Tailoring of Optical Response for Sensing:

Simulations, Roughness Effect, and Raman

Doctoral Thesis
by
GAURAYV PAL SINGH
2019MMZ.0003

DEPARTMENT OF METALLURGICAL AND MATERIALS
ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY ROPAR
September, 2024



Gaurav Pal Singh: Tailoring of Optical Response for Sensing:
Simulations, Roughness Effect, and Raman
Copyright © 2024, Indian Institute of Technology Ropar

All Rights Reserved



This thesis is dedicated to my parents,

for your endless love and unwavering support.



Declaration of Originality

I, Gaurav Pal Singh, hereby declare that the work which is being presented in the thesis entitled
“Tailoring of Optical Response for Sensing: Simulations, Roughness Effect, and Raman” has been
solely authored by me. It presents the result of my own independent investigation/research conducted
during the time period from July 2019 to September 2024 under the supervision of Dr. Neha Sardana
(Associate professor, PhD). To the best of my knowledge, it is an original work, both in terms of research
content and narrative, and has not been submitted or accepted elsewhere, in part or in full, for the award
of any degree, diploma, fellowship, associateship, or similar title of any university or institution.
Further, due credit has been attributed to the relevant state-of-the-art and collaborations (if any) with
appropriate citations and acknowledgments, in line with established ethical norms and practices. I also
declare that any idea/data/fact/source stated in my thesis has not been fabricated/ falsified/
misrepresented. All the principles of academic honesty and integrity have been followed. I fully
understand that if the thesis is found to be unoriginal, fabricated, or plagiarized, the Institute reserves
the right to withdraw the thesis from its archive and revoke the associated Degree conferred.
Additionally, the Institute also reserves the right to appraise all concerned sections of society of the
matter for their information and necessary action (if any). If accepted, I hereby consent for my thesis to
be available online in the Institute’s Open Access repository, inter-library loan, and the title & abstract

to be made available to outside organizations.

Signature

Name: Gaurav Pal Singh

Entry Number: 2019MMZ0003

Program: PhD

Department: Metallurgical and Materials Engineering
Indian Institute of Technology Ropar

Rupnagar, Punjab 140001

Date:

ii



Certificate

This is to certify that the thesis entitled “Tailoring of Optical Response for Sensing: Simulations,
Roughness Effect, and Raman”, submitted by Gaurav Pal Singh (2019MMZ.0003) for the award of
the degree of Doctor of Philosophy of Indian Institute of Technology Ropar, is a record of bonafide
research work carried out under my (our) guidance and supervision. To the best of my knowledge and
belief, the work presented in this thesis is original and has not been submitted, either in part or full, for
the award of any other degree, diploma, fellowship, associateship or similar title of any university or
institution.

In my (our) opinion, the thesis has reached the standard fulfilling the requirements of the regulations

relating to the Degree.

Dr. Neha Sardana

Associate professor

Department of Metallurgical and Materials Engineering
Indian Institute of Technology Ropar

Rupnagar, Punjab 140001

Date:

ii



Acknowledgements

First and foremost, I want to thank my parents, Dr. Jaspreet Kaur and Dr. Bhupinder Pal Singh, and my
supervisor Dr. Neha Sardana. My parents allowed me the freedom to pursue my dreams with their
unwavering support. The passion for their respective professions set an example and motivated me to
always work hard to achieve my goals regardless the results. None of this work would have been
possible without the efforts and encouragement of Neha ma'am. She instilled confidence in me to aim
for ideas out of my domain fearlessly. I have learnt countless things from her and am grateful to her for
always being reachable and providing me with opportunities and resources throughout my PhD.

I am thankful to my doctoral committee, Dr. Ravi Mohan Prasad (Chairperson), Dr. Pratik K Ray (Head
of Department, Metallurgical and Materials Engineering), Dr. Atharva Poundurik, Dr. Brajesh Rawat,
and Dr. Priya Ghatwai (previous member) for their valuable inputs and support.

I want to thank the current Director, Prof. Rajeev Ahuja, and Ex-Director, Prof. Sarit Kumar Das, IIT
Ropar and the Department of Metallurgical and Materials Engineering for providing me the opportunity
to pursue my PhD and provide me all the basic research facilities. I would like to thank the Ministry of
Education India (MIE) for providing the PhD stipend.

I was lucky to get the opportunity to go to the Martin-Luther-University Halle-Wittenberg, Germany,
to fabricate my samples. I am grateful to Dr. Joerg Schilling for inviting me to Germany despite my
limited knowledge of physics. I am thankful to IIT Ropar for the travel grant and MLU Halle for the
financial support for accommodation and food. No samples would have been made without the training
and support of Dr. Bodo Fuhrmann. I am also grateful to Stefan Schweizer for teaching me how to take
Raman measurements, Ms. Claudia for providing me with chemicals and consumables, and Frank
Syrowatka for giving me the FE-SEM images of my samples at a moment's notice.

I am thankful to Central Research Facility (CRF) IIT Ropar for providing the characterization
instruments; I thank Dr. Ravi Mohan Prasad for allowing me to access the Raman instrument under the
supervision of Mr. Damninder. I am also thankful to Mr. Harsimran and Mr. Kamlesh for AFM and
XRD measurements. I would also like to thank Dishant sir, for optimizing my XRD parameters when |
needed quick results.

I would like to thank Neha ma'am and Dr. Ananth Venkatesan for providing me with the data for the
roughness analysis of thin films during COVID-19.

Although this work could not be included in the thesis, I really appreciate the help of Dr. Durba Pal and
the Biomedical Engineering Department for giving me access to their facilities. I would especially like
to thank Mr. Soumyajit for teaching me microbiology experiments and Mr. Ankit, Ms. Bhavya, and Mr.
Palla Ramprasad for providing access to their lab every day (and sometimes night) for more than 3
months. I would also like to thank Dr. Suruchi for assisting me in analysing the biological experiments.

I am also very grateful to Mr. Raj Harsh, an intern from Punjab Engineering College, Chandigarh, for

v



going above and beyond to help me with the biology experiments. I was delighted when Raj's simulation
work was published and was on the cover of a good journal.

I would like to thank all my PhD seniors, especially Kushagra sir, Vishnu sir, and Rajesh sir, for creating
a helpful and encouraging work environment. I would like to thank my lab mates, Heena, Ayush, Atul,
and new members Shambhu and Ravinder. I would especially like to thank Atul for helping me find a
needle in a haystack while performing SEM measurements of biological samples. I want to thank
Sheshang and Nishant sir for introducing me to and teaching me basketball, which was crucial for my
physical and mental fitness. I want to thank the one who cannot be named for supporting me when I
needed it the most. I would also like to thank Sheshang, Atul, Ayush, Jay Hind, Abhinav Maurya,
Sagarika, Maninder, Rishab, and Sambit for always being there to help during working hours and fun
after it. Again, I thank Neha ma'am for her anime and movie recommendations. Finally, I would like to
thank the doggo outside my hostel, Sheru, who always greeted me with a smile, wagging tail, and
sometimes a big hug throughout my PhD.

Last but not least, I would like to thank God, who I only remembered during the toughest of times but

still was kind enough to give me the strength to tackle every obstacle head on.



Lay summary

Agrochemicals are important in improving crop yield and preventing contamination of crops by insects,
weeds, and microorganisms. However, continued consumption of these chemicals can lead to allergies,
dermatological effects, respiratory issues, neurological disorders, and even cancer. The agricultural
sector has been excessively using these agrochemicals to increase their profits, which has caused
contamination of drinking water sources near the crops and the crop itself. The food safety agencies in
India and around the world are not able to regulate the use of these agrochemicals. Therefore, quick and
accurate monitoring of these chemicals is critical to ensure safe water and food.

Raman spectroscopy is a technique which can be used for agrochemical detection. The instrumentation
includes a laser of the selected wavelength, collimation optics to focus the laser on the sample, an optical
filter to cut out the laser wavelength after it is incident on the sample, and a detector to capture the
wavelength dependent intensity from the vibrational modes of the sample. The advantages of Raman
spectroscopy include a fingerprint response of each chemical, quick measurements and minimal sample
preparation. However, the low signal strength from the target chemical is a major problem in Raman
spectroscopy, which limits its commercial usage. Surface enhanced Raman spectroscopy (SERS) is an
excellent solution to enhance the Raman signal strength. SERS substrates use the nano sized features
on plasmonic materials (gold, silver, etc.) to trap the incident Raman laser light and, therefore, increase
the amount of signal from the vibrational modes of the sample.

In the current thesis, simulations were first used to study the effect of shape, size, and material on nano-
sized particles and periodic arrays. It was determined that square symmetric arrays of gold disks of
diameter in the range of 100 nm to 250 nm have resonances wavelength in the visible to near infrared
range. The resonance was due to the coupling of the resonance wavelength of the single disc and
resonance wavelength due to the symmetry of the structures in the array. These nano disk arrays were
then experimentally fabricated using laser interference lithography (LIL). The resonance wavelength of
300 nm diameter nano disk array matched the Raman excitation wavelength, which led to a massive
enhancement in Raman signal. It was also determined that decreasing the surface roughness of nano
sized structures and films improves their performance. The optimized SERS substrate was used to detect
the most commonly used agrochemicals, herbicide (Atrazine), fungicide (Mancozeb), acaricide
(Clofentezine), weedicide (Metribuzin) and insecticides (Chlorantraniliprole, Thiamethoxam, Tau-
fluvalinate, and Flubendiamide) in water. Furthermore, density functional theory (DFT) was used to

theoretically confirm Raman spectra of the agrochemicals.
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Abstract

The manipulation and control of light is on the forefront of sensing technology. Humans have taken
inspiration from nature (vibrant colours of butterfly’s wings, iridescence in peacock feathers,
camouflage of squid skin, etc.) to create periodic structures that are able to confine light in micro and
even nano sized structures. The incorporation of plasmonic material into periodic structures produces
sharp and strong resonances due to a combination of near field and far field effects. These
nanostructures can be used as surface enhanced Raman spectroscopy (SERS) substrates to significantly
enhance the intensity of the Raman signal. In this thesis, nanostructures optimized for Raman signal
enhancement were used for sensing agrochemicals, which are causing food and water contamination
due to their excessive use.

The plasmonic response of nanostructures from single nanoparticles to periodic nanoarrays was studied
using finite element method (FEM) simulations. The geometric parameters of the arrays were optimized
for fabrication. An experimental study was performed to establish the effect of roughness on the optical
response of thin gold films. Gold nanodisk arrays of various periods were fabricated using laser
interference lithography (LIL). Thermal annealing was performed to tune the geometric parameters and
decrease the roughness of the nanodisks to enhance their plasmonic response. Annealing the arrays
improved the coupling effect of the near filed and far field resonance. The simulations strongly
supported the experimental results. The period of the nanodisk arrays fabricated using the LIL technique
was optimized for Raman sensing. The overlap of the resonance wavelength of the nanodisk array and
the Raman excitation created the highest SERS enhancement. The most commonly used agrochemicals,
herbicide (Atrazine), fungicide (Mancozeb), acaricide (Clofentezine), weedicide (Metribuzin) and
insecticides (Chlorantraniliprole, Thiamethoxam, Tau-fluvalinate, and Flubendiamide) were collected
for testing their limit of detection (LOD) in water using the optimized LIL sample as a SERS substrate.
Density functional theory (DFT) was used to theoretically confirm Raman spectra of the agrochemicals.
DFT is quantum mechanical method which can be used to calculate and visualize the vibrational modes
of molecules. The optimal basis set was selected at the B3LYP level theory which provided a good
compromise between accuracy and computational cost. The DGDZVP basis set was used to perform

the vibrational mode analysis and validate the Raman spectra of the agrochemicals.
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Chapter 1. Introduction

The modernization of agriculture demands high crop yields, which is causing the increasing use of
agrochemicals to protect plants from insects, fungi, rodents, weeds, etc. This increasing trend was also
surveyed by the food and agriculture organization of the United Nations [1], shown in Figure 1.1.
Although these agrochemicals are intended to eliminate harmful organisms, their use in unregulated
and excessive amounts is causing contamination of food and water. The frequency and quantity of use
of these chemicals are causing their seepage into groundwater, nearby drinking water sources, and the
crop produce itself. The chemical intake in our diet is increasing at an alarming rate due to the excessive
use of agrochemicals [2]. The consumption of these chemicals over the recommended quantities can
cause nausea, vomiting, diarrhoea, and positioning in the short term [3]. Continued consumption can
lead to allergies, dermatological effects, respiratory issues, neurological disorders, and even cancer [4].
As per a report by the pollution monitoring lab of India on pesticide residues in bottled water in the
Delhi region, even bottled water contains traces of pesticides [5]. The health concerns due to excessive
use of pesticides is a massive problem in the world. The US Environmental Protection Agency (EPA)
has banned the use of several pesticides, including chlorpyrifos, diazinon, ethoprop, phosmet, etc. [6].
In India, the Ministry of Agriculture & Farmers Welfare (MoA & FW) has also banned diazinon and
other pesticides such as alachlor, chlorobenzilate, phosphamidon, etc. [7]. The Bureau of Indian
Standards has listed the allowable limit of 14 commercial pesticides in drinking water, but numerous
chemicals commonly used are absent [8]. Out of the 8 commonly used agrochemicals in the current
thesis, the US EPA has quantified regulations for 2 (atrazine and metribuzin) and the MoA & FW in
India has restricted the use of Mancozeb (banned for use on Guava, Jowar and Tapioca) [9]. Therefore,
the regulation and monitoring of agrochemicals is essential to ensure that we are consuming safe and

healthy food and water. This thesis aims to improve the monitoring of agrochemicals.

Pesticide use
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Figure 1.1 Use of pesticides worldwide from 1990 to 2021 according to a survey by the food and

agriculture organization of the United Nations [1].



Vibrational spectroscopy uses the unique vibrational modes of these chemicals to identify and quantify
their composition with high sensitivity, selectivity, speed, and accuracy. The basic principle of Raman
spectroscopy is that the interaction of incoming photons and molecular vibrations of the target chemical
causes inelastic scattering of the photons, and the energy shift of the scattered photons is unique to the
polarizable vibrational modes of the chemical; hence, the Raman spectra act as a fingerprint of the
chemical [10]. However, even after the optimization of all the instrumentation parameters, the
probability of Raman scattering is very low. Therefore, engineers and scientists have been using surface
enhanced Raman spectroscopy (SERS) to increase the Raman signal from the desired molecule. SERS
uses periodic [11, 12] or non periodic [13, 14] structures with dimensions comparable to or smaller than
the laser excitation wavelength and are generally fabricated using plasmonic materials (gold, silver,
copper, aluminium, palladium, etc.) due to their resonant modes creating a large SERS enhancement.
Plasmons are collective oscillations of electrons created at the interface of a metal and dielectric in
response to an electromagnetic field at certain excitation conditions. The plasmonic response of periodic
nanostructures create electromagnetic enhancement due to two effects: the near field and the far field
response of the structures fabricated on the SERS substrate [15, 16]. The electromagnetic field
experiences local confinement due to the size of the plasmonic structures being smaller than the incident
wavelength. The confinement creates electric field hotspots majorly in the form of dipole and in some
case multipoles. Thus, the massive field experienced by the target molecules helps increase its Raman
signal. The Raman signal is amplified when the resonance wavelength is close to the Raman peak of
the target molecule and the laser wavelength selected for the analysis [17]. Hence, optimising the
plasmonic response of nanostructures can create highly sensitive and selective SERS substrates.
However, the Raman “fingerprint” spectrum for many commercial agrochemicals is not prevalent in
the literature. Density functional theory (DFT) can accurately model the vibrational response of these
agrochemicals, which is crucial for researchers to develop more efficient SERS based substrates.

In this thesis, plasmonic nanostructures were optimized using simulations and fabricated using laser
interference lithography (LIL) technique. The effect of roughness on the plasmonic response on
plasmonic thin films and nanostructures was experimentally studied. The LIL sample with the highest
Raman enhancement was selected as a SERS substrate. Various agrochemicals used by the farmers were
procured, and their Raman spectra were calculated using DFT. The optimized LIL sample was used to

test the limit of detection (LOD) of 8 agrochemicals.
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Figure 1.2 Thesis outline.

This thesis is divided into 8 chapters:

Chapter 1 briefly introduces the application of the work, the main principles involved, with a description

of the work included in the various chapters.

Chapter 2 introduces the scientific principles and techniques discussed in this thesis. Plasmonic
materials and structures along with their excitation and fabrication techniques were explained in detail.

An introduction to Raman sensing, vibrational analysis and SERS substrates was also provided.

Chapter 3 explains the theoretical techniques used throughout this thesis. Finite element method (FEM)
simulations were used to predict and optimize the response of single nanoparticles and nanoarrays. The
combination of Bruggeman effective medium theory and transfer matrix method (TMM) was selected
to model the roughness effect in thin plasmonic films. The Density functional theory (DFT) was used
to calculate the Raman spectra of the various agrochemicals tested in this thesis. The vibrational

analyses of the majority of these agrochemicals were not prevalent in the literature.

Chapter 4 presents the experimental procedures and characterization techniques. Laser interference
lithography (LIL) and thermal deposition were used to fabricate gold nanodisk arrays. Transmission
spectroscopy and surface plasmon resonance (SPR) techniques were used to analyse the plasmonic
response. Characterization techniques that were used were SEM, AFM, XRD, SC-XRD, FTIR and

Raman spectroscopy.



Chapter 5 discusses the simulations of plasmonic nanoparticles and nanoarrays. FEM was used to study
the effect of shape, size, material, and surrounding environment on the plasmonic response. The
coupling effect of the single nanostructure resonance and the array resonance was analysed in detail.

The optimized material and geometry were selected to be fabricated.

Chapter 6 was focused on experimentally studying the roughness effect on plasmonic structures. An
oscillating piezoelectric base was used during deposition to vary the roughness of gold thin films. To
improve the surface morphology and control the dimensions of nanoarrays (which is difficult for the

LIL technique), thermal annealing was performed at 500 °C for 10 and 20 minutes.

Chapter 7 discusses the applications of the gold nanodisk arrays as a SERS substrate. The optimized
substrate was selected among samples with varying periods (period to diameter ratio was ~2.2) using
the dye Rhodamine-6G. Its practical use was confirmed by detecting urea in water. Vibrational analysis
of 8 agrochemicals was performed using DFT, and their LOD was experimentally tested using the

optimized substrate.

Chapter 8 summaries and concludes the thesis.



Chapter 2. Background
2.1 Plasmonics
A plasmon refers to the collective excitation of electrons in response to an electromagnetic (EM) wave
[18]. In practical applications, this collective excitation is generally obtained as localized plasmons in
nano sized structures or particles, the resonance condition is called localized surface plasmon resonance
(LSPR). In thin films, the collective excitation is in the form of surface plasmon polaritons (SPPs), the
resonance condition in this case simply called surface plasmon resonance (SPR). The resonance
condition used in sensing applications in nano sized structures or particles (localized plasmons) is called
localized surface plasmon resonance Metals show a good plasmonic response due to the availability of
free electrons on their surface [19]. The LSPR condition is satisfied in structures that are comparable to
or smaller than the wavelength of the incoming EM wave. The electrons on the surface of these
structures collectively oscillate to oppose the incoming EM wave; further, in the resonance condition,
the oscillation frequency matches the incident EM wave [20]. SPR is observed in metallic films with
thickness in tens of nanometres; however, SPR condition is not fulfilled directly by a thin metal film.
The momentum of the incoming EM wave must match the momentum of the surface plasmons. The
simplest method of satisfying the SPR condition is by using the Kretschmann configuration, which uses
a prim that creates an evanescent wave via total internal reflection to satisfy the coupling condition [21].
Another method to obtain the momentum matching is by creating a grating like structure on the thin
film, which is called grating coupling/resonance [22]. The plasmons in the case of thin films are no
longer confined as in LSPR, but propagate as surface plasmon polaritons SPPs. At the resonance

condition, the frequency of oscillation of the polariton is equal to the frequency of the incoming EM

wave.
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Figure 2.1 The d) real and e) imaginary part of the dielectric function of gold, copper, silver, and

aluminium.

The dielectric function of a material determines the intensity and wavelength range of its plasmonic

response [23]. Silver and gold have the best plasmonic response among the commonly available



materials; however, silver is highly prone to corrosion [24]. Hence, gold is highly prevalent as a
plasmonic material throughout research and commercial applications. The research community is on
the hunt for new economic materials that can replace gold, and the best candidates are copper and
aluminium. Comparison of the dielectric function and LSPR response of silver, gold, copper and
aluminium in Figure 2.1 shows that the wavelength of the plasmonic response of silver, gold, and Cu
was similar and in the visible range. However, owing to the lower magnitude of the imaginary part of
the dielectric function in the visible range for silver, it has the strongest plasmonic response, followed
by gold and copper. A higher magnitude of the imaginary part of the dielectric function leads to more
losses in the material, thereby causing a weaker plasmonic response. Aluminium, in comparison, shows
plasmonic behaviour in the UV and visible wavelength, but it also had high losses similar to copper
[25]. Apart from the material effect, the size, shape, and periodicity of the structure have a critical impact

on its overall plasmonic response. The applications of plasmonic sensors are shown in Table 2.1.

Table 2.1 Applications of plasmonic sensors

Field Detection Species

Food safety Bacteria E.coli [26], Salmonella [27], Listeria monocytogenes [28], Campylobacter jejuni [29]
Mycotoxin Botulinum [30], Deoxynivalenol [31], Nivalenol [31]
Exotoxin Staphylococcal enterotoxin B [32]

Medical Cancer marker Prostate specific antigen [33], Interleukin 6 [34], Interleukin 8 [35]

diagnostics Cardiac marker Myoglobin [36], Troponin I [37]
Virus marker Ebola [38], Influenza [39], Hepatitis B virus [40], DENV E-protein (Dengue) [41]
Drug Morphine [42], Interferon-y [43], Warfarin [44]

Environmental Metal ion Hg?" [45], Pb?* [46], Cu**

monitoring Pesticide Atrazine [47], Dichlorophenoxyacetic acid [48], Thiabendazole [49], Phenol [50]
Explosive RDX [51], Trinitrotoluene [52]

The structure of metals is generally described as positive ions surrounded by a sea of electrons. Metals
are charge neutral, but the electrons surrounding the positive ions are charged mobile species; hence,
metals can be considered as plasma in electromagnetic terms. The plasma frequency of a bulk material

can be calculated by the following equation [53]:

2
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where m, n, and e are the mass, concentration, and charge of the charged mobile species respectively,
and & is the relative permittivity of free space. The most frequently used metals for SPR sensors are
gold, silver, and aluminium; whose bulk plasma frequency lies in the UV region. Moreover, visible light
being a transverse wave, cannot directly excite the surface plasmon wave, which is longitudinal in
nature. Therefore, certain conditions have to be applied so that visible light can excite the surface

plasmons on the metal-dielectric interface. In plasmon based sensors, the plasmons can be excited as
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the LSPR mode or SPP mode. The excitation in SPP mode can be achieved by prism, waveguide, and

grating coupling techniques.

2.2 Localized Surface Plasmon Resonance (LSPR)

The metal particles of size smaller than or comparable to the wavelength of incident electromagnetic
radiation are excited in the LSPR mode. When an electromagnetic wave strikes metallic nanoparticles
in a colloidal solution, the free electrons experience a force that causes the particles to displace, which
induces a dipole movement to oppose the charge created; this leads to oscillation of the free electrons.
The confinement of the electrons prevents their propagation, and at the resonance condition, the
frequency of the oscillating electrons coincides with the incident photons. At the resonance frequency,
a dip in the reflectance spectrum is observed, which is sensitive to the surrounding refractive index. The
behaviour of the material of the nanoparticles is generally modelled using the Drude model. The
plasmonic response of the nanoparticles is dependent on the dielectric constant of the metal (€n) and
the surrounding (&4). Furthermore, €, = € + i€, where €’ and €' are the real and imaginary parts of
the refractive index of the metal. €' describes how much a material can store or permit the electric field
incident upon it and €'’ takes into account the dissipation effect on the electric field in the metal [54,
55]. The radius of the nanoparticle is r, and N is the electron density, A is the wavelength of the incoming
radiation. The extinction cross-section defines the rate at which the incident energy per unit area is
scattered and absorbed [56]. The resonance condition is satisfied when 2g4 = — €’; for silver and gold
nanoparticles, the resonance wavelength lies in the visible spectrum [57]. The particle size and shape

also influence the resonance wavelength [58, 59].

Electric field

Electron Metal
cloud nanoparticle

Figure 2.2 Schematic of the dipole created due to oscillations of electrons created in the LSPR effect.

The requirements of the material properties of the material to excite the plasmons in the propagating or
LSPR (Frohlich condition [6]) is derived by using Mie theory which uses the Drude model to model the
complex dielectric function of the metal [61]. In the Drude model, it is assumed that the response of the
nanoparticle due to induced EM field is damped by various phenomena including interactions of

electron-electron, electron-lattice, defects, etc. However, in modelling the optical response of the



nanoparticles, the interband transitions is the most important factor, which describes the wavelength
dependent damping rate [62]. For a plasmonic response, the real part dielectric function of the material
should have a large negative real part and imaginary part should be positive and small. Additionally, the
real part determines position of resonance wavelength and the imaginary part pertains to the losses.
Noble metals, particularly gold and silver comply to these conditions, hence, they are commonly used
in plasmonic based devices. However, more economical materials such as copper and aluminium are
also being explored for various applications [63—65].

One of the earliest applications of the LSPR effects was in the Roman empire, where gold and silver
nanoparticles were embedded in glass to decorate cups that displayed different colours depending upon
whether the cup was lit from the inside or outside [66]. The LSPR effect observed in the plasmonic
nanoparticles solution is extensively used in sensing applications. The LSPR does not require any
special excitation condition compared to the SPP based thin film SPR sensors which will be discussed
in the later sections. Hence, the instrumentation of the LSPR based sensors is very simple, therefore,
economical devices can be developed using metallic nanoparticle solutions. LSPR sensors generally
use a white light source, collimation optics to focus the light into the solution containing nanoparticles
and the target chemical which is to be detected, the transmitted light is then focussed onto a
spectrometer. A dip in the transmission spectrum is observed at the LSPR wavelength [67]. The LSPR
wavelength is dependent on the surrounding (solution) refractive index of the nanoparticles. When
target chemicals are added to the nanoparticle solution, the refractive index of the solution changed,
which shifts the resonance wavelength. This shift in LSPR wavelength is correlated to the concentration
of the target chemical. This forms the basis of the LSPR based sensing devices. Generally, the surface
of the nanoparticle is immobilized to trap the target chemicals and enhance the selectivity as well as the
sensitivity of the device. The Table 2.2 lists a few LSPR based sensors for food safety, biomarker, and
water pollutants. LSPR based sensors can be optimized to detect nanomolar levels of concentrations of
the target chemical.

Table 2.2 Applications of LSPR based sensors

Field Detection Sensor Performance (LOD) Ref
Food safety  E. coli 0.47 CFU/mL [68]
Thiram 5nM [69]
ethion 9 ppm [70]
Biomarker Cholesterol 25.5nM [71]
Creatinine 128.4 uM [72]
Pollutant Pb2+ 50 pM [73]

The advanced applications of metallic nanoparticles extend over a plethora of domains, which includes
light manipulation [74], light emitters [75], spectroscopy [76, 77], photodetection [78], surface-
enhanced Raman spectroscopy (SERS) [79-81] and solar cells [82]. Gold and silver have excellent
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plasmonic properties and generally have applications in the visible and NIR range. Among metals
displaying good plasmonic response, aluminium is the only one that displays the resonance wavelength
in the deep UV and NIR region for sizes up to 200 nm [83]. The active deep UV region is a new region
of interest for SERS applications [84], however, it has limited applications due to the requirement of
expensive lasers and degradation of certain materials due to the high energy. Nanoparticles of copper
have applications in catalysis [85] and electronic circuits [86] (because of the high conductivity of
copper).

Fabrication techniques such as electron beam lithography [87, 88], nanoimprinting [89], laser
interference lithography [90] have increased the ease of fabrication of metallic nanoparticles of complex
shapes. Arrays are being employed that include nanostructures of various shapes, which enhance the
performance of plasmonic devices. The triangular and square cross-sections are useful because their
sharp features enhance the optical response due to the formation of electric field hotspots near the sharp
edges [91, 92]. Copper and silver are highly prone to surface oxidation; hence, metal nanoparticles are
being embedded in various media to achieve stable nanoparticles which are protected from
environmental effects [93, 94]. The media generally used are glass [95, 96] and silicon [97, 98], and the
major applications include solar cells, SERS, biosensing, and photovoltaics. In SERS and other sensing
applications, the embedding of nanoparticles in a glass or another dielectric matrix adds robustness to
the substrate and prevents agglomeration as well as oxidation. Another application of metal
nanoparticles in a glass environment is in the development of glasses that prevent the entry of UV and/or
NIR light into cars/buildings [99]. Phenomenon such as nonlinear refraction, absorption and optical
limiting are observed in metal nanoparticle implanted glasses [100, 101]. The enhanced electric fields
around metal nanoparticles distributed in a dielectric in the LSPR condition can lead to third order
nonlinear susceptibility creating nonlinear optical refraction and absorption when exposed to high
energies [102]. The optical limiting using metallic nanoparticles is being used for protection against
laser radiation by limiting its transmittance. The two photon absorption was deemed to be the major
contributor to the optical limiting [103], the overlap of the LSPR band and two photon absorption can
enhance the optical limiting performance. Furthermore, nonlinear effects created by implanting metal
nanoparticles in glass medium have paved the way for new applications in telecommunications and

magneto optical devices [93].

2.3 Surface Plasmon Polaritons (SPPs)

Surface plasmons are observed when an electromagnetic wave under suitable conditions excites the free
electrons at a metal-dielectric interface, leading to collective charge (electron) oscillations. The
excitation in the SPP mode leads to the creation of oscillating density wave of electrons which travels
on the metal-dielectric interface, called SPPs. At the resonance condition, the momentum of the
incoming photons matches that of the electrons present at the interface, which leads to the transfer of

energy from the incoming photons to the free electrons. Thus, a dip can be observed in the reflectance
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spectrum at this condition, which is dependent on the refractive index surrounding the metal-dielectric
interface; this shift forms the basis of SPR based sensing [104]. Plasmons were first published in 1902
as anomalies that appeared as dark bands when light was incident on a metallic grating [105]; these
anomalies were later proved to be associated with electromagnetic surface waves [106]. In 1968, Otto
[107] and Kretschmann [108] independently reported techniques to excite the surface plasmons using
a prism and a metallic thin film. The earliest practical application of the SPR effect was a gas sensor
reported by Liedberg et al. in 1983 [109]. Since then, numerous SPR based sensors have been developed
for medical diagnostics, food safety, water pollutant detection, etc., owing to the label free and real time
detection of these sensors. SPR is able to measure changes in the refractive index of the order of 10 to
107 of its surrounding medium, which can be interpreted as the change in refractive index due to 0.01
to 0.001 °C variation in water temperature [110]. The advantages of SPR sensing over other
conventional techniques are its sensitivity, selectivity, low background noise, lack of labelling
requirement, immediate results, small sample volume requirement, reproducibility, and its ability to
multiplex [111, 112]. Therefore, during the COVID-19 pandemic, SPR was explored as one of the
options for quick and accurate detection of the virus SARS-CoV-2 [113—116]. SPR sensors' ability to
detect viruses can be confirmed by its extensive use in the detection of the Ebola virus [38, 117].

Maxwell’s equations are solved using appropriate boundary conditions to find the expression of the
wavevector of the SPPs. Similar to LSPR calculations, the Drude model is used to model the behaviour

of the metal. The wavevector of the SPPs (kspp)is given by [118]:

€mé&d
kspp = k ’ 2.2
SPP €m + €q

where k is the wavevector of the incoming radiation. e, = €' + ig" and &4 are the dielectric functions of

the metal film and surrounding medium, respectively. SPR phenomenon is a combination of quantum
mechanics and electromagnetism; the momentum of a quantum particle is analogous to the wavevector
of a matter wave. In the above expression, the square root term is generally more than 1 and positive;
hence, the wavevector or momentum of the incoming radiation has to be increased to match the
wavevector of the SPPs, which is achieved via a coupling mechanism. The most popular methods of
excitation of SPPs are prism, waveguide, and grating coupling. These coupling methods are explained
later in this section. An additional conclusion that can be drawn when solving Maxwell’s equation for
SPP mode is that s-polarized (TE polarized) electromagnetic wave cannot induce SPPs as there is no
electric field vector in the direction of the SPP wavevector; therefore, only the p-polarized (TM
polarized) radiation is used for excitation of SPPs. Furthermore, while solving Maxwell’s equations to
obtain the propagation length and depth, the following conditions have to be satisfied [19]:
Emea <0 2.3
€m +6 <0 2.4
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These equations can be satisfied when one of the dielectric constants is negative and much greater in
magnitude than the other. Therefore, €4 being positive, the metal film should have a large negative
dielectric constant. The metals generally used in SPR sensors have a large and negative €' in the visible
and NIR range. While " is positive and small, which leads to low decay of the SPPs. The propagation
length (Lspp) and depth (dspp) of SPP is defined as the distance at which the intensity of the polariton
decays to 1/e of its initial value in the direction and perpendicular to the direction of propagation,

respectively; they are calculated using the following expressions [119]:
3

Lo (&) (e +ea? 2.5
SPP ™ T ome €'eq
1
A (€ +eq)2
SSPP = —< ) 26
2m\ €3

The conclusions previously mentioned regarding €' can be applied to obtain a large Lgspp. To achieve a
higher selectivity of detections, the dspp should be small. The LSPR mode works in a shorter range (15-
50 nm) as compared to the SPP mode (250-500 nm) [120, 121]. Therefore, the selectivity of the LSPR
mode is higher as compared to SPP mode because of the concentrated field enhancement, but the use
of LSPR sensors is limited because of its much lower sensitivity [122]. However, the LSPR effect is
less susceptible to inaccuracies caused by temperature variation and other minor changes in the
surroundings [123]. Gold and silver are used as thin films for various coupling techniques because of
their high SPR response. Silver is considered to produce the highest SPR response and sensitivity, but
silver layer exposed to the surroundings is highly prone to oxidation [124, 125]. It has been reported
that the SPR phenomenon can also be explained using Fano resonance and electromagnetically induced
transparency [111, 126, 127]. Sensors based on the combination of LSPR and SPP modes are also being
developed, which offer high selectivity and good sensitivity due to electric field enhancement. Reports
of sensing using combined LSPR and SPP mode utilizing nanoarrays on metallic film are highly

prevalent in the literature [110, 128].

