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Summary

The facile methods (dealloying and nanotexturing) have been used for the fabrication of rigid
as well as flexible SERS substrates. Both methods are reproducible, cost-effective, and
scalable, as well as able to fabricate the substrate with minimum equipment facilities and
environmental conditions. The rigid substrate such as Nanoporous gold (NP-Au) has been
fabricated by the dealloying method. The prepared substrate is able to enhance the signal up to
~10 fold without any kind of modifications on its surface, and the reason for the enhancement
is the generation of local field creation around the nanoligments as well as the hot spot
formation between adjacent ligaments, which leads to the strengthening of the signals. The
substrate has shown good sensing capability by detecting the 10° M concentration of R6G
(organic pollutant) and Urea (fertilizer). Furthermore, the substrate has demonstrated only a ~
50 % reduction in SERS signal intensity even after storage for ~ 2 years; this property shows
the good durability of the prepared substrate. The rigid substrates has certain disadvantages
such as these substrates are difficult to apply on curved surfaces (apple, tomato, etc.) in order
to collect the residues of molecules, hence non-destructive detection is not possible by using
these substrates. This factor limits its use for onsite contaminant detection. Whereas this
problem can be overcome by using flexible SERS substrates that can adjust on any kind of
surfaces and also show good adhesion property on attachment to the surface. Therefore, a
flexible substrate has been fabricated to overcome this problem as well as for real-world
sensing of contaminants. It has been prepared by using a Rose petal as a template, PDMS as an
elastomer, and a nanotexturing approach is used to create the inverted texture of rose. The
prepared flexible substrate is also able to sense lower concentrations (10-° M) of R6G and urea,
as well as able to enhance the signal up to 23-fold of urea in comparison to Si. The enhancement
in signals arises here due to the generation of a local field around the NPs and the plasmonic
coupling between the adjacent NPs. The substrate shows good stability ability even after
storage for ~ 4 months. In order to check the effectiveness and flexibility of substrate for real-
world application, urea fertilizer residues have been collected over the tomato surface via the
paste and peel-off approach.

Furthermore, both substrates are reusable by applying a simple drop-casting approach. This
property is beneficial because it can help to reduce the fabrication cost and pollution after
disposal of the single-used substrate and also save the researcher’s time, which is required for
the fabrication of similar morphology substrates.
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Abstract

Raman spectroscopy is an effective characterization technique for the detection of a wide range
of analytes due to its potential to provide figure-print spectra of a variety of molecules by
detecting the inelastic scattering of incident photons with very low signal-to-noise ratio.
Structured plasmonic substrates which enhance the weak Raman signal is a solution to increase
Raman signal via reducing noise, which is known as surface-enhanced Raman spectroscopy
(SERS). From the past few decades, researchers have fabricated many of SERS substrates that
show good enhancement factor, are highly sensitive towards trace level detection, and are also
stable for months. But what about other parameters like flexibility, reusability, and
degradation? Based on the literature reports, very few studies are based on the substrate’s
homogeneity and reproducibility, although there are rare reports available on the substrate’s
reusability. Majority of the literature has focused on the fabrication of SERS substrates based
on solid substrates. These substrates are advantageous for various sensing applications.
However, with these substrates, the molecules can be detected easily from the planar or flat
objects, whereas on non-planar objects such as banana, mango, etc., the detection is quite
complex. Hence, non-destructive such as on-field: pathogens, fertilizer, and trace chemical
detection is difficult. Therefore, a flexible SERS substrate that can adjust on any kind of surface
to detect the molecules is in great demand.

In the current work, both solid as well as flexible SERS substrates have been fabricated by the
facile and reproducible method. The solid substrate has been prepared by a cost-effective
dealloying method for a varied time-period to determine which dealloying time shows the
highest enhancement in the signal. The final networked structure of Nanoporous gold (NP-Au)
shows excellent SERS activity. On the other hand, the flexible substrate has been prepared by
replicating the pattern of red rose petals by using a polymer to make the patterned substrate.
The nanocasting approach has been used to create the inverted texture of rose, and then the
textured substrate is made SERS active by the deposition of pre-synthesized Au NPs via a self-
assembly approach. After fabrication, the effectiveness of both substrates has been tested by
detecting the Raman active molecule such as R6G (organic contaminant) and further, from a
real-world application point of view, these substrates have also been used for the detection of
urea (fertilizer). The highlighted point about the substrates is that these are reusable by applying
a simple washing method and show good sensing capability by detecting urea molecules in the

nanomolar range.
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Chapter 1: Overview of research work

1.

Introduction
Raman spectroscopy is an effective characterization technique for the detection of wide range of

analytes due to its potential to provide figure-print spectra of variety of molecules by detecting the
inelastic scattering of incident photons [1]. However, its use is limited due to the small scattering
cross-section typically in the range of 10-2°cm? /molecule that results in a very low signal-to-noise
ratio. This precludes in a wide range of applications in sensing of many molecules and chemicals
[2]. This drawback can be overcome by the use of structured metallic substrates which enhances
the weak Raman signal by several orders of magnitude. Here, a molecule is located in a close
proximity to the plasmonic substrate [3] and then excited with a suitable wavelength as shown in
fig 1.1. This modified technique is known as the surface-enhanced Raman spectroscopy (SERS),
which is a highly sensitive and selective spectroscopy technique. It has applications in many areas
such as the bioimaging, forensic science, cell characterization, food, and environmental analysis
[4], [5]. Even after decade long research on SERS based systems, the mechanism behind the SERS
process is debatable. It has been shown that an increase in Raman signal intensity is due to the
strong electromagnetic fields produced by localized surface plasmon resonance on the rough
metallic substrate [5]. The enhancement of electromagnetic field is usually observed at nanogaps
between metal nanostructures known as the hot spots [6]. The major concern for the practical
applications using SERS is the requirement of hot spots at precise spatial locations over the SERS

substrate which depends on the shape, size, and the surrounding environment.

Signal

Laser

Signal
O @ | | C:} Molecule
‘ Flat Substrate ‘ Structured Substrate I Nanostructure
(a) (b)

Figure 1.1. Schematic illustration represents (a) Normal Raman Spectroscopy and (b) Surface Enhanced

Raman Spectroscopy.

Various materials such as metals (Ag, Au, Cu, Al, Pd, Pt, Co, Fe, Ru,), non-metals (C, Graphene,
Graphene Oxide), semimetals (Mo,C, MXene) and transition metal dichalcogenides (MoS;) have
been used to make SERS substrate [7], [8]. Among these materials, Ag and Au are extensively

used due to their excellent plasmonic properties compared to others and also their localized surface
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resonance lies in the visible and near-infrared wavelength range, where most Raman measurements
occur [9], [10]. Furthermore, in comparison to Ag; Au is preferred to make SERS substrate due to
its ultrahigh chemical stability, which can prevent the reduction in signal intensity due to oxidation
[11].

In SERS field, for strong signal enhancement, the structural morphology of SERS substrates matters
most[12]. The fabrication methods such as chemical etching, self-assembly, spin-coating,
sputtering, electron beam, focused ion beam, nanoimprint lithography, and photolithography etc.,
is widely used for the random and periodic arrangement of nanostructures onto the substrates [12],
[13]. Although substrates prepared by these methods is able to show strong enhancement, but along
with that the optimized conditions and specific expensive setups are essential for many of these
techniques [14].

Although SERS has developed as a potential tool for biological and chemical sensing, still it has
certain limitations as like other techniques. Glass slides and Silicon substrates are the two most
common base substrates used for the formation of SERS active layers [15]. Whereas, these base
substrates are brittle and rigid and cannot be applied onto curved surfaces (requires pre-treatment
steps) as well as show poor adhesion property upon attachment to the surface. From the past few
years, efforts have been initiated to fabricate flexible SERS substrates. Flexible substrates have
advantages over rigid substrates as they can be wrapped onto irregular surfaces (fruit, suitcase,
table, bag etc.,) and can be cut into different sizes and shapes as per the application demand, also

non-invasive and in-situ detection is possible [16].

1.1 Research gaps
From the past few decades, researchers have fabricated many of SERS substrates; that show good
enhancement factor, are highly sensitive towards the trace level detection, and are also stable for
months [3]. But what about other parameters like flexibility, reusability, and degradation? Based
on the literature reports very few studies are based on the substrate’s homogeneity and
reproducibility, although there are rare reports available on the substrate’s reusability. As per
today’s era point of view, the recycling/reusability of substrates is an important and beneficial factor
for society. The disposal of the substrate after a single use increases the fabrication cost and the
pollution caused by the use of chemicals [16]. On the other hand, most of the literature has focused
on the fabrication of SERS substrates based on solid substrates such as silicon, glass, quartz, and
alumina. These substrates are advantageous for various sensing applications. However, with these
substrates, the detection of molecules only on planar or flat objects is possible, whereas on non-
planer, uneven, and on curved objects: non-destructive detection is difficult [4]. This factor limits
its use for real-world sensing applications such as on-field pesticides, fertilizers, pathogens, and

trace chemical detection. Therefore, a flexible SERS substrate which can adjust on any kind of



surface (irregular as well as on planer surface) to detect the unknown molecules is in great need
[17].

1.2 Motivation
With the increasingly widespread use of pesticides and fertilizers in agriculture, food safety has
become a major concern in today’s era. Pesticides and fertilizers are widely used to increase the
crop production and to protect the crops from various kinds of insects, fungi, weeds, and other pests
[24]. On the other hand, their wrong and excessive use is toxic to humans and can cause acute and
chronic health issues. Therefore, to prevent humans from the adverse effects of pesticides and
fertilizers, WHO has recommended a maximum permissible limit for each pesticide and fertilizer,
beyond that limit these are considered toxic [25].
There are various methods to detect pesticides/fertilizer in food products such as gas
chromatography-mass spectrometry, high-performance liquid chromatography, and liquid
chromatography-mass spectrometry. These are effective and accurate, but rather than that the
sample preparation is difficult, time-consuming, and lower limit detection is not possible [26].
Additionally, the non-destructive detection is also not possible by using these methods.
As compared to the existing and currently used methods, Surface Enhanced Raman Scattering
(SERS) is suitable and well fits the above-mentioned characteristics due to its simplicity, fast
nature, and ability to detect lower concentration of contaminants such as pathogens, pesticides,
fertilizers, and environmental pollutants. Furthermore, by using flexible substrates the non-
destructive detection is also possible.
In the current work, both solid as well flexible SERS substrates have been fabricated by the facile
and reproducible method. After fabrication, the effectiveness of both substrates has been tested by
detecting the Raman active molecule such as R6G (organic contaminant) and further, for real-world
application point of view, these substrates have also been used for the detection of the urea

(fertilizer).

1.3 Obijectives
Development of reusable, stable, cost-effective, uniform, and sensitive SERS substrates (rigid and

flexible) for lower limit of detection for contaminants (LOD).

1.3.1 Rigid substrate
1. Fabrication of substrate by dealloying method (facile/reproducible/cost-effective).
2. Spectroscopic, morphological, and compositional analysis of the substrate by UV-visible,
Raman spectrometer, FE-SEM, and EDS spectroscopy.
3. Optimization of experimental conditions (dealloying time) and instrumental parameters (laser

power, acquisition time, and accumulation time etc.) for better SERS performance.



4. SERS parameters examination such as effectiveness testing, sensitivity, uniformity, reusability,
and stability.

5. Testing of the substrate for contaminant detection via the drop-casting method for real-world
application purposes.

1.3.2  Flexible substrate

1. Fabrication of structured substrate by nanotexturing approach (facile/reproducible/cost-
effective).

2. Spectroscopic and morphological analysis of the prepared substrate by UV-visible, Raman
spectrometer, Dynamic light scattering, optical microscope, and FE-SEM.

3. Optimization of experimental conditions (surface modification process and Au nanoparticle
immersion duration etc.) and instrumental parameters (laser power, acquisition time, and
accumulation time etc.) for better SERS performance.

4. SERS parameters examination such as effectiveness testing, sensitivity, uniformity, reusability,
and stability.

5. Testing of the substrate for contaminant detection via paste and peel-off approach for real-world
application purposes.

1.4 Scope

The substrates are reusable by applying a simple drop-casting method. This point is beneficial
and currently in demand in SERS field. This property can help to reduce the fabrication cost as
well as pollution which generally occurs due to the use of chemicals for the preparation of new
substrates and after disposal of the single-used substrate. Furthermore, the reusability saves
researcher’s time which is required for the fabrication of similar morphology substrates.

The flexible structured substrates prepared from natural artifacts (butterfly, cicada wing, plant
leaves such as lotus, rose petals, taro, and rice) can open a new door in the field of facile, rapid,
economical, and bulk-scale synthesis of substrates as compared to lithography, sputtering,
molecular beam epitaxy-based techniques which are highly dependent on the specialized
equipment’s facility and environmental conditions.

These substrates can also be used for the detection of other contaminants such as pathogens
(bacteria and viruses, etc.), environmental pollutants (heavy metals {As, Pb, and Cd, etc.}),
narcotics (cocaine, heroin, morphine, and codeine, etc.) and can also be used to identify other
food contaminants (pesticides {chlorpyrifos, methyl parathion, and thiram which are commonly
used to kill pests and protect the crop from fungal diseases}, insecticides, herbicides, and
fertilizers). Most importantly, the prepared flexible substrates can be used for the onsite

detection (real-world application) of contaminants, etc. and can also be used for other



applications such as optoelectronic (photoelectric properties) and biomedical (capture and

release of tumor cells) instead of SERS.

1.5 Thesis outline
Chapter 1: Briefly discusses about Raman spectroscopy, Surface Enhanced Raman Spectroscopy
(SERS) and the advantages, disadvantages, applications, and challenges associated with them. A
brief literature review regarding the materials and fabrication methods used for SERS substrate
preparation and then an overview has been given on the types of SERS substrates (rigid and
flexible substrate) used. Based on the study we have explored research gaps as well as challenges
associated with the field, accordingly, the objective of the thesis has been decided.
Chapter 2: Detailed literature survey is discussed on earlier mentioned topics such as Raman
spectroscopy (principle, energy level diagram, mechanism of Raman spectroscopy/mathematical
explanation, instrumentation, sample preparation methods, applications of Raman spectroscopy,
limitations of Raman spectroscopy and solution to overcome), Surface-enhanced Raman
spectroscopy (introduction, background, enhancement mechanism, materials and fabrication
methods used, factor affecting SERS performance, applications and limitations of SERS) and
further, the chapter is divided into two subsections- one section discusses the state-of-art based on
solid SERS substrate and the other discusses about the flexible SERS substrates.
Chapter 3: Discusses about the techniques used for the characterization of substrates. This chapter
is divided into two subsections. In one part, the techniques which provides information about
topology is discussed (FESEM, AFM) and in the other part techniques used to examine the optical
properties of the substrates are discussed (UV-visible, PL, DLS, and Raman Spectroscopy).
Chapter 4: This chapter discusses the fabrication of rigid SERS substrates and their use for
contaminant detection for real-world application purposes. The chapter is divided into three parts.
In the first part: the methodology, materials used for the fabrication, and results such as absorption
peak determination, morphology and composition examination, and SERS parameters
(effectiveness testing, enhancement factor determination, uniformity, and reusability) are
discussed. The next part is based on the determination of the effect of laser power variation onto
the substrate morphology as well as onto the SERS performance. In the third part, substrate
effectiveness towards fertilizer detection is examined, and a conclusion is given at the end of each
part.
Chapter 5: Discusses about the fabrication of flexible substrate for fertilizer detection via paste
and peel-off approach. This chapter includes methodology and materials used for the fabrication
of flexible substrate, then discusses about the results (absorption peak determination, SERS

Parameters {effectiveness testing, enhancement factor determination, sensitivity, uniformity,



reusability, stability, and testing for urea detection}, morphological examination) and at least

provides conclusion of the work.
Chapter 6: Includes the overall summary of the present research work and provides a perspective

for future studies.



Chapter 2: Literature review

2.1 Introduction to Raman scattering
Raman scattering is the inelastic scattering of a photon. It was predicted theoretically by an
Australian physicist Adolf Smekal in 1923 and later experimentally observed by Indian physicists
C.V. Raman and K. S. Krishnan in 1928 [18] and the effect was observed using a very simple
optical set-up, i.e., sunlight as an illumination source, colour filters, telescope, and viewer’s eye as
a detector [19]. Professor Raman for this discovery was awarded with the Nobel Prize in 1930 in
physics. Initially, the phenomenon was beneficial only to measure highly concentrated pure organic
solvents, and its effect was observable with eyes. Whereas, the effect was weaker for diluted
solutions. Due to that, the applications of Raman spectroscopy were delayed for several years until
the invention of the laser and other effective optical components such as holographic gratings, notch
and neutral density filters, high throughput monochromators, photomultiplier tubes, and charge-
coupled devices [20]. As a result, it is now possible to detect lower concentrations of molecules

even in the nanomolar range, which was nearly impossible just a few years ago.

2.1.1 Principle
When a monochromatic beam interacts with an atom or molecule, both elastic and inelastic
scattering  occurs. Most of the scattered radiation is of same energy as the incident photons
known as elastic or Rayleigh scattering, whereas a small fraction of radiation (1 out of 10
million photons) is scattered with a different energy than the incident radiation called inelastic/
Raman scattering [21]. In Raman scattering, due to light-molecule interaction, the molecule
either loses or gains energy from the photon. If it gained energy from the photon then that
scattering is known as Stoke scattering, and if it loses the energy and provided to photon then
that scattering is known as anti-Stoke scattering. This energy difference corresponds to the
rotational and vibrational modes of the molecules and provides the Raman spectra which help
to determine the atomic orientation and bonding within a system [22]. Moreover, vibrational
information is specific to chemical bonds, symmetry of the molecules, and the electronic
environment. Therefore, Raman spectroscopy provides a “fingerprint’” which enables the
gualitative determination of individual molecules. The energy level diagram for Rayleigh,
Stokes, and Antistokes scattering is represented in fig. 2.1.
2.1.2  Energy level diagram explanation

Let us consider that the incident photon energy is hvo, the ground state is represented as Eqand
the energy difference between the ground and vibrational state is hv, as shown in fig. 2.1. The
term h (vo - vm) indicates Stokes scattering and h (vo+ vm) represents anti-Stokes scattering. The
Raman shifts are represented in terms of wavenumber using the standard unit of cm. When a
photon (hvo) from a high-intensity laser is incident on the molecule, the molecule is excited to

a virtual state (not a stable energy level). From this virtual state, the relaxation of a molecule is
7
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different [23]. If the molecule relaxes to the same energy level and scatters a photon of same
frequency (hvo) as the incident photon then this scattering is known as Rayleigh scattering.
Whereas, when the molecule relaxes to different vibrational states either lower or higher
vibrational state and scatters a photon of different energy then this scattering is known as Raman
scattering. As discussed, Raman scattering is described by two scattering mechanisms. One is
Stokes scattering and the other is anti-Stokes scattering. In Stokes scattering, a molecule relaxes
to a lower vibrational energy state from its beginning state and scatters a photon of lower
frequency (h (vo - vm)). In anti-Stokes, a molecule relaxes to a higher vibrational energy state
than its excitation state and emits a photon of higher energy (h (vo + vm)) than the incident
photon. From fig. 2.1. it can be seen that in the case of anti-Stokes scattering, the molecule is
already in the excited state before excitation. The peak intensity of the Stokes lines is higher

than the anti-Stokes, therefore anti-Stokes lines are difficult to detect because they merge in

Stokes lines.
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Figure 2.1. Schematic of the Rayleigh and Raman scattering process.

Mechanism of Raman spectroscopy/Mathematical explanation
To obtain the Raman spectrum of a sample, a change in polarizability during molecular
vibration is a necessary condition. When a molecule is placed in an oscillating electric field
‘E’, nuclei and electrons are displaced from their positions. As a result, the dipole moment is
induced inside the molecule; this dipole moment is known as induced dipole moment and is
represented by the term “p;’. If ‘E” is the strength of applied electric field and p;is the magnitude
of induced dipole moment [24], then the magnitude of the induced dipole moment is
proportional to the strength of the applied field and is given by the following equation.

K = aE (eqg. 2.1)

Where a is the polarizability of the molecule and is associated with the dipole moment ;. The



amount of displacement of the electron cloud surrounding a molecule is determined by
polarizability. The change in pi parameter leads to Raman scattering; therefore, the Raman
signal intensity is the square of the |; [25]. The polarizability shows the intrinsic characteristic
of the molecule and is affected by the electronic structure and the type of chemical bond.

Iraman & a’E? (eq 2.2)
The electric field strength of an electromagnetic wave of frequency ‘v’ is represented as
E = Eycos2mvt (eq. 2.3)

Where Ey is the amplitude of the electromagnetic wave. Substituting the value of Equation (2.3)
into (2.1)

U= aEgycos2mvt (eq. 2.4)
Equation (2.4) represents when electromagnetic radiation of frequency ‘v’ is incident onto a
molecule, it induces a molecular dipole moment which resonates with the same frequency.
However, the small displacement of the molecule from its equilibrium position (i.e., molecular

vibration) causes the change in polarizability factor and is determined by
d
a =ag+ (r— req)a—‘: (eq. 2.5)

where ao is the equilibrium polarizability, and r and req are the bond lengths at equilibrium
position and at any instant, respectively. If a molecule executes simple harmonic motion, the

displacement can be expressed as

(r —Teq) = Timax COS2mV; t (eq. 2.6)
where rmax is the maximum separation distance between atoms and v;is the vibrational
frequency of a molecule relative to its equilibrium position. Combining equations (2.5) and
(2.6) gives

Jda
a = ag+ Tpa €OS2mv; t (E) (eq. 2.7)

Substituting equation (2.7) into equation (2.4)

n = {a + Tjax COS 2TV, (%)} Eycos2mvt (eq. 2.8)
LW =agEgcos2mvt + Ey T pax (Z—Ur’) cos 2ntvt cos 2mv;t (eq. 2.9)

Multiply and divide the 2" term of right-hand side of equation (2.9) with ‘2’ gives

U = agEqcos2mvt + % Tmax (%) cos[2m(v +v))|t +
E a
7" T max (a—i) cos[2m(v —v))]t (eq. 2.10)

9
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(=2 cos A cos B = cos (A+B) cos (A-B))

The first term in equation (2.10) corresponds to Rayleigh scattering; here the scattered
frequency is similar to the excitation frequency v. The second and third terms represents the
anti-Stokes (v + vj) and Stokes (v - v;) scattering, where the scattered frequency has been altered

by the vibrational frequency of the bond.

