with a very low detection limit of 0.025 units per mL.
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Compared to traditional gold/chromium layers, a significant improvement in

signal intensity and sensitivity was observed. Chabot et al.[63] proposed the

combination of living cells and SPR to monitor the effects of different molecu-

lar stimuli on cellular activity. Several metallic layers, including silver, copper,

aluminum, and gold, have been explored for SPR measurements. Nonetheless,

gold stands out as the predominant choice as it offers several practical bene-

fits, such as chemical inertness, easy functionalization, and excellent stability

in aqueous environments. Several reports have reported functionalization of

gold surface for enhanced and selective detection of bioanalytes. However,

the pure gold surface has a lower affinity towards many bio-analytes. Fur-

ther, sensing utilizing SPR rely on various factors, including appropriate func-

tionalization of the active area and optimization of optics[64]. To improve the

specificity and sensitivity of the sensor, the gold surface is functionalized with

bio-affinitive layers such as graphene. The extended π electron system of a

graphene sheet increase the binding affinity with bio-analytes via π − π inter-

actions. Wu et al.[65] reported that the functionalization of gold layer with

single layer graphene has enahnced the sensitivity upto 3-4 orders of the mag-

nitude. While functionalization can enhance analyte adsorption capabilities, it

diminishes the figure-of-merit (FOM). Moreover, the weak physical bonding

between metal and bio-affinitive layer decrease the device stability[66]. The

functionalization also increases the thickness of the active layer of the SPR con-

figuration which can hinder the interaction between the plasmonic waves and

analytes which will reduce the device performance.

Several fundamental issues are also present due to the functional layer

which can alter the SPR response. The density and relative tilt of molecules

of the functional layer over the metallic film alters the SPR responses. Some of

the fundamental issues are listed:

• Anisotropy in the functional layer: SPR measurements are highly sen-

sitive to even a minute change of refractive index even in the order of

10−8RIU . The refractive index can be altered by minimal perturbation

due to ordering and alignment of the molecules in the functional layer.

In case of ultrathin film of anisotropic materials, the refractive index is

found to be different in orthogonal directions. SPR is a tool for measur-
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ing RI at a very high precision. The measurement of RI using SPR is de-

pendent on the relative angle between the plane of incidence and plane

of anisotropy of the functional layer. As a result, reference measurements

are extremely difficult. Thus, it is essential the study the electric field pat-

tern of the plasmonic field and its dependencies on different degrees of

anisotropy of the thin film.

• Surface density of the functional layer: In the ultrathin film regime

functional layer do exhibit non uniformity in terms of defects. Such

layers can be considered as sub-monolayer. Functional layer of metal-

lic nanoparticles often have been used to increase the sensitivity of the

SPR[67]. Metallic nanoparticles induce localized surface plasmons to en-

hance the sensitivity and increase the FOM of the SPR. However, the de-

position mechanisms employed for deposition of such metallic nanopar-

ticles on the SPR chip often fails to deposit a homogeneous layer. The

deposited layer are rather in sub-monolayer regime with number of de-

fects. Therefore, it is of importance to investigate the sub-monolayer with

different surface coverage of the SPR chip. Other functional layers which

have high affinity towards bio analytes are also to be investigated with

respect to the surface density and alignment. In this thesis we have in-

vestigated the effect of surface density and the alignment of single walled

CNT on the SPR response.

In SPR, several reports have suggested the deposition of active functional

layer over the metal surface to enhance the sensitivity and selectivity of the

bio sensor. However, there are several issues are need to be addressed before

employment as SPR based sensing platform. The major issue is the thickness

of the functional layer and its biocompatibility. The films of bio-ligands which

are used for functionalization are usually very thick. The thicker layer are less

sensitive towards the adsorption of analytes when measured using SPR. There-

fore, it is essential to explore a functional layer which can generate plasmonic

field and act as a good biocompatible layer. Graphene being one such mate-

rial that has shown to be effective as good bio affinitive layer. Further, it can

also generate plasmonic field in terahertz regime[68]. The group of Thomas

et al.[69] have studied the generation of surface plasmon waves in graphene



CHAPTER 1. INTRODUCTION 18

layer. They proposed an all-optical plasmon coupling scheme to generate sur-

face plasmons in a planar graphene sheet. They used frequency wave mixing

to match both the wavevector and energy of the surface wave. Further, by con-

trolling the phase matching conditions, they proposed graphene layer can ex-

cite surface plasmons with a defined wavevector and direction across a large

frequency range. In an another article by Maleki et al.[70], the authors have

proposed a gas sensor based on double layer graphene nanograting fabricated

over a dielectric substrate. They were able to observe the device sensitivity

of 430 nm/RIU for incident radiation of wavelength in the range of 1–2 µm.

Thus, employment of graphene as both plasmon generation layer and active

layer for bio sensing is an interesting avenue to investigate. The employment

of graphene as plasmonic and bio affinitive layer requires the in depth un-

derstanding of the optical and electronic properties of graphene. The optical

property of graphene is dependent on the unique electronic structure, which

further depends on the stacking of the graphene layers. In single layer config-

uration graphene has linear band structure. Interestingly in the bilayer config-

uration, the band structure changes. In the past few years, in plane twisting of

the bilayer graphene has added another dimension in the study of graphene

systems[71]. The twisted bilayer graphene (T-BLG) structure with a relative

in-plane twist between the two layers has a very complex band structure[72].

The band structure and the optical properties of T-BLG are dependent on the

relative in-plane twist angle. Based on the in plane twist between the graphene

layers the interlayer interaction changes the optical properties. Thus, it will be

interesting to investigate the incorporation of twisted bilayer graphene sys-

tems for different twist angles in SPR for biosensing. In this thesis, we have

studied the dependency of sensitivity on the various relative in plane twists.

1.5 Research gap and Objective

The main motivation behind the thesis is to investigate the realm of A/W and

A/S interface for various sensing applications. Metal oxide sensors are com-

monly used in gas sensing research as they exhibit better sensing responses.

However the sensing response of such metal oxide sensors are best at higher



19 1.5. RESEARCH GAP AND OBJECTIVE

temperatures. On the other hand, current research suggests that CNT used in

gas detection can provide excellent accuracy and operational efficiency even at

room temperature. In the past few years volatile gas detection such as acetone

has been one of most important areas of research due to its application in di-

abetes monitoring via human breath analysis. However, the available breath

analyzer either support low level detection or room temperature detection.

Most low level detectors working with metal oxide based sensors have high

operating temperature. The available room temperature sensors lack low level

detection of acetone with high accuracy. Also the commonly proposed param-

eter is usually resistance which is a highly temperature dependent parameter.

Therefore, the need of the scientific community is to have sensing platform op-

erating at room temperature and offers low level detection with high accuracy.

The another area of research that has garnered huge attention in the sci-

entific community is detection of pathogens in food/water. The pathogens

have been one of the major cause of death in developing parts of the world.

The available sensing mechanism for pathogen detection are label based, ex-

pensive and time taking. Thus, rapid and label free and point-of-care sensing

platform is required.

Biosensors based on optical techniques have gathered attention for their

label free and highly sensitive measurement. One of the major techniques

for biosensing and bio-anlaysis is based on SPR. The SPR phenomenon is ex-

tremely dependent on the nature of the functional ultrathin film. The SPR

phenomenon for the anisotropic ultrathin film with varying surface density

and alignment have not been studied. These parameters are essential for as-

sessing the quality of SPR based sensing device.

In typical SPR-based biosensors, graphene is often used to enhance the sen-

sitivity. However, while sensitivity improves, the FOM decreases. The weak

binding between gold and graphene affects the lifetime of the sensing plat-

form. Therefore, there is a need to explore a system where FOM and bioaffinity

remains high in SPR-based biosensors. Thus, investigating graphene as both a

plasmon-generating layer and a biorecognition element is essential for future

advancements in SPR-based biosensors.
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1.6 Outline of the Thesis

In this thesis, we report our studies on nanomaterials at the A/W and A/S

interfaces. We present our investigation on some major sensing applications

of the ultrathin film deposited at extremely controlled condition. Primarily

we have performed the sensing application of acetone and bacteria. We also

addressed some of the major practical issues related to sensing using SPR phe-

nomenon.

Chapter 1 introduces the system and present a comprehensive literature

review of the topic. The research gap and objective of the thesis have been

discussed.

Chapter 2 presents the methodologies and experimental techniques used in

the thesis.

In chapter 3, we proposed a sensing mechanism for acetone sensing, fo-

cusing on the utilization of ODA-CNT as ultrathin LB film and drop cast film.

The sensing measurement was performed using impedance spectroscopy and

several parameters were recorded as function of frequency. Among the dif-

ferent other parameters, capacitance is found to be most suitable. We report

limit of detection (LOD) of 0.5 ppm and wider detectable concentration range

(1-300 ppm) at room temperature.

In Chapter 4, we report the detection of pathogenic bacteria which are com-

monly available in food/water. We have employed LB film of ODA-functionalized

graphene to identify different types of water-borne bacteria. The chapter in-

vestigates the selective response observed for E. coli and demonstrates the use

of machine learning algorithms for improved analysis. Importantly, the sens-

ing platform shows a very low LOD of 2.5 cfu/mL.

In, chapter 5, we have investigated the role of optical anisotropy and sur-

face density of the ultrathin functional layer on the SPR measurement. The

ultrathin film of various thickness and different in-plane birefringence was

studied using FDTD method and a calibration plot was proposed. Further,

the calibration plot was employed to predict the in-plane birefringence val-

ues of ultrathin LB film of cadmium stearate (CdSA) and octylcyanobiphenyl

(8CB). Further, we investigated the effect of surface density of nanoparticles in

the functional layer on SPR response. We employed silver nanoparticles and
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single walled CNT for our investigation. Interestingly, we found insulator-

metal transition at surface coverage ≥ 40%. In case of CNT, the SPR response

was found to be alignment dependent. In parallel alignment of CNT, the 2D

plasmonic field showed response similar to that of metallic film whereas in

perpendicular alignment, we observed a stratified field response.

In chapter 6, we have proposed the utilization of graphene as the dual pur-

pose layer in SPR. Graphene can be employed as plasmon generating layer

as well as the bio-recognition layer. We investigated the plasmonic charac-

teristics of monolayer, bilayer, and twisted bilayer graphene (MLG, BLG and

T-BLG) systems, demonstrating their capability to generate plasmonic fields in

the terahertz frequency range. Graphene exhibits strong bio-affinity, enhanc-

ing its potential for sensitive biological material detection. The thesis evalu-

ates the sensing performance of MLG, BLG and T-BLG systems, with twisted

bilayer graphene near the magic angle showing the highest sensitivity of 29120

nm/RIU due to strong interlayer coupling.

In chapter 7, we conclude the thesis work and present the future scope of

the thesis.





CHAPTER 2
Methodology

This chapter outlines the methodology employed for the study of ultrathin

films at A/W and A/S interfaces. It includes both experimental and simulation

techniques used to study the ultrathin films.

2.1 Experimental Technique

2.1.1 Surface Manometry

Molecular interactions at the interface between the amphiphilic molecule and

underlying water molecules plays a crucial role in stabilizing the interface.

Due to the interaction, the surface tension and surface Gibbs free energy of wa-

ter reduces. Surface tension is measured through the Wilhelmy method, which

involves employing a plate at the A/W interface connected to a balance. The

plate is usually made up of hydrophilic material, such as filter paper, mica, or

platinum to achieve a null contact angle. Filter papers are particularly advan-

tageous as they rapidly saturate with water. The Wilhelmy equation is then

employed to calculate the surface tension γ.

γ =
F

lcosθ
(2.1)

Here, F represents the force exerted by the surface, pulling the plate down-

ward while excluding the mass of the plate. The parameter l denotes the wet-

ted perimeter of the contact line between the interface and the plate, with no

consideration for the buoyancy of the plate in contact with water. The angle

θ signifies the contact angle between the water phase and the plate. As the

molecules are dispersed at the A/W interface, the subphase exerts a compara-

tively weaker force on the molecules, which leads to a reduction in the surface

23
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tension of water. The reduction in the surface tension is measured as surface

pressure (π). This surface pressure is analogous to the force exerted by the

surface along its perimeter. Surface pressure is proportional to the reduction

in the surface tension of water due to the addition of amphiphilic molecules,

therefore it is defined as:

π = γo − γ (2.2)

γo is the surface tension of the pure water, and γ is the surface tension of the

water in the presence of the amphiphilic molecules. Surface manometry is the

technique used to measure surface pressure as a function of surface density at

a given temperature.

The investigation of Langmuir monolayer at the A/W interface requires an

inert container known as Langmuir trough. Ideally, the Langmuir trough is

hydrophobic which is easy to clean and capable of withstanding both organic

solvents and inorganic acids. The most commonly used material is polyte-

trafluorethylene (PTFE), usually called Teflon. The monolayer formation at the

interface highly depends on the purity of the subphase (water) and the trough.

Thus, a frequent and thorough cleaning procedure is employed. The trough is

repeatedly cleaned with chloroform and de-ionized water.

Further, a stock solution of the molecule is prepared in an appropriate

volatile solvent. The solvent must have a positive spreading coefficient Sc,

defined as:

Sc = γw/air − γs/air − γw/s (2.3)

where, γw/air, γs/air and γw/s are the interfacial tensions for the air/water, or-

ganic solvent/air, and water/organic solvent, respectively. The surface Gibbs

free energy at the interface of area A is γA, and as the organic solvent starts

covering the water surface, the interfacial tension ( γs/air and γw/s) decreases

allowing for spontaneous spreading. The most commonly used solvents are

chloroform and acetone. In certain cases if the molecules are not soluble in

such solvents, other appropriate solvents such as ethanol and dimethylfor-

mamide (DMF) can be used.

The solution of such molecules in the volatile solvent is spread at the A/W

interface using a micro syringe (Hamilton). The system is then left undisturbed



25 2.1. EXPERIMENTAL TECHNIQUE

for some time to allow the solvent to evaporate. As the solvent is completely

evaporated, the molecules homogeneously spread over the interface and form

a mono-molecular two-dimensional film.

(a) (b)

(c) (d)

Figure 2.1: Schematic of (a) conventional Langmuir trough, (b) Isotherm of
Langmuir monolayer, (c) possible arrangements of the molecules at the inter-
face at different surface phases and (d) different types of multilayer in LB film.

In a Langmuir trough, barriers made up of Teflon slide across the trough to

compress or expand the monolayer at the A/W interface. When the available

area for the molecules is sufficiently large, the monolayer will spontaneously

expand, resulting in negligible interactions between the molecules. This state

is known as the gas-like phase.

Fig:-2.1 (b) shows the schematic of surface pressure-area isotherm. The

kink and the plateau regions indicate the phase transition. The plateau re-

gions Fig:-2.1 (b) signify the first order phase transition with the coexistence of

two phases (here, LE and LC). The kink represents weak first order phase tran-
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sition. The possible arrangement of molecules in different phases are shown

in Fig:-2.1 (c). As the Langmuir film is compressed using the mechanical bar-

riers, the area per molecule decreases and the molecules begin to interact. The

monolayer transforms from gas to liquid expanded (LE) phase. The molecules

in LE phase do not possess any positional and orientational order. On fur-

ther compression the LE phase transforms into liquid condensed (LC) phase

followed by a solid-like phase. The molecules exhibit short range positional

and orientational order in LC phase and quasi long range positional and ori-

entational order in solid-like phase. On further compression the monolayer

destabilizes and goes to collapse state.

The identification of physical states and phase transitions in a Langmuir

monolayer can further be described by a parameter known as the in-plane

isothermal elastic modulus (E).

|E| =
∣∣∣∣− 1

A

dπ

dA

∣∣∣∣ (2.4)

The parameter E reflects the elastic nature of the monolayer and reveal

the weak phase transitions in the Langmuir monolayer at the A/W interface.

Based on the values of the in-plane elastic modulus, the phases of Langmuir

monolayer can be identified. The E value is the range 0-10 mN/m, 10-50 mN/m,

50-250 mN/m and above 250 mN/m may indicate a gas-like phase, liquid-like

phase, liquid-condensed phase, and solid-like phase, respectively.

2.1.2 Brewster Angle Microscopy (BAM)

BAM is used to obtain a more comprehensive understanding of phase tran-

sitions in Langmuir monolayer at the A/W interface. BAM serves as an ideal

technique for the non-destructive imaging of Langmuir monolayers at the A/W

interface. This method facilitates real-time examination of phase transition,

any optical anisotropy, and domain formations. The working principle of BAM

is based on Brewster’s law. The p-polarized light source is directed towards

the water surface at the Brewster angle for A/W interface, resulting in zero

light reflection and capturing a dark background image by the detector cam-

era. Subsequently, any molecular domain entering the region of incident light
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due to monolayer compression causes a shift in the refractive index, leading

to a deviation from the Brewster angle. Thus, the light gets reflected from the

interface which can be collected by the detector to provide the image of the

monolayer. The intensity observed in BAM is influenced by various factors,

including surface density, molecular orientation, and film thickness. In this

thesis, we have employed KSV NIMA Micro-BAM to observe the Langmuir

monolayer phases and domain formations. The instrument is equipped with a

monochromatic laser of wavelength 659 nm and power 30 mW. The resolution

of the BAM images is 12 µm.

Figure 2.2: Schematics of a Brewster angle microscopy. BAM image captured
for (c) pure water surface and (d) monolayer domains. The size of the image
3.6 mm × 4 mm.

2.1.3 Langmuir-Blodgett and Langmuir-Schaefer technique for

ultrathin film deposition

Katherine Blodgett introduced the technique of transferring Langmuir mono-

layers from A/W interface onto solid supports[8, 9]. This process involves ver-

tical movement of the substrate through the insoluble monolayer at the A/W

interface. This vertical dipping mechanism is termed as Langmuir-Blodgett

(LB) technique (Fig:-2.3). In LB technique, the choice of substrate for the trans-
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fer of the monolayer is significant, as it influences the adhesion of the mono-

layer to the solid surface. The standard transfer procedure for the first layer

includes compressing the Langmuir monolayer to a target surface pressure

and withdrawing the hydrophilic substrate from the aqueous subphase. In the

case of hydrophobic substrate, the transfer process begins by immersing the

substrate from air to the subphase. The multilayer can be deposited by the

immersion or emersion of the substrate repeatedly. The dipping speed of the

substrate was kept at 1 mm/min for the entire work. The surface pressure

decreases during transfer due to material loss from the liquid interface to the

solid interface. The feedback mechanism controls the target surface pressure

by the lateral movement of the barriers to ensure successful deposition. The

transfer ratio (Eq:-2.5) indicates the decrease in the monolayer area divided by

the covered solid support area. Transfer ratios close to one indicate uniform

transfer.

Transfer ratio (TR) =
Area of the monolayer transferred

Area of the substrate
(2.5)

The success of LB film transfer relies on various factors, including molecular

interaction, subphase composition (including pH and ionic strength), dipping

rate, substrate, and target surface pressure. These parameters influence the

structure of the transferred layer. While the first monolayer is usually easy to

transfer, the deposition of subsequent layers depends on the nature of inter-

action between the molecules and the substrate. Weak adhesion may result in

the removal of a previously transferred monolayer from the substrate, leading

to a negative transfer ratio.

The ultrathin film can also be transferred via Langmuir–Schaefer (LS) tech-

nique. In this method, a hydrophobic substrate is allowed to touch the Lang-

muir monolayer from air medium. Due to hydrophobic interaction a single

layer is transferred onto the substrate. Multilayers can be transferred by re-

peated touching and lifting the substrate. In such transfer the interaction be-

tween the substrate and the molecules plays a crucial role.

It is expected that the transferred LB/LS films retain the alignment or tilt of

the molecules present in a given phase at A/W interface. The characterization

and spectroscopic measurements can be performed on the transferred films
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Figure 2.3: Schematic of a Langmuir-Blodgett deposition technique.

to understand the molecular architecture. In this thesis we have employed

the KSV NIMA LB trough for the study of Langmuir monolayer at the A/W

interface and deposition of ultrathin films .

2.1.4 Characterization Techniques

2.1.4.1 Field emission scanning electron microscopy (FESEM)

FESEM is a powerful imaging technique used in nanotechnology and mate-

rials science to achieve high-resolution images of samples. Unlike traditional

optical microscopes, FESEM utilizes electrons instead of light for imaging, al-

lowing for much higher magnification and resolution. It has ability to achieve

nanoscale resolution due to its small wavelength, allowing it to overcome the

diffraction limit of light. In this process, a strong electric field (0.5 kV to 30 kV)

is applied to the tip (diameter ∼ 10-100 nm) of field emission gun which high

density of electrons. The emitted electrons are then accelerated towards the

sample surface by an electric field. The electron beam can be maneuvered us-

ing electromagnetic lens. The emitted electrons propagate through high vac-

uum (≈ 109 Torr) in the microscope column for imaging. As the electron

beam scans across the sample, interactions occur between the electrons and the
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Figure 2.4: A schematic of field emission scanning electron microscope.

atoms in the sample. Due to such interactions there are emission of secondary

electrons, backscattered electrons and Auger electrons. For high resolution im-

ages normally secondary electrons are detected. The emission of X-ray can be

used for elemental analysis. Moreover, the electron beam can be precisely con-

trolled, enabling the acquisition of images from various angles to create three-

dimensional reconstructions of the sample. FESEM is particularly suitable for

studying materials with intricate surface structures, such as nanoparticles, bi-

ological specimens, and advanced materials. It provides insights into surface

morphology, particle size distribution, and composition.

We have used FEI Apreo LoVac FESEM instrument manufactured by Thermo-

Fisher. It has a retractable STEM3+ detector and DBS detector along with Aztec

standard EDS system having a resolution of 127 eV. Before imaging, a thin

layer of gold is coated on the sample using Leica ultra microtome EM UC7

sputtering unit to avoid accumulation of charges and to improve the contrast

of the image. A schematic of FESEM showing its major components is shown

in Fig:-2.4.
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2.1.4.2 X-ray diffraction

X-rays scattering methods provide valuable information about the arrange-

ment of atoms/molecules within a material and are widely used to study the

structural properties of ultrathin films. The thickness of the ultrathin LB films

are of the order 1− 10 nm. Therefore, the electron density for scattering x-rays

is very low. Thus, high intense X-ray source is needed to probe the ultrathin

film. The scattering interaction can be further improved by incidenting the X-

ray beam at grazing angle (∼ 0.4◦ − 1◦)[73, 74]. We have employed Rigaku

Smart Lab II X-ray diffractometer with Cu-kα as the X-rays source with wave-

length of 0.154 nm. It has as 3 kW sealed X-ray tube with CBO optics and a

D/teX Ultra 250 silicon strip detector.

2.1.4.3 Grazing incidence X-ray diffraction (GIXD)

GIXD requires a very high intense x-ray beam which is incident on the sample

slightly above the critical angle, typically around 0.2 ◦. At grazing incidence

the evanescent waves penetrate into the interface just a few monolayers deep.

Consequently, this wave interacts and scatters off the LB film. Such scattering

events lead to diffraction patterns which can be analyzed to get the structural

information. In ultrathin LB films, periodic structures are absent along the

normal to the surface plane (the z-direction). Consequently, constructive inter-

ference of scattered waves cannot occur in this direction. However, diffraction

can occur within the surface plane (the xy-plane). In LB films, the domains

with unique orientations and structural patterns are present in the parallel

(x-y) plane of the substrate; therefore in-plane diffraction measurements are

usually performed for LB monolayers. However, monolayers do not truly rep-

resent homogeneous two-dimensional (2D) systems. In most cases, they are

composed of long-chain molecules, and the orientation of these chains plays

a significant role in the diffraction phenomenon. When the chain axes align

perpendicular to the surface, diffraction spots are positioned within the xy-

plane. However, if the chains deviate from the normal orientation, the diffrac-

tion spots shift along the z-direction. The magnitude of this shift can be em-

ployed as a measure to calculate the tilt angle of the chains. The diffraction

patterns from LB films can be observed by scanning with a position sensitive
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detector and collimator aligned normal to the film plane.

2.1.4.4 X-ray Reflectivity (XRR)

For X-ray, medium other than vacuum or air, the refractive index is less than

unity. Thus, there is a phase shift of 180◦ in the Thompson scattering of X-ray.