2.3.1  Prism coupling

a o .
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Figure 2.3 a) Kretchmann configuration and b) Dispersion relation for prism coupling.
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Prism coupling is the most simple and easy to control coupling method and offers excellent sensitivity.
The prism coupling can be achieved using the Otto and the Kretschmann configuration (Figure 2.3 (a)).
The Otto configuration is not generally used because the air gap between the metal film and the prism
is difficult to control. The basic working of the Kretschmann configuration is that a p-polarized light
incident on a prism undergoes total internal reflection (TIR), creating an evanescent wave at the metal-
dielectric interface. The evanescent wave is responsible for the coupling and creation of the SPPs at a
critical angle. The coupling effect only takes place if the thickness of the metal film is less than 100 nm
because of the exponential decay of the evanescent wave in the metallic film. However, if the thickness
of the metal is too low (lower than 30 nm), the SPR signal strength will be low due to the lower number
of charged electrons being available to absorb the incident energy [129]. Hence, the metal film thickness
generally selected is between 40 and 50 nm. The coupling condition can be visualized by the dispersion
relation shown in Figure 2.3 (b); by incorporating the prism refractive index, the wavevector is increased
to fulfil the resonance condition. The resonance condition of prism coupling is given by the following

equation [18]:

ABA
n, sin@ = Re FmEd + Re {i} 2.7
P €m + €4 27

where n, is the refractive index of the prism, 0 is the angle of incidence, and AP takes into account the
effect of the prism and thickness of the film. The AP term is commonly ignored while expressing the
dispersion relation. At the critical angle, a dip in the reflectance spectrum is observed, which is
dependent on the refractive index of the surrounding dielectric medium. The biggest drawback of the

prism coupling technique is the relatively bulky nature of its components.

2.3.2  Grating coupling
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Figure 2.4 a) Grating coupling and b) Dispersion relation for grating coupling.

The basic principle of grating based coupling is shown in Figure 2.4; the incoming radiation is incident

on a metallic grating, which leads to a diffraction wave consisting of various diffraction modes that are
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coupled. The different modes produce a distinctive response to the SPR signal [130]. Generally, the
mode that creates the sharpest SPR response is selected for investigation. When the incident wave with
a wavevector k, (in the z direction) is incident on a diffraction grating with pitch of P and depth D, a

diffracted wave is formed with wavevector k,m, which is given by [18]:
21

kum = k, + m— 2.8

where m is the order of diffraction. The coupling expression can be written as:

A €mE ABg A
ngsin@+ m—-=4|( Re —md b4 Re Pe 2.9
P €m t+ &4 21

where A, represents the propagation constant, which causes a shift in the wavevector induced by the
presence of the grating, and ng is the refractive index of the surrounding dielectric medium. The
resonance condition can be visualized by the dispersion relation shown in Figure 2.4 (b). There is an
excellent potential for commercial metallic grating based sensors due to advanced manufacturing
techniques, but the drawback of this method is its lower sensitivity and the noise and inaccuracies
caused by the analyte molecules influencing the diffraction phenomenon [131]. A new technique that
can be included in grating coupling method uses a thin metal film that is perforated with nanoscale
holes or structures arranged in an array [132]. A combination of LSPR and SPP effect is observed,
creating more sensitive and selective surfaces [128, 133]. The incident radiation is transmitted through
the film, and because of the arrangement of the nanoholes, SPP Bloch wave (SPP-BW) is produced at
Bragg’s condition. The depth of the holes plays an important role in defining the sensitivity of the
mechanism [134]. The resonance condition of a BW-SPP in a 2D array is given by [135]:

. . . _ €m&d
|ksm9+1Gy+]GZ|—Re k |[——— 2.10
€m T &g

where Gy and G, represent the periodicity in the y and z direction. Apart from the periodicity effect,
transmission from the nanohole pattern creates a diffraction effect which is known as the Rayleigh-
Wood anomaly. This technique provides improved sensitivity; however, the cost of fabrication is
increased due to the complexity of the nanohole array. Further, various studies have been performed to
understand the effect of the symmetry of the array, as well as the shape and size of the constituents of
the array, through simulations and experimentation. Schade et al. [90] studied the aforementioned effect
using aluminium nanoparticles of various shapes in a parodic array. It was observed that increasing the
diameter of the spherical nanoparticles as well as an increase in the distance between the particles in
the array caused a red shift in the transmission spectrum. Further, introducing asymmetric particles

(almost quadratic and ellipse particles) created a polarization vector dependence on the plasmonic
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response. Sinibaldi et al. [136] reported that the SPP-BW based 1D photonic crystal performed better
than the conventional plasmonic based sensors. Therefore, the periodic nanoparticle arrays have the
potential to improve plasmonic sensing by introducing new concepts such as asymmetric shapes and

novel structures [137, 138].

2.4 Fabrication of periodic nanostructures

Periodic arrays of metal nanostructures formed the centre of many studies in the area of metamaterials
and metasurfaces. They were applied to increase the luminescence of attached molecules [139, 140],
which led even to lasing [141, 142]. However, the intense local fields accompanying the resonances are
also of special interest for SERS, as recent studies show[143—145]. However, the commercial
application of these structured surfaces is still in its nascent stage due to the cost and time required for
their fabrication. The fabrication methods employed by engineers and scientists to fabricate
nanostructures include electron beam lithography (EBL) [146], UV lithography [147], laser interference
lithography (LIL) [148], nanoimprint lithography [149], and templating methods which use
nanospheres [150] and anodic aluminium oxide (AAQO) arrays [151]. Nishijima et al. [152] presented
the effect of periodicity on the plasmonic resonance of gold nanodisk arrays for applications in light
harvesting and solar cells. EBL was used to fabricate the arrays on a glass substrate. EBL is the method
with the highest resolution and is able to create periodic as well as non-periodic structures; however,
the technique is slow and very expensive [153]. The remaining techniques use templates to create
periodic structures, which can then be selectively deposited with the required material and thickness,
and the excess material is etched away. These techniques can create arrays of nanosized shapes of
plasmonic materials on the required substrate. The highly prevalent shapes for plasmonic applications
include nanoarrays of disc, square and triangle shaped structures in a square lattice. As previously
explained, the LSPR and SPR conditions have different excitation conditions. The nanoarrays display
a combined effect of LSPR (due to the size of the individual shape being comparable to the incoming
EM wave) and grating resonance. Therefore, nanoarrays have the potential to reap the benefits of both
lattice and single structure resonance modes. Furthermore, the interference of the various resonance
modes in metal and/or dielectric structures arranged in a periodic lattice can create exciting properties
such as electromagnetically induced transparency (EIT) [154]. The applications of EIT are in optical
communications and computation (increasing the speed and decreasing power compared to electronic
switches), light delay and storage [155], enhanced non linear optics [156], biomedical imagining and
new age sensing substrates. Another interesting property observed in nanoarrays is electromagnetically
induced absorption (EIA) [157], as opposed to EIT, constructive inference enhances the absorption of
light in a specific wavelength range. The applications include non linear spectroscopy, lasers and optical

amplifiers.
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2.4.1 Laser Interference Lithography
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Figure 2.5 Brief schematic of the LIL process to fabricate gold nanodisk array using the Lloyd’s mirror

setup.

In most studies, the nanometer sized structures are fabricated using electron beam or UV lithography.
Although electron beam lithography is very versatile and can produce highly complex structures with
minimal defects whose size can be as small as tens of nanometers, the technique is expensive and
extremely slow. Mask based UV lithography is faster, but it needs high quality masks and the minimum
feature size is limited to a few hundred nanometers. LIL is a maskless fabrication technique that uses
the interference of two or more laser beams to construct features from a few nanometers to micrometers
[158]. A brief description of the LIL process using Lloyds mirror setup is shown in Figure 2.5. The
detailed discussion of the LIL setup used in the fabrication of gold nanodisk arrays in the current thesis
is discussed in section 3.4. Depending upon the type of setup selected, LIL can fabricate a wide variety
of substrate sizes; hence, it has a high throughput [159]. Moreover, the fabrication time and setup cost
of LIL setups are much lower than EBL. Additionally, since the interference of laser beams is used to
create patterns on a photosensitive material, a wide range of materials can be selected for deposition.
Although a wide variety of shapes and symmetries can be fabricated using LIL, they are limited by the
number and angle of laser beams. Hence, highly complex and non periodic structures cannot be

fabricated using LIL. Furthermore, LIL has been used to fabricate a few SERS substrates [160, 161].
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2.4.2  Thermal annealing of Nanostructures

Gold is extensively used in plasmonic based devices for applications in sensing [88], SERS [162],
catalysis [163], nonlinear photonics [164], etc. Thermal annealing is an effective method to improve the
optical performance of plasmonic devices due to lowering of scattering losses [165]. Various groups
have used thermal annealing as an effective tool to alter the response of nanoarrays. Potejanasak et al.
[166] created gold nanodisks by chemically treating quartz substrate, deposited gold using chemical
etching, and thermally annealed the surface for 15 minutes at a wide range of temperatures. It was
observed that the nanodisk formation began when the surface was annealed at 500 °C due to the
agglomeration of the gold film. Hulteen et al.[167] deposited gold nanoparticles in porous alumina via
electrodeposition. The irregularly shaped nanoparticles were annealed at 400 °C for one hour to become
dense and almost spherical in shape. The colour of the film changed from blue to pink after annealing
due to the diffusion and coalescence of the nanoparticles. Cesca et al.[168] used thermal annealing to
control the optical response of gold nanoarrays fabricated by nanosphere lithography, which is a low
cost and high throughput fabrication technique that uses polystyrene spheres of diameters in hundreds
of microns, but can only produce triangular prisms in a honeycomb lattice. The 30 nm thick nanoarray
was heated at various temperatures from 200 °C to 800 °C, as the temperature was increased, the peak
absorbance blue shift due to change in the shape of the nanosized structure from triangular progressively
to circular, with an increase in thickness of the pattern. However, the intensity of the absorbance peak
decreased drastically. Xu et al. [169] fabricated a silver and gold bimetallic nanodisks using LIL method.
The nanodisks were annealed at 500 °C for 4 hours at a heating rate of 25 °C/min. It was observed the
nanodisks broke down into several small parts which blue shifted the extinction peak from 872 nm to

508 nm due to the decrease in size of structures.

2.5 Raman sensing
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Figure 2.6 Basic principle of Raman spectroscopy and Jablonski diagram along with Raman shifted
response [170]. Reprinted with permission from Nanotechnol. Environ. Eng. 2023, 8, 41-48, Copyright
2018 Springer Nature.
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Vibrational spectroscopy is an excellent tool for detecting chemicals in food and water because of its
excellent selectivity, minimal sample preparation requirement, non-destructive nature, and quick
measurements. The most widely used vibrational spectroscopy techniques are Raman and infrared (IR)
spectroscopy. The basic principle of Raman spectroscopy is that the interaction of incoming photons
and molecular vibrations of the target chemical causes inelastic scattering of the photons, as shown in
Figure 2.6. The molecular vibrations can absorb or transfer energy to the photons; thereby, the scattered
photons have information of the vibrational modes of the chemical. The energy shift of the scattered
photons is unique to the vibrational modes of the chemical; hence, the Raman spectra act as a fingerprint
of the chemical [10]. Raman spectroscopy can only detect vibration modes that cause a change in the
polarizability of the target chemical. The Raman activity can be explained using classical
electromagnetic. The excitation source EM field Ei. with a frequency wine creates a dipole moment p
in the target molecule which is related to its polarizability ame. The dipole moment is calculated as
[171]:
H = Qmol- Eloc (Winc) 2.11

The instrumentation of Raman spectroscopy usually includes a monochromatic light source (laser) and
some optics to focus the light onto the sample and into the detector capable of recording the wavelength
and intensity of the light. However, despite all the benefits of Raman spectroscopy, its major drawback
is that the intensity of the scattered light is very low. Therefore, high quality optics and sensitive
instrumentation are required for trace level of detection of chemicals, which significantly increases the
cost of the technique. However, several techniques are being developed to enhance the Raman signal:
Surface-Enhanced Raman Scattering (SERS) [172], Tip-Enhanced Raman Scattering [173], Coherent
Anti-Stokes Raman Scattering [174], and Time-Gated Raman Spectroscopy [175] being some
examples. Raman spectroscopy has massive potential for commercialization in the near future because
of the advancement of the aforementioned techniques and the improvement in instrument
manufacturing.

Raman spectroscopy is becoming prevalent in various industries such as pharmaceuticals, chemical,
petrochemical, biotechnology, and forensics, for both quality control and material identification. Raman
sensors can help identify and quantify the chemical composition of materials. An example of the
practical use of Raman spectroscopy is shown in Figure 2.7. It was able to distinguish between human
natural fingerprints and fingerprints contaminated with various chemicals. Furthermore, the information
about chemical structure is also present in the “fingerprint” region of the Raman spectrum of 500 cm™
to 1800 cm™. Other techniques for material identification, mass spectroscopy, liquid chromatography,
enzyme linked immune sorbent assay, etc., have drawbacks such as complicated sample preparation,
requirement of chemicals for pre-treatment, destruction of the sample, and large time for completing
the analysis[177]. Raman sensors offer high sensitivity, selectivity, speed, and accuracy. Furthermore,
in most cases, Raman spectroscopy is non destructive and requires minimal sample preparation, which

makes the technique perfectly suited for in situ measurements [178].
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Figure 2.7 Raman spectra of natural fingerprints of a human and fingerprints contaminated with aspirin,
diclofenac, ketoprofen, ibuprofen and naproxen tablets in the “fingerprint” region of 500 cm™ to 1800

cm™' [176]. Reprinted with permission from Sci. Rep. 2022, 12, 3136. Copyright 2022 Springer Nature.

2.6 Surface enhanced Raman Spectroscopy (SERS)

The SERS effect was first observed in 1974 by Fleischmann et al. [179], Raman enhancement due to
roughened silver was noticed using the chemical Pyridine. The Raman signal of a molecule is due to
the inelastic scattering of the incident laser light, which is proportional to the molecule's polarizability.
The instrumentation parameters, laser wavelength, power, spot size, and exposure time have an impact
on the Raman signal [180]. However, even after the optimization of the aforementioned parameters, the
probability of Raman scattering is very low. Engineers and researchers have been using SERS to
increase the Raman signal from the desired molecule. SERS uses periodic [11, 12] or non periodic [13,
14] structures with dimensions comparable to the laser excitation wavelength and are generally
fabricated using plasmonic materials (gold, silver, copper, aluminium, palladium, etc.) due to their
resonant modes creating a large SERS enhancement.

Recently, SERS has been used for food safety, medical diagnostics, drug detection, tissue imaging,
forensic analysis, and in various other fields [181]. The most commonly used SERS substrates are
roughened surfaces and nanoparticle solutions fabricated using plasmonic materials. However, these
substrates have a random morphology; hence, they have a lot of variation in the Raman enhancement
depending upon the analysis area selected [172]. Therefore, periodic SERS substrates are used to
achieve a large enhancement consistently across the whole substrate.

The enhancement of SERS signals is due to two factors: chemical and electromagnetic. The chemical

enhancement is due to the charge transfer and/or overlap of the ground state orbitals between the SERS
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materials and the target molecule [182]. However, the contribution of chemical enhancement is much
lower than electromagnetic enhancement. Electromagnetic enhancement is more than 5 orders of
magnitude larger than chemical enhancement [183]. The electromagnetic enhancement is due to two
effects: the near field and the far field response of the structures fabricated on the SERS substrate [15,
16]. The electromagnetic field experiences local confinement due to the size of the plasmonic structures
being smaller than the incident wavelength. The confinement creates electric field hotspots majorly in
the form of dipole and in some case multipoles. Thus, the massive field experienced by the target
molecules helps increase its Raman signal. The phenomenon mentioned above for the near field results
in a LSPR response in the far field. The Raman signal is amplified when the LSPR wavelength is close
to the Raman peak of the target molecule and the laser wavelength selected for the analysis [17].
Thereby, the second mechanism of electromagnetic enhancement depends on the LSPR wavelength,

along with the shape, size, thickness, and material of the structures [184, 185].

Table 2.3 Brief collection of application of SERS based agrochemical sensors.

Base Agrochemical Limit of detection (LOD) Ref

Water Thiabendazole 4 ppm [186]

Water Ricin B 50 ng/ml [187]

Water Bacillus anthracis spores 10* CFU [188]

Water Chlorpyrifos 0.01 mg/L [189]

Water Isocarbophos, Omethoate, Phorate, and 1, 5, 0.1 and 5 ppm [190]
Profenofos

Water Theophylline 3.5mM [191]

Water Methomyl, acetamiprid-(AC) and 2,4-  5.58 x 10, 1.88 x 10 and [192]
dichlorophenoxyacetic acid-(2,4-D) 4.72 x 103 pug/mL

Vegetable oil a-tocopherol (a-Toc) 10 ppb [193]

Apple peel Parathion-methyl, thiram, and 2.60 ng/cm?, 0.24 ng/cm? and  [194]
Chlorpyrifos 3.51 ng/cm?

Cucumber, Grapes, and ~ Thiram, Methyl parathion, 10 ng/cm® [195]

Apple peels Malachite green

Plant leaves Triazophos, Fonofos, and thiram 107M,10°Mand 10° M [196]
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Chapter 3. Theoretical and Experimental Framework

3.1 Finite element method (FEM) simulations

Over the years various methods have been used to model the response of the nanoparticles in the LSPR
condition. The quasi static approximation assumes that the metallic object behaves like an electric
dipole as a response to the incoming light and ignores any electrodynamic effects, however, the theory
is only valid for spherical nanoparticles below 40 nm [197]. Mie theory further includes the polarization
and retardation effects in the calculations of spherical nanoparticles [198, 199]. However, as the
complexity in shape is introduced to the nanoparticle, Mie theory fails to accurately predict the
plasmonic response [60]. The optical properties of complex shaped nanoparticles can be accurately
calculated by methods such as discrete dipole approximation (DDA), boundary element method (BEM),
finite difference time domain (FDTD) method, and finite element method (FEM), to name a few. DDA
considers the nanoparticle as an array of dipoles, however, it is not very efficient for irregularly shaped
particles [200]. Although BEM can accurately solve problems involving extreme aspect ratios and open
regions because it only requires meshing on the surface, complex shapes and non linear problems are
major limitations. FEM and FDTD are robust methods, both widely used in commercial software.
Generally, for high frequency problems and harmonic fields, FEM is preferred [201, 202]. Therefore,
FEM was selected for the analysis of the majority of the nanosized particles, films and structures
throughout this thesis. The simulation analysis was performed on commercial software COMSOL,
which works on the FEM that uses partial differential equations (PDEs) to solve Maxwell’s equations.
In the field of space and time dependent problems within the domain of physics, the governing laws are
often described through PDEs. Unfortunately, the analytical solutions for these PDEs are elusive for the
majority of geometries and scenarios. As a pragmatic alternative, approximations of these equations are
formulated, typically employing various discretization techniques. These methods involve representing
the continuous PDEs as numerical model equations, which can then be tackled using numerical
methods. FEM out as a prominent approach for generating such approximations. By utilizing FEM, one
can discretize the problem domain into finite elements, allowing for the creation of a system of algebraic
equations. Solving these equations provides a numerical solution to the model, serving as an
approximation to the actual solution of the original PDEs. This indispensable methodology plays a
crucial role in tackling complex physical problems that resist analytical resolution, offering a practical
means to obtain valuable insights into the behaviour of dynamic systems. Overall, the FEM stands out
for its flexibility in discretization, allowing users to freely choose elements for spatial discretization and
basis functions. FEM is widely used in the literature for obtaining accurate solutions for plasmonic

structures [202].
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3.1.1 Loretz Drude model

In the simulations, the input of dielectric functions of materials is essential for an accurate analysis. The
dielectric function of air and glass were assumed to be constant in the targeted wavelength range and
were input as 1 and 2.25, respectively. The Lorentz Drude model was used to model the dielectric
function of gold [203]:

K
Q2 f.w?2

g(w) =1 ——p_+z D2 3.1

©) w(w—il) & (w? - w?) + il

j=1 ] )

where, the plasma frequency is represented by w,, k is the number of oscillators with frequency, strength
and lifetime represented by w;, f;, and 1/T;, respectively. Further, Q,= cop\/g is the plasma frequency
associated with intraband transitions, oscillator strength fy and damping constant I'y. The Lorentz Drude
model incorporates both the real and imaginary part of the dielectric function. Furthermore, the
intraband as well as interband effects are considered in the model. The parameters reported by Rakic’
et al. [203] are mentioned in Table 3.1. To quantify the effect of annealing on the material parameters
and roughness, the oscillator strength (fo) and damping constant (I'g) were adjusted to match the
respective experimental transmission spectra, as explained later in section 5.2.3. The MATLAB code to

vary the parameters in the Loretz Drude model is in Appendix A.1.

Table 3.1 Loretz Drude model parameters for gold in Rakic” et al. [203]. Units of I" and w are eV.
fo Io fi r{ wf f; I (0)) f3 I3 O3

0.760 0.053 0.024 0.241 0415 0.010 0.345 0.830 0.071 0.870 2.969

s Ty 04 fs I's [QF]

0.601 2.494 4304 4384 2214 1332

3.1.2  Single nanoparticle simulation methodology and validation

The scattering and absorption cross-section of nanoparticles was calculated using FEM simulations.
The sum of which is called the extinction cross-section, was used to analyse their plasmonic response.
Extinction cross-section represents the equivalent cross-sectional area of the object that scatters and
absorbs the incoming light. In the simulation, the nanoparticle is placed in a surrounding material of
dielectric function €, and an electric field Einc(r), of amplitude E, is incident upon it. The calculation of
the scattering cross-section is achieved by integrating the flux of the Poynting vector of the field

scattered (Ssca) over the nanoparticle surface, which is expressed as [204]:

1
Osca = S_f_f Ssca(r).n dS 3.2
0 Y/nanoparticle
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where, n is the unit vector perpendicular to the surface S, the power density of the incident field, S =

J&E3

7 and Z, is the characteristic impedance of vacuum. The absorption cross-section is evaluated by
0

integrating the power dissipated over the volume of the nanoparticle:

1
Oabs = % fff QpdV 33

nanoparticle

Einc(r) = E, el(kT=9D 3.4

Hinc(r) = Hy elkr=o0 3.5

where the power dissipation density, Q;, = %ooeolm(em)|E(r)|2 , V is the volume, o is the frequency,

and €n, is the dielectric function of the nanoparticle. The region in which the nanoparticle was placed
was spherical in shape and was surrounded by perfectly matched layers (PMLs) which absorb all the
outgoing waves [205]. The simulation was validated by comparing simulation [205] and experimental
[206] of spherical nanoparticle results in the literature. The detailed validation was presented in Chapter
4.

The simulation domain is shown in Figure 3.1 (a), the metallic nanoparticle is placed in a surrounding
dielectric medium. The surrounding domain was big enough to minimize the effect of reflections within
the domain. The PML also contributes to decreasing the noise in the simulation due to reflections.
Applying the symmetry leads to a decrease in computational cost. Additional details of the simulation

parameters are in Appendix B.
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Figure 3.1 Schematic representation of the simulation domain of a single nanoparticle.
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3.1.3  Nanoarray simulation methodology and validation
The simulation study was performed on commercial software COMSOL Multiphysics, which uses FEM
to solve Maxwell's equations. The following wave equation is considered in the simulation domain:

1
Vx<—VxE)—kger=o 3.6

My

where, €. and y, are the relative permittivity and permeability, respectively. K, represents the incident
wave vector and E is the electric filed vector [207]. The above equation allows the calculation of the
far field optical response. To quantify the near field electric field, the EM wave perpendicular to the
nanoarray with the wave vector K, is oriented parallel to the z axis. The electric field E corresponds to
linearly polarized light. The computation is performed in the wavelength domain, allowing the removal

of the oscillation factor €'t from E as:
E = |Ey|elkT-0 3.7

where, the amplitude of the electric field is denoted by the absolute value of E,. E is the unit vector
pointing at the direction of polarization.

The 3D simulation domain consisted of a nanoarray placed at the interface of materials with refractive
index n; and n, as show in Figure 3.2 (a). To induce the array effect, the floquet periodic condition was
applied at the opposing faces [208]. The EM wave traveled from the top to the bottom of the simulation
domain via two ports. The upper and lower boundaries of the simulated array domain were also
equipped with perfect matching layer (PML) boundary conditions to absorb the unwanted scattered
fields [209]. Glass was considered the substrate, thereby, the refractive index n, was 1.5. Additional

details of the simulation parameters are in Appendix B.
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Figure 3.2 Simulation domain of the plasmonic nanoarray with periodicity (P), thickness (t), and

diameter (d).
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3.2 Modelling the effect of roughness

The FEM simulations were used to predict the plasmonic response of nanostructures and thin films.
However, the roughness effect of the practical surfaces is not taken into account for the FEM
simulations. In this section, we devise a method to incorporate the effect of roughness in thin films by
modifying the dielectric function of gold.

3.2.1 Impact of roughness on plasmonic response

To understand the effect of roughness, we consider a metal and a surrounding dielectric (in this case,
air) interface with dielectric function represented as &m (€, = €, + 1 &y,) and &4, respectively. The metal
and dielectric are approximated as semi-infinite and the equations are solved for low losses. Further,
k.m and k.4 are wavevectors in the z direction (direction of propagation of plasmons) for the metal and

the surrounding dielectric. Solving Maxwell’s equations, the dispersion relation Dy can be written as:

k. k
zm L 2d 3.8
€m €d

D0=

It is considered that roughness causes scattering losses and ultimately deteriorates the SPR sensing
performance. Raether [118] considered the effect of roughness similar to the effect of a grating and
assumed a statistically rough interface with root mean square (RMS) height 6 and thickness d. The new

dispersion relation (D) was derived as:

D, = £,Dy — 62k2(gy, — 1)2k? f d? kipp 8 (k|kspp — képp|) H(képp) 3.9

which is calculated when g4=1, where g = 27/a considers the grating effect of the rough surface, and a

is the grating constant. H(kgpp) is a complex function of the wavevectors parallel and perpendicular to

the interface. The increased scattering due to roughness causes a decrease in the phase velocity of SPP
[210]. Furthermore, an increase in roughness leads to a decrease of the effective ep, that ultimately leads
to a lower enhancement factor of the SPR [11]. Further, Mills [211] had done rigorous analysis on the
effect of rough surfaces on surface plasmon polaritons and calculated that for the condition that |g| >>1.
The attenuation length (1) due to roughness was calculated as:

3 |£|1/2

= 4(k)5(5 A)? 310

1

where A is the transverse correlation length of the rough surface, which approximately represents the
mean distance between two peaks or valleys of the roughness. Thereby, an increase in surface roughness

(both 6 and A) cause a decrease in length over which the polariton can travel [212].
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3.2.2  Bruggeman effective medium theory to calculate SPR response

a) b)

Eeff Eeff

Maxwell-Garnett model Bruggeman model

Figure 3.3 Schematic illustration of a) Maxwell Garnett and b) Bruggeman effective medium theory.

Maxwell Garnett and Bruggeman effective medium theory are two different approaches to model the
effective dielectric properties of a composite material [213]. Maxwell Garnett effective medium theory
calculates the effective dielectric function of a composite material with inclusions of another material.
It is assumed that the inclusions are spherical, and their concentration is very low compared to the host
medium. The model treats the inclusions as isolated entities surrounded by the host medium.
Bruggeman effective medium theory does not distinguish between the host and inclusion materials.
Instead, it treats the composite as a homogeneous material with inclusions of both components
embedded in an effective medium. The Bruggeman theory assumes that the inclusions are randomly
distributed and can have any shape. To model the effect of roughness, non spherical shapes of the
inclusion (air) embedded in gold medium have to be considered, and the Bruggeman effective medium
theory was used to approximate the rough part of the gold film. Further, transfer matrix method (TMM)
was used to calculate the reflectivity of the system. Bruggeman effective medium theory considers the
dielectric function impurities (&;) in a matrix (€n) to approximate the effective dielectric function (e.f)
of the overall system [214].

(& — e N (Em — €err) (1 —fi)

3.11
Eoff+ (§ — €eff)A  Eeff+ (Em — Eeff)A

where f; is the volume fraction of the impurity and A is the depolarization factor. The value of f; of 0
and 1 can be varied from O to 1. Further, the shape of impurity determines the value of A. In equation
3.11, when A is 1/3, the impurities are considered spherical, and when A is 1, the impurities are
considered as wire shaped. To approximate the rough surface air was treated as an impurity in a gold
matrix to calculate the effective dielectric function of the rough surface. To select the parameters which
simulated the rough surface, f; was varied from 0.1 to 0.5 and A was varied from 0.4 to 0.9. The code
for calculating the dielectric function is in the Appendix A.2. The total thickness of the film was kept

constant, and the thickness of the rough part of the film was varied to incorporate the effect of roughness
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increase. The thickness of the rough part was obtained from the root mean square (RMS) roughness
calculated from the atomic force microscopy (AFM) data. TMM was used to calculate the reflectivity
for the selected range of angle of incidence and wavelength. The details for the TMM calculations are
in the Appendix A.3. FEM was also investigated for the calculations; however, TMM results were closer
to the experimental data. The TMM calculates angle dependent transmission and reflection through
multiple layers of materials for the selected polarization by solving Maxwell’s equations [215]. TMM
reduces the complexity in calculation by considering a transfer matrix for each layer; the transfer matrix
of all the layers is multiplied to get the overall response of the multilayer system. The transfer matrix
incorporates the thickness and the refractive index of the layer. The calculations of TMM were
performed in MATLAB considering 4 layers. TM polarized light was input through a lossless glass
layer into a rough gold layer and a solid gold later; the final layer (output layer) was air, as shown in
Figure 3.4. The dielectric constant of air and glass layer was input as 1 and 2.25, respectively. The
dielectric function of solid gold was calculated according to the Drude model, which was also used in

the Bruggeman effective medium theory for approximating the rough surface.

Rough

h
Gold Gold Glass

LIGHT

Air

Figure 3.4 Schematic of the layers used for transfer matrix method (TMM) calculations.

3.3 Density functional theory (DFT) for Raman

Density Functional Theory (DFT) is a computational tool based on quantum mechanical methods for
analyzing the electronic structure of atoms, molecules, crystals, and condensed phases. DFT is widely
used to study electrical, optical, and mechanical properties of materials, molecular structure, reaction
mechanics, and various other aspects of materials on the atomic and/or molecular level. DFT uses
exchange correlation functional to account for the electron exchange and also electron-electron
correlation. One of the most popular and robust functional is the B3LYP, which is a hybrid of Hartee-
Fock exchange and a functional developed by Lee, Yang, and Parr [216]. Its hybrid nature allows
accurate calculation of both short range and long range correlation effects. Thereby, B3LYP method can
be used to accurately study a wide range of molecules at a moderate computational cost. The B3LYP
level of theory has previously been reported to calculate the vibrational response of agrochemicals and
their interaction with substrates, which is highly important for SERS sensing [217]. Castillo et al. [218]
used the B3LYP method to calculate the Raman and IR spectra of a pesticide dieldrin in different media;

both the Raman and IR spectra were in good agreement with the experimental spectra. James et al. [219]
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compared the DFT calculated and experimental Raman and IR spectra of a herbicide, the Raman
spectrum was very close for both wavenumber and intensity of the vibrational modes. However,
inaccuracies were present in the IR spectrum. Hu et al. [220] detected the pesticide difenoconazole
using Raman spectroscopy, and gold nanoparticles were used as SERS substrates. DFT was used to
calculate the Raman spectrum; however, there were discrepancies with the experimental spectra due to
the calculations being performed in the gas phase. Various basis sets are available in the Gaussian

software for B3LYP level of theory.