Instrumentation

In Raman spectrometer, the sample is illuminated with monochromatic light and the scattered
signal is collected by an objective lens. The instrument schematic is represented in fig 2.2. It
consists of following components: a laser as an excitation source to illuminate the sample with
monochromatic light, a neutral density filter, optical lenses (objectives, mirrors), holographic
notch filter, and a detector to collect the scattered light [26]. As discussed, the intensity of
scattered radiation is very weak, therefore an extremely intense source of radiation such as a
laser is required. The commonly used lasers in Raman spectrometer are Argon ion (~ 488/514
nm), Krypton ion (~ 532/647.1 nm), Helium:Neon (~ 633 nm), Diode lasers (~ 785/830 nm),
and Nd:YAG (1064 nm) [27]. All these lasers have attracted significant attention in the Surface-
enhanced Raman scattering field due to their ability to excite the localized surface plasmons of
the metallic nanostructures [28].

In some cases, the use of a high-power laser can cause strong fluorescence emission and
decomposition of the sample. In order to reduce these effects or to get an effective Raman
signal, a neutral density filter is used. It decreases the intensity of the laser, which helps to
reduce the fluorescence and sample decomposition. Then the light passes through the dichroic
filter. It functions like a beam splitter. It reflects the incident light, directs it towards the sample
and simultaneously allows the transmission of the emitted light from the sample. The light is
then falls onto the notch filter. The emitted light contains three kinds of scattering signals:
Rayleigh, Stokes, and anti-Stokes. This filter is used to remove Rayleigh scattering (laser line)
and then the remaining light which consists of Stokes and anti-Stoke signals, is sent to a
spectrophotometer. The spectrophotometer involves different optical elements such as a slit,
holographic grating (dispersing element), and CCD detector. After passing through the notch
filter, the signal passed through a thin slit (which controls the amount of light that enters the
spectrometer) and strikes onto the grating, which split the light into various colours. The light

is captured by a CCD detector, hence resulting in a Raman spectrum.
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Figure 2.2. Schematic representation of Raman Spectroscopy Set-up [26].

As per the application point of view, Raman spectrophotometer is categorized into two types:
one is bench-top, which is generally used in laboratories and the other is hand-held or portable
spectrophotometer used for onsite molecule detection [29]. The basic principle is same for both
cases and these systems vary in terms of an instrument's versatility, size, and the cost of its
components. In portable spectrophotometers, more compact components are used. The pictorial
representation of both systems is shown in fig 2.3.

(b)
Figure 2.3. Raman Spectrophotometer (a) bench top for lab scale and (b) handheld for on-site molecules
detection [29].

Sample preparation methods

Raman spectroscopy has benefits in numerous research areas. This technique does not require
any specific sample preparation method, unlike other chemical analysis techniques. It is a non-
destructive and non-invasive technigque; hence no contact with the sample is required at all [30].
In this technique, there is a need to just illuminate the sample with a particular laser and then
the scattered photons are collected. The most beneficial property of this spectrometer is that the
direct analysis of packed products (glass bottles, plastics, and blister packs) can be performed
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without disturbing their sealings. For the analysis of liquid samples, two approaches are used.
One is the use of a glass cuvette to hold the sample and the other is a drop-casting method. In
the second method, variety of molecules such as dyes, pesticides, fertilizers, biomolecules, and
environmental containments can be drop-casted onto a solid substrate (silicon/glass). The
advantage of this technique over IR is that the aqueous samples can be easily measured; this
point is beneficial for the determination of biological, inorganic, and water pollutant samples.
The Raman spectrum of water is weak in the fingerprint region, while it shows high absorption
in the IR region. In the case of solid samples, there is a need to grind the powder to make it
finer. Then the powder is placed onto the substrate and pressed with a clean glass slide to make
its surface smooth. Gas samples are also analysed by using this spectroscopy, a specific cuvette

which consists of a cylindrical glass tube with mirrors on both ends is used.

Applications of Raman spectroscopy

Since its invention from 1928, Raman spectroscopy has been acknowledged as a very useful
analytical  technique. It is able to provide information which is difficult to obtain with other
analytical methods. Due to the invention of laser in 1960, detectors, and filtration methods,
Raman spectroscopy has become a preferred tool for chemical and biological applications. It
can be used for the quantitative and qualitative determination of organic, inorganic, and
biological samples. The Raman spectrum shows well-resolved spectral bands that correspond
to the unique fingerprint of the molecule and are used for qualitative analysis. The most
beneficial application of it is that advanced carbonaceous materials such as graphene, carbon
nanotubes (CNT), and amorphous carbon have been extensively studied with Raman
spectroscopy [31].

In the case of CNTSs, it helps to reveal the distinctive features of single-walled, double-walled,
and multi-walled CNTs. Every CNT has a distinct Raman active mode, known as a radial
breathing mode (RMB) at around 100 and 200 cm™. This spectroscopy extensively helps to
determine the structure of graphene whether it is single-layer, bilayer, tri-layer, or multilayer
graphene [32].

Graphene is a 2D material, where sp? hybridized carbon atoms are arranged in hexagonal
networks and each carbon atom is covalently bonded to the other carbon atom. The defect-free
single-layer graphene shows two characteristic bands named as G (~ at 1582 cm™) and 2D (~
at 2700 cm™) bands represented in fig 2.4. The full-width half maximum of the 2D band
provides information about the number of graphene layers [33]. The increase in intensity of the

band and the broadness of the 2D band confirm the increment of graphene layers.
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Figure 2.4. Raman spectra of few-layer graphene [33].

Amorphous carbon has attracted a lot of attention from the past few years due to its diverse
properties, which enable it to be used in a variety of areas like textile, plastic, and healthcare
industries [34]. The  Raman spectrum of the amorphous carbon shows a G-band (at around
1510 cm™) and a D-band (at around 1350 cm™). By analysing the width of the G-band, the
degree of disorder in the sample is measured: the higher the width, the more is disorder.

In the area of cultural property diagnostics, Raman spectroscopy has also attracted great
interest. It has been used to determine the degradation and ageing of various paints, artefacts,
and statues. It is also able to recognize the composition of the pigments used [35].

As discussed, this spectroscopy has advantage to analyse the biological samples because water
does not interfere with the results. Pathological abnormalities such as cancer, inflammation,
and infection cause structural and chemical changes, which can be detected during Raman
measurements. These changes are very specific and unique, corresponding to the fingerprints
of the pathological samples. This fingerprint provides information about the variety of diseases,
such as gastrointestinal disorders, brain cancer, dental disease, etc. [36]. This technique has
been used to identify different types of biomolecules Biological materials such as tissue, cells,
etc. are composed of different compositions of a variety of biomolecules. Therefore, it is
essential to understand the properties and structure of each biomolecule. Each of these
molecules has a unique chemical identity. Therefore, these molecules formed a signature
Raman spectrum. The Raman spectra of some biomolecules such as bovine serum albumin
(BSA), calf-thymus DNA, lipids (cholesterol), and carbohydrates (glucose) is represented in
fig. 2.5.
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Figure 2.5. Raman spectra of various biomolecules [36].

Food and agricultural products are important for life and are also essential for the world
economy. Due to the increasing demand of safe, sustainable, and high-quality agricultural and
food products, researchers have paid much more attention to these factors from the past few
years. Various techniques such as calorimetry, fluorimetry, gas chromatography-mass
spectrometry  (GC-MS), high-performance liquid chromatography (HPLC), liquid
chromatography-mass spectrometry (LC-MS), conductometry, and ion-sensitive field-effective
transistors is used for the characterization of these products. These are powerful techniques for
composition determination and component quantification, but these methods are time-
consuming, require sample preparation (extraction of chemicals), and to operate as well as for
the analysis of results an experienced person is needed [37]. Hence, non-destructive and on-
field detection is not possible by using these techniques. All these barriers have been overcome
by using Raman spectroscopy due to its unique features such as sample preparation is not
required at all. This characteristic makes the non-destructive or non-invasive detection possible.
The applications of Raman spectroscopy have been explored for the testing of many food and
agricultural products such as vegetables, fruits, meat, dairy products, crops, oils, beverages, and
coffee[38]. Furthermore, due to the advancement in Raman spectroscopy instrumentation, on-
site detection of organic contaminants such as pesticide and fertilizer residues on fruit and
vegetable surfaces has been done by using a portable Raman spectrometer.

The use of drugs is one of the biggest problems faced by our society, its use is linked to health
problems, violence, and crime. Drugs are generally mixed with other substances and cutting
agents to hide their existence from the authorities and to increase the dealer’s profit. Techniques

such as GC-MS, Fourier transform infrared, UV-visible spectroscopy, and X-ray diffraction are
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commonly used to identify these. The problem with these techniques is that on-field detection
is not possible due to their bulky size, and the measurement/analysis of results take time. In
those areas, Raman spectroscopy has shown the greatest advantage for the detection and
distribution of ingredients present in an unknown tablet, powder, pill, or liquid[39].

Limitations of Raman spectroscopy and solution to overcome

With the distinctive advantages, this technique also faced certain limitations. One is the weak
Raman effect and the second is strong fluorescent background noise from the detected
molecules when excited with the monochromatic light. The strong background often suppresses
the Raman signals of the molecule and as a result, a broad spectrum is observed which is of no
use. To overcome this problem, a variety of nanostructured plasmonic substrates and lasers of
different wavelengths have been used to remove or minimize the background noise. As
discussed, Raman scattered signal is very weak and due to that, it is difficult to detect a lower
concentration as well as small volume of samples using Raman spectroscopy.

From the past few decades, a variety of advanced Raman spectroscopy techniques (Resonance
Raman spectroscopy, tip-enhanced Raman spectroscopy, Surface-enhanced Raman
Spectroscopy, coherent anti-Stokes Raman spectroscopy, etc.,) have been developed to enhance
its detection ability [40]. But as compared to all the techniques Surface-enhanced Raman
spectroscopy has attracted significant attention due to its simplicity. Here the enhancement in
the Raman signal is due to the adsorption of molecules onto the nanostructured substrate [41].
In Raman spectroscopy, the molecule is adsorbed onto a flat substrate (glass, silicon, etc.),
whereas in Surface-enhanced Raman spectroscopy (SERS) the molecule is adsorbed onto the
ordered and disordered metallic structured substrates. SERS is a powerful, highly sensitive,
and specific technique; with this technique single-molecule detection is also possible [24], [42].

The detailed explanation of SERS is mentioned in Section 2.2.

2.2 Surface-enhanced Raman scattering (SERS)

221

Introduction

SERS is all about the enhancement of the weak Raman signals of molecules by plasmonic
nanostructures by several orders of magnitude. Although Raman spectroscopy is an effective
technique for the detection of a variety of molecules, but its use is limited due to the small
scattering cross-section of the molecule (~107° cm?/molecule). The detection of a molecule is
not able to provide any meaningful information. Sometimes the high fluorescence from the
molecule overwhelmes the Raman signals. To achieve high sensitivity as well as to quench
fluorescence, it is necessary to use SERS substrates which are able to enhance the Raman signal
[43]. The enhancement of signal depends on the size, shape, and interparticle spacing of the

nanostructures [44]. The maximum enhancement in the signal is observed in the metallic (Ag,
15



2.2.2

2.2.3

2231

Au, Cu, and Al) nanostructures with a size smaller or comparable to the wavelength of incident
light.

Background

The SERS phenomenon was first reported by Fleischmann et al. in 1974, the group of
researchers noticed an extremely enhanced Raman signal of pyridine molecule which was
adsorbed onto roughened silver electrode surface [45]. The reason behind the enhancement has
been attributed to the increased surface area caused by the roughness of the silver electrode,
which provides more adsorption sites to the molecule for adsorption. However, this simple
hypothesis raised a lot of questions. Later in 1977, two independent research groups Jeanmarie
and Van Duyne, Albrecht and Creighton reported that the enhancement in Raman signal could
not be explained alone by the effect of an increased surface area, instead that other mechanisms
also exist [46], [47]. In the early days of SERS, several enhancement mechanisms were
introduced; however, only two are widely accepted, i.e., Chemical Enhancement (CE) and
Electromagnetic Enhancement (EE) mechanisms. CE (Albrecht) depends on the charge transfer
complex formation between the molecule and plasmonic nanostructure, and it is able to enhance
the signal by about 2-3 orders of magnitude [30],[48] . Whereas EE is based on the generation
of localized surface plasmons (LSPs) when oscillations of free electron density is in resonance
with the incident electromagnetic field and it can enhance the signal by ten or more orders of
magnitude (Jeanmarie). Later in the 1990s, a colloidal solution of Ag was used for the detection
of a fluorescent rhodamine 6G (R6G) molecule [49]. This system showed an enormous
enhancement of the order of ~10'* and was also able to recognize even a single molecule of
R6G. This research made a strong impact on the SERS field and helped the readers to
understand the fundamentals of SERS.

SERS enhancement mechanism
As discussed earlier, enhancement in SERS is mainly due to electromagnetic and chemical

enhancement mechanism.

Electromagnetic enhancement mechanism (EM)

Jeanmaire and Van Duyne first proposed the electromagnetic phenomenon of the SERS effect,
which is responsible for the enhancement in Raman signal. This phenomenon depends totally
on the roughness present on the substrate surfaces and does not depend on the detected
molecule. The mechanism is based on the optical properties of nanostructured plasmonic
materials and the main optical property of these materials is localized surface plasmon
resonance (LSPR) [50]. LSPR is a phenomenon which occurs when light interacts with the
metallic nanostructure (the size of the nanostructure is smaller than the wavelength of incident

light) as represented in fig. 2.6. As the electric field is applied to the metal nanostructures, the
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conduction electrons start oscillating together leads to the formation of surface plasmons (SPs).
The beneficial property of these SPs is that, when the plasmon oscillation frequency is in
resonance with the incident light frequency, a local field is created around the nanoparticles.
The enhancement in local field depends on the size, shape, and interparticle spacing between
the nanostructured materials. When the molecule is adsorbed near this local field, it feels a huge
enhanced electromagnetic field and correspondingly emits a highly enhanced Raman signal.
The plasmons are of two types: 1) propagating and 2) non-propagating [51]. Propagating SPs
are also known as surface plasmon polaritons (SPPs) and are generally represented as a surface
wave that is bound to metal-dielectric interfaces and generated onto a planer metallic thin film
(~ 10-200 nm in thickness). Localized surface plasmon polariton (LSPP) is the standard term
used for non-propagating surface plasmons. LSSPs are a type of surface plasmon which are
confined to and localized around nanostructures (whose sizes typically fall in the range of 10—
200 nm) when incident with excitation light.

In literature, the surface plasmon resonance (SPR) term is popular when the plasmons are
excited onto the planar metallic films, and the localized surface plasmon resonance (LSPR)
term is commonly used when plasmons are excited onto the nanometric-sized structures. The
latter one is responsible for the signal enhancement due to EM mechanism. The EM mechanism
is dominant mechanism. Most of the SERS enhancement is due to the EM mechanism and it
has the ability to enhance the signal by ten or more orders of magnitude.
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Figure 2.6. Left-hand side image shows that when an electric field (green) is applied, the surface
electrons (light pink) of the metal nanoparticles start oscillating. The right-hand side image shows the

generation of a local electric field around the nanoparticles.

The other way to optimally enhance the SERS signal is the creation of nanogaps (< 10 nm)
between the nanostructures. These regions are popular by the name of Hot spots. Here the
plasmons of adjacent nanostructures are coupled together and due to that a highly enhanced

field is generated [52]. Consequently, when the molecule is present in this area, it feels a huge
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enhanced electromagnetic field and correspondingly emits a highly enhanced Raman signal.
Hot spots can also be generated between NP aggregates or at the sharp edges or tips of
individual NPs. The enhancement due to this is highly dependent on the distance between the
gaps as shown in fig. 2.7. Such as when the gap size is 2 nm, the enhancement factor is 108
When the gap is increasing, the enhancement factor is decreasing respectively. By using a
substrate with more nanoregions, it is possible to detect single molecules and make the system

more sensitive.
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Figure 2.7. A schematic illustration of a “hot spot”, is a gap between the nanoparticle dimer and the
change in SERS enhancement factor is observed with respect to the particle distance.

Chemical enhancement mechanism (CM)

The enhancement in Raman signal due to CM mechanism was introduced firstly by Albrecht
and Creighton. The enhancement effect arises due to the chemical interaction between the
molecule and the substrate surface and furthermore, it is probe-dependent. The mechanism is
also named as charge transfer mechanism; it involves the photoinduced transfer of an electron
from the metal’s fermi level to an unoccupied molecular orbital of the molecule (LUMO)
through indirect coupling [53]. For better signal enhancement, the laser wavelength should be
in resonance with the metal-molecule complex. The transfer of energy to the metal causes
guenching of the molecule's fluorescence. The contribution of this mechanism in enhancement
is relatively less; it is able to enhance the signal only up to ~102 orders of magnitude. Materials
such as semiconductors (Si, GaAs, etc.,) and 2D materials (graphene, MoS, etc.,) show the

enhancement due to CM mechanism.

SERS enhancement factor calculation
Since the invention of SERS, the magnitude of signal amplification has always been a main
focus in this research area, as it provides a clear indication of how effectively SERS performs

in comparison to conventional Raman spectroscopy. To measure it, researchers have come up
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with a way to figure out the effectiveness of SERS (one of the important SERS parameters) by

calculating the enhancement factor (EF) [54]. The enhancement factor is mentioned in eq. 2.11.

EF = (Isers- CNormal) (eqg. 2.11)
(INormai- CsERs)

Where Isers and Inormar COrrespond to Raman intensity of the molecule on SERS and standard
Raman substrate respectively. Csers and Cnomar COrrespond to the molar concentration of
molecules on SERS and standard Raman respectively. The important thing is that for the
calculation of EF, all the instrumental parameters should be same such as objective lens, laser

power, acquisition time, accumulation time, and so forth.

Materials for SERS substrate

The maximum enhancement in the signal is observed in the metallic (Ag, Au, Cu, and Al)
nanostructures as compared to others [55]. Among them, Ag shows the highest enhancement,
because of its excellent plasmonic properties. However, Ag is readily oxidized due to its
chemically unstable nature; therefore, Au is widely preferred for the fabrication of SERS
substrates (due to its chemically stable as well as biocompatible nature, and also their plasmon
resonance frequencies lie in the visible region like Ag) [56], [57]. Therefore, the selection of
suitable material is necessary in order to make an effective SERS substrate with good
enhancement and better stability. Other materials such as platinum (Pt), gallium (Ga), titanium
(Ti), palladium (Pd), indium (In), rhodium (Rh), bismuth (Bi), and ruthenium (Ru), etc. show

plasmonic resonance in the ultraviolet region [43].

Factors affecting SERS performance

Besides the selection of material, the shape, size, and interparticle spacing between the
nanostructures also play an important role in SERS enhancement. From the past few years,
researchers have investigated the effect of various parameters on the SERS signal enhancement
[58]. It has been stated that substrate parameters such as material, geometry, interparticle
spacing and instrumental parameters such as excitation wavelength, pump power, and exposure
time affect the SERS performance are mentioned in fig. 2.8. Some of the parameters are
discussed below.

Effect of size: The enhancement in signal depends on the optimum size of the nanostructures
[59]. If the particles are too small, the light scattering properties decrease which is necessary
for the SERS signal enhancement. With the increase in particle size, the SERS effect increases
as the electron number increases. When the particle size is about the same as the wavelength of
the incident light, the particles are excited to nonradiative modes. This makes the SERS effect

weaker.
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Effect of shape: Nanoparticles of different shapes can be formed by adding a variety of capping
agents during the synthesis procedure. These can be stars, triangles, cubes, rods, spheres, and
of other shapes [60]. However, to get maximum SERS enhancement, it is important to select a
proper shape. Depending on the nanoparticle’s shape, a wide variety of plasmon resonances
can be observed. For example, in the case of star and triangle-shaped nanoparticles, an increase
in the localized electromagnetic field is observed from the end of the edges.

Effect of interparticle spacing: The other thing for maximum SERS enhancement is the
interparticle spacing between the nanostructures, which should be less than or equal to 10 nm
[61]. And also, the distance between the detected molecule and substrate should be within (1-
30) nm.

Effect of excitation wavelength: The enhancement in SERS signal is highly dependent on the
excitation wavelength. The excitation wavelength should be able to generate the LSPR
phenomena in the substrate and should be in resonance with the detected molecule. This
wavelength can be determined by measuring the absorption spectrum of the substrate as well
as the molecule [62]. The selection of the laser wavelength should be close to Amax OF the both
materials. All these parameters need to be taken into account for effective SERS performance.
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etc.,

Geometry
(Shape, Size)

Figure 2.8. Schematic representation of the various factors which influence the SERS signal
performance.

Fabrication methods for SERS

The demand of fabrication techniques is increasing day by day for the improvement in the
properties of the SERS substrates, such as the fabricated substrate should be reproducible
(Raman signal variation from substrate to substrate), uniform (Raman signal variation from
point to point on the same substrate), chemically stable, highly sensitive, and able to show good

enhancement factor. Furthermore, the selected fabrication method should be cost-effective,
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easy to adapt, and less time-consuming. Over the past few decades, various fabrication methods
have been reported to fabricate a variety of nanostructures in order to make effective substrates.
These methods can be classified into two categories based on the nanostructure’s arrangement:
(1) Random morphology SERS substrates (these substrates are easy to make through wet
chemical synthesis, spin-coating, drop-casting methods etc.) and (2) Periodic morphology
SERS substrates include ordered arrays of nanostructures (these substrates are fabricated by
using lithography, sputtering, template-based methods, and related techniques) [39], [63]. Each

SERS substrates category is discussed in the following sub-sections.