Hence, X-ray show total external reflection from any flat material surface for

a glancing angle below the critical angle. It results in total external reflection

with no penetration of the X-ray into the film. Thus, XRR is an efficient charac-

terization technique for studying the surfaces of ultrathin films fabricated us-

ing LB technique. The incident angle is varied based on the electronic density

of the material. A higher incident X-ray angle relative to the critical angle re-

sults in a deeper penetration of X-ray into the material. In the case of a material

with an ideally flat surface, reflectivity experiences a sudden decrease at angles

beyond the critical angle. Also, if the ultrathin films have high surface rough-

ness, there is a higher chance of reduction in reflectivity. When a substrate is

uniformly coated with another material possessing a distinct electronic den-

sity. The reflected X-ray from interface between the substrate and the thin film

and the free surface of the thin film can either constructively or destructively

interfere, leading to the emergence of an oscillation pattern in data. The in-

tensity scattered by the sample interface is directly related to the square of the

modulus of Fourier transform of electron density. Consequently, the electron

density profile can be inferred from the measured intensity pattern, facilitat-

ing the determination of both vertical properties (layer thicknesses) and lateral

properties (roughness). Similarly, the film thickness can be derived from the

periodicity of the oscillation in data, while information regarding the surface

and interface is obtained from the angular dependency of the amplitude of

the oscillation pattern. For multiple interface system such as ultrathin film de-

posited on a substrate or multilayer system on a substrate, the X-ray reflectiv-

ity is calculated using Parrat’s formalism[75]. According to Parrat’s formalism,

the electric field vectors of the incident, reflected and refracted X-ray beam at

any grazing incidence angle θ at a distance z perpendicular to the interface can
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Figure 2.5: Graphical representation of X-ray reflectivity and transmission at
any interface. A plane X-ray with electric field E1 with wave vector k1 is re-
flected from air-film interface at an incident glancing angle (θi) and leaving
the surface at an angle (θf ) with electric field vector ER

1 with wave vector −k1.
The transmitted wave passes through the film and reflects back from the film-
substrate interface and finally comes out.

be expressed as

E1(z1) = E1(0)exp[iωt− (k1,xx1 + k1,zz1)] (2.6)

ER
1 (z1) = ER

1 (0)exp[iωt− (k1,xx1 + k1,zz1)] (2.7)

E2(z2) = E2(0)exp[iωt− (k2,xx1 + k2,zz2)] (2.8)

Where, k1 = 2π
λ2

, k2 = 2π
λ2

are wave vectors in air and in the medium as

shown in the Fig:-2.5.

Further, for the unpolarized X-ray region the Fresnel coefficient of reflectiv-

ity is defined as:

R1,2 =
θ −

√
θ2 − θ2

c

θ +
√
θ2 − θ2

c

(2.9)

Where, θ is the incident angle and θc is the critical angle. Replacing the angle

from wave vector and further solving for a thin film of finite thickness d (i.e
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two interfaces), Reflectivity is expressed as:

R1 =
R1,2 +R2,3

1 +R2,3

(2.10)

Where, R1,2 and R2,3 are the reflectivity from the air-film and film-substrate

interface respectively. Applying Parrat’s formalism and recursive relations in

to the above reflectance from rough interface is expressed as:

Rn−1,n = RF
n−1,nexp(−0.5qn−1,zqn,zσ

2
n) (2.11)

Comparing the experimental XRR profiles with the simulated profile(eq-2.11),

in plane electron density and thickness can be calculated.

2.1.5 Sensing Techniques

2.1.5.1 Impedance Spectroscopy

Impedance spectroscopy (IS) is a valuable technique in gas sensing applica-

tions, offering a comprehensive analysis of the electrical behavior of gas-sensitive

platforms. An alternating current is applied as a function of frequency, and

resulting multiparameter output are measured. It provides insights into ma-

terial properties like resistance and capacitance. This method allows for se-

lective detection as different analytes uniquely alter the electrical character-

istics. The real-time monitoring capability of IS captures dynamic changes

in analyte interactions, which also helps in understanding the kinetics. The

sensitivity of IS facilitates the detection of low analyte concentrations, while

multiparmeter output provides multiple parameters for detailed analysis. IS

is useful for studying the electrical response of the sensing plastforms un-

der diverse conditions which is crucial for optimizing sensor performance. IS

focuses on low-frequency behavior to understand long-term stability for the

development of advanced gas sensors for applications ranging from environ-

mental monitoring, industrial safety and healthcare. IS is divided into two

categories based on the interface type: (a) Liquid Electrolyte-based and (b)

Vapor Phase Electrolyte-based. The conventional Liquid Electrolyte-based IS,

known as Electrochemical Impedance Spectroscopy (EIS), is widely used to
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analyze interfacial surface characteristics between the sample and electrolyte.

In contrast, Vapor Phase Electrolyte-based IS is a measurement conducted in

a vapor environment and called as Electrical Impedance Spectroscopy. Elec-

trical impedance spectroscopy lays the groundwork for the characterization

of gas sensing platforms. The gas sensing performance of the device is di-

rectly influenced by changes in its depletion area and variations in permittiv-

ity. In this thesis, we have employed Keysight, E4990A impedance analyzer for

our measurements. It gives numerous parameters such as real and imaginary

impedance, capacitance, resistance, quality factor, phase difference, current etc

as function of frequency. The impedance measurement accuracy for the em-

ployed instrument is of ±0.08%. We have employed the system for acetone

vapors sensing measurements for a wide range of concentrations at room tem-

perature. Multiparameter response for a frequency range of 10 kHz-10 MHz

was observed for wide range of acetone concentration.

2.1.5.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is another impedance based

spectroscopic technique employed for sensing measurements. EIS is a pow-

erful technique used for the analysis of interfacial properties related to in-

teraction occurring at the electrode surface. Thus, EIS could be exploited in

several important biomedical diagnosis and environment monitoring applica-

tions. During a standard EIS, the electrochemical system at equilibrium or in

a steady state undergoes disturbance by applying a sinusoidal signal, either

alternating voltage or current, across a wide range of frequencies. The subse-

quent step involves monitoring the system response to this perturbation. The

typical electrochemical arrangement involves a 3-electrode system comprising

the working electrode (WE), reference electrode (RE), and counter electrode

(CE), all connected to a potentiostat. The working electrode serves as the elec-

trocatalytic surface for a redox reaction occurring at a desired potential. If

no current passes through the reference electrode, potential remains constant.

The potentiostat gauges the potential difference between the working and ref-

erence electrodes, rectifying any deviation from the user-set value by directing

a current between the working and counter electrodes. The interaction of the
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WE with the electrolyte gives information about the concentration of electroac-

tive species, charge-transfer phenomena, mass-transfer from the bulk solution

to the electrode surface, and the resistance of the electrolyte. Each of these

aspects is defined by an electrical circuit comprising resistances, capacitors,

or constant phase elements in parallel or series arrangement. Consequently,

EIS serves as a valuable tool for investigating mass-transfer, charge-transfer,

and diffusion processes. In case of EIS based biosensors, the working elec-

trode serves as a electroactive surface on which the reaction takes place. The

development of functionalized electrode through the incorporation of nano-

materials to modify the transducer surface and the attachment of receptors or

recognition elements represents a key approach in constructing electrochem-

ical sensors. Depending on the specific material of interest, a broad range of

nanostructured materials has been extensively utilized to enhance the surface

area of the sensor. For electrochemical based impedance measurement, we

employed Palm Sens 4 which operates in frequency range of 10 µHz-10 MHz,

with an accuracy of 99% between the impedance measurement of 1 Ω-1 GigaΩ,

with current and voltage accuracy below 1%. The sensing measurements were

further analyzed via circuit fitting of the observed impedance response. In this

thesis we have employed octadecylamine functionalized graphene to modify

the gold working electrode for sensing pathogenic bacteria, commonly found

in food and water sources.

2.1.5.3 Surface Plasmon Resonance

Surface plasmon polaritons (SPP) are generated due to the interaction of inci-

dent photons with the free electrons present at the metal-dielectric interface.

SPP are the collective electron oscillations at the interface at the optical fre-

quency. The SPP wave can be excited by a polarized light wave incident onto

the metallic layer (e.g. gold film) via a coupling high refractive index medium

(e.g. glass prism). At surface plasmon resonance (SPR), the component of

wavevector of incident light planar to the interface matches to that of surface

plasmon wave resulting in the absorption of energy of the reflected beam. SPR

phenomenon is observed due to the wave matching condition between the
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wave vector of SP (Ksp) and the respective wave vector of incident light (Ki).

~Ksp = ~Ki (2.12)

The wave vector of the SPP wave is dependent on the dielectric constant of the

metal and the medium over the metal. The wave matching condition is easily

perturbed by the minute changes in dielectric environment surrounding the

metal surface. This characteristic of SPR phenomenon enables it as a sensitive

and label free sensing method. The amplitude of the wave-vector is inversely

proportional to its wavelength and the direction is given in terms of cosine of

angle of incidence (Eq:-2.13).

2πcosθSP
λSP

=
2πcosθi
λi

(2.13)

The wave vector matching condition given in Eq:-2.13; shows that the reso-

nance condition can be achieved by varying the incident angle θi of the elec-

tromagnetic beam with the constant wavelength (λi) or vice-verse. Based on

the parameter variation, the working principle behind SPR is divided in to two

categories:

Angular interrogation: This is the most popular mode of SPR sensor as

it provides high sensitivity towards analyte even for very low concentration.

In angular interrogation method, the angle of incidence of a monochromatic

light is varied and the reflected intensity is collected. The dip in intensity at

a particular angle indicates the resonance. The angle of incidence at which

SPR occurs is known as resonance angle (RA). Any adsorption on the sensing

element causes a shift in the resonance angle. The angular interrogation can be

achieved either by rotating prism-assembly or by rotating source and detector,

simultaneously.

Wavelength interrogation: Wavelength interrogation based SPR instru-

ment records the drop in intensity in the wavelength spectrum of the total

internal reflected beam from the sensor assembly when it is illuminated by

collimated polychromatic light. The incident optical wave and the surface

plasmon wave in the metal couples at a particular wavelength with respect

to the coupling condition as discussed earlier. At SPR, the reflected intensity
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Figure 2.6: Schematic representation of Krestchmann configuration SPR.

at a particular wavelength extinguishes from the spectrum. The change in the

dielectric medium over the metal surface causes change in the SPR condition

and thereby a shift in the resonant wavelength is observed in the spectrum.

Therefore, the variations in the refractive index of the sensing medium can be

detected by measuring the change in resonant wavelength. The sensitivity of

such a system is defined as the ratio of shift in resonance wavelength on ana-

lyte adsorption to RI variation of medium containing the analyte.

In this work, we have used home built SPR setup Optronix for the measure-

ments. The Kretschmann configuration instrument [76] utilizes a 5 mW laser

of wavelength 635 nm, coupling prism (RI=1.51) and a segmented photodiode

as detector. The resolution and sensitivity of the equipment are 1.9µRIU and

53◦/RIU respectively. The SPR chips were fabricated by depositing 50nm gold

film on a 0.5 mm thick BK7 glass substrate through sputtering technique. The

angle interrogation based measurements were carried for studying the optical

properties of dielectric and metallic ultrathin films.
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2.2 Data Analysis methods

2.2.1 Machine Learning

Machine learning (ML) is a subset of artificial intelligence (AI) specifically de-

signed for the examination of data. This approach to data analysis involves the

automatic construction of analytical models. The fundamental concept behind

ML is that systems have the capability to learn from data, recognize patterns,

and autonomously make decisions, reducing the need for extensive human in-

tervention. In the context of sensing response studies, ML is a powerful tool

set to determine complex patterns and relationships within experimental data.

Traditional methods of data analysis often fall short when dealing with large

and intricate data sets generated by modern scientific experiments. Unlike

manual analysis, ML algorithms can automatically identify patterns, extract

relevant features, and establish complex relationships within the data. This

ability is particularly crucial when studying the sensing response, as it allows

for a more subtle and comprehensive understanding of the underlying phe-

nomena.

Types of Machine Learning Algorithms:

Machine learning can be broadly categorized into two main types: super-

vised learning and unsupervised learning.

Supervised Learning: In supervised learning, the algorithm is trained on

labeled datasets, where the input data is paired with corresponding output

labels. This type of learning is particularly useful when predicting or classify-

ing specific outcomes. In the context of sensing response analysis, supervised

learning can be employed to model and predict the behavior of sensors based

on known input-output relationships.

Unsupervised Learning: Unsupervised learning involves working with

unlabeled data, aiming to identify inherent patterns and structures within the

dataset. Common techniques in this category include clustering and dimen-

sionality reduction.

In the subsequent chapters of this thesis, the integration of ML techniques

plays a pivotal role in the analysis of sensing responses. Chapter 3 utilizes

PCA, an unsupervised learning technique, to extract essential features and re-
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duce data dimensionality in the context of identifying best physical param-

eters from the multiparameter output response of impedance measurements

employed for acetone sensing. In Chapter 4, various ML algorithms are ex-

plored for the observation of selective sensing of E. coli. The ability of ML to

find subtle patterns and relationships within the experimental data enhances

the analytical depth and contributes to a better understanding of the sensing

mechanisms involved. The machine learning algorithms were written using

the scikit-learn and keras package of Python.

2.3 Simulation methodology

2.3.1 Density Functional theory (DFT)

Density functional theory (DFT) renders the quantum-mechanical depiction

of materials in their ground state accessible for simulations at a reasonably

modest computational expense. DFT in principle, is an exact reformulation of

the electronic structure problem in terms of the electronic density n(r) rather

than the many-body wave function ψ(r1σ1, r1σ1...rNσN). The approach of DFT

requires a universal functional which is in general unknown and must be ap-

proximated. The basis of DFT is the work by Hohenberg and Kohn[77]. In their

first theorem they proposed that all physical observables can be expressed as

functional of the electronic charge-density. In their second theory they stated

that the minimum value of the total-energy functional E[n(r)] is the ground

state energy of the system, and the density which yields its minimum value

is exactly the single particle ground-state density. Later, Kohn and Sham pro-

posed a simpler method to approach and solve the many-body problem. They

mentioned that for any interacting ground state density no(r), a corresponding

non-interacting system in some effective potential Vs is constructed such that

the non-interacting Hamiltonian Hs = T + Vs produce the same ground state

density no(r).

Es[n] = Ts[n] +

∫
vs(r)n(r)dr. (2.14)
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From HK theory we have

E[n] =

∫
vext(r)n(r)dr +

1

2

∫∫
n(r)n (r′)

|r− r′|
drdr′ +G[n]

=

∫
vext (r)n(r)dr + UH [n] +G[n]

(2.15)

and we now write the universal functional as

G[n] = Ts[n] + Exc[n].

where Ts[n] is the kinetic energy of a system of non-interacting electrons with

density n(r) and Exc[n] is the definition of the exchange and correlation energy

of the corresponding interacting system. Over the years, various approxima-

tions for Exc[n] have been formulated through different methodologies, each

offering distinct levels of accuracy and/or computational efficiency. In this

thesis, we have employed generalized gradient approximations (GGA) which

adds the dependence on the local density gradient. In GGA the exchange cor-

relation function is written as shown in Eq:-2.16;

EGGA
xc =

∫
drεGGAxc (n(r), |∇n(r)|)

≡
∫
drεunifxc (n(r))Fxc(n(r), |∇n(r)|)

(2.16)

Different GGA exchange function Fxc, have been developed for different ap-

plication. For this work we have employed Perdew, Burke and Enzerhof (PBE)

functional as it provides a good balance between accuracy and computational

efficiency. In this thesis we have employed GGA-PBE to calculate the opti-

cal properties of the monolayer, bilayer graphene (AA and AB stacking) and

twisted bilayer graphene with AA and AB stacking for small and large twists

for its potential application in biosensing via SPR. Fo the DFT calculations,

we employed the CASTEP (Cambridge Sequential Total Energy Package), an

ab initio quantum mechanical program to simulate the optical properties of

monolayer and bilayer graphene structures. The optical properties, specifi-

cally the refractive index (RI), were calculated for a unit cell belonging to the

P3/MMC/93 hexagonal crystal family. In monolayer calculations, a two-atom
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unit cell was used, while for bilayer systems, a four-atom unit cell was as-

sumed with an interlayer distance of 0.342 nm. The study considered both AA

stacking and AB stacking. For AA stacking, the second layer was positioned

directly above the first layer, aligning the lateral coordinates of carbon atoms

in each layer. In AB stacking, the second layer was shifted in the y-direction

by one bond length of C atoms in graphene (0.142 nm).

A relative in-plane twist was applied to the bilayer system, and the RI was

calculated for both small and large angular twists. The RI calculations em-

ployed ultrasoft pseudopotentials which represents the ionic cores. Total en-

ergy minimization was conducted through convergence tests, including lat-

tice relaxation, energy change, maximum force, and stress in the unit cell, to

achieve the ground state energy. The optimization comprised 101 iterations,

with the total energy per atom converging up to 10−4 nm and 0.05 GPa, respec-

tively. The calculations utilized a Brillouin zone with a 4 × 4 × 1 k-point mesh

of the Monkhorst–Pack (MK) scheme. The kinetic energy plane wave cutoff

was set at 700 eV for single-layer systems and 1000 eV for bilayer systems. RI

calculations were performed within the energy range of 0.03–15 eV.

2.3.2 Finite difference time domain (FDTD) method

Finite difference time domain method (FDTD) is a 3D electromagnetic simu-

lation technique extensively employed in nanoplasmonic simulations. It is a

state of the art method for solving Maxwell’s equations in complex geome-

tries. It can provide a direct solution performing Fourier transformations in

time and space offering a unique insight into electromagnetic and plasmonic

nanostructures. Therefore, it can serve as a robust numerical technique for the-

oretical investigations into the SPR mechanism, offering high sensitivity and

resolution. In FDTD approach, space and time are discretized, with space di-

vided into box-shaped "cells". The electric fields are situated on the edges of

the boxes, while the magnetic fields are positioned on the faces, allowing for

detailed and accurate modeling of electromagnetic phenomena. The arrange-

ment of fields as described is commonly referred to as the "Yee cell" or "Yee

grid" in the context of the FDTD method. Within this method, time is dis-

cretized into small steps, with each step representing the time it takes for the
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electromagnetic field to traverse from one cell to the adjacent one. This tem-

poral discretization allows for an efficient and accurate simulation of the dy-

namic behavior of electromagnetic fields in the computational domain. The

basic principle of FDTD is to solve the Maxwell’s differential equation;

∆× E = −∂B
∂t

(2.17)

∆×H = J +
∂D

∂t
(2.18)

where E, D, H, B, J represent the electric field, electric displacement, mag-

netic field, magnetic induction intensity and current density, respectively. Tak-

ing the function f(x, y, z, t) to denote the electric or magnetic field in the co-

ordinate system, we have the form f(x, y, z, t) = f(i∆x, j∆y, k∆z, n∆t) =

fn(i, j, k). Then f(x, y, z, t) can be discretized via the central difference approx-

imation in both space and time:
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(2.19)

Solving the above equations using numerical methods, electric and magnetic

fields associated with each Yee cell can be obtained. In this thesis, we have

used Ansys Lumerical FDTD software to solve the equations. Ansys Lumeri-

cal is graphical user interface based commercially available software package

with well matched progressive conformal mesh with dispersive and high RI

difference materials with extreme accuracy. The detailed setup and arrange-

ment is mentioned in the subsequent chapters.





CHAPTER 3
Ultrathin film of carbon nanotubes for acetone sensing

In this chapter, we discussed the formation of stable Langmuir film of func-

tionalized CNT at the air-water interface. The Langmuir monolayer of pristine

and octadecyl amine functionlaized CNT (ODA-CNT) at the A/W interface

was studied. Although the monolayer of pristine-CNT displays highly elastic

liquid phase compared to that of ODA-CNT, the degree of aggregation of the

pristine-CNT is much higher as compared to ODA-CNT. The Langmuir mono-

layer of ODA-CNT shows uniform liquid like phase with less aggregation as

observed through BAM and FESEM images. Further, we discussed the appli-

cation of ultrathin films of CNT at the A/S interface for acetone sensing. The

sensing response of LB film of pristine and ODA-CNT were compared with

bulk CNT. Here, thin films of CNT was formed on interdigitated gold elec-

trodes and was employed for the acetone vapor sensing using the impedance

spectroscopy (IS) at room temperature. The LB film deposited in liquid-like

phase of the Langmuir monolayer of ODA-CNT revealed aligned nanotubes

whereas pristine-CNT showed random alignment. Being a reducing agent,

acetone interacts readily with the CNT through the transfer of electrons. Us-

ing IS, multiparameters were measured with respect to both frequency and

acetone vapor concentration. Principal component analysis (PCA) of the IS

data revealed capacitance as the most suitable parameter for acetone vapor

sensing. In the ODA-CNT film, we were able to observe a very low limit of

detection (0.5 ppm) and a wide detectable concentration range (1-300 ppm) for

acetone sensing at room temperature. The 2D calibration map revealed that

the sensing performance of acetone using LB film was much better as com-

pared to that of drop-cast film of ODA-CNT and LB film of pristine-CNT. The

superior sensing performance of the LB film of ODA-CNT is attributed to the

uniform and aligned nature of the nanotubes, leading to a coherent behavior

due to interaction with the acetone molecules. This study shows the potential

45
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of LB films of ODA-CNT for sensitive and low level detection of acetone vapor

at room temperature.

3.1 Introduction

CNT have been considered as one of the interesting and widely investigated

material for numerous industrial [78, 79] and sensing applications [80, 81].

CNT exhibit extraordinary electrical, mechanical, and chemical properties, mak-

ing them ideal for sensing applications. Their high surface area, sensitivity to

environmental changes, and exceptional electrical and optical attributes enable

precise detection of various substances ranging from gases to biomolecules.

CNT-based sensors offer enhanced sensitivity, rapid response times, and low

detection limits, holding great promise for advancements in environmental

monitoring, medical diagnostics, and industrial safety. For the development

of a sensor, it is essential to address the fundamental issues such as efficient

binding and perceptible change in the physicochemical properties which can

be measured at a high resolution using a physical transducer. CNT offers ex-

cessive surface π-electrons which assist the adsorption of organic molecules

through π-π stacking interaction. The perturbation of the π-electrons of CNT

due to adsorption of foreign analytes can change the physical properties re-

markably. Thus, it is considered as one of the efficient material for sensing ap-

plication [80–82]. The enormous S/V ratio of the CNT ensures a high density

of adsorption sites for gas molecules which in-turn enhance the signal-to-noise

ratio when measured through the transducer.

In general practice, CNT are employed as a functional layer in sensing de-

vices. It offers several advantages over conventional metal-oxide based sens-

ing platforms. The sensing capability of metal-oxide layers require high tem-

perature operation and high power consumption. Additionally, the required

low concentration sensitivity for medical diagnosis using metal oxide sensors

is not appreciable. However, several reports [83, 84] have found CNT to have

high sensitivity, low power consumption, low response time and improved

charge transport even at room temperature.

Further, the coherent behavior of the aligned CNT has been proved to en-
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hance the device performance. The aligned CNT have several applications; it

can act as source of field emission electrons [85, 86], gas sensors [87–89], energy

conversion and storage devices [90, 91]. CNT can be aligned on the surface of

a device using chemical vapor deposition (CVD), field assisted alignment, and

liquid phase induced assembly techniques. Liquid phase assembly such as LB

technique is not only low cost solution but also offers several advantages such

as control over the surface density, surface phases and number of layers. If

CNT are deposited as a functional layer in the ultrathin regime using the LB

technique, it can offer a highly efficient active surface by providing a enormous

gain in S/V ratio, and aligned nanotubes for coherent activities [92, 93]. There

are numerous reports on the LB film of CNT in the ultrathin regime and its

enhanced sensing application. LB film of CNT has found its applications in

various chemical sensors[94], biosensors[95], heavy metal sensing[96], sensors

for health monitoring[97] and gas sensing[47, 98]. It has been observed that

LB film employed for gas sensing applications has enhanced sensing perfor-

mance compared to the bulk films of CNT. Abdulla et al. [99] have presented

the fabrication of highly ordered ultrathin films of polyaniline-functionalized

CNT using the LB technique, resulting in improved ammonia gas sensing ca-

pabilities. The interfacial assembly process can align the CNT composite into

organized blocks and subsequently forms a well-defined and oriented mono-

layer. These tailored LB films exhibited exceptional room temperature sensi-

tivity for NH3 due to directed electron transport and rapid analyte diffusion

within the aligned structure, holding promise for high-performance gas sen-

sors. Several other reports based on gas sensing applications for ultrathin films

of CNT fabricated using LB technique are highlighted in a review article by

Cao et al. [1, 100].