3.3.1 Basis sets for B3LYP level of theory

Briefly discussing the various basis sets available, the smallest basis sets are the STO-3G and 3-21G
[221, 222]. The "*" and "+" additions incorporates diffuse and polarization functions on the basis sets
for improved accuracy with increased computational time. The 6-31G and 6-311G are medium sized
basis sets and are most commonly used in the literature [223, 224]. The "(d)" additions to the basis set
represent the addition of d-type polarization on non hydrogen atoms, and "(p)" addition represents p-
type polarization functions on hydrogen atoms. “+” adds polarization function to non hydrogen atoms
and “++” adds both polarization and diffuse functions. The cc-pVDZ refers to correlation-consistent
polarized valence double zeta, and similarly, cc-pVTZ contains triple zeta functions [225]. Both these
correlation consistent basis sets are very large and highly accurate. The "aug" stands for augmented,
which adds diffuse functions to these basis sets. The "Lan" and "SDD" type basis sets are smaller
datasets that are used for studying heavy atoms [226, 227]. They are included in the current study to
because some of the agrochemicals also contain heavy elements on which these datasets will be useful.
They are also used to study the SERS effect of chemicals with plasmonic materials. DGDZVP is a
relatively new double zeta type split valence basis set with polarization functions [228]. The DGDZVP2

contains additional polarization functions for increased accuracy [229].

3.3.2  Equations to calculate vibrational modes

DFT is a tool to find solutions to the Schrédinger equation to study the properties of materials on the
atomic level. The fundamental theorems by Kohn and Hohenberg and equations by Kohn and Sham
form the basis of all DFT calculations. Kohn and Hohenberg stated that the ground state electron density
exclusively governs the energy, wavefunction, and all other properties of the system in the ground state.
Further, the energy from the functional of the aforementioned ground state electron density has to be
minimized. Kohn and Sham provided a method to find the correct electron density, in which each set of
self-consistent field equations involving a single electron. Thereby reducing the complexity of the
solution to the Schrodinger's equation. Born Oppenheimer approximation is applied to further reduce
the computational cost required for the calculations. The approximation allows for the separation of the
degrees of freedoms related to the electrons and nuclei. The nuclei are considered quasi immobile and

generate a quasi static field in which electrons obit "independently". The fundamental theorems and
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equations mentioned above consider the material at 0 K. However, in real life conditions, vibrations
also contribute to the material's energy. The frequency and intensity of these vibrations are the basis of
vibrational spectroscopy techniques of Raman and FTIR [230].

To find the vibrational frequencies of a system of N atoms, we express their cartesian coordinates as a
single vector with 3N components, r = (1, 12, ...... , 13n). Initially, the atoms are positioned at ry, which
is the local minimum of the atoms' energy. The position is given by the coordinates, x=r  ro. The

Taylor expansion of the atom's energy (E) to the second order about rois [231]:
3N 3N

E=E +1zz o 3.12
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Where Ej is the initial energy of the system and x; and x; are individual components of the displacement
coordinate vector. The first derivative of equation 1 is exactly 0 because it is evaluated at minimum

energy. The component [SZE / SXiSX]-]X 0 in equation 1 is defined as the Hessian matrix (Hjj), which is

a 3N x 3N matrix. The Hessian is used to define the equations of motion of the atoms in a way that is
similar to classical dynamics. The Hessian is approximated using the finite difference method as:
_[.5%E - E(8x;,8x;) — 2Eq + E(—8x;, —8%;)

Y SXiSX]' X - 8Xi8Xj

3.13

where E(dx;, 0x;) is the energy of the atoms when the coordinates are not 0, i.e., the atoms are slightly
displaced from the equilibrium positions. The eigenvectors and eigenvalues of the mass-weighted
Hessian matrix form the solution of the equations of motion. The 3N normal mode frequencies are
provided by the 3N eigenvalues. Therefore, the motions of the atoms lead to specific vibrational
frequencies.

Vibrational modes are divided into two, Raman active and Infrared (IR) active. The Raman activity
involves the change in polarizability of the molecule and IR activity depends on the dipole moment of
the molecule. The intensity and frequency of these vibrational modes help us get the system's complete
vibrational response. The Raman intensity is calculated using the Placzek's classical theory of
polarizability [232], and IR intensity is calculated using the first order time-dependent perturbation
theory [233]. Taylor series expansion is used to approximate the polarizability (@) and dipole moment
(1) equations of the molecule in the mass weighted normal coordinates R2 over k nuclei [233]:
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where @(®) and i(?) is the polarizability and dipole moment at the equilibrium condition and O(Rf(q)z)
term representing the higher order terms from the quadratic and higher nuclear displacements. Now, to
find the polarizability (os) and dipole moment (1i5) matrix for a transition state from i to j, the following
equations are used:

5

o
(@)
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where the first term in the equations represents the initial polarizability (or dipole moment) matrix
between the initial (v;) and final vibration state (vf), and <Vf|R§<q) |v;) signifies the vibrational matrix of
the transition state involving the kth mass weighted normal coordinate. Simplifying the equations and
using Hermite polynomials on the matrix elements, the amplitude of the polarizability and dipole
moment is calculated for the vibrational state transition |Vk’i +1) « |Vk’i)
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where b2, = h/4mvy

The aforementioned equations are used in the backend of the software Gaussian 09. The calculations
were performed at the B3LYP level with various basis sets. The optimization of the geometry was
performed, followed by calculation of the vibrational mode wavenumbers and intensity. To
accommodate for the excitation wavelength of the Raman laser, the Raman intensity (I;) was calculated

as [234]:

I; = C(vo — vi)*vi 'B;'S; 3.20
hev;
Bi=1-—exp (— le) 3.21

where C is a constant, vy is the excitation frequency of the Raman laser, v; is the frequency of the
vibrational mode, S; is the Raman scattering activity of the vibrational mode calculated in the Gaussian
software, B; represents Boltzmann distribution at a defined temperature (T). h, k, and c are Plank's
constant, Boltzmann's constant, and speed of light, respectively. Since the article compares the various
basis sets available for calculation, no scaling factor was used. The Raman and IR spectra were plotted
using the Lorentzian band shape with full width at half maximum (FWHM) of 10 cm™. The
visualization software GaussView was used to envision and assign the various vibrational modes to
their corresponding wavenumbers. For the calculations, the structures were acquired from

pubchem.ncbi.nlm.nih.gov in the “.mol” format.
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3.4 Laser interference lithography (LIL)

The Lloyd’s mirror interferometer setup was used to fabricate the nanodisks which is based on the
division of wavefront method [235, 236]. The setup uses a mirror for two beam interference of coherent
laser beams. The incident laser beam passes through a spatial filter to produce a spatially coherent beam
that is incident on the substrate as well as on the mirror, which is placed at an angle of 90° to the
substrate. Due to the standing wave created by the interference of the direct and reflected beams, a
fringe pattern is formed on the surface of the substrate [237]. The difference in intensity of the fringes
is recorded on the substrate which is covered with a photosensitive material. Hence, selective area can
be chemically etched away to obtain a 1 D grating when a single exposure of the laser is applied. The
period P of the interference fringes is dependent on the angle between the direct and the reflected beam
0 and wavelength of the laser A. The period d can be calculated by [238]:

A 4.1
P=
2 sinB

As shown in Figure 2.5, the rotation stage rotates the Lloyd’s mirror to vary the angle 0 to produce
fringes of various periods. A high coherence and similar intensity level of the direct and reflected is
required to ensure a high intensity pattern. Thereby improving the sharpness of the features recorded in
the photosensitive film. A high coherence can be achieved by selecting a laser source with a very narrow
wavelength width. Although the setup is very compact and stable compared to other LIL methods, the
degree of freedom of the setup is low [239]. The total area of the substrate exposed to the interfering
beams varies with the angle 0; hence, as the angle decreases, the exposed area decreases. Thus, creating
a limitation on the period of the gratings that can be made.

Multiple exposure exposures can create more complex patterns on the substrate. Moreover, the size and
period of the structures can be tuned slightly by varying the exposure and the development time. In the
current article, a double exposure of a photoresist coated on a glass substrate was performed. Wherein,
after the first exposure, the substrate was rotated by 90° for the second exposure. Due to the difference
in refractive indices of the photosensitive material and the substrate, a second standing wave is formed
on the walls of the photoresist [240]. Therefore, the exposure and development time have to be
optimized to avoid defects in the pattern formed on the substrate. In the next step, a thin chromium layer
(to ensure good adhesion of the gold layer [241]) and a gold layer of the required thickness were
deposited on the substrate. The excess gold and photosensitive film were etched away to obtain an array
of nanodisks on the glass substrate. Optimizing the exposure time was also necessary to ensure that the

final etching step was successful.
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3.5 Thermal deposition
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Figure 3.5 Schematic of the thermal evaporation process.

Thermal deposition was used to deposit a thin gold layer on the glass substrates. A thin layer of
chromium, 5 nm to 10 nm, was used as an adhesive between the gold and glass. The samples were
mounted on a holder with a quartz base and were placed inside the chamber of the thermal evaporator
as shown in Figure 3.5. However, the quartz base was not used for the instrument used to deposit gold
for the LIL samples. Pure solid gold and chromium were placed in ceramic boats. Vacuum greater than
107 torr was created in the chamber, following which chromium was heated, which led to its
evaporation. Initially, a cover was applied to stabilize the evaporation rate. After the stabilization of the
metal deposition at the selected deposition rate, the cover was slid to the side to expose the samples. A
different second quartz thickness monitor (only one quartz base was used for the LIL samples) was used
to ensure the targeted thickness was achieved. After the thin chromium layer, gold of the desired

thickness was deposited on the samples.
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3.6 Transmission spectroscopy
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Figure 3.6 Ray diagram presenting the components of the transmission spectroscopy setup. Inset has

the image of the tabletop setup at IIT Ropar.

The transmission response of the LIL samples was analysed using the method mentioned in Figure 3.6.
A broadband light source using a xenon lamp was controlled using a pinhole and focussed on the sample
using two collimating lenses. Another lens was used to guide the light to the fibre optic cable and
eventually to the StellarNet spectrometer. Thereby, plots of the transmission intensity and wavelength

(400 nm to 1000 nm) of the LIL samples were acquired to study their plasmonic response.

33



3.7 Surface Plasmon Resonance (SPR)
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Figure 3.7 a) Image of the tabletop SPR setup at IIT Ropar. b) Schematic of the Kretschmann

configuration for excitation of the SPR condition. ¢) Ray diagram explaining all the components of the

SPR setup.

To analyse the SPR response of thin gold films, the method shown in Figure 3.7 was used. The light
source was collimated using two plano-convex lenses of focal length 30 mm to achieve a sharp and
coherent beam. A polarizer was used to select the desired mode (TM or TE) which was to be incident
on the sample. The sample, which was deposited on a glass slide, was adhered to a prism using a
refractive index matching oil. The prism was placed on a rotating stage for angle based reflectivity
measurements. The incident light after total internal reflection was collected using a lens that was
contained in the fibre optic holder. Fibre optic cable guided the light to the spectrometer, which provided

the plot of the reflectivity and wavelength of the thin films.
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3.8 Other characterization techniques

AFM: The height of the nanodisks was confirmed by atomic force microscopy (AFM) using the
Bruker Multimode AFM.

FTIR: Bruker Tensor II was used for the FTIR measurements of the agrochemical.

Raman: The Raman measurements were performed using the Horiba LabRAM HR via a 633 nm
laser (Melles Griot) and 100x objective lens with 0.8 numerical aperture.

FE-SEM: Field Emission Scanning electron microscopy (FE-SEM) images by Zeiss Gemini 500
SEM were used to measure the diameter of the nanodisk and the period of the array fabricated using
LIL.

SC-XRD: Single crystal x-ray diffraction (SC-XRD) was performed on the Bruker D8 venture with
x-ray wavelength of 0.71073 A to compare the experimental structures of molecules.

XRD: The grain size of the gold nanodisks was calculated using x-ray diffraction (XRD)

measurements (Malvern PANalytical) at an omega angle of 1°.
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Chapter 4. Simulating the Geometric Dependence of Plasmonic Responses

This chapter aims to use FEM simulations to study the effect of size, shape, material, and surrounding
environment on plasmonic response of nanoparticles and nanoarrays. Simulation is an excellent tool
available to scientists and engineers to predict the response of their samples for specific applications.
Thereby reducing the cost of experimental fabrication by optimizing the parameters using simulation

results.

4.1 Single nanoparticles

The selection of material, size, shape, and the surrounding environment is essential for tailoring the
response of the single nanoparticle. Although there are several works in the literature studying the
properties of gold and silver nanoparticles of various shapes [242-244], the collective quantitative
comparison of all the metals displaying the best plasmonic response, gold, silver, copper, and
aluminium, of various shapes, sizes and embedding over a broadband range will be beneficial to the
scientific community. The optical response of all the materials, shapes and surrounding medium from
the UV to the NIR wavelength range is shown in Figure 4.3 (a-1). Initially, the response of silver will
be used to establish the effect of size, shape, and embedding. In the last part of this section, the dipole
and higher order peaks appearing in the extinction spectrum for all the materials will be analysed

quantitively.

4.1.1  Simulation parameters and validation

The shapes of the nanoparticles and the direction of the incident light and its polarization are shown in
Figure 4.4. The volumes of the nanoparticles being studied were equal to spheres of diameter 50 nm,
100 nm, 150 nm, and 200 nm, and the sides of the nanobars and nanoprisms were calculated as per
section 3.1.2. The sides of the cross-sections and the edges of the nanobars and nanoprism were
smoothened by filleting to construct shapes comparable to experimentally fabricated nanoparticles [245,
246]. The general rounding radius was selected to be 4 nm, and the fillet radius of the sides of the square
and the equilateral triangle was chosen as side/20. Therefore, both the shapes would have the same
rounding of the edges, and only the inherent effect of the shape of the nanobar and nanoprism can be
observed. The thickness of the nanobar and nanoprism was selected to be 30 nm, to effectively observe
the plasmonic effect in all the sizes.

The light was incident normal to the square and triangular face of the nanobar and the nanoprism. The
electric field was parallel to the side of the square face of the nanobar and perpendicular to the side of
the equilateral triangle of the nanoprism. Comparing the extinction cross-section of the nanoprism,
when the electric field was perpendicular and parallel to the side of the equilateral triangle
(configuration 1 and 2 in Figure 4.4); the peak wavelengths were similar with slightly decreased

intensity (due to the decrease in the size in the direction of the electric field) for the case of electric field
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parallel to the side. Hence, only the configuration with electric field perpendicular to the side was used
to compare the response of the various nanoparticles. The optical properties of gold, silver, copper [247],
aluminium [248], and a-Si [249] were obtained from the literature. The relative permittivity of the
aforementioned materials is in complex form. The permittivity of air and glass contains only the real

part and was set as 1 and 2.25, respectively.

T T T T T T T
—e— Experimental photon emission intensity spectra [1]
--m- FEM simulation extinction cross section :
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Figure 4.1 Measured scanning transmission electron microscopy—cathodoluminescence (STEM-CL)
unpolarized photon-emission intensity spectra collected for dipole position (solid black line with
circular markers) [250] for gold nanoprism of side 266 nm and height 50 nm and FEM simulation
extinction cross section of the nanoprism of the same dimensions (red dashed line with square markers).

a)

D

=1 - -

Figure 4.2 (a-d) Measured monochromatic photon maps for nanoprism of side 266 nm and height 50
nm for the dipole (D) (a and b) and quadrupole (Q) (c and d) modes at the peak energies for s (a and c)
and p polarized (b and d) emission. Each pixel is associated with a different position of the electron
beam [250]. (Figures adapted with permission from ACS Nano 2018, 12, 8436—8446. Copyright 2018
American Chemical Society). (e-f) The normalized electric field (V/m) using FEM simulation for the
same nanoprism for the D (e and f) and Q (g and h) modes when the electric field is perpendicular (e

and g) and parallel (f and h) to the side of the nanoprism.
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To further establish the accuracy of the simulation results, the far field and near field simulation results
of nanoprisms were compared with experiments performed by Myroshnychenko et al. [250] in Figure
4.2. The experimental photon emission intensity spectra and the hotspot created due to dipole and

quadrupole modes of the gold nanoprism were in close agreement.

4.1.2  Effect of size change

Silver is considered the best material for plasmonic devices due to its low imaginary part of permittivity
and lack of overlap of the plasmonic peaks and interband transitions. The real and imaginary
components of permittivity for silver are very close to zero at around 320 nm. Hence, for all the shapes,
sizes, and surrounding environments, a dip was observed in the extinction spectrum near the
aforementioned wavelength. The spherical silver nanoparticle of volume 50 nm displayed a clear dipole
at 363 nm when the surrounding medium was air as shown in the solid red line in Figure 4.3 (a)). The
absorption component was higher than scattering in the dipole extinction peak. As the volume of the
nanoparticle was increased to a sphere of diameter 100 nm, the dipole peak red shifted to 393 nm (solid
red line Figure 4.3 (b)), and the increased size led to a much higher scattering component as compared
to absorption [63].

The higher scattering and absorption caused an increase in the overall extinction cross section of the
dipole peak. The red shift was observed because upon an increase in size causing a lower surface to
volume ratio creates a lower surface charge density, thus, causing a lower restoring force
(depolarization) leading to a decreased resonance frequency [251, 252]. Along with the red shift, the
full width at half maxima (FWHM) of the dipole peak increased upon an increase in size due to radiation
damping, causing a weakened dipole plasmon [253, 254]. Furthermore, a small quadrupole component
was observed at 353 nm, since increasing the size enables higher multipole character due to the
increased radiative damping [255, 256]. Upon increasing the diameter of the sphere to 150 nm, the
dipole and quadrupole peaks were observed at 458 nm and 366 nm, respectively (solid red line Figure
4.3 (c¢)). The extinction cross section of the quadrupole peak was larger than the dipole peak. A small
octupole component was observed in the extinction spectrum at 360 nm when the diameter of the silver
sphere in air was increased to 200 nm, which is seen in the solid red line of Figure 4.3 (d)). The dipole
and quadrupole peaks were red shifted to 570 nm and 390 nm, respectively, for the aforementioned plot.
The effect of nanoparticle size on the plasmonic peaks of other metallic nanoparticles is similar

qualitatively, the quantitative comparison of various metallic nanoparticles is discussed in section 4.1.5.
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Figure 4.3 Plots of the extinction cross-section for gold (black), copper (blue), silver (red), and
aluminium (orange) in air (solid line), glass (dashed line), and a-Si (dotted line) environment, of
spherical nanoparticles, nanobars and nanoprisms (left to right), and volumes equal to spheres of
diameter 50 nm, 100 nm, 150 nm, and 200 nm (top to bottom). 1, 2, and 3 represent the dipole,

quadrupole, and octupole peaks, respectively.

4.1.3  Effect of change in shape

The dipole, quadrupole, and octupole electric field distribution for sphere [255, 257], nanobar [258],
and nanoprism [259, 260] are displayed in Figure 4.4 (a-1) for silver nanoparticles in air of volume equal
to sphere of diameter 200 nm. The shape of the square and triangular face of the nanobar and nanoprism
causes hotspots creation (Figure 4.4 (d-1)). Hence, the intensity of the maximum electric field was much

greater in nanobars and nanoprisms dipoles than the equivalent spherical nanoparticles. The quadrupole
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electric field distribution for nanobar and nanoprism of volume equal to 50 nm diameter sphere was
similar to the equivalent spherical nanoparticle due to the low aspect ratio. The maximum intensity of
the electric field was similar for dipoles, quadrupoles, and octupoles in spheres. Further, in Figure 4.4
(a), dipole configuration was slightly asymmetrical due to the higher order pole (quadrupole, octupole,
etc.) effects [255]. In the studied polarization direction, where the electric filed was perpendicular to
the side of the triangle, the size of the triangle was greater than the square for the same volume. Hence,
for the same volume, the aspect ratio of a nanoprism was greater than that of a nanobar. For the dipole
electric distribution, the regions of high electric field were larger in nanoprisms than nanobars.
Meanwhile, for quadrupole and octupole, the difference in maximum intensity was not very significant.
The hotspot formation causes a significant increase in the dipole peak intensities in the extinction
spectrum, which was also observed in the difference in the extinction cross section scales used for
spherical nanoparticles, and nanobars and nanoprisms in Figure 4.3 (a-1). The electric field distribution
for the nanoprism when the electric field was perpendicular and parallel to the side of the triangle
(Figure 4.4 (j-1)) were compared. Although the dipole and multipoles configurations were considerably
different, as previously explained, the extinction cross-section of both systems was similar in peak
positions; however, the intensity of the peaks decreased slightly for the nanoprism with electric field
parallel to the side of the triangle due to the decreased aspect ratio in the electric field direction.

When the volume was equal to sphere of diameter 50 nm, the dipole peaks for silver nanobar and
nanoprism in air were at 408 nm (solid red line in Figure 4.3 (e)) and 447 nm (solid red line in Figure
4.3 (1)), respectively. A significant red shift was observed as compared to the spherical nanoparticle due
to the change in shape from the equivalent spherical nanoparticle, for which dipole peak was present at
363 nm. The extinction cross section of the nanoprism was greater than the nanobar due to higher aspect
ratio of the nanoprism. The higher intensity of the electric field hotspots in nanoprism (Figure 4.4 (g))
as compared to nanobar (Figure 4.4 (d) leads to an increased extinction cross section for the equivalent
nanoparticles (Figure 4.3). Hence, correlating the near field enhancement (hotspots) with their far field
response (extinction cross section). Furthermore, the lack of hotspot generation in spherical
nanoparticles leads to the lower extinction cross section in spherical nanoparticles as compared to the
equivalent nanobars and nanoprisms. It was observed that the dipole peaks were much higher in
intensity than the quadrupole and octupole peaks due to the presence of high intensity hotspots in the
dipole configuration, even when the volume of the nanobar and nanoprism was equal to sphere of
diameter 200 nm (solid red line in Figure 4.3 (h and 1)). Similar to the spherical nanoparticles, increasing
the volume led to red shifting and increased FWHM of the dipole and other higher order peaks as seen
in Figure 4.3 (f and j). For silver nanoparticle of volume equal to 100 nm diameter sphere in air, the
dipole peak red shifted by 30 nm for spherical nanoparticle, 179 nm for nanobar, and 221 nm for
nanoprism, as compared to nanoparticle of volume equal to 50 nm sphere. Further increase in size lead
to an increased red shift and increased intensity of electric field hotspots, and hence a higher extinction

cross section for all the shapes, although the electric field distribution of the dipole and higher order
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poles remained similar. Silver, had the highest hotspot intensity and therefore, the highest extinction
cross section for equivalent nanoparticles as compared to the other metals due to lowest losses as seen
in the imaginary part of the dielectric function. The electric field distribution of hotspots was similar
for all the metals, however, the intensity changed as a result of the variation of the dielectric functions.
Comparing the red shift when the volume of the nanoparticle was varied from 50 nm diameter sphere
to 100 nm diameter sphere in air, the dipole red shift for gold was 10 nm for spherical nanoparticle, 120
nm for nanobar, and 163 nm for nanoprism. The dipole red shift for copper was 79 nm for nanobar and
128 nm for nanoprism; for copper, no distinct dipole peak was present for spherical nanoparticle of
diameter 50 nm. The dipole red shift for aluminium was 107 nm for spherical nanoparticle, 226 nm for

nanobar, and 256 nm for nanoprism. The red shifts due to the change in material is studied in detail in

section 3.4.
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Figure 4.4 The normalized electric field (V/m) of silver nanoparticles in air with volume equal to sphere
of diameter 200 nm. From left to right, the dipole, quadrupole, and octupole configurations of spherical
nanoparticle (570 nm, 390 nm, and 360 nm), nanobar (1090 nm, 558 nm, and 453 m), and nanoprism

(1394 nm, 704 nm, and 611 nm).
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4.1.4  Effect of nanoparticle embedding in dielectric

Embedding a silver nanoparticle in glass and a-Si has a significant effect on the characteristics of the
dipole and other higher order peaks. Glass is considered to only have a constant real permittivity of
2.25; a-Si, on the hand, has a real and imaginary competent which varies with wavelength. In the visible
region, the real part of permittivity of a-Si is much higher than glass, and the imaginary part decreases
from a finite value and tends to zero beyond 950 nm. The increase in the permittivity of the surrounding
medium induces greater polarization of the medium, which attenuates the charge concentration in the
resonance zone (decreased surface charge) that leads to decreased restoring force [261]; hence, the peak
is red shifted as compared to air environment. Furthermore, the dip for silver nanoparticles near 320 nm
is not very sharp for a-Si environment as compared to air and glass, due to higher absorption (dotted
red lines in Figure 4.3 (a-1)). The dipole peak for the 50 nm diameter spherical silver nanoparticle was
red shifted to 435 nm (dashed red line in Figure 4.3 (a)) and 864 nm (dotted red line in Figure 4.3 (a))
in glass and a-Si, respectively, as compared to air. Furthermore, the aforementioned peak broadens as
the surrounding medium was changed from air to glass to a-Si  due to the increased damping because
the external field weakens due to the increase of the surrounding refractive index [262]. In glass and a-
Si, quadrupole peaks were observed at 385 nm in the dashed red line in Figure 4.3 (a) and at 673 nm in
the dotted red line in Figure 4.3 (a) for 50 nm diameter spherical nanoparticle. In a-Si, a small octupole
component was also present at 615 nm for the 50 nm diameter silver sphere. Hence, multipole character
was observed for smaller sizes as compared to nanoparticles in air, similar to the size effect, higher
damping causes increased multipole character because of the increased retardation effects when the
dielectric constant of the surrounding is increased [60, 263]. Increasing the diameter of the spherical
nanoparticle to 100 nm in glass and a-Si environment, a red shift and broadening of the dipole and
higher order poles were observed in the red dashed and dotted lines in Figure 4.3 (b). In a-Si medium,
the dipole, quadrupole, and octupole peaks were clearly distinguishable for the aforementioned silver
nanoparticle. The dipole peak was shifted beyond 1800 nm for spherical silver nanoparticle of diameter
200 nm in a-Si as observed for the dotted red line in Figure 4.3 (d)). Silver nanobar and nanoprism of
volume equal to sphere of diameter 50 nm, had dipole peak in glass environment at 533 nm (dashed red
line in Figure 4.3 (e)) and 603 nm, respectively; and in a-Si environment at 1125 and 1297 nm,
respectively. Upon increase in volume to sphere of diameter 100 nm, the dipole peak of nanobar and
nanoprism in a-Si shifted beyond 1800 nm due to the combined effect of the shape and surrounding
environment. Additionally, for glass environment the dipole peak shifted beyond 1800 nm for silver
nanobar and nanoprism of volume equal to sphere of diameter 200 nm (dotted red line in Figure 4.3 (h
and 1)). Hence, the analysis when the dipole was beyond the range of the simulation, the higher order

poles were considered.
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4.1.5 Effect of change of material

The previous parts of the results section discussed the optical response of silver nanoparticle due to
change in size, shape, and surrounding environment. In the current part, the comparison of the response
of spherical nanoparticles, nanobars, and nanoprisms of gold, copper, silver, and aluminium due to
increase in size (Figure 4.5 (a-c)), and change in the surrounding environment (Figure 4.5 (d) & (e)) are
presented. The separate plots for individual materials in Figure 4.5 are displayed in the Appendix C for
gold, copper, silver, and aluminium.

Silver, gold, and copper have interband transitions at around 320 nm, 521 nm, and 590 nm, respectively.
The interband transitions for gold and copper overlap with the plasmonic region; hence, multipole
behaviour was not observed for smaller sizes in air as evident by the solid black and blue lines in Figure
4.3 (a-j)). Copper and gold display similar peak wavelengths, but the higher absorption of copper due
to the larger imaginary part of the dielectric function leads to peaks of lower intensity. The dipole peak
for copper sphere in air was not sharp for nanoparticles of volume lower than diameter 200 nm sphere
(Solid blue line in Figure 4.3 (a-c)). Simulations were performed starting from 50 nm for aluminium
nanoparticles to observe important peaks in the UV region. The dipole and quadrupole peaks were
observed at 187 nm and 143 nm for aluminium sphere of diameter 50 nm as shown in the solid orange
line in Figure 4.3 (a). The imaginary part of permittivity is close to zero up to 200 nm in aluminium,
beyond which it increases; hence, the highly intense peaks are present in the UV region for aluminium
for small sizes. The high imaginary part of permittivity leads to lower intensity peaks beyond the UV
region for aluminium as compared to other materials. Additionally, the overlap of the interband and
plasmonic peak at around 870 nm causes broad peaks for aluminium around this wavelength which can
be observed in air by the solid orange lines in Figure 4.3 (g and k), in glass by the dashed orange lines
in Figure 4.3 (f and j), and in a-Si by the dotted orange line in Figure 4.3 (a, e and 1).

Figure 4.5 (a) shows that the dipole red shift in air due to increase in volume of the equivalent
nanoparticles. When the surrounding was air, the dipole red shift for the spherical nanoparticle was the
lowest. The dipole red shift for nanoprism was higher than the nanobar for gold, silver, and copper.
Comparing the dipole red shift among materials, aluminium displayed the highest red shift upon
increase for nanoparticles whose volume was increased from 50 nm to 100 nm diameter sphere. The
massive shift can be attributed to the involvement of interband transitions of aluminium. As the peaks
move away from the interband transitions, due to the increase in volume, the dipole red shift in
aluminium gradually decreases as the volume of the nanoparticle was increased. Gold and copper
display similar dipole red shift, and silver displayed slightly higher values than gold and silver.
Furthermore, it was observed that the dipole red shift for increase in volume from diameter 100 nm to
150 nm was very similar (slightly lower) than increase in volume from diameter 150 nm to 200 nm.
Furthermore, it can be observed from Figure 4.3 that for silver, gold, and copper, the dipole peaks for
200 nm diameter nanoparticles were very similar. Figure 4.5 (b) shows the dipole red shift due to an

increase in size in glass environment. The values were significantly higher for gold, copper, and silver
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spherical nanoparticles than the equivalent nanoparticles in air. The nanobars and nanoprisms showed
slightly higher values than the equivalent nanoparticles in air for the aforementioned nanoparticles.
Similar to air, aluminium displayed the highest dipole shift in glass environment, which was followed
by silver. In a-Si environment, the dipole peak was not present for all the nanoparticles; hence, higher
order poles were compared in Figure 4.5 (¢). The higher order poles display lower peak shift as
compared to dipole peaks. Similar to the previous cases, gold and copper have similar shifts, although,
gold has slightly higher values. The broad peaks of aluminium lead to the lack of higher order peaks for
some of the nanoparticles; however, spherical nanoparticle of aluminium had the largest shift due to
increase in size.

To analyse the effect of only the surrounding environment, the red shifts of the dipole peaks in glass
and a-Si environment were compared to the equivalent nanoparticles in air for the various sizes of the
nanoparticles in Figure 4.5 (d) and (e). Aluminium dipole displayed the highest shift for all sizes of
spherical nanoparticles in glass compared to air. In a-Si environment, the dipole shift compared to air
was much greater as compared to glass environment. It was clearly observed that for all the shapes and
sizes, aluminium displayed the highest dipole peak shift in a-Si compared to air, followed by silver,

gold, and copper.
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Figure 4.5 Quantitative peak shift upon increase in size for nanoparticles in a) air, b) glass, and c) silicon.

Dipole shift compared to the equivalent nanoparticle in air for d) glass and e) a-Si surrounding.
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4.2 Nanoarrays
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Figure 4.6 Simulation transmission plot comparing a single nanodisk (diameter 200 nm and thickness
45 nm) and the same nanodisk placed in an array of period 400 nm (diameter of the disk was 200 nm

and thickness 45 nm)

To enhance the optical response of the nanoparticles, they were placed in a periodic array which added
a resonance due to periodicity to the inherent LSPR of the nanoparticle as shown in Figure 4.6. Thereby
unlocking the potential of nanostructures.

The current work aims to improve the understanding of the resonant modes in a nanoarray placed in a
non-homogenous medium (air-glass interface) for sensing applications. Single structure resonance and
grating resonance, as well as their coupling effect are presented. First, the effect of geometric parameters
(diameter, thickness and periodicity) of gold nanodisk arrays of gold and aluminium are compared.
Then, the disc shape is compared with square and triangle, to observe the effect of increased hotspot
generation on their overall plasmonic response and sensitivity. Although the discussion of nanoarrays
is prevalent in the literature, the discussion covering material effect, the single structure response, lattice

and structure resonance coupling, and sensitivity analysis is lacking.

4.2.1 Simulation parameters and validation

The simulation was performed as per section 3.1.3 for nanopatterns with disc, triangular, and squares.
To compare the three shapes, the volume of the shapes was kept the same. Figure 4.7 (a) shows the
various shapes and the geometric parameters studied in the current article. To calculate the transmission
spectra of the various nanoarrays, the simulation was performed from wavelength 200 nm to 1800 nm.

Initially, the effect of thickness (10 nm to 150 nm) with diameter to period ratio of 0.5 for gold and
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aluminium nanodisks of diameter 50 nm, 100 nm, 200 nm, and 300 nm was seen. Then, the effect of
periodicity (diameter to periodicity ratio 0.2 to 0.8) for the aforementioned nanodisks with thickness 30
nm was calculated. The coupling effect was most clearly observed in 200 nm nanodisks (explained in
results and discussion section); hence, it was selected for further analysis. Similar thickness and
periodicity studies were performed for square and triangle shapes with volume equal to disc of diameter
200 nm and thickness 30 nm. Sensitivity analysis was performed for the optimal coupling periodicity.