Random morphology SERS substrates
Random morphology SERS substrates are characterized as having nonuniform morphology
and are often difficult to produce reproducibly. Some of the fabrication methods which

provide random morphology are discussed below [64].

2.2.6.1.1. Wet chemical synthesis: By using this method, plasmonic nanostructures can be directly

synthesized onto the supporting surface via the reduction of metal ions with a reducing
agent, during this process surfactant is also added to control the nanostructure morphology
[65]. As a result, nanoparticles or continuous film is formed. This method is fast, easy, and
able to provide good enhancement factors (due to the formation of a large number of hot
spots via NPs aggregation). Therefore, researchers are still involved in colloid-based SERS
rather than substrates prepared by sophisticated methods [49].

Despite so many advantages, the metallic nanostructures prepared by using this method are
randomly distributed and coated on the supporting substrate. Therefore, the SERS substrate
fabricated through a wet chemical route generally suffers from poor uniformity as well as
reproducibility (different structures of aggregated clusters) problem every time. This
problem can be overcome by immobilizing the NPs onto the pre-functionalized substrate

to form an array. This method is called Self-assembly method and is explained below.

2.2.6.1.2. Drop casting: It is a commonly used method to fabricate SERS substrates. In this method,

the suspension of nanoparticles is drop-casted onto a glass slide and Si etc. and after that
the solution is allowed to evaporate [66] . However, with this method, the nanoparticle

distribution is not under control, and the reproducibility of the signal is also not guaranteed.

2.2.6.1.3. Self-assembly method: As discussed, the wet chemical and drop-casting methods provide a

random arrangement of metal nanostructures onto the substrate, which leads to non-
uniform and non-reproducible substrates. To arrange nanostructures orderly or ensure their
successful adsorption, the self-assembly method can be applied. In this method, before
adsorption of nanoparticles onto a substrate, the surface is modified physically or
chemically. In this method, a bifunctional molecule is used in order to immobilize the

nanostructures in a particular array. One end of the molecule is attached to the substrate
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and the other end is free to bind with the NPs. The generally used linkers to functionalize
the solid surface are amines and thiols, which are attached to bifunctional silanes. Then a
chemically functionalized substrate is immersed in a pre-synthesized colloidal suspension,
and along with that a specific number of particles are assembled onto the substrate.
Furthermore, during the immobilization process, parameter optimization such as
concentration, nature of the self-assembled molecule, and immersion time of the substrate
in suspension can be performed to get a reproducible and uniform substrate. However, by
using these techniques the formation of regular arrays is also not guaranteed every time.
One literature is briefly explained for a better understanding of the procedure. Sun et al.
and his co-workers prepared a flexible SERS substrate by adsorbing Ag nanoparticles onto
APTMS (3-aminopropyltriethoxysilane)-modified structured PDMS surface [67] . The Ag
NPs bind to the PDMS via the electrostatic interaction, the interaction occurs between the
negatively charged Ag NPs and the positively charged amine group on the APTMS. The
prepared substrate shows good sensitivity by detecting 4 femto moles of R6G molecule.
The method to assemble nanoparticles via electrostatic interaction is versatile and can be
used for the deposition of a variety of nanostructures. The nanostructures can be pre-
synthesised by using many methods, and their adsorption can be organized by surface
engineering of the supporting film. The advantage of this self-assembly method is that, it
is easy, cost-effective, and also large-scale SERS substrates can be easily fabricated.

Spin coating: Spin coating is an effective, easy, and inexpensive method for the preparation
of SERS substrates. In this method, the solution of plasmonic nanostructures is drop-casted
onto the substrate (Si, glass, PDMS, etc.). After that, the substrate is rotated at a certain
speed for a particular time period in order to get a uniform distribution of nanostructures
onto the substrate [68]. The advantage of this method is that the morphology (single NPs,
aggregated NPs, etc.), thickness of the deposition layer, interparticle spacing between NPs,
and coverage area can be easily controlled by varying the spin coating parameters such as

concentration of the solution, drop volume, rotation speed, and time.

2.2.6.2 Periodic morphology SERS substrate

Although metallic colloids are well-known for their high SERS EF and are able to provide high

SERS spectra of even a single molecule. However, routinely reproducing such high-

performance SERS substrates with uniform, reproducible, and sensitive features is often

difficult. To address this problem, various techniques have been introduced for the formation

of regular arrays of nanostructures onto substrates. The commonly used techniques for the

fabrication of substrates are sputtering, lithography, template-based methods, etc. Lithographic

techniques such as nanosphere lithography, electron-beam lithography, focused-ion-beam
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lithography, and other photolithographic methods have been widely used for the fabrication of

periodic structures [69], [70] and are briefly discussed below.

2.26.21

2.2.6.2.2

2.2.6.2.3

Sputtering: This method is widely used to fabricate uniform, reproducible, scalable, and
controlled-morphology SERS substrates. This method allows the rapid fabrication of films
and coatings. The deposition process takes place in a chamber pre-filled with low-pressure
argon gas. The film is formed onto a substrate when a DC voltage is applied between the
metal target (from where the atoms is to be ejected and deposited onto the substrate surface)
and the substrate. The voltage causes the gas to disintegrate into Ar* ions and electrons.
Then the positively charged ions accelerate due to the high voltage and strike the target. As
a result of collision, the surface atoms are ejected from the target and deposited on the
substrate surface in the form of nanostructures or films.

The important thing about this method is, morphology and thickness of the metallic
nanostructures/films can be easily altered by varying the deposition parameters such as
sputtering voltage, time, and pressure [71]. As discussed, the signal enhancement is
inversely proportional to the interparticle spacing (nanogaps < 10 nm). Therefore, it is
important to fabricate nanostructures with nanogaps for better signal enhancement, which
can be easily possible by using this technique. Along with the advantages, this method also
has certain disadvantages such as specific equipment, targets, and high vacuum is required,
therefore the method is quite expensive which limits its use for many applications.
Nanosphere lithography (NSL): It is a cost-effective, high-throughput, and easy method to
fabricate 2D ordered arrays of nanostructures onto the substrate with controlled size, shape,
and spacing [72] . This process starts with the self-assembly of monodisperse polystyrene
nanosphere or SiO, nanosphere suspension of the specific diameter onto a precleaned
conductive substrate such as indium tin oxide and metal layer over the glass. The
suspension can be deposited onto the substrate by spin coating or drop-casting method. As
the solvent evaporates, nanospheres get closer due to capillary action and form a periodic
mask for metal deposition. Then the metal layer of a specific thickness is deposited onto
the mask by electrochemical deposition or magnetron sputtering method. After that, the
substrate is sonicated in a solvent to remove nanospheres, which leaves confined metal
nanostructures with a triangular footprint behind the surface. By altering the nanosphere
size and the thickness of the metal layer deposition, the size, shape, and spacing between
nanostructures can be varied to optimize the SERS performance.

Electron-beam lithography (EBL): It is another method to create a highly reproducible and
uniform SERS substrate [73], [74]. It uses a focused electron beam to draw shapes onto a
Si wafer covered with an electron-sensitive resist such as polymethyl methacrylate

(PMMA). The E-beam alters the solubility of the resist, allowing the removal of the

23



2.2.6.2.4

exposed areas of the resist by submerging the substrate into a developer. Then a thin metal
layer is deposited onto a substrate by using a magnetron sputtering and the remaining resist
layer is removed by rinsing the substrate with acetone.

Two methods are commonly used to fabricate a variety of nanostructures for SERS
substrate, one is the evaporation of Au onto a substrate followed by a lift-off technique.
The second method includes reactive ion etching. The key advantage of E-beam
lithography over other methods is that it can draw patterns with sub-10 nm resolution due
to the shorter wavelength possessed by electron (1A), which is important in the fabrication
of SERS substrate. EBL does not require a mask as like photolithography, an image
designed on engineering software such as AutoCAD is patterned directly onto a resist
through a computer-controlled position of the electron beam. Despite the number of
advantages, EBL has certain limitations such as it has a low throughput (takes more than
an hour for writing over an area of 1 mm?). The resolution of EBL is good for the
preparation of individual particles of various sizes and shapes. Whereas, it is still difficult
to fabricate closely spaced nanostructures with a gap of less than 5 nm by using this
technique.

Focused-lon beam lithography (FIB): FIB is better than other nanofabrication methods for
many reasons such as 3D nanostructures can be prepared onto a substrate without masks, a
single-step is required to fabricate a structured substrate, it requires less fabrication time,
and provides a better spatial resolution than EBL (able to write ultra-fine features 15 nm or
below). Itis generally used in areas where site-specific deposition and ablation at the micro-
and nano-scale is required. Currently, its applications have been expanded to many research
areas such as nanoscale imaging, material deposition, and removal.

With FIB, complex nanostructures can be fabricated by the removal of the material by ion
milling or by deposition caused by the interaction between the gaseous precursor and the
ion beam [75]. Most FIB techniques use a liquid metal ion source (LMIS) which is often
gallium, placed in contact with a tungsten needle and heated to its melting point. When Ga
melts, it wets the tungsten needle and generates a strong electric field in the niddle, which
ionizes and accelerates the Ga ions. The ions are accelerated through a potential difference
of ~5-50 keV and focused into a beam onto a sample by an electrostatic lens. When these
high-momentum ions strike with the substrate, they knock out atoms from the substrate,
which enables fine and detailed patterning of the substrate. Recent FIB systems use a gas-
assisted etching through the chemisorption of reactive gasses on the substrate. The
generally used gas for this purpose is carbon tetrafluoride (CF4). It is purged close to the

area being sputtered and deposited onto the atoms to be removed. This deposition process
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makes the substrate atoms volatile and forces them to evaporate from the surface in a

controlled manner.

2.2.6.25 Template-based method: Lithography techniques are able to provide uniform as well as

2.2.7

reproducible substrates. But the use of these techniques is limited due to their cost, complex
fabrication methods, and low throughput. In addition to the lithographic methods, template-
based methods have also gained attention from the past few decades due to their ease of
manipulation and capability to generate periodic nanostructures over a large area [76].
There are numerous templates available such as anodic aluminium oxide (AAO), porous
silicon, and titania nanotube-based arrays which are commonly used for sensing
applications. As compared to all, AAO is a widely used template due to its fast, simple
preparation steps and its ability to provide ordered arrays of nanostructured pores with
controlled nanoscale geometry. The geometry of the AAO such as pore diameter, inter-pore
distance, and pore length can be modified by adjusting the anodization conditions
(concentration, electrolyte type, temperature, voltage, and time). The AAO-based SERS
substrates are fabricated by depositing a plasmonic (Ag and Au) metallic layer on the
substrate via a sputtering or thermal evaporation system. The thickness and interparticle
distance between NPs can be varied by varying the time duration of the deposition process.

Applications of Surface-enhanced Raman scattering substrates

As discussed, Raman spectroscopy is able to provide information about the unknown molecule,
but due to the weak signal strength its use for an application point of view is limited. The
invention of SERS led to a new evolution in Raman spectroscopy, due to its signal amplification
ability which has made it possible to detect trace amounts or even single molecules [49]. As
like Raman spectroscopy, SERS has been extensively used for the detection of a wide variety
of molecules such as environmental pollutants, especially aromatic dyes, pesticide/fertilizer
residues, pharmaceutical contaminants, explosives, and biomolecules, etc. There is also a great
demand for the detection of trace amounts of harmful chemicals due to their increased risk to
food as well as environmental safety. Melamine is a chemical substance which has been used
as an additive to raise the protein content in milk and pet food [77], [78]. However, since 2007,
melamine along with its contaminant cyanuric acid has become prominent due to the milk
controversy.

As a sensitive and specific technique, SERS has been used to identify the presence of melamine
content. Furthermore, SERS has been extensively used for bioimaging and bioanalysis,
including the identification of biomolecules, cancer diagnosis, detection of urine components,
and in vivo molecular probing in live cells, which play an important role in the field of life
science for health monitoring or treatment [79], [80], [81], [82], [83], [84]. It has also been used
for real-time rapid monitoring of ongoing chemical reactions such as catalytic reactions and
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provides an opportunity for the long-distance monitoring of atmospheric airborne

species (gases, aerosols, and volatile organic compounds) at the ppb level [85].

Limitations of Surface-enhanced Raman scattering

Although SERS has developed as a potential tool for biological and chemical sensing, still it
has certain limitations like other techniques. Glass slides and Si substrates are the two most
common base substrates used for the formation of SERS active layers. Whereas, these base
substrates are brittle and rigid. Other factors which limit the potential of these substrates is that
they cannot be applied onto curved surfaces as well as show poor adhesion property upon
attachment to the surface. The detection of molecules onto a curved surface with these
substrates requires some pre-treatment steps; hence non-invasive detection is impossible.
From the past few years, efforts have been initiated to fabricate flexible SERS substrates.
Flexible substrates have advantages over rigid substrates as they can be wrapped onto irregular
surfaces (fruit, suitcase, table, bag etc.) and can be cut into different sizes and shapes as per the
application demand. Furthermore, non-invasive and in-situ detection can also be possible. The
flexible and rigid substrates have their own benefits and drawbacks in their respective fields.
The rigid substrates generally show better uniformity, reusability, and high enhancement factor
compared to flexible substrates. The molecule collection (substrate is rubbed onto the sample
surface) and cost have made a strong impact on the daily usage of this rigid substrate for
practical application.

Some flexible materials such as nanocellulose, polymer, paper, and adhesive tape have received
great attention to fabricate flexible SERS substrates. Furthermore, these substrates can be
combined with handheld Raman spectrometers for on-site detection which can be beneficial in
real-world applications for food safety, drugs, explosives, as well as environmental pollutants,
etc. The selection of a suitable substrate is extremely essential for effective SERS performance.
There are some requirements of effective substrate for real-world applications which are further
mentioned such as substrate should be (a) cheap (fabrication method should be cost-effective
and easy to use), (b) sensitive (able to detect low concentrations of molecules), (c) uniform (less
signal intensity fluctuations over the entire substrate) (RSD < 20%)), (d) reproducible (less
signal intensity fluctuation from substrate to substrate (RSD < 20 %)), (e) reusable (able to
reuse by simple cleaning process), (f) stable (signal intensity variation should not vary > 50%
at least for a couple of weeks), as well as (g) flexible (able to collect samples from irregular

surfaces also). Figure 2.9. demonstrates the key factors of SERS substrate requirement.
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Figure 2. 9. The key requirements of SERS substrate is described in this graphic.

In this thesis, both solid as well flexible SERS substrates has been fabricated by the facile and
reproducible method. After the fabrication, the effectiveness of both substrates has been tested
by detecting the R6G molecule (organic contaminant) and these substrates have also been used
to detect urea (fertilizer) for real-world application purposes. The solid substrate is prepared by
a cost-effective dealloying method. The AgscAusy alloy sheet is dealloyed into nitric acid
(HNO3) for a varied time-period from 5-65 minutes with an interval of 5 minutes to determine
which dealloying time shows the highest enhancement in the signal. The nitric acid basically
etches the Ag and the final structure appears in the form of nanoporous gold (NP-Au) which is
SERS active. In addition, the effect of laser power variation from 0.01 to 10 mW (of Raman
spectrophotometer laser) onto the morphology and SERS performance of NP-Au is also
examined. The flexible substrate is prepared by replicating the pattern of red Rose by using a
polymer such as PDMS in order to make a patterned substrate. The nanocasting approach is
used to create the inverted texture of Rose and then the textured substrate is made SERS active

by the deposition of pre-synthesized Au NPs via the self-assembly approach.

SERS substrates based on rigid substrates

It has been discussed in detail that an increase in SERS signal intensity is observed due to the
generation of LSPRs around the nanostructures or the formation of hotspots between the
nanostructures. Generally, the colloidal suspensions or films made of silver (Ag) and gold (Au)
nanoparticles (NPs) are used as SERS substrates which show remarkable SERS enhancement
from ‘‘hot spots” generated due to aggregation. It is well known that aggregation is an
uncontrolled phenomenon and it is often difficult to get a similar morphology of aggerates

(same number of nanoparticles clustering) every time. Therefore, the reproduction of similar-
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intensity SERS signals becomes a challenge when using these kinds of substrates [86], [87]. As
discussed earlier, the reproducible/uniform SERS substrate can be fabricated by using
lithography, sputtering, and template-based methods. However, the use of these methods for
making SERS substrates is limited because of their cost, complicated fabrication procedures,
and along with that the limited area of the substrate is achieved.

As compared to the earlier discussed techniques, from the recent decades, the dealloying
method has been proposed as an alternative technique for the preparation of effective SERS
substrates due to its easy, fast, single-step fabrication method and low processing cost [88].
This method does not require specific setup and working conditions such as a clean room,
metallic targets, patterned masks, and photoresists, as like the earlier-mentioned techniques and
furthermore, highly ordered nanostructures over large areas can be easily fabricated by using
these techniques. This method is discussed and used in this thesis for the fabrication of SERS

substrates.

Nanoporous structured substrate fabrication methods

Dealloying process provides a bicontinuous porous structure which is made up of nanosized
pores and ligaments, the substrates with that kind of morphology are commonly known as
porous substrates. This kind of structure is made by the leaching of less noble elements from a
precursor alloy by chemical etching. Generally, acids (HNOs, HCI) or bases (NaOH) are used
to dissolve metal elements such as Ag, Cu, and Al from the alloy except Au [89]. These porous
films have attracted increasing attention from the past few years due to their distinct advantages
such as high surface area, high electrochemical conductivity, and ability to tune the surface
features (morphology and volume of pores and ligaments) by varying the parameters i.e., the
alloy composition, etching time, and the etching solution concentration [90].

Among the porous films, a gold film made via an AgAu alloy is widely used due to its unique
surface chemistry, chemical stability, and homogenous morphology throughout the surface due
to the existence of similar lattice parameters as well as a single-phase crystal structure [88].
These films have been used in various fields for example in dye-sensitized solar cells,
supercapacitors, electrochemical catalysis, and as a Raman sensor for chemical analysis [89].
In addition to dealloying, these films can also be made by other methods such as templating,
self-assembling and dynamic hydrogen bubble templating. Each fabrication method is briefly

discussed below.

2.2.9.1.1 Dealloying

It is a corrosive method of alloy components and involves the selective leaching of the
active elements from the alloy as shown in fig. 2.10. It is widely used in the NP-Au
formation due to its easy fabrication nature and the availability of commercial high-purity

Au-M alloys. These Au-M alloys can also be made by sputter coating, casting, or molecular
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beam epitaxy. The ‘M’ word corresponds to less noble elements such as Cu, Zn, Ag etc.
The less noble metals should be present in sufficient quantities to attain the partitioning
limit of the alloy. The limit is found to be 40% in the case of Au-Cu alloys and 50% for
Au-Ag alloys [91]. The dissolution of less noble metals has been studied extensively both
theoretically and experimentally[88].

The dealloying method of Au-Ag alloy was first introduced by Erlebacher et al. They have
discussed the formation of porosity in Au-Ag alloy occurs due to the chemical-driven
aggregation of Au atoms by a phase separation process [92]. The formation of pores during
the dealloying process follows two stages. In the first stage, dissolution of the less noble
element is observed and in the second stage, diffusion of atoms of stable element starts and
causes the morphological change [57]. The diffusion of atoms continues until the alloy is
immersed in the electrolyte, which leads to the interconnected pores and ligament
coarsening. The surface diffusion of atoms in electrolyte permits atoms to locally
reorganize into the porous network. The movement of atoms can be quenched immediately

by simply transferring the leaf from the acid to water

Figure 2. 10. Pictorial representation of nano-porous substrate formation from alloy.

The dealloying is further classified into two processes: chemical and electrochemical de-

alloying.

Chemical dealloying

Chemical dealloying is based on the chemical reactivity of the metal and the process is also
known as chemical etching. As Au is a chemically stable metal, in contrast to it acids or
bases (HNOj3, HCI, and NaOH) are commonly used to etch other metal components such
as Al, Sn, Ag, and Cu by performing specific chemical reactions between the illuminated
metal atom of interest and the solution (acid or base).

In the current work, NP-Au has been fabricated by dealloying of AusoAgso alloy leaf in
HNOs. The mechanism of NP-Au fabrication is multistep: initially, the Ag atoms dissolves,
followed by Au atoms filling the vacant sites through substitutable diffusion. Finally, the
coarsening of Au atoms leads to the formation of Au islands or ligaments. The schematic

which shows about the pore formation mechanism is represented in fig 2.11 and explained
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further. The process starts with the dissolution of Ag atoms from the first layer (terrace) of
alloy (atoms with closed pack (111) orientation) after immersion in the acid and which
leaves behind a terrace vacancy and Au atoms (“adatoms”).

The chemical reaction is mentioned below, which shows the by-products after immersion
in HNO;. The atoms coordinating this vacancy have a lesser number of lateral neighbours
in the terrace than other Ag atoms and thus are more prone to dissolution [92]. Thus, the
whole terrace is etched, leaving behind Au atoms on the terrace with no lateral coordination.
Before the second layer is attacked, these Au adatoms diffuse and begin to agglomerate
into islands [90]. As a result, instead of the formation of a uniform diffuse layer of Au over
the entire terrace, the terrace is composed of two different regions, namely, pure Au clusters
that protect the surface locally, and patches of the un-dealloyed sample exposed to an
electrolyte. As the Ag atoms from the patches dissolve into HNOs solution, the Au adatoms
are simultaneously released onto the terrace. These atoms diffuse to the Au clusters, which
are formed by the dissolution of previous layers. Along with that, the etching of un-
dealloyed sample continues. During the initial phases, these Au clusters are in the shape of
hills that are Au-rich at their peak side and while their bases have an alloy composition.
With time as more layers is exposed, these hills get undercut and lead to the formation of
ligaments and pores.

The Ag atoms dissolve in HNOs by the following redox reactions [93].