Recently, the focus of gas sensing has been shifted towards sensing volatile

organic gases such as acetone, to improve their sensitivity, portability, power

consumption and limit of detection [101]. Many of these studies have been

directed towards detecting acetone in the breath of diabetic patients. Studies

have shown that the normal acetone concentration ranged from 0.2 to 0.8 ppm

in healthy adults and diabetes patients exhibited levels above 1.8ppm [101,

102]. Additionally, research has extended to other health conditions, such as



CHAPTER 3. ULTRATHIN FILM OF CARBON NANOTUBES FOR ACETONE SENSING 48

Sensing platform Sensing mechanism Operating Temp (°C) Concentration range Reference

Co3O4 Resistive 200 0.1-50 ppm Fan et al.[48]

Bi0.4Sr0.6FeO3 Mixed Potential 600 2-50 ppm Liu et al.[104]

Au/SnO2 Resistive 220 5-50 ppm Li et al[105].

PdAu/SnO2 Resistive 250 0-2 ppm Li at al[106].

NiFe2O4 Chemiresistive 200 1-100 ppm Zhang et al.[107]

WO3 nanofibers Resistive 350 0.4-5 ppm Kim et al.[108]

ZnO QDs Gas chromotography 430 0-5 ppm Jung et al.[109]

Graphene QD/ZnO Resistive 320 0.5-2 ppm Liu et al.[110]

C-doped WO3 Voltage-based 300 0-5 ppm Xiao et al.[111]

MWCNT/SnO2 Resistive 200 0.5-5 ppm Salehi et al.[49]

Table 3.1: Recent studies on acetone sensing as a biomarker for diabetes detec-
tion.

lung cancer, where breath acetone concentrations varied between healthy sub-

jects and patients. Considering the global prevalence of diabetes, which is ex-

pected to rise significantly, effective monitoring and diagnosis are crucial. Ace-

tone gas, being a promising breath biomarker for diabetes, is to be established

for its potential invasive, real time and continuous monitoring[103]. Acetone

gas is also considered as a harmful substance, with specified exposure limits in

industrial settings. Prolonged exposure to such high concentration of indus-

trial acetone (100-400 ppm) can lead to several ailments such as drowsiness,

respiratory depression, gastrointestinal problems, hyperglycaemia, ketoacido-

sis, acidosis, hepatic and renal damage. Monitoring acetone concentrations in

such environments is essential for ensuring environmental safety and health

compliance. Therefore, the research on acetone gas sensors spans various as-

pects, from medical applications in diabetes diagnosis to environmental safety

in industrial settings. In the available literature, the proposed acetone sensing

have higher limit of detection and are functional at high temperature. Few of

the reports are mentioned in the Table-3.1

From the Table-3.1, it is evident that although few of the sensing platforms

have been proposed for low level detection of acetone and can potentially em-

ployed as a diabetes bio marker via breath analysis, but their operating tem-

perature is too high to be fabricated as point of care device. Other sensing

platforms, that are available and shows decent response for acetone at room

temperature fails at low level detection. Further, most of the sensors available
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in literature are resistance based measurements, which are highly sensitive to

temperature and humidity. Thus, there is a need to have a acetone sensing

platform for wide range of concentration at room temperature and to identify

the parameter that is less prone to physical constants such as temperature and

humidity. The development of reliable, non-invasive approaches for detecting

acetone for a wider concentration range such as few ppm to hundreds of ppm

is required to address a wider application from medical diagnosis to industrial

pollution[112, 113] is required.

The state-of-art sensing technology may require multiparameters for effi-

cient performance and reliable decision making [114, 115]. In general, the

multiparameters measuring device essentially measures several physical pa-

rameters using a set of integrated transducers. Single transducer with mul-

tiple channels can be utilized for measuring a single parameter viz electrical

or optical but with different functional layers. Such systems are electronic

nose [116, 117] and surface plasmon resonance imaging devices [118, 119].

Impedance Spectroscopy (IS) is an emerging sensing platform for measuring

several parameters viz real and imaginary part of impedance, capacitance, out-

put current, phase difference and quality factor from a single channel consist-

ing of a common functional layer. The sensing using IS simplifies the analysis

as the sensing environment and the functional layer does exhibit a common

nature of interaction for all the measured IS parameters.

In this chapter, we demonstrate that the organic functionalization of CNT

through ODA can yield a stable Langmuir film at the A/W interface which can

be transferred to solid substrate using LB technique for sensing application.

For LB film fabrication, the CNT are to be dispersed in organic solvent and

then spread at the A/W interface. However, the dispersion and spreadability

of pristine-CNT at the A/W interface is difficult. Therefore, it is often essen-

tial to functionalize the CNT with organic ligands so that it can be easily dis-

persed and spread at the A/W interface for LB film processing. Additionally,

the functionalization with organic ligands can enhance the adsorption capabil-

ity of the CNT due to specific interaction. Here, we have utilized ODA-CNT

for the fabrication of ultrathin LB films and used it for sensing acetone vapors

at the room temperature. The sensing performance of LB film of ODA-CNT
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was compared with the LB film of pristine-CNT as well as randomly aligned

ODA-CNT for better understanding. IS was used for sensing acetone vapor at

room temperature. The multiparameters from IS were recorded as a function

of frequency and the concentration of acetone vapor. Our observations us-

ing principal component analysis (PCA) showed that capacitance is the most

reliable parameter for sensing acetone. The LB film of ODA-CNT exhibited ef-

ficient sensing as compared to LB film of pristine-CNT and drop casted film of

ODA-CNT. In case of LB film of ODA-CNT, the limit of detection (LOD) and

the range of concentration of acetone was found to be 0.5 ppm and 1-300 ppm,

respectively.

3.2 Experimental section

Pristine single-walled carbon nanotubes (pristine-CNT, cat.# P2-SWCNT) and

octadecylamine single-walled carbon nanotubes (ODA-CNT, cat.# P5-SWCNT)

were purchased from Carbon Solutions Inc. The organic solvents, chloroform,

and acetone were purchased from Sigma Aldrich. Chemicals were used with-

out any further purification. Gold interdigitated electrodes (IDE) were pur-

chased from NanoSPR, USA. The Langmuir monolayer and LB films were pre-

pared using an LB trough (KSV-NIMA). The IS measurements were performed

using an impedance analyzer (Keysight, E4990A). The IDE were cleaned by

treating them with cold piranha solution (conc H2SO4 : H202 as 3:1 by vol-

ume) followed by successive rinsing with ion-free water and ethanol several

times. A stock solution of pristine-CNT and ODA-CNT with a concentration

of 0.03 mg/mL was prepared in high performance liquid chromatography

(HPLC) grade dimethyl formamide (DMF) and chloroform solvent, respec-

tively. The Langmuir films at the A/W interface were formed by spreading

the CNT solution (150 µL for ODA-CNT and 1250 µL for pristine) on the water

surface between the two barriers of Langmuir trough (KSV NIMA). The trough

was then left undisturbed for 90 minutes to allow the solvent to evaporate.

The amount of CNT dispersion were found after multiple trials. The sample

for which homogeneous dispersion and phase transitions of Langmuir mono-

layer are observed, the sample volume is finalized. After the volume spread
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was finalized, fresh samples were again dispersed after cleaning and the Lang-

muir film was compressed by symmetric lateral movement of the barriers, and

corresponding surface pressure (π) as a function of area was recorded. The sur-

face pressure was recorded using a pressure sensor which is connected with a

Wilhelmy paper with an accuracy of 0.01 mN/m. The surface phases of the

Langmuir film were observed using a Brewster angle Microscope (BAM, KSV

NIMA Micro-BAM). The microscope was equipped with a 30 mW, 659 nm laser

yielding 12 µm spatial resolution in images. The Langmuir film at the a/w

interface was transferred onto the IDE via the LB technique at a target sur-

face pressure (πt) of 10 mN/m. The substrates with gold deposited IDE were

cleaned using cold piranha solution for about 1 minute. The substrates were

rinsed successively with ultrapure water and ethanol. The substrates were

dried using a jet of nitrogen gas. The substrates were immersed initially before

the spread of monolayer and a single layer of LB film was deposited by the

upstroke of the dipper. The dipper speed was maintained at 1 mm/min. The

deposition was performed under the feedback mechanism where the barrier

position was adjusted automatically to maintain πt. This ensures a high qual-

ity LB film. The physical adsorption between the ODA-CNT and the substrates

was weak to support multilayer formation by the LB deposition mechanism.

Drop cast films of the CNT over the IDE were formed by spreading 50µL of

ODA-CNT stock solution using a micro pipette and were allowed to dry in am-

bient for ≈1 hour. The film deposited electrodes were stored in a vacuum des-

iccator which were later used in sensing measurements. The acetone sensing

measurement were performed using the impedance analyzer setup (Fig:-3.4)

in the frequency range of 10 kHz - 10 MHz. The concentration of acetone was

varied by spreading a given volume of liquid acetone in the sensing chamber.

To obtain a homogeneous dispersion of acetone vapor, around 30 mins time

was allowed before performing the measurements. After the sensing measure-

ments were performed, the sensing chamber was flushed with nitrogen gas for

about 30 minutes. The impedance measurements were performed again after

flushing. For the drop cast film, the capacitance curve showed some hysteresis

≈ 25% whereas in case of LB film, there was a minimal hysteresis less than 1%.

All the experiments were performed at room temperature (∼ 25± 2◦C).
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3.3 Results and discussion

The Langmuir films of the pristine-CNT and ODA-CNT were formed sepa-

rately at the A/W interface in the Langmuir trough and the corresponding

surface pressure (π) vs area per µg of the CNT (Aw) isotherms were recorded

(Fig:-3.1(a)). The area available for the CNT in the Langmuir trough was nor-

malized by the mass of the CNT spread on the water surface. The isotherm

of pristine-CNT has lower startup area per unit µg as compared to ODA-CNT

which states higher aggregation in pristine-CNT at the a/w interface. The sur-

face pressure remains negligible upto 30 cm2/µg for ODA-CNT and 4 cm2/µg

for pristine-CNT. The region for negligible surface pressure in both isotherms

may indicate the gas like phase. The gas like phase is observed where there

is minimal interaction in the molecules spread at the A/W interface. On fur-

ther compression of the film, the surface pressure starts to rise sharply and

monotonically till the film is completely compressed in the trough. The rise

in the surface pressure showed liquid-like phase of the Langmuir monolayer.

There are minor changes in the slope of both the isotherms at 24 cm2/µg for

ODA-CNT and 4 cm2/µg for pristine-CNT which might indicate the initiation

of the collapse of the film. In case of Langmuir films of nanomaterials, it is

difficult to observe a clear collapse in the isotherm. This might be due to poor

amphiphilicity of the nanomaterials as compared to the classical monolayer

forming organic molecules such as stearic acid, DPPC etc. The slow collapse

in the Langmuir monolayer of nanomaterials can be due to folding, wrinkling

or 3D stacking on the water surface. The minor change in the slope can be con-

veniently detected by calculating the in-plane isothermal elastic modulus (E)

using the relation: |E| =
∣∣− 1

A
dπ
dA

∣∣ The E is a convenient parameter to assess the

elastic nature of the monolayer in a given surface phase and to detect the dis-

continuity in the isotherm due to weak phase transition [89]. The variation of

E as a function ofAw is shown in Fig:-3.1(b). On compression, liquid like phase

appears in both the cases as indicated by the steep rise in the E. The maximum

value of E in the liquid like phases of pristine-CNT and ODA-CNT was found

to be around 50 and 25 mN/m, respectively. The decrease in the value of E

on further compression may indicate the initiation of the collapse of the mono-

layer. Due to the absence of hydrogen bonding between the pristine-CNT and
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(a) (b)

Figure 3.1: (a) Surface pressure (π)-area per µg of the CNT (Aw) isotherm of
the Langmuir film of pristine-CNT and ODA-CNT at the air-water interface.
(b) The isothermal in plane elastic modulus of pristine-CNT and ODA-CNT.

water, the homogeneous spreading of pristine-CNT is compromised which re-

sults in higher degree of aggregation on the water surface. On the other hand,

ODA-CNT behave amphiphilically and thus spreads uniformly over the water

surface. It is therefore expected to obtain a uniform film with aligned ODA-

CNTs when deposited on substrates using the LB technique.

The Langmuir film of the pristine-CNT and ODA-CNT at the a/w interface

were observed using BAM (Fig:-3.2). In the BAM images, the dark region rep-

resents the gas like phase whereas the bright region represents the liquid like

phase. It is clear from the images captured at different surface pressure during

compression of the film that the liquid like phase exhibited by the ODA-CNT

is more uniform (Fig:-3.2(c)) as compared to that of pristine-CNT (Fig:-3.2(f)).

The Langmuir film of pristine-CNT shows aggregates (very bright domains)

at surface pressures of 3 and 9 mN/m (Fig:-3.2(e)-(f)).

The domains observed in the BAM image of the Langmuir monolayer of

ODA-CNT in the liquid like phase appears fluidic and mobile. Additionally,

the maximum magnitude of elastic modulus in this phase is∼ 25 mN/m which

also suggest the phase to be liquid like. The classification of surface phases of

Langmuir monolayer based on elastic modulus suggests the E value in the

range 12-50 mn/m to be liquid like phase and 100-250 mN/m to be liquid

condensed phase [120, 121].
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3.2: BAM images of Langmuir film of ODA-CNT (a-d) and pristine-
CNT (e-h) at different surface pressures (a,e) 0mN/m, (b,f) 3mN/m,
(c,g) 6mN/m and (d,h) 10mN/m. The size of the images are 3.5×4 mm2.

The Langmuir film of ODA-CNT and pristine-CNT was transferred onto

silicon substrates at a target surface pressure of 10 mN/m using LB technique.

The transfer ratio for both the films were≈ 0.85. Field emission scanning elec-

tron microscope (FESEM) was employed to study the morphology of the trans-

ferred film. In the ODA-CNT film transferred via LB technique (Fig:-3.3(a)), the

nanotubes appear to align on an average direction as indicated by the arrow.

This alignment of the CNT on the substrate surface depends on the relative

orientation of the substrate with respect to the barrier motion. As, the ODA-

functionalization helps in homogeneous dsipersion of the CNT on the water

surface, the amount of aggregation on the transferred film is very low. How-

ever, in case of pristine-CNT, the nanotubes appear to aggregate and randomly

distributed even in the LB film due to its non-homogeneous dispersion at the

interface (Fig:-3.3(b)). The FESEM study indicated that the uniformity and or-

dering in LB film of ODA-CNT is much better as compared to that of LB film

of pristine-CNT and drop cast film of ODA-CNT. Fig:-3.3(c) shows the FESEM

image of drop cast film of ODA-CNT. The drop cast film showed random ar-

rangement of the nanotubes.

The effective surface area of CNT enables a substantial number of adsorp-

tion sites for the gas molecules to get adsorbed. When a reducing gas such as

acetone comes into contact of the CNT surface, it results in an increase in elec-
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(a) (b)

(c)

Figure 3.3: Field emission scanning electron microscope images for (a) LB films
of ODA-CNT (b) LB film of pristine-CNT and (c) drop cast film of ODA-CNT.
The scale bar of each image is 1 µm. The bright domains in the image represent
the gold-cluster. The sample was deposited with gold (2-3 nm) prior to FESEM
imaging to enhance the contrast and reduce surface charging.



CHAPTER 3. ULTRATHIN FILM OF CARBON NANOTUBES FOR ACETONE SENSING 56

tron concentration. Due to p-type semi-conducting behavior of CNT [122], it

has been reported by Young et al. [123] that as the gases with electron-donating

nature are adsorbed on its surface, there is reduction in the number of holes

which results in a subsequent increase in the impedance of CNT. Thus, the

impedance spectroscopy with multiple parameters directly or indirectly re-

lated to the adsorption of analytes. Therefore, impedance spectroscopy can

be a relevant technique for sensing such gasses using CNT.

Further, we have discussed the sensing of volatile organic solvent viz. ace-

tone using functional layer of LB film and drop cast film of ODA-CNT through

the impedance spectroscopy technique. The home built setup used for the

sensing is shown in Fig:-3.4.

Figure 3.4: A schematic of lab assembled setup for acetone sensing at room
temperature.(a) shows the randomly aligned CNT for the drop cast film, (b)
vertically aligned CNT for LB film and (c) Lab assembled setup for measure-
ment.

A set of parameters viz. real and imaginary part of the impedance, capac-

itance, conductance, phase difference etc were collected during sensing of the

acetone using the film of CNTs. It is noteworthy that some of the parameters

are redundant which do not add any value in decision making during sensing.

It is therefore, essential to analyze the parameters obtained from a given sen-

sor and select the most relevant for reliable sensing. The principal component

analysis (PCA) is an unsupervised learning technique in machine learning al-

gorithm which can be used to reduce the dimension of the parameter space
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(a) (b)

Figure 3.5: Principle components (PC1 and PC2) plot for capacitance and con-
ductance with respect to different concentrations of acetone for (a) LB film of
ODA-CNT (b) drop cast film of ODA-CNT.

and identify the high variance parameters for making reliable decision during

sensing.

In PCA, firstly a covariance matrix is computed, revealing relationships be-

tween input variables. Eigenvalues and eigenvectors are then derived, repre-

senting variance and component directions. Eigenvalues are sorted, and com-

ponents capturing most variance are selected, and the original data is projected

onto these components. Here, the output parameters as the function of fre-

quency for each concentration of the acetone vapor was analyzed using the

PCA. The higher variance parameters were found to be capacitance and con-

ductance. Large variance parameter during sensing is preferred as it can cause

significant change in the values due to minor change in the concentration. It

was observed that approximately 65 percent of data was explained by two pa-

rameters capacitance (≈ 35%) and conductance (≈ 30%) for each concentration

of the acetone vapor. The principle components PC1 and PC2 for capacitance

and conductance for different concentration of acetone sensed using LB film of

pristine and ODA-CNT and drop cast film of ODA-CNT are shown in Fig:-3.5.

Fig:-3.5 shows comparison between the principle components of capaci-

tance and conductance of LB film and drop cast films of ODA-CNT with re-

spect to acetone concentration. It was observed that PCA response for LB film
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of ODA-CNT had higher variance in for both capacitance and conductance

as compared to that of drop cast ODA-CNT film. Therefore, for sensing ap-

plications PCA shows that LB films of ODA-CNT are more suitable choice.

Further for LB ODA-CNT film, the capacitance and conductance values were

also compared and it was observed that capacitance shows higher variance

due to change in concentration of acetone as the spread in data points is larger.

(Fig:-3.5(a). Such spread indicates large variance due to small change in the

concentration of the acetone. This is preferable for high performing sensor.

Therefore, it is evident that capacitance is the more suitable parameter to ob-

serve for sensing acetone.

Henceforth, a two dimensional calibration map (surface contour plot) of

capacitance as a function of frequency and acetone concentration was plotted

Fig:-3.6. For comparison, the calibration maps of the LB film of ODA-CNT,

the LB film of pristine-CNT, and the drop-cast film of ODA-CNT are shown in

Fig:-3.6 (a), (b), and (c), respectively.. It can be observed that in both drop cast

and LB films, the capacitance decreases with frequency at a given acetone con-

centration. However, in LB ODA-CNT film the decrease in capacitance at the

given acetone concentration is comparatively more prominent. The contour

plot (Fig:-3.6(b)) clearly indicates that in case of LB film of pristine and drop

cast film of ODA-CNT, the variation in capacitance value as a function of con-

centration at a given frequency does not show any trend and the magnitude

of the capacitance shows minute change. Interestingly, in case of LB film of

ODA-CNT (Fig:-3.6(a)) a clear trend in variation in the capacitance value with

the concentration of acetone at a given frequency is seen. The limit of detec-

tion(LOD) and the range of concentration of acetone sensing using LB film of

ODA-CNT were found to be 0.5 ppm and 1-300 ppm respectively.

In low frequency range 10 kHz -2 MHz, the capacitance of LB film with

respect to acetone concentration is more prominent and the decrease is mono-

tonic. The monotonic decrease was found to be linear for the entire frequency

range 10kHz − 10MHz. The slope of such linear trend can be related to the

sensitivity of the sensor[89]. The range of sensing concentration and sensitiv-

ity appears decreasing with increasing frequency. Therefore it is suggested that

in order to have efficient acetone sensing based on LB film of ODA-CNT, ca-
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(a) (b) (c)

(d) (e) (f)

Figure 3.6: 2D calibration maps (surface contour plot) of capacitance as a func-
tion of frequency and the concentration of acetone vapor obtained from the
(a) LB film of ODA-CNT, (b) LB film of pristine-CNT and (c) dropcast film of
ODA-CNT. 2D representation of resistance as function of frequency and the
concentration of acetone vapor obtained from the (d) LB film of ODA-CNT, (e)
LB film of pristine-CNT and (f) dropcast film of ODA-CNT

.
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pacitance can be used as the optimal sensing parameter in the frequency range

of 10−500 kHz. Such studies are useful in determining the required concentra-

tion range of the analyte and the optimal sensitivity. The parameter resistance

is found to be random for varying concentration and frequency (Fig:-3.6 (d) (e)

and (f)).

IS is an useful technique which provide insights into the detection mech-

anism of acetone sensing. The capacitance from the impedance response can

also be accounted for fitting the data through an equivalent circuits (Fig:-3.7

(c)). Using the circuit, Nyquist plot was simulated for 100 Hz − 10 MHz for

both drop cast and LB deposited films of ODA-CNT as shown in inset of Fig:-

3.7 (a) and (b).

(a) (b)

(c)

Figure 3.7: Nyquist plots for drop cast and LB films of ODA-CNT (a) in absence
of acetone (b) in presence of acetone (25 ppm) (c) Circuit used in the IS software
for Nyquist plot data fitting.

Fig:-3.7 (a) and (b) shows the Nyquist plot comparison of drop cast and

LB film of ODA-CNT at 0 and 25 ppm acetone concentration, respectively.

The imaginary component of impedance in the LB deposited film is relatively
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Concentration
(ppm) drop cast ODA-CNT film LB ODA-CNT film

C (pF) Cm (pF/µg) R (MΩ) Rm (MΩ/µg) C (pF) Cm (pF/µg) R (MΩ) Rm (MΩ/µ g)
0 4.089 0 23.06 0 5.358 0 48.175 0
1 4.371 0.00918 22.16 0.03613 5.297 0.94384 48.175 1.55749
2 4.325 0.02572 23.25 0.03959 5.262 1.16082 48.075 2.10608
5 4.355 0.02859 24.06 0.04082 5.235 1.68427 48.125 2.05921

10 4.394 0.03345 22.06 0.04141 5.183 1.88245 48.185 2.13889
25 4.364 0.03691 22.86 0.04298 5.145 1.94619 48.225 2.09848
30 4.384 0.03691 22.16 0.04406 5.097 2.09886 48.455 2.11024
50 4.371 0.03691 23.45 0.04374 5.053 2.22021 48.465 2.02731
75 4.398 0.0346 23.34 0.04307 4.985 2.51946 48.485 2.33232

100 4.387 0.0346 23.90 0.04507 4.944 2.61716 48.456 2.08197
150 4.327 0.0346 23.46 0.04406 4.865 2.8106 48.459 2.11641
200 4.390 0.0323 24.06 0.04406 4.854 3.15409 48.464 2.03585
300 4.406 0.03322 24.26 0.04406 4.852 3.85107 48.555 2.38045

Table 3.2: Comparison of capacitance and resistance values obtained after fit-
ting the Nyquist plots for each acetone concentration for drop cast film of
ODA-CNT and LB film of ODA-CNT film.

larger compared to drop cast film. The larger diameter of semicircle observed

in simulated Nyquist plot for LB film is attributed to high impedance value.