The simulation was validated using experimental results; the comparison is shown in Figure 3.2 (b).
The nanodisks were fabricated using laser interference lithography (LIL) which is explained in section
3.4. The discrepancy in the resonance wavelength was less than 4 % and a stronger resonance was
observed compared to the experimental spectrum. It was deemed to be due to the practical losses and

imperfections in the experimental nanoarray.
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Figure 4.7 (a) Simulation domain showing the ports, periodicity and the shapes that were analyzed. The
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of the dielectric function of gold and aluminium according to Lorentz Drude model.
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4.2.2  Effect of geometric parameters (thickness, diameter, and periodicity)
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Figure 4.9 Simulated transmission spectra for gold disc nanoarray at air glass interface. (a-d) Thickness
variation and (e-f) variation of d/P. The vertical dashed lines represent lattice resonance, (1 0) diffraction
edge, and the number beside is the refractive index for the lattice resonance. No number pertains to the

resonance due to glass environment (n = 1.5). Solid line represents the single disc resonance.
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The selection of geometric parameters is a critical aspect for any plasmonic application. Generally, the
disc nanoarray is the easiest to fabricate by the methods listed in the introduction section. Furthermore,
in many of the techniques, the diameter to period ratio (d/P) is usually around 0.5. Therefore, the gold
disk nanoarray on a glass air interface of diameters 50 nm, 100 nm, 200 nm, and 300 nm are compared
with d/P 0.5 in the Figure 4.9 (a-d). A strong resonance in the transmission spectra was observed in
Figure 4.9 (a) and (b). In the near field, the creation of a dipole was observed in the electric field contour,
as shown in Figure 4.13 (d). Increasing the thickness leads to a blue shift in the transmission dip, this is
due to an increase in the surface charge of the nano sized disc [264]. The increase in size diameter
causes a red shift of the transmission dip. The larger size creates a lower surface charge density, which
leads to a weaker restoring force of the oscillating dipole and hence, a decreased resonance frequency
[251, 252]. Further, the increase in size also increases the size of the localized plasmon, which is
comparable to the size of nanodisk [253]. Therefore, the increased size also causes higher radiation
damping that increases the full width at half maxima (FWHM) of the dipole resonance [253]. Now, for
the 200 nm diameter disc, a Fano like resonance can be clearly observed at 600 nm for all the thicknesses
that are plotted in the Figure 4.9 (c¢). This Fano resonance is due to a lattice effect in the surrounding
refractive index, which can be approximated using the following general equation [265].

A=nP 5.1

where A represents the resonance wavelength, n is the refractive index of the surrounding. The 600 nm
lattice resonance is due to the 1.5 refractive index of the glass substrate. Increasing the thickness creates
a higher conferment of the EM wave; therefore, for larger thicknesses, along with a dipole at larger
wavelengths, an octupole resonance [197] can be observed at the shorter wavelengths as shown in
Figure 4.13 (d). Moving to an even greater diameter of 200 nm, along with the lattice resonance due to
glass surrounding at 900 nm, another lattice resonance can be observed at 400 nm due to the refractive
index of air (n =1).

The effect of periodicity is observed by varying the d/P ratio for the various diameters of the disc
nanoarray as shown in Figure 4.9 (e-h). It was observed that at smaller d/P (for very large periodicity),
the resonance intensity was very low, and it increased as d/P was increased (the periodicity becomes
closer to the diameter of the disc). For larger d/P, the higher confinement of the EM wave creates a
strong plasmonic response. The dashed lines represent the lattice resonance for the respective coloured
d/P. An interesting observation can be made for 200 nm diameter disc nanoarray (Figure 4.9 (g)). The
major transmission dip had a very strong resonance for the d/P ratio of 0.4. It was noted that the single
particle resonance for 200 nm diameter gold disc is at 895 nm, represented by the solid black line. It
was observed that the strongest resonance (had the lowest transmission dip) for the d/P ratio for which
the lattice resonance was the closest to the single particle resonance. As the lattice resonance moved
further away from the single particle resonance, the intensity of the major resonance decreased. Hence,

it can be concluded that the coupling of the single particle and lattice resonance creates a highly intense
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transmission dip [266]. For a 300 nm diameter disc nanoarray, the single particle resonance was at 1152
nm (far away from the lattice resonance), and the lattice resonance dominates the single particle
resonance. Meanwhile, for 50 nm and 100 nm diameter, the single particle resonance (at 592 nm and
664 nm, respectively) dominates the transmission spectra. Therefore, to observe the coupling effect in
other shapes (square and triangular nanoarrays), where the volume is kept equal to the diameter 200 nm
disc. The comparison of the various shapes is presented after the discussion of aluminium disc

nanoarray.

4.2.3  Effect of change of material

To study the effect of the change in material to the response of the nanopattern array, the extinction
cross section spectrum of single nanostructures of volume equivalent to disc of diameter 200 nm and
thickness 30 nm (shown in Figure 4.10). Considering a nanodisk of gold and aluminium, it was clearly
observed that a strong dipole resonance was seen for both. However, for aluminium, the resonance was
blue shifted, had a higher FWHM, and was of lower intensity. To explain this change in the response of
the nanodisk, the dielectric function of gold and aluminium, shown in Figure 4.7 (b) will be used. The
blue shift was due to the large negative real part of the dielectric function achieved for shorter
wavelength in aluminium as compared to gold. The broader and less intense resonance was due to the

large positive imaginary part of the dielectric function.
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Figure 4.10 Extinction cross section of single nanostructures (disc, square, and triangle) with volume

equivalent to a nanodisk of diameter 200 nm and thickness 30 nm of a) gold and b) aluminium.
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Figure 4.11 Simulated transmission spectra for aluminium disc nanoarray at air glass interface. (a-d)
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diffraction edge, and the number beside is the refractive index for the lattice resonance. No number
pertains to the resonance due to glass environment (n = 1.5). Solid line represents the single disc

resonance.
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Now, when the nanodisks were arranged in a square lattice, it was observed that the dipole resonance
of aluminium for similar sizes was blue shifted, and a strong resonance in the transmission spectra was
also observed in the UV region as shown in Figure 4.11 (a-h). This can be easily observed for 50 nm
and 100 nm diameter disc nano array in Figure 4.11 (a) and Figure 4.11 (b). The distinguishable
resonances in the UV region in aluminium can be explained due to the lower imaginary part of the
dielectric function in the UV region (shown in Figure 4.7 (b)). However, at larger wavelengths, the
transmission dip is broader and less intense in aluminium because of the increased losses, as compared
to gold. The Fano resonance due to lattice effect was seen for diameter 100 nm disc nanoarray also. The
other observations for aluminium disc nanoarray were similar to that of gold nanoarray. For the diameter
200 nm aluminium disc nanoarray, the single particle resonance for aluminium was at 691 nm. The
highest coupling effect was observed for the d/P of 0.4, for which the lattice resonance was at 750 nm.
The red shifted lattice resonance (for d/P 0.5 and d/P 0.6) led to a weaker resonance (higher FWHM)),
and for the red shifted resonance (d/P = 0.2), the resonance almost disappeared. Also, due to the low
losses in the UV region, a big coupling effect was also observed for d/P ratio of 0.4 for diameter 100
nm disc nanoarray (which was absent for gold nanodisk array). Therefore, the material and the

geometric parameters play a critical role in determining the plasmonic response of the nanoarray.

4.2.4  Effect of change of shape

To analyse the effect of the shape of the particle in the nanoarray, square and equilateral triangle shapes
were simulated. The sides s (for square) and t (for triangle) were kept at 177.25 nm and 269.35 nm to
keep the volume equal to the disc with a diameter of 200 nm. The size was chosen in order to observe
the coupling effect clearly in the selected shapes. The polarization direction for the simulated plots can
be seen in Figure 4.13 (6 was 0° for the plots in the current article). The extinction cross section plots
in the Figure 4.10 present the effect of the change in optical response for disc, square and triangle of
volume equal to nanodisk of diameter 200 nm and thickness 30 nm. A red shifted and increased dipole
intensity in the extinction cross section spectrum can be observed as the shape of the nanostructure was
changed from disc to square to triangle. The red shift was majorly due to the increase in size of the
structure (both square and triangle) in the polarization direction (the direction is same as for 4.13) when
the volume was kept equal to the disc. The increase in intensity was due to the creation of electric field
hotspots near the sharp corners in square and triangle [25]. The asymmetry in the dipole resonance in

aluminium structures was because of the increased effect of higher order poles.
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Figure 4.12 Comparison of gold (a-d) and aluminium (e-h) nanoarray simulated transmission spectra of
square (a, ¢, e, and g) and triangle (b, d, f, and h). (a, b, e, and f) shows the height variation and (c, d, g,
and h) shows the respective t/P and s/P ratios. The side of square and triangle were kept as 177.25 nm
and 269.35 nm to keep the volume equal to the disc of diameter 200 nm. The nanoarray was at air glass
interface for 6 = 0°. The vertical dashed lines represent lattice resonance, (1 0) diffraction edge, and the
number beside is the refractive index for the lattice resonance. No number pertains to the resonance due

to glass environment (n = 1.5). Solid line represents the single disc resonance.
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Simulations were performed for both gold and aluminium nanoarrays to observe the effect of thickness
and periodicity, as shown in Figure 4.12 (a-h). The plots displayed a similar trend to that discussed for
disc nanoarray. It was observed that for comparable sizes, the major resonances were red shifted due to
single particle resonance being at longer wavelengths for both square and triangle. Furthermore, the
increased confinement of the EM wave due to the hotspot generation was confirmed by the increased
intensity of the resonances. Similar to the disc nanoarray, higher order poles were observed for larger
thicknesses which are shown in Figure 4.12 (e) and (f). Comparing gold and aluminium, it can be
inferred from Figure 4.12 b) and f), the lattice resonance due to air (n = 1) was more clearly observed
for aluminium. The lower losses in the UV region, as seen in Figure 4.7 (c) was the clear contributor to
the aforementioned phenomenon. A similar trend was also seen in Figure 4.12 (a) and (e). Furthermore,
for similar sizes, the coupling effect was observed more clearly for aluminium square and triangle in
the Figure 4.12 (g) and (h) due to the increased proximity of the single particle resonance to the lattice

resonance. The effect of polarization was also checked using refractive index variation plots in
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Appendix D; it was observed that the shift in the resonance wavelengths was not very significant for
the respectively comparable cases for 6 = 45° for square nanoarray and 6 = 60° and 90° for triangle

nanoarray as compared to the 6 = 0° polarization.

4.2.5 Sensitivity comparison
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Figure 4.14 Refractive index (nl) variation in gold (a-c) and aluminium (a-c) nanoarray for disc (a, €),
square, (b, f), and triangle (c, g) shapes. The sloid vertical line represents the single particle resonance.
The side of square and triangle were kept as 177.25 nm and 269.35 nm to keep the volume equal to the
disc of diameter 200 nm. The square lattice periodicity was equal to the coupling condition of the single

particle resonance at air glass interface.

The effect of the material and the shape of the nanoarray were quantified using a parameter that had
numerous practical applications. Nanoarrays are often used as chemical and biosensors, and they work
on the principle that a change in the surrounding refractive index is created by the targeted molecule.
This change in refractive index leads to shift in the resonance wavelength which can be observed in the
transmission spectrum. The refractive index based sensing has already been used for the detection of
bacteria [267], viruses [268], biomarkers [269], heavy metals [270], pesticides [271] etc. The sensitivity
of these sensors is defined as the ratio of change in wavelength to the variation refractive index.
Therefore, simulations were performed by varying n; from 1 to 2, the volume of the particle in the array
being equal to a disc with a diameter of 200 nm and a thickness of 30 nm. To compare the best
performing structures, the refractive index variation was performed when the periodicity of the lattice
was equal to the single particle resonance of the structure. The single particle resonance of the structures

was measured from the Figure 4.10, thereby, the sensitivity comparison was performed for the optimal
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coupling condition as shown in Figure 4.14 (a-g). It was observed that, when the surrounding of the
nanostructures became homogeneous (n; = ny = 1.5), the largest Fano like resonance was observed. As
expected, the resonance wavelength was at shorter wavelengths for aluminium as compared to gold.
Comparing the sensitivity, the triangle displayed the highest sensitivity, followed by the square and the
disc nanoarray, as shown in Figure 4.15. Furthermore, gold showed better sensitivity than aluminium
due to the larger losses in aluminium. The sensitivity comparison was also performed for the
nanostructures with periods equivalent to d/P = 0.5 (not at the optimal coupling condition) as shown in

the Appendix D. The sensitivity was much lower than for the structures at optimal coupling condition.
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Figure 4.15 Sensitivity comparison of gold and aluminium nanoarray of disc, square and triangle
nanoarrays (at the optimal coupling condition). Volume equal to disk of diameter 200 nm and thickness

30 nm.

Table 4.1 shows the sensitivity comparison of the various nanopatterns available in the literature. The
sensitivity of the triangle nanoarray was comparable to the configurations in the literature. Furthermore,
from table 1, it can be inferred that more complicated geometries (crescent shaped array [272],
sinusoidal grating [273], and C shaped nanorod array [274]) had higher sensitivities than the
conventional shaped arrays. Therefore, this confirms that geometries with more potential for hotspots

are highly suitable for sensing applications.
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Table 4.1 Sensitivity comparison of nanopatterns in the literature.

Configuration Sensitivity (nm/RIU) Reference
Nanograting 73 [275]
Nanodisks array 116 [276]
Plus shaped rod array 250 [277]
Elliptical nanodisk array 327 [278]
Nanocone array 450 [279]
Nanohole array 481 [280]
Nanoellipsoid array 484 [281]
Triangle nanoarray 541 This work
C shaped nanorod array 600 [272]
Sinusoidal nanograting 717 [273]
Nanocrescent array 879 [274]

4.3 Chapter summary

In this chapter, FEM simulations were used to understand the effect of shape, size, material and
surrounding environment on the plasmonic response of nanoparticles and nanoarrays.

For the single nanoparticles, it was observed that aluminium had very low losses in the UV region and
interband transitions are at around 870 nm. Hence, a strong plasmonic response was observed in the
UV region, and broad peaks were observed near the interband transition region. The sudden change in
the response of aluminium leads to an increased rate of dipole and multipole peak shift as compared to
other materials. The positioning of the interband transitions in the UV region and low losses make silver
the optimal plasmonic material in the visible and NIR region. As a result of the aforementioned reason,
silver had the most intense peaks and displayed the highest multipole character among all the materials.
Gold and copper showed a similar response; however, the high losses in copper leads to reduced
intensity of the peaks as compared to gold. As the size of the nanoparticles was increased, the shape and
size factor dominated more than the material. Aluminium and copper displayed good plasmonic
response for larger sized particles; therefore, they have the potential to be used as alternatives to gold
and silver.

The nanoarrays improve the plasmonic response of the nanoparticles. The geometry and material
parameters of nanoarrays on a glass substrate were studied. The coupling effect of the lattice resonance
with the single nanostructure resonance was observed for larger sized structures (disk of diameter
greater 100 nm). The coupling of the aforementioned resonances resulted in stronger resonance in the
transmission spectra. The increase in thickness of the structures led to increased confinement of the EM
wave and created higher order poles along with the major dipole response. Aluminium nanoarrays
displayed resonance at shorter wavelengths than gold; similar to the nanoparticles, resonance in the UV

region was also observed in nanoarrays of aluminium. However, in the visible region, the resonances
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were weaker due to increased material losses. The refractive index variation with resonance wavelength
(sensitivity) was studied to study the practical use of these nanoarrays. The overlap of the lattice
resonance with the single structure resonance was considered the optimal coupling condition.
Sensitivity at the coupling condition was the highest. The best sensitivity was observed for the gold
triangle nanoarray (541 nm/RIU), which was high compared to conventionally shaped sensing
substrates in the literature. Higher sensitivity was observed in the literature for unconventional shapes,
such as creset shaped nanoarrays and C shaped nanorods.

This work confirms that nanoarrays of large sizes (diameter greater than 100 nm for applications in the
visible region) at the optimal coupling condition are highly suitable for sensing applications. Hence,

gold nanodisk arrays of diameter greater than 100 nm were selected to be fabricated using LIL.
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Chapter S. Probing the Plasmonic Response

The simulation results in Chapter 4 assume that the nanostructures are perfect i.e., there are no rough
edges, imperfections or any other material defects. However, in experimentally fabricated films and
nanostructures, these imperfections are always present. This chapter aims to initially study the effect of
roughness on thin gold films. The change in roughness was achieved by introducing a piezoelectric
quartz base oscillating at a specific frequency during the gold deposition. Then, it was targeted to
enhance the plasmonic response of gold nanodisk arrays by annealing the structures. It was envisioned
that annealing would cause a change in the geometric parameters and surface morphology of the

nanostructures, leading to stronger resonances.

5.1 Effect of roughness on thin films

The current work presents gold films of various thicknesses (10 nm, 20 nm, 40 nm, 60 nm, and 80 nm)
deposited on a glass slide (BK7) under two conditions, with and without an oscillating quartz base. The
piezoelectric base oscillated with a frequency of 6 MHz. The presence of the piezoelectric base was
expected to change the surface roughness of the resulting gold film, thus affecting its sensing
performance. The simultaneous comparison of thickness and roughness on the SPR response of gold

films is essential to determine their plasmonic performance.

5.1.1 Experimental and simulation parameters

Gold was thermally evaporated at a rate of 1.5 to 2.0 A/sec by passing current in Tungsten boats. The
samples were glued to a quartz crystal used in thickness monitors vibrating in a fundamental shear mode
at approximately 6 MHz as shown in Figure 3.5. Samples without the quartz base were prepared with
similar deposition parameters. A second quartz thickness monitor was used to measure the sample
thickness. The Kretschmann configuration was selected to observe the SPR response of the gold films.
Light was incident on a prism with a gold coated glass slide adhered to it via a refractive index matching
oil. The prism assembly was transferred to the UV-Vis spectrometer (Agilent technologies, Cary series)
stage, which had a birefringent crystal polarizer to linearly polarize the light incident on the prism. The
incident angle was varied from 42.5° to 50.0° for s and p polarized light, and the wavelength range was
350 nm to 1050 nm. The obtained reflectivity spectrum for p polarized light was divided by the s
polarized light to suppress the noise of the plot. The roughness of the thin films was characterized using
AFM (Bruker Multimode Atomic Force Microscopy). Gwyddion software was used to calculate the
RMS roughness of the surfaces.

The simulation methodology in the section 3.2 was used to simulate the gold thin film (Bruggeman
Model to calculate effective dielectric constant and TMM calculations for the SPR response). The
values of fi and A that closely represented the experimental reflectance data were 0.25 and 0.5,

respectively.
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5.1.2  Experimental SPR response of thin films deposited with and without a quartz base
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Figure 5.1 Reflectance spectra as a function of angle of incidence of gold films for various thicknesses

deposited with and without a quartz base.
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The reflectance spectra as a function of angle of incidence for various thicknesses of gold films
deposited with and without quartz are shown in Figure 5.1. The plots were calculated using reflectivity
plots which are shown in Figure E.1. The dips in reflectivity correspond to the respective SPR
wavelengths and incidence angles. A narrow region of low reflectivity indicates a highly sensitive
sensing surface due to increased confinement of plasmons [282]. The narrow region can be seen clearly
for 40 nm thick films from wavelength 550 nm to 1050 nm. At wavelengths less than 550 nm, the
imaginary part of the dielectric of gold is very high; hence, most of the energy is absorbed in this region
[283]. Therefore, the optimal performance for a gold film of 40 nm thickness lies in the visible region.
Although the 60 nm thick film produced a narrow region of low reflectivity, the dip in reflectivity is not
as deep as the 40 nm thick samples. The 10 nm and 20 nm films do not show a sharp dip, and beyond
60 nm, the low reflectivity was barely present, which is in agreement with the literature [284]. For a
thickness below 30 nm, the number of charged electrons are too low to absorb the incident energy [129].
Beyond 60 nm thickness, the exponential decay of the evanescent wave prohibits any significant

plasmonic response.

Table 5.1 FWHM calculations for 40N, 40Q, 60N and 60Q samples. Where 40N (and 60 N) and 40Q
(and 60 Q) are gold films of thickness deposited with and without quartz base, respectively.

Angle of FWHM Angle of FWHM
incidence (°) incidence (°)
44.0 212.48 44.0 199.91
44.5 178.26 44.5 165.08
40N 45.0 153.42 40Q 45.0 143.57
45.5 142.67 45.5 129.95
46.0 128.43 46.0 124.20
44.0 146.35 44.0 112.83
44.5 115.71 44.5 91.32
60N 45.0 103.59 60Q 45.0 81.03
45.5 92.54 45.5 68.91
46.0 76.48 46.0 71.48

It is known that mechanical stress, which is due to the oscillation of quartz base in this case, can cause
the formation of gold nano islands in thin films [285]. Below 10 nm thickness, these nano islands can
create holes in the film [286]; however, beyond 10 nm, the oscillatory motion can cause preferential
lateral growth [287]. Hence, the oscillatory motion creates a smoother film for low thickness films. The
surface roughness for 40 nm thick films was calculated from the AFM images (Figure 5.2 (c)); it was

observed that the RMS surface roughness of the piezoelectrically deposited film (7.3 nm) was much
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lower than the film not deposited piezoelectrically (25.5 nm). The 40 nm film piezoelectrically
deposited was observed to have a lower reflectivity as shown in Figure 5.2 (a). The full width at half
maxima (FWHM) for the reflectivity dip were calculated for 40 nm and 60 nm thick films (shown in
Table 5.1); it was inferred that the films deposited with quartz base displayed a smaller FWHM. The
slope of the angle and wavelength dependent resonance curve can help determine the SPR sensitivity
of the film. The resonance curve was plotted by considering the lowest reflectivity regions in the Figure
5.1. The film of 40 nm thickness piezoelectrically deposited displayed a significant increase in the slope
of the resonance curve, as shown in Figure 5.2 (b). Thereby confirming the increased sensitivity of the

piezoelectrically deposited film.

a) Gold film Gold film deposited
piezoelectrically

- 1 .0 —~ 1 O T T T T T T —_420°
=] 5 —a25°
© © 43.0°
?0.8 . §0.8 :ﬁ:gz
206 206 —

- - «——45.5°
[ [ o
[ b —
8 0.4p 8 04 P -—47:5:
S S —:gigz
202t Bo0.2f s
9] o ——50.0°
Z 0 0 1 1 I L L I ! z 0 O 1 1 Il L - 1 !

" 400 500 600 700 800 900 1000 "~ 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)
b) c)
04 T T T T T T B . .
....... ——40nm Gold film Gold film deposited
—=— 40 nm piezoelectrically i 2
& deposited 1 piezoelectrically

o
)

e
35

i,

| “ f o I .‘v’n,‘ l‘PA :
oy, --
L W0 ] 2nm

]
iy & )
i & 4
] " \B qp\}((‘
‘ i

Figure 5.2 a) Experimental normalized reflectivity plots. b) Experimental slope of the angle and

o
I=)

Slope of resonance curve (°/nm)

I
o
=

400 500 600 700 800 900 1000
Wavelength (nm)

wavelength dependent resonance curve and c) AFM images of 40 nm thick gold films deposited with

and without a quartz base.

62



5.1.3  Confirmation using simulation results
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Figure 5.3 TMM calculated reflectance spectra as a function of angle of incidence of gold films for 40
nm thickness gold film with RMS roughness corresponding to the film deposited with and without a

piezoelectric base.

To support the experimental data, TMM calculations were performed for 40 nm thickness film was
divided into two layers. The thickness of the upper layer was equal to RMS roughness and its refractive
index was calculated from Bruggeman effective medium theory. The lower layer was considered as
solid gold, the total thickness of the system was 40 nm. The reflectance spectra for various angles of
incidence showed that the piezoelectrically deposited gold film had a narrower low reflectivity region,
further, the minimum reflectance value was lower as shown in Figure 5.3. There was no significant
change in the angle of incidence corresponding to the low reflectivity regions. The observations of the

TMM calculations were similar to the experimental data.

5.2 Effect of thermal annealing of gold nanodisk arrays

In this work we report on the fabrication of gold nanodisk arrays on a glass substrate via LIL with
different periods and their structural changes following thermal annealing. Subsequently, their
plasmonic response was studied by transmission measurements revealing the impact of the structural
changes on the optical properties. Although there has been substantial work on LIL nanoarrays, the
coupling of the various resonance modes and tuning the resonance wavelength by heating to alter the
dimensions and surface morphology of the patterns has not been sufficiently explored. We present a
method to improve the coupling effect in gold nanodisk arrays using thermal annealing. The resonances
were in visible and NIR regions near commonly used Raman laser wavelengths for potential SERS

applications.
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5.2.1 Experimental and simulation parameters

The gold nanoarrays were created by LIL method using a Lloyd’s mirror setup to create a nanosized
structures as explained in section 3.4. A UV laser of wavelength 266 nm with power of 30 mW was
incident on BK7 glass substrate 1 mm thick which was spin coated with a negative photoresist. The
spin coated substrate was exposed to the laser beam which was reflected off the mirror; hence, the
incident and reflected beams interfered. A double exposure, first exposure of 110 s and a second
exposure of 110 s after 90° rotation of the sample led to the creation of nanodisks. The sample was
developed, and about 40 nm gold was deposited on the substrate via a thermal evaporator. A 5 nm
chromium layer was deposited on the substrate prior to the gold deposition for better adhesion with the
glass substrate. The gold was lifted off the areas where photoresist was present using ultrasonication in
acetone. A period of 400 nm and 500 nm were created by varying the angle at which the laser beam
was incident on the Lloyd’s mirror calculated by equation 4.1. The transmission spectrum was measured
by StellarNet spectrometer on which light was incident via a Halogen and Deuterium source. The
images of the gratings and disks were captured by a Zeiss Gemini 500 Field Emission Scanning Electron
Microscope (FE-SEM). The atomic force microscopy (AFM) data was acquired using an atomic force
microscope (AFM) (Bruker). The grain size of the gold nanodisks was calculated using x-ray diffraction
(XRD) measurements (Malvern PANalytical) at an omega angle of 1°. To perform thermal annealing,
the samples were placed on a hotplate at 500 °C for the selected time and then cooled in air. The
transmission, SEM, AFM, and XRD data were used to compare and understand the change in the optical
response of the annealed samples due to changes in the dimensions and morphology of the patterns.
The simulation for the nanoarrays was performed on COMSOL software as per section 3.1.3, and the
parameters of the Lorentz-Drude model were varied to support the experimental results as explained in

section 3.1.1

5.2.2  General impact of annealing
The effects of heat treatment/annealing first the square lattice of gold nanodisks with period 400 hm
and 500 nm is considered in Figure 5.4. Figure 5.4 (a) and (e) shows the transmission spectra of the
sample at 3 different stages:

e Unannealed (right after lift off process)

e Annealed at 500°C for 10 minutes

e Annealed at 500°C for 20 minutes
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Figure 5.4 a), e) Experimental transmission response of gold nanodisk samples with period 400 nm
(red) and 500 nm (blue). SEM images of b), f) unannealed sample (solid line) ¢), g) sample annealed at
500 °C for 10 minutes (dashed line) (d) sample annealed at 500 °C for 20 minutes (dotted line).

In the first case for 400 nm period nanodisk array, a strong plasmonic resonance dip is observed at 786

nm, which after 10 minutes of annealing (second case) shifts to 736 nm. For the last case only a very
shallow and broad valley around 600 nm is observed (easier to see in the detailed view in Figure 5.10
(@)). The shape of the transmission dips of the unannealed sample and the 10 minute annealed sample
resemble Lorentzian line shapes, and the FWHM of these resonances amounts to 214 nm and 94 nm,

resulting in Q factors of 3.6 and 7.8, respectively. This increase in Q factor after annealing already
demonstrates that the annealing at 500°C for 10 minutes leads to a reduction in losses, which is in
agreement with the results reported in the literature earlier [288]. A similar increase in Q factor from
6.2 to 11.5 was seen when the 500 nm period sample was annealed for 10 minutes.
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Observing the SEM images in Figure 5.4 b) and c) (for 400 nm period) and f) and g) (for 500 nm period)
supports the argument that the heat treatment leads to a reduction in surface roughness. The nanoscopic
roughness on top of the disk at the unannealed sample was significantly reduced after 10 minutes of
annealing.

For circular cylinders/disks of a fixed volume, the minimum surface is obtained when the disk diameter
matches the disk thickness. Indeed, a tendency of this form change can already be observed in the
sample annealed for 10 minutes. Evaluating the size of the 400 nm period nanodisks from the SEM
images in Figure 5.4 (b) and (c) a reduction of disk diameter after annealing is obvious. The reduction
is represented by the transition of the diameter of the disk from the solid line to the dotted line in Figure
5.4 (c). While the unannealed disks have an average diameter of 187 nm, the diameter is reduced by
16.5 % to 156 nm after 10 minutes annealing at 500°C. In a similar way, the diameter of the disks in
the array with period of 500 nm decreases from initially 220 nm by 12.3 % to a diameter of 193 nm
after 10 minutes of annealing as shown in Figure 5.4 (f) and (g). AFM measurements of the same
samples confirm these lateral size reductions, and further show that the thickness of the disks increases
after the annealing on average by 6.4 nm from 47.7 nm to 54.1 nm for the sample with 400 nm period
and by 9.6 nm from 37.1 nm to 46.6 nm for the sample with 500 nm period (Figure 5.5 (a)). The full
AFM images are shown in Figure 5.6. This supports the idea of a rearrangement of the gold atoms to
reduce the overall surface of the disks. So, gold atoms are effectively removed from the outer rim of
the disks and pile up at the top of the disks, reducing the disks’ diameter and increasing their thickness.
However, the removal of the gold at the outer diameter is not complete. Since the adhesion (promoted
by the chromium) seems to be strong, a few gold atoms remain at their original place, resulting inaring
of very small remaining spherical gold particles surrounding the annealed disks (see space between
solid and dashed circles in Figure 5.4 (c)) and hinting at the original extend of the disks before
annealing. Hence, annealing at 500 °C caused a decrease in the diameter of the disks, increase in the
thickness, and decreasing the surface roughness. This smoothening process is basically driven by the
disks’ tendency to reduce their surface energy by assuming their minimum surface area and trying to
conglomerate into a sphere. The mobility of the gold surface atoms at elevated temperatures is strongly
increased due to their lower activation energy [289, 290]. Hence, annealing enabled the gold atoms to
diffuse into their lowest energy state, reducing the overall surface area of the gold disk and thereby
smoothening the gold surface. The reduced surface roughness then leads to less light scattering in the
transmission measurements, reducing the radiation losses and resulting in the increased Q factor
resonance for the sample annealed for 10 minutes. In addition, the annealing also leads to a growth of
the gold grains in the polycrystalline gold disks, as shown in the XRD measurements in the Figure 5.6
(b). The grain size of the samples increased from 20.4 nm to 23.4 nm after annealing for 10 minutes.
The increase in grain size reduces interface scattering/damping of the oscillating electrons at the grain
boundaries, supporting a longer lifetime of the local plasmon oscillation. This leads to a reduction of

intrinsic (ohmic) losses in the gold and contributes to the increase of the Q factor.
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The drive to lower surface energy should ultimately lead to the formation of a gold sphere out of the
deposited gold disk (or rather, a hemisphere if the strong bonding to the substrate is taken into account).
However, the extension of the annealing time has however a rather detrimental effect on the overall
structure. The disks disintegrate into a collection of individual small round gold particles of varying
sizes separated by small gaps of a few nanometers width (Figure 5.4 (d)). This agglomeration of much
smaller gold particles also has a reduced thickness, which hints to increased loss of gold during extended
annealing at high temperatures maybe by evaporation or diffusion into the substrate. In addition, the
plasmonic response of the structure changes dramatically, so that the strong plasmonic resonance is

effectively destroyed.
60 T T T v _._.1 T T T T
a) Annealed at 500 °C for 10 mins b) : &
5 7 %X Annealed at 500 °C for 20 mins Sy C) A
§ 7— N Grain size = 23.4 nm4
E 40 e B : . JA\ Grain size =20.4 nm|
= :0:3::: + 3 M B 3% 37 36 39 40
% :’:':.:1 E s . 20 (degress)
e KX ~ 41 : I A ]
¥ 304 (3R B = — T
L (L [7] H .
= Pededed c . :
> 02084 o) : .
[ B0 = :
& 20 Rt |l = : :
— XK - . . o . -
2 porsess : : —— Annealed at 500 °C for 10 mins
< e : U led
104 :’::0.0: | H bL nanneaie
LYy N N
ChilLl T T T T
0 . : ? . 4
400 nm Annealed Annealed 500 nm Annealed 30 40 50 60 70 80 90
400 nm 400 nm 500 nm 20 (degress)

Figure 5.5 a) Average thickness for 400 nm and 500 nm period unannealed and samples annealed at 500
°C for 10 and 20 minutes. The error bars represent the standard error of the peak thickness. b) XRD
measurements of 400 nm period sample (unannealed and annealed at 500 °C for 10 minutes). The inset
shows the measurements for the main peak with an increased acquisition time which was used to

calculate the grain size.

67



Unannealed Annealed at 500 °C Annealed at500 °C

for 10 mins for 20 mins
.
2o
2w
e
-
= (18
8 c
<
S 0 Thickness
G [T 100 nm
£
= n
S 90
g £ =
0H B
= 80
'8 f) 70
T O -
e.E 60
E®
8 = [ 50
<
40
'g 30
22
£ 20
EG
S o
g 10
L0
0

Figure 5.6 AFM images of gold nanodisk samples with a) period 400 nm and c) 500 nm samples
unannealed. Nanodisk samples with b) period 400 nm and d) 500 nm samples annealed at 500 °C for
10 minutes. Nanograting samples with e) period 400 nm and g) 500 nm samples unannealed.
Nanograting samples with f) period 400 nm and h) 500 nm samples annealed at 500 °C for 10 minutes.