Ag + 2HNO; — AgNOs + H,0 + NO, (eq.2.12)
3Ag + 4HNO; — 3AgNO; + 2H,0 + NO (eq.2.13)
The biproducts from the reaction are AgNOsz and H2O (released in liquid form) and NO; or

NO (released in gas form) are easily separated from the alloy leaf during immersion in

acid.
a b C
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Figure 2. 11. represents a step-by-step pore formation mechanism in an Ag-Au alloy (Au (orange)

and Ag (grey)). The fig ‘a’ demonstrates the removal of Ag atoms from the terrace and the vacancy
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generation, which is later converted into Au clusters by substantial diffusion as can be seen from fig ‘b’.
As the dissolution processed from layer to layer, coarsening of Au atoms occurs, which leads to the
formation of hills-like structure first (fig. d) and then the structure changes to islands with time (fig. e).

At the end, the entire surface is made up of pores and islands of Au atoms (fig. f) [89].

Ding et al. examined the effect of dealloying time on the NP-Au morphology. They studied for
different periods of time such as for 5 minutes, 15 minutes, 1 hour, or 1 day, and noticed that
the immersion of the leaf in acid for different periods of time leads to coarsening and the
formation of larger pores [94]. It can be observed from fig. 2.12. that, after 5 minutes small
pores were generated and were separated by Au ligaments. The continuous immersion in acid
for another 15- and 60-minutes leads to the coarsening of pores and ligaments due to the
substitutable diffusion of Au atoms along with the etching of Ag. This dealloyed sample was

stable, and no morphological changes were observed even after six months.
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Figure 2. 12. Morphological and cross-sectional view of NP-Au substrates show coarsening of ligaments

and pores upon continued immersion in acid for varied time period [92].

In another literature, Sun et al. studied the effect of corrosion onto the Au:Cu alloys prepared
with different ratios and deposited on Si or glass via the sputtering method[95] . The alloy is
dealloyed by the dissolution of Cu in HNOs, which leads to the formation of an NP-Au thin
film. The study demonstrated that an Au-Cu film with a higher Au content showed slow kinetics
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in NP-Au formation; therefore, dealloying was performed for a longer time to increase the

porosity rate. Quian et al. examined the effect of thermal annealing on to the morphology of ~

55 nm pre-dealloyed NP-Au. They observed that further annealing for 2 h leads to the

coarsening of the ligaments with pore sizes ranging from ~90 nm at 200 °C to 700 nm at 700

°C. It has been stated that annealing restarts the diffusion of Au atoms in the sample, which was

stopped by immersing it in water [96].

2.29.1.1.2 Electrochemical dealloying

Itis type of dealloying. Here, the electrochemical activities of the metals in the alloy
determine the dissolution order [97]. Au is the hardest metal to dissolve
electrochemically, therefore it lies at the bottom of the metal element series. By
using this method, fabrication factors such as pore dimensions and uniformity of
NP-Au can be controlled as well as monitored at higher levels. This method can
effectively eliminate the need of the pre-formation of Au-M alloys through an in
situ electrochemical alloying or dealloying process. The electrochemical
alloying/dealloying method is a one-step method to form NP-Au, in this method, an
Au electrode is inserted into a three-electrode cell which contains an electrolyte and
metal ions such as Ag, Zn, Cu, etc. Cyclic voltammetry (CV) is scanned over a
potential window with a scan rate between 5 and 50 mVs™, which enables the
electrochemical alloying and dealloying process [98]. The metal ions are reduced
in solution at the Au working electrode side due to cathodic potential and generate
an Au-M alloy. The anodic scan oxidizes the alloy and detaches it from the Au
electrode, which leaves the surface with pits. By continuing the alloying and
dealloying process, the pits become wider and deeper. Hence results in the
formation of nano-porous structure. Another type of electrochemical method is the
direct oxidation or reduction of Au electrode without the need of a metal ion

electrolyte to promote alloying and dealloying.

Sukeri et al. observed the formation of an oxide layer on the Au electrode by
immersing it in a 0.5 M H.SO. solution against the Ag/AgCI reference electrode at
~ 2.0 V potential. The electrode reduction causes the oxide layer pitting, which
results in the formation of NP-Au surface [99]. The anodization process is a great
example of green chemistry, where fabrication methods are optimized to minimize
the number of chemicals consumed. In other literature, it has been stated that porous

structures can be formed via the electrochemical deposition method without the use
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of alloying and de-alloying methods. In this method, an electrochemical reaction
between the Au and HCI in an electrochemical cell happens, where the electro
dissolution-disproportion-deposition processes are involved [100]. Firstly, the
electro-dissolution of an Au substrate occurs under a diffusion control of HCI,
which creates AuCI?, after that the AuCI? instantly disproportionate into Au atoms;
and finally, the Au atoms aggregate and deposit on the Au substrate, providing a
porous Au film. One more approach to produce porous Au film is to reduce Au ions
from HAuCl.. The Au nanoclusters was formed by applying a constant potential to
the substrate which is based on the material, e.g., 0.28 V (vs saturated calomel
electrode) on an indium tin oxide electrode, - 0.5 V (vs Ag/AgCl) on a glassy carbon
electrode in the presence of lead acetate, and - 0.1 V (vs. Pt) on an Au electrode in
the presence of lead (1V) acetate [101], [102]. After the nanocluster formation, they
aggregate in the form of a porous Au film on these substrates. This technique is commonly

combined with a templating method which is discussed below.

Dynamic hydrogen bubble method

It is another method to produce NP-Au. Metals such as Au, Cu, Ag, Zn, and Sn, have been
widely used to generate nanoporous structures via this method. The basic mechanism
behind this method is as follows: the electrolyte of a three-electrode cell is made up of a
less amount of ammonium and a lower concentration of chloroauric acid (0.1 M), with a Pt
as a counter electrode against a Pt or Ti as a working electrode. A potential within the H;
evolution regime (~ - 4 to - 8 V) is supplied to the working electrode side [103]. Then at
the electrode surface, H, evolution and Au ions reduction occur simultaneously. Gas
nucleation, coalescence, and desorption at the electrode surface led to the formation of a
self-supporting Au thin film, which consists of micrometre pores with nanoporous features.
Wei et al. revised the method by repeating the H; evolution/Au oxidation and reduction on
the working electrode (Au disk) side by using square wave potential pulse voltammetry and
switching the potential between + 0.8 and — 5 V at 50 Hz as shown in fig 2.13. When the
potential was maintained at 0.8 V, the gold was oxidized, along with the release of oxygen
gas. The produced oxide layer was reduced to gold metal when the potential was changed
to - 5V, and this Au metal was then self-assembled under the action of intense hydrogen

bubbles. The 2D and 3D porous structures were formed as the cycle was repeated.
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Figure 2. 13. Schematic representation of NP-Au template formation by dynamic hydrogen bubble

route using square wave potential pulse voltammetry approach [101].

In addition to the above-discussed methods, there are other methods to fabricate porous

Au films such as template-based method, self-assembly, and sputtering, etc.

Template-based methods

In this method, a template is first prepared, then Au is deposited onto it, and finally the
template is removed [104]. The template can be a layer of assembled particles, an ion-
etched substrate, or a biologically generated template [105]. Polystyrene beads or silica
particles are generally used to assemble the particles as templates. Then the Au is
electrochemically deposited onto the template by electrochemically reducing Au from the
HAUCI, solution. There is another method to create a porous gold film in the liquid phase
using the droplet condensation of water, where the condensed water droplets produce the

pores and Au NPs are deposited at the gap between the droplets [106].

Self-assembly method

It is also used to obtain porous structure. This method does not depend on external
assistance as like templating methods, the self-assembly of the Au NPs can directly create
the porous structure. The generation of porous structure is based on the coalescence and
aggregation of particles. Zhang et al. and his co-workers discussed an evaporation-induced
self-assembly approach to form porous Au from colloidal Au solution. The porous Au film
fabrication has been done by evaporating the colloidal Au solution [107]. The Au NPs are
concentrated at the capillary meniscus and after that, they coalesce into nanowire-like
structures. Then their growth is extended to the surface of colloidal Au solution, resulting
in a porous Au film. Various morphologies of pores can be generated by varying the

evaporation conditions.
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Sputter deposition method

In this method, the porous Au film can be formed using templating process alone or by a
combination of electrochemical etching and templating methods. Patterned templates for
deposition can be formed by photolithography, where the patterning is commonly done by
an optical mask. Wi et al. formed a complicated porous gold film, where pores were created
in the gold film by a de-alloying technique. First, a porous template was fabricated by
lithography, and then by sputtering, an alloy film of Au-Cu was deposited [108]. After that,
by dealloying, smaller pores were created with the dissolution of Cu.

As compared to the discussed fabrication methods, dealloying is a simple, fast, and
regularly preferred approach for the fabrication of NP-Au from preprepared Au-M alloy
leaves, which is extensively available for purchase and cost-effective (Rs 2000, 25 sheets
(8*8 cm?)). As discussed earlier, by using this method bulk scale and large area samples
(10*10 cm?) of repeatable morphology can be fabricated in a lab without the requirement
of specific equipment and clean room facilities, which are generally needed in lithography

and sputtering techniques.

2.2.9.2 Rigid substrate-based SERS sensors
Due to the distinctive characteristics of NP-Au (chemical stability, high surface area, facile

fabrication, tuneable pore/ligament size, and easy surface modification), it has been used for

various application purposes, widely as an electrochemical, bio-electrochemical, and optical

sensor due to its ability to detect many harmful molecules such as heavy metals, food

contaminants, and drugs etc. The detection method of the mentioned sensors is discussed below.

22921
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NP-Au based electrochemical sensor
Electrochemical sensors based on NP-Au showed significant attention towards the
detection of biomarkers, environmental pollutants, as well as additives and contaminants

in food products, etc. due to their high stability and large surface areas.

Electrochemical sensors for biomolecule detection

The detection of biomarkers such as dopamine (DA), nitric oxide (NO), glucose (Glu), and
ascorbic acid (AA) is required in medicine due to their biological significance. These can
be identified by examining the direct oxidation at the electrode surface. DA plays an
important role in facilitating the function of the mammalian central nervous system. It is
necessary to identify DA for the treatment of cognitive diseases. Xiao et al. prepared a
paper-based highly conductive NP-Au film composed of Au NPs placed on top of a matrix
of metallic single-walled carbon nanotubes on mixed cellulose ester filter paper [109]. The
prepared film was used to detect serotonin and DA by cyclic voltammetry, it showed a
linear range from 250 nM to 1 mM with a detection limit of 50 nM for serotonin and from

50 nM to 1 mM with a Limit of detection 10 nM for DA. Other group fabricated a DA
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sensor based on a NP-Au microelectrode, where the NP-Au was fabricated by the
electrochemical anodization-reduction of Au microelectrode in an H>SOs electrolyte.
Square wave voltammetry showed a sensitivity of 1.18 mA uM<cm and a detection limit
of 30 nM [99].

As like DA, AA plays an important role in the body, as it is a necessary nutrient for humans
and animals, which is involved in metabolism. The detection of AA is advantageous for
food safety applications and medical diagnostics. Huang et al. demonstrated the Au NPs (~
2-5 nm) synthesis by anodically suspending a gold wire in an acidic solution containing CI’
and SnCl; [110]. The Au NPs modification onto a glassy carbon electrode led to the
formation of a hierarchical NP-Au structure due to the protective residual Sn oxide layer.
The prepared NP-Au sensor showed good performance for the amperometric identification
of AA and high electrocatalytic activity for AA oxidation with a good sensitivity of 10
pAmMcm™ and a low detection limit of 0.06 uM. Liu et al. prepared NP-Au via
electrochemical dealloying of an Au microwire [111]. The NP-Au exhibited improved
electrocatalytic activity for NO oxidation, which is 6.23 times greater than the bare Au
microwire electrode, and showed good performance for the identification of NO by
differential amperometry and pulse voltammetry. Additionally, the fabricated NP-Au has
been tested for the in-situ identification of NO release from numerous cells.

Electrochemical sensors for food safety

Food safety has attracted a lot of attention due to the presence of a wide variety of chemical
additives and contaminants. Electrochemistry is an effective and easy approach to
determine the quality of food as well as its safety, in this kind of method the electrode
material plays an important role in the sensor's design. Sensors based on these methods
have been widely used for the determination of numerous food additives and contaminants,
such as hydrazine (N2H4), bisphenol A (BPA), nitrite (NO2) and sulfite (SOs%).

Fang et al. prepared NP-Au via the anodic etching of Au in a mixture of dimethylformamide
and hydrofluoric acid [112]. After modification with SWNTS, the fabricated BPA sensor is
able to detect a lower limit of ~100 nM. Li et al. prepared a dual-signal BPA sensor by
self-modification of thiolated beta-cyclodextrin on the NP-Au surface. The particular
sensor is able to detect BPA in tap water and milk with a limit of up to ~ 60 nm [113].
Manikandan et al. used an electrochemical dealloying approach to prepare NP-Au and used
it for the recognition of N,Hs, NO2, and SOs% by differential pulse voltammetry. The
detection limits for NoHs, NO,, and SOz* are 0.911, 1.44, and 0.337 uM, respectively.
Further, the sensor has also been tested for real samples of wine, water, beef, and apple

cider beer and showed good accuracy [114].
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2.29.2.2

Electrochemical sensors for environmental application

The existence of heavy metals such as Hg?*, Ag®*, Pb?", etc. in the environment leads to
serious threats to both animal as well as human health, and natural ecosystems. Therefore,
it is required to fabricate an easy and suitable sensor for the detection of these pollutants.
The electrochemical method is a reliable approach among different analytical methods. Liu
et al. prepared a FeOOH/NP-Au based sensor that was able to detect ~ 7.81 nM Hg?* ions
and showed a linear range of 0.02 - 2.2 uM. The sensor was fabricated by first preparing
NP-Au by electrochemical dealloying method, and then FeOOH nanoflakes were decorated
onto its surface by electrodeposition [115]. Fang et al. fabricated NP-Au by dealloying Au-
Zn alloy in ZnCl,-urea deep eutectic solvent [116]. The porous substrate was highly
sensitive to recognize nitrobenzene and Hg?* ions by cyclic voltammetry.

Other sensing applications based on electrochemical approach

NP-Au based films can also act as good sensors for the identification of other molecular
species. Cui et al. fabricated a NP-Au@Ni electrode via dealloying of an AuSn film, which
was electrodeposited onto a Ni foam. This electrode showed a good detection limit of 10
UM and 33 nM for H,O, and N2Ha4, respectively [117]. Another group prepared Pt NPs
decorated with NP-Au by electrochemical dealloying approach [98]. The mentioned sensor
showed good selectivity and sensitivity with a detection limit of 0.3 nM for hydrogen
peroxide reduction. Hu et al. used an array of NP-Au for the electrochemical sensing of O,
in an ionic liquid. The O2-based sensor showed a fast response (< 10 s) and exhibited a low
detection limit [118].

Nanoporous gold Based optical sensors

When metal dimensions are reduced to the nanoscale, NP-Au shows distinct optical
characteristics due to LSPR phenomena. This phenomenon makes these substrates suitable
for optical sensors when combined with other spectroscopic techniques such as UV-Vis,
Raman, or photoluminescence. In the case of NP-Au, the number of peaks and peak
position depend on the pore size. Chen et al. demonstrated that NP-Au with pores sizes of
7, 12, and 18 nm represents a single and broad absorbance band, whereas pores with 20,
35, 40, and 140 nm exhibit two peaks, one at 480 and the other at 525 nm as shown in fig
2.14[119]. The peak at 525 nm, represented by the black solid arrow, shifts toward a longer
wavelength with the increment in pore size, as depicted by the red dotted arrow. However,

the peak at 480 nm remains constant, as can be seen by a solid arrow.
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Figure 2. 14. UV-vis absorption spectra of NP-Au with different pore sizes [117].

LSPR helps to enhance the signal strength in Raman spectroscopy via the SERS
mechanisms. SERS effects caused by NP-Au has been studied by varying the nanopore
sizes via different aspects such as by altering the dealloying time, alloy composition, and
annealing temperature, etc. The results indicate that the Raman signal intensity increases
as the pore size decreases. The reason for the enhancement can be explained by two
mechanisms: one is the local field creation around the Au ligaments, and the second is the
generation of hot-spots due to the nanosized pores. Moreover, due to its continuous porous
structure over a large area, similar intensity signals can be regenerated from any area of the
substrate. Qian et al. studied the effect of temperature on the morphology of pre-dealloyed
~ 55 nm NP-Au. They annealed it in air for 2h at a varied temperature range from 200 to
600 °C with 100° intervals [57]. The increment in pore size from 90 to 700 nm, as well as
the coarsening of ligaments, is observed with increasing temperature as demonstrated in
fig 2.15. (a)-(f). The reason for the variation in morphology was heating, that restarted the
diffusion of Au atoms, which was quenched during the time of dealloying by immersing
the leaf into water. The substrate was able to sense 10M R6G and 10°M CV and exhibited
the strongest enhancement with the smaller pores ~ 5 - 10 nm due to the creation of a large
number of hot spots, which was able to separate a large number of adjacent ligaments from
each other. Yang et al. fabricated an Ag NPs decorated NP-Au substrate. Due to the
excellent plasmonic properties of Ag as compared to other metals, it is widely used after
that Au [120]. But due to its oxidation problem, the SERS performance degrades with time.
Therefore, the author decorated the Au substrate with Ag to take advantage of both
materials. The substrate was able to achieve good enhancement, which was due to the
generation of hot spots between the adjacent NPs decorated onto NP-Au or by the LSPR
phenomena in NP-Au. The substrate was modified by following a simple method, firstly

the dealloyed film was immersed in SnCl, (0.01 M) solution to assemble CI-ions onto the
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NP-Au. After that, the activated substrate was immersed for 48 h in silver nitrate solution
and then illuminated with a UV light (A = 274 nm) for the formation of Ag NPs onto their
surface. The substrate is able to detect 10 M R6G molecules by using a 532 nm laser,
which is better than the bare NP-Au.
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Figure 2. 15. Right-hand sand is the morphological view of NP-Au dealloyed for different time
periods (a) 5 min; (b) 48 h; sample (b) was further annealed for 2 h at varied temperature range (c)
200 °C; (d) 400°C; (e) 500°C; (f) 600°C; (g) represents intensities of 107 M R6G at 1650 cm™ at
514.5 nm laser and 10° M CV at 1175 cm at 632.8 nm laser [56].

Zhang and his co-workers prepared wrinkled NP-Au by heating NP-Au attached to the
polystyrene base at 160° C, which was above then the PS glass transition temperature and
below then the melting point [121]. The thermal contraction resulted in the formation of
abundant nanogaps and sharp nanotips through the shrinkage of the polystyrene substrate
which was beneficial to provide 100 times greater SERS signal enhancement compared to
the planer NP-Aw.

In other work, Zhang et al. fabricated a highly sensitive and selective aptamer-based NP-
Au as an optical sensor for the detection of Hg?* ions [122]. The sensor was able to
selectively detect Hg?* from the twelve metal ions solution as well as in underground and
river water. For the fabrication of this sensor, the NP-Au was modified with an aptamer (-
SH moiety at the 50-terminus and Cy5 tag at the 30-end). The aptamer was attached to the
NP-Au by the thiol group. The aptamer was the Raman active molecule and its signal was
enhanced by the LSPR generated from the NP-Au. The detection of Hg?* ions was
determined by monitoring the intensity change of the aptamer peak with respect to the metal
ion concentration. In the presence of Hg?" ions, Hg?* was specifically bound between two
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thymine’s (T) and led to the creation of T-Hg?*-T pairs as represented in fig. 2.16. Which
changed the structure from single-strand poly-T oligonucleotides to a rigid duplex-like
structure. Due to this, Cy5 pulled away from the substrate, and thereby the SERS signal
intensity decreased. At low concentration, the SERS signals from Cy5 was partially
reduced, because Hg?* ions were not sufficient to form a duplex structure and some
aptamers were freely laid on the surface. Hence, it can be concluded that there is an inverse
relationship between Hg?* concentration and Cy5 tags. The decrement in the SERS intensity
of the Cyb5 tags is observed with the increment in Hg?* concentration. The Hg?* detection
up to pM level is possible by using this substrate, which is several orders of magnitude
higher than the maximum limit provided by the European protection agency.

In one literature authors electrodeposited the Au nanostructures onto NP-Au in order to
increase its effectiveness. They tested the substrate at different potentials and for different
time period [123]. For varied potentials, different structures of Au were formed onto NP-
Au such as waxberry-like nanostructure, irregular polyhedral Au nanoparticles, and Au
dendritic nanostructures and for increased electrodeposition time, the intensity was
increased correspondingly. As compared to all the substrates, the substrate prepared for
3000s at —0.04 V electric potential showed the highest enhancement, due to the
achievement of lightning rod effect via the formation of sharp tips onto Au dendritic
nanostructures. These structures not only helped to amplify the signal but also improved
the substrate uniformity. The substrate is able to detect 10°® M R6G, which is better than
the planer NP-Au substrate.

Xue et al. fabricated NP-Au from a low-Au content alloy leaf (Au20CussAg7PdsSiz) in
order to reduce the cost or to achieve a finer morphology. After dealloying, the ligaments
with an average size of ~ 50 nm and many of ~ 25 nm were observed in some areas. In
order to examine the SERS effectiveness of the substrate, a probe molecule such as 4,4’-
bipyridine was used and this substrate was able to detect even 101* M concentration. Here,
the enhancement was due to the local field creation around the ligaments because of the
resonant condition satisfaction and furthermore, EDS analysis confirmed that the presence
of Pd and Ag residues inside the ligaments was also the reason for the signal enhancement
[124].
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Figure 2. 16. Aptamer-modified NP-Au-based SERS sensor: (a) SEM; (b) TEM images of NP-Au.
(c) Schematic illustration of protocol used for the sensing of Hg?* via the substrate; (d) represents

the increase in concentration of Hg?* ions lead to the drop in the intensity of Cy5 tag [120].