This is because of the ultrathin film nature and low aggregation as compared

to the randomly oriented drop cast film. The impedance value depends on

charge carrying ability of deposited CNT due to its interaction with analytes.

However, further analysis of the Nyquist plot was performed for different

acetone concentration. It was observed that the overall response has capacitive

nature as the constant phase (n) was observed to be≈ 0.96 for drop cast film of

ODA-CNT and≈ 0.987 for LB film of ODA-CNT. The normalized response for

capacitance (Cm) and resistanceRm were calculated (Eq. 3.1) and a comparison

as shown in Table 3.2.

Cm = |C − Co
m

|, Rm = |R−Ro

m
| (3.1)

Here, Co and Ro are the initial capacitance and resistance, respectively in the

absence of analyte, C is capacitance, R be resistance for a given acetone con-

centration and m is the mass of ODA-CNT deposited on the electrode via drop

cast and LB technique.

The data presented in Table 3.2 show zero concentration response in the

capacitance (C) for both drop cast film and LB deposited film of ODA-CNT.

However, further analysis for different acetone concentrations shows lack of

consistency and an erratic behavior in the capacitance response of drop cast

film of ODA-CNT. Therefore, due to the unpredictable nature of the obtained
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results, drop cast film of ODA-CNT are not suitable for acetone sensing, whereas,

a systematic monotonic decrease in the capacitance (C) with increasing acetone

concentration is observed in case of LB film of ODA-CNT. The resistance val-

ues for drop cast film of ODA-CNT also showed a high initial response but as

the concentration is increased irregular response was observed. In case of LB

deposited ODA-CNT film, the resistance value showed merely 0.7 % change.

Thus, the parameter resistance is not a suitable choice for acetone sensing.

In case of LB films of ODA-CNT deposited on IDE, the nanotubes are aligned

in the direction of the field (Fig:-3.8(a)). This can be treated as a combination

Figure 3.8: Schematic of sensing mechanism. (a) LB film of ODA-CNT aligned
on the IDE, (b) drop cast film of ODA-CNT with random orientation on IDE,
(c) cross sectional view of IDE with aligned nanotubes, (d) IDE modeled as
capacitors in series.

of capacitors in series (Fig:-3.8 (a)) with aligned nanotubes. In the presence

of electric field, the charge distribution and charge conduction pathways are

coherent due to the aligned nanotubes. Hence, under this condition all the ca-

pacitor segments can record a similar increase in the capacitance value due to

increase in acetone concentration. Therefore, the effective capacitance of the

IDE deposited with LB film of ODA-CNT decreases with increasing concen-

tration of acetone. However, in case of randomly oriented nanotubes in the

drop cast film (Fig:-3.8 (b)), the charge conduction pathways and the charge
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distribution on the surface of nanotubes are random. Therefore, the change in

the capacitance value from each capacitor segment is not coherent and hence,

the effective capacitance was found to be random due to adsorption of the ace-

tone. Therefore, we observed random change in the capacitance value in case

of drop cast film of ODA-CNT as shown in Table-3.2

In order to further investigate the electrical characteristics of drop cast film

and LB film of ODA-CNT, the normalized capacitance (Cm) and resistance

(Rm) values for different concentrations of acetone is plotted and compared

as shown in Fig:-3.9. The Cm values obtained LB film of ODA-CNT increases

(a) (b)

Figure 3.9: Comparison of (a) normalized capacitance (Cm) and (b) normalized
resistance (Rm) of drop cast ODA-CNT, LB-ODA-CNT and LB pristine-CNT
films with respect to different concentrations of acetone.

monotonically and significantly with increasing concentration of acetone va-

por as compared to that of drop cast film of ODA-CNT and LB film of pristine-

CNT. The adsorption of acetone molecules is efficient on the surface of CNT in

the LB film. Further, Rm from the simulated Nyquist plot was also compared

and shown in Fig:-3.9 (b) for drop cast and LB film. The change in Rm values

for all the films was found to be random and negligible and thus cannot be

taken forward as a parameter for sensing measurement. The change in capac-

itance and the resistance responses from LB film of pristine-CNT were found

to be minuscule (Fig:-3.9). Thus it can be inferred that although the same de-

position mechanism, the ordering and uniformity of nanotubes in the LB film

plays crucial role in yielding superior sensing performance towards sensing
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acetone vapor. Further, we also performed the recovery test for drop cast and

LB film of ODA-CNT. The capacitance as function of frequency was measured

after the sensing measurements were completed. The used IDE chip was kept

in open environment for 15 minutes and the gas chamber was flushed with ni-

trogen gas jet. The impedance measurement were once again performed and

the observed capacitance value is shown in the Fig:-3.10 for LB and drop cast

film of ODA-CNT.

(a) (b)

Figure 3.10: Comparison of capacitance data before and after the sensing mea-
surement (a) LB film (b) drop cast film of ODA-CNT.

From Fig:-3.10 it can be observed that the capacitance values for LB film

of ODA-CNT are recovered and negligible hysteresis of 2% was observed,

whereas in case of drop cast film the hysteresis was about 25% of the refer-

ence value. Thus, it can clearly be stated that the LB films can be used multiple

times for acetone sensing.

3.4 Conclusion

The Langmuir monolayer of ODA-CNT at the A/W interface was found to

be very stable and it exhibited gas and liquid-like phases. A single layer of

LB film of the ODA-CNT deposited in the liquid like phase revealed aligned

nanotubes at the A/S interface. Being a reducing agent, acetone can interact

with CNT effectively through transfer of electrons. The single layer of ultra-

thin film of ODA-CNT can act as a suitable functional layer for the sensing
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of acetone vapor. The sensing of acetone using the LB film of ODA-CNT was

compared with that of drop cast film of randomly oriented ODA-CNT. Us-

ing the IS, multiparameters viz. capacitance, conductance, impedance, phase

difference and quality factors were recorded as a function of frequency for dif-

ferent acetone concentration. The PCA on the data revealed capacitance to be

most appropriate parameter for efficient sensing of acetone using the LB film

of ODA-CNT. The 2D calibration map of capacitance shows a systematic linear

variation for the LB film of ODA-CNT as compared to that of drop cast and LB

pristine-CNT film. The equivalent circuit was fitted and the estimated values

of resistance and capacitance for drop cast and LB film was tabulated. This

study indicated that the LB film of ODA-CNT can be potentially used for the

sensing of acetone vapor even at the room temperature exhibiting a wider con-

centration range (1 - 300 ppm) with a LOD of 0.5 ppm. The superior sensing

performance of the LB film of ODA-CNT is attributed to the aligned nanotubes

on the IDE, leading to a coherent behavior due to interaction with the acetone

molecules. Another interesting carbon based nanomaterial is graphene. In the

next chapter, we study the ultrathin film of functionalized graphene and its

capabilities for bacteria sensing. We retain the similar functionalization as that

of ODA-CNT because the amine functionlization can interact efficiently with

the harmful gram-negative bacteria.





CHAPTER 4
Ultrathin film of functionalized graphene for bacteria

sensing.

In the previous chapter, we observed enhanced sensitivity of acetone vapors

due to LB aligned ultrathin film of ODA-CNT as compared to randomly dis-

tributed ODA-CNT and LB film of pristine-CNT. Due to ODA functionaliza-

tion, CNT were homogeneously dispersed at the A/W interface and aligned

when transferred onto the substrate. The aligned film showed enhancement

in sensitivity, due to larger number of adsorption sites for acetone molecules.

Apart from gas sensing such as acetone and other volatile gases for health

monitoring, carbon nanostructures have been significantly employed in bacte-

ria testing for environment monitoring. Graphene, especially have been one

of the major nanomaterials employed for bacteria sensing in water bodies and

bio-hazard materials.

In this chapter we will discuss LB films of ODA-functionalized graphene

in the ultrathin regime and its application for water borne bacteria sensing.

We have employed electrochemical impedance spectroscopy for sensing mea-

surement for both gram negative and gram positive bacteria. We have also

employed machine learning on the raw impedance data for wide frequency

range and observed selective response in case of E. coli.

4.1 Introduction

Graphene has outstanding electronic and physicochemical properties which

has played key role in fabrication of biosensing devices and probes[26, 124].

Graphene possess extraordinary properties such as large specific surface area,

biocompatibility, optical characteristics, electrical conductivity, and thermal

conductivity[125]. The delocalized π electrons of the graphene can attract and

67
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trap the bio-molecules through π − π interaction. Graphene exhibits the ca-

pability to interact with a diverse array of organic molecules through non-

covalent forces such as hydrogen bonding, electrostatic force, van der Waals

force, and hydrophobic interaction[126–128]. The sensing mechanism involves

converting the interaction of target molecules, biochemical processes, physio-

logical and pathological reactions to generate measurable outputs across the

graphene surface[124]. This versatility is crucial in fabrication of wide array of

sensors.

Pristine graphene is difficult to disperse in water due to its inherent hy-

drophobic nature. Therefore, it is often necessary to functionalize it with or-

ganic molecules to improve its dispersibility in aqueous solutions. Function-

alization of graphene with various species, such as inorganic nanoparticles,

organic molecules, and biomolecules which modifies the surface chemistry of

graphene, also increases its biosensing efficiency[127, 129–131]. Few reports

have showed enhanced sensing performance by single layer of graphene as

compared to that of bulk films[53, 132]. Poonia et.al[53] observed that the

ultrathin LB films of carboxyl modified graphene showed enhanced perfor-

mance for urea in aqueous medium as compared to that of spin coated thick

film. They proposed that the lowest detectable concentration of urea using LB

film of G-COOH (8.3 M) is about 5 times lower than that of spin coated film

(41.6 µM) and at the same time the sensitivity due to LB film (42.5 ng/cm2/µM)

is about 3 times better than that of spin coated film (12.9 ng/cm2/µM).

Biosensors based on bacterial detection has experienced exponential growth

in recent years, finding applications in diverse scientific fields such as environ-

mental monitoring, food quality assessment, clinical diagnosis, and biolog-

ical agent identification. Globally, bacterial contamination in various medi-

ums remains a primary cause of hospitalizations and fatalities, surpassing

other sources such as viruses and chemicals[54, 55]. Despite ongoing efforts,

the annual reduction in deaths attributed to pathogenic bacterial infections

stands at only 1%, with a projected 13 million deaths by 2050[56]. Addition-

ally, the potential use of pathogenic bacteria as biological weapons is a sig-

nificant concern in the scientific community[57, 58]. Among the pathogenic

bacteria, Escherichia coli (E. coli) is a quite important foodborne or water-
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borne infectious pathogen of global concern, as well as the most common and

lethal serotype of enterohemorrhagic bacteria[133]. In addition, contamina-

tion of water sources with these pathogenic bacteria is a big problem in both

developing and developed countries[134, 135]. Infants, children, immunocom-

promised individuals, and the elderly are the most vulnerable to waterborne

infections. Ingestion of as few as 10 organisms can result in life-threatening

symptoms. Also E. coli have been recommended as indicators of microbial

contamination risk in water[136]. Therefore, establishing the effective and

rapid detection of E. coli is really critical for diagnostic platform. The ex-

isting techniques for detecting E. coli, such as the colony-counting method,

involve number of tiresome procedures, demand skilled personnel, and time

taking[137]. After bacteria plating, a routine biochemical identification process

ensues, involving a plethora of tests like the catalase test, citrate test, Gram

staining, and methylene red staining. Newer molecular diagnostic methods

based on amplification, such as polymerase chain reaction (PCR), have the po-

tential to shorten assay times to a matter of hours. Nevertheless, these tech-

niques still lacks the sensitivity required for detecting bacteria at low con-

centrations («1–100 colony-forming units per mL (CFU/mL) of the sample)

and still involve considerable time and labor[138]. Newer technique such

as labelled sensors where a biorecognition element such as DNA, antibodies,

aptamers, antimicrobial peptides, and phages are coated over sensing mate-

rial to improve the selectivity and sensitivity of the sensing analyte. It re-

quires sample pre-processing procedure, which is time consuming, expensive

and laborious[139, 140]. Optical techniques such as surface plasmon reso-

nance, Localized surface plasmon resonance, surface-enhanced Raman scatter-

ing, surface-enhanced infrared absorption and/or surface-enhanced fluores-

cence spectroscopy have also been employed for bacteria sensing. However,

the major drawback for these optical technique is possibility of peak deflection

on encountering a strong EM field by a sensitive biological sample[141]. Also,

these instruments are lab based and bulky instruments and may not be used

on field. Therefore, an easy to use, label free, highly sensitive and selective

sensing mechanism must be employed. EIS is one such technique. The power-

ful frequency function for measuring dielectric properties EIS is well received
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for possible label free procedures, high sensitivity and cost effectiveness. It re-

lates the various important complex physical properties such as diffusion, dou-

ble layer capacitance formation and interfacial interaction of the analyte with

the electrode via fitting a circuit model. In a report by Jijje et.al[142], authors

used gold electrodes modified with thin active layers of reduced graphene ox-

ide/polyethylenimine/ pyrene-polyethyleneglycol (rGO/PEI/p-peg) and fur-

ther was covalently modified with anti-fimbrial E. coli antibodies to detect

101 − 104 cfu/mL E .coli bacteria. They performed the sensing in presence

of redox probe potassium ferrocyanide to enhance the charge transfer. Gupta

et.al[143] proposed amino functionalized graphene oxide further the electrode

was covalently modified with antibody and observed the sensing in the range

of 2 × 102 − 108cfu/mL. Wang et al. used Au modified graphene on paper

electrodes which immobilized with the antibodies to get the detection limit of

1.5× 102. Thus, a label free and selective EIS sensing of E. coli for a wide range

is still not significantly explored. Therefore, in this chapter we are propos-

ing a label free and selective sensing of E .coli. We have employed LB films

of Octadecylamine functionalized graphene (ODA-gr) deposited on gold elec-

trodes for a wide range of concentration (101 − 106cfu/mL). The amine group

on ODA binds with carboxyl groups on graphene, and enhance the electroac-

tive surface area and facilitates in electrostatic interaction with pathogen[144].

We have performed the EIS measurements of 6 different bacteria, three from

each gram negative and gram positive family to check the selectivity. The low-

est detectable concentration observed in the case was 2.5cfu/mL for E. coli. In

EIS usually, the sensitivity is characterized on the basis of the components used

in circuit fitting. Although, it is necessary to understand the mechanism and

interpret the interaction between the analyte and modified electrode, it is time

consuming and require scientific personal to deal with the data procurement.

Therefore, in addition to the EIS circuit fitting analysis we have also employed

various Machine learning (ML) algorithms to aid selective detection of E. coli.

ML based sensing data analysis offers quick and removes any fitting and hu-

man error while data analysis. Here, raw impedance magnitude with respect

to the input frequency data for all the 6 bacteria for different concentrations

was fed into the ML classification algorithms to check for the E .coli sensing
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response. This work is applied for Indian patent [145].

4.2 Experimental

LB film preparation: A stock solution of 0.05 mg/mL ODA-gr was prepared

in absolute ethanol. The Langmuir film at the A/W interface were formed by

spreading 500 µL solution on the subphase between the two barriers of Lang-

muir trough (KSV-NIMA). The system was left undisturbed for 30 minutes to

allow the solvent to evaporate to get a homogeneous spreading of ODA-gr.

Further, surface pressure-area isotherm was recorded . The surface phases of

the Langmuir film were observed using KSV-nIMA Micro-BAM. The Lang-

muir film was then transferred on to the gold electrode via LB method at the

target surface pressure(πt) of 15 mN/m. The dipper speed was maintained at

1 mm/min. The target surface pressure was kept constant via controlled feed-

back mechanism of barriers for good transfer and homogeneous coverage of

the film on the gold electrode.

Bacteria culture: The common and representative bacterial strains of bac-

teria as shown in Table:-4.1 were employed for sensing measurement.

Bacterial Strains Type Source
Staphylococcus aureus subsp. aureus MTCC1430T (S.A.) Gram Positive MTCC, IMTECH, Chandigarh, India

Bacillus cereus MTCC430 (B.C.) Gram Positive MTCC, IMTECH, Chandigarh, India
Bacillus subtilis MTCC121 (B.S.) Gram Positive MTCC, IMTECH, Chandigarh, India

Escherichia coli DH5 alpha MTCC1652 (E. coli) Gram Negative MTCC, IMTECH, Chandigarh, India
Pseudomonas fluorescens MTCC103T (P.F.) Gram Negative MTCC, IMTECH, Chandigarh, India

Legionella pneumophila subsp. pneumophila ATCC 33152-0211P (L.P.) Gram Negative Biomall

Table 4.1: Representative bacterial strains and their sources

The bacterial cultures were sub-cultured in suitable medium as per sup-

plier’s instructions. The viable cell count of each culture was determined using

CFU count method and concentration of the culture was expressed as CFU/ml.

Briefly, the freshly grown culture of bacteria was serially diluted and 100 µL of

this culture was spread on solid media. After overnight incubation, the plates

having a countable range of colonies were used for colony counting. The CFU

number was further counted for each strain as per Sieuwerts et al.[146]. Fur-

ther each bacteria culture were serially diluted to obtain a desired concentra-

tion for sensing measurements.
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Sensing Measurement: EIS was utilized for sensing measurements in this

study. LB deposited ODA-gr/Gold electrodes were served as the working elec-

trode, while an Ag/AgCl electrode was employed as the reference electrode,

and a Platinum wire as the counter electrode. The electrolyte utilized was a

10X phosphate-buffered saline (PBS). Subsequently, each bacterial culture was

added sequentially to the electrolyte, and impedance measurements were con-

ducted across a frequency range of 10 mHz to 1 MHz for each concentration.

4.3 Results and discussion

The Langmuir film of ODA-Gr was formed at A/W interface and correspond-

ing surface pressure π vs area isotherm was recorded as shown in Fig:-4.1.

Figure 4.1: Surface pressure-area isotherm and in plane isothermal elastic mod-
ulus for ODA-gr.

The surface pressure remains negligible upto 127cm2. The region for negli-

gible surface pressure indicates the gas like phase. On compression of the film

below 127cm2, the surface pressure rises steeply. This is the onset of liquid-like

phase. The classical signature of collapse was not observed in this case.
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Isothermal in-plane elastic modulus was also calculated as per the relation:

|E| =
∣∣− 1

A
dπ
dA

∣∣
The elastic modulus is calculated to identify any weak phase transitions in

the Langmuir monolayer at the A/W interface. It also reveals the elastic na-

ture of monolayer at a given phase. From Fig:-4.1, a change in slope at area

≈ 130 cm2 was observed. Further compression of the monolayer upto area

≈ 90 cm2, again a slope change is observed in the elastic modulus. This might

be the initiation of the collapse of Langmuir film of ODA-gr. Here the col-

lapse is very weak to observe significant change in the surface pressure-area

isotherm. The graphene layer may undergo stacking in the collapsed state.

Further, BAM was employed to study the surface phase of Langmuir film

formed at the A/W interface. BAM images were captured at different surface

pressures as shown in Fig:-4.2.

(a) (b) (c)

(d) (e) (f)

Figure 4.2: BAM images at surface pressure; (a) 0.5mN/m (b) 2mN/m (c)
5mN/m (d) 10mN/m (e) 15mN/m (f) 25mN/m. The size of the images is
3.5 mm × 4 mm.

A gray uniform texture is observed in the background with some bright

domains were observed in almost all the BAM images. The brightness of the

gray texture increases with increasing surface pressure. The bright domains

are due to the stacking of graphene layer. As the surface pressure increase,
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number of stacked domain also increases. At 25 mN/m, very bright domains

represent the highly stacked graphene layer.

Further, the Langmuir film was then transferred from the A/W interace

at the target surface pressure of 15 mN/m on to the gold electrodes via LB

method. The morphology of the LB depsoited graphene monolayer was stud-

ied via feild emission scanning electron microscopy (FESEM) as shown in Fig:-

4.3. The FESEM image of the LB film of ODA-gr clearly indicates the domain

corresponding to the graphene monolayer, whereas the drop cast film of ODA-

gr reveals graphen flakes with random 3D network.

(a) (b)

Figure 4.3: FESEM images of (a) LB and (b)drop cast film of ODA-gr.

Further, fresh LB films of ODA-gr were used for sensing measurements of

Gram-positive and Gram-negative bacteria using EIS. The EIS observations of

the LB-fabricated ODA-gr film were recorded as a reference. The cultured bac-

teria were serially diluted in PBS. Bacteria were then introduced into the PBS

electrolyte in increasing concentrations. For each sample injection, EIS mea-

surements were recorded for different concentrations of the six bacterial cul-

tures. Fig:-4.4 (a) shows the schematic representation of serial dilution process

and (b) lab assembled EIS measurement setup.

The impedance response for different concentration along with the corre-

sponding circuit employed for the fitting of the observed data for each of the

bacteria is shown in Fig:-4.5.

The impedance observation showed unique response for E. coli as com-

pared to rest of the bacteria. A complete semicircle is observed in rest of gram-
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(a) (b)

Figure 4.4: (a) Serial dilution for freshly cultured bacteria.(b) Schematic of Lab
assembled EIS setup for sensing measurements.

negative and gram-positive bacteria, whereas a half semicircle is observed in

case of E .coli. In gram-negative bacteria(P.F and L.P), a small tail is also ob-

served which is absent in the impedance response of gram-positive bacteria.

Thus, the circuit employed for fitting the data of E. coli, other two gram neg-

ative bacteria (P.F and L.P) and the three gram positive bacteria are different.

From Fig:-4.5, it was observed that the magnitude of impedance for E. coli(Fig:-

4.5 (a) is 103 times greater than the impedance magnitude of rest of the bacteria.

The impedance response for E. coli with respect to its concentration is also sys-

tematically decreasing. Although, E. coli belongs to gram-negative family the

peptidoglycan layer in E. coli is mono-molecular thick when compared to the

other gram negative bacteria(≈ 10 nm). Therefore, when E. coli comes close

to graphene, due to the antibacterial property of graphene and the metabolic

activity of E. coli, outer layer of the bacteria is ruptured. The outer layer break-

down releases weak organic acids in its extra cellular environment. Such acids

alters the pH in the nanoregime gap between the E. coli bacteria and graphene

layer. Due to the rupture of outer membrane, inner constituents of the bacteria

deposit a conducting layer over the graphene surface which in turn increases

the conductance of graphene film . As the concentration of E. coli is increased ,

the thickness of the resultant layer also increases which ultimately is observed

as a systematic increase in the conductance of graphene film. The resistance

and capacitance of the resultant layer is modeled as R1 and C1 respectively

in circuit shown in Fig:-4.5 (a). Apart from the metabolic activity of E. coli

that deposits a layer on the graphene, the long hydrophobic ODA-chain in
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(a) (b)

(c) (d)

(e) (f)

Figure 4.5: Nyquist plot for wide range of concentration along with the circuit
employed for data fitting(inset) for (a) E. coli (b) P.F. (c)L.P. (d) B.C. (e) S.A. and
(f) B.S.
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graphene has also an important role in the interaction. Due to the presence

of negatively charged outer cell membrane in E. coli and highly negative zeta

potential, electrostatic interaction takes place between the positively charged

ODA-chain and the cell wall of the bacteria. Due to the electrostatic interaction

a pseudocapacitance (CPE) formation also takes place. This electrostatic inter-

action also helps in the charge transfer (R2) of such bacteria in the electrolyte.

Therefore, to model the two different types of interaction two parallel R-C cir-

cuits were employed to model the impedance response as shown in Fig:-4.5

(a). In the other two gram-negative bacteria, the outer memebrane is compara-

tively thick, thus only pseudocapacitance (CPE) formation and charge transfer

(R2) occurs at the electrode surface. Thus, in Fig:-4.5(b, and c), a single parallel

RC circuit is employed to model the electrostatic interaction.

Further, in case of P.F. and L.P, although they belong to gram negative strain

family, a small tail at lower frequency is observed which suggests polarization

of charged species. The tail part at the lower frequency is due to the redistribu-

tion of surface charges of the bacteria. In this case as the outer membrane was

intact, the surface charge gets redistributed and contributed in the formation

of polarization of charge only. Thus, the circuit employed for fitting them also

has a Warburg element (W) to account for the diffusion of the charged species

in the sensing environment.