1) AFM images of gold nanodisk sample of 400 nm period annealed at 500 °C for 20 minutes.

In the following formation, spectral shift and structural dependence of the plasmonic resonances in the
unannealed and annealed sample structures are investigated in more detail and compared with FEM
simulations. First, the strong plasmonic resonances appearing in the unannealed and 10 minutes
annealed structures are discussed. Afterwards, the plasmonic response of the disintegrated disks (20

minutes annealed) is investigated in more detail.
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5.2.3  Plasmonic resonances in unannealed and 10 minute annealed samples in detail

To understand the formation of the observed strong plasmonic resonances in the array of gold disks,
lets first consider the local plasmonic dipole resonances of a single isolated disks. Figure 5.7 (a) shows
the extinction spectra for single gold cylinders with the same dimensions as they also appear in the
periodic arrays: 187 nm diameter and 220 nm for unannealed case (solid lines) and 156 nm and 191 nm
for the annealed case (broken lines). Reducing the diameter of the nanodisk from 187 nm to 156 nm
(and enlarging the thickness from 47.7 nm to 54.1 nm) due to annealing leads to a blue shift of the single
particle resonance from Ap =945 nm to Ap = 839 nm as shown by the transition from broad to a narrow
extinction peak in the red curves in Figure 5.7 (a). Similar blue shift of the resonance was also observed
when the size of the nanoparticles was reduced in the simulation plot of Figure 4.3 in section 4.1. The
reduction of diameter from 220 nm to 191 nm results in a resonance blue shift from Ao = 1010 nm to Ap
= 945 nm (blue curves in Figure 5.7 (a)). Overall, this demonstrates that the resonance wavelength of
the single disks is crucially dependent on their diameter with larger diameters leading to longer
resonance wavelengths. This can be intuitively explained in the following way: an increased disk
diameter leads to a lower surface charge density, which is due to a weaker restoring force of the
oscillating dipole and, hence, a decreased resonance frequency [251, 252]. Furthermore, the increased
size also causes higher radiation damping that increases the full width at half maxima (FWHM) of the

dipole resonance [253].
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Figure 5.7 Simulated extinction cross-section spectrum for a) single gold nanodisk of dimeter 187 nm,
156 nm, and 156 nm broken (corresponding to unannealed and 10 min and 20 min annealed samples of
400 nm period), and 220 and 191 nm (corresponding to unannealed and 10 min annealed samples of
500 nm period) in non-homogenous medium (gold disk at air (n = 1) glass (n = 1.5) interface). a) Single
gold nanodisk of 156 nm, 156 nm broken (corresponding to 10 min and 20 min annealed samples of
400 nm period), and broken structures with outer boundary of diameter 280 nm and 360 nm in

homogenous medium (n = 1.5). The vertical lines represent the respective single disc resonances.
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Figure 5.8 Effect of variation of period on the simulated transmission spectra of a nanodisk array (disk
diameter 156 nm and thickness 54.1). The nanodisks were placed in a) non-homogenous medium (air
(n=1) glass (n = 1.5) interface and b) homogenous medium (oil (n = 1.5) glass (n = 1.5) interface). Ap
and A represent the single particle resonance and (1 0) grating resonance. The solid vertical lines are

the single particle resonance and dashed vertical lines are (1 0) grating resonances.

Arranging disks of the same size now in a periodic pattern adds an additional grating resonance to the
picture and the optical response of the overall structure is determined by the interplay between this
grating resonance, A, with the individual disk resonance (single particle resonance), Ap. The grating
resonance occurs just at wavelengths slightly larger than the Woods anomaly, which is defined as the
wavelength, where the first propagating diffraction order just vanishes i.e. when (for normal incidence)
the period p of the grating is equal to the wavelength [265]:
Ac =np 6.1
where Ag represents the resonance wavelength, n is the refractive index of the surroundings, and p is
the periodicity of the lattice. Since each disk can be modelled as an oscillating plasmonic dipole [291],
each disk acts as a source of a scattered wave, which interacts with the neighbouring disks. If the
primary incident wave and the scattered wave of the neighbouring disks are in phase (which is the case
when the disks are about a wavelength apart), an effective increase in the field driving the plasmonic
oscillation of the disk under consideration can be created leading to an overall enhanced plasmonic
resonance [266]. For relatively sparse square 2D arrays, where small metal particles with single particle
resonances in the visible wavelength range are arranged in relatively large periods, the (1 0) grating
resonance wavelength A is shifted to the red or even IR and occurs on the long wavelength side of the
single particle resonance (Ac > Ap). In this case, the interplay of the resonances leads to very sharp Fano-
type resonances of high Q factors in a homogeneous medium [141, 142]. However, for a non-

homogenous medium (where the refractive index of the surrounding medium and substrate is different),
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the resonance for the case where Ag < Ap is not very strong. This is studied using FEM simulation
transmission spectra of nanodisk arrays with varying periods in Figure 5.8 (a) and (b). In the case where
the medium is homogenous, sharp resonances are seen when Ag > Ap, also reported by Auguie” and
Barnes [292]. However, in the case of a non-homogenous medium, the sharp resonance is observed
when Ac = Ap, but it drastically weakens when Ac > Ap due to inhomogeneity causing diminished
coupling. When however, the period is reduced or the size of the particles is enlarged, where the grating
resonance occurs at the short wavelength side of the single particle resonance, Ac < Ap can occur.

Although, in this case the combined resonance is usually not as strong and the Q factors are also lower

in a homogenous medium. Moreover, in a non-homogenous medium, the decay rate of the resonance
due to the disparity between Agand Ap (When A < Ap) is much lower as compared to the case when Ag
> Ap. In our samples with periods of 400 nm and 500 nm, the major dip in the transmission spectrum is
for a non-homogenous medium and Ag < Ap. The sharpest resonance is achieved for the nanodisk array
in a non-homogenous medium when A~ Ap, and for a homogenous medium when Ag > Ap.
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Figure 5.9 Experimental and FEM simulation transmission response of gold nanodisk arrays with period
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500 °C for 10 minutes (dashed lines). The solid and dashed vertical lines are the single particle

resonances for unannealed and annealed samples, respectively.
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Figure 5.10 a) Real and b) imaginary part of dielectric function of gold used in simulation of the

unannealed and 10 minute annealed samples with corresponding modified Lorentz-Drude parameters

listed in Figure 5.9.

Figure 5.9 quantifies the effect of annealing on the plasmonic response of the gold nanodisk arrays. As
explained previously, annealing causes a decrease in the diameter, increase in thickness, smoothening
of the surface and increase in grain size of the nanodisks. The change in geometric parameters causes
Ao to decrease from 945 nm to 839 nm for the 400 nm period sample (As = 600 nm) and from 1010 to
900 nm for the 500 nm period sample (As = 750 nm). Thereby, decreasing the discrepancy between Ap
and Ag. As previously explained, this causes a decrease in the FWHM and increase in Q factor of the
resonance. The Q factor increases from 3.6 to 7.8 for 400 nm period sample and from 3.2 to 11.5 for
the 500 nm period sample. Now, to include the effect of roughness and material properties of the
nanodisks, the major parameters in the Lorentz-Drude model (fo and I'o) were adjusted in FEM
simulations to match the experimental curves which is shown in Figure 5.9. The resonance wavelength
and FWHM is controlled by fo and I'o, respectively. The Lorentz-Drude model parameters used for the
annealed and unannealed samples are also reported in Figure 5.9. The optical losses in annealed samples
have drastically been reduced which can be clearly seen by the lowering of the damping constant (I'o)
from 0.35 to 0.02 for the 400 nm period sample and from 0.25 to 0.07 for the 500 nm period sample.
Furthermore, an increase in the oscillator strength (fo) confirms that a stronger plasmonic response is
displayed from the material in annealed state. Since the geometric parameters were accounted for in the
FEM calculations, the improvement in the optical response not considering the geometric parameters is
due to a combination of smoother surfaces and increased grain size of the annealed gold nanodisks.
Both these factors were targeted to include in the new dielectric functions. The modified dielectric
function of the unannealed and samples annealed for 10 minutes along with the comparison with
dielectric function reported by Rakic’ et al. [203] is shown in Figure 5.10. The large decrease in losses
due to annealing can be clearly observed in the imaginary part of the dielectric function. The curves of

the real part of the dielectric function showed a steeper slope for the annealed samples, confirming their
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stronger plasmonic response. Furthermore, for both the real and imaginary part of the dielectric
function, the curves of the annealed samples move closer to the curve of Rakic’ et al. [203] which is
widely used in the literature to simulate the plasmonic response of gold structures. Hence, thermal
annealing for shorter time led to smoother structures and increased grain size leading to stronger
resonances due to increased coupling effect between A and Ac.

5.2.4  Plasmonic resonances in unannealed and 20 minute annealed samples in detail

Experiment Simulation

85 : : 100 : ,
B a) Non-homogenous X d) Non-homogenous ~ ___.-==7""""""
& (air-glass) 5 ,,---..-__gaiur-glass)
7} ' ‘0 ] - 4 . ’
4 801 2 g0 ! A
2 8 ‘ R N
S : g ‘ :
= - : |

75 . . . 1 T T
=100 ; . 100 : I
g b) : 8 i e) »
c c h LTSN -
o o ; N .
‘w 7] ;(1 1) Grating | . L
R) H (7] | resonance ' . PR L
£ : ‘e 804 ¢ ' . /
g 904 Homogenous | o Homogenous | Sel /
g oil-glass : i S il- : ST
= (oil-g ) ; (10) Grating resonance (= (cil-glass) ! (1 0) Grating resonance

T T T T
400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Figure 5.11 (a, b) Experimental (solid lines) and (d, ¢) FEM simulation (dashed lines) transmission
response of gold nanodisk arrays with period 400 nm when they are annealed at 500 °C for 20 minutes.
a) and d) is the transmission spectra in a non-homogenous medium, the nanodisks are placed in air (n =
1) and glass (n = 1.5) interface. b) and e) is the transmission spectra in a homogeneous medium, the
nanodisks are placed in oil (n = 1.5) and glass (n = 1.5) interface. c) SEM image of the broken nanodisk

array. f) Geometry of the broken nanodisks used for the FEM simulations.

Although annealing for 10 minutes improved the plasmonic response of the nanodisks, but the condition
of the sharpest resonance (Ac = Ap) was not achieved for the non-homogeneous case. Therefore,
annealing for additional time was performed. However, it was observed that the nanodisks disintegrated
into several smaller disks of varied sizes while maintaining its periodicity. Annealing at high
temperatures and/or long time leads to the destruction of the shape and material loss in nanostructures
[169, 293]. Additionally, a very weak plasmonic dip was observed at around 600 nm, as shown in Figure
5.11 (a).

To understand the response, simulations were performed by recreating the small disks using the SEM
and AFM data, the geometry of which is shown in Figure 5.11 (f). Both experimental and simulation
transmission spectra of the broken disks showed the absence of the Fano like (1 0) grating resonance
expected at 600 nm (Ag) (Figure 5.11 (a) and (d)). To confirm the absence of the effect of the A
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resonance, transmission measurements were performed by surrounding the gold nanodisk pattern by
refractive index matching oil which had n = 1.5 (similar to the glass substrate). The transmission
measurements, both in experimental and simulation spectra confirmed that in a homogenous medium,
the Ac resonance was present at 600 nm for (1 O) grating resonance due to stronger coupling.
Additionally, the simulation spectra also showed a Fano like resonance at 424 nm for the (1 1) grating
resonance. Figure 5.8 (a) also shows the absence of the effect of the As resonance when a small disk in
a lattice with very large period was placed in a non-homogenous environment, but, clear resonances
were seen in the homogenous medium. However, the resonance for the broken disk sample in a
homogenous medium was still not as strong as observed for the case of small disk in a large period, as
seen in the Figure 5.8 (b). It was seen that the single particle resonance (Ap) for the broken disk structure
was at about 669 nm for non-homogenous medium and 835 nm for homogenous medium (Figure 5.7).
Although it was closer to A¢ as compared to 10 minute annealed sample, it was still in the condition of
e < Ap. Thereby, the weak resonance of the broken disk was due to the lower size of the smaller
nanodisks while still being in the condition of A < Ap.

The limitation of the LIL technique is that the diameter to period ratio of the fabricated nanodisks is
always close to 0.5. It was shown in the current article that annealing for 10 minutes could reduce the
ratio only to 0.4, which upholds the condition Ac < Ap. To achieve the condition of Ap < Ag, simulations
were performed for a very small disk of diameter 34 nm (average of the diameter of the broken
structures) in a 400 nm period which are shown in Figure 5.12. However, Ap was 672 nm for the single
disk in a homogenous medium and still the condition Az < Ap was maintained. Therefore, sharp
resonance was still not seen in the transmission spectra for the aforementioned disk in a 400 nm period
lattice (Figure 5.12 (b)). Upon annealing for longer duration, the nanodisks disintegrated in smaller
pieces (which is also reported in the literature [169, 293]). The disintegrated nanodisk structures in
larger periods had the potential to achieve sharp resonances by fulfilling the condition (Ao < Ag). TO
analyse this hypothesis, simulations were performed for broken structures similar to Figure 5.11 (f).
However, the ratio of the diameter (of boundary of the broken pieces) to period was kept 0.4, the number
of pieces were increased keeping the size of the pieces similar to Figure 5.11 (f). The simulation
geometry can be seen in the inset of Figure 5.13 (b). Figure 5.13 also shows the simulated transmission
plots of 700 nm and 900 nm period nanodisk arrays with unbroken disks (Figure 5.13 (a), diameter to
period ratio of 0.4) and corresponding broken disc arrays, both were in a homogenous (n = 1.5). The A
of 700 nm and 900 nm period was 1050 nm and 1350 nm, respectively. As previously seen for the 400
nm and 500 nm period nanoarrays, the unbroken disks of periods 700 nm and 900 nm have broad
resonances (due to Ac < Ap) as shown in Figure 5.13 (a). However, replicating the structures achieved
after annealing for long duration, broken disc structures show sharp resonances in Figure 5.13 (b)
(especially for 900 nm period). This response was explained using the simulation response of the single
structures in Figure 5.7 (b). The Ap for the broken structures with outer boundary diameter 280 nm

(corresponding to diameter to period ratio of 0.4 for period 700 nm) and 360 nm (corresponding to
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diameter to period ratio of 0.4 for period 900 nm) was at 1176 nm and 1183 nm, respectively. Hence,
for 700 nm period, the condition Ac~ Ap created a sharp resonance, and for 900 nm period, the condition
Ac > Ap created an even sharper resonance. The Q factor of the unbroken discs of period 700 nm and
900 nm was 7.2 and 8.6, respectively. The Q factor was increased significantly for broken discs of
period 700 nm and 900 nm to 38 and 260, respectively. Keeping the ratio of the diameter of the outer
boundary to period as 0.4, the Ap increase when the period was increased from 700 nm to 900 nm was
lower because of the small size of the individual broken pieces being maintained. Therefore, for smaller
periods (400 nm and 500 nm) the size of the small individual nanodisks was not sufficient to create the
condition Ac > Ap, however, increasing the period fulfilled this condition. Hence, the phenomenon of
thermal annealed for longer time/duration could be used to create sharper resonances (condition Ag >

Ap) in nanoarrays which are fabricated by techniques where the diameter to period ratio is fixed.
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Figure 5.12 a) Simulated extinction cross-section spectrum for single gold nanodisk of diameter 34 nm
and height 39 nm. b) Simulated transmission spectra of the nanodisk placed in an array of period 400
nm. Both are in a homogenous medium (n = 1.5). The solid vertical lines are the single particle

resonance and dashed vertical lines are (1 0) grating resonances.
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Figure 5.13 Simulation transmission response of gold nanodisk array with a) unbroken discs (solid
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5.3 Chapter summary

The SPR response of gold films of various thicknesses deposited with and without an oscillating quartz
base were compared. The presence of the piezoelectric base resulted in gold films of lower surface
roughness. The 40 nm thick film had the highest plasmonic response. A sharper SPR response was
established by the lower FWHM of the SPR peak near the optimal angle of incidence (45.5°) and
increased slope of the angle and wavelength dependent resonance curve of the piezoelectrically
deposited film of thickness 40 nm compared to its counterpart. The experimental claims were supported
by TMM calculations. This work confirmed that smoother gold films have a stronger and sharper
plasmonic response for enhanced sensing.

The smoothening effect for enhanced plasmonic response was expanded to gold nanodisk arrays
fabricated on a glass substrate using the LIL method. Annealing was performed by placing the samples
on a hot plate at 500 °C for 10 minutes and 20 minutes and then cooling them in air. The annealing was
effective in changing the shape and the morphology of the samples. Annealing for 10 minutes caused
the gold to conglomerate and decrease the diameter of the nanodisks and increase their thickness.
Furthermore, a decrease in surface roughness and increase in grain size was observed for the annealed
samples. The transmission response of the nanoarrays comprised of a single particle resonance (Ap) and
grating resonance (Ag). The grating resonance was dependent on the period of the nanoarray and the
single particle disk resonance was dependent on the diameter and thickness of the disks. The proximity
of the aforementioned resonances created a coupling effect which led to a sharp and intense transmission
dip. For the nanodisks, annealing the samples for 10 minutes decreased discrepancy between i and Ag,
thus improving the Q factor along with increasing the magnitude of the transmission dip. The
improvement in the material properties and roughness due to annealing were quantified by the decrease
in the damping constant and increase in oscillator strength used in the Lorentz-Drude model for the
annealed sample to match the experimental plots. However, the samples were still in the condition of
A< Ap. The limitation of LIL is that the diameter to period ratio even after annealing was about 0.4. To
achieve sharper resonances using the condition Ap < Ag, annealing was performed for 20 minutes which
led to disintegration of the nanodisk into several smaller sized disks. A very small transmission dip was
observed in the transmission spectra due to the small size and Ac < Ap condition for 400 nm and 500 nm
period samples. However, simulating the response for larger periods of the broken nanodisk arrays
(keeping diameter of the boundary of the broken structures to period ratio as 0.4), the condition Ap < Ag
was achieved. A 30.2 times increase in Q factor was achieved for the simulated annealed (broken discs)
nanoarray compared to the unannealed (unbroken discs) nanoarrays of period 900 nm.

Therefore, annealing the gold nanodisks for 10 minutes led to a strong and sharp resonance due to
decrease in diameter and increase in thickness of the nanodisks which decreased the difference between
Apand Ac. Lower roughness and increased of the grain size also contributed to the improved response.
Annealing for longer duration disintegrated the nanodisks which could lead to even sharper resonances

because the condition Ap < A was satisfied.
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Chapter 6. Gold Nanodisk Arrays: A Promising Platform for Enhanced

Agrochemical Detection

This chapter presents the application of the nanodisk array fabricated using LIL method explained in
section 3.4. Samples of varying periods were fabricated and the optimized sample with the highest
Raman enhancement was selected. The use of the optimized sample was confirmed by detecting the
fertilizer urea. The application of the optimized sample was envisioned to be various types of
agrochemicals. However, the Raman spectrum of most of these agrochemicals was not available.
Therefore, DFT was used to calculate the Raman spectra and it was compared with experiments to
assign vibrational modes to the agrochemical molecules. Initially, the structural study and vibrational
mode assignment was performed for the weedicide Metribuzin. The basis set comparison using the
B3LYP level of theory was analysed for Metribuzin to select the basis set with good accuracy and low
computational cost. Finally, the vibrational mode assignment was performed for all the selected
agrochemicals. The optimized LIL substrate was used to check the limit of detection (LOD) of the

agrochemicals.

6.1 Selection of the optimal SERS substrate

In the current work, an optimal SERS substrate was selected among gold nanodisk arrays of various
periods. Gold nanodisk arrays were fabricated on glass substrates with periods 250 nm, 300 nm, 344
nm, 395 nm, and 446 nm. The period to diameter ratio of the nanodisk arrays was close to 2.2. The
Raman signal of the nanodisks was compared using Raman active dye Rhodamine 6G. Further, to
understand the optical response of the nanodisks, transmission spectra were analysed experimentally
and using finite element method (FEM) simulations. The practical use of the nanodisks was confirmed

by selecting the optimized nanodisk array as a SERS substrate to detect urea in water.

6.1.1 Experimental and simulation parameters

A brief description of the LIL process used for the fabrication of the gold nanodisks is discussed in
section 3.4. The substrate was square shaped BK7 glass with an of area 25 mm? and thickness of 1 mm.
A thin layer of adhesion promoter (Allresist AR 300-80) was applied on the RCA cleaned glass substrate
by spin coating at 500 rpm for 15 seconds and 4000 rpm for 90 seconds and curing at 180 °C for 3
minutes. The promoter layer ensures proper adhesion of the photoresist on the substrate. A negative
photoresist (Allresisit AR-N 4200) layer was deposited on the developer layer by spin coating at 500
rpm for 15 seconds and 4000 rpm for 90 seconds and curing at 85 °C for 10 minutes. Further, a
customized Lloyd’s mirror setup was used for exposure of the photoresist coated glass substrates. A
highly stable UV laser source of wavelength 266 nm was expanded using an objective lens and pinhole
for spatial coherence. The beam was incident on a highly polished mirror and the sample. The power of

the incident laser beam was 32 mW. The laser beam, after reflecting from the mirror, interfered with the
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incident beam on the sample to create a standing wave which created a grating like structure on a single
exposure. The sample was rotated by 90° for the second exposure. The angle between the direct and the
reflected beam determines the period of the gold nanodisk array, which can be calculated from equation
1. The angle between the direct and the reflected beam was varied by rotating the stage of Lloyd’s mirror
setup. The angles at which the exposure was performed are shown in Table 6.1. The exposed sample
was developed by dipping in a developer (Allresist AR 300-475) for 30 seconds and cleaning using
deionized water. After cleaning, the substrate was immediately baked at 95 °C for 5 minutes. The
developed substrate was placed in a thermal evaporator, where 10 nm of chromium and about 45 nm of
gold were deposited on the substrate. The excess gold and photoresist were lifted off the substrate by
ultrasonication for 1 minute in an acetone bath. The substrate was finally cleaned using acetone,
isopropyl alcohol, and deionized water. The ratio of period and the diameter of the nanodisks was close

to 2.2 for the various angles tested.

Table 6.1 Laser interference lithography (LIL) laser exposure parameters.

Angle between direct Time of 1*  Time of 2"  Diameter of the Period of the gold

and reflected beam exposure exposure gold nanodisk nanodisk array
(Degree) (s) (s) (nm) (nm)
17.19 120 120 198 446
19.40 120 120 182 395
22.33 120 120 159 344
26.32 110 110 140 300
32.14 110 110 110 250

The diameter of the nanodisk and the period of the array were calculated by scanning electron
microscopy (SEM) images (Zeiss Gemini 500 SEM), as shown in Figure 6.1 (a-d, and f). The height of
the nanodisk was confirmed by atomic force microscopy (AFM) (Bruker Multimode AFM) for the 395
nm period nanodisk using open source software Gwyddion. The total height of the nanodisk was 57.7
nm, which consisted of 10 nm of chromium and 47.7 nm of gold. The measurements for Rhodamine
6G (99% Sigma Aldrich) were performed at 1.7 mW with an accumulation time of 2 seconds with 3
acquisitions. 10 pL of R6G solution was drop cased on 5 mm? substrate and was allowed to dry naturally.
Similarly, for the detection of urea (commercially available 99 % pure), 10 uL of the urea solution was
drop casted on the substrate and allowed to dry. The measurements were performed for an accumulation
time of 18 seconds with 3 acquisitions.

To understand the optical response, simulations were performed in COMSOL software as discussed in
3.1.3. The dielectric constant of air and glass was input as 1 [294] and 2.25 [295], respectively. The
Lorentz Drude model was selected to model the dielectric function of gold (epsilon infinity = 1 and

plasma frequency: 1.369 x 10'® rad/s) [203].
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6.1.2  SERS response of gold nanodisk arrays

o OHo 0 2 ¢ 9 o

o

s

Figure 6.1 SEM images of gold nanodisk arrays fabricated using LIL of period (a) 250 nm, (b) 300 nm,
(c) 344 nm, (d) 395, and (g) 446 nm. (f) 3D representation of the AFM measurements of the 395 nm

period array

The gold nanodisk substrates fabricated by the LIL process were envisioned to be SERS substrates. The
Raman enhancement of the nanodisks was tested by performing measurements on the Raman active
dye Rhodamine 6G (R6G), whose peaks are observed for Raman shifts of 612, 774, 1127, 1183, 1310,
1362, 1508, 1574, and 1675 cm™' [296]. R6G molecule is highly Raman active and its signal is even
expected to be seen for SERS substrates with low enhancement factors. Hence, it is an excellent tool to
compare different SERS substrates. For the instrument used and the selected substrates, the peak at 612
cm” was well resolved and had a high intensity, hence was selected for further analysis. The
aforementioned peak corresponds to the C C ring in plane bending in the xanthene/phenyl type rings of
R6G. The results of the measurements are shown in Figure 6.2 (a). The Raman measurements of the
LIL substrates was performed for 10 pM concentration. For the selected concertation no resolvable peak
was observed for bare glass substrate and the 450 nm period substrate. The highest Raman signal for
10 uM concentration was observed for the 300 nm period substrate, followed by the 395 nm and 344
nm period substrates which had similar enhancement, as shown in Figure 6.2 (b). The 612 cm™ peak of
the 300 nm period substrate was 4.1 and 3.7 times higher than the 395 nm and 344 nm period substrates.
Further, the Raman response of the 250 nm period substrate was 12.6 times lower than the 300 nm
substrate. To calculate the average enhancement factor (EF) of the optimized substrate, the signal for
IM Rhodamine 6G was measured on bare glass substrate. The measurements on all the substrates were
performed for the same instrument parameters and substrate size. Hence, the average EF can be

calculated by the equation [297, 298]:
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where I and C are the intensity of the 612 cm™ peak and concentration of the Rhodamine 6G used,
respectively. The subscripts SERS and REF represent the SERS active substrate and bare glass reference
substrate, respectively. The average EF of 2.3 x 10° was experimentally calculated for the 300 nm period
substrate. The EF of the substrate showing the best response was comparable to the other nanostructured
SERS substrates of comparable sizes available in the literature [161, 299, 300]. The current study aims

to determine the optimal SERS substrate among LIL substrates of various periods for practical use.
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Figure 6.2 Raman response to the chemical Rhodamine 6G of the LIL substrates of various periods and
a bare glass substrate. (b) Intensity of the 612 cm™ peak of Rhodamine 6G for the LIL substrates of

various periods. The error bars represent the standard deviation between 3 measurements.

6.1.3  Understanding the plasmonic response

To understand the aforementioned phenomenon, transmission measurements were performed
experimentally and confirmed by FEM simulations, shown in Figure 6.3 (a) and Figure 6.3 (b). It was
observed in the transmission measurements that the resonance wavelength was observed in the visible
region for the LIL substrates. A single highly intense dip was observed due to the plasmonic dipole
created to oppose the incoming electric field by the nanodisk along. Moreover, the neighbouring
nanodisks also have a major effect on the plasmonic response of the nanodisk array. The arrangement
of the nanodisks in the form of a symmetric array greatly increases its resonance due to the coupling
effect of the incident field and the scattered field of the nanodisks, which is in phase with incident field.
FEM simulations shown in Figure 6.3 (c) were used to visualize the plasmonic dipole created when
light at the resonance wavelength and polarized in x direction was incident on the 300 nm period
substrate. The structure was confirmed to be polarization independent when light was incident normally,

hence, other polarization directions will have the same transmission response. However, the direction
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of the dipole will be parallel with the direction of the incident electric field, similar to Figure 6.3 (c).
The normalized electric field contour shows that in regions near the edges of the nanodisk, the electric
field was much higher than in the surrounding regions. Thereby, confirming the presence of regions of
high electric field as a result of the enhanced electron oscillations due to the LSPR and array effect.
Comparing the nanodisks, the resonance shifts towards a higher wavelength when the diameter of the
nanodisks is increased due to the weakening of the restoring force of the oscillating dipole as the net
surface charges are further apart when the size of the particle is increased [251]. Further, as the diameter
of the nanodisks is increased, the bottom of the transmission dip occurred at a lower value. The increase
in the size of the nanodisk results in a more intense plasmon due to the increase in the size of the dipole
[253]. Higher order multipoles were not observed in the nanodisk arrays due to the dominance of the
dipole resonance [25]. The transmission spectra calculated using FEM simulations were in close
agreement with the experimental plots, as shown in Figure 6.3. The maximum deviation of the
simulation and experimental resonance wavelengths of the gold nanodisk arrays was less than 5 %. The
lower position of the transmission dip and the sharper resonance in the simulated spectrum is due to the
practical limitations of the experimental nanodisk array including roughness, blunt edges, and other
imperfections, which contribute to damping of the plasmonic effect.

The aforementioned results show that the increase in Raman intensity for the LIL substrates was
dependent upon the transmission response as well as the electric field enhancement created due to the
confinement of the electric field. The electric field enhancement leads to an increase in the Raman signal
for all LIL substrates. The resonance wavelength of the 300 nm period substrate was 674 nm. The laser
excitation wavelength used for the Raman measurements was 633 nm, and the wavelength of the Raman
shift for the 612 cm™ peak of Rhodamine 6G was 658.5 nm. The excitation wavelength of the laser has
an important role in the signal enhancement. It has been reported that when the excitation wavelength
is near the resonance wavelength [145, 265] or slightly blue shifted [301] in comparison to the resonance
wavelength, the highest Raman enhancement is expected. The response of 300 nm period LIL substrate
confirms the aforementioned condition. The vicinity of the resonance wavelength of the 300 nm period
substrate to the Raman peaks of the target molecule also contributes to the enhancement of the SERS
signal [302]. Therefore, the vicinity of the Raman excitation wavelength and the wavelength of the
Raman peaks of the target molecule to the resonance wavelength, and the intense plasmon created by
the 300 nm period substrate (lower transmission dip) stgral, contributed to its highest Raman signal
among the LIL substrates. The higher position of the transmission dip (weaker plasmon) of 250 nm
substrate and highly red shifted (compared to the excitation wavelength) resonance of the larger period
substrates lead to their lower SERS enhancement. Thereby, the 300 nm period LIL substrate was

considered optimal among the various substrates tested.
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Figure 6.3 (a) Experimental and (b) simulated transmission specturm of the LIL substrates of various
periods. (¢) Simulated normalized electric field for the 300 nm period substrate at the resonance

wavelength.

6.1.4  Confirmation for agrochemical sensing by detecting urea
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Figure 6.4 Raman response of the 300 nm LIL substrate and bare glass substrate to the varying

concentration of urea.
To confirm the effectiveness of the gold nanodisks as an effective SERS substrate, the 300 nm period

substrate was used to detect urea. Urea was selected because it is a widely used agrochemical and is a
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good starting point to showcase the practical use of the optimal SERS substrate. Urea is commonly used
as a fertilizer; however, its excessive use can lead to very high nitrogen content in the soil, which can
have a negative effect on plant growth. Furthermore, it can cause skin problems, eye irritation, and mild
toxicity in humans [303]. The detection limit for the 300 nm LIL substrate was analysed by performing
Raman measurements for 10 mM, 1 mM, 0.5 mM, 0.1 mM, 0.05 mM, and 0.01 mM of urea in water.
The Raman signal for a 99 % pure solid urea powder is shown in Figure 6.5 (a). The prominent peak
for urea is the symmetric C N stretching vibration at a Raman shift of 1010 cm™, which was used for
further analysis [304]. The comparison of the Raman signal of various concentrations of urea on the
300 nm period LIL substrate and a bare BK7 glass substrate is shown in Figure 6.4. 10 mM urea was
detected on both the LIL substrate and bare glass. The 1010 cm™ Raman peak of urea showed an 18.8
times enhancement the LIL substrate compared to the bare glass substrate. Moreover, 1 mM urea
showed no peak on bare glass. The lowest detectable urea concentration was 0.05 mM on the 300 nm
period LIL substrate. The comparison of the intensity of the 1010 cm™ peak for various concentrations
of urea on the LIL substrate is shown in Figure 6.5 (b). The obtained response shows a good linear fit
of the intensity of the Raman peak to concentration of urea in the logarithmic scale. Hence, the 300 nm
period LIL substrate can detect urea much lower than the required detection concentration in biological
fluids in the human body, which varies from 1 mM to 20 mM [305]. Also, the obtained detection limit

was comparable to the SERS substrates available in the literature as shown in Table 6.2.