Hu et al. studied the effect of varied dealloying time on to the morphology of NP-Au
substrate. It has been discussed that with the varying dealloying parameters, the
distribution density of “hot spots” can be varied which improves the SERS performance.
The authors tested for different time period such as for 3, 4, 5, 10, 15, 60, and 120 min,
and noticed that smaller-sized pores with an average pore diameter of ~ 13 nm were
observed for 3 and 4 min of dealloying and separated from each other due to ligaments
[57] . But for extended time periods such as for 5, 10, 15, 60, and 120 min, the morphology
changed abruptly, the pores and ligaments began to connect with each other and their size
kept on increasing. To check the SERS effectiveness, Rhodamine B was used as the
Raman active molecule. As compared to all the dealloying times, 4 and 15 min dealloyed
samples showed the highest enhancement. It is well known that; the SERS activity is
highly affected by the composition and morphology. With the extending dealloying time,
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the size of pores was increasing and the Ag content was also decreasing continuously. The
enhancement reason for the 4 min sample was the generation of hot spots and the presence
of Ag content, whereas for the 15 min samples, the hot spot generation is larger as
compared to other samples.

Zhang et al. has fabricated Au nanocones onto NP-Au by optimizing the concentration of
the reactants (tetrachloroauric acid, sodium dodecyl sulfate) and plating time. For 90
minutes of plating, nanocones with an apex of 10-20 nm and an average length of ~ 40 nm
were formed and represented as NC1@NP-Au, and when the plating time was extended to
180 minutes, the tip apex was still 10-20 nm in size, but the average length of the
nanocones was increased from ~40 nm to ~80 nm, double than the previous plating and
represented as NC2@NP-Au. Figure 2.17 shows that both substrates show improved SERS
enhancement. The NC2@NP-Au showed a 20-fold enhancement, and the NC1@NP-Au
exhibited a 10-fold enhancement compared to the as-prepared NP-Au [125]. The reason
for the enhancement in these substrates was the confinement of the electric field (lighting
rod effect) due to the sharp corners and edges of nanocones. This substrate was also capable
of single-molecule detection.
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Figure 2. 17. AFM image of (a) dealloyed NP-Au; (b) nano-cones on the NP-Au after 90 minutes
of plating; and (c) nano-cones on the NP-Au after 180 minutes of plating; (d) SERS spectra of R6G
onto NP-Au (blue colour), NCL@NP-Au (green colour), and NC2@NP-Au (pink colour) [127].

In summary, the wide variety of literature on the use of NP-Au as a sensor demonstrates
that both its morphological and chemical properties make it a good candidate for sensing

applications. Other porous materials such as zeolites and MOFs are also popular for
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sensing, but their practical trials are limited and still questioned due to certain challenges
such as their costly and difficult fabrication procedures as well as difficulties in
reproduction and reusability. However, as discussed dealloyed NP-Au possess excellent
characteristics (such as reproducibility, facile fabrication, uniformity, and reusability)
which make it suitable for many applications. It is believed that research in this area will
continue and increase, with a focus on optimizing fabrication procedures to further improve
the targeting of molecules of interest. Since there is still a large gap between these studies
and their uses in industry, more effort should be made toward the use of NP-Au based
sensors for real-world applications such as for biomarker monitoring, environmental

pollutant detection, and food safety.

2.2.10 SERS substrate based on flexible substrate

A flexible SERS substrate refers to assembly of plasmonic nanostructures onto a flexible
support. These substrates have various advantages over conventional rigid substrates due to
their easy usability, non-destructive or invasive method, and cost-effectiveness. These
substrates have been used in multiple fields such as for the detection of explosives,
pesticides/fertilizer, and chemical pollutants [43]. As compared to the detection of the
mentioned molecules, these substrates have been widely used for the analysis of agricultural
and food products due to their flexible nature. With conventional Si or glass-based substrates,
detection on flat and planer surfaces is possible, whereas on curved and non-planar surfaces the
detection is difficult [126]. In order to detect molecules from such kinds of surfaces, a sample
is cut into pieces to adjust substrate onto the sample surface; hence nondestructive detection is
difficult. Whereas flexible substrates can be cut into any desired shape and size, can be
swabbed, and attached or detached on the sample surface to detect the molecule.

From the past few years, researchers have used filter paper, adhesive tape, cotton fabrics, and
polymer films as flexible supports to make flexible SERS substrates [12]. As discussed in
section ‘1.2’ pesticides and fertilizers are frequently used in agriculture to protect the crops
from weeds, insects, and fungi etc. and to increase the growth of crops and plants. However,
improper, and excessive use of these can be harmful to human and result in both acute and long-
term health problems [127]. Conventionally, high-performance liquid chromatography
(HPLC), gas chromatography-mass spectrometry (GC-MS), and liquid chromatography-mass
spectrometry (LC-MS) have been used to identify pesticides/fertilizers in food products.
Although these methods are precise and effective, but with these techniques the lower limit
detection is quite difficult as well as the on-site detection is not possible at all due to the bulky
size of the instruments [128].However, recent advancements in technology made possible the
fast, simple, and easy detection of pesticides/fertilizers by using surface-enhanced Raman
spectroscopy. This technique has distinct advantages such as no need of sample preparation
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(need to drop-cast a few microliters sample onto a substrate), faster detection time, and trace
level detection is possible. Furthermore, as well with flexible substrates non-destructive as well
as onsite detection is also possible [16]. The first report on pesticide detection based on SERS
was reported in 1987 by Alak et al. [129]. They have used an Ag-coated microsphere-based
substrate to detect eight organophosphorus pesticides. After that, a large number of papers
based on the use of SERS for pesticide detection have been published. Some of them are

discussed below.

2.2.10.1 Literature survey on flexible SERS substrates

Flexible substrates have been used to detect R6G (xanthene dye used in the food industry and

textile: as per the material safety data sheet, its overexposure leads to headache, drowsiness,

and irritation to the skin, eyes, respiratory tract, etc.), Crystal Violet (non-biodegradable

cationic dye used as a food additive and food colouring agent), Thiram (widely used in crops

and seeds for fungal diseases protection and it is toxic when come in contact via ingestion or

inhalation), Urea (used to increase the crop production as well as to protect the crops from

insects and fungus; its high exposure can cause kidney diseases in humans) [130], [131], [132]

etc., Some of the detection methods are briefly explained below.

2.2.10.1.1 Paper-based SERS substrate

Papers have been widely used as a supporting substrate to deposit nanostructures due to
their natural hydrophilicity, wide availability, cost-effectiveness, and being made from
renewable resources. Cellulose is a naturally abundant biopolymer and is biodegradable. It
possesses good hydrophilicity due to the presence of numerous hydroxyl functional groups,
which is beneficial to make contact with molecules in solution. The substrates based on
cellulose paper have the advantages of easy portability, availability, and environmental
friendliness. These substrates can easily collect molecules by soaking, filtering, and wiping,
etc. However, the SERS substrate based on cellulose has faced disadvantages such as the
loss of incident laser as well as nonuniform distribution of the nanoparticles due to the
presence of pits and holes in the paper which leads to the generation of insufficient hot
spots. Furthermore, due to the excellent hydrophilicity, sometimes molecules penetrate into
the depth of the paper, which causes the uniformity problem. Among the cellulose papers,
the filter paper is the first choice due to its high cellulose content and porous nature.
Dong-Jin and his co-workers provided a simple, economical, and environmentally friendly
method for the fabrication of filter paper-based SERS substrates [132]. The authors tried to
make the substrate hydrophobic in order to improve the SERS performance of the substrate
such as uniformity, sensitivity, and reproducibility. The hydrophobic character is
introduced by depositing PDMS onto the paper via spin-coating method. The paper is made

SERS active by drop-casting an AUNPs@GO solution onto it. The substrate shows good
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sensing capability by detecting R6G (10° M) and thiram molecule (10 M) as shown in
fig. 2.18.

Zhu et al. fabricated the SERS substrate and named it Dynamic SERS (D-SERS) It is
prepared differently than the traditional substrate preparation method. Ag NPs are
synthesized in the presence of filter paper to decorate the paper surface. For the fabrication
of this substrate, a piece of filter paper is inserted into an Ag (NHs).OH solution, and then
the formaldehyde solution (reducing agent) is added for the generation of Ag NPs. The
prepared Ag NPs-decorated filter paper is used to detect pesticide residues via swabbing
the substrate across the different fruit surfaces (apples, bananas, and tomatoes). The LOD
by using this substrate is 7.2 ng/cm? for thiram and 0.23 pg/cm? for paraoxon, respectively,
which is lower than the acceptable limit [131].
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Figure 2.18. Schematic representation of the fabrication process for h-paper-based Surface-
enhanced Raman scattering (SERS) sensor. (a) SEM image of the Au NPs@GO coated h-paper
substrate. SERS spectra of varied concentration of (b) R6G from 10~ to 10 M and (c) urea from
103 to 10" M onto h-paper substrate [129].

Wang et al. used a rapid and simple drop-wipe test method to extract the thiram pesticide
residues from the different fruit surfaces [133]. The flexible substrate is prepared by
immersing a filter paper in Ag colloid for 24 hours, as shown in fig 2.19. The substrate is
able to detect lower limits of thiram such as 4.62, 5.18, and 5.70 ng/cm?, spiked onto apple,
pear, and grape peel fruits. Which is much lower than the national standard of acceptable
limit of 50 ng/cm?. The important thing is that only a few minutes is required for sampling

as well as for measurement with the substrate via the drop-wipe method.
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2.2.10.1.2
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Figure 2. 19. Schematic representation of the substrate fabrication process. Below the SERS spectra
is shown for the varied concentrations of thiram measured using the prepared substrate on different

fruits (a) apple, (b) pear, and (c) grape [132].

Adhesive tape-based SERS substrate

Commercial adhesive taps are also used as SERS substrates due to their flexible, sticky,
cost-effective, as well as transparent nature. The tape is made SERS active by drop-casting
or by either pasting nanoparticles onto it. However, most tape-based substrates are
thermally unstable and lose their sickness when exposed to air. Furthermore, some taps
show fluorescence when exposed to laser light. Therefore, optimization of instrumental
parameters and background subtraction is required before Raman measurement. Jiang et al.
used adhesive tape to make a flexible substrate. The substrate is fabricated by transferring
the Ag nanorod structures from the Si substrate to the transparent tape via a paste-and peel-
off approach [134]. The arrays of Ag nanorod is prepared on Si by the oblique angle
deposition method. The transparent substrate is able to rapidly detect 28.8 ng.cm
tetramethyl thiuram disulphide pesticide on the apple surface. Chen et al. prepared a
flexible, sticky, and low-cost SERS substrate by drop-casting Au NPs onto the sticky side
of the daily-use adhesive tape. The effectiveness of the SERS active tape is tested directly
by pasting a tape onto the different surfaces (pre-contaminated with parathion-methyl
pesticides) and then peeled off for further detection as shown in fig 2.20. The substrate
shows great sensitivity by detecting a lower limit (26.3 ng/cm?) of parathion-methyl
pesticide [135].
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Figure 2.20. Schematic demonstration of the fabrication of SERS tape; SEM images of (A) adhesive
tape and (B) Au NPs-decorated adhesive tape (C) SERS spectra of parathion-methyl peel off from
the surfaces of (a) apples, (b) oranges, (c) cucumbers, and (d) green vegetables using SERS tape
[134].

Polymer based SERS substrate

From the past few years, polymers such as polydimethylsiloxane (PDMS), polyethylene
terephthalate (PET), polyvinylidene fluoride (PVDF), and poly (methyl methacrylate)
(PMMA) have been widely used as supporting materials to make substrates flexible due to
their easy-to- shape, transparent, long-lasting properties, and additionally, these materials
do not interfere with molecules signals. Park et al. (2017) fabricated PDMS-based
substrates with Au nanostar arrays and demonstrated that the substrate was able to show
good sensing capability even after 100 cycles of mechanical deformation of bending,
stretching, and twisting [15]. Samir and colleagues have fabricated a flexible and sensitive
substrate via embedding Ag nanorods into the PDMS surface [12]. The substrate is
prepared by transferring the Ag NRs array from Si to the polymer surface by nano casting
approach. The substrate effectiveness is examined by extracting thiram (-10° g/cm?) on an
apple surface via “paste and peel off” method as demonstrated in fig 2.21. Sun et al.
prepared a flexible substrate by using PDMS to duplicate the morphology of sandpaper.
Then the substrate is modified with 3-aminopropyltrimethoxysilane to assemble Ag NPs
onto structured PDMS to make substrate SERS active. The two pesticides triazophos and
methyl parathion have been detected onto the surface of tomatoes [136]. Furthermore, the
stretching length (at about 58.6 mm) of the substrate is tested, and it is observed that the

SERS performance is not affected by the stretching.
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Figure 2.21. Schematic demonstration of the substrate fabrication process. The SEM images of (a)
Ag nanorod arrays on Si wafer and (b) Ag nanorods embedded in PDMS film. (c) SERS spectra of

different concentration of thiram pesticide extracted from apple peel [12].

2.2.10.1.4 Natural artifiacts based SERS substrates
As discussed, a variety of substrates (Ag nanorods onto Si) have been used as supporting
materials to fabricate flexible substrates. However, the complex fabrication procedure of
supporting substrates reduces reproducibility and increases the cost of the substrates.
Therefore, from the past few decades, researchers have been trying to find facile, green,
and low-cost fabrication methods to make flexible SERS substrates. Recently, SERS
substrates based on natural plant leaves such as lotus, rose petals, taro, rice, etc. have been
reported for the detection of R6G, crystal violet, and malachite green etc. [137] [138]. These
natural plants can be directly used as a substrate as well as a supporting material (the
replicates of these structures can be generated by using various polymer films). This
approach provides a fast, facile, effective, and economical method for the preparation of
flexible substrate which is independent of specialized equipment. Xu and his coworkers
developed a SERS substrate via a coating of Ag film onto white rose petals [139]. The
presence of submicron grooves, micro-papillae arrays, grating, and silver islands
contributes to not only surface hydrophobicity but also significantly enhances signal
intensity. The detection limit of substrate is 10° M for R6G and the enhancement factor
corresponds to 108 Chou et al. presented an easy and novel method by using rose petals as
a supporting substrate. The substrate is made SERS-active by drop-casting Ag NPs
suspension onto the petal surface. The hydrophobic effect of the petal leads to the
aggregation of the NPs as well as R6G onto their surface as represented in fig 2.22. The
SERS performance is examined on both the upper and lower surfaces of the petal. It is
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found that lower surface contributes effectively in the signal enhancement due to the
uniform distribution of NPs aggregates throughout the surfaces. The LOD of R6G is below
10> M by using this substrate [9]. Kumar et al. fabricated an Ag-coated structured PDMS
substrate by using taro leaf as a supporting material [10]. The substrate is fabricated by
casting PDMS onto a taro leaf in order to create the reverse texture of taro leaf. The thin
film of Ag is deposited in the microcavities by a thermal evaporation method. The substrate
shows good sensitivity (~10*! M), reproducibility, and good enhancement factor (~2.06 x
10°) towards the detection of malachite green. They have also checked the effect of
substrate bending onto the SERS signal intensity value. The intensity of the signal
decreases with decreasing bending angle from 180° to 100°, which is due to an increase in
nano spacing between the metallic NPs.
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Figure 2. 22. Photographic pictures representing the Ag NPs aggregation and R6G accumulation

on one area of the rose petal. SEM images (a) upper surface (b) lower surface of rose petal after
absorption of R6G. SERS spectra of varied concentration of R6G (c) lower surface of Rose Petal

[9].
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Chapter 3:Techniques used for the SERS substrate’s characterization

To examine the properties of nanostructures, there is a need to use multiple instruments to characterize
them. There are specific techniques to identify the specific properties of the material such as size, shape,
absorption, composition etc. Like to study morphology (nanoscale features): field emission scanning
electron microscope (FESEM) and scanning electron microscope (SEM) are suitable techniques. This
microscopy provides information by detecting emitted electrons, which are ejected when a highly
energetic electron beam hits the specimen. The SEM and FESEM follows the same working principle;
the difference is that the electron source used in FESEM (field emission gun) is better than SEM
(thermionic emission). The source provides a smaller spot size and an extremely focused high-energy
beam, which improves resolution and enables imaging to be carried out at higher magnification. A brief
explanation about microscopic and spectroscopic techniques is mentioned below. To examine the
surface roughness and uniformity of the substrate atomic force microscopy (AFM) is used. A detailed
topographical profile of the sample is generated by scanning across the surface. The optical
characteristics such as absorption, scattering, and emission are measured with a various spectroscopic
technique. The absorption spectrum of the sample is recorded with the help of UV-visible spectroscopy.
In order to know the fingerprint of the molecule, the scattered signal is collected by Raman
spectroscopy. Photoluminescence spectroscopy is used to collect the emission spectra of the molecule.
In short, all the spectroscopic techniques work on the same principle: electromagnetic radiation is
incident onto the sample (liquid, solid, or powder) and the spectra is obtained due to the interaction of

light with the sample.

3.1 Techniques based on topography measurement
3.1.1 Field-Emission scanning electron microscopy (FESEM)
FESEM is a commonly used technique for the topological identification of nanostructures. It
has a capability to provide images with a resolution of ~ 1nm and magnifications up to
5,000,00 x. An electron beam is generated from a field emission source and accelerated with
a high voltage of ~ 1 keV to 50 keV. This beam is focused by electromagnetic lenses in a high
vacuum column to produce a narrow beam which is incident on the sample. There are certain
requirements in order to observe a sample through SEM. Like the sample should be
conductive in order to avoid charging effect and to get sharp featured image. To make the
sample conductive; an extremely thin layer of gold, carbon, and palladium is coated. After
the coating, it is stuck onto a holder with the help of a double-sided carbon tape, and then it
is placed in a SEM chamber. When the beam is bombarded onto the sample, variety of
electrons (secondary, backscattered, auger, characteristic X-ray, continuous X-ray, and
cathodoluminescence etc.,) is ejected from the sample. The electron beam scans the sample

in a zig-zag-type pattern (raster scanning) to analyse the surface. The image is formed by
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3.1.2

detecting secondary electrons from the sample surface. Furthermore, with the topological
view, it can also provide information about the elemental composition and the distribution of
the elements in the sample in association with Energy dispersive X-ray spectroscopy (EDS).
Atomic force microscopy (AFM)

AFM is used to check the roughness of the sample surface. It provides a 3D topographical
image of the sample surface as compared to other electron microscopy techniques. It is a type
of scanning probe microscopy in which interactions between a tip and a sample surface is
recorded. The tip supported on a flexible cantilever moves across the surface and experiences
attractive and repulsive forces as per the surface texture. The movement of the tip is noticed
by the deflection of a cantilever, according to Hook’s law. The backside of the cantilever has
a reflective coating so that it can reflect light like a mirror. A laser beam is incident on the
backside of cantilever, and due to the vertical movement in the cantilever position, the angle
of reflected light is changed. This reflected light is collected by the arrays of photodetectors,

and accordingly a 3D image of the surface is formed.

3.2 Techniques based on optical properties measurement

When light interacts with matter, it can be absorbed, scattered, reflected, and transmitted by the

matter. To observe these properties, a variety of spectroscopic techniques are used, which are briefly

explained below.

3.2.1

3.2.2

UV-visible (UV-Vis)
It is used to quantitatively analyse the optical properties of organic and inorganic compounds.
The technique operates on the principle of absorption of photons. The absorbance of light
causes the transition of electrons in the molecules from the low-energy ground state HOMO
(highest occupied molecular orbital) to a higher-energy excited state LUMO (lowest
unoccupied molecular orbital). In this spectrophotometer the sample is irradiated with
ultraviolet and visible electromagnetic radiation, some part of the light is absorbed and the rest
is transmitted through the sample. The final spectrum is obtained as per Beer Lambert law by
measuring a comparison between the intensity of incident light on the sample and the intensity
of transmitted light from the sample (which decreases as the concentration of the molecule in
solution increases) and in the form of absorbance as a function of wavelength. The spectra
provide knowledge about plasmon resonance region of the nanostructure, concentration of the
solution, chemical composition, particle size, and formation and correspondingly the band will
change or shift based on changes in medium, shape, and arrangement.

Photoluminescence (PL)

PL is a kind of light emission spectroscopy. UV-visible spectroscopy provides the absorption

spectra (Aaps) Of the molecule. To identify the emission spectra (Aem) Of the molecule, PL

spectroscopy is used. The principle is same as UV-Vis; the only difference is that in which
51



3.2.3

3.24

the emitted photon is detected. The brief explanation about its working is as follows; when
the light is directed onto the molecule, it absorbs light and excitation occurs from a lower to
a higher energy state. Then the molecule loses some of the energy by the emission of photons
and return to the ground state. The emission is of two types: one is radiative and other is non-
radiative. PL comes under radiative emission. In radiative emission, excited electron releases
a photon during relaxation. Whereas, in non-radiative emission, the energy is lost in the form
of heat through atomic collisions or vibrational interactions. PL is of two types: fluorescence
and phosphorescence. Fluorescence is a prompt emission observed for a very short time
(picoseconds to nanoseconds) after excitation, while phosphorescence continues long even
after a light incident (microseconds to thousands of seconds). The resultant spectrum is in
the form of intensity of emitted light as a function of wavelength.

Dynamic light scattering (DLS)

DLS is used to determine the size and size distribution of the particles in the solution typically
in the nanometer range. It provides a rough idea about the size by examining the Brownian
motion of the particles. The polydispersity index (PDI) parameter describes the variation in
the particle size distribution, and it is a dimensionless number. The value of PDI is in the
range of 0.01 to 0.7, which indicates particles are of same size. However, a value > 0.7
indicates the wide distribution in the particle size. The particles move randomly in all
directions when dispersed in a liquid. As per the principle of Brownian motion, the particles
which are dispersed in a solvent, are constantly colliding with the solvent molecules. These
collisions induce movement in the particle by transferring a certain amount of energy. The
energy transfer is varied as per the particle size. The smaller particles move at a higher speed
than the larger particles. By measuring the speed of the particle, the hydrodynamic diameter
is determined. If there are aggregates, there is no random movement that would lead to
inaccurate results. In this instrument, a single-frequency laser is incident onto the sample
containing particles. The light gets scattered in all directions and the scattered light is collected
by detector at a certain angle over time, and this signal is used to measure the particle size.
The intensity of the scattered signal is fluctuating over time. Smaller particles show faster
fluctuations than larger particles due to their fast movement.