In case of gram positive family (S.A., B.C. and B.S.) the Nyquist plot and

the circuit employed for fitting suggest only the formation of pseudocapaci-

tance and charge transfer. The gram positive bacteria undergoes electrostatic

and hydrophobic interaction with the long ODA chain of graphene. Gram

positive bacteria predominantly exists in large multicellular clusters. Hence,

the unusual transitions in the impedance profile is most likely be attributed

to clustering and biofilm formation, where correlation between the signal and

CFU counts is completely lost due to loss of unicellularity. Furthermore, gram

positive baceteria are mostly non-motile and gets accumulated on the sensor

surface and tend to form islands of microcolonies, supplying negative charge

to the ODA functionalized graphene thereby bringing the system closer to

charge neutrality, which should lead to monotonic change in impedance re-

sponse. However, the charge doping from the microcolonies is not spatially
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Bact. conc. (c.f.u/mL) E. coli P.F. L.P. S.A. B.C. B.S.

R1 (MΩ) C1 (µF) Ccpe (µF) R2 (MΩ) Ccpe (µF) R2 (kΩ) W (kΩ) Ccpe (µF) R2 (kΩ) W (kΩ) Ccpe (µF) R2 (kΩ) Ccpe (µF) R2 (kΩ) Ccpe (µF) R2 (kΩ)

10 74.30 1.62 1.27 8.66 4.00 15.30 0.69 2.56 23.9 1.09 2.50 9.36 1.57 35.0 2.50 8.91

50 56.00 2.12 1.37 8.32 4.26 14.80 0.81 2.73 23.10 1.27 7.13 10.26 1.54 35.7 7.13 8.92

250 51.6 2.34 1.36 7.60 4.77 15.2 0.82 3.05 23.7 1.29 3.39 10.79 1.53 35.30 3.39 8.82

2900 41.10 2.64 1.41 6.37 5.02 15.00 0.77 3.21 23.4 1.22 6.48 11.38 2.10 31.2 6.48 7.01

5400 34.30 2.7 1.47 6.21 4.08 15.20 0.33 2.61 23.70 0.52 5.48 11.43 2.34 31.8 5.48 7.95

50400 20.30 2.92 1.56 4.76 3.98 15.20 0.33 2.57 23.90 0.53 5.57 10.89 2.36 25.8 5.57 6.57

200400 9.66 3.06 1.81 2.10 3.62 15.4 0.34 2.32 23.99 0.54 5.98 10.50 2.84 21.8 5.98 5.42

500400 6.66 3.88 2.09 1.68 3.56 14.00 0.34 2.28 21.82 0.37 5.35 11.27 2.92 21.8 5.35 5.44

Table 4.2: The observed values of the circuit components used in fitting of
Nyquist plot for all six bacteria culture. Here, Ccpe is the value of capacitance
observed in the constant phase element (CPE) during EIS fitting.

uniform in graphene resulting in a non-linear response. Table:-4.2, shows the

parameter values obtained after circuit fitting.

From the Table:-4.2 it is evident that in case of E. coli, the resistance (R1)

has monotonic decrease which states that with increase in bacteria concentra-

tion the conductance at the electrode interface increases. Therefore, it signifies

that with the introduction of E. coli bacteria, conductance of the graphene film

increases.

Further, we investigated different machine learning (ML) algorithms at dis-

posal to check for the appropriate classification of the bacteria strain based on

the raw impedance data. The algorithms were directly imported from the sci-

kit learn python module. The raw data was split into training and testing sets,

where 80% of the data was used for training a machine learning model, and

20% was used to evaluate its performance. Table:-4.3 shows all the tested ML

algorithms for the classification and the prediction accuracy are compared.

Bagging classifier and Decision tree were comparatively more suitable al-

gorithm for the classification for our data with 83 % and 77 % accuracy respec-

tively. It is also evident that most of the ML classifiers predicted E. coli better

compared to other five bacteria. The multiclass classification for the 6 bacteria

for the best classifier is shown in the confusion matrix in Fig:-4.6.

Fig:-4.6 shows the confusion matrix for the best classification algorithm for

our data i.e. Bagging classifier. In the confusion matrix obtained, we observed

that E. coli has all true positive values and zero false positives, i.e 616 val-

ues were correctly classified in the class of E. coli and not a single data were
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Classifier Bacteria type Precision Recall F1-score Classification Accuracy

Random Forest

B.C. 0.44 0.47 0.45

71%

S.A. 0.92 0.91 0.91
P.F. 0.59 0.54 0.57

E. coli 1 1 1
L.P. 0.84 0.78 0.81
B.S. 0.51 0.57 0.53

Support Vector Machine

B.C. 0.06 0.01 0.01

20%

S.A. 0 0 0
P.F. 0 0 0

E. coli 0.86 0.29 0.43
L.P. 0.15 0.08 0.1
B.S. 0.17 0.9 0.28

K Nearest Neighbours

B.C. 0.19 0.37 0.25

35%

S.A. 0.43 0.42 0.42
P.F. 0.24 0.23 0.24

E. coli 0.95 0.62 0.75
L.P. 0.41 0.21 0.27
B.S. 0.29 0.27 0.28

Decision Tree

B.C. 0.55 0.56 0.55

77%

S.A. 0.92 0.91 0.91
P.F. 0.68 0.65 0.66

E. coli 1 1 1
L.P. 0.85 0.81 0.83
B.S. 0.64 0.69 0.66

Gradient Boost Accuracy

B.C. 0.28 0.26 0.27

67%

S.A. 0.43 0.13 0.2
P.F. 0.31 0.28 0.29

E. coli 1 0.49 0.66
L.P. 0.23 0.42 0.29
B.S. 0.3 0.46 0.36

Bagging Classifier

B.C. 0.69 0.7 0.69

83%

S.A. 0.94 0.95 0.94
P.F. 0.73 0.73 0.73

E. coli 1 1 1
L.P. 0.93 0.94 0.93
B.S. 0.71 0.72 0.72

Gaussian Naive Bayes

B.C. 0.52 0.18 0.27

26%

S.A. 0.19 0.68 0.3
P.F. 0.08 0.01 0.02

E. coli 0.93 0.25 0.4
L.P. 0.27 0.34 0.3
B.S. 0.21 0.06 0.1

Multilayer Perceptron Neural Network

B.C. 0.42 0.26 0.32

34%

S.A. 0.27 0.58 0.37
P.F. 0.5 0.09 0.15

E. coli 0.91 0.37 0.53
L.P. 0.36 0.32 0.34
B.S. 0.25 0.46 0.32

Table 4.3: Different ML classifiers and their prediction parameters for the raw
impedance data for six bacteria culture.
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Figure 4.6: Confusion matrix for Bagging classifier

wrongly classified. The second best classification were observed for S.A where,

603 values were correctly classified, but 26 of the values were misinterpreted

with P.F. which is from gram-negative family. The worst classification was for

B.C. as it had least true positives predicted and it has false positives for all the

bacteria except for E. coli. Thus, from Fig:-4.6 we can conclude that using ma-

chine learning also we can easily classify or selectively detect E. coli based on

their raw impedance response. The application of ML algorithm will save the

analysis time and the possibility human error if trained with data rigorously.

4.4 Conclusion

In this chapter we observed that ODA-graphene forms a very stable Langmuir

monolayer at the A/W interface. The transferred LB film were homogenously

distributed as flakes on the substrate which can increase its S/V ratio. The LB

film was transferred onto the gold electrodes and were employed for bacteria

sensing. The bacteria procured were freshly cultured in appropriate conditions

and then serially diluted before sensing measurements. Six different bacteria,

three from each gram-negative and gram positive family were tested. It was



81 4.4. CONCLUSION

observed that the employed ultrathin film proved to be highly selective for E.

coli for a wide range of concentration(10 -106 cfu/mL). The lowest detected

concentration was 2.5 cfu/mL. We observed that due to the monomolecular

thin outer cell wall of E. coli, when it comes in contact with graphene surface,

the cell wall gets ruptured and the constituents gets adsorbed on the graphene

surface and the conductivity of the film increases significantly. Thus we em-

ployed different circuit models to understand the physical phenomena of the

interaction for all the six bacteria. We also employed different ML algorithms

to verify our findings. We applied most of the unsupervised ML algorithms

and observed Bagging classifier and Decision tree were best suited for the data

observed. The ML algorithms can help in minimizing the analysis time and

possibility of human error while circuit fitting and data extraction.





CHAPTER 5
Role of anisotropy, surface coverage and alignment of

functional layer on SPR.

In the preceding chapter, we investigated the water borne bacteria sensing and

observed that ODA-functionalized graphene has highly selective and sensitive

response for E. coli. Apart from impedance based techniques, there are several

other techniques which are employed for biosensing. Optical techniques such

as SPR, offers label free and highly sensitive response for such bio analytes. In

SPR, the required sample volume is very low and it records very minuscule

changes in the refractive index at the metal/dielectric interface. The change in

the refractive index depends on the bio affinity of the active layer. The typical

metallic film such as gold offers low affinity towards biomolecules in aque-

ous environment and poor FOM. The immobalization of ligands on metallic

surface enhances the affinity, however it reduces the perceptibility of the SPR

sensor significantly. To overcome this, different types of suitable ultrathin film

for the functionalization of gold film can be used for sensing using SPR. In this

chapter we will discuss different types of ultrathin films and the effect of their

intrinsic property on the SPR response.

5.1 Introduction

Surface plasmon resonance (SPR) is a widely used optical phenomenon known

for its significant applications in sensing. SPR allows for highly sensitive and

label-free detection of various biological and chemical analytes. The working

principle of an SPR sensor involves detecting changes in the refractive index

(RI) with high resolution due to molecular interactions. Surface plasmon po-

laritons (SPPs) are excited at a metal-dielectric interface by an incident electro-

magnetic wave traveling through a coupling medium with an RI greater than

83
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1.0. Resonance occurs when the wavevectors of the incident wave and the

SPP wave match, leading to maximum energy transfer from the incident wave

to the SPP wave and resulting in the extinction of the characteristic incident

electromagnetic wave from the spectrum.

The Kretschmann configuration is commonly used configuration in SPR,

where a p-polarized monochromatic electromagnetic wave is directed at the

metal surface through a coupling prism. To establish SPR, the angle/wavelength

of incidence is varied, and the reflected intensity is recorded. At resonance, the

reflected intensity reaches a minimum. This resonance angle/wavelength is

unique for a specific metal-dielectric interface. During sensing, the adsorption

of analytes at the metal-dielectric interface changes the dielectric properties

and shifts the resonance condition. This shift can be precisely measured, al-

lowing the corresponding change in RI to be calculated.

The sensitivity of SPR can be further enhanced by modifying the metal

layer with a functional coating. This functional layer can improve both the

sensitivity and, in some cases, the selectivity of the sensor. However, it is cru-

cial that this functional layer is an ultrathin film. If the functional layer is too

thick, SPPs generated at the metal interface might decay before they can in-

teract with the biomolecules. This issue is especially pronounced for heavy

biomolecules, such as proteins, as the SPP waves may not penetrate deeply

enough to detect these molecules effectively.

Ultrathin films, usually just a few nanometers thick, enable the SPPs waves

to interact directly with the target biomolecules without substantial decay.

However, the intrinsic properties of these films can modify the SPR response.

Therefore, it is crucial to thoroughly investigate these properties before incor-

porating ultrathin films as functional layers in SPR-based biosensors

In this thesis we have focused on two specific properties of ultrathin films

that requires thorough investigation; anisotropy and surface density of the ul-

trathin film.

Anisotropy refers to the directional dependence of the physical properties

of the ultrathin film. It can influence how the film interacts with incident p-

polarizaed light. Anisotropic films might exhibit different refractive indices

along different axes, leading to complex changes in the SPR response. Under-
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standing these effects is crucial for optimizing the sensor’s performance. SPR

being highly sensitive for even a minute change in refractive index, the ref-

erence measurements become difficult. Thus, it is important to have detailed

understanding about the effect of anisotropy of the ultrathin films on the SPR

response before employing them for sensing studies.

Submonolayer coverage, on the other hand, involves the film being less

than a full monolayer. This incomplete coverage can lead to non-homogeneous

surface coverage of nanoparticles, creating hotspots or areas with varying den-

sity. While submonolayer films can enhance sensitivity by providing more re-

active sites, they can also introduce inconsistency in the SPR signal. Therefore,

it is important to investigate the dependence of surface density of nanoparti-

cles in the submnolayer for reliable sensor response.

In the coming sections of this chapter, we will delve into the roles of anisotropy

and submonolayer coverage in ultrathin films. We will explore how these

properties influence the SPR response. By understanding these factors, we

can better design functional coatings that enhance the sensitivity and selectiv-

ity of SPR-based biosensors, paving the way for more effective detection of

biomolecules in various applications.

5.2 Role of anisotropy in ultrathin films for SPR mea-

surements.

Anisotropy in thin film arises due to tilt of shape anisotropic molecules (e.g.,

rod-shaped calamitic liquid crystal molecules, organic molecules such as long

chain fatty acids ) with respect to surface normal which may yield in-plane ne-

matic ordering. In a report by Devanarayanan et al.[147] the optical anisotropy

in ultrathin films was estimated experimentally using the SPR phenomenon by

measuring the shift in the resonance angle (RA) in directions perpendicular to

each other in films that demonstrated varying degrees of optical anisotropy.

The reported anisotropy in the ultrathin films was estimated from SPR angle

measurements in randomly chosen orthogonal directions. The study show-

cased the importance of SPR in assessing the optical anisotropy of ultrathin

films fabricated through conventional LB and self-assembly methods. The
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study shows the metallic and dielectric nature of the LB films of bundles of

single walled carbon nanotubes (SWCNT) when the long axis of SWCNT are

aligned parallel and perpendicular to plane of incidence, respectively. Fur-

thermore, the Self-Assembled Monolayer (SAM) of Octadecyltrichlorosilane

(ODT) with 30◦ tilt of the molecules demonstrated anisotropy in the real part of

the refractive index, measuring approximately 0.24. On the other hand, the LB

films of Cadmium Arachidate (CdSA) with 10◦ tilt, film exhibited anisotropy

in the real part of the refractive index, approximately measuring 0.10.

The reports in the literature in general provide the value of birefringence of

the bulk material; however, due to reduction of dimension of the material, the

physical properties deviate largely from that of bulk. Therefore, measurement

of physical properties of a material at the lower dimension is essential for mate-

rial engineering followed by device fabrication. The physical properties of the

low-dimensional materials like two-dimensional thin film depend on its thick-

ness. Hence, a calibration curve is essential for quantifying the dependencies

of a physical property on any such parameters. Since the SPR phenomenon can

be potentially employed for the measurement of RI at a very high resolution, a

small in-plane birefringence due to tilt of shape anisotropic organic molecules

even in a single layer can be measured. Such film with tilted molecules may

exhibit nematic ordering on the surface. Thus, we present a calibration surface

showing the dependency of ∆θ on ∆n and thickness of the thin organic film.

The calibration surface was obtained through simulation, and it was utilized

for the estimation of ∆n of single layer of LB films of cadmium stearate (CdSA)

and 4’-octyl-4-biphenylcarbonitrile (8CB) molecules. The values of thickness

and ∆θ of the LB films of CdSA and 8CB were obtained from X-ray reflectivity

and a home-built SPR instrument, respectively, and these values were used in

the calibration surface for the estimation of the respective ∆n.

5.2.1 Methodology

5.2.1.1 Experimental Methodolgy

The Kretschmann configured SPR instrument was developed in the labora-

tory [76]. The equipment utilizes 5 mW laser of wavelength 635 nm, coupling
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prism (RI=1.51) and a segmented photodiode as detector. The resolution and

sensitivity of the equipment are 1.92 µRIU and 53◦/RIU , respectively. The

SPR chip consists of 0.5 mm glass plate (RI=1.51) deposited with 50 nm thick

gold film through sputtering technique. The chemicals, stearic acid and 4’-

octyl-4-biphenylcarbonitrile (8CB) were procured from Sigma-Aldrich. Both

the molecules yield a very stable Langmuir monolayer at the A/W interface

and are ideal systems for utilizing them for fundamental studies [73, 148, 149].

A single layer of LB film of CdSA deposited at 30 mN/m can yield an average

molecular tilt of∼10◦ with respect of surface normal [150] and similarly, that of

8CB deposited at 4 mN/m yields an average molecular tilt of∼60◦ with respect

to the surface normal [151]. A single layer of LB films of CdSA and 8CB were

deposited onto SPR chips at target surface pressure of 30 and 4 mN/m, re-

spectively using a LB trough (KSV-NIMA). The thickness of the LB films were

measured by X-ray reflectivity (XRR) technique using a X-ray diffractometer

equipped with thin film analysis unit (SmartLab, Rigaku).

5.2.1.2 Simulation Methodology

A finite difference time domain (FDTD) method was employed for the simula-

tion of SPR phenomenon in the Kretschmann configuration using a commer-

cial package of Lumerical [152, 153]. The FDTD method is highly reliable and

advantageous over other techniques in solving Maxwell’s equations for com-

plex geometries of materials. The simulation setup is shown in the Fig:-6.1(a).

The simulation was carried out using a monochromatic plane wave source

(L) having a wavelength of 635 nm. The perfectly matched layer (PML) bound-

ary condition with steep angle profile of 12 layers was used in order to min-

imise reflection from the boundary as the wave enters into the layer. Linear

discrete Fourier transform monitors were used to capture reflected and trans-

mitted electric field at 350 nm away from the interface. The source was made

to incident on the gold layer via glass medium at an angle of incidence of θi. In

order to obtain the resonance angle, the incident angle sweep was generated

from 40o- 48o with 251 iterations. The mesh override was selected in the prop-

agation direction of the plane wave to get more precise results. The optical

anisotropy was seen in case of a single layer of materials exhibiting geomet-
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Figure 5.1: A schematic of (a) simulation setup showing the major compo-
nents as depicted. The plane of polarization is XY. The angle of incidence of
the monochromatic light (L) is θi, thickness of each material and detector (D)
are shown and (b) a single layer of shape anisotropic molecules (rod shaped)
tilted with respect to X-axis along Y-axis on the YZ plane. The projection of the
molecules is shown in black. Such projection resembles nematic ordering on
2D plane with optic axis along Y-axis.

rical anisotropy at the molecular level. A common example of such system

is shown schematically in Fig:-6.1(b). A single layer of rod shaped molecule

(calamitic liquid crystal) tilted with respect to X-axis can have a projection on

the YZ plane. If all the molecules are more or less tilted in the same direc-

tion (here it is along Y-axis), they exhibit a nematic-like ordering with optic

axis (OA) parallel to the Y-axis. Another set of examples are single layer of

self-assembled monolayer of rod shaped octadecanethiol or LB film of fatty

acids [73]. To simulate such system of anisotropic material, we have modified

our setup by integrating a rotation axis along X-direction, (Fig:-5.1) with a reso-

lution of 0.1 degree to rotate the film deposited substrate and measure the SPR

response in-situ as a function of angle of rotation of the film. This modification

ensures alignment of optics for the measurement of birefringence.

5.2.2 Results

A p-polarized electromagnetic wave was incident at the glass-gold interface, as

illustrated in Fig:-5.1. The resulting evanescent wave within the gold film has

the potential to excite surface plasmon polaritons (SPP). Fig:-6.2(a) displays

the surface plasmon resonance (SPR) curve for the gold-air interface, reveal-
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Figure 5.2: (a) SPR spectrum of gold-air interface (b) the electric field profile
on the two dimensional gold surface (Y-Z plane) obtained from simulation.

ing a resonance angle (RA) value of 44◦. The FDTD calculation derived SPR

curve and RA value for the gold-air interface align with findings in the litera-

ture [154]. The 2D electric field profile due to surface plasmon polaritons at the

resonance angle is depicted in Fig:-5.2(b). In the chosen geometry, the YZ plane

corresponds to the gold-air interface, with the plane of polarization in XY. The

field’s surface distribution is identified as anisotropic. In a 1000 nm×1000 nm

mesh size, the anisotropic nature of the plasmonic field is evident, suggest-

ing that the excitation of SPP is non-isotropic. Consequently, coupling such

anisotropic fields with optically anisotropic materials may exhibit direction-

dependent behavior. Thus, measuring SPR in various directions relative to the

plane of incidence for anisotropic materials could result in different resonance

angles.

Materials with optical anisotropy can occur in bulk or single layers of or-

ganic molecules with inherent shape anisotropy. Rod-shaped calamitic liquid

crystal molecules, for instance, exhibit a birefringence of ∼0.2 in the bulk ne-

matic phase [155, 156]. The liquid crystal molecules have great technological

importance where such optical anisotropy play significant role in display de-

vice applications. When such shape-anisotropic molecules are aligned on a

solid substrate through self-assembly or controlled Langmuir-Blodgett deposi-
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tion [3], the deposited single layer induces optical anisotropy through a collec-

tive tilt of the molecules concerning the surface normal. Therefore, the projec-

tions of these tilted molecules yield a nematic ordering on the two-dimensional

surface.

Here, we created an organic layer of specified thickness, with refractive in-

dices made anisotropic by assigning distinct values along the X, Y, and Z axes.

SPR spectra were obtained through simulation when the plane of incidence is

parallel and perpendicular to the optic axis (OA) of the in-plane nematic order-

ing in the thin film of organic material. The difference in resonance angle was

recorded as ∆θ based on the SPR spectra obtained in these two geometries.

Fig:-5.3 shows the SPR curves obtained for an anisotropic thin film of 2 nm

thickness having ∆n as 0.1. The corresponding RAs were obtained as 44.45◦

and 44.80◦ yielding ∆θ to be 0.35◦. In the simulation, the SPR curves are ob-

Figure 5.3: Simulated SPR spectra of a 2 nm thick organic film consisting of
shape anisotropic organic molecules exhibiting an in-plane birefringence of
0.1.

tained for different values of ∆n and thickness of organic film and the corre-

sponding ∆θ were obtained. A calibration surface displaying the variation of

∆θ as a function of ∆n and film thickness (t) is plotted in Fig:-5.4. The simu-

lated data are fitted with a surface polynomial curve

∆θ = P1 +P2t+P3∆n+P4t
2 +P5∆n2 +P6t∆n+P7t

2∆n+P8t∆n
2 +P9∆n3 (5.1)
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Figure 5.4: Calibration surface plot showing the variation of ∆θ as a function
of in-plane birefringence (∆n) and thickness of organic film. The simulated
points are shown as filled circle. The surface is polynomially fitted.

where Pi, i = 1, 2, 3...9 are the fit parameters. The fit indicator R-square was

0.993 which suggests a good fitting. The fitted calibration surface as repre-

sented by the Eq:-5.1 can be useful for the determination of ∆n of thin films

using SPR phenomenon in the very simple prescribed methodology as dis-

cussed here.

Further, We have utilized the calibration surface (Eqn:-5.1) for the estima-

tion of in-plane birefringence of ultrathin films fabricated using the standard

LB technique. We fabricated a single layer of LB films of cadmium stearate

(CdSA) and 8CB molecules on the SPR chips at the target surface pressure of

30 and 4 mN/m, respectively [73, 151]. The molecules in a single layer of LB

films of CdSA and 8CB were tilted by ∼10 and 60◦ with respect to the sub-

strate normal [150, 151]. Hence, they can offer anisotropy in the refractive

indices and therefore can exhibit non-zero values of ∆n. The thickness of the

LB films were obtained from X-ray reflectivity measurement (Fig:-5.5). The ex-

perimental curve was fitted using Parrat’s formulation [75] and the thickness

of the film was estimated therefrom. The thickness of gold film deposited over

the glass plate, LB films of CdSA and 8CB deposited over such gold substrates
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were estimated as 49, 2.4 and 2.0 nm, respectively.

(a) (b) (c)

Figure 5.5: X-ray reflectivity curves obtained from (a) thin films of gold, (b)
LB films of cadmium stearate (CdSA) and (c) 4’-octyl-4-biphenylcarbonitrile
(8CB). The theoretical fitting yields the thickness of gold, CdSA and 8CB films
to be 49, 2.4 and 2.0 nm, respectively.