Table 6.2 Comparison of the detection limit of urea in the literature

SERS substrate Detection limit Ref
(mM)
Gold capped pyramid shaped arrays 30 [306]
Silver capped Nanodome array 25 [307]
Silver capped Nanodome array 12.5 [308]
Gold nanoprism array 3 [309]
Silver-TiO; nanocage 1 [310]
Silver nanoparticles modified with bovine serum albumin 1 [311]
Silver nanoparticles and porous gold nanoclusters 1 [305]
3D silver nanorod 0.05 [312]
Gold nanodisk array 0.05 This work
Photoinduced silver-TiO, nanostructures 0.01 [313]
Floating type silver nanoparticles-graphene based nanosheets 0.001 [314]
Nanoporous gold 0.000001 [315]

The listed the literature with SERS structures optimized for only hotspot formation [307, 309-311],
structure with very weak plasmonic response [306], and structures with resonance wavelength far away

from the Raman excitation wavelength [305, 308] showed lower performance than the 300 nm period
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LIL substrate presented in the current article. Liu et al. [312] developed a silver nanorod based SERS
substrates whose resonance was dependent on the length of the nanorods. The resonance of the substrate
was tuned to match the Raman excitation wavelength and displayed a similar detection limit as the 300
nm period LIL substrate. Improving the analyte and nanostructure interaction by using pre irradiation
of silver-TiO; nanostructures with UV light [313] and using floating type silver nanoparticles-graphene

based nanosheets [314] resulted in a better detection limit of urea.
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Figure 6.5 (a) Raman spectrum of 99 % pure urea powder. (b) Plot of the Intensity of the main Raman
peak (1010 cm™) of urea for the 300 nm period LIL substrate vs the urea concentration in the log (base

10) scale. The error bars represent the standard deviation between 3 measurements

6.2 Theoretical calculations of Raman spectra of agrochemicals

This chapter first lists the various types of agrochemicals tested in the current work. Then, the structure
and vibrational modes of the weedicide Metribuzin were studied and confirmed using experimental
results. Metribuzin is a widely used agrochemical, but the study of its vibrational modes is lacking in
the literature. The comparison of basis sets using B3LYP level of theory were studied using the
calculated and experimental Raman response of Metribuzin, which allows for the selection of the
optimal basis set for the remaining agrochemicals. Then, the vibrational modes of a herbicide
(Atrazine), fungicide (Mancozeb) and acaricide (Clofentezine) were discussed, followed by the
vibrational mode assignment and comparison of four insecticides (Chlorantraniliprole, Thiamethoxam,
Tau-fluvalinate, and Flubendiamide). The calculations were performed in the GAUSSIAN software

using the methodology mentioned in section 3.3
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Table 6.3 Applications of the commercial agrochemicals tested in this thesis

Agrochemical Sprayed  Sprayed directly Application on crops

on soil? on crops?
Atrazine Yes No Corn, sorghum, sugarcane, wheat,
mustard, cotton, tobacco, sunflowers
Mancozeb No Yes Tomatoes, potatoes, cucumbers, peppers,
lettuce, and cruciferous vegetables
Metribuzin Yes Yes Wheat, potatoes, tomatoes, soy bean, and
sugarcane
Clofentezine No Yes Apples, pears, stone fruit, nuts,
ornamentals
Chlorantraniliprole Yes Yes Sugarcane, rice, and soybean, lettuces,
Cabbage
Thiamethoxam Yes Yes Apple, tomato, cabbage
Tau-fluvalinate Yes Yes Cabbage, Brussels sprouts, broccoli,
crucifer greens, collards, kale and
mustard greens
No Yes Rice, Brinjal, Cabbage, corn, cotton,

tobacco, tree fruit, tree nuts, vine crops
and vegetable crops

The ever increasing use of agrochemicals to improve the crop yield is causing rampant contamination
of food and drinking water. Scientists and engineers are developing solutions to reduce and monitor the
use of these chemicals. In this thesis, the focus was on the monitoring of agrochemicals using Raman
sensing. As discussed in section 2.6, the SERS technique is an excellent to monitor minuscule quantities
of target chemicals quickly. Moreover, the Raman spectra of each chemical being unique makes the
sensing highly selective. Therefore, researchers are able to optimize the instrumentation and substrate
of the sensors using the unique Raman spectra of the target chemicals. Therefore, knowing the
vibrational response (Raman spectra in the context of the current work) is critical for developing highly
efficient sensors for detection of agrochemicals. DFT calculations provide a very accurate estimation
of the Raman spectra of various systems. Hence, this section uses DFT calculations to present the
Raman vibrational modes of widely used commercial agrochemicals. In the next section, these
agrochemicals were detected using the optimized LIL substrate for SERS sensing, as discussed in
section 6.1.

Agrochemicals widely used by farmers were procured from the market, it was ensured that different
types of agrochemicals were analyzed. The crops on which these chemicals are effective also depend
upon the chemistry of the product. Hence, the use of these agrochemicals is mentioned in Table 6.3.

Table 6.4 shows the type of agrochemical and the main chemical along with its chemical structure and
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molecular weight. The detailed chemical structure of the various agrochemicals is shown in Figure G.1.
The different types of agrochemicals, herbicide, fungicide, weedicide. acaricide, and insecticides are

used at various stages of the crop production.

Table 6.4 Details of the agrochemicals tested in this thesis

Agrochemical type Main chemical Chemical structure Molecular Commercial
weight product
g/mol
Herbicide Atrazine CsHi4CIN; 215.7 SA-
CROPGYM
Fungicide Mancozeb [CgH|2MIlN4Sg]X[Cngzan4Sg]y 541.1 M-45
Weedicide Metribuzin CsHisN4OS 214.3 Sencor
Acaricide Clofentezine Ci4HsCILNy 303.1 SENTO
Insecticide Chlorantraniliprole CisH4BrC1NsO, 483.1 Cover
Insecticide Thiamethoxam CsHioCINsOsS 291.7 Apterra Plus
Insecticide Tau-fluvalinate Ca6H22CIF3N,03 502.9 KAY 24EW
Insecticide Cy3H2F7IN,O4S 682.4 FAME

The major component in Atrazine’s structure is the triazine type ring. The ring has three groups attached
to it, two starting with nitrogen, ethylamine and propylamine groups; and a chlorine atom is attached to
the ring. Mancozeb is a complex molecule comprising of a non systematic dithiocarbamate, structure
comprising of N and S atoms. It is a combination of two dithiocarbamates, Maneb (plomeric complex
with Mn) and Zineb (plomeric complex with Zn). The metribuzin molecule comprises a triazinone type
ring with methanethiolate, carbonyl, amino, and isobutane groups. Clofentezine has a tetrazine type
structure in hydrogens are substituted by o-chlorophenyl groups. As seen in the structure, it has a ring
dominated structure. Coming to the insecticides, which have more complicated and larger structures
than the agrochemicals discussed above. Chlorantraniliprole has three rings, a dimethylbenzamide ring
with a methyl group and chlorine atom, a chloropyridine ring, and a 5 member pyrazole ring with a
bromine atom. Thiamethoxam contains an ozadiazine type ring with a nitramide group along with 5
member chloro chlorothiazol ring. Tau-fluvalinate also has 3 ring type structures, 2 phenyl type rings
in the phenoxyphenyl group (which has methylbutanoate and cyano type groups) and an anilino ring
with chlorine atom and trifluoromethyl group. Flubendiamide consists a phenyl type ring with methyl

and perfluoropropan groups and a phthalimide ring containg methylsulfonyl group.
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6.2.1 Vibrational response of Metribuzin

The complete vibrational response of the weedicide of Metribuzin has not been studied. In the current
work, Metribuzin's complete vibrational mode assignment was presented using experimental Raman
and FTIR spectra in conjunction with aug-cc-pVTZ B3LYP calculations. The structure was confirmed
by comparing the experimental and calculated bond lengths. Also, the major basis sets available in the
Gaussian software for B3LYP level of theory were compared with the experimental Raman spectrum.
Although various articles discuss the application of some of these basis sets, a thorough analysis of the
same was not performed comparing the individual and total error in the wavenumber and intensity of

the various basis sets.

Atoms Bond Length (A)
C) Experimental Calculated
St C! 1.794 1.820
St C? 1.748 1.762
o! 3 1.212 1.219
Nt N2 1.418 1.407
N2 c? 1.364 1.368
N2 3 1.388 1.402
N? N# 1.386 1.365
N? c? 1.296 1.299
N# C, 1.293 1.298
3 c* 1.465 1.472
ct (o3 1.523 1.528
(o Cs 1.519 1.534
c’ Ccs 1.534 1.544
c ol) 1.528 1.544
Nt H 0.860 1.016
Ct H 0.96 1.09
Cs H 0.96 1.09
c? H 0.96 1.09
Cce H 0.96 1.09

Figure 6.6 a) Ellipsoidal plot of the molecule metribuzin at the 50% probability level and at room
temperature (298 K). b) Theoretical structure of metribuzin. Hydrogens have been removed for clarity.
c¢) Comparison of the experimental and theoretical bond length. Theoretical structure was calculated

using aug-cc-pVTZ B3LYP level of theory.

Single crystal x-ray diffraction (SC-XRD) was performed on the Bruker D8 venture with x-ray
wavelength of 0.71073 A to compare the experimental structure of Metribuzin. The Metribuzin powder
was dissolved in ethanol and allowed to dry in air to get the crystals required for the SC-XRD. Bruker
Tensor Il was used for the FTIR measurements of the metribuzin powder. The scan resolution was 4
cm’ and the spectra was averaged over 16 scans. The Raman measurements on the metribuzin powder
were performed using the Horiba LabRAM HR with the 633 nm laser (Melles Griot) and 100x objective
lens with 0.8 numerical aperture. The resolution of the Raman spectra was 0.33 cm™, the laser

accumulation time was 6 seconds and spectra was averaged over 12 scans.

&7



6.2.1.1 Confirmation of structure

Prior to the study of the vibrational modes of Metribuzin, the SC-XRD was used to obtain the structure
of Metribuzin, as shown in Figure 6.6 (a). The chemical formula of Metribuzin was confirmed to be
CsHisN4OS, and the molecular weight was 214.29. The crystallized Metribuzin has a Monoclinic
system with space group P21/c. The dimensions of the unit cell were, a=14.2204 A, b=9.3048 A, and
¢ = 8.7365 A. The corresponding angles were a = 90°, B = 104.335°, and y = 90°. There were 4
metribuzin molecules in the unit cell, and the volume of the unit cell was 1220 A’. The density of
Metribuzin was calculated to be 1.271 g/cm™.

The theoretical structure of Metribuzin calculated using aug-cc-pVTZ basis set is shown in Figure 6.6
(b). The metribuzin molecule comprises of a triazinone type ring with methanethiolate, carbonyl, amino,
and isobutane groups. The comparison of the metribuzin molecule's experimental and calculated bond
lengths is shown in Figure 6.6 (c). The discrepancy between the bond lengths of the experimental and
calculated structures was less than 1.5 % when not considering the hydrogen atoms. However, when
the hydrogen atoms were included to calculate the discrepancy, the error increased to 20 %. The
inaccurate calculation of the N-H and C-H bonds was because the calculations were performed in the
gas phase with only one metribuzin molecule. However, the experimental Metribuzin was surrounded

by other Metribuzin molecules, and therefore, the experimental bond lengths were lower.

6.2.1.2 Vibrational response (DFT and experimental)

a) I ) N ' ! %—‘%Ex;aerim;anta\ b)
S >
S S
= =y
= =
c c
L L
c £ | il 12
- ! ; L Wy i E)q:):arlr‘le:ntal 13 HAfEH b :
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Raman shift (cm™) Wavenumber (cm™)
C) —;IEUQ-G(}D\ILEFZ ' J T d) it J ‘W;5 ; 7
31 3 i
8 i o 1
= | 4 H ] = HIE
@ | I : 1 ] i
c | R Py = il i
"g d ; Moo i1 "g : )l
= ek 8 4B %Cw e e | T ez 0 0
600 800 1000 1200 1400 1600 1800 600 1000 1200 14.90 1600 1800
Raman shift (cm™) Wavenumber (cm )

Figure 6.7 Comparison of experimental a) Raman and b) FTIR spectra of Metribuzin with the calculated

¢) Raman and d) IR spectra calculated using aug-cc-pVTZ basis set.
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The comparison of the experimental and calculated (using aug-cc-pVTZ basis set) Raman and IR
spectra is shown in Figure 6.7. The experimental Raman and IR spectra show 20 and 25 major
vibrational modes, respectively. The plots in Figure 6.7 are labelled with the vibrational modes, and the
vertical lines correspond to their equivalent experimental wavenumbers. Only the vibrational modes
present in the experimental spectra are discussed. Some of the vibrational modes in the calculated
spectra were not present in the experimental spectra due to practical restrictions on vibrations, lattice
strain, and surface effects. The wavenumbers of the calculated vibrational modes were in good
agreement; however, the intensity had a higher discrepancy. One of the main reasons for this is the lack
of surrounding molecules in the calculated structure, which is also discussed in the bond length
comparison. Due to the lack of restriction on the hydrogen atoms, they are free to vibrate, and hence,
higher intensities were observed for the vibrational modes involving hydrogen atoms. The assignment
of the vibrational modes, along with a comparison of the experimental and calculated wavenumbers is
presented in Table 6.5. The calculated vibrational modes were at slightly higher wavenumbers, which
is consistent with the literature. The vibrational modes were visualized in the GaussView software, and
then they were assigned to their corresponding wavenumbers. The vibrational modes in the fingerprint
region of 500 cm™ to 1800 cm™ are discussed in the current article because this region is generally used
for detecting agrochemicals. The wavenumbers mentioned henceforth are the calculated wavenumbers
to avoid the slight deviation wavenumbers of the vibrational modes common to both Raman and IR

spectra.

Ring Vibrations

The ring modes in the triazinone type ring are assigned according to the Wilson nomenclature [316]
(Appendix G). The visualization of the ring modes can be interpreted easily using the standard
nomenclature. At the lower part of the spectrum 500 to 1000 cm™ the ring modes dominate the
vibrational modes in the Raman and IR spectrum for a single ring type molecule [317, 318]. At lower
wavenumbers, the calculated spectra are very close to the experimental spectra. Ring modes 3 and 17a
corresponding to 514.41 cm™ and 541.38 cm™ are present in both Raman and IR spectra, however, their
intensity in the IR spectra is much larger due to the dominance of the dipole nature of the vibrational
modes. The main Raman vibrational mode of Metribuzin is at 662.72 cm™” (ring mode 6a),
corresponding to Raman mode 4. It is also present in the IR spectrum but at a lower intensity. Similarly,
ring mode 3 at 677.36 cm™ has higher intensity in the Raman spectra as compared to IR spectra. The
ring mode 5 is only present in the IR spectrum at 821.25 cm™. The degenerate ring modes, 18a and 18b
were present in both the spectra at 909 cm™ and 1087.12 cm™. At larger wavenumbers, due to prevalence
of C N and N N stretching at around 1200 to 1400 cm™ [319], ring mode 8a and 9a are located at
1250.09 cm™ and 1483 cm™ for both the spectra. The ring modes 1 and 13 were observed at 1016.33
cm™ and 1210.75 cm™ only in the IR spectra. Due to the presence of strong C=N vibrational mode at

about 1500 cm™ [320], an intense ring mode 9b is present at 1553.03 cm™ in both the vibrational spectra.
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Combining the individual vibrational modes prevailing in the ring mode contributes to their high

intensity.

C H vibrations

The C-H bond is present in the methanethiolate and isobutane groups. For C*C3Ho, the isobutane group,
the symmetric bending and symmetric stretching vibrational mode are present in the Raman spectrum
at 589.86 cm™ and 812.94 cm™. As previously reported for a pesticide, the C-H bond vibrational modes
are the majority modes in the spectral range of 1000 to 1500 cm™ [321]. For Metribuzin, antisymmetric
bending of C°Hs, C’H3, and C*H; groups was highly prevalent, and it was seen in the vibrational modes
at wavenumber 944.78 cm™, 1229.64 cm™, and 1318.07 cm™ for both Raman and IR spectra. Also, it
was present in the IR spectra at 1049.66 cm™'. Symmetric bending (umbrella type) of C°Hs, C'H3, and
C®H; groups were observed at 1401.73 cm™ for both spectra. Antisymmetric stretching of the isobutane
group was located at 944.78 cm™'. Stretching of C* C° bond was seen at 1318.07 cm™. For the Raman
spectra, isobutane group antisymmetric stretching along with twisting of C*Hs group was present at
933.43 cm™ and 1221.08 cm™, respectively. The C H twisting of the type vibrational modes were also
previously reported around 900 cm™ and 1200 cm™ [322]. The twisting vibrational mode for C°Hs and
C"H; was observed in both the spectra at 1505.62 cm™. For the IR spectra, antisymmetric and symmetric
bending of C°H; and C'H; were present at 1048.17 cm™ and 1394.87 cm™, respectively. For the
methanethiolate group, C'Hs antisymmetric bending, twisting, and symmetric bending modes were
observed at 990 cm™', 1456.4 cm™ and 1470.49 cm’', respectively.

The vibrational mode 18 for the Raman spectra is the most intense in the calculated Raman spectra. It
is mixture of the following vibrational modes: Ring mode 9a, C'H; twisting, C'H; symmetric bending
and twisting of C°®H; and C"H; groups. All of these combined to attain the strong Raman response;
however, the experimental intensity of mode 18 was not the highest in the Raman spectra. The reason
was that the metribuzin powder had closely packed molecules in the practical condition, while the
calculations were performed for a single molecule. The absence of any restriction allowed intense

vibrations of the C-H bonds, leading to an overestimation of the intensity of the vibrational mode.
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Table 6.5 Comparison of experimental and calculated (using aug-cc-pVTZ) wavenumbers of the main

peaks of Metribuzin with its vibrational mode assignment. Vibrational modes common for both Raman

and IR are in bold. The vibrational modes are as follows: v is stretching (vs is symmetric stretching and

Vas 1S antisymmetric stretching), & is bending (ds is symmetric bending and d.s as is antisymmetric

bending), ® is wagging, p is rocking, and 7 is twisting. The ring mode assignments are from the Wilson

nomenclature (Appendix G) [316]. Henceforth, these conventions were used throughout this thesis.

Raman Infrared (IR)
Experimental ~ Calculated Experimental ~ Calculated
Mode Raman shift Raman shift  Assignment Mode  Wavenumber ~ Wavenumber  Assignment
(em™) (em™) (em™) (em™)
1 512.5 514.41 Ring mode 3 and CC3Hy & 1 512.5 514.41 Ring mode 3 and C5C3Hy &
2 535 541.38 Ring mode 17a 2 535 541.38 Ring mode 17a
3 588 589.86 C°C3Hy 8sand S1 C2 v 3 660.5 662.72 Ring mode 6a
4 660.5 662.72 Ring mode 6a 4 674 677.36 Ring mode 3 and C' S' v
5 674 677.36 Ring mode 3 and C' S' v 5 693.5 704.58 C'S'v
6 714 704.58 C'S'y 6 754 - -
7 812 812.94 C3C3Hy vs 7 791.5 821.25 Ring mode 5
8 909 916.83 Ring mode 18b, N' N?v,and 8 909 916.83 Ring mode 18b, N' N2 v, and
C5C3Hy vas C5C3Hy Vas
9 931 933.43 C°C3Ho vas, C®H3 7, C°H3 82, 9 943 944.78 C5C3Hy Vas, and C®H3 8as, C'Hs
and C"H3 8 a5, and C¥Hi das
10 943 944.78 C5C3Hy vas, and C°H3 8as, 10 976.5 969.21 N'Hz © and Ring mode 8a
C"H3 8as, and C3H3 8as
11 974 990.33 C'H3 8as 11 1024.5 1016.33 Ring mode 1, N'Hz o, and C'Hs
Bas
12 1058 1087.12 Ring mode 18a and N' » 12 1034.5 1048.17 CSH3 8as, C'H3 8as, and C*H3 T
13 1203 1221.08 C3C3Hy vas, C¥H3 1, C°Hs 8as, 13 1055.5 1049.66 CSH3 8as, C'H3 8as, and C¥Hs 8as
and C"H3 s
14 1214.5 1229.64 N2 vas, C5C3Ho Vas, C°H3 85, 14 1095 1087.12 Ring mode 18a and N'H: ®
C"H3 8as, and C3H3 8as
15 1236 1250.09 Ring mode 8a, C5C3Hy vas, 15 1186.5 1210.75 Ring mode 13
C®H3 8as, C'H3 a5, and C*H3
das
16 1303 1318.07 C* C5 v, C*Hj das, C'H3 8as, 16 1214.5 1229.64 N2 Va5, C5C3Hy Vas, C°H3 8us,
and C*H3 3. C"H3 8as, and C3H3 8as
17 1389 1401.73 C®Hs &5, C'Hs &5, and C3H3 17 1228.5 1250.09 Ring mode 8a, C5C3Hy vas, C°Hs
3 Bas, C"H3 8as, and C¥Hs 8as
18 1464.5 1456.4 C'Hst 18 1303 1318.07 C* C5 v, C®H3 8as, C'H3 85, and
C3H3 8as
1470.49 C'Hs 85 19 1359.5 1378.35 N2 vas, C'H3 8as, and N'Ho &5
1483.19 Ring mode 9a, C'H3 &s, and 20 1376 1394.87 C®H3 s and C"H3 &5
C®Hs &
1505.62 C°Hztand C’Hz t 21 1389 1401.73 C°Hs &, C'Hs &5, and C*H3 85
19 1522 1553.03 Ring mode 9b 22 1464.5 1456.4 C'Hst
20 1680.5 1695.75 N'H: & 1483.19 Ring mode 9a, C'Hs &s, and
C3H3 &
1722.09 C?O'vand N'H: 1505.62 C’Hztand C'Hs ©
23 1522 1533.05 Ring mode 9b
24 1622 1695.75 N'H: &
25 1674 1722.09 C* O'vand N'H: &
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CS, CO, CS, and N N vibrations

C' S bond stretching was observed at 704.58 cm™ in both Raman and IR spectra which is the reported
range in the literature (700 to 750 cm™) [323]. The wagging mode of N'H, was seen for the IR spectra
at 969.21 cm™ which is slightly blue-shifted to the reported wavenumber of around 800 cm™ [324].
N'H2 in plane symmetric bending (scissoring mode) was observed at 1695.75 cm™ which is very similar
to the previously established range of around 1650 cm™ [324]. The stretching of the amino group (N-
N) was also seen for both spectra at 916.83 cm™. The C N stretching was reported to be around 1250
cm™' [325]. A complex vibrational mode comprising of antisymmetric stretching of the amino group and
the triazinone ring was located at 1229.61 cm™ and 1378.35 cm™'. The C=0 stretching vibrational mode
is usually seen around 1750 cm™ [326]. The most intense IR vibrational mode in the calculated spectrum
was for mode 25, which is the stretching of the C*=O' bond at 1722.09 cm™. The experimental IR
spectrum has a mixture of vibrational modes 10, 11, 12, 13 and 14 contributing to the most intense
mode. Practical effects and imperfections in the structure causes a complex vibrational response. Similar
to the Raman spectra, the unrestricted movement of the C*=0' bond in the calculated spectrum causes

the overestimation of the IR intensity.

6.2.2  Basis set comparison
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Figure 6.8 Raman a) shift and b) intensity error for the various basis sets compared to the experimentally
observed values. The intensity for all the plots was normalized with respect to the vibrational mode 4

(the major experimental Raman shift of 660.5 cm™)

Researchers use several basis sets to calculate vibrational modes at the B3LYP level of theory. The
comparison of all the major basis sets available for calculation in the Gaussian software is presented in
this section. No scaling factor was applied to the corresponding wavenumbers of the vibrational modes
to compensate for the experimental error. Applying a single scaling factor does not often provide an
accurate assignment to the vibrational modes throughout the fingerprint spectrum region [327]. Either
individual scaling factors are used for the different vibrational modes, or scaling factors are used for a

specific wavenumber range [328]. The current article presents the accuracy of the wavenumber and
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intensity of the vibrational modes for the various basis sets. Thereby, a suitable basis set can be chosen
based on the compromise between accuracy of the calculation and its computational cost.

As discussed previously, the aug-cc-pVTZ basis set provided accurate calculations; however, its
computational cost is very high compared to other basis sets. The comparison of the computational cost
of all the basis sets is shown in Figure 6.10, the values were normalized to the total computation time
of the aug-cc-pVTZ basis set. It can be seen that the next most computationally expensive basis sets are
aug-cc-pVDZ and cc-PVTZ, with computational costs of 0.028 and 0.015. The remaining basis sets are
all lower than 0.006.

The experimental Raman spectrum was selected for the comparison because of the presence of sharp
and distinguishable peaks. The Raman spectra of Metribuzin calculated using all the basis sets are
shown in the Appendix F. The 20 vibrational modes in the experimental spectra are shown in Figure
6.7 (a). They were used to calculate the errors in the wavenumber and intensity of the various basis sets.
The error in wavenumber was calculated simply by subtracting the calculated and experimental
wavenumbers. The error in intensity was calculated by first normalizing the intensity to the major
vibrational mode 4 for all the other modes, both for the experimental and calculated plots. The error in
intensity was then calculated by subtracting the calculated normalized intensity from the experimental
normalized intensity for all the 20 vibrational modes. The error in the wavenumber and intensity are
compared for all the basis sets in Figure 6.8 (a) and (b). It can be observed in Figure 6.8 (a) that the
error in wavenumber is lower for smaller wavenumbers (500 cm™ to 1000 cm™), beyond which the error
increases. Generally, the calculated wavenumbers are shifted towards larger wavenumbers, i.¢., the error
is positive. The sum of the absolute Raman shift error is shown in Figure 6.9 (a). It can be seen that the
smaller basis sets (STO-3G, 3-21G, 6-31G) and basis sets for heavy atoms (LanL2DZ, LanL.2MB, and
SDD) have large total errors. The total error in the 6-31G and 6311-G decreases as additional
polarization, diffuse, and other functions are added. The DGDZVP basis sets, whose computational cost
is comparable to small to medium sized basis sets, perform on par with larger basis sets, 631++G(d,p),
6311G(d,p), and cc-pVDZ. Furthermore, the performance of 6311++G(d,p) basis set is comparable to
the much larger aug-cc-pVDZ and ccPVTZ basis sets. The intensity error comparison in Figure 6.8 (b)
shows that calculated intensity is generally overestimated, i.e., the error is positive. The error is slightly
lower for the smaller wavenumbers, and it increases significantly beyond 1000 cm™ as the effect of
hydrogen atoms on the vibrational modes increases. Comparing the absolute total error in intensity
(Figure 6.9 (b)), the smaller basis sets (STO-3G, 3-21G, 6-31G, and 6-311G) have large errors. The
error in the 6-311G(d) basis set increases as additional functions are added due to the overestimation of
the effect of hydrogen atoms. Similar overestimation is seen for aug-cc-pVDZ compared to cc-pVDZ
basis set. Most of the medium to large sized basis sets have comparable total errors in intensity.
However, the lowest total error was observed in LanL.2DZ and SDD basis sets due to the lack of

polarization functions for the hydrogen atoms. However, these basis sets have a very high error in
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wavenumber.

agrochemicals.

Hence, the DGDZVP basis set at the B3LYP level of theory was used for all the
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Figure 6.9 Total error in a) Raman shift and b) Raman intensity of the various basis sets compared to

the experimental vibrational modes. The absolute values of errors were used in calculating both (a) and

(b).
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Figure 6.10 Computational cost of the basis sets for calculating Raman spectra. The computation cost

of all the basis sets was normalized with respect to aug-cc-pVTZ.
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6.2.3  Vibrational response (DFT and experimental) of agrochemicals
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Figure 6.11 Comparison of the experimental and calculated (at the DGDZVP B3LYP level of theory)

Raman spectra of all the agrochemicals tested in this thesis.
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6.2.3.1 Atrazine

Figure 6.12 Optimized structure of Atrazine

Atrazine is a herbicide which is highly studied in the literature. The comparison of the experimental and
theoretical Raman spectra is shown in Figure 6.11 (a). The vibrational mode number and their
corresponding experimental and calculated wavenumbers are shown in 6.6. At the lower wavenumbers
(500 to 1000 cm™), the ring modes dominated the Raman spectrum, which is consistent with the results
in the literature for a single ring type molecule [317, 318]. Vibrational modes 1 to 8 are dominated by
the vibration of the triazine type ring, although the modes were influenced by the heavy chlorine atom.
The ring mode 18a type of vibration is present at 646 cm™. The ring mode 6a dominated the vibrational
mode at 683 cm™, 837.5 cm™, and 872 cm™, in the latter two modes, the involvement of ethyl and propyl
group was also seen. The ring mode 4 with out of plane vibrations was seen at 800.5 cm™'. The most
intense vibrational mode of atrazine was the ring mode 7, which was at 962 cm’, corresponded to the
ring mode 12. The ring mode 12 was also a major element in the vibrational mode at 991 cm™. Also, at
higher wave numbers, ring mode 18b was observed at 1250.5 cm™ and 8b was seen at 1373 cm™ and
1599 cm™. The reason pertains to the reported C N stretching around 1250 cm™ [325]. The C C and C
H bonds in the ethyl and propyl groups also create major vibrational modes in the Raman spectrum.
The combination of twisting of C*H, and C°H, groups and antisymmetric stretching of C*C3Hs group
led to the vibrational mode at 921.5 cm™. The antisymmetric of C*C3Hs group also causes the vibrations
at 1131.5 cm.;. The stretching of C' C? bond led to the vibrational mode at 1060 cm.;. Further, the
twisting of C*Hs led to Raman mode at 1317.5 cm.;. The mode 17, which was of very high intensity in
the calculated Raman spectrum, was a combination of twisting and scissoring of C*Hs, C’Hs and C*Hs.
As mentioned previously, the unrestricted vibration of the hydrogen containing groups caused their
much higher intensity in the calculated spectrum compared to the experimental. The symmetric bending
(umbrella type) of the C*Hs, C*Hs, and C°H; contributed to Ring mode 8b in the 16 Raman mode at
1446.5 cm™. The bending of the C*> H bond caused the Raman mode at 1346.5 cm™. Similar to the

96



reported range of 1250 cm.; [325], C* N? stretching was observed at 1170.5 cm™. N' H bond bending
was the major contributor for 1549 cm™ mode and minor contributor to the mode at 1599 cm™.

The validation of the calculation was confirmed by comparing the assigned vibrational modes with the
literature [329]. All the major vibrational modes were consistent with the literature. This confirms that

the DGDZVP basis set provides an accurate calculation of the vibrational mode of agrochemicals.

6.2.3.2 Mancozeb
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Figure 6.13 Optimized structure of Mancozeb

Mancozeb is a complex molecule of a non systematic dithiocarbamate type structure comprising of N
and S atoms. It is a combination of two structures, Maneb (with Mn) and Zineb (with Zn); therefore,
simulations were performed on two structures, as shown in Figure 6.13. Although similar vibrational
modes were obtained for both at close proximity of wavenumbers, the asymmetric structure of the
Maneb due to the proximity of Mn atom to the S' atom caused a considerable increase in some of the
vibrational modes. The Zineb part of the optimized structure was very symmetric. The Maneb part of
the structure dominated the spectrum, as observed in the vibrational modes in Table 6.6. The symmetric
bending of the C' (at centre) along with S'S?N' was the major vibrational mode at 536 cm™. The
symmetric counterpart of the Zineb was at 550.5 cm™. The S' H bending was the main vibrational mode
at 945 cm™'. The stretching of the C N bonds in Maneb was the dominant vibrational mode at 1099 cm
! The N? H bending and N' H bending were the major modes at 464.5 cm™ and 605 cm™, respectively.
The Zineb part with N* H bending was present at 1517.5 cm™. The stretching of the central carbons in
the Maneb and Zineb was the major mode at 957 cm™ and 1124.5 cm™', respectively. Moving to the
modes with the C H bonds, similar vibrational modes were present for both Maneb and Zineb at a
similar range of wavenumbers. The rocking of the central CH, bonds was observed at 667 cm™ and

1051 cm™. The twisting of the central CH, bonds was seen at 691.5 cm™ and 1224.5 cm™. Twisting of
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the central CH, bonds was present for Maneb at 1289 cm™ with movement of one hydrogen only

dominating the vibrational mode. The wagging of the central CH bonds in Maneb and Zineb dominated

the vibrational mode at 1352.5 cm™. The in plane symmetric bending (scissoring mode) of the central

CH, bonds was the major mode at 1438.5 cm”. The vibrational modes 4 and 5 were the major

vibrational modes for both experimental and simulation Raman spectra.

Table 6.6 Comparison of experimental and calculated wavenumbers of the main peaks of Atrazine and

Mancozeb (bold text indicates vibrational modes with major contribution from Zineb) with their

vibrational mode assignment.