Raman spectroscopy

Raman spectroscopy is a type of vibrational spectroscopy where scattered radiation is used to
recognise the vibrational modes of a molecule. These modes are different for different
molecules, and by analysing them unknown molecule is easily identified. It is based on the
inelastic scattering of light which occurs when a sample is incident with monochromatic light.
When light is directed onto the sample, most of the light is elastically scattered known as

Rayleigh scattering. Here the emitted photon has the same wavelength as the incident light.
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The molecule relaxes to the same vibrational energy state after excitation. Whereas a small
portion of the light it can be said that from millions of photons only one photon scatters at a
frequency different than that of incident frequency due to molecular vibrations. This scattering
is known as inelastic scattering, also known as Raman scattering. Here, the molecule relaxes
to a different vibrational energy level either higher or lower than that of its beginning state.
The difference between the energy of the scattered photon and incident photon is called the
Raman shift. The Raman shift is associated with two kinds of shifts: one is Stokes and the
other is anti-Stokes shift. If the scattered photon is of lower energy than that of incident
photon, the shift is known as Stoke’s shift (photons transfer their energy to molecules) or if
the scattered photon is of higher energy than that of incident photon is called anti-Stoke’s shift
(photons gain energy from the molecules). There are certain conditions for the sample to be
analysed by Raman: the molecule should undergo a change in polarizability at a specific
vibrational frequency and it is applicable to characterize only those molecules, which have
homo-nuclear functional groups such as C-C, C=C, and C=C bonds. The positions of the peak
is observed by determining the vibrational energies, that are related to the bonds in the
molecules. Rayleigh scattering is million times more intense than the Raman scattering as
discussed from millions of photons only one photon shows Raman scattering. To obtain
Raman spectra, there is a need to filter out Rayleigh scattering. The sample preparation is
easy, there is a need to just put a droplet of the tested molecule onto a silicon or glass substrate.
Some important components of Raman spectrophotometer are the laser’s (excitation source),
a notch filter (to remove Rayleigh scattering), a dispersion element (grating), and a CCD

detector.

53



Chapter 4. Rigid SERS substrates for urea detection

Part 4.1: Rigid SERS substrate fabrication

411

Introduction

Raman spectroscopy is a widely used technique for the identification of various materials owing
to its ability to give ‘fingure-print” spectra of the molecules. However, due to the small Raman
scattering cross-section of the molecules, generally in the range of 10~%-10~% cm?, only highly
concentrated or pure molecules can be recognized [121]. In addition, the high inherent
fluorescence suppresses the weak Raman signals from the molecules. All these limitations
restrict its use in a variety of applications for the identification of many chemicals and
molecules. This shortcoming can be effectively overcome by the highly sensitive and selective
spectroscopy technique known as surface-enhanced Raman spectroscopy (SERS). It increases
the weak Raman signal of molecules by several orders of magnitude [76]. Here, a studied
moiety is placed at a close distance to the structured metallic/non-metallic substrates [41]. The
SERS enhancement is generally due to the local electromagnetic enhancement around the
nanostructure when the incident light frequency is in resonance with the plasmon frequency of
the conduction electrons in the nanostructure [140]. The SERS value can be drastically
enhanced up to 10 orders of magnitude at ‘hot spots’ (sub-10-nm gaps) where extensive
electromagnetic fields are generated due to the electromagnetic coupling between adjacent
nanostructures [121].

Various platforms made using materials such as Ag, Au, Al, Cu, Pt, Pd, Fe, Co, C, Ru, and 2D
nanomaterials such as graphene, transition metal dichalcogenides (TMDs) are used to make the
SERS substrate [55] [7]. Among these materials, Ag and Au are widely used because of their
excellent plasmonic properties compared to others and also their localized surface resonance
lies in the visible and near-infrared wavelength range, where most Raman measurements occur
[56], [141]. It has been demonstrated that the SERS signal is quite delicate to the substrate
nature and its performance degrades over time [57] . Therefore, most of the studies on the SERS
activity is conducted on the Au due to its comparatively more stable nature than Ag.

Different types of methods have been used to fabricate the SERS substrates that include the
chemical synthesis method to prepare different shapes of nanoparticles, an electrochemical
method to make roughed metal films, and other methods such as template, self-assembly or
sputtering [142]. In recent times, lithographic methods (focused-ion-beam, electron-beam
lithography, and nanosphere lithography) have been used to form arrays of nanostructures with
defined morphologies and interparticle spacing [143], [144], [145], [146], [147]. However,
these methods have limitations, such as complicated/time-consuming, and expensive
fabrication approaches, low Raman signal enhancement factor, poor uniformity, stability, and

reusability. In recent times, dealloying method has been proposed as an alternative technique
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for the preparation of effective SERS substrates due to its easy, fast, single step fabrication
method, and low processing cost [88]. This method does not require specific setup and working
conditions such as clean room, patterned masks, and photoresists like lithography techniques.
It involves the leaching of less noble elements from a precursor alloy by chemical etching.
Generally, acids (HNOs, HCI) or bases (NaOH) are used to dissolve metal elements such as
Ag, Cu, and Al from the alloy except the Au [89]. The structure is made of nano-sized pores
which are connected with gold ligaments [94]. The pore size, pore volume, pore shape, and
inter-pore distance of the structure can be easily varied by adjusting the dealloying parameters
i.e., the alloy composition, etching time, and the etching solution concentration [88]. Another
advantage of the nano-porous substrate is that spatially independent SERS signals can be
regenerated from anywhere over the cm? area of the sample due to its uniform bi-continuous
structure from tens of nanometers to centimeters [122]. The SERS performance of nano-porous
gold (NP-Au) based systems has been analyzed in recent studies [123], [148], [149]. However,
most of the attempts have been devoted towards increasing the enhancement factor and the
sensitivity through structural modification [150], [151], [152], [153]. Only a few literature
reports have investigated substrate uniformity, with no studies on the reproducibility,
reusability, and stability of such substrates [89], [120], [123], [124], [125], [150], [151], [152],
[154], [155], [156]. Therefore, it is essential to explore the performance of NP-Au to increase
its use for applications.

Further, most of the SERS substrates are prepared by all these fabrication techniques have to
be disposed of after the adsorption of analytes onto their surface, which increases the cost,
pollution as well as limits its use for practical applications [157], [158]. Therefore, many efforts
have been initiated on improving the SERS substrate performance. But still, the challenge
remains to prepare a reusable, uniform SERS substrates with enhancement through low-cost
fabrication process.

Hence, in the current work, the reusability of the substrate in relation to the SERS enhancement
using an interconnected network structure consisting of Au ligaments (NP—Au) is studied. The
fabricated SERS substrate is uniform and capable of providing a five-fold of enhancement in
Raman signal, which is higher than the earlier reports [96], [125]. Furthermore, all the specific
vibrational modes of R6G molecules are clearly identifiable, which are either quite weak or
absent in earlier studies [156] . The interconnected network structure-based SERS substrate can

be easily cleaned by removing adsorbed analytes via the drop-casting method in ethanol.

Materials and Methods
Materials
Au-Ag alloy leaves (50/50 by weight, ~100 nm thick) were procured from Dukatshop, nitric

acid (HNO3z{65%}), and R6G were bought from Merck, p-type Silicon wafers with <100>
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orientation, 0.5 mm thickness, and 2 inches in diameter were purchased from Sigma Aldrich,

and Deionized (DI) water of 18.2 MQ cm resistivity was used during all the experiments,

wherever required.

4.1.2.2 Fabrication methods

41221

Fabrication of NP-Au substrate
NP-Au substrate was prepared similarly as reported by Ding et al. with slight modifications
[148]. The substrate was fabricated using a low-cost alloy leaf (AuspAgse) and the
preparation of substrate was done by the dealloying method. The 65% concentrated HNO3
was used to dealloy the leaf at room temperature for different periods of time as
demonstrated in fig. 4.1. First, the leaf was cut to 1.5 x 1.5 cm? in size similar to the silicon
(Si) substrate size, so that it completely covered the substrate surface. After that, the leaf
piece was carefully placed on the corner of the microscopic glass edge with the help of a
tweezer, and the slide corner was slowly immersed into a beaker containing the HNO3. As
the leaf started floating on the HNOj3 surface, the slide was gently removed from the acid
beaker. The leaf colour was altered immediately from the silver colour to a copper tone,
which is an indication of the Ag dissolution from the alloy had started. The leaf was kept in
acid for different etching times of 5-65 min. After the desired time, the dealloying was
rapidly quenched by carefully transferring the leaf to a beaker of DI water. It was left in the
beaker for 10 min and again transferred to another beaker of DI water to make the leaf free
from acid. This rinsing step was repeated 2 to 3 times. Finally, the fabricated NP-Au film
was removed from the beaker using precleaned Si substrate as a base material and kept to
dry at room temperature for 6 h. The Si substrates were pre-treated with piranha solution to
remove the atmospheric oxide layer onto the surface, in order to avoid any kind of hindrance

from the oxides during the measurements.
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Figure 4. 2. Schematic representation of step-by-step fabrication of NP-Au from an alloy leaf by the

chemical dealloying method.

Fabrication of NP-Au based SERS sensor

The most common probe molecule, R6G, was used to examine the SERS activities of the
NP-Au substrates. The R6G molecules possess well characterized Raman bands. In a
typical procedure, 10 pl of 10”2 M R6G ethanol solution was drop-casted onto the NP-Au
(1x1 cm?) which was dried at room temperature for 30 min in the dark. The substrate
preparation procedure is represented in fig. 4.2. Also, the equivalent volume of 103 M
R6G solution was dropped onto the Si substrate, which was used as a reference sample and
as a base material (mentioned earlier) to coat NPAu onto it. After drying, the substrates
were stored under vacuum conditions for further analysis. The reason for the selection of
Si as a reference and a base material is that its Raman peaks and bands are well known at
521 and 935-990 cm~ 1. The Raman spectra of R6G has been widely reported, but the
spectra of NP-Au has not been shown in the literature. Therefore, it has been chosen to
know about the NP-Au peaks. So that if peaks appear in the spectra, the NP-Au peaks can
be easily distinguished from the Si peaks.

The SERS performance of the substrates was examined using a Horiba Raman
spectrophotometer (LabRam HR Evolution, Horiba Scientific) equipped with a 532 nm Ar
ion laser source. The Rayleigh scattering was rejected using a notch filter with a blocking
region of 532 + 8 nm. The excitation beam was focused on the sample using a 50X
microscope objective and the scattered Raman light was collected using the same objective.
All the measurements were recorded at 23 “C. The laser beam power was varied from 0.1
mW to 10 mW in order to optimize the results. The integration time was 2 s with two

accumulations for a better signal-to-noise ratio, and the grating of 600 grooves/mm was

57



used. The diameter of the laser spot was ~1.3 pm and each of the spectra which were shown
in the study was the average of seven spectra’s recorded by selecting seven spatial positions
on each sample. The characteristic Raman peak of a Si substrate at 520 cm™* was used to
calibrate the spectrometer.

! Laser
“ R6G
(103 M) Dried at
temperature i i
SERS spectra
recoded
NP-Au NP-Au

Figure 4. 3. Pictorial representation of the fabrication of NP-Au as a SERS sensor.

4.1.2.2.3 SERS substrate (NP-Au) characterization
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The absorption maxima of R6G and NP-Au substrate is measured using the UV-visible
spectrophotometer (UV-Vis lambda 950, PerkinElmer). The surface morphology of the
film before and after de-alloying is studied using field emission scanning electron
microscopy (Carl Zeiss, supra-55) and the Everhart-Thornley detector is used to collect the
emitted secondary electrons from the sample surface. The content variance of the dealloyed
samples have been evaluated by an energy dispersive X-ray spectrometer (EDS) connected
with SEM (Jeol, JSM6610LB). The average pore size is calculated by using an image J
software by counting ~150 pores and ligaments from the FE-SEM images.

Result and Discussion

4.1.3.1 Absorption peak determination

In order to select the optimal laser excitation source for Raman measurement, the absorption
spectra of R6G and dealloyed substrates for different time were recorded as shown in fig. 4.3.
It has been stated that enhancement in the SERS signal can be improved by two resonance
effects: (a) if the excitation wavelength is in resonance with the surface plasmon resonance
(SPR) of nanostructured materials (the plasmon resonance peak i.e Amax Of the nanostructured
materials) and (b) if the Raman active molecule is in resonance (absorption wavelength i.e.,
Aaps) With both the excitation wavelength and the SPR of nanostructured materials [62]. Fig. 4.3
(@) illustrates the absorption and emission spectra of ethanolic solution of R6G and fig. 4.3 (b)
shows the absorption spectra of NP-Au substrates dealloyed for different times. As depicted
from fig. 4.3 (a) the absorption peaks of R6G ranges between 440 nm and 570 nm, with the
maximum Aqp peak at ~ 532 nm and a vibronic shoulder of around ~ 470 — 495 nm. One peak

is due to the monomer absorption band at ~ 532 nm (much more pronounced as well as a
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characteristic peak) and a minor shoulder at ~ 492 nm is due to the dimer [158]. Similarly, the
emission spectrum varies from about 510 nm to around 710 nm with the maximum peak at ~
550 nm depending on the solvent and the dye concentration. Fig. 4.3 (b) represents NP-Au
substrates represent Amax peak at around 515 nm, which is due to the resonant excitation of
plasma oscillations. The common laser excitation wavelengths used in the Raman spectrometer
are 532, 633 and 785 nm and the peak of both the spectrums are very close to the 532 nm laser
of the Raman spectrometer. Therefore, the 532 nm laser has been used as the excitation source
which is beneficial for the formation of localized surface plasmon resonance (LSPR) in the NP-
Au and also in resonance with the R6G. The 532 + 8 nm notch filter has been used to block the
Rayleigh line. The filter blocking wavelength range is from 523.5 nm to 540.5 nm, thus it
cannot affect or cut off the R6G peaks as they fall far beyond this range. The below mentioned
table represents the peak values of R6G taken directly from the literature [159] , the values have
been converted form the wave number to wavelength as shown in table 4.1. It can be seen that
none of the peaks of R6G falls into the notch filter blocking range.
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Figure 4. 4. (a) Absorption and emission spectrum of ethanolic solution of R6G and (b) absorption

spectrum of NP-Au substrates dealloyed for different time.

Table 4. 1. Conversion of R6G characteristic peaks from wavenumber to wavelength.

S.No. Peak value in terms Peak value in
of terms of wavelength (nm)
wavenumber (cm™)
1. 611 16366
2. 771 12970
3. 1185 8439
4. 1360 7453
5. 1505 6644
6. 1570 6369
7. 1648 6067
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SERS effectiveness testing of NP-Au

To examine the SERS performance of NP-Au substrates, the measured Raman spectrum of
three samples as shown in fig. 4.4 for SERS substrate (NP—Au coated on Si (black colour)),
R6G adsorbed on SERS (blue colour) and for the bare Si substrate (red colour). Here, the
sample dealloyed for 65 min is only considered as it has been reported that the content of Ag
decreases with the increase of etching time, which is an advantage for the SERS performance.
The spontaneous oxidation of Ag causes the reduction in the SERS intensity that also leads to
the difficulty of reproducible SERS signals [57]. Therefore, in order to avoid much contribution
from Ag, this etching time is selected for the initial studies. Fig. 4.4 (a) shows the measured
Raman signal from the R6G on a Si substrate that exhibits broad spectral features due to the
strong background fluorescence of R6G that overwhelms its Raman signal [160] . However,
the fluorescence of R6G is quenched on NP-Au as can be seen from fig. 4.4 (b). In addition, all
the characteristics Raman vibrational bands of R6G at 611, 771, 1185, 1360, 1369, 1505, 1570,
and 1648 cm™ ! are obtained, which are well-matched with the previous reports on R6G [159],
[161]. It has been reported that, if the detected molecule is present in or close to the hot spot or
the LSPR region, the fluorescence is quenched and the characteristic signals of the molecule is
observable [162]. The propagation length of the plasmonic resonance of NP-Au is ~ 4-5 um,
which is quite larger than the detection area as well as the laser spot size [163] . Therefore, it
can be said that the detection of molecule over the substrate has an appropriate contribution
from plasmonic. The right-hand spectra is the magnified view of fig. 4.4 (b) & (c). It can be
clearly noticed that the Raman peaks of R6G on NP-Au are very intense and well resolved.
However, the bare SERS substrate is not showing any peaks, which means that it only plays a
role in maximally amplify the SERS signal.
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Figure 4. 5. Raman spectra of R6G adsorption on different substrates recorded at 10 mW laser power (a) bare Si

substrate; (b) SERS substrate (NP—Au coated on Si); (c) Raman spectrum of SERS substrate without adsorption

of R6G molecule. Right-hand side is the enlarging view of (b) and (c) spectrum clearly indicating that the bare

SERS substrate does not show its own peaks.
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Optimization of SERS parameters

Most of the reported literature did not report the characteristic Raman bands of R6G on
bare Si substrate due to the strong fluorescence background which results in the broad
spectrum [164]. On the other hand, it has also been demonstrated that R6G is a Raman
active molecule, and thus shows some of its characteristics peak on Si with very low-
intensity values [165], [166]. Hence, the Raman peak intensity of R6G on Si is used to
optimize the required excitation laser power in the subsequent experiments. The results
presented in fig. 4.4 is obtained with 10 mW laser power and that shown in fig. 4.5 is
measured using 0.1 mW of excitation laser power. The power of the laser is reduced by
using a Neutral Density (ND) filter. The 532 nm laser used for the experiment has a
maximum power value of 100 mW. All other parameters such as the concentration and
volume of R6G, wavelength, and laser spot size are kept the same. It is clear from fig. 4.5
(a) that the R6G shows signals on Si substrate but with poor intensity values and some of
the signals corresponding to 1505, 1570, and 1648 cm™ ! are not clearly observable, which
merged into noise. However, on NP-Au the R6G Raman intensity of signals is quite high
with all the fingerprints of Raman peaks associated with R6G. These results indicate that

the pump power also affects the signal strength of R6G, so with the selection of laser
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wavelength, laser power also matters for optimum SERS performance. Hence, 0.1 mW

laser power has been used in the following discussions.
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Figure 4. 6. Raman spectrum of R6G adsorbed on substrates corresponding to 0.1 mW laser power
(a) bare Si substrate; (b) SERS substrate; (¢) Raman spectrum of SERS substrate without adsorption

of R6G molecule.

Enhancement factor calculation

After the optimization of the experimental parameters and analysis of the SERS spectrum
of R6G on the 65 min dealloyed NP-Au, a study on the rest of the dealloyed samples is
elaborated to check which dealloying time shows the highest signal enhancement as
depicted in fig. 4.6. The abbreviations of the samples used in the current study are
summarized in table 4.2 with So corresponds to bare Si substrate. Fig. 4.6 shows the
measured Raman spectra for different dealloyed samples. The measured spectra shown in
fig. 4.6 is obtained by averaging the data collected from seven spatial regions on the sample.
Itis clearly noticed that the dealloyed samples show a similar kind of spectrum with a quite
variation in the intensities of the SERS signal. Therefore, to evaluate how much the
intensity of SERS signals varied against the dealloying time, the intensity of all the
characteristic peaks of R6G is measured and represented in the histogram with 3% error
bars in fig. 4.7. The obtained results indicate that samples S¢ and Sy possesses the highest

enhancement in SERS intensity for all the peaks of R6G.
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Table 4. 2. Representation of substrate names with abbreviations

S. No. Substrate Name Abbreviation
1. Bare Si So
2. 5 min etched NP-Au S1
3. 10 min etched NP-Au Sz
4. 15 min etched NP-Au Ss
5. 20 min etched NP-Au S4
6. 25 min etched NP-Au Ss
7. 30 min etched NP-Au Se
8. 35 min etched NP-Au S7
9. 40 min etched NP-Au Se
10. 45 min etched NP-Au So
11. 50 min etched NP-Au S1o
12. 55 min etched NP-Au Su
13. 60 min etched NP-Au Si2
14. 65 min etched NP-Au Si3
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Figure 4. 7. SERS spectrum of 10~ 3 M R6G on the samples dealloyed for different time
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Figure 4. 8. Intensities of the characteristic peaks of R6G measured from fig. 4.6.

To examine the Raman signal enhancement of Sg and Sg samples, the enhancement factor (EF)
is calculated using the formula as discussed in section 2.2.3.3 in equation ‘2.11” [138]:

_ Isgrs CRaman

EF (eq.2.11)

IRaman .CsERs
Where Isers and lnormar COrresponds to the Raman intensities of R6G on Sg or Sy and S,
respectively. Cnoma and Csers represent the molar concentration of R6G on S and Se/Se

respectively. In this study, similar concentration (102 M) and equal volume (10 ul) of R6G is
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applied to both substrates, so the values of Crorma and Csers cancel each other. The values of
Isers and lnormar are taken directly from the measured Raman spectra. The EF values of both the
samples corresponding to all the bands are given in table 4.3. It can be clearly recognized that
the intensity at the 1505 cm™~* band is enhanced more than nine-fold and in-fact this Raman
peak of R6G is not seen on the Si substrate. This confirms that the NP-Au is an effective SERS
substrate. The average EF values are also calculated for both substrates; it is above ~ fivefold.
The important point about this substrate is, it provides five-fold enhancement without any kind
of further improvement onto the morphology and which is higher than the earlier reports [43],
[96], [157]. The other reason for less signal enhancement is the use of low laser power to avoid
fluorescence from the molecule. It is well known that; with increasing laser power, intense light
is produced due to the generation of a greater number of photons. These photons come in
contact with the sample as well as the molecules in that particular area. Correspondingly, the
localized field gets intensified as the laser power increases. The adsorbed molecules feel an

enhanced electromagnetic field and emit intensified Raman signals.

Table 4. 3. Calculation of SERS EF for the S¢ & So samples.