The anisotropy in the RI can be measured experimentally by rotating the

film in orthogonal directions and obtaining the SPR curves. For an isotropic

film, the shift in resonance angles obtained by the SPR measurements in or-

thogonal direction (∆R) is expected to be zero. However, due to the difference

in the value of RI of the single layer of the film in orthogonal direction, (∆R)

will be non-zero. If the optic axis of the tilted molecules in the single layer lie in

the plane of incidence, the measured RI from the SPR curve represent ne and

hence that measured by rotating the sample by 90◦ yields no. Since the field

due to SPPs are anisotropic in the YZ-plane, the coupling with the anisotropic

medium can yield non-zero value of ∆R.

The LB films of CdSA and 8CB were scanned using the SPR instrument.

The change in RA along the such orthogonal directions (∆θ) were found to be

24 and 71 millidegree, respectively. Such non-zero values suggest the anisotropy

in the ultrathin films. The values of thickness and ∆θ were substituted in the

calibration surface and ∆n of the ultrathin films of CdSA and 8CB were esti-

mated as 0.012 and 0.022, respectively.

The analysis give a strong foundation for the measurement of in-plane bire-

fringence of ultrathin films of organic molecules. Such information are es-

sential for the development of optical devices. Thus we present a calibration

surface showing the dependency of ∆θ on ∆n and thickness of the thin or-

ganic film. The calibration surface was obtained through simulation, and it
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was utilized for the estimation of ∆n of single layer of LB films of cadmium

stearate (CdSA) and 4’-octyl-4-biphenylcarbonitrile (8CB) molecules. The val-

ues of thickness and ∆θ of the LB films of CdSA and 8CB were obtained from

X-ray reflectivity and a home built SPR instrument, respectively, and these val-

ues were used in the calibration surface for the estimation of the respective ∆n.

5.3 Role of sub-monolayer on SPR based sensing

A sub-monolayer refers to a ultrathin film that covers less than a full mono-

layer. The surface coverage is incomplete and consists of isolated islands of

material rather than a continuous layer. During the deposition of ultrathin

films on a solid substrate some defects are introduced. These defects arise

due to several factors such as substrate roughness, deposition rate, adsorption

kinetics and molecular interaction. Thus, a completer monolayer formation

is restricted and small islands of nanoparticles are formed. The surface den-

sity of each islands of nanoparticles is different. Thus, this concept is crucial

when employing ultrathin films as functional layers over metal layers in SPR

applications. In SPR, the sensitivity and effectiveness of the sensor are signif-

icantly influenced by the thickness and uniformity of the functional layer. A

sub-monolayer can enhance the interaction between the analyte and the sen-

sor surface, providing more active sites for binding and thereby improving the

detection capabilities. However, due to the presence of varied surface den-

sity on different position on the substrate, SPR response also varies. Thus,

understanding the formation of sub-monolayer is vital for optimizing the per-

formance of SPR-based sensors. In this thesis we have studied sub-monolayer

using two model systems (a) silver nanoparticles and (b) single walled carbon

nanotubes

5.3.1 Methodology

5.3.1.1 Experimental Methodology

The SPR measurements were performed on the same SPR instrument(OPtronix)

as discussed in the previous section. The silver nanoparicles to be employed in
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the study were synthesized in lab. A solution of 0.5mg/mL silver nanoparti-

cles in absolute ethanol (Sigma Aldrich, USA) was made. The gold chips were

immersed in nanoparticle solution for varied time duration. The self assem-

bled silver nanoparticles on the gold chips were then scanned using the field

emission scanning electron microscopy(FESEM). Further, area coverage of the

silver nanoparticles on the chip for different time duration was calculated us-

ing ImageJ software[157]. SPR response for each of the samples were recorded

and further analysed.

5.3.1.2 Simulation Methodology

A finite difference time domain (FDTD) method was employed for the sim-

ulation of SPR phenomenon in the Kretschmann configuration using Ansys

Lumerical as discussed in the previous section [149, 158]. Further,the silver

nanoparticles (radius(r)= 10 nm) were uniformly seeded on the gold surface

and the overlapping was allowed to closely resemble the ultrathin film of sil-

ver nanoparticles on the gold surface. The random seeding was performed

using the scripting module in Ansys Lumerical package. The area coverage

was varied by varying the number of silver nanoparticles distributed on the

surface.

5.3.2 Results and discussion

In the FDTD mode, a p-polarized electromagnetic wave was allowed to inci-

dent at the glass–gold interface of Kretschmann configured SPR system in an-

gular interrogation mode as shown in Fig:-5.6. The evanescent wave generated

in the gold film can excite the surface plasmon polaritons (SPP). The minimum

reflected intensity for the gold-air interface at incidence angle of 43.91◦, which

is in accordance with the literature[154, 158]. The surface coverage of the sil-

ver nanoparticles on the gold surface was varied by increasing the number of

silver nanoparticles. The spherical silver nanoparticles of radius 10 nm were

distribute randomly on the gold surface and the surface coverage(So) was esti-

mated as

Surface Coverage(So) =
Ao
A

(5.2)
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Figure 5.6: Schematic of SPR setup

here, Ao = N × 4π × (r)2, N is the number of particles and A is area of the

substrate. The distribution ultimately gave the surface coverage starting from

2% to 97%. The So value = 1, can be considered as a monolayer. However,

So<1 is considered to be sub-monolayer. For each surface coverage, SPR spec-

tra was observed and plotted as shown in Fig:-5.7. It was observed that an

initial increase in surface coverage led to a red shift in the RA, which is in

accordance to conventional SPR property. In conventional observations, any

material irrespective of its property when deposited over the gold substrate

it alters the resonance criterion and dampens the absorbance at the resonance.

At low surface coverage the plasmonic field generated at the gold/air interface

is altered due to the silver nanoparticles in accordance to the classical effective

theory model[159]. At low surface coverage, the silver nanoparticles are far

apart from each other, the local electromagnetic field at silver nanoparticles

do not interact which each other[159], therefore we observe the conventional

red shift in RA and absorbance dampening. This behavior is similar to a di-

electric film when measured using SPR. The red shift continues till the sur-

face coverage reaches 40%. Interestingly for So > 40%, a blue shift in the RA

was observed. For So > 40%, the localized electromagnetic plasmonic field
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of the silver nanoparticles starts to overlap with each other resulting in ex-

change coupling. With increasing strength in coupling the kinetic energy of

the plasmon decreases. This, in turn, starts to overcome the energy required

for site charging, leading to a reduction in the Coulomb gap[160]. As sepa-

ration continues to decrease, the Coulomb gap eventually closes, and the sys-

tem undergoes a Mott-Hubbard metal-insulator transition[161, 162]. Conse-

quently, with a significant reduction in the separation and a stronger interpar-

ticle coupling, the sub-monolayer of silver nanoparticles with So > 40% starts

to exhibit properties resembling of a continuous metallic film. This observa-

tion suggests that at lower surface coverage of silver nanoparticles, the sub-

monolayer manifests dielectric properties, while at surface coverages surpass-

ing approximately 40%, metallic attributes become predominant. The redshift

and blueshift observed in the SPR spectrum of silver nanoparticles provide in-

sights into the collective behavior of the nanoparticles and the nature of their

interactions.

Figure 5.7: SPR response curves for different surface coverage of silver
nanoparticles obtained from FDTD simulations.
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In order to experimentally investigate the simulated observations, we used

a simple thin film deposition technique via self assembly. The morphology

and surface coverage of the self assembled layer of silver nanoparticles on gold

layer of the SPR chip were analyzed using FESEM. The observed morphology

for various surface coverage is shown in Fig:-5.8.

(a) (b) (c)

(d) (e) (f)

Figure 5.8: FESEM observation of silver nanoparticles at different time stamps
during self-assembly film formation. (a) So = 4.75%, t = 4 hrs, (b) So = 14.5%,
t = 8 hrs, (c) So = 42%, t = 12 hrs, (d) So = 55%, t = 16 hrs, (e) So = 75%, t = 20
hrs, (f) So = 97%, t = 24 hrs. Here time stamp t represents time allowed for self
assembly.

During the deposition of sub-monolayer of silver nanoparticles, the surface

coverage was controlled by allowing self assembly to happen at a specified

time. It is expected to have higher coverage with larger time of self assembly.

The time of deposition via self assembly is as shown in the Fig:-5.8. It can be

clearly seen from the figure that the surface coverage increase with increase

in time of deposition. As the gold chip was dipped into the solution of sil-

ver nanoparticles, the seeding happens randomly at different location of the
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gold chip. Usually when the silver nanoparticle adsorbs to the surface it dif-

fuses on the surface and gets anchored at the defect site forming a seed. Once

the seeds are formed, it grows with time on further adsorption of the silver

nanoparticles. Such controlled growth of silver domains can lead to formation

of sub-monolayer. If sufficient time of growth was allowed, a full monolayer

can be obtained.

The SPR spectra of the sub-monolayer of silver nanoparticle were recorded

for different So and are shown in Fig:-5.9. It is noteworthy that shift in RA

follows the same trend as observed through simulation.

Figure 5.9: Experimental SPR response recorded for different surface coverage
of the nanoparticles.

The experimentally observed spectra for different So values indicated red

shift in RA for So ≤ 40% and blue shift for higher So values. A comparison

of RA obtained from simulation and experiment as function of So is shown in

Fig:-5.10.

The trend of the variation in both the cases is found to be similar. the mag-

nitude of RA appears to be different. This might be due to some uncontrollable
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Figure 5.10: Simulated and experimental observation of RA for different sur-
face area coverage of the nanoparticle.

variation in experimental and simulation setup. In simulation, the seeds have

been spread uniformly on the gold chip. Such uniform seeds were allowed to

grow uniformly in the simulation setup. However, in the experimental setup,

it is difficult to control the uniform distribution of seeds as the seeding is pri-

marily dependent on the presence of defect sites on the gold chip. It is also

possible that the growth of the seed may not be uniform in the experimental

setup. Nevertheless, the trend in variation of RA as function of So is essential

as it signifies Mott-Hubbard metal-insulator transition.

Here, we observed that even though the bulk nature of silver is highly

metallic, in sub-monolayer regime it behaves as an insulator/dilectric which

can definitely affect the SPR response when employed for any application. The

metallic behaviour is regained as the surface coverage exceeds 40% of the sub-

strate area as it undergoes Mott-Hubbard metal insulator transition. Here,

the silver nanoparticles are isotropic in nature therefore it will be interesting

to observe the behavior of anisotropic film with varied surface density and

alignment. Therefore, we will now discuss how the surface density and the

alignment of single walled CNT (highly anisotropic) dictates the SPR response
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when deposited over the gold chip.

5.4 Role of surface coverage/intertubular distance

and alignment of CNT on SPR response.

Over the recent years, aligned CNT have been employed in various applications[163–

165]. Notably, CNT have emerged as key functional material in optical-based

biosensing, such as SPR device[166, 167]. CNT, due to their excellent biocom-

patibility, it has been employed extensively for biosensing using SPR platform.

CNT possess numerous advantageous properties, including nonlinear optical

characteristics and saturable absorption. These attributes make them valuable

materials for enhancing sensitivity in advanced target materials, contribut-

ing to increased specificity in sensor applications. CNT can be used as func-

tional material to immobilize diverse biological components such as antibod-

ies, DNA, antigens, and enzymes, providing a substantial surface area for such

immobilization processes[168]. In an article by Lee et.al[167], they observed

enhancement in SPR signal and four fold increase in sensitivity of human

erythropoietin (EPO) and human granulocyte macrophage colony-stimulating

factor (GM–CSF). Thus, CNT can be employed to enahance SPR signal and

sensitivity.

CNT, known for their remarkable sensing characteristics, also exhibit sig-

nificant inherent anisotropy[169] which is often overlooked while sensing based

measurements. SPR is a highly sensitive measurement dependent on even a

minute change in the refractive index in local environment. Anisotropic films

have variation in the refractive index measured in orthogonal directions with

respect to a given direction of the film (∆n). Thus the ultrathin film of CNT

fabricated using LB deposition technique can have aligned nanotubes. The

functional layers comprising of aligned nanotubes can yield different SPR re-

sponses dependent on the direction of the alignment with respect to the plane

of polarization of the incident electromagnetic wave. Thus, it is important to

study the effect of the anisotropic nature of CNT on the SPR response to have

a better fundamental understanding before employing it for sensing based ap-

plications. Further, the surface density of CNT fabricated over the gold chip
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in SPR based sensing can also affect its response as the refractive index of de-

posited CNT is density dependent[170, 171]. Garcial-Vidal et.al[171] in their

article stated that low-density of vertically aligned carbon nanotube arrays can

be engineered to have an extremely low index of refraction. Yang et al.[170] ob-

served that as the surface density of the vertically aligned CNT decreases the

refractive index also decreases exponentially.

Therefore, in this section we have studied the SPR response on the sur-

face density and anisotropy of the CNT film. Here, we have employed FDTD

based simulation to study the SPR repsponse for different intertube separation

for surface density based studies. The film anisotropy was controlled by align-

ing the CNT parallel and perpendicular to the direction of incident polarized

light. The SPR measurement were recorded for both perpendicular and paral-

lel alignements with varied intertube separation in order to study the effect on

the SPR signal.

5.4.1 Simulation Methodology

The SPR phenomenon in Krescthmann configuration was simulated using FDTD

method by employing a commercially available software package ANSYS LUMER-

ICAL. The simulation schematic is shown in Fig:-5.11. The simulatiaon was

carried out in a similar manner to the previous section. The generation of the

surface plasmons in case of nanorods strongly depend on the aspect ratio, thus

it is chosen wisely for minimising the radiation damping and scatterring. In

this thesis we have employed CNT with 6nm diamter and 1µm in length for

the SPR study. The aligned CNT with varied separation between each of the

tubes were added over the gold layer and the change in the SPR condition was

observed for both parallel and perpendicular orientation as shown in Fig:-5.11.

5.4.2 Results and discussion

The reference measurements on the gold-air interface was performed and the

RA was observed same as 44◦. The SPR spectra were obtained for the two

orthogonal directions: when the long axis of the tube is (a) parallel and (b) per-
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Figure 5.11: The parallel and perpendicular allignment of CNT considered for
the proposed SPR measurement. Separation between the tubes is shown as N
× diameter (D)

.

pendicular to the plane of polarization of the incident electromagnetic wave

(Fig:-5.11). The SPR spectra for perpendicular and parallel alignment of the

tubes with intertube separation equal to 4× D is shown in Fig:-5.12. Here, D is

the diameter of the nanotube. In Fig:-5.12 the RA obtained from SPR spectra

of CNT in parallel orientation was 44.152◦ and perpendicular orientation was

at 44.337◦. The deviation in RA with respect to the gold reference for both the

alignments with varied intertube separation are shown in Fig:-5.13(a). Such

deviation is denoted as ∆θ. Further, the difference in the RA of parallel and

perpendicular alignment for a particular intertube separation is denoted as

∆φ which is shown in Fig:-5.13(b). ∆φ can also be related to the birefringence

which arrives due to the structural anisotropy in the ultrathin film[158]. The

variation of ∆φ with respect to intertube separation was fitted with a second

order exponential decay function

∆θ = Ao exp(−r/t1) + A1 exp(−r/t2) + yo (5.3)

where Ao, t1, A1, t2, and yo are constants, and r is the separation between the

CNT. The fit had R2 value of 0.99 which suggests good fitting. In Fig:-5.13 (b),
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Figure 5.12: SPR spectra for parallel and perpendicular alignment of CNT. Sep-
aration between the tubes is shown as N × Diameter (D). Here, the spectra is
shown for 4×D =24 nm. D is the diameter of the nanotube.

(a) (b)

Figure 5.13: (a) Change in the RA denoted as ∆θ for parallel and perpendicular
alignment with respect to RA of gold layer for different intertube separation.
(b) Difference in the RA of parallel and perpendicular alignment denoted as
∆φ with respect to intertube separation.
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the fitting shows that, the birefringence value decreases with increase in the

intertube separation. The reduction in birefringence with increased intertube

separation is primarily due to the weakening of the collective electromagnetic

field interactions. At low intertube separation, the optical properties of the

ultrathin film are significantly influenced by the interactions between the in-

dividual CNT. As separation increases, the ultrathin film has less pronounced

anisotropic effects due to weakening of collective interactions. For separation

greater than 8D i.e 96 nm the contribution of collective interaction saturates

therefore, we observed saturation in birefringence value.

Fig:-5.14 shows the surface field distribution on the Y-Z plane for both the

alignments. Here, Y-Z plane refers to the surface of the gold chip where CNT

are aligned.

(a) (b)

Figure 5.14: Surface field distribution for (a) parallel and (b)perpendicular ori-
entation of CNT for 4D separtion. Parallel and perpendicular orientation refer
to the alignment of tube axis parallel and perpendicular to the plane of polar-
ization of the incident electromagnetic wave.

From Fig:-5.14 (a), it can be observed that in parallel orientation of the CNT

,the plasmonic field distribution shows anisotropic behaviour. The field be-

havior is similar to plasmonic field distribution for a gold layer. Thus,it can be

stated that for CNT layer when aligned parallel to the direction of polarization

behaves as a metallic layer. Whereas, when CNT aligned in perpendicular ori-

entation, the field distribution has some stratified structure. Therefore, CNT

when aligned in perpendicular orientation it behaves as a dielectric or semi-

conductor. Similar observation was made by Devanarayanan et al.[147]. The
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stratified field response in is due to localization of plasmonic field in the per-

pendicular orientation.

Further, we observed that there was an enhancement in the electric field in-

tensity in both cases at resonance condition. Thus, it will be interesting to ob-

serve the localized field response for different intertube separation. Therefore,

a 3-dimensional discrete fourier transform monitor was placed in the cavity

between the nanotubes. The incident angle of the p-polarized wave was kept

at the RA and electric field profile was observed. The 3D monitors gives elec-

tric field profile along X, Y and Z direction. The cavity size is fixed in X and Z

direction and only varies along Y direction with increase in intertube separa-

tion. Thus, the localized electric field magnitude along Y axis is extracted for

different cavity size. The field enhancement factor was also calculated as per

the relation:

Enhancement Factor = [
Eloc
Einc

]4 (5.4)

where, Eloc is the average magnitude of electric field observed inside the cavity

and Einc is the magnitude of incident electric field. The Eloc for Y and Z direc-

tion were equal thus only Y-direction was considered and the dependence of

enhancement factor on the intertube distance was plotted as shown in Fig:-

5.15.

From Fig:-5.15, it was observed that, in parallel orientation the average

field enhancement is comparatively 1.2 times higher than perpendicular ori-

entation. As CNT in parallel orientation behaves as an metallic film, the field

enhancement is comparatively higher in this orientation when compared to

perpendicular orientation. In both alignments it was observed that at smaller

cavity size i.e < 5 nm , the field enhancement factor suddenly increased. As in

parallel orientation CNT has a predominant metallic behaviour, field enhance-

ment is also more than the perpendicular orientation. The sudden increase

in E.F. is due to localization of surface charges as the cavity size enters the

quantum regime(<5 nm). When the cavity size enters the quantum regime,

the classical Maxwell’s equation fails to correctly describe the SPR response.

In this sub-nanometre regime, the non-local screening quantum effect takes

place and surface charges of the CNT gets redistributed. Therefore, the actual

distance between the tubes is now considered to be the separation between
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Figure 5.15: Enhancement factor with respect to cavity size. Cavity size is
defined as α×D where α can be fraction/integer value. D is the diameter of
CNT.

the surface charge rather than the actual geometrical gap. Thus, due to the

no local screening we get huge enhancement in the field. Further, as the sep-

aration goes down even low (< 1 nm), where the surface of the CNT tend to

touch each other, tunneling induced conductance starts to dominate and we

observed a further increase in E.F. For the cavity size (10 nm< 65 nm), E.F de-

cays due to decrease in the collective interactions between the nanotubes and

later saturates as cavity size is increase >65 nm. The saturation in the E.F. is

due to the negligible interaction of plasmonic field of CNT at large separation.

Therefore, in order to employ CNT for SPR applications it is necessary to

understand CNT behavior at different surface density and orientation with re-

spect to the incident electromagnetic wave. However, the control over surface

density of CNT experimentally is still a area of research, our study provides a

framework in understanding its behaviour for a wide range.
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5.5 Conclusion

In this chapter we studied SPR resposne of different types of ultrathin films

which are generally employed as a functional layer in SPR based applications.

The organic ultrathin films such as Liquid crystals posses birefringence when

arranged in 2D system and has an huge impact on SPR response when the

value of birefringence or the thickness of layer is varied. We propose a cali-

bration curve for change in resonance angle with respect to thickness and bire-

fringence for efficient understanding of SPR behavior of such molecules prior

to their application via SPR. Metallic nanoparticle such as silver nanoparticles

have the optical property dependence on the surface density in the ultrathin

regime. With increase in surface density they undergo mott-hubbard insula-

tor metal transition and we observed that 40% surface coverage is the point

of inflection. We examined both simulation and experimental studies, and ob-

served that the surface coverage for the transition was identical in both. Fur-

thermore, the SPR response is influenced by the surface density of CNT, which

exhibit either semiconducting or metallic properties depending on their align-

ment with the incident direction of the electromagnetic wave’s polarization.

The parallel alignment of CNT has enhanced plasmonic field generation com-

pared to the perpendicular alignment. The SPR response for varied surface

density or intertube separation for both alignments were observed. CNT in

parallel alignment showed anisotropic behavior whereas the plasmonic field

for perpendicular arrangement showed stratified field response at resonance

condition. The field distribution inside the cavity formed between the nan-

otubes were also studied. For different cavity lengths, field enhancement was

calculated. The parallel alignment overall showed higher enhancement and

we observed that as the cavity length was increased field enhancement dipped

and lately saturates. The functionization of gold layer with such type of ac-

tive layer enhance the performance but their inherent properties alter the SPR

response. In the next chapter we have proposed a new configuration fro SPR

chip where graphene is used as plasmonic as well as bio-recognition element

that can eliminate such type of discrepancy due to functionlization.





CHAPTER 6
Monolayer, bilayer and twisted-bilayer graphene layers

for label-free sensing using surface plasmon resonance.

In the preceding chapter, we studied the role of sub-monolayer and anisotropy

in ultrathin film on the SPR response.Such practical limitations affect the reli-

able measurements using the SPR phenomenon. At resonance, the plasmonic

field decays exponentially in the sensing medium. Thus, the functionalization

of gold chip by immobilizing bio-ligands can reduce the efficiency of the sen-

sor tremendously. Binding of the analytes with thicker bio-ligands may fail

to alter the SPR conditions which may affect the sensitivity of the sensor. It

is therefore recommended to have ultrathin layer as functional layer for any

sensing application using SPR. In this chapter we have proposed a novel SPR

design. In the proposed design we have employed graphene as dual nature

active layer. Graphene being established as a good bio affinitive layer can

also generate plasmon in terahertz regime. Thus, in our design we propose

graphene to be employed as plasmon generative as well as the biorecogni-

tive layer. The design offered a sensitivity of 20,000nm/RIU. Further, different

graphene systems were also tested for the proposed design.

6.1 Surface plasmon resonance

SPR is a widely recognized optical phenomenon with significant applications

in the fields of bio-sensing and bioanalysis. Its main advantage lies in its abil-

ity such as label free detection, high sensitivity and resolution[172, 173]. SPR is

primarily employed as a method for measuring change in the refractive index

(RI), which allows the detection of even minute quantities of analytes bind-

ing to the active area of the sensor [174]. The SPR based sensors can be im-

provised from several enhancement factors such as, optimization of optical

109
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components and appropriate functionalization of the active region. The most

widely used SPR configuration in the sensing application is the Kretschmann

configuration, which involves prism/metal/dielectric interfaces to create SPR

conditions as shown in Fig:-6.1. This configuration is both highly sensitive and

practically feasible. In this configuration, surface plasmon polaritons (SPP) are

generated by the evanescent wave of the incident electromagnetic (EM) wave

at the metal/dielectric interface. The resonance condition, characterized by the

minimum intensity of the reflected wave, results in the maximum transfer of

energy from the incident EM wave to the SPP wave. At this resonance, the

plasmonic field becomes highly intense. This intense plasmonic field interacts

with the dielectric medium above the metal surface. Any alteration in the di-

electric properties due to the adsorption of analytes, perturbs the plasmonic

field, leading to a shift in the resonance condition. This shift can be quantified

using SPR instrumentation. This fundamental principle is used in all biosens-

ing applications utilizing the SPR phenomenon.