Atrazine Mancozeb
Experimental ~ Calculated Experimental Calculated
Mode Raman shift Raman shift ~ Assignment Mode Raman shift Raman shift ~ Assignment
(em™) (em™) (em™) (em™)
1 646 680.65 Ring mode 18a 1 464.5 482.06 N2 H §,N' H § (smaller)
2 683 704.85 Ring mode 6a 2 536 514.04 C! S'S?N! 8s, C*H2 p, C*Hz p, N°H
5 & C* S3S*N? 3s
3 800.5 820.97 Ring mode 4 3 550.5 530.19 C5 S5SN3 §s, C3 S7S8N“ 8s, N* H &,
C'H:p & C'Hz p
4 837.5 844.44 Ring mode 6a, C3C2Hs vs 4 605 540.71 N'H 3, C' S'S’N! s & C* S*S*N?
& C?Hs 8as 3s
5 872 889.35 Ring mode 6a, C*C2Hs vs, 549.53 N'H § & N? H § (smaller)
C'H2 8as & C?H3 s
6 921.5 936.47 C*Hst, C’Hsz 1, & C°H 8 5 667 640.64 C?Hz p, C*Ha p, C' S!S? vs & C?
S3S*vs
952.53 C3CaHe vas 644.16 C°H; p, C'H; p, C° SS¢ vs & C?
S7S8 vs
7 962 973.63 Ring mode 12 6 691.5 658.73 C’Ha 1, C*Ha 1, C? $3S* vs & C!
S!S?vs
8 991 1006.83 Ring mode 12, C! C?v, 670.02 C’Hz 7, C'Hz2 7, C® S°S® vs & C3
C*H3, 8as & C°H3 8as S7S8vs
9 1060 1066.3 C'C?v 7 945 942.79 S'H 8, S*H § (smaller), C*Hz p &
C*Ha p
10 1083.5 8 957 973.71 C2C3v, C*S’S*vas, S H6 & N°H
3
11 1131.5 1143.92 C3C2He Vas 978.89 CS C7v, C® S5S® vas, C® S7S8 vas,
S°HS,S*HS,NHO&NHS
12 1170.5 1197.56 C3N?y 9 1051 1073.22 CHa p, C’Ha p, C2CPv, (2N v &
C*N?v
13 1250.5 1260.11 Ring mode 18b 1078.31 C’Hz p, C’'H2p,C*C7 v, C* N3 v &
C"N*v
14 1317.5 1302.14 C*H;t & C'Ha p 10 1099 1116.97 C2N!v, C* N?v, (overall not
symmetric) S'H & & S* H §
15 1346.5 1347.02 CH 3§ 11 1124.5 1153.68 C2Cv,C2N'v& C*N?v
(symmetric)
16 1373 1420.36 Ring mode 8b, N'H §, 1166.99 COC7v,C*N3v & C'N*v
N?H §, C°Hs 85, C'H2 0 &
CH 3§
1430.44 C?Hs 8, C*H3 8s & C°Hs 12 1224.5 1272.93 CH2t & CHa T
s
17 1446.5 1503.78 C*Hit & C’Hs 1 1288.84 CH:t & C'Ha 1

98



1512.93 C’Hs T 13 1289 1315.83 C?H; 1 & C*Ha T (movement of
only one H)

1516.25 C?H; 8, C*H38: & C°H3 &5 14 1352.5 1383.68 C?H; o, C* H § (smaller), C' C?v,
N!'H §,N?H §, C°Hz , C'Hz @, C°
C'v&N*H§,N*HS

18 1549 1564.81 N'H 3, N°C (of ring) v & 1385.53 CH; 0, C’'H 5, C' C?v,N' H §, N?
CN v (on N' side of ring) H 3, C°Hz o, C’H , C° C7 v, N* H
3 & N*H 3
19 1599 1623.84 Ring mode 8b, N'H §, 1413.45 CH2 0, C?H$,C' C?v,N'H3 &
N?H § & Ring mode 8b N*H 3
1413.64 C’H: 0, C’H: 0, C* C7 v, N*H
&N*H 8
15 1438.5 1489.93 C?H: 3s (in plane), C3Hz 8s (in
plane) (smaller), N>?H § & N'H §
1494.53 C*Ha 3s (in plane), C2Hz 8s (in
plane) (smaller), N>?H § & N'H §
1503.16 CSH; s (in plane), C"H2 3s (in
plane), N*H 3 & N'H §
16 1517.5 1553.35 N'HO&N‘HS

6.2.3.3 Clofentezine

Figure 6.14 Optimized structure of Clofentezine

The structure of Clofentezine has 3 rings (as shown in Figure 6.14), a tetrazine ring and two
chlorophenyl rings. Since, the structure is very symmetric, the majority of phenyl ring modes are also
symmetric. The presence of the heavy chlorine atom has a major effect of the vibrational modes, the
ring modes are imbalanced; however, the Wilson nomenclature still nicely describes all the vibrational
modes [316]. The ring mode 4 which is an out of plane bending type vibration is present at 555.5 cm™
and 781.5 cm™ for ring 1 and 1'. Another type of out plane bending, ring mode 10a was seen for the ring
1 and 1' at 837.5 cm™ and 872 cm™'. Coming to the stretching type vibrations, ring mode 6a in ring 1
and 1' was the major contributor for the Raman mode at 636.5 cm’!, 660.5 cm™, and 822 cm™'. The
degenerate modes of the ring mode 18, i.e. ring mode 18a and 18b were present throughout the Raman
spectrum of Clofentezine. The ring mode 18a was seen for ring 1 and ring 1° at 708.5 cm™ and 1255
cm™. The ring mode 18b was observed for both the rings at 1127 cm’!, 1171.5 cm™, 1408 cm’!, and 1482

cm™. The ring mode with stretching in the outward direction for all the components, ring mode 1, was
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seen for ring 1 and 1” at 1044 cm™'. The ring mode 19b was present at 1277 cm™ and 1305 cm-'. Another
ring mode which had two degenerate modes, 9a and 9b, was observed at 1550.5 cm-1 and 1592.5 cm™.
The mode in which the tetrazine ring (ring 2) was the major contributor was observed at 1437.5 cm’
and 1460 cm™, stretching of the N N bonds in ring 2 caused the Raman peaks, which is similar to the
reported value of 1400 cm™ [330]. As expected, the symmetric nature of the molecule leads to a highly
intense Raman response due to the increased polarizability. This phenomenon was observed both in the
experimental and calculated Raman spectra. As observed in the previously discussed agrochemicals,
the calculated spectra overestimation of the Raman peaks due to the unrestricted vibrations in the
calculations. The most intense Raman mode was mode 21 for the experimental Raman spectra, while it

was the second most intense for the calculated.

6.2.3.4 Chlorantraniliprole

Figure 6.15 Optimized structure of Chlorantraniliprole

The insecticide Chlorantraniliprole has three rings: a dimethylbenzamide ring, a chloropyridine ring,
and a 5 member pyrazole ring with a bromine atom. The Wilson nomenclature is generally used for 6
member rings, hence, it was not used for the pyrazole ring. The chloropyridine ring was named as ring
1 and dimethylbenzamide ring was named ring 2 to simplify the explanations. First discussing the
modes dominated by ring 1. The ring mode 4, 6a, 11, 12, 1, 8a and 18a was observed at 563 cm-', 654.5
cm™, 798 ecm™, 1009 cm™, 1041.5 cm™, 1076.5cm™, and 1463 cm™, respectively. All of the ring modes
were inplane vibrations. Next, the vibrational modes dominated by ring 2. The degenerate modes of
ring mode 9, 9a and 9b, were observed at 1646 cm™ and 526.5 cm™. Similarly, ring mode 19a and 19b

were seen at 1108 cm™ and 1284 cm™. The ring mode 1 was observed at 591 cm™ and 763 cm™. Ring
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mode 18b was located at 1307.5 cm™ and 1544 cm™. Ring mode 6a, 12, 8b and 13 was positioned at
930 cm™, 897 cm™, 1129.5 cm™ and 1214.5 cm™. The vibrational mode at 1298 cm™ was a combination
of ring mode 18b of ring 1 and ring mode 2 of ring 2. After the ring modes, rest of the Raman peaks
comprise of C C bond, CN bond, C H bond, N H bond and C Br bonds. The wagging mode of C? (at
center) along with C' and C* was seen at 637.5 cm™'. The stretching of C* C* bond dominated the mode
at 1590.5 cm-1. The antisymmetric stretch of C' (at center) along with N' and C? was present at 1355
cm’. Stretching of C (of ring 1) and N* was located at 1563.5 cm™. The bending of C* H bond was seen
at 816 cm-1. The N*H bending was present at 675 cm™ and 1579.5 cm™. The stretching of C' Br bond
dominated the vibrational modes at 956 cm™ and 1344.5 cm™. This mode was the major vibrational
mode the experimental Raman spectrum. The C=O vibrational modes seen in calculated spectrum

beyond 1700 cm™, were not present in the experimental spectrum.

Table 6.7 Comparison of experimental and calculated wavenumbers of the main peaks of Clofentezine

and Chlorantraniliprole with their vibrational mode assignment.

Clofentezine Chlorantraniliprole
Mode  Experimental  Calculated Experimental ~ Calculated
Raman shift Raman shift ~ Assignment Mode  Raman shift Raman shift  Assignment
(em™) (em™) (em™) (cm™)

1 555.5 552.1 Ring' mode 4, Ring" mode 4 1 526.5 529.61 Ring? mode 9b
& Ring? mode 3

2 636.5 645.95 Ring' mode 6a, Ring! mode 2 563 585.77 Ring! mode 4
6a & Ring? mode 18a

3 660.5 668.95 Ring! mode 6a & Ring" 3 591 611.29 Ring? mode 1 & Ring' mode 4
mode 6a

4 708.5 720.42 Ring' mode 18a, Ring" mode 4 637.5 649.4 C? C’C* ® & Ring1 mode 6a
18a & Ring? mode 7a

6 723 5 654.5 665.74 Ringl mode 6a

5 781.5 740.04 Ring! mode 4 & Ring! mode 6 675 711.62 N*H §
4

7 822 842.24 Ring! mode 6a, Ring! mode 7 763 774.06 Ring? mode 1, C*H § & Ring!
6a & Ring? mode 6a mode 4

8 837.5 854.62 Ring' mode 10a, Ring" mode 8 798 805.62 Ring' mode 11
10a & Ring? mode 4

9 872 880.68 Ring! mode 10a & Ring" 9 816 813.29 C?H
mode 10a

10 1044 1058.58 Ring! mode 1 & Ring! mode 10 897 882.55 Ring? mode 12, C Cl v & C'Hs
1 Bas

11 1127 1150.4 Ring' mode 18b & Ring" 887.39 Ring? mode 5
mode 18b

12 1171.5 1184.32 Ring' mode 18b & Ring" 11 930 944.01 Ring? mode 6a, C® C (of Ring
mode 18b 2)v & CTH3 §as

13 1255 1280.62 Ring' mode 18a & Ring" 12 956 972.98 C'Brv& C'N'C? &
mode 18a

14 1277 1314.58 Ring! mode 19b, Ring" mode 13 1009 1033.66 Ring' mode 12 & C3 C3N? &,
19b & Ring? mode 1

15 1305 1351.42 Ring! mode 19b, Ring! mode 14 1041.5 1065.98 Ring' mode 1

19b, Ring' Ring2 v & Ring?
Ring!'v
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16 1408 1451.99 Ring' mode 18b, Ring! mode 15 1076.5 1092.39 Ring' mode 8a
18b & Ring? mode 8b

17 1437.5 1496.12 N N v, Ring' mode 9b & 16 1108 1138.25 Ring2 mode 19a
Ring" mode 9b
18 1460 1505.31 NN v, Ring' Ring? v, Ring? 17 1129.5 1170.32 Ring? mode 8b

Ring!v, Ring! mode 9b &
Ring! mode 9b

19 1482 1512.93 Ring' mode 18b, Ring!" mode 18 1214.5 1219.02 Ring? mode 13 & N°H §
18b & Ring? mode 8b
20 1550.5 1613.96 Ring' mode 9a & Ring" 19 1284 1283.22 Ring? mode 19b, N*H § & N°H
mode 9a 3
21 1592.5 1642.79 Ring' mode 9b & Ring" 20 1298 1307.51 Ring? mode 2, Ring' mode
mode 9b 18b, & N°H §
1308.92 Ring' mode 18b & N°H §
21 1307.5 1336.24 Ring? mode 18b & N°H §
22 1344.5 1376.02 C'Brv, C'N'N?vs & C*H &
23 1355 1386.23 C' N'C? vas, N? Ringl v & C°H
5
24 1463 1446.18 Ring' mode 18b, N> C3 v, N!
C'v& C*H$
25 1544 1470.08 Ring? mode 18b & C°H3 &
26 1563.5 1500.89 C (of ring") N?v, C°H3 &, N?
Cv,&C'N'vy
27 1579.5 1529.35 N*H & & C°H3 &5
28 1590.5 1553.23 C2Cv,CN?v, C3 C*v, N*H
3 & N°H &
29 1646 1626.29 Ring? mode 9a

6.2.3.5 Thiamethoxam

Figure 6.16 Optimized structure of Thiamethoxam

Thiamethoxam’s structure has two types of rings, an ozadiazine and a 5 member chlorothiazol type.
Since both these ring types do not have a symmetric benzene type structure, Wilson’s nomenclature was
not used to describe its vibrational modes. Starting with vibrations involving the Cl and S bond. The
symmetric stretch of the S (at the centre) along with C' and C* bond was the major vibrational mode at

632 cm™ and 670.5 cm™, similar to the reported value of 675 cm™ [331]. The antisymmetric stretch of
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the C' (at centre) with Cl and S was seen at 1042 cm™. Next to the C O bonds, the symmetric bend and
stretch of O' (at centre) along with C> and C’ was located at 614 cm™ and 964 cm™, respectively. The
stretching of C” O' bond was the major vibration at 1108 cm™. The antisymmetric stretch of the N° (at
centre) along with O® and O° was seen at 1598 cm™. The stretching of the C> N* and C' N bond was
present at 1156 cm™ and 1494 cm™'. The major Raman mode in the experimental spectrum was the in
plane symmetric bend (scissoring mode) of C? (at center) along with N' and C* at 760 cm™. The wagging
of N* (at centre) along with N° and C® was located at 778 cm™. The stretching of the N* N° bond was
the major vibration at 694 cm™. The stretching of the C* C* bond was seen at 1580 cm™. Rest of the
vibrational modes involved the C H bonds and they dominated the Raman spectra beyond 950 cm™.
The rocking of the C*H? bond was observed at 994 cm™. The twisting of C*H?, C’H* and C*H’ were
observed at 1244 cm™, 1312 cm™, and 1522 cm™'. Wagging of C°H? and C*H? bond was seen at 1357.5
cm™ and 1416 cm™, respectively. The in plane symmetric bending (scissoring mode) of C°H? was

present at 1534 cm™ and 1553.5 cm™.

Table 6.8 Comparison of experimental and calculated wavenumbers of the main peaks of

Thiamethoxam and Flubendiamide with their vibrational mode assignment.

Thiamethoxam
Experimental Calculated Experimental Calculated
Mode  Raman shift Raman shift ~ Assignment Mode Raman shift Raman shift Assignment
(em™) (em™) (em™) (em™)
1 614 612.01 O C5C7 8, & C6 N2N* 5. 1 532.5 525.87 Ring' mode 4 & C*H3 8
2 632 629.02 SCIC v, CON2v & CT NP v 2 555.5 534.84 CoSv,N'H5 & N?H§
3 652 3 638 646.53 Ring? mode 6a & Ring' mode 4
4 670.5 670.06 SC'C v & C CHv 4 703.5 702.33 CSv
5 694 696.09 NN v & N° 020° 5, 5 725 721.29 C®Sv & Ring' mode 6a
6 760 751.72 6 752 746.09 Ring? mode 4, C'%F; §; & C!'F3
C2NIC? &
Js
7 778 761.68 7 804.5 806.43 Ring' mode 5, Ring® mode 1 &
N* C'N° @
C?C3Hs vs
8 964 996.83 0' C5C7 v, 8 881.5 886.15 Ring' mode 12 & C*Ha p
9 994 1011.03 CHyp & NNy 9 920.5 925.71 C2 C*v, C*Hj 84 & CH3 8us
10 1042 1036.58 C! CIS vas 10 1065.5 1084.64 Ring' mode 12
11 1108 1125.32 C70'v,C’Ha p & C®H3 1 1090.5 S O2vs
12 1156 1165.4 CSN?v, C'H2 1 & C*Hs 1 1094.59 Ring' mode 1
13 1244 1261.6 11 1260.5 1269.25 C?2N'v, S 02 vas, C4H3 & CsHs
C*H2t & C*H & 5
14 1312 1320.99 12 1273 1286.89 N2H 8, CoC2Fs vs & Ring? mode
C'Hyt & C’Hat
18b
15 1357.5 1379.41 13 1294 1299.2 Ring? mode 1, N?H § & C°C2Fs
CH:0 & CH: ©
Vs
16 1416 1412.73 CHa o 14 1316 1356.19 Ring? mode 18b & C°Hs &
17 1436 1441.61 CH;3 8y, CH o & COH 15 1530 1556.13 N2H § & Ring? mode 8a
18 1462 1457.91 C®H3 8, C5H 0 & C°H:z © 16 1585 1600.52 Ring' mode 9a (I top)
19 1494 1486.49 C'N'v,C?Clv & C'Ha t 17 1613 1624.02 Ring' mode 9a (I side)

103



20

21
22

23

24

1522

1534

1553.5

1580

1598

1519.06

1553.83

1570.98

1585.09

1592.09

CoHat 1635.38
C3Ha &, C° N? v & C®H; &5 18 1653 1665.05
CSH2 3, C° N* v & N° 0?0°

Vas

CCv&CHS

N 0?03 vas, CO N3N* vy, CSHa

© & C'HS

Ring? mode 9a (N side) & N?H
)
Ring? mode9a (N top)

Table 6.9 Comparison of experimental and calculated wavenumbers of the main peaks of Tau-

fluvalinate with its vibrational mode assignment.

Tau-fluvalinate

Mode  Experimental Calculated Assignment
Raman shift Raman shift
(em™) (em™)
642 623.96 Ring® mode 3
642.87 Ring? mode 3
710 712.81 Ring? mode 5 & Ring' mode 3
875 881.5 Ring! mode 1 & Ring? mode 5
890.96 Ring? mode 5
1001 1016.36 Ring® mode 12
1023 104291 Ring® mode 19a
1209 1230.95 Ring?® mode 19a, Ring? mode
19a & C'H &
1326 1334.22 C™H §
1614 1660.83 Ring! mode 9a

6.2.3.6 Tau-fluvalinate

Ring’

Figure 6.17 Optimized structure of Tau-fluvalinate

Tau-fluvalinate has 3 rings, an anilino ring (named ring 1) and 2 phenyl type rings in the phenoxyphenyl

group (named ring 2 and ring 3). The ring modes dominate both the calculated and experimental Raman
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spectra. The vibrational modes in ring 1, ring mode 1 and 9a were seen at 875 cm™ and 1614 cm™. The
ring mode 5 in ring 2 also contributed to the vibrational mode at 875 cm™. The ring mode 5 for ring 2
was present at 710 cm™. Ring mode 3 for ring 2 and ring 3 contributed to the vibrational mode at 642
cm’. Also, ring mode 19a for ring 2 and ring 3 participated in the mode 1209 cm™. For the ring 3, the
ring mode 12 and 19a were seen at 1001 cm™ and 1023 cm™. The ring mode 12 at 1001 cm™ was the
dominant mode in the experimental Raman spectrum. The bending of the C’ H bond was observed at

1326 cm™.

6.2.3.7 Flubendiamide

Figure 6.18 Optimized structure of Flubendiamide

Flubendiamide has two rings, a phenyl and a phthalimide type ring, which are labelled as ring 1 and
ring 2 to simplify the discussion of the vibrational modes. The vibrational modes involving ring 1, ring
mode 4 and ring mode 5 were seen at 532.5 cm™ and 804.5 cm™, respectively. Ring mode 12 was present
at 881.5 cm™ and was a major component for the vibrational mode at 1065.5 cm™. The ring mode 1 and
symmetric stretch of S (at centre) O, bond also contributed to mode at 1065.5 cm-1. The ring mode 9a
was seen at both 1585 cm™ and 1613 cm-!, however, in the former, the iodine atom was at the top and
at the side in the latter, as per Wilson’s nomenclature. Ring 2 also contributed to the mode at 1613 cm
! with the ring mode 9a (with N? on the side). The ring mode 2 (with N at the top) for ring 2 was present
at 1653 cm™. Other contributions by the ring 2 were ring mode 6a, 1, and 18b at 638 cm™, 1294 cm™
and 1316 cm™', respectively. The ring mode 4 (of ring 2) and the symmetric bending (umbrella mode)
of C'°F; and C"F; were the major Raman modes for the experimental spectrum at 752 cm™. The
stretching of the C° S bond was present at 555.5 cm™ and 725 cm™. Also, C’ S stretching was seen at
703.5 cm™. The stretching of C* C* bond and C* N' bond was observed at 920.5 cm-1 and 1260.5 cm-
1. The bending of N* H bond was present at 1273 cm™ and 1530 cm™. As seen for Chlorantraniliprole,
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the vibrational modes of C=0O bond were observed beyond 1700 cm™ in the calculated spectrum but

were missing in the experimental.

6.2.4  Error analysis of the calculated wavenumbers

Fig 3 presents the error in Raman shift, the difference in the calculated and the experimental
wavenumber. In general, the calculated wavenumbers were greater than the experimental, for the
majority of the vibrational modes, as seen in Figure 6.19. However, the intensity of the calculated peaks
had a higher discrepancy due to the overestimation caused due to unrestricted vibrations. The average

error in the calculated and experimental wavenumbers was less than 35 cm™ as shown in Figure 6.20.

Flubendiamide B

i 15 =
Tau-fluvalinate - I .-60 7
I -45

Thiamethoxam - 30
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Figure 6.19 Comparison of the Raman shift error for the vibrational modes in the tested agrochemicals.
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Figure 6.20 Comparison of the average of the absolute error in Raman shift for the tested agrochemicals.
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6.3 Testing of various agrochemicals using the optimal substrate
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Figure 6.21 The limit of detection (LOD) of the agrochemicals testing using the
fabricated using LIL.
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The optimal SERS substrate fabricated using LIL described in section 6.1 was used to detect the

agrochemicals mentioned in section 6.2. The Raman measurements were performed using the Horiba

LabRAM HR via a 633 nm laser (Melles Griot) and 100x objective lens with 0.8 numerical aperture.

The measurements for all the agrochemicals were performed for an accumulation time of 18 seconds

with 3 acquisitions. The power of the laser used for Atrazine and Mancozeb was 0.425 mW, and for the

remaining agrochemicals was 1.7 mW. The reason is that at higher power, Atrazine and Mancozeb

showed lower signals. Aqueous solutions with varying concentrations of the agrochemicals were

prepared, and the concentration values were calculated according to the percentage of the major

chemical present. 5 puL of agrochemical solution was drop cased on bare glass substrate and 300 nm

period gold nanodisk substrate, and was allowed to dry naturally.

Table 6.1 Comparison of the detection limit of the tested agrochemicals in the literature

Agrochemical SERS substrate LOD (ppm) Ref
Atrazine Gold nanorods 21.5 [329]
Porous gold supraparticle surface 8 [330]
Gold-coated nanosubstrates 0.1 [331]
Gold nanodisk array 0.1 This work
Silver nanorods 0.07 [326]
Silver nanoparticle modified carbon dots 0.002 [332]
Mancozeb Silver nanoparticles 500 [333]
Silver colloids 0.5 [334]
Gold nanodisk array 0.25 This work
Silver@gold alloyed nanorods 0.05 [335]
Metribuzin Gold nanodisk array 0.01 This work
Clofentezine Gold nanodisk array 0.001 This work
Chlorantraniliprole =~ Gold nanodisk array 0.1 This work
Thiamethoxam Self-Assembled gold Nanoparticle Array 3 [336]
Silver nanoparticles (nanoparticles) 0.3 [337]
Gold nanodisk array 0.25 This work
Gold nanoparticles on an adhesive substrate 0.003 [194]
Tau-fluvalinate Gold nanodisk array 0.1 This work
Gold nanodisk array 0.25 This work
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The peaks marked with the star in the experimental Raman spectra in Figure 6.11 were used as the major
peaks to experimentally check the LOD of the various agrochemicals. As shown in Figure 6.21,
Clofentezine had the lowest LOD of 0.001 ppm due to the highly symmetric structure of the molecule
leading to higher Raman signal compared to the other agrochemicals. Metribuzin also had a strong
Raman signal in the calculated and experimental Raman spectra; hence, an LOD of 0.01 ppm was
observed. Atrazine, Chlorantraniliprole, and Tau-fluvalinate had a similar detection limit of 0.1 ppm.
Due to the lower excitation power being used, Mancozeb, Flubendiamide, and Thiamethoxam had a
LOD of 0.25 ppm. The comparison of the agrochemicals of the current work and the literature is
presented in Table 6.1. The substrates showing a higher LOD all had non periodic structures, which
generally tend to have variable Raman signals across the sensing substrate. The vibrational modes and,
therefore, Raman spectra of Metribuzin, Clofentezine, Chlorantraniliprole, Tau-fluvalinate, and

Flubendiamide have not been reported in the literature.

6.4 Chapter summary

LIL is an easy and high throughput technique to fabricate nanostructured SERS substrates which can
be reused multiple times. The LIL method was used to fabricate gold nanodisk arrays on glass with
periods 250 nm, 300 nm, 344 nm, 395 nm, and 446 nm. The transmission response of the LIL substrates
was used to compare their resonance wavelength. Furthermore, the resonance wavelength could be
tuned by varying the period of the array. The SERS response of the LIL substrates was compared using
the chemical Rhodamine 6G. The 300 nm period (diameter 140 nm) substrate displayed the highest
enhancement because of the vicinity of the plasmonic peak wavelength to the excitation source
wavelength and the target molecule wavelength, and an intense plasmonic response. The average EF
for the 300 nm period LIL substrate was 2.3 x 10°. To verify its practical use as a SERS substrate, the
Raman response of varying concentrations of urea was measured. The detection limit of urea was 0.05
mM (0.5 ppm) for the optimal LIL substrate.

The optimal LIL sample was intended to be used to detect agrochemicals. Various types of

agrochemicals being used by the farmers were collected. One each of herbicide (Atrazine), fungicide

(Mancozeb), acaricide (Clofentezine), and weedicide (Metribuzin) were analyzed. Four extremely

harmful insecticides (Chlorantraniliprole, Thiamethoxam, Tau-fluvalinate, and Flubendiamide) were

also studied. The vibrational analysis of the majority of the agrochemicals was lacking, which is

essential for scientists and engineers to develop more efficient SERS based substrates. DFT

calculations were used to verify the experimental spectra and assign vibrational modes to the major

Raman peaks. The calculations were performed using GAUSSIAN software. Initially, the calculations

were validated by comparing the experimental and calculated structure of Metribuzin. The Raman

vibrational modes were assigned for the same, and a basis set comparison was performed to select the

basis set with a good compromise between accuracy and computational cost. The DGDZVP basis set

at the B3LYP level of theory was selected to calculate the Raman spectra of all the agrochemicals. The
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vibrational theory was selected to calculate the Raman spectra of all the agrochemicals. The vibrational
modes assignment and analysis was performed for all the agrochemicals. The calculated spectra
showed good accuracy for the position (wavenumber) of the Raman peaks; however, there was
discrepancy in the intensity of the peaks due to the unrestricted vibrations in the calculated molecules.
The limit of detection (LOD) of the aforementioned agrochemicals was tested on the optimized LIL
substrate. It was observed that Clofentezine had the lowest LOD of 0.001 ppm because of its symmetric
structure. Metribuzin had a strong Raman signal in the calculated and experimental Raman spectra,
hence, a LOD of 0.01 ppm was observed. Atrazine, Chlorantraniliprole, and Taufluvalinate had LOD
close to 0.1 ppm. Lower excitation power was used for Mancozeb and Flubendiamide, hence, they had
a lower LOD of 0.25 ppm. The LOD of the agrochemicals used in the literature was compared with

the optimized gold nanodisk array substrate.
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Chapter 7. Conclusion and Future Scope

7.1 Conclusion
The exciting properties and applications of plasmonic nanostructures for sensing agrochemicals were

presented in the current thesis.

FEM simulations were used to analyse the effect of size, shape, material and surrounding environment
on the plasmonic response of single nanoparticles and nanoarrays. The single nanoparticle simulations
confirmed that silver and gold had an excellent plasmonic response. Although copper and aluminium
have the potential to be used as economical plasmonic materials, the high losses in the visible region
limited their practical use. Therefore, gold was selected for fabrication because of its strong plasmonic
response, low losses, and high stability. The dipole resonance (LSPR) caused a massive increase in the
electric field confinement of the region surrounding the nanoparticle. Arranging the single
nanostructures into periodic arrays combined the near field (LSPR) and far field (grating resonance due
to the array) resonances. The simulations of periodic nanoarrays showed that this coupling of resonances
was strong in the visible wavelength range for nanodisk arrays of diameter greater than 100 nm. The
sharpest resonance was observed at the optimal coupling condition, where the near field and far field

resonance wavelengths overlapped.

Tailoring of Optical Response for Sensing: Simulations, Roughness Effect, and Raman

: Study of the effect of size, shape, material and surrounding :

L environment 1
. Nanoparticles
Near field (LSPR)
Simulations
Chapter 5 §
Nanoarray

Near field and Far field coupling

Piezoelectric base for thin films
Far field (SPR)

Roughness Effect |:
Chapter 6 Thermal annealing of LIL
te samples
Near field and Far field coupling

Annealing at 500 °C :
10 mins = Smaller & smoother disks = Stronger coupling | + -
20 mins = Disintegration of disks < NIR applications 1

Optimized LIL sample for 1

[ agrochemical detection 1 Optimized substrate has overlap of nanoarray resonance : 3
Application Visible wavelength : and Raman laser wavelength (633 nm) : '
Chapter 7 1: pmmmmm Y e ! LOD for Urea, Atrazine, Mancozeb, Clofentezine, Metribuzin, : «--
it Vibrational analysis of : : Chlorantraniliprole, :};;Zf:;ilz;f;z Tau-fluvalinate, and :
1

agrochemicals 1

Best substrate for agrochemical detection at 633 nm: Gold nanodisk arravs of diameter 140 nm, period 300 nm, & thickness 45 nm

Figure 7.1 Conclusion of the thesis

Hence, gold nanodisk arrays with diameters 110 nm to 200 nm (period to diameter ratio ~2.2) were
experimentally fabricated using laser interference lithography (LIL), which is a maskless and high
throughput technique. To decrease the wavelength difference between the near field and far field

resonances, thermal annealing was performed at 500 °C for 10 minutes and 20 minutes. It was observed
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that annealing for 10 minutes significantly decreased the surface roughness and increased the grain size,
which decreased scattering losses. Further, annealing causes the gold disk to conglomerate leading to a
reduction in diameter and increase in thickness. The modification in the geometric parameters
strengthens the coupling of the near and far field resonances by decreasing the wavelength difference
between the two resonances. The resonance Q factor for the 187 nm diameter nanodisk array increased
from 3.6 to 7.8, and for 220 nm diameter, it increased from 3.2 to 11.5. The improvement in the material
properties was confirmed by lowering of the damping constant and increase in oscillator strength in the

Lorentz-Drude model which was optimised to fit the simulated plot to the experimental plot.

The improvement in the plasmonic response for smoother surfaces was confirmed by studying the SPR
dip of thin gold films. Gold films deposited with a piezoelectric base displayed a lower surface
roughness. The smoother films had a lower FWHM of the SPR dip as compared to the film of larger
surface roughness of the same thickness. The significant increase in the slope of the resonance angle

and wavelength dependant curve established that smoother plasmonic films have a higher sensitivity.

Annealing the gold nanodisks for 20 minutes disintegrated them into much smaller pieces which
increased the electric field confinement in the near field response, but due to the decreased size, the far
filed resonance was drastically reduced. However, simulations were used to study the effect of
disintegration of nanodisks for larger sizes (more than 280 nm) in the NIR wavelength range. Simulation
results confirmed that disintegration of larger disks in a homogenous medium created very strong
coupling because of the massive increase in far filed resonance. Therefore, annealing for longer time is
an excellent technique for creating sharp resonances for large nanodisk arrays in a homogenous
medium. A 30.2 times increase in Q factor was achieved for the simulated annealed (broken discs)

nanoarray compared to the unannealed (unbroken discs) nanoarrays of diameter 360 nm.

The experimentally fabricated gold nanodisk arrays were indented to be used as surface enhanced
Raman spectroscopy (SERS) substrates. The optimized SERS substrates was selected from the various
nanodisk arrays by detecting the dye Rhodamine 6G (R6G). It was seen that 140 nm diameter (300 nm
period) displayed the highest enhancement (EF of 2.3 x 10°) of the Raman signal due to the overlap of
the resonance wavelength of the nanodisk array with the Raman excitation wavelength (633 nm). The
practical use of the optimal LIL sample was confirmed by detecting the fertiliser urea; the LOD of urea
in water was 0.05 mM (0.5 ppm). Therefore, the optimized LIL sample was used for sensing
agrochemicals is water. Commonly used agrochemicals, herbicide (Atrazine), fungicide (Mancozeb),
acaricide (Clofentezine), weedicide (Metribuzin) and insecticides (Chlorantraniliprole, Thiamethoxam,
Tau-fluvalinate, and Flubendiamide) were collected for testing their LOD in water using the optimal

LIL sample as a SERS substrate.

Density functional theory (DFT) was used to theoretically confirm the Raman spectra of the
agrochemicals. The DGDZVP basis set at the B3LYP level of theory was selected to calculate the
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spectra, which was confirmed to have good accuracy at a moderate computational cost. The calculated
Raman spectra showed good accuracy for the position (wavenumber) of the Raman peaks; however,
there was discrepancy in the intensity of the peaks due to the unrestricted vibrations in the calculated
molecules. The assignment of Raman vibrational modes was performed for all the agrochemicals. For
the optimized LIL sample, it was observed that Clofentezine had the lowest LOD of 0.001 ppm because
of its symmetric structure. Metribuzin had a strong signal in both calculated and experimental Raman
spectra; hence, an LOD of 0.01 ppm was observed. Atrazine, Chlorantraniliprole, and Tau-fluvalinate
had similar LOD of 0.1 ppm. Mancozeb and Flubendiamide had a lower LOD of 0.25 ppm due to lower

excitation power.