S. No. Peak Position EF Se¢ | Average EF So Average

(cm?) EF EF

1. 611 5.83 4.79

2. 771 3.81 3.72

3. 1185 3.06 5.55 3.35 5.69

4. 1360 6.05 6.04

5. 1505 9.69 10.42

6. 1570 4.82 4.96

7. 1648 5.59 6.61

Morphology examination

As shown in fig. 4.8 (b), the Sg and So samples show the highest Raman signal enhancement.
So, to understand the reason behind the enhancement, morphology evaluation of the samples is
performed. Figure. 4.8 represents the top-view FE-SEM images of the commercial alloy leaf
and the dealloyed samples (Ss & So). The 5 kV operating beam voltage is used to analyze the
morphology of all the samples and to prevent the sample from damage. Fig. 4.8 (a) shows that
alloy has a granular kind of structure without pores, whereas it becomes porous after dealloying
as demonstrated in fig. 4.8 (b) and (c). After chemical dealloying, a metal-void phase is obtained
throughout the samples. The microstructure of both the dealloyed samples consists of a pore
and a network of gold ligaments. No cracks or other defects are seen in these structures, which

represents the excellent structural uniformity of these NP-Au over a large area. In the Sg sample,
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ligaments are separated with very small pores (represented by a yellow arrow). The average
size of the pores and ligaments are ~13 £ 0.43 & ~81 £ 1.6 nm. There could be two mechanisms
that are responsible for the SERS enhancement in NP-Au samples. One could be the plasmon
excitation in the nano-sized ligaments by an incident laser that induces local electromagnetic
field enhancement around the ligaments. The second mechanism could be the electromagnetic
coupling between the adjacent Au ligaments that further increases the localized field intensity,
leading to a further improvement in the SERS enhancement. The morphology of the Sg sample
is quite different from the Sg sample. Immersion in acid for another 15 min causes the
coarsening (diffusion of Au atoms at the surface of ligaments) of the ligament and the pores.
The interconnected network of ligaments is separated by pores with an average size of the pores
are 3.7 = 0.9 nm. The Raman signal enhancement arises here due to the creation of hot spots
between the neighbouring ligaments separated by nanosized pores (shown by a yellow circle)
and the creation of local electromagnetic fields around ligaments. These results suggest that,
for these etching times, the maximum number of nanopores, nanosized ligaments, and hotspots

are obtained as compared to the rest of the dealloying time.

Figure 4. 9. FESEM images of (a) AusoAgso alloy leaf, (b) Se and (c) Sg samples. The magnification of

all the shown images is 75 K.
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To check the surface area, roughness, and uniformity of the structures in the alloy and dealloyed
samples (30 & 45 min), the 2D and 3D AFM topographical images is captured in contact mode
as shown in fig. 4.9 and 4.10. The alphabetical letter (a, b, c) without symbol dash (") represents
the 2D image and with symbol (') represents the 3D image of substrates. The morphological
view of the alloy leaf shows that it has a non-uniform microstructure pattern (fig. 4.9 (a)). Most
part of the alloy is filled with the varied size of humps as can be clearly seen from fig. 4.9 (a").
The statistical parameters of the alloy such as root mean square (R.M.S.) roughness of the alloy
is ~12.2 nm, height is ~43.7 nm, and the surface area are 9.62 um? respectively is mentioned in
table 4.4. Figure. 4.10 ((b), (b)), (c), and (c)) represent the morphology of the dealloyed
samples. It can be seen from the 2D image of both the samples that the topography is completely
changed and the formation of Au ligaments separated by nanopores is clearly visible and
matched with the FESEM images. The nanostructures formed on the substrate are uniform after
dealloying. The 3D image of fig. 4.10 (b") and 4.10 (c) shows that most of the area of the

substrate is filled with nano-ligaments.

Figure 4. 10. AFM analysis of Alloy leaf (a) represents the 2D image and (a') shows the 3D view of
surface. The size of both image is 3 um x 3 um. The height scales are shown in the right side of 2D
image.
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Figure 4. 11. AFM analysis of dealloyed samples such as (b) and (b") represents the sample dealloyed
for 30 minutes and (c) and (c') represents the sample dealloyed for 45 minutes. The surface morphology
shifts from a nonuniform substrate to uniformly nano-structured surface with dealloying. The left-hand
side is the 2D view and the Right-hand side is the 3D view of the substrate. The size of each image is 3

um x 3 pm. The height scales are shown in the right side of 2D image.

The parameter values of the dealloyed samples increase with increasing dealloying time as
shown in table 4.4. The roughness and height values increase due to the coarsening of the
ligaments, which cause the Au ligament to interconnect with each other, that correspondingly
makes the substrate more roughened with increasing dealloying time. On the other hand, if the
parameter values are compared with alloy, the surface area is higher for the dealloyed samples
because of the formation of nanostructures such as nanopores and nano-ligaments.
Subsequently, the roughness and height values of the alloy are higher than dealloyed samples,

due to the lack of uniformity in microstructures.
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4.1.6

Table 4. 4. Represents the statistical parameters of the samples such as surface area,

roughness, and height of the structures.

S. Sample Name Surface Area | Roughness Average
No. (um?) (nm) height

(nm)

1. Alloy (AusoAgso) 9.62 ~12.2 43.7

2. Dealloyed sample 9.83 ~7.77 26.4
(30 min)

3. Dealloyed sample 9.96 ~8.77 29.1
(45 min)

Composition determination

The composition analysis of the dealloyed samples is also performed using the measured EDS
spectra as represented in fig. 4.11 These studies assume importance as it suggests the beginning
of etching as well as the saturation of Ag removal during the dealloying of the samples. As
discussed earlier, Ag is readily oxidized and leads to inhomogeneous results. Saturation in the
element’s content after a particular time raises the possibility of reproducible signals. It can be
noticed that from fig. 4.11 (a-n), the signals of Au and Ag are clearly present in the alloy,
whereas in the dealloyed samples, signals of Au are present, and the absence of Ag peak
indicates the dissolution of Ag from the leaf. However, there is a content variation of Au and
Ag with the dealloying time which is not observable with these spectra. Therefore, to measure
the actual content variation the graph is plotted between the variation in composition with
respect to the samples shown in fig. 4.11 (0). For ease of comparison, the signal from Si
substrate is eliminated (used as a base material) in the dealloyed samples. The Au and Ag
content in the commercial alloy is ~48:52 at% while after dealloying the sample is composed
mainly of Au with residues of Ag. The S; sample possesses less than ~5 at% of Ag, and with
further increase in the dealloying time, the Ag content is continuously reduced down to ~0.5 at
% for the Sio sample. The Ag content is zero for the S;1 sample which indicates the total

dissolution of Ag from the leaf which is confirmed up to the Si3 sample.
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4.1.7 SERS parameter determination

4.1.3.1.3  Substrate uniformity testing
The practical applications of SERS are significantly affected by the uniformity of the
substrate (intensity variation across the substrate). Hence, to determine whether our
proposed SERS substrates can reproduce the signals across the whole substrate, seven
different locations on the highest enhancement samples (S and Sg) are randomly selected
which are displayed in fig. 4.12. All the spectra are similar in shape with peaks appearing
at similar frequencies with a minimal intensity variation of the SERS signal. The exact
intensity variation is confirmed through the estimation of Relative standard deviation
(RSD) values corresponding to all the characteristic peaks of R6G for both the dealloying
time are calculated as represented in table 4.5. The RSD values for both the samples is less
than 20%, which represents the excellent homogenous nature of the samples over the whole

area.
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Figure 4. 13. SERS spectrum of 10~ M R6G obtained at seven areas selected randomly on the same
NP-Au substrate (A) S and (B) So.

Table 4. 5. RSD values of samples Ss & Sg corresponds to the characteristic peaks of the R6G

Sample Peak 611 771 1360 1505 1570 | 1648

Name position
(cm™)

Se RSD value 10.52 13.79 | 11.59 7.47 17.79 | 1741
(%)

So RSD value 11.15 12.41 8.89 11.61 18.62 7.42
(%)

4.1.3.1.4  Substrate reusability testing
The reusability of the SERS substrate is an interesting point to be addressed with any kind
of SERS substrate. The reusability of substrate reduces the cost as well as fabrication time.
Several methods such as heating, acid cleaning, and photocatalytic degradation have been
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developed for the removal of the analytes to prepare substrates for its reuse for SERS
measurement [158]. Inspired by these considerations, the reusability of the S¢ sample has
been studied. The Se sample possesses the microstructural features such as nanopores and
ligaments which are continuous throughout the sample in comparison to the Sg sample.
Reusability was tested by following a simple method, slowly dropping 3 mL of ethanol
onto a substrate kept at 45¢, so that all R6G could be rinsed off with ethanol. Four cycles
of washing and re-adsorbing the R6G on the same substrate was performed. After each
washing and re-adsorption, the Raman spectrum was recorded as represented in fig. 4.13
(a).

The cycle began with attaining the spectra of Sg sample without the adsorption of R6G,
then the SERS spectrum of the Sg with R6G is recorded. After that, the used NP-Au is
cleaned with ethanol. The removal of the analyte is confirmed again by spectroscopic
measurement. No trace of R6G is detected in the Raman spectra after washing indicating
the complete removal of the analyte molecule. Then the R6G is re-adsorbed on the cleaned
substrate which shows all the characteristic bands, but the intensity is little suppressed as
compared to the fresh sample. These washing and re-adsorption steps are repeated two
times more. The intensities of the characteristic bands of R6G after each recycles is
depicted in the histogram with 3% error bars in fig. 4.13 (b).

To evaluate the intensity fluctuation, the RSD values related to all the peaks of R6G are
calculated as mentioned in table 4.6. The RSD values for the recycled samples are
calculated with respect to the fresh sample. It can be seen that for three cycles the average
RSD values are less than 20% indicating not much signal loss in the signal intensity
variation, which is considered to be a satisfactory degree of SERS signal fluctuation [157].
For the fourth measurement, the RSD values are greater than 20%, but the peaks of R6G
are sharp, intensified, and clearly identifiable, which indicates that the substrate can be

reused at least 4 times.
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4.1.3.15 Cost calculation of the substrate

1648

The NP-Au substrate cost is ~3855 /- when the Si substrate is used as base substrate. However,

when the glass is used as a base substrate instead of Si than the cost is only ~250 /- for a 1.5%1.5

cm?substrate. The below mentioned table 4.6. shows the cost of each material, which is required

for the fabrication of the NP-Au substrate.
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Table 4. 6. represents the material which is required for the fabrication (alloy leaf, HNOs, glass

slides, two beakers (one for HNOs and other for DI water) with cost.

S.No. | Material Available Quantity | Cost Required | Cost
quantity
1. AusoAgso 1 Pack (25 sheets- | ~2000/- | 1x1 cm? ~10/-
Leaf 8x8 cm?)
HNO:s 2.5 L (69 %) ~500/- ~20 mL ~5/-
Deionized 1L 75/- 3L ~225/
Water
4, Silicon (Si) | 8x8 cm? (p-type with | ~19,280/- | 1.5x1.5 ~3615/-
<100> orientation cm?
Total (Including Silicon) = Rs=
~3855/-
5. Glass 1 Pack (50 slides) ~330/- 1.5x1.5 ~ 10/-
cm?
Total (Glass replaced with Silicon) = Rs= ~250/-

Conclusion of part 4.1

The uniform and reusable NP-Au as a SERS substrate has been fabricated by varying the
dealloying time. The 30- and 45-min dealloyed samples exhibited the highest SERS
enhancement in comparison to other samples. Morphological study confirmed that the Raman
enhancement of these is due to the combination of localized field enhancement around the
nanopores, gold ligaments, as well as electromagnetic coupling effect between adjacent
ligaments. The composition study revealed that the content of Ag in 30- and 45-min samples is
~1 at% which is beneficial for enhancing the stability of the SERS signal. The SERS substrate
exhibit good uniformity and showed reusability capability by representing an RSD value of less
than 20% which is important for practical applications. Hence the proposed interconnected
metal network structure could be used as a promising SERS substrate. It can help to reduce the
cost of the fabrication process, pollution after disposal of the substrate, and enhance its
utilization for many applications. The substrate can be used for the detection of pathogens
(bacteria and viruses etc.), food contaminants (pesticides {chlorpyrifos, methyl parathion, and
thiram which are generally used to Kill pests and protect the crop from fungal disease}), and
also can be used for narcotics (cocaine, heroin, morphine, and codeine, etc.) and environment

pollutants (heavy metals {As, Pb, and Cd, etc.}) detection.
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Part 4.2: Tuning the structure of NP-Au substrate by Raman spectrometer ‘Argon’ ion laser
to improve SERS performance.

The easy, fast, and reproducible laser annealing method has been used to tune the morphology of the
substrate in order to improve the SERS performance. For this study, a pre-dealloyed 30-minute NP-Au
has been selected for further treatment due to its high enhancement factor and uniform nature. In the
earlier discussion, all SERS measurements such as enhancement factor calculation, uniformity, and
reusability have been recorded only with the 0.1 mW laser power of the Raman system. The effect of
laser power variation from 0.01 to 10 mW of a 532 nm laser has not been tested in the earlier study.
Furthermore, certain other parameters examination such as sensitivity, stability, and testing of substrate
for containment detection have not been investigated.

In the above-discussed work, the laser power of Raman spectrophotometer laser has been varied from
0.01 to 10 mW to examine its effect on the SERS enhancement. The Raman results have shown a good
linear relationship with the laser power increment up to 3.2 mW and after that, the signal becomes
saturated for a further increment in the power. In order to know the reason for SERS enhancement with
power increment, morphological identification has been done and it reveals that the different sizes and
shapes of the pores (open, diffused, and interlinked) are responsible for the SERS signal enhancement.
Furthermore, the substrate showed good limit of detection (LOD) by detecting nanomolar range of R6G,
the value is comparable with the substrates prepared by expensive techniques. The applicability of the
substrate has been tested by detecting small cross-sectional urea molecules and it is able to enhance the
signal up-to 16-fold. Other than this, the substrate shows good stability property by representing all

characteristic peaks of R6G even after ageing for 2 years.

4.2.1  Introduction

It has been earlier discussed that the SERS enhancement commonly depends on the nanoscale
features such as surface morphology (shape, size) and the arrangement of plasmonic structures
onto the substrates [167] [168]. Thus, fabrication of the optimized SERS substrate is important
for signal enhancement. Processes such as laser and thermal annealing methods have also been
used instead of the above-mentioned time-consuming and costly methods to fabricate and
modify SERS substrates, but these are less known by researchers due to the availability of
limited reports based on their use for SERS [169], [170], [171].

From the past few years, most of the research focused on the fabrication of ordered substrates
in order to obtain a large enhancement factor and reproducible substrate, while other SERS
parameters such as facile fabrication, cost-effectiveness, and most importantly substrate
fabrication over a large area is usually neglected. The important thing about these annealing
methods is that, these methods involve a single-step process to fabricate substrate over a large

area and require a smaller number of sophisticated equipment compared to previously discussed
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techniques. Furthermore, the substrate morphology such as size, shape, and arrangement of
plasmonic nanostructures can be easily altered by optimizing the parameters during the
annealing process [86], [155], [172], [173]. It has been reported that laser-induced annealing is
more favourable to cause structural alteration in substrates as compared to thermal annealing
[172], [174], [175]. The thermal approach requires a long annealing time and high temperature
to restructure the plasmonic nanostructures.

Another advantage of laser annealing is that it is able to produce substrates with repeatable
structural morphology. It has been stated that due to laser exposure, two things can happen: the
first is the burning as well as tuning of the morphology of the substrate and the second is
desorption, detachment, and degradation of the detected molecule can also occur [172]. Due to
these two conditions, changes in SERS response mean either increment, decrement,
appearance, or disappearance of peaks, as well as a shift in peak position can be observed [171].
From these points, it can be concluded that, along with the fabrication method, instrumental
parameters such as laser wavelength and laser power need to be used carefully. These

parameters can cause changes in the substrate as well as in the molecule.

Materials and Methods

Materials

All the chemicals (Au-Ag alloy leaves, R6G, P-type Silicon wafers, and solvents (Nitric acid)
used for this study are the same as those discussed in earlier work. Only urea (fertilizer) was
the new chemical used and was procured from the local market of Rupnagar.

Morphology tuning approach of NP-Au substrate

First the NP-Au substrate was prepared similarly by the dealloying method as discussed earlier.
The 30-minute dealloyed sample is selected for laser treatment as compared to other dealloyed
samples due to their homogenous morphology and good SERS signal enhancement capability.
After fabrication, the 30-minute dealloyed sample was exposed under varied laser power of
Raman spectrometer as depicted from fig 4.14. For different laser powers, a different 30-minute
dealloyed sample was used. The 20 pL droplet of 10 M R6G molecule was pre-adsorbed on
all substrates prior to laser treatment.

Instrumentation

Instrumentation used for the characterization of the substrate properties was also same as
previous. The FE-SEM (Carl Zeiss, supra-55) was used to observe the change in surface
morphology of the sample after laser power treatment. All the images were captured at 10 kV
voltage. The parameters of the prepared substrates such as roughness and uniformity were
determined by atomic force microscopy (AFM). Contact-mode AFM imaging was performed
on a Bruker Instruments multimode microscope controlled by Nano scope V apparatus. A

standard silicon nitride cantilever tip from budget sensors was used. The scan rate was 1- 1.5
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Hz. All AFM images were acquired at room temperature under ambient conditions. SERS
measurements were conducted on a Horiba Raman spectrophotometer (LabRam HR Evolution,
Horiba Scientific) equipped with an Ar ion laser source (532 nm). All other optical parameters
such as objective lens (50 X), grating (600 grooves/mm), accumulation time (3) and integration
time (2s) were used same as in the earlier study. Only laser beam power was varied from 0.1
mW to 10 mW in order to check the thermal effect onto the substrate as well onto the adsorbed

molecule.

Raman Spectrometer

Laser Treatment
| N
| BT . (0.01/0.1/1/3.2/10 mW)
! .a "o -
b 1 Td T a

Dealloyed NP-Au

Dealloyed 1
(30 minutes) ealloyed sample

O-R6G

Figure 4. 15. Pictorial illustration of the NP-Au treatment process via different laser power of Raman
system.

Result and Discussion

Laser power-dependent SERS intensities of NP-Au

To examine the thermal stability as well as the saturation point in the signal intensity of the
substrate, the substrate is exposed with varying laser power from 0.1 to 10 mW as represented
in fig. 4.15. Figure 4.15 (a) shows that peak positions of R6G adsorbed on NP-Au is not shifted
with increasing laser power. All the peaks appeared at their reported positions. And also, the
appearance and disappearance of any band is not observed during power variation. However,
the intensities of all R6G bands increase dramatically as the laser power rises. To know the
actual variation in the signal intensity, the spectrum is plotted between the intensity and laser
power as represented in fig. 4.15 (b). The highest intensity band at 611 cm™ is used to measure
the SERS enhancement of the substrate. It can be seen from fig. 4.15 (b) that SERS spectra of
R6G adsorbed on NPAu increase fastly with increasing laser power up to 3.2 mW. This
response is weaker for higher powers such as for 5 and 10 mW. Only a minor increment is

observed in the SERS intensities above 3.2 m\W as seen from table 4.6.
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From these results, it can be stated that the performance of the substrate is also affected by the
laser power. Figure 4.15 (b) (red dotted line) shows the behaviour of the molecule. The data
have been fitted to the equation [I = Isat (P/(P+Psar)], here, lsxt is the saturation count rate, Psa is
the saturation power of the detected molecule, and P is the applied laser power. The spectrum
shape indicates that the SERS signal saturates at 3.2 mW with the saturation intensity of lsa= ~
16000 counts. For the estimation of SERS enhancement factor, the enhancement of 611 cm™
peak corresponding to all laser power is calculated with respect to 0.01 mW power as shown in
table 4.6. According to the data, ~10-fold enhancement is obtained at 0.1 mW, whereas for 1
mW, the SERS signal increases by about ~50-fold. The enhancement is further amplified by
10?-fold for 3.2 mW and it remains ~10%-fold for a further increment in power (5 and 10 mW).
Hence any power increment above 3.2 mW provides only a minor increase in the SERS
intensities. Therefore, the study has only been done up to 10 mW power. No further increment
in power is examined.

One more experiment is performed, in order to compare the SERS performance of the laser
treated NP-Au substrate (green) with respect to untreated NP-Au (red) and bare substrate
(black) as represented in fig. 4.15 (c). The treated NP-Au substrate is exposed with the 0.1 mW
laser power of 532 nm laser before the R6G adsorption, to check the laser treatment effect. It
can be clearly seen from the fig. 4.15 that the treated and untreated NP-Au samples is able to
increase the signals as compared to Si due to the plasmonic enhancement. However, compared
to the untreated sample, the treated sample exhibits a slight enhancement in signal, it might be
due to the morphological changes which occur by exposing the same substrate with the laser
multiple times. From these tests, it can be concluded that exposure of the sample multiple times
with the same laser power may lead to the enhancement in signal slightly and slowly, while
laser power increments such as from 0.01 to 3.2 mW can result in a rapid signal enhancement
due to effective morphological changes.

As discussed earlier the increment or loss in the proportionality of SERS intensity with laser
power is related to either degradation of the probe molecule or the change of morphology as
well as burning of the substrate due to the raising of the power. The degradation of the molecule
may not be happened in our case, because peaks are stable at its position. If degradation happens
then peak shifting, the disappearance of the peaks or the reduction in peak intensity must be
observed. But this is not the case, the intensity of the signal increases with laser power.
Therefore, it can be said that an increment in laser power causes the change in morphology of
the substrate which leads to an enhancement in the SERS signal. The higher laser power does
not further increase the SERS intensity, the SERS signal becomes saturated. This saturation

might result of the saturation in the structural morphology of the NP-Au substrate.
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Figure 4. 16. (a) SERS spectra of R6G on NP-Au excited with different laser power (0.01, 0.1, 1, 3.2,

5, and 10 mW); (b) Relationship between the intensity of the 611 cm™* peaks under a varied laser power

(black line) and fitted with a polynomial fitting (red line). The exposure time for each spectrum was 2s.

The signals collected at each power is represented in different colours; (c) Comparison SERS spectrum
of R6G adsorbed on different substrates (laser treated NP-Au (green), untreated NP-Au (red) and Si
(black)) recorded at lower laser power (0.1 mW).

Table 4. 7. SERS enhancement factor calculation corresponding to different laser power. In the

formula, I, represents the intensity counts related to 0.1, 1, 3.2, 5 and 10 mW power and lgo:

corresponds to counts of 0.01 mW.