Figure 6.1: Schematic of conventional Kreschtmann configuration SPR setup.

In conventional SPR-based sensor, gold is predominately used as a plas-

monic material for the generation of the SPP wave. It possesses several prac-

tical advantages like chemically inert, easy functionalization,and good stabil-

ity in aqueous medium. However, the pure gold surface has a lower affinity

for many bio-analytes. Therefore, to enhance the performance, several de-
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velopments in conventional SPR have been reported. The use of a bimetal-

lic (Ag-Au) layer, nanohybrid metal/dielectric structure Au with thin oxide

film coating and amorphous carbon on surface plasmon active silver substrate

have proved to enhance the sensitivity and sensitivity of the system. How-

ever, these hybrid and bimetallic layer do not have high bio-affinity towards

small biomolecules and also sometimes, the thickness of such layers may not

be able to induce any perturbation in the plasmonic field due to the adsorption

of analytes. This reduces the sensing performance of the SPR-based biosen-

sors. Therefore, the choice of functional layer should be appropriate such that

SPP waves are able to interact with the introduced analyte and also acts as a

good bioaffinitive layer. Thus, to increase the analyte affinity, the gold sur-

face is to be functionalized with a suitable layer. Recently, it has been stud-

ied that graphene may be employed as a biomolecular recognition element

(BRE) to functionalize the metal film for higher sensitivity. Graphene has a

high surface-to-volume ratio and a rich π electron conjugation. It enhances the

binding affinity of bio-analytes through π − π interaction. The carbon-based

ring structures in organic and biomolecules might enable efficient π stacking

interaction with hexagonal graphene. Thus, the employment of graphene as

the functionalized layers have proved to be appropriate for SPR sensing appli-

cations. biosensors[175–177].

Although, graphene can enhance the adsorption capability of the analytes,

the FOM for graphene functionalized gold SPR chip in aqueous medium reduces[178].

Furthermore, the weak physical force of binding between metal and graphene

can decrease sensitivity and stability[66, 179].

To address these challenges, the possibility of generating plasmonic fields

within the graphene layer itself and effectively using graphene as a plasmonic

material and a BRE to induce SPP waves and enhanced biomolecular interac-

tion.

However, to observe plasmon generation in graphene, the investigation

of optical properties of ultrathin graphene films is integral. But conducting

experimental observations presents huge challenges. Graphene’s exceptional

transparency in the visible and near-infrared spectrum, complicates precise

measurement of its optical characteristics due to minimal light absorption.
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Graphene films employed for SPR are often single or few layered and present

difficulties in interacting with sufficient photons for reliable detection. Sub-

strate interactions introduce complexities as graphene, typically grown or trans-

ferred onto a substrate, can alter its intrinsic optical properties. In order to have

a uniform layer sample preparation demands control to mitigate variations or

impurities that could impact observed optical properties. Furthermore, some

optical techniques have constrained wavelength ranges, limiting their effec-

tiveness in probing the full spectrum of graphene’s remarkable optical prop-

erties. Therefore, in this work we have employed DFT to calculate the optical

properties of graphene. DFT offers huge advantage over other methods as it is

computationally efficient. Calculations can be performed with reasonable ac-

curacy, making it feasible to study the optical properties of ultrathin graphene

layers within reasonable timeframes.

Graphene is single atom thick two dimensional system with remarkable op-

tical properties[180–182]. It’s extraordinary optical property lies in its unique

band structure. It has linear energy dispersion and zero band gap [183]. Al-

though, graphene has a very stable structure due to sp2 hybridization between

the carbon atoms. The number of layers, stacking sequence, stacking orienta-

tion and energy dispersion affect the band structure of such low dimensional

systems [184]. Multilayer and stacked graphene has also attracted tremendous

interest in the optical field of sensor research and development [185–189]. The

simplest form of multilayer and stacked graphene structure consists of two

layers termed as bilayer graphene(BLG) [190]. Subsequently, due to the inter-

layer interactions, the linear bands of the monolayer transforms into pair of

parabolic bands and band asymmetry is introduced between the valence and

conduction band for BLG structures. The most investigated forms of stacking

present in BLG structures are AA, AB and twisted stacking. In AA stacking,

the lateral coordinates of the carbon atoms in each layer are identical whereas

in AB stacking one of the layer is relatively shifted by the vector equal to the

edge of the hexagon. This suggests that all the carbon atoms in each layer of

AA BLG are stacked one above another whereas only half of the carbon atoms

in each layer of AB BLG are stacked one above another. This indicates that the

interlayer coupling of the graphene layers in the AA and AB BLGs is differ-
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ent which leads to different band structure and hence different electrical and

optical properties. The level of interlayer coupling can be altered by giving a

relative in-plane twist to one of the layer in BLG system which are known as

twisted BLG. The band structure of these BLG systems are different. The band

structure of AA appears like two copies of monolayer, AB as asymmetric and

parabolic and a complex band structure for twisted BLG. The generation of

Moire patterns in twisted BLG as a function of twist angle indicates different

degree of coupling between the layers and hence suggests an immense possi-

bility to alter the physical properties as a function twist angle in the twisted

BLG system. This made the twisted BLG extremely interesting and instigated

many research groups to thoroughly investigate the BLG systems.

In this chapter we explored the optical properties of monolayer graphene(MLG),

bilayer graphene(BLG) in both AA and AB stacking and twisted bilayer graphene(T-

BLG) with different relative in plane twists in AA and AB stacked BLG. The

refractive index calculated from the DFT. Further using the DFT calculated

refractive index of the graphene systems, we simulated the SPR for a given

design using finite difference time domain (FDTD) method.

6.2 Simulation Methodology

6.2.1 Density Functional theory calculation

The RI of monolayer and BLG structures was calculated for a unit cell which

belongs to P3/MMC/93 hexagonal crystal family [191]. For monolayer calu-

lation, a 2-atom unit cell [192] and for a bilayer system, 4-atom unit cell was

assumed. The interlayer distance between the two layers was kept as 0.342 nm.

The study was carried out for both AA stacking and AB stacking. For the AA

stacking of the second layer, the two atom system was put just above the first

layer such that the lateral coordinates of the carbon atoms in each layer were

identical. For AB stacking, the second layer was shifted towards y direction by

one bond length of C atom in graphene i.e 0.142 nm as shown in the Fig:-6.2.

An angular twist was applied to one of the graphene layer of the bilayer

system. The RI for both small and large angular twists were calculated. The

RI calculation was performed via DFT [77, 193, 194] with Generlized Gradi-
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(a) (b)

Figure 6.2: Schematic diagram of the bilayer stacking adapted for simula-
tion.(a) AA stacking (b) AB stacking. In the chosen geometry, the graphene
plane is lying along Y-Z axis whereas the layer stacking is along X-axis.

ent Approximation (GGA) and applying Perdew Burke Ernzerhof (PBE) func-

tion [195] as exchange correlation function which further was implemented in

Cambridge Serial Total Energy Package (CASTEP) [196]. Ultrasoft psuedopo-

tential was employed to represent the ionic cores. The total energy minimiza-

tion was done through convergence tests which includes lattice relaxation, en-

ergy change, maximum force and stress in the unit cell to obtain ground state

energy. The optimization was performed for 101 iterations. The total energy

per atom was allowed to converge upto 2 × 10−7 eV , the force per atom to

1× 10−6 eV and maximum displacement and stress were allowed to converge

upto 10−4 nm and 0.05 GPa respectively. The calculations were carried out in

Brillouin zone with 4×4×1 k point mesh of Monkhorstpack(MK) scheme [197].

The kinetic energy plane wave cut off was set to 700 eV for single layer system

and 1000 eV for bilayer system. The calculation for RI was performed for en-

ergy range 0.03 eV − 15 eV .
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6.2.2 FDTD simulation for SPR in Kretschmann configuration

using graphene systems

A finite difference time domain (FDTD) method was employed for the simu-

lation of the SPR phenomenon using a commercial package of Lumerical. The

FDTD simulation setup; the schematics of graphene system such as MLG, BLG,

and T-BLG systems; and the graphene-SPR sensor setup are shown in Fig:-6.3,

6.4 and 6.5 respectively.

Figure 6.3: Schematic of conventional Kreschtmann configuration SPR setup
used in FDTD simulation.

The simulation was carried out in an aqueous medium with a refractive

index of 1.33 RIU and pH = 6. This is one of the physiological conditions where

pH = 6 is suitable for biosensing. However, a change in pH does not have

a direct impact on SPR measurement until it changes the RI of the aqueous

medium. A plane wave source was allowed to an incident at the zinc selenide

(ZnSe)–graphene system interface at an angle of 25◦ which is slightly more

than the critical angle of incidence for total internal reflection in ZnSe. A few

of the simulation parameters for the material used are mentioned in Table:-6.1

The thickness of ZnSe and aqueous medium is taken very large to rep-

resent a continuous medium. Although a smaller simulation region is con-

sidered to solve Maxwell’s equation at the ZnSe/graphene interface, the per-
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Figure 6.4: Graphene systems employed as plasmonic and bio recognition ele-
ment. The schematic of (a) Monolayer graphene, (b)AA stacked (c) AB stacked
and (d) twisted bilayer graphene is shown.

Figure 6.5: Schematic of graphene-SPR sensor setup.
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Material Thickness Refractive Index

ZnSe 100 mm 2.46

MLG 0.34 nm
As per DFT calculationBLG (AA/AB stacking) 0.68 nm

T-BLG (for different twists) 0.68 nm

Aqueous medium 100 mm 1.33

Table 6.1: The thickness and RI of the layers used in the simulation.

fectly matched layer (PML) boundary condition with a steep angle profile of

12 layers was used to minimize reflection from the boundary as the wave en-

ters the layer. Linear discrete Fourier transform monitors were used to cap-

ture reflected and transmitted electric field at 350 nm away from the interface.

These monitors return the Fourier transform of time domain electromagnetic

fields. To obtain the resonance condition, a wavelength interrogation sweep

was generated from 1–15 µm with 1000 iterations. Later after the observation

of SPR wavelength at 13.7 µm in the MLG system, the sweep was reduced to

12–15 µm with 5000 iterations for better numerical accuracy. A mesh over-

ride was selected in the propagation direction of the plane wave to get a more

precise result. To observe the two-dimensional plasmonic field generated at

the graphene surface, a 2D monitor was placed, and the plasmonic field was

captured at the resonance condition. For biomolecules/analytes sensing, the

refractive index of the aqueous medium was varied from 1.33 to 1.331 in steps

of 10−4 RIU. The RI range was chosen to represent biosensing applications in

the aqueous medium. Most of the biosensors need an aqueous medium where

the change in RI may lie in this range. The calibration curves showing the

variation of the shift in resonance wavelength ∆λ as a function of change in

RI of aqueous medium possessing the analytes (∆n) were obtained for MLG,

BLG, and T-BLG (with different twist angles) systems. Mathematically, sensi-

tivity (Sλ) can be calculated from the slope of the calibration curve using the

formula

Sλ =
∆λRW
∆ n

(6.1)
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Figure-of-merit (FOM can be calculated as follows:

FOM =
Sλ

FWHM
× [∆T ] (6.2)

FWHM is the Full Width at Half Maximum, and ∆T = 1− Tmin, where Tmin is

the dip in the reflectivity at the resonance wavelength (RW).

6.3 Results and Discussion

6.3.1 DFT calculation of optical properties

6.3.1.1 Monolayer graphene (MLG)

The DFT calculation were performed to obtain refractive index (RI) of the

graphene system as a function of energy of the photon. Firstly for MLG,

the spectra for both the real (n) and imaginary part (γ) of the complex RI

(r = n + iγ) is shown in Fig:-6.6 over a wide incident energy range. The ob-

served RI in our calculation was compared to available literature to check the

validity of the simulated result. The obtained value of r at 1.96 eV (i.e.634 nm)

through our calculation was 2.24 + i0.48. The values of r of the graphene

monolayer varies marginally as reported by several other groups [198–201].

This variation may arise due to difference in simulation parameters viz. varia-

tions in the energy cutoff value, atomic potential modeling, different exchange

correlation functions and MK pack scheme and k-mesh grid points. The ab-

sorption (γ) spectra for the monolayer graphene shows three major peaks at

2.62, 4.45 and 14 eV . These peaks might be attributed to the transition between

the π − π∗ states for low energy and σ − σ∗ interband transitions for high en-

ergy peaks [202]. The corresponding variation in n is consistent with Lorentz’s

electron model of the origin of RI [203]. Consequently, the entire spectrum is

divided into three regions as shown in the Fig:-6.6. The magnitude of γ peaks

in these three energy ranges are quite high as compared to the normal dielec-

tric materials. This suggests that the single layer of graphene behaves more

like metals in these range of energy of the incident photons. The band struc-

ture of graphene monolayer suggests the Fermi level to lie near the Dirac point
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(a)

Figure 6.6: Spectra showing real (n) and imaginary (γ) part of the complex
refractive index (r = n+ iγ) of graphene monolayer. The component peaks P1,
P2 and P3 were obtained by deconvolution method.
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due to which conduction band is empty and valence band is filled completely.

Thus, the free electron-hole pairs are mostly available and awaiting to be ex-

cited through an incident phonon of the corresponding energy which results

in broad absorption spectra [204]. A similar broadening of n and γ can be seen

in Fig:-6.6.

6.3.1.2 Bilayer graphene (BLG)

Bilayer graphene (BLG) can be considered as another class of materials which

can be potentially employed for several novel applications. It shares many

properties with its single layer counterpart, such as high electrical mobility,

flexibility and chemical stability. But due to the structural difference between

them, bilayer system has number of different electronic and optical properties.

Among these, the most notable ones are comparatively larger band gap [205]

and optical response in infrared region [206]. Bilayer graphene structure nat-

urally tend to have AB type stacking (e.g. highly oriented pyrolytic graphite)

although, using certain controlled deposition techniques such as CVD [207]

and Langmuir-Blodgett (LB) technique [53], we can achieve different types

of stacking. The two major bilayer graphene stacking are - AA and AB. The

physical properties of BLG with different stacking are known to be different.

Additionally, a relative planar twisting plays a crucial role in altering the opti-

cal and electrical properties of the BLG.

We calculated the RI of the BLG for both AA and AB stacking. The RI as a

function of the photon energy for AA and AB stacking is shown in Fig:-6.7(a)

and (b), respectively. The γ spectrum of AA stacking shows five prominent

peaks at 3.43, 5.16, 9.52, 11.13 and 12.92 eV . The corresponding variation in n

resembles the Lorentz’s electron model of RI. As a result, it is possible to di-

vide the spectrum in five ranges as shown in the Fig:-6.7. The γ spectrum of

AB stacking (Fig:-6.7 (b)) shows interesting result. The two prominent peaks at

2.49 and 4.42 eV with almost three-fold increase in strength as compared to the

highest peak in AA stacking have appeared. The three peaks in the range of 6

- 15 eV are relatively lower strength but have similar magnitude as compared

to that in AA stacking. The five major peaks in AB stacking appear red-shifted

as compared to that of AA stacked layers. The three-fold rise in magnitude of
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the absorption γ peak indicates increase in metallicity in AB stacking. In AA

(a) (b)

Figure 6.7: The spectra showing (a) real and imaginary part for (a) AA stacked
and (b) AB stacked BLG.The component peaks P1-P5 were obtained by decon-
volution method.

stacking, the band structure looks like two copies of monolayer bands with a

vertical offset of Dirac cones at the Brillouin zone boundary whereas in AB-

stacked configuration, it has a pair of intersecting parabolic bands with addi-

tional parabolic bands away from these bands [208]. In AB stacking, it has only

one conduction channel around Fermi energy whereas in AA stacking, it has

two accessible conduction channels which can lead to a significant decay in

reflectance. Therefore, some similarities in the spectra of monolayer graphene

and AA stacked BLG can be observed in terms of position of low energy peaks

and broadening of the spectra. A significant change in the spectra of AB stack-

ing can be observed with respect to either AA stacking or monolayer graphene.

The spectra of AB stacking shows intense peaks which are red-shifted as com-

pared to that of AA stacking which indicate enhancement of metalicity of the

AB stacked BLG in the low energy regime.
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6.3.1.3 Twisted Bilayer graphene (T-BLG)

Recently, twisted bilayer graphene (T-BLG) is a major research focus due to

it’s extraordinary electrical and optical behaviour . Many research groups

[72, 208–210] have studied these physical properties which arise from twisting

a layer relative to other in bilayer system [71]. In a typical bilayer graphene sys-

tem when two aligned graphene sheets are stacked, the energy band structure

shifts from linear to parabolic due to the interlayer hopping of the electrons.

Now, due to additional in-plane twist between layers, a hexagonal Moiré pat-

tern consisting of alternating AA and AB-stacked regions emerge and acts as

a superlattice modulation [211]. Due to the superlattice formation, the band

structure folds itself into mini Brillouin zones. In these mini Brillouin zones,

the Fermi velocity of electrons decrease as the adjacent Dirac cones undergo

hybridization. Thus, forcing the band structures of T-BLG to become more

complicated as compared to normal AA or AB stacking. The superlattice of

T-BLG also reduces the linear dispersion range as well as the energy span be-

tween the conduction band and valence band. Therefore, the Dirac points shift

in the visible or infrared regime depending on the angular twist. The shifts

in the Dirac points influence the optical absorption peaks. In presence of such

relative twist between the layers, the T-BLG will also be accompanied with

various interlayer coupling strength, and thus going to exhibit different phys-

ical properties. Fig:-6.8 shows the contour plot for the real and imaginary part

of RI for small (0− 10◦) and large in-plane relative angular twists (10− 90◦) for

AA and Fig:-6.9 for AB stacking.

From the contour plots it is evident that the RI is dependent on not only the

photon energy but also the in-plane relative angular twists in the BLG system.

In BLG system, the optical conductivity is energy dependent. As the twist is

applied, the energy span between the bands changes. The different orientation

angle affects the electronic structures of T-BLG by reducing the band gap at a

point and may introduce more bands or absorption peaks. Also, the van der

Waals interaction between the layers plays an important role at a particular

twist angle which gives rise to a sudden change in the RI for a given energy.

Further analysis of the real and imaginary part for both the stacking at differ-

ent twist angles, it implies that the same bilayer graphene material can exhibits
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(a) (b)

(c) (d)

Figure 6.8: (a) Real part (b) imaginary part for small in-plane relative angu-
lar twists in AA stacking. (c)Real and (d) imgainary part for larger in-plane
relative angular twist in AA stacked bilayer graphene
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(a) (b)

(c) (d)

Figure 6.9: (a) Real part and (b) imaginary part for small angular in-plane rel-
ative twist in AB stacking (c)Real and (d) imgainary part for larger in-plane
relative angular twist in AB stacked bilayer graphene)
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metallic (M), semimetallic (SM), dielectric (D) and semiconducting (SC) behav-

ior when operated in a particular energy range. In the Table:-6.2[212], there are

few example of the materials which belong to specific type are listed with their

RI range for different energy ranges.

Material Infrared (1.24 eV − 1.7 eV ) Visible(1.7 eV − 3.3 eV ) Ultraviolet(3.3 eV − 124 eV )
Real Imaginary Real Imaginary Real Imaginary

Ag(M) 1 < n < 10 4.4 < γ < 40 0.15 < n < 0.19 1.5 < γ < 4.4 0.75 < n < 1.6 0.75 < γ < 1.6
Au(M) 0.25 < n < 5 3.8 < γ < 40 0.25 < n < 1.4 1.76 < γ < 3.8 n ≈ 1.4 γ ≈ 1.7
Si (SC) 3.48 < n < 3.7 10−13 < γ < 10−3 3.48 < n < 6.6 10−3 < γ < 10−1 1.6 < n < 6.6 10−1 < γ < 4.65

Sn (SM) 3.13 < n < 10 0.483 < γ < 4.6 0.85 < n < 3.13 2.73 < γ < 4.6 0.85 < n < 1 0.734< γ <2.73
Quartz(D) 1.15 < n < 1.45 - 1.45 < n < 1.47 - 1.47 < n < 1.55

Table 6.2: Table showing the refractive index (RI) for different materials which
belong to different categories.

The calculated values of RI for T-BLG of AA and AB stacking of BLG sys-

tems was compared with some of the common materials exhibiting M, SM, D

and SC properties. A phase diagram schematic was constructed as shown in

Fig:-6.10. The phase diagram shows the dependencies of photon energy and

the relative in-plane twist angle between the layers of BLG having AA and

AB stacking to exhibit different material properties viz. M, SM, D and SC.

It is quite clear from the schematic that smaller twist has greater impact on

the optical properties of both the stacking. The AA stacking yields dielectric

behavior in more than half the region of the phase diagram whereas the AB

stacking exhibits large SC and SM behavior in small and large twist phase di-

agram, respectively. The optical properties of bilayer graphene are known to

be dependent on the type of stacking viz. AA or AB due to difference in their

band structure. However, the formation of Moiré pattern due to application

of relative in-plane twist in the BLG indicated that the optical properties can

be altered. The calculation of RI using DFT on such BLG systems shows very

interesting result. The absorption spectrum of AA stacked layer resembles

some similarity with that of monolayer graphene whereas the spectrum of AB

stacked layer was found to be red-shifted. It reveals two sharp peaks in the low

energy regime with almost three-fold increase in strength as compared to AA

stacking. This indicates enhancement of metalicity in AB stacking as compared

to that of AA stacking. The RI of BLG of AA and AB stacking were calculated

as a function of in-plane relative twist between the layers. The AA stacking

reveals largely dielectric behavior whereas the AB stacking shows predomi-
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(a) (b)

(c) (d)

Figure 6.10: Schematic phase diagram showing different category of materials
for (a) small angle and (b) large angle twists in AA stacking and similarly for
AB stacking in (c) and (d), respectively.
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nately SM and SC behavior as a function of the twist angle. The studies will be

very useful for the development of optical devices e.g. sensors, optoelectron-

ics and lasers. Further, using the observations from the DFT calculations an

efficient SPR based sensors by optimization of twist angle of the BLG system

is proposed.

6.3.2 Sensing measurements using the graphene system: FDTD

calculation

6.3.2.1 Monolayer graphene

The FDTD method is highly reliable and advantageous over other techniques

in solving Maxwell’s equations for complex geometries of materials. It also has

the benefit of calculating reflectance for multiple wavelengths of light per sim-

ulation. The main advantage of FDTD compared to the other methods such as

Transfer Matrix Method (TMM) and other methods is that it can give the trans-

mission properties over a wide spectral range with just a single calculation. It

can also calculate time domain field profile and the currents over the entire

computational domain. Moreover, it can treat defects with no additional com-

putational complications. Here we have employed Kretschmann configuration

with wavelength interrogation to investigate SPR phenomena in graphene. A

p-polarized electromagnetic (EM) waves were allowed to incident at the ZnSe-

MLG (Z/M) interface as shown in Fig:-6.5. For bio-sensing measurements, the

dielectric medium is generally aqueous (RI = 1.33 RIU and pH = 6). Thus,

SPR sensing module consisted of ZnSe/MLG/aqueous (Z/M/A) system. The

SPR spectrum and the 2D plasmonic field distribution from the Z/M/A sys-

tem in pure water medium is shown in Fig:-6.11 The spectrum Fig:-6.11 (a)

shows a good trend with a resonance wavelength (RW) of about 13.7µm. The

spectrum is similar to that of a glass/gold/aqueous system. The field distri-

bution of 2D plasmonic field Fig:-6.11 (b) is also found to be similar to that of

a glass/gold/dielectric (Fig:-5.2 (b)).

The concentration of the bio-analytes in the aqueous medium is changed

by changing the RI of the aqueous medium from 1.33 to 1.331 in the step of

1×10-4 RIU. The corresponding SPR spectra were simulated and are shown in
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(a) (b)

Figure 6.11: (a) SPR spectrum from Z/M/A system. (b) The plasmonic field
profile for the Z/M/A system obtained at resonance wavelength (on Y-Z
plane).