7.2 Future Scope

The improvement in nanofabrication techniques is enabling researchers to fabricate increasingly
complicated shapes. In the current thesis, simulations were used to observe that increasing the complexity
of the nanostructures in an array can improve their overall sensitivity. Furthermore, the coupling of the
single structure resonance and the grating (array) resonance is also critical to determine the sensitivity.
Due to the complexity of the shape, the potential sites for the formation of electric field hotspots increase,
which allows greater confinement of light. A potential study can be to quantify the effect of shape
complexity by counting the number of potential sites for hotspot formation and correlating it to the
increase in sensitivity. Another potential study can be breaking the symmetry of the single structure of
the array. For example, a dimer can be used as the repeating unit in an array, which can allow the control
of the single structure resonance using the inter dimer distance (and not the size of the structures, as seen
in the current thesis). Furthermore, the non symmetric single structure resonance and the array resonance
can act as bright and dark modes to induce plasmonically induced transparency, which is at the heart of
many new-age applications of nanostructures.

The systematic study of the effect of surface roughness on the optical response of thin films is essential
for the development of advanced plasmonic devices. In the current thesis, it was established that the
surface roughness significantly improves the plasmonic response of thin films. The surface roughness of
the thin films was reduced by using an oscillating base of frequency 6 MHz during the deposition of gold
on a glass substrate. An 18 nm decrease in roughness was observed. To systematically vary the
roughness, various frequencies of oscillating base could be selected such that a frequency could be
optimized to achieve a target roughness. Thereby, the detailed study could include the plasmonic
response and sensitivity analysis of thin films of varying roughness. Hence, establishing a relationship
between the roughness of the substrate and the SPR performance of the thin film.

The current thesis uses DFT calculation to establish the various vibrational modes of agrochemicals.
The vibrational modes can be critical to determine the resonance frequency of the SERS substrates. The

SERS substrate enhances the intensity of the vibrational modes of the target chemical, however, certain
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substrates can also alter the Raman shift of the vibrational modes. DFT can be used to analyze both the
increase in intensity and the Raman shift position of the substrate-chemical system. Since, metals and
organic chemicals have to be included in the calculations, the basis set selection is critical for accurate
results. The “Lan” type basis sets could be potentially used due to their ability to handle a wide range
of materials. The DFT calculations of the substrate-chemical system provides an excellent base for
researchers and engineers to select the optimal substrate to achieve the highest enhancement for the
selected target chemical.

In the current thesis, an optimized SERS substrate is used to increase the Raman signal of target
chemicals, which can harm the environment and/or the human body. However, Raman sensing is
currently limited to laboratory testing with only a handful of portable options, which are very expensive.
The research community is on the hunt for portable and economical Raman sensors. Despite the simple
instrumentation of the Raman setup (a stable laser source, notch filter, collimating optics, and a
spectrometer), it is difficult to achieve a commercially viable Raman sensor. Due to the extremely low
Raman signal, very precise instrumentation is required which adds to the cost of the final product. The
use of SERS substrates enhances the Raman signal and can be a critical part of commercial Raman
sensors. Hence, the device development of an economical Raman sensor can potentially open up the
market for highly precise and selective sensors that can be used for pollutant detection, onsite

monitoring of products, medical diagnostics, etc.
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MATALB codes

Lorentz Drude model

function varargout = LD(lambda,material,model)

% LD : Drude-Lorentz model for the dielectric constant of metals and

%  Debye-Lorentz model for the dielectric constant of pure water
96***********************************************************************

% Program author: Bora Ung

% Ecole Polytechnique de Montreal
% Dept. Engineering physics

% 2500 Chemin de Polytechnique
% Montreal, Canada

% H3T 1J4

% boraung@gmail.com

% Date: January 31,2012

LA

% DESCRIPTION:

% This function computes the complex dielectric constant (i.e. relative

% permittivity) of various metals using either the Lorentz-Drude (LD) or
% the Drude model (D). The LD model is the default choice since it

% provides a better fit with the exact values. The dielectric function of
% pure water is calculated with a 2-pole Debye model valid for microwave
% frequencies and a 5-pole Lorentz model valid for higher frequencies.
% Reference [1] should be used to cite this Matlab code.

% The Drude-Lorentz parameters for metals are taken from [2] while the
% Debye-Lorentz parameters for pure water are from [3].
96***********************************************************************
% USAGE: epsilon = LD(lambda,material,model)

%  OR: [epsilon_Re epsilon_Im] = LD(lambda,material,model)

%  OR: [epsilon_Re epsilon_Im N] = LD(lambda,material,model)

% WHERE: "epsilon_Re" and "epsilon_Im" are respectively the real and
% imaginary parts of the dielectric constant "epsilon", and "N"

% is the complex refractive index.

% INPUT PARAMETERS:

%  lambda ==>wavelength (meters) of light excitation on material.

% Accepts either vector or matrix inputs.

%  material ==> 'Au' = gold

%  model ==>Choose 'LD'or 'D' for Lorentz-Drude or Drude model.
% REFERENCES:

% [1]B. Ung and Y. Sheng, Interference of surface waves in a metallic
%  nanoslit, Optics Express (2007)

% [2] Rakic et al., Optical properties of metallic films for vertical-

%  cavity optoelectronic devices, Applied Optics (1998)

% [3]J. E. K. Laurens and K. E. Oughstun, Electromagnetic impulse,

%  response of triply distilled water, Ultra-Wideband /

% Short-Pulse Electromagnetics (1999)

O ok sk ko sk s ok ok sk kol bt R sk R SRR R s R sk R R sk Rk R sk o

if nargin < 3, model ='LD'; end % Lorentz contributions used by default
if nargin < 2, return; end

O ok sk ko sk s ok ok sk skl ot R sk sk R R SRR R s R Sk R R SRR R s ko

% Physical constants
O ok sk s ok ok s ok ok s ol bt ok sk sk Rk sl s iR R skl stk sk R R sk R R sk o

twopic = 1.883651567308853e+09; % twopic=2*pi*c where c is speed of light
omegalight = twopic*(lambda.”(-1)); % angular frequency of light (rad/s)
invsqrt2 = 0.707106781186547; % 1/sqrt(2)

ehbar = 1.51926751447914e+015; % e/hbar where hbar=h/(2*pi) and e=1.6e-19

O ok sk s ok ok s ok ok s sl bt ok sk sk R s sl s ik R skl s R sk R R sk R o sk o

% Drude-Lorentz and Debye-Lorentz parameters for dispersive medium [2,3]
96***********************************************************************

Appendix

Appendix A.

Appendix A.1.
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% N.B. Gamma and omega values are in eV, while f is adimensional.

switch material

case 'Au'
omegap = 9.03*chbar;
f=[0.620.024 0.010 0.071 0.601 4.384];
Gamma = [0.04 0.241 0.345 0.870 2.494 2.214]*chbar;
omega = [0.000 0.415 0.830 2.969 4.304 13.32]*chbar;
order = length(omega);

otherwise
error('ERROR! Not a valid choice of material in input argument.")

end
q@***********************************************************************

% Lorentz model (interband effects)
96***********************************************************************

switch model
case 'D' % Drude model
epsilon = epsilon_D;

case 'LD' % Lorentz-Drude model

epsilon_L = zeros(size(lambda));

% Lorentzian contributions

for k = 2:order

epsilon_L =epsilon_L + (f(k)*omegap”2)*...

(((omega(k)"2)*ones(size(lambda)) - omegalight.”2) -...
i*Gamma(k)*omegalight)."(-1);

end

% Drude and Lorentz contributions combined
epsilon = epsilon_D + epsilon_L;

otherwise
error('ERROR! Invalid option. Choose "LD" or "D"")

end
Ot e st ot ks el e st o s R sl sl sl R R SRS Rl sl s R s R sk s sl R sk ok o

% Output variables
O st sttt sl stk ottt sttt ot skl R R sl solslol Rl ksl skl Rl okl o o oloRsoR R okokok

switch nargout
case 1 % one output variable assigned
varargout{1} = epsilon;
case 2 % two output variables assigned
% Real part of dielectric constant
varargout{1} = real(epsilon);
% Imaginary part of dielectric constant
varargout{2} = imag(epsilon);
case 3 % three output variables assigned
% Real part of dielectric constant
varargout{1} = real(epsilon);
% Imaginary part of dielectric constant
varargout{2} = imag(epsilon);
% Complex refractive index [2]: N =n + i*k
varargout{3} = invsqrt2*(sqrt(sqrt((varargout{1}).”2 +...
(varargout{2}).~2) + varargout{1}) +...
1*sqrt(sqrt((varargout{1})./2 +...
(varargout{2})."2) - varargout{1}));
otherwise
error('Invalid number of output variables; 1,2 or 3 output variables.")
end

Link for code: https://github.com/plasmon360/LD_python/blob/master/LD_bora_ung_code_comparision/LD.m
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Appendix A.2.

Effective dielectric function using Bruggeman model

%BruggemanModel

syms eff

el=1;

A=0.5;

=0.1;

o= 1-f1;

gammal=2300;

gamma2=940;

lambdal=468;

lambda2=331;

epsinfinity=1.53;

lambdap=145;

gammap=17000;

Al1=.94,

phil=-pi/4;

A2=1.36;

phi2=-pi/4;

lambda=200:(1400-200)/340:1400;

for ii= 1:200
lambdaa(ii)=200-+ii*(1400-200)/200;
lambda=lambdaa(ii);

epsilon(ii)=epsinfinity-1/lambdap”2/(1/lambda”2+sqrt(-1)/gammap/lambda)+A1/lambdal*((exp(sqrt(-
1)*phil)/(1/lambdal-1/lambda-sqrt(-1)/gammal)+(exp(-sqrt(-1)*phil)/(1/lambdal+1/lambda+sqrt(-
1)/gammal))))+A2/lambda2*((exp(sqrt(-1)*phi2)/(1/lambda2-1/lambda-sqrt(-1)/gamma2)+(exp(-sqrt(-
1)*phi2)/(1/lambda2+1/lambda+sqrt(-1)/gamma2))));

e2(ii)=epsilon(ii);

efl(ii)= -((AN2*e17"2* "2 + 2*¥ AN2*e 1" 2* P40 + AM2*e1/2*f02 - 2*¥ AN2*el *e2(ii)* 2 -
4* AN2*el*e2(ii)*F*10 - 2* AN2*e1*e2(ii)* 072 + AN2*e2(ii) " 2*"2 + 2* A"2*e2(ii) 2 *f*f0 +
AN2*e2()N2* 02 - 2*¥A*e 1" 2* 12 - 2% A*el 2%+ 0 + 2* A*el*e2(ii)* 2 + 4*A*el*e2(ii)**{0 +
2*A*el*e2(ii)*f0/2 - 2*¥ A*e2(ii) " 2**f0 - 2*¥ A*e2(ii)"2*f0"2 + e1"2* "2 + 2*e 1 *e2(ii)*f*f0 +
e2(ii)"2*0"2)N(1/2) - e2(ii)*f0 - el *f+ A*el*f+ A*el*f0 + A*e2(ii)*f + A*e2(ii)*f0)/2*(f + f0 - A*f -
A*0));

ef2(ii)= -(A*el*f - e2(il)*f0 - (A"2*e1/2* "2 + 2*¥ AN2*e 1" 2*P*) + AM2*e1 2*f02 - 2% AN2*el *e2(i1)* 2
- 4% AN2*el*e2(ii)*F*{0 - 2*A2*e1*e2(ii) * 02 + AN2*e2(ii)\2* "2 + 2* AN2*e2(i1) 2 *f*0 +
AN2*e2(11)N2* 02 - 2*¥ A*el1 " 2* 12 - 2% A*el A 2**0 + 2* A*el*e2(ii)* 2 + 4* A*el*e2(ii)*f*f0 +
2*A*el*e2(ii)*f02 - 2* A*e2(ii) " 2**f0 - 2* A*e2(ii)"2*f0"2 + e1"2*f2 + 2*e 1 *e2(ii)*f*f0 +
e2(ii)"2*f0"2)N(1/2) - el *f + A*el1*f0 + A*e2(ii)*f + A*e2(ii)*f0)/(2*(f + {0 - A*f - A*{0));

end
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Appendix A.3.
Toolbox to calculate angle resolved SPR plots

Link for toolbox: https://in.mathworks.com/matlabcentral/fileexchange/77636-transfer-matrix-methods-tmm-thin-

film-tpv-optical-design

Transfer Matrix Methods (TMM) Thin-Film TPV Optical Design

If you have any questions please contact Zhewen Deng at jewden@umich.edu

Incident light

E——

.Layer 4, 5, 6, etc.

Layer1 Layer2 Layer3

This tutorial will give you an output of the reflectivity, absorptivity and transmissivity as a function of wavelength. The geometries of the films are
considered to be semi-infinite in the y and z direction. Select layer composition and adjust your thickness. We currently only allow NORMAL
incidence. i.e. Your incident light is perpendicular to the layers. You can also add more materials from https://refractiveindex.info/. Note that the
wavelength from the website might be different from the axis limits we have below. You can reset the axis limits in last part of the file
plot_TMM.m.

clear;clc;

layers(1) = {|vac - |}; thickness(1) = o U ;%in microns
layers(2) = “M—'ll}‘; thickness(2) = @.4 [Jm—————————

layers(3) = { Au ~ |}; thickness(3) = @.4 o )

layers(4) = {{Glass—vl}; thickness(4) = 1000 -———_);

layers(5) = {{\;’ac—vl}; thickness(5) = B | —

FodhTb e dadtolodaasb odedbsadeadbst

angle = 45.5;
% incident angle in degree NOT in radian

% If you have any thick film layer (i.e. when your thickness is »>>> your wavelength) in your setting,
% please specify the layer number below.

thick_film index = |4 - |;
% You can also save the output in csv. If you want an Excel document, instruction is at the
% eng of plot_TMM.m

% Example: filename = 'data.csv’
filename = |Au,csv H
clf;plot_TMM(layers, thickness, thick film index,angle,filename); (1]
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Appendix B.

Additional parameters for FEM simulations

Common to both single nanoparticle and nanoarray

Module Electromagnetic wave frequency domain (ewfd) with parametric sweep
Mesh

Maximum size 75 nm

Minimum size 2nm

Maximum element growth rate  1.15

Curvature factor 0.5

Resolution of narrow regions 0.5

For single nanoparticle simulation

int_surf Surface of nanoparticle
in_vol Volume of nanoparticle
Background field EO*exp(-i*k1*z)
Symmetry Perfect electric conductor
Perfect magnetic conductor
nrelPoav nx*up(ewfd.relPoavx) + ny*up(ewfd.relPoavy) + nz*up(ewfd.relPoavz)
sigma_sc int_surf(nrelPoav)/S0O
sigma_abs in_vol(ewfd.Qh)/SO
sigma_ext sigma_sc+sigma_abs
k1l ewfd.kO*sqrt(eps_ext)
sigma_geom int_surf(1)
sigma_extOT -4*pi/(ewfd.kO*sgrt(eps_ext))*int_OT (imag(ewfd.Efarx*1[m]))/EQ
M_ave int_surf((up(ewfd.normg))*2)/sigma_geom/E0"2
eps_ext anl(lambda)+an2(lambda)*i
SO E0N2/(2*Z1)
Z1 Z0_const/sqrt(eps_ext)
S in E0"2/(2*Z0_const)
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Extinction cross-section plots of nanoparticles calculated using FEM

Appendix C.
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Figure C.1 Plots of the extinction cross-section for gold (black) in air (solid line), glass (dashed line),

and a-Si (dotted line) environment, of spherical nanoparticles, nanobars and nanoprisms (left to right),

and volumes equal to spheres of diameter 50 nm, 100 nm, 150 nm, and 200 nm (top to bottom).
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Figure C.2 Plots of the extinction cross-section for copper (blue) in air (solid line), glass (dashed line),
and a-Si (dotted line) environment, of spherical nanoparticles, nanobars and nanoprisms (left to right),

and volumes equal to spheres of diameter 50 nm, 100 nm, 150 nm, and 200 nm (top to bottom).
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Figure C.3 Plots of the extinction cross-section for silver (red) in air (solid line), glass (dashed line),
and a-Si (dotted line) environment, of spherical nanoparticles, nanobars and nanoprisms (left to right),

and volumes equal to spheres of diameter 50 nm, 100 nm, 150 nm, and 200 nm (top to bottom).
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Figure C.4 Plots of the extinction cross-section for aluminium (orange) in air (solid line), glass (dashed

line), and a-Si (dotted line) environment, of spherical nanoparticles, nanobars and nanoprisms (left to

right), and volumes equal to spheres of diameter 50 nm, 100 nm, 150 nm, and 200 nm (top to bottom).
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Appendix D.

Transmission plots of nanoarrays calculated using FEM
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square, (b, f), and triangle (c, g) shapes. The dashed lines represent the lattice resonance due to n;. The

side of square and triangle were kept as 177.25 nm and 269.35 nm to keep the volume equal to the disc

of diameter 200 nm. The nanoarray was at air glass interface for 6 = 0°.
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Figure D.2 Refractive index (n;) variation in gold nanoarray for (a) square 6 = 45°, and (b, c) triangle.
0 = 60° and 6 = 90°.
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Figure D.3 Refractive index (n;) variation in aluminium nanoarray for (a) square 6 = 45°, and (b, c)
triangle. 8 = 60° and 0 = 90°.
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Appendix E.

DFT/B3LYP calculated Raman spectra of metribuzin using various basis sets.
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Figure E.1 Reflectivity plots for samples of various thicknesses deposited with and without a quartz

base
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Appendix F.

DFT/B3LYP calculated Raman spectra of metribuzin using various basis sets.
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Figure F.1 DFT/B3LYP calculated Raman spectra of metribuzin using various basis sets.
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Commercial agrochemicals tested in this thesis
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Agrochemical Effect of structure on application

Atrazine Chlorine atom enhances its ability to bind to the target enzyme (photosystem II) in plants,
Herbicide while the alkyl groups increase its lipophilicity and soil persistence

Mancozeb Zinc and manganese ions disrupt the cellular processes of fungi

Fungicide

Clofentezine The tetrazine ring interferes with the cell division and growth of mite eggs leading to their
Acaricide death. Chlorine atoms enhances the ability to bind to the target

Thiamethoxam The nitro group enhances its ability to bind to the target site (nicotinic acetylcholine
Insecticide

Tau-fluvalinate
Insecticide

function. Fluorine atom increases its photostability and environmental persistence

receptors), while the thiazole ring contributes to its systemic movement within the plant

Cyano group affects the nervous system of insects and mites by disrupting sodium channel
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Appendix H.  Nomenclature of vibrational modes (Wilson notation)

Symmetric stretching Antisymmetric stretching

Scissoring
Or in plane symmetric bending O in plane antisymmeiric bending

”||h.
v 4

O) © © b2

Wagging Twisting
Or out of piane symmetric bending Or out of plane antisymmetric bending

Figure H.1 a) Nomenclature used to describe the vibrational modes of a simple covalently bonded
molecule. b) Wilson notation, which is used to describe the vibrational modes of benzene and other ring
type organic molecules [316]. The degenerate modes are denoted by a and b components. Reprinted
with permission from J. Chem. Phys. 2011, 135, 114305. Copyright 2011 AIP Publishing.
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Appendix 1.  Permission for figures

Figure 2.6 Basic principle of Raman spectroscopy and Jablonski diagram along with Raman shifted

response [ 170]. Reprinted with permission from Nanotechnol. Environ. Eng. 2023, 8, 4148, Copyright

2018 Springer Nature.
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Figure H.1 a) Nomenclature used to describe the vibrational modes of a simple covalently bonded
molecule. b) Wilson notation, which is used to describe the vibrational modes of benzene and other ring
type organic molecules [316]. The degenerate modes are denoted by a and b components. Reprinted

with permission from J. Chem. Phys. 2011, 135, 114305. Copyright 2011 AIP Publishing.
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Figure 2.7 Raman spectra of natural fingerprints of a human and fingerprints contaminated with aspirin,
diclofenac, ketoprofen, ibuprofen and naproxen tablets in the “fingerprint” region of 500 cm-1 to 1800

cm-1 [176]. Reprinted with permission from Sci. Rep. 2022, 12, 3136. Copyright 2022 Springer Nature.
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and p polarized (b and d) emission. Each pixel is associated with a different position of the electron
beam [250]. (Figures adapted with permission from ACS Nano 2018, 12, 8436—8446. Copyright 2018
American Chemical Society). (e-f) The normalized electric field (V/m) using FEM simulation for the
same nanoprism for the D (e and f) and Q (g and h) modes when the electric field is perpendicular (e
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EXPERIMENTAL SKILLS

e Nanofabrication

e Nanofabrication Raman spectroscopy

e Laser Interference Lithography e Surface enhanced Raman spectroscopy
at Martin Luther University Halle-Wittenberg, (SERS)
Germany

e Basic microbiological experiments

SOFTWARE SKILLS

e Optical setup for Transmission and

Surface Plasmon Resonance (SPR)
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e ANSYS (Mechanical and CFD) e SolidWorks

e Gaussian (DFT) e MATLAB

e Arduino and Raspberry Pi e Imagel
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Research ProJECTS

PhD at Indian Institute of Technology Ropar (2019-2024)

e Fabrication, optimization and application of Gold Nanodisk Arrays

O

Fabrication and optimization of Gold nanodisk arrays as SERS substrate

Gold nanodisk arrays were fabricated using Laser Interference Lithography (LIL) at the
clean room facility at Matin Luther University, Germany, during my research internship.
Gold nanodisk arrays with diameters 110 nm to 200 nm (period to diameter ratio ~2.2) were
indented to be used as SERS substrates. It was seen that 140 nm diameter (300 nm period)
displayed the highest enhancement (EF of 2.3 x 106) of the Raman signal due to the overlap
of the resonance wavelength of the nanodisk array with the Raman excitation wavelength (633
nm).

Thermal annealing of Gold nanodisk arrays for enhanced optical response

The nanodisk arrays exhibited a strong plasmonic resonance in the visible and NIR regions,
which was caused by the interaction of the single disk resonance and the (1 0) grating
resonance.

Annealing for a short duration led to growth of gold grains and smoothening of the disk
surfaces resulting in lower ohmic and radiative losses from the gold disks and doubling of the
Q-factor of the resonances.

Annealing for a longer duration disintegrated the nanodisk into several smaller particles while
maintaining the overall periodicity of thearray. Finite element method (FEM) simulations
predicted that for larger periods fragmented nanodisk arrays can exhibit extremely strong and
sharp resonances whose Q-factor increases more than 30 times.

Gold nanodisk arrays as Surface-enhanced Raman spectroscopy (SERS) substrates for

pesticide sensing

Various types of agrochemicals being used by the farmers were collected. One each of
herbicide (Atrazine), fungicide (Mancozeb), acaricide (Clofentezine), and weedicide
(Metribuzin), and four extremely harmful insecticides (Chlorantraniliprole, Thiamethoxam,
Tau-fluvalinate, and Flubendiamide) were tested. The limit of detection (LOD) of the
pesticides was tested using a gold nanodisk array as a SERS substrate using Raman
spectroscopy. It was observed that the pesticides showed a LOD much below the ppm level.
Density Function Theory (DFT) calculations were used to verify the experimental spectra
and assign vibrational modes to the major Raman peaks of the pesticides.

e Effect of roughness on Surface Plasmon Resonance (SPR) performance of gold thin films

O

Gold films deposited with an oscillating base displayed a lower surface roughness. The
smoother films had a lower FWHM of the SPR dip as compared to the film of larger surface
roughness of the same thickness.

The significant increase in the slope of the resonance angle and wavelength dependent curve
established that smoother plasmonic films have a higher sensitivity.

e Simulation of plasmonic nanoparticles and nanoarrays for sensitivity enhancement

O

FEM simulations were used to analyze the effect of size, shape, material and surrounding
environment on the plasmonic response of single nanoparticles and nanoarrays.

Arranging the single nanostructures into periodic arrays combined the near field (Localized
SPR) and far field (grating resonance due to the array) resonances. The highest sensitivity
was observed at the optimal coupling condition, where the near field and far field resonance
wavelengths overlapped.
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Theoretical study of MXenes coupled surface plasmon resonance (SPR) sensors for
sensitivity enhancement

(@]

MXenes are a new family of materials with exciting optical properties that have to the
potential to replace conventional plasmonic materials. The finite element method (FEM)
and transfer matrix method (TMM) were used to analyze the SPR response of various
MXenes.

A structured MXene layer, as well as, the combined effect of gold and MXene, both showed
enhanced sensitivity as compared to conventional plasmonic sensing layers (an increase of
more than 1.75 times).

Book chapters on Metamaterials

o
o

Graphene metamaterials and their use as frequency selective and radar absorbing surfaces
Auxetic metamaterials for Biomedical and Tissue Engineering

Devices development

(@]

Rapid sensing of bacterial growth on meat using optical device (Technology transfer for
commercialization)

Conventional methods to detect bacterial contamination require the use of various chemicals
and often take more than a day. An economical and portable device was developed for the
rapid detection of bacteria in chicken meat in 15 to 30 minutes. The sensing signal was the
increased scattering from the meat surface due to bacterial colonies (102 to 108 CFU/mL).
The traditional microbiological method of plate counting was used to establish that the
control samples did not have any significant bacterial colonies.

The smartphone based device is being licensed by a company for commercialization.
Economical optical sensing devices (with undergraduate interns)

An economical turbidity meter was developed which could be operated using a smartphone
using an application from the image feed from a camera via a Raspberry Pi. The prototype
cost less than 80 USD and could detect 5 NTU (Nephelometry Turbidity Unit), which was
comparable to commercial devices.

An economical transmission spectroscopy setup was developed whose prototype cost less
than 60 USD. The economical setup results were in good agreement with the laboratory grade
equipment. The setup was used to measure the transmission response of various pesticides.
An apparatus to measure burst pressure of an adhesive (Patent filed)

A burst pressure measuring apparatus with the provision for testing adhesives that require fluid
flow to complete the adhesion process was developed, and the apparatus was specifically
designed for biological adhesives. The apparatus created controlled fluid flow using a
peristaltic pump, and the pressure was measured using a manometer. The fluid pressure in
the testing chamber was increased using a plunger operated by a stepper motor via an
Arduino.

Affordable, Compact and Infection-Free BiPAP Machine

BiPAP (Bilevel Positive Airway Pressure) ventilation support can be used for the less critical
COVID cases. An inexpensive BiPAP with an infection-free exhaust was developed using an
air blower that was programmed using an Arduino via a speed controller. The cost of the mass
produced device was approximated as 85 USD.

A portable tent to prevent Electromagnetic Interference (EMI) (with undergraduate
interns)

The EMI shielding performance of a 1 m2 tent made using commonly available aluminum
sheets and a commercial conductive fabric made of copper and nickel wires was compared.
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Masters at Punjab Engineering College (2017-2019)

e Shock Loading Response of Solid and Perforated Aluminum Sheets

o Shock tube is an experimental apparatus used to impart shock loading for testing various
materials and designs. CFD simulations of the shock tube were validated using the results
of an experimental shock tube apparatus. Analytical equations were used to calculate the
peak reflected pressure and energy. The maximum incident energy available at the end of the
driven section using diaphragm thickness 4 mm was 46.72 KJ.

o The shock tube analysis of Aluminum alloy 6061-T6 sheets of two configurations (solid
and perforated) and two thicknesses (3 and 2 mm) were compared. FEM simulations of the
shock loading impact on the sheets was performed. The simulation results were in close
agreement with the experimentally tested sheets. It was observed that 2 mm thick perforated
sheet experienced complete fracture and absorbed the highest energy (477 J).

Bachelors at Manipal Institute of Technology (2016)

e Theoretical study on the effect of Trapezoidal Shaped Rib on Thermal Performance of Solar
Air Heater
Solar air heaters generally exhibit lower levels of thermal performance due to thermal losses
and poor heat transfer characteristics of air. Computational fluid dynamics (CFD) results
revealed that the trapezoidal shape improved the conductive heat transfer, as indicated by the
increased Nusselts number. The geometric parameters of the trapezoidal ribs were optimized
to maximize the heat transfer at a reasonable pressure drop.

JOURNAL PUBLICATIONS

G. P. Singh, A. Pandey, and N. Sardana “MXene coupled surface plasmon resonance (SPR) sensors for
sensitivity enhancement: a theoretical study”, Submitted in Photonic Sensors

G. P. Singh, B. Fuhrmann, F. Syrowatka, J. Schilling, N. Sardana “Effect of Annealing on Plasmonic
Response of Gold Nanopatterns” Submitted in Physica Scripta

G. P. Singh and N. Sardana “Vibrational Modes of Metribuzin: A Theoretical and Experimental
Comparison” Accepted in ChemistrySelect, doi: 10.1002/slct.202402793

G. P. Singh, B. Fuhrmann, F. Syrowatka, J. Schilling, N. Sardana, “Tuning the Plasmonic Response of
Periodic Gold Nanodisk Arrays for Urea Sensing” J. Mater. Sci. vol. 59, pp. 6497-6508, April 2024,
doi: 10.1007/s10853-024-09599-0

G. P. Singh, R. Harsh and N. Sardana “Tuning of the Plasmonic Response Gold and Aluminum
Nanoarrays for Sensing Applications” Indian J. Pure Appl. Phys., vol. 62, pp. 77-86, Feb. 2024, doi:
10.56042/ijpap.v62i2.7709

G. P. Singh, R. Singh, J. D. Sharma, R. Arora, and I. S. Sandhu “Shock loading response of solid and
perforated aluminium sheets.” J. of Materi Eng and Perform, Jan. 2024, doi: 10.1007/s11665-023-
08916-z

G. P. Singh, S. Samanta, A. Pegu, S. S. Yadav, U. Singhal, A. Venkatesan and N. Sardana,
“Enhancement of Plasmonic Response by Piezoelectrically Deposited Gold Films” Indian J. Phys., Oct.
2023, doi: 10.1007/s12648-023-02974-8.

G. P. Singh and N. Sardana, “Plasmonic response of metallic nanoparticles embedded in glass and a-
Si,” Bull. Mater. Sci., vol. 45, no. 4, p. 241, Dec. 2022, doi: 10.1007/s12034-022-02812-3.

G. P. Singh and N. Sardana, “Smartphone-based Surface Plasmon Resonance Sensors: a Review,”
Plasmonics, vol. 17, no. 5, pp. 1869—1888, Oct. 2022, doi: 10.1007/s11468-022-01672-1.

G. P. Singh and N. Sardana, “Affordable, Compact and Infection-Free BiPAP Machine,” Trans. Indian
Natl. Acad. Eng., vol. 5, no. 2, pp. 385-391, 2020, doi: 10.1007/s41403-020-00134-6.
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CONFERENCE PUBLICATIONS

S. Samanta, G.P. Singh, P. Jain, A. K. Singh, N. Sardana, “Arm angle dependence of X-shaped
metamaterial resonator in the X-band Regime”, Springer Proc. Phys., vol. 308, pp. 183-190, 2024, doi:
10.1007/978-981-97-4557-9 _19.

G. P. Singh, J. D. Sharma, R. Arora, and I. S. Sandhu, “CFD analysis of shock tube for blast impact
testing,” Mater. Today Proc., vol. 28, pp. 1872—1878, 2020, doi: 10.1016/j.matpr.2020.05.294.

M. S. Manjunath, G. P. Singh, N. Akhil, and A. Singh, “Influence of shape factor and notch design of
transverse trapezoidal shaped rib on thermal performance of solar air heater-a CFD study,” AIP Conf.
Proc., vol. 2273, no. November, 2020, doi: 10.1063/5.0024515.

Book CHAPTERS

G. P. Singh and N. Sardana, “Auxetic Materials for Biomedical and Tissue Engineering - Materials for
Biomedical Simulation: Design, Development and Characterization,” Springer Nature Singapore, 2023,
pp. 1-36.

G. P. Singh and N. Sardana, “Graphene Metamaterials - Recent Advances in Graphene and Graphene-
based technologies,” IOP Publishing, 2023, pp. 17-38.

G. P. Singh and N. Sardana, “Graphene-Based Tunable Metamaterial-FSS RAS BT - Handbook of
Metamaterial-Derived Frequency Selective Surfaces,” Springer Nature Singapore, 2022, pp. 1-39.

PATENTS

G. P. Singh and N. Sardana, "A system and method for measuring burst pressure for an adhesive,"
202111032081, Indian patent filed, 2021

TEACHING ASSISTANT ROLES
e Advanced Materials Characterization Techniques e Tinkering Lab (Arduino based

e Electrical Optical and Magnetic Properties of projects)
Materials e Major and Minor Projects with B.Tech.
Students
ACHIEVEMENTS

e Best oral presentation in International Conference on Advanced Functional Materials and
Devices (AFMD-2024), SRMIST, Chennai

e Oral and Poster presentation at META 2022 12th International Conference on Metamaterials,
Photonic Crystals and Plasmonics (19 July to 22 July 2022) at Torremolinos, Spain

e Best oral presentation at 14th Chandigarh Science Congress (CHASCON-2020), Chandigarh,

2020
e Qualified Graduate Aptitude Test in Engineering (GATE) in Mechanical Engineering in 2016
and 2019
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