Fig:-6.12-a. The resonance wavelength (RW) shifts towards higher wavelength

as a function of concentration of the bio-analytes in the aqueous medium. A

calibration curve is obtained by plotting the shift in RW (∆λ) due to change in

RI (∆n) of the aqueous medium. A linear trend in the calibration curve was

obtained which is one of the indicators of good sensor. The sensitivity of the

device was calculated from the calibration curve, Fig-6.12-b and using the Eq:-

6.1, and it was found to be approximately 20,000 nm/RIU. This is about four

times the average sensitivity reported yet for graphene based SPR sensors in

infrared regime. This enhancement is due to the choice of suitable coupling

medium i.e. ZnSe in the present case. The ZnSe medium provides least atten-

uation of the incident EM wave in IR regime which otherwise gets absorbed

largely in a glass coupling medium. Thus, the MLG system over the ZnSe cou-

pling medium can be a good candidate for sensing application using the SPR

phenomenon.

6.3.2.2 Bilayer graphene

The bilayer graphene (BLG) is considered as another category of materials

which are being employed for various novel applications. Due to the structural

difference between MLG and BLG, bilayer system has larger band gap and al-

tered optical response in infrared region. The BLG structure naturally tends
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(a) (b)

Figure 6.12: (a)SPR spectra for different refractive indices of aqueous medium
due to adding of biomolecules from Z/M/A system (b) Calibration curve
showing change in resonance wavelength (∆λ) Vs change in RI (∆n).

to have Bernal (AB) type stacking (e.g. highly oriented pyrolytic graphite).

Although, using certain controlled deposition techniques such as CVD , non-

Bernal stacking (AA or twisted) can be achieved . The optical properties of BLG

with different types of stacking are known to be different. It is noteworthy that

the coupling between the two layers of a BLG system can be altered by apply-

ing a relative in-plane twisting. It is, therefore, interesting to study the effect

of twisting on sensing performance of a BLG-based SPR sensor. On investi-

gating, we found that the BLG system with AA and AB (non-twisted) stacking

does not show any significant change in the RW, and sensitivity as compared

to MLG system. The sensitivity of AA and AB stacked BLG are found to be

20,016 and 19300 nm/RIU which are closer to MLG system ( 20000 nm/RIU).

Additionally, we found that twisting of AA stacked BLG does not show any

further improvement in sensitivity and FOM. This was expected from our pre-

vious studies wherein the optical properties of AA stacked BLG does not reveal

significant change as compared to the untwisted state. However, it was also

observed that the optical properties of AB stacked BLG system was highly de-

pendent on the in-plane twist angle as shown in the schematic phase diagram

dependent for different relative in plane twist.(Fig:-6.10). Therefore, it is in-

teresting to study the SPR based sensing of the AB stacked BLG system as a

function of in-plane twisting.
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6.3.2.3 Twisted Bilayer graphene

The T-BLG system is rather an unconventional and complex system. It pos-

sesses a complex band structure which varies for different in-plane twisting.

Due to the twists, hexagonal Moire patterns are generated with irregular de-

fects along the bilayer system which affects its band structure leading to a twist

angle dependent behaviour. The AB type stacked BLG behaves like a semi-

metallic in the mid infra-red region due to small angular twists (1◦-10◦) and as

metal for larger twists like 20◦ and 80◦. It was found that coupling between

the layers for lower twist angles is high and it diminishes for the large twist

angles. Therefore, we performed the simulation to observe the SPR curve from

AB stacked BLG system in the aqueous medium for the twist angles (Z/T/A)

in two different regions viz. low angular twist (1◦, 2◦, 3◦ and 7◦, semi-metallic

behaviour) and high angular twist (20◦ and 80◦, metallic behaviour). Fig:-6.13

(a) shows the SPR curves for the T-BLG systems with different twist angles.

It can be observed from the figure that the spectrum shifts towards left (blue

shift) of the AB stacked BLG with 0◦ twist. The blue-shift of RW (-∆ λ) SPR

spectra towards for the given aqueous medium suggests increase in metallic-

ity of the T-BLG system due to twisting. The amount of blue shift in RW is

calculated and shown in Fig:-6.13 (b).

(a) (b)

Figure 6.13: SPR spectra and (b) corresponding RW (λ) for different in-plane
twist angles in AB stacking of T-BLG (Z/T/A) system. (-) sign represents blue-
shift in RW of the SPR spectra as observed in (a). The dash line is drawn to
show the reference. Z/T/A corresponds to ZnSe/ Twisted-BLG/ Aqueous.
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The amount of blue shift in RW is calculated and shown in Fig:-6.13-b. It

can be observed that the, maximum blue-shift in RW (220nm) was obtained for

a twist angle 1◦. In the low angle regime, it decreases sharply till 3◦and then

saturates at 7◦. The -∆λ value increases moderately for large twist angle e.g.,

20◦ and 80◦. This variation thus suggested that the T-BLG system exhibited the

largest metallic characteristics for the twist angle of 1◦. The sensitivity towards

bio-analytes in aqueous medium was calculated from the calibration curves

obtained for the BLG and T-BLG as a function of twist angle. The results are

summarized as a bar diagram in Fig:-6.14-a.

(a) (b)

(c)

Figure 6.14: (a) Sensitivity for different graphene systems. Corresponding val-
ues of sensitivity are as mentioned, (b) Relative plasmonic field strength (RFS)
of BLG and T-BLG system in comparison to MLG system and (c) Figure-of-
merit (FOM) for different graphene systems.

The sensitivity for MLG, and AA, AB stacked BLG system with 0◦ twist are
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comparably similar. Interestingly, on twisting the layers in Z/T/A system by

1◦, the sensitivity of the sensor enhanced remarkably to 29120 nm/RIU which

is more than 140% compared to MLG or BLG (with 0◦ twist). The sensitivity

is lowest for 80◦ twist of the T-BLG system. The 2D plasmonic field over the

surface (Y-Z plane) of BLG and T-BLG systems was estimated from the simu-

lation. Interestingly, the magnitude is enhanced due to the addition of extra

layer BLG as compared to MLG (Fig:-6.11-b. The relative field strength (RFS)

was calculated from the ratio of fields of a BLG system to MLG system. As

observed, the RFS increases to nearly 300 times on simply going from MLG

to BLG system (Fig-6.14(b). Under the influence of twist in T-BLG, the RFS is

found to be maximum ( 425) for a twist angle of 1◦. It reduces to nearly to 315

on further increase of twist angle till 7◦. There is a drastic decrease in RFS on

higher twist angle (i.e., at 20◦ and 80◦). This observation is in consistence with

the sensitivity data as shown in Fig-6.14-a. The FOM was calculated for the

BLG and T-BLG systems with different values of relative in-plane twist angles

using Eq:-6.2. Fig-6.14-c shows the FOM for different graphene systems. The

largest and the smallest values of FOM was obtained for 1circ and 80circ twist

angle in the T-BLG system respectively. This is in consistent with the other

parameters.

The T-BLG system possessing twist angle closer to 1◦ has been studied

widely for its extraordinary behavior. This angle of twist is also called as

magic angle. At this magic angle the T-BLG system shows superconducting

behaviour as it exhibits ultra-flat bands near charge neutrality. For the twist

angles close to the magic angle such as 1◦, the energy separation between the

nearly flat bands and the nearest conduction and valence bands is 100 meV

which is comparable to energy of mid infrared regime (80 meV-200 meV).

These energies are comparatively larger than the energy separation between

the pair of nearly flat bands at the magic angle. When light impacts on T-BLG,

its time-periodic electric field vibrates electrons around their equilibrium po-

sitions and induces an interband transition. When a plane polarized EM wave

is incident, the electrons will build up an oscillating charge density with the

same wavevector. This oscillating charge density in turn, creates an oscillat-

ing electric field that develops an external field, and at resonance this induced
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field is strong enough to maintain the oscillation for a longer duration. This

resonance behaviour gives rise to collective modes that are called interband

plasmons. Thus, due to this strong collective mode oscillation, the interaction

with the nearby dielectric is enhanced. Therefore, the π − π interaction with

the analytes present in the sensing medium will also be high for the T-BLG

near magic angle. Now as the twist angle moves further away the magic an-

gle, the oscillation of this collective mode might decrease resulting in weaker

interaction. Also, a strong coupling between the two layers of a BLG system

is reported at the magic angle which reduces on increasing twist angle. In the

present case, the decoupling is found near to 7◦ twist angle (Fig.-6.13(b)). For

the very high twist angle (20◦ and 80◦), the coupling increases to about 30-50

percent of the maximum. This is due to the traditional metallic behaviour of

T-BLG system as calculated earlier using DFT.

6.4 Conclusion

In this chapter, we studied the optical properties of ultrathin film of graphene

and its application in SPR based biosensing. We found that the optical proper-

ties of the graphene are stacking dependent. A comprehensive understanding

of the optical and electrical properties of bilayer graphene (BLG) emerges, par-

ticularly in the context of different stacking configurations (AA and AB) and

the application of relative in-plane twist. The impact of Moire patterns on the

physical behavior of T-BLG is evident, suggesting the potential for tailored

alterations in its optical and electrical properties.

The DFT calculations provides the differences in the refractive index (RI)

between AA and AB stacked BLG. The absorption spectrum of AA stacking

exhibits similarities to monolayer graphene, while AB stacking displays a red-

shifted spectrum with enhanced metallicity. This variation in RI signifies the

potential for diverse applications, especially in optical devices like sensors,

optoelectronics, and lasers. The dielectric behavior of AA stacking and the

predominance of semimetallic (SM) and semiconducting (SC) behaviors in AB

stacking, as influenced by the in-plane relative twist, further underscore the

versatility of BLG.
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Further we extended our study into the application of BLG in SPR sensors.

The dual functionality of BLG as a plasmonic material for surface plasmon

polariton (SPP) wave generation and as a functional layer for analyte adsorp-

tion through π − π interactions presents a novel approach. The simulation of

SPR phenomena in monolayer graphene (MLG), bilayer graphene (BLG), and

twisted bilayer graphene (T-BLG) provides insights into their sensing capabil-

ities. The exceptional performance of T-BLG (AB stack) with a 1◦ twist angle,

often referred to as the magic angle, surpasses the sensing merits of both MLG

and BLG. The strong interlayer coupling in T-BLG near the magic angle results

in exceptionally flat bands, enhancing the sensor’s sensitivity, resonance fre-

quency shift (RFS), and FOM. The optimization of the twist angle in BLG sys-

tems, especially T-BLG, emerges as a potential future direction of research and

development. This work not only contributes to the fundamental understand-

ing of BLG properties but also provides a practical framework for designing

advanced optical devices with enhanced sensing capabilities, positioning BLG

as a key material for the next generation of SPR sensors.



CHAPTER 7
Conclusion and Future Scope

The primary objective of this thesis is to investigate the fundamentals of sci-

entific phenomena exhibited by materials at interfaces and explore the sens-

ing applications of ultrathin films of such materials at fluid-solid interfaces.

In material science engineering, different types of interfaces such as gas-gas,

solid-solid , liquid-liquid, solid-liquid, gas-liquid and gas-solid exists. In this

thesis we have focused our work in the realm of gas-liquid (air-water) and

fluid-solid(air-solid and liquid-solid) interfaces. The air-water interface offers

excess of surface free energy at the water surface which is ideal for studying

the thermodynamics of ultrathin layer of molecules. Typically, the amphiphilic

molecules tends to form a stable single layer of molecules when dispersed with

a polar solvent on the A/W interface. However, there are materials which are

not completely amphiphilic but they are of high technological importance such

as nanomaterials, polymers and nanocomposites. There are several nanoma-

terials which can form a stable monolayer at the A/W interface.

Further the ultrathin 2D films can be transferred from the A/W interface

onto the solid supports by employing a vertical deposition mechanism known

as LB technique. The transferred layers can exhibit physicochemical properties

remarkably different from their bulk counterparts. The transferred LB films

can be judiciously used for various applications. The carbon nanomaterials

showed superior interaction with a variety of materials particularly biological

analytes. In this thesis, we have focused on the sensing application of the

ultrathin films of carbon nanomaterials. For sensing applications, the ultrathin

films can be deposited as a functional layer on the active surface of a transducer

and further used for sensing a variety of analytes.

In this thesis, we have first discussed the brief introduction to the interfacial

phenomena at the air-water and air-solid interface in chapter-1. In chapter-2

135
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we have discussed the various experimental and simulation techniques em-

ployed for studying some of the systems.

In chapter-3, we have focused on the effect of functionalization of the CNT

on the Langmuir monolayer at the air-water interface and the sensing ability

of the LB films for acetone vapours at room temperature. We observed that

spreading capability of ODA-CNT is better than the pristine-CNT at the air-

water interface. Further, the morphology of the transferred LB films of pristine

and ODA-CNT revealed the homogeneous and aligned morphology of the

ODA-CNT as compared to that of pristine-CNT. The ultrathin film of ODA-

CNT was used as the functional layer for sensing acetone vapor. The acetone

sensing performance of films were measured using impedance spectroscopy.

Impedance spectroscopy is a multiparameter technique which measures ca-

pacitance, resistance, real and imaginary impedance, phase difference, current

as a function of input frequency. Most of the sensing platforms proposed for

acetone sensing in literature have employed resistance as measuring parame-

ter which is highly susceptible to change in temperature and humidity. Most

of the reported work stated that the sensing of acetone can be done at elevated

temperature. Therefore, the sensing of acetone at room temperature should

be addressed with superior sensing parameters such as limit of detection and

detectable concentration range. Principal component analysis (PCA) was em-

ployed to reduce the parameter space and select the most suitable measuring

parameter during sensing of acetone using IS. We applied PCA on to the mea-

sured impedance data and observed capacitance to have larger variance with

respect to acetone concentration. The study on acetone sensing using the ultra-

thin film of ODA-CNT indicated very low LOD and wider detectable concen-

tration range even at room temperature. The sensing performance of LB film

of ODA-CNT was compared with that of LB film of ODA-CNT and drop cast

film of ODA-CNT.

Apart from health monitoring such as diabetes diagnosis, ultrathin films of

carbon nanomaterials have also been used in environmental monitoring. The

quality monitoring of potable water is essential to provide a safe life to the

society. Often water sources get polluted due to several reasons. Among the

several contaminants the biological contaminants such as E. coli poses serious



137

hazards. E. coli bacteria is one of major concern in polluted water bodies. E.

coli contaminate the sources of drinking water due to seavage leaks, animal

contaminants, septic malfunctioning and improper disposal of human wastes.

The detection of E. coli in potable water, food and beverages is essential. It

is known that graphene being a bio compatible carbon nanomaterial has been

employed for E. coli sensing in water. However, most of the proposed sens-

ing platforms employing graphene as functional layer for pathogen sensing is

further modified either with fluorescent labels or antigen-antibody label for se-

lective detection of E. coli bacteria. In the chapter 4, we observed that LB film

of ODA-functionalized graphene can be used as a suitable functional layer for

selective determination of E. coli for a wide range of concentration. The low-

est detectable concentration was 2.5 cfu/mL. The sensing measurements were

performed using electrochemical impedance spectroscopy (EIS). We cultured

six different bacteria: three from gram positive family and three form gran

negative family. Later, the sensing response for the individual bacteria species

were recorded and the data were analysed. Based on the analysis, it was ob-

served that E. coli had a unique response compared to all other bacteria. The

unique response of E. coli was due to the unique interaction of outer mem-

brane of E. coli with graphene surface. The selective response were further

checked by applying machine learning algorithm on the raw impedance data.

The machine learning algorithms also showed unique response for E. coli.

The physical transducers plays crucial role during selective and efficient

sensing. Some of the most commonly used transducers are piezoelectric, con-

ductometric, magnetic, impedance, and optical. In the optical based biosen-

sors, the system is generally labeled with some tag. Such labeling can effect the

system due to the presence of the foreign molecules. Therefore, label-free opti-

cal sensing is more favorable than other techniques. The sensing using SPR en-

sures label-free measurement with a very high degree of sensitivity and resolu-

tion. There are some fundamental issues related to the SPR phenomenon used

during sensing measurements. Some of the commonly issues which are not ad-

dressed sufficiently in the literature are: field distribution, role of anisotropic

nature of the functional layer, surface density of the molecules/particles in the

ultrathin film etc. In this thesis we highlighted such issues and performed
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systematic studies to understand the system in greater details.

In chapter-5, we addressed the role of optical anisotropy in the ultrathin

film during SPR measurements. The plasmonic field distribution on the gold

surface is found to be anisotropic. It is most likely that such anisotropy in field

distribution can have huge impact on the SPR measurement for anisotropic

film. We found that the SPR measurement are dependent on the relative angle

between the plane of incidence and plane of anisotropy of the functional layer.

Therefore, reference measurements are difficult. In order to understand the ef-

fect of optical anisotropy of the functional layer, we studied the plasmonic field

distribution as a function of the degree of anisotropy and thickness of func-

tional layer. We employed FDTD based electromagnetic simulation to perform

the measurement and proposed a calibration curve of change in SPR angle

with respect to film thickness and degree of anisotropy. Experimentally, we

deposited LB films of 8CB liquid crystal and cadmium stearate and measured

their SPR response for perpendicular and parallel direction. We also measured

the thickness of both samples from XRR and based on the calibration curve

we predicted the degree of anisotropy of both the systems. Therefore, analy-

sis gives a strong foundation for the measurement of in-plane birefringence of

ultrathin films of organic molecules which is essential for the development of

optical devices.

It is observed during the deposition of ultrathin films as a functional layer,

sometime the homogeneity of the film appears poor. Such non-homogeneous

film can be considered as sub-monolayer rather than a monolayer. There-

fore, the SPR measurement by assuming a uniform monolayer seems to be

erroneous. Thus it is essential to study the SPR phenomenon by consider-

ing the sub-monolayer state of the ultrathin functional layer. In the chapter

we have discussed the effect of surface density of metallic nanoparticles in

the sub-monolayer regime on the SPR response. The surface density of the

metallic nanoparticle are known to play a huge role in optical/electrical prop-

erty of the film. We have used FDTD to calculate the SPR response for dif-

ferent surface density of silver nanoparticles as the functional layer over the

conventional gold film. The SPR response for surface density less than 40%

showed dielectric behavior and the corresponding SPR spectra undergoes red
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shift. As the surface density increased beyond 40%, a metallic behavior is ob-

served and thus the SPR spectra show a blue shift. This phenomena is termed

as Mott-Hubbard insulator metal transition (MI). For less surface density, the

plasmonic waves of the silver nanoparticles has classical interaction. With de-

crease in the density, the quantum mechanical interaction starts to dominate

leading to a metallic behavior of the film. Further, the simulation result was

validated with SPR experiments in our lab. The silver nanoparticles were de-

posited on the gold chip by self assembly. The surface coverage was controlled

by controlling the self-assembly with time. The morphology at different time

stamps were obtained using FESEM and surface coverage was analyzed using

ImageJ software. We found a good agreement of the experimental data with

that of simulated data. Similarly the surface density of single walled carbon

nanotubes was varied and SPR phenomenon was studied systematically. The

effect of intertube separation and the alignment of CNT on the SPR response

was studied. CNT have shape anisotropy, due to which the refractive index

differs in both parallel and perpendicular alignment. In parallel alignment,

the direction of polarization of incident wave is parallel to director axis of CNT

whereas in perpendicular alignment, it is perpendicular. CNT tend to behave

as a metallic layer when aligned in parallel and semiconducting in perpendic-

ular orientation. We present our study on SPR by varying the surface density

and alignment of the CNT. We observed anisotropic field behavior for parallel

orientation and stratified for perpendicular. Further, when the tube density

of the CNT were varied on the gold surface we observed huge change in SPR

response. Although in both the alignments we observed significant change in

resonance angle due to density variation but in case of parallel orientation the

variation was comparatively larger. We also perturbed into the localized plas-

mon field distribution and field enhancement due to density variation. Thus,

we calculated the enhancement factor for different separation od tubes i.e cav-

ity size and observed it for both alignments. In parallel alignment the enhance-

ment factor was around 190 for 0.5 nm cavity size and 150 for perpendicular

alignment. As the parallel alignment showed metallic characteristics we ob-

served higher enhancement in the plasmonic field.

Thus, it can be said that there are lot of fundamental issues needed to be



CHAPTER 7. CONCLUSION AND FUTURE SCOPE 140

addressed before deposition of such functional layer over the metallic film of

SPR chip to improve its performance. Also the interaction between the gold

chip and functional layer are weak and hinders the FOM of the device. The

functionalization also increases the film thickness which reduces the quality

factor of SPR measurement. Thus, there is a need to have dual nature film,

which can generate plasmon and can offer high affinity to molecules for sens-

ing applications.

Thus, In chapter-6 we propose graphene to be employed as the dual nature

films for potential application is SPR based biosensing. Graphene is an estab-

lished material, which has proved to be a good bio recognition nanomaterial.

Further, due to its unique electronic and non linear optical properties,it has the

ability to generate surface plasmons. However, in order to utilize graphene

effectively as a layer for generating plasmons, thorough examination of its op-

tical properties is essential. Therefore, in this chapter, we studied the optical

properties of ultrathin film of graphene. We found that the optical properties

of the graphene are stacking dependent. A comprehensive understanding of

the optical and electrical properties of bilayer graphene (BLG) emerges, par-

ticularly in the context of different stacking configurations (AA and AB) and

the application of relative in-plane twist. The impact of Moir´e patterns on

the physical behavior of T-BLG is evident, suggesting the potential for tailored

alterations in its optical and electrical properties.

The DFT calculations provides the differences in the refractive index (RI)

between AA and AB stacked BLG. The absorption spectrum of AA stacking

exhibits similarities to monolayer graphene, while AB stacking displays a red-

shifted spectrum with enhanced metallicity. This variation in RI signifies the

potential for diverse applications, especially in optical devices like sensors,

optoelectronics, and lasers. The dielectric behavior of AA stacking and the

predominance of semimetallic (SM) and semiconducting (SC) behaviors in AB

stacking, as influenced by the in-plane relative twist, further underscore the

versatility of BLG.

Further we extended our study into the application of BLG in surface plas-

mon resonance (SPR) sensors. The dual functionality of BLG as a plasmonic

material for surface plasmon polariton (SPP) wave generation and as a func-
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tional layer for analyte adsorption through π − π interactions presents a novel

approach. The simulation of SPR phenomena in monolayer graphene (MLG),

bilayer graphene (BLG), and twisted bilayer graphene (T-BLG) provides in-

sights into their sensing capabilities. The exceptional performance of T-BLG

(AB stack) with a 1◦ twist angle, often referred to as the magic angle, surpasses

the sensing merits of both MLG and BLG. The strong interlayer coupling in

T-BLG near the magic angle results in exceptionally flat bands, enhancing the

sensor’s sensitivity, resonance frequency shift (RFS), and FOM.

The synergistic integration of findings from this chapter points towards a

promising field for the development of efficient SPR-based sensors. The op-

timization of the twist angle in BLG systems, especially T-BLG, emerges as a

potential future direction. This work not only contributes to the fundamental

understanding of BLG properties but also provides a practical framework for

designing advanced optical devices with enhanced sensing capabilities, posi-

tioning BLG as a key material for the next generation of SPR sensors in various

applications, including bio-sensing.

Future Scope

In this thesis we studied the behavior of different nanomaterials at interface

and their applications. There is a large futue scope in the field.

• The twisted bilayer graphene system is a very exotic and interesting sys-

tem. The experimental investigation of the twisted graphene system is

very challenging and important. There are several techniques for de-

positing such a high precision system, but some modifications still need

to be addressed. We have observed that the LB technique supports the

transfer of a single layer of molecules at high precision. Therefore, it can

be employed to deposit twisted bilayer graphene systems and study the

different applications. However, transferring such an intricate system

requires high precision and a highly stable layer at the interface.

• The Langmuir monolayer of ODA-gr seems very interesting after the col-

lapse. This mechanism can provide a protocol to obtain 3D graphene
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with exceptionally high adsorption capabilities. Such thin films of 3D

graphene can be explored for their application as supercapacitor, ad-

vanced sensing layer, photocatalysis, water purification, tissue engineer-

ing and heat sinks. These applications leverage the unique combination

of properties offered by 3D graphene, including high surface area, excel-

lent electrical and thermal conductivity, mechanical strength, and chem-

ical stability.

• In chapter 5 we investigate the variation in SPR response due to density

variation of spherical silver nanoparticles. However, it is interesting to

investigate the role of shape and size of such nanoparticles. The study

can be extended to different semiconducting systems as well.
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