Sample | Laser Power Intensity Enhancement Fold
No. (mW) (counts) (1n/10.01)
1. 0.01 159.14 - -
2. 0.1 2520.07 15.84 ~10
3. 1 7778.02 48.88 ~50
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4. 3.2 15974.33 100.38 ~10°
5. 5 17422.75 109.48 ~10?
6. 10 18584.31 116.78 ~10°

4.2.3.2 Morphological characterization

As per the SERS analysis, the intensity of the signal is increased with the laser power increment.
Therefore, to know the actual reason/mechanism behind the SERS enhancement, the
topological investigation of the substrates such as alloy, untreated NP-Au and laser-treated NP-
Au (0.1, 1, 3.2, and 10 mW) is performed. It can be seen from fig. 4.16 (a) that the alloy has a
granular type of features without pores; whereas after dealloying the sample is made up of a
pore and a network of gold ligaments (fig. 4.16 (b)). The average size of the pores is ~ 31 £
1.15 nm. However, from the fig. 4.16 ((c), (d), (e) and (f)) it can be seen that the morphology
of the samples is affected with the laser power variation. The structural features of the substrate
are different for different laser power such as substrate exposed with 0.1 mW laser power (fig.
4.16 (c)) consists of open channels of pores as well as interlinked pores, as depicted by yellow
dotted circles. The average size of the pores is ~ 111 + 5.5 nm and the interpore spacing between
the pores is ~ 27 £ 5.8 nm. The average size of the pores is calculated with the help of Image J
software. In contrast, the NP-Au exposed with 1 mW laser power (fig. 4.16 (d)) shows a
noticeable change in surface morphology (porosity) relative to sample ‘4.16 (c)’. The fractions
of the smaller sizes of pores are decreased here and correspondingly, the interconnection of
multiple pores with a size of ~ 144 + 16 nm is observed. The interpore spacing between the
pores is almost similar as previous samples ~ 27 £ 6.4 nm.

However, it is interesting to observe that along with the open and interconnected pores, the
appearance of diffused (filled) pores is also seen in some places as demonstrated by red dotted
circles. The interconnection, as well as the diffusion of the pores, can be defined by the
thermally activated mechanism which occurs due to the laser exposure. It is well known that
thermally driven coarsening (surface diffusion of Au atoms caused by the heating) is observed
in NP-Au, which is generally expressed as a continuous increase in the pore and ligament size.
This approach is also applicable in our case, it can be said that the exposure of laser on the
substrate resumes the surface diffusion of gold atoms, which has been quenched by immersing
the NP-Au substrate into the water during the preparation step.

As long as the laser is incident on the sample for 1s, 2s, or longer, the gold atoms continue to
diffuse, due to that the pores keep on interlinking and the size of the pore changes accordingly.
The interlinking of the pores depends on the interpore distance, it can be seen from the fig. that
not all the pores are connected. Only a few are connected which have ~ nanogap between them.

The phenomenon can be correlated to the change in morphology of Au nanoparticles (NPs) in
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the presence of external force. It has been reported that the shape of Au nanoparticles is changed
from spherical to dumbbell, chains, and ellipsoid when certain kind of external force such as
heating, mechanical compression, and e-beam exposure is applied. The conversion into
different shapes is dependent on the interparticle distance [176], [177], [178]. Therefore,
particles prefer to connect with the particles which are in a close proximity. As discussed, in
some areas of the sample ‘4.16 (d)’ diffused pores are also observed. The filling of the pores
can be explained by the transportation of the atoms from the nearby gold ligament. As the laser
is incident on the sample, atoms from the nearby ligament begin to transport into the pores and
correspondingly convert the open pores into diffused pores. The topography of NP-Au incident
with 3.2 and 10 mW (fig. 4.16 ((e) and (f))) is quite different relative to the sample ‘(c)’ and
‘(d)’. It is interesting to see that the observation of the number of diffused pores is greater here
with the smaller size of interconnected pores and ligaments. It has been observed in one of the
literatures that during the in-situ HRTEM analysis, the NP-Au disintegrated in the presence of
methane pyrolysis, which led to the release of a large number of Au atoms [179]. Itis also well
explained in the same report that the change in the morphology of NP-Au and the transportation
of Au atoms from the NP-Au surface occurred due to the methane pyrolysis, not caused due to
the electron beam bombardment as in the case of Au NPs (transform into different shapes during
beam exposure). As per the state of the art, the minimum e-beam exposure to transport Au
atoms is ~ 407 keV, and in our case, a much lower energy ~ 9.9 keV has been used. Therefore,
it can be said that the morphology changes in NP-Au occurred due to thermal heating generated
due to the laser exposure and not because of electron beam exposure.

From these results, it can be concluded that the high-power exposure enhanced and fasten the
diffusion of gold atoms from the nearby ligaments and due to that pores filled with Au atoms
are observed with the open as well as interconnected pores in the respective samples. The
diameter of the pores is smaller ~ 93 £+ 3.4 nm than that of the samples treated with lower laser
power, the reason is the same as explained earlier, the release of Au atoms from the ligament
surface gradually fills the pores. Therefore, a reduction in pore size is observed and also the
number of smaller pores is less as compared to the lower laser power treated sample.
Furthermore, the interpore distance is ~ 34 + 13.4 nm which is larger than the previous results
because at some places the Au atoms have completely filled the pores, and due to that the pore
looks like a ligament. Based on these observations, it can be said that with the laser power
increment, the density distribution of the gold atoms is increased because the Au atoms are
released from the adjacent ligaments. However, this point is also advantageous in terms of
providing more adsorption sites to the molecule on a rough Au surface.

As discussed earlier, two factors one is the generation of a local electromagnetic field and other

is the formation of hot spots is necessary for SERS enhancement. In our case, the hot spot
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formation is not the reason because the interpore gap is greater than 10 nm. The generation of
a local electromagnetic field around the ligament has made an impact on the signal intensity. It
is well known that; with increasing laser power, a higher energy photon, as well as a greater
number of photons is generated. These photons come in contact with the ligaments as well as
diffused pores in that particular area which led to the generation of a localized electromagnetic
field, the adsorbed molecules feel this localized electromagnetic field and emit a highly

intensified Raman signal.

. .” % 5 :- B o .
Figure 4. 17. Microstructure revelation of the (a) alloy; (b) NP-Au; NP-Au incident with varied laser
power () 0.1 mW; (d) 1 mW; (e) 3.2 mW and (f) 10 mW. The different shapes of pores such as open,

diffused as well as interconnected is observed in the samples exposed with different power. The

interconnected pores are represented by the yellow circle and the red circle is used to depict diffused
pores. All the shown images are at the same magnification (120 K); the single scale bar shown in the fig.

corresponds to 400 nm applied to each image.

For more clarification about the change in structural morphology of the substrates, whether it
is being affected by laser power increment or with the electron beam exposure, AFM analysis
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has been performed only after laser treatment and before the FESEM measurement as shown
in fig. 4.17 and 4.18. This analysis proved that the change in morphology is caused by the laser
power treatment which can be clearly seen from the 2D images of the samples. The important
statistical parameters such as roughness and uniformity of the samples (alloy, NP-Au before
and after laser treatment) is determined by capturing the 3D images of substrates in contact
mode. The sample's name is represented with an abbreviation is represented in table 4.7; ‘a’
letter corresponds to alloy and ‘b’ corresponds to untreated NP-Au. The alphabetical letters (a,
b, ¢, d, e, and f) without dash represent the 2D image and with dash represents the 3D image of
substrates. From fig. 4.17 it can be seen that the alloy (labelled as ‘@’ and ‘a”) is not consisting
any kind of structure on its surface, the presence of dot-shaped particles may be due to the
presence of certain kinds of impurities. The surface roughness as well as height value is ~ 5 and
~ 21 nm respectively. After dealloying, the morphology of the sample (labelled as ‘b’ and ‘b")
is changed and a bi-continuous structure is formed. From the 3D view, it can be seen that the
nanostructures formed on the substrate are quite uniform. The roughness and height values are
increased of the sample due to the creation of ligaments and pores as represented in fig. 4.19.
With the laser treatment, the morphology of NP-Au is affected as can be seen from fig. 4.18
and the treatment leads to the joining of the pores (indicated by a white dotted circle (2D view)
and arrows (3D view)). With power increment, an increased density of interconnected pores is
observed throughout the substrate, similarly as observed in the FESEM images up to sample
‘d’. The 3D images of samples ‘c’ and ‘d’ show that most of the area of the substrate is filled
with nano-ligaments (golden colour); whereas in some area’s humps (darker colour) are also
present which corresponds to interconnected pores.

Further, incident with higher laser power (‘e” and ‘f”) leads to a reduction in the number of
interconnected pores, while smaller size pores and ligaments is observed throughout, due to the
diffusion of gold atoms through adjacent ligaments. The diffusion of gold atoms cannot be
observed in these images due to the low resolving power of AFM. The surface roughness and
height of the structures increase with the laser power increment as like SERS measurement up
to ‘d’ sample and after that both the parameters become approximately saturated demonstrated
in the plot ‘g’ and ‘h’ of fig. 4.19. The roughness and height values increase after laser treatment
due to the creation of interconnected as well as diffused pores, which makes the substrate

rougher than the untreated sample.

Table 4. 8. Representation of substrate names with abbreviations

S. No. Sample Name Abbreviation
1. Alloy a
2. NP-Au b
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3. NP-Au@ 0.1 mW c
4. NP-Au@1 mwW d
5. NP-Au@ 3.2 mW e
6. NP-Au@10 mw f

0.0 : Height 1.5 um
Figure 4. 18. AFM analysis of alloy leaf: (a) 2D image, (a’) 3D image; and Bare NP-Au sample without

laser treatment (b) 2D image, (b") 3D image. The size of each image corresponds to 1.5%1.5 um. The

height scales are demonstrated in the right side of the 2D.
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0.0 Height 1.5um

Figure 4. 19. AFM analysis of laser treated sample (c, d, e, and f). The left-hand side shows the 2D view
and the right-hand side represents the 3D view of the samples. The size of each image corresponds to
1.5x1.5 pm. The height scales are demonstrated in the right side of the 2D.
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Figure 4. 20. The plots (g) and (h) corresponds to the roughness and height of the structures.

4.2.3.3 SERS parameters examination

42331

Sensitivity of NP-Au substrates

In the SERS field; sensitivity is the major concern for any kind of substrate. In order to
examine the LOD, the substrate is treated with varied concentration of R6G as shown in
fig. 4.20. The Raman spectra of R6G with a concentration varying from ~10~°to ~10
M on the NP-Au substrate is measured and are represented in fig. 4.20 (a). For this study,
a lower laser power such as 0.1 mW is used in order to check the substrate efficacy. It can
be seen from fig. 4.20 (a) that, all the characteristic peaks is still clearly identifiable even
when the concentration is 10° M which indicates the good contribution of the purposed
substrate towards sensitivity [180]. The intensities of the signals is enhanced linearly with
the increase of the R6G concentration. When the concentration is 107 M, the signals is
still observed, but the intensity of the signals is quite weak (only ~ 53 intensity counts of
R6G is observed at 611 cm™ peak) as represented in fig. 4.20 (c). Thus, it can be said that
this substrate shows good sensitivity and able to sense the ~10° M concentration.
Furthermore, fig. 4.20. (b) shows the calibration curves, which correspond to the signal
intensity at 611 cm™ vs the varied concentrations of R6G on the logarithmic scale,
representing a good linear relationship between the concentration and intensity. Each point
in the graph corresponds to the average value of intensity taken from seven randomly
selected areas, and the error bar represents the standard deviation. The linear equation is |
= 310.25 [log (C)] + 3480.8 for 611 cm™ peak, where C and | represent the concentration
and intensity of R6G. The value of the coefficient of determination (R?) is 0.996 suggesting

the good linearity of the calibration curve.
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Figure 4. 21. (a) SERS spectra of R6G at a concentration range from 103 M to 10"** M on NP-Au. The
blank is the spectrum of NP-Au; (b) The calibration curve produced by logarithmic linear trend between
the 611 cm™ peak intensity and the R6G concentration (the x-axis is expressed in logarithmic scale and
y axis is not converted to logarithmic scale for the readers better understanding); (c) Enlarged view of
101 M R6G concentration on NP-Au.

In order to confirm that the concentration of the molecule in solution or after drop-
casting/drying on to the sample is the same, concentration values have been calculated from the
linear regression plot (fig. 4.20 (b)). As it is well known that Raman spectrum provides the
Intensity values with the help of that unknown sample name as well as concentration can be
measured by inserting slope and intercept values. The slope and intercept values has been
calculated from the linear regression plot as illustrated in fig 4.20 (b). The slope value
corresponds to 310.25 and intercept value equals to 3480.8. The formula for concentration
calculation is mentioned in eq. 2.12. For the calculation of concentration values there is a
requirement of three values such as Intensity (1), Intercept, and slope values. The intensity
values is provided by the spectrum. Table 4.9. represents the intensities values (highlighted

with blue colour on the spectrum) recorded during analysis.
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I-Intercept Value (eq. 2.12)

Concentration (mM) =
Slope Value

Table 4. 9. Represents the concentration values obtained after inserting the slope, intercept,

and intensities values collected from spectrum.

S. No. Slope Intercept Intensity Concentration (mM)
1. 2520 -3
2. 1922 -5
3. 310.25 3480.8 1409 -7
4. 630 -9
5. 63 -11

4.2.3.3.2  Uniformity of NP-Au substrates
To examine the substrate uniformity, the substrate treated with 10° M concentration of
R6G is selected, because all the peaks are well recognised even at this lower concentration
and lower laser power (0.1 mW); as can be clearly seen from fig. 4.21. Therefore, to know
the homogenous nature of the substrate, the laser is randomly incident on the seven points
of the same substrate (substrate size: 1 x 1 cm?) as shown in fig. 4.21. It can be observed
from the fig. 4.21 that all the peaks are its well-defined position, there is neither any kind
of frequency shift nor significant intensity change. The distribution of the peak intensity of
the band at 611 cm™ is represented as a histogram in fig. 4.21. where the black horizontal
dotted line demonstrates the average intensity of the 611 cm™* peak for the seven areas, and
the grey rectangular box indicates the fluctuation in the signal intensity. For more
confirmation regarding the intensity fluctuation from area to area, the RSD value has been
calculated for all the peaks on the respective exposed areas as represented in table 7. The
values for all the peaks is less than 20 % which confirms that the substrate has good

uniformity over the whole area [157] .
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Figure 4. 22. (a) Raman spectra of the 107° M R6G measured from seven random spots; (b) The

intensity variation of 611 cm™ peak obtained from spectra (a).

Table 4. 10. RSD values of substrate corresponds to the characteristic peaks of the R6G.
Peak Position (cm™) 611 771 1360 1505 1648
RSD Value (%) 11.62 | 9.69 | 11.87 | 14.47 10.54

Stability of NP-Au

Stability of the signal is the key requirement for a SERS substrate performance for routine
analysis. Figure 4.22 shows the comparison in the intensity variation of the SERS peaks of
freshly prepared NP-Au and after its storage in a desiccator for 2 years, respectively. Prior
to SERS measurement of the stored substrate (R6G deposited onto NP-Au), the substrate
was washed by drop-casting method as discussed in our previous work to remove any kind
of impurities and dust particles from its surface. Along with that, the deposited R6G was
also drained out from the substrate. Then, after drying the freshly prepared R6G was drop-
casted onto old as well as new NP-Au in order to compare the performance. It can be seen
from fig. 4.22. that the stored sample is able to show all the characteristic peaks of R6G
with ~ 50 % reduction in the intensity compared to the fresh sample. The 50 % intensity is
maintained because the ligaments are made up of Au and it is well-known that Au shows

good resistance to oxidation.
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Figure 4. 23. (a) SERS spectra of the freshly prepared NP-Au and after 2 years storage of the same
substrate; (b) Histogram represents the reduced intensity value of the stored sample with respect to the

fresh sample.

To know the reason behind the signal intensity reduction; the morphological analysis has been
performed. It has been reported [181] that the rough morphology as well as number of hot spots
are the important factors for SERS performance. It can be observed from fig. 4.23. that the
density of nanosize pores is less in the old samples (labelled as ‘b”) compared to the new sample
(labelled as ‘a’) due to the laser treatment of the old sample multiple times, hence the reduction
in number of Hot spots leads to reduction in signal intensity. A few literature [182], [183], [184]
have reported the presence of dust as one key reason, but on analysing the SEM images, our
stored samples are found to be free from any kind of dust particles. Furthermore, EDX analysis
of the fresh and stored sample is recorded in order to get rough idea about the elemental
composition of the freshly prepared sample as well to know any composition variation in stored
sample. From the fig 4.23 (a’) and (b’) it can be seen that both samples exhibit almost similar
content of Au and Ag elements.
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Figure 4. 24. FESEM images of NP-Au (a) freshly prepared; (b) ‘2’ years stored sample. The stored
sample is consisting larger and interconnected pores due to multiple time laser treatment. The figure (a")

and (b’) represents the composition analysis of freshly and stored NP-Au samples.

X-ray photoelectron spectroscopy (XPS) has been used to examine the surface composition of
NP-Au in terms of the elements present and their oxidation states. The complete XPS spectrum
of NP-Au is shown in fig. 4.24 with Au, Ag, O and C peaks identifiable. The doublet peaks
correspond to Au 4f at around ~87.44 and 83.73 eV confirms the presence of Au in NP-Au in
a zero-valent oxidation state. Further the two weak binding energy peaks at 373.5 and 367.74
eV corresponding to Ag 3d depicts the presence of Ag in the substrate. The peak at 533 eV
corresponds to O Is is the indicative of Ag-O and the peak at ~284 eV corresponds to C 1s as
double-sided carbon tape has been used to stack the substrate with the sample holder. The XPS

data for the fresh as well as stored sample are tabulated in table 4.11.
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Figure 4. 25. XPS analysis of NP-Au (blue spectra corresponds to fresh sample of NP-Au and red spectra

corresponds to NP-Au sample stored for two years).

Table 4. 11. XPS spectral data represents the compositional variation of fresh and stored NP-

Au substrate.

S. No. Element Weight (%) Weight (%0)
Name (Fresh Sample) (2-year-old sample)
1. Au 93.25 85.29
2. Ag 1.71 3.89
3. @) 0.80 3.52
4. C 4.24 7.29

Conclusion of part 4.2
In the present work, the effect of laser power variation onto the structural morphology as well

as on the SERS performance of NP-Au has been studied. It is found that morphological features

alter and the SERS performance improves with increasing laser power. Different shapes of

pores such as open, diffused, and interconnected pores are observed with laser power variation

and also the filling factor of pores as well as the distribution density of the Au atoms is increased

with increasing the laser power. The intensity of the SERS signal increase linearly with the

laser power up to 3.2 mW, after that no noticeable change is observed for further higher powers.
92



The substrate is able to enhance the signal up to 10-fold with lower laser power (0.1 mW),
which is beneficial for those practical applications where commonly low laser power is
required. The important point about this method is that just by varying the laser parameters, the
structural features can be altered for sufficient signal enhancement as per the requirement. The
substrate exhibits good detection ability for R6G (LOD=10"° M) with excellent uniformity
(average RSD = ~ 12%) throughout the substrate. However, the substrate is able to show all the
characteristic peaks of R6G even after ageing for 2 years, which indicates the good stability

property of the NP-Au substrate.

Part 4.3: Testing of NP-Au substrate for urea detection

431

Introduction

In agriculture, pesticides/fertilizers are widely used to increase the crop production and to
protect the crops from various kinds of insects, fungi, weeds, and other pests [185]. However,
their excessive use and residues on food and agricultural products are toxic to humans and can
cause acute and chronic health effects in humans. Therefore, to prevent humans from the
adverse effects of pesticides/fertilizers, WHO has recommended a maximum permissible limit
for each pesticide/fertilizer, beyond that limit these are considered toxic. Regularly used
fertilizer such as urea is a multi-purpose fertilizer which is generally preferred by farmers
worldwide to stimulate the growth of crops or plants by mixing the beads of urea into the soil
or by spraying the urea solution onto crops and plants. The acceptable limit of urea is 2.5-6.7
mM, higher than that can cause kidney diseases in humans [186]. The main issue with urea is
that its excessive and frequent use leads to environmental pollution (urea beads break down
into ammonia and nitrate, and then evaporate or dissolve into water sources and cause air and
water pollution).

On the other hand, not only in agricultural science but also in clinical analysis the monitoring
of urea is important as it is an important biomarker for various renal diseases. As discussed in
section 2.2.11, various methods such as GC-MS, HPLC, and LC-MS etc is used to detect
fertilizer residues in food products. These techniques are effective and accurate, but rather than
that the sample preparation is difficult, time-consuming, and lower limit detection is not
possible [187]. Therefore, research on finding a reliable, fast, easy, and highly sensitive method
to detect fertilizers is in current demand. As compared to the existing and currently used
methods, Surface-enhanced Raman scattering (SERS) is suitable and well fits on the above-
mentioned characteristics due to its simplicity, fast nature, and ability to detect lower
concentration of inorganic and organic contaminants such as pathogens, pesticides, fertilizers,
and environmental pollutants [188]. Therefore, the capability of NP-Au substrate has been

tested further for the sensing of urea as it has shown a good detection limit for R6G.
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4.3.2

4.3.3

NP-Au sensor fabrication

To test the NP-Au substrate performance for real-world application purposes, 10° M aqueous
urea solution was prepared from the nano urea beads purchased from the Ropar local market.
The reason for the selection of 10 M concentration was, it is an acceptable limit, beyond that
can cause serious health issues. The sensor was fabricated by drop-casting 40 pL urea solution
onto NP-Au substrate and after 20 min of drying at room temperature the Raman spectrum was

recorded.

NP-Au sensor testing for urea detection

Urea is a molecule which has a small Raman scattering cross-section. The high laser power and
long accumulation time is required for the analysis of urea [189]. Therefore, in order to detect
it on the reference (Si) as well as on the SERS substrate, the parameters were again optimized
and the characteristic Raman band of urea at 1011 cm™ was used to finalize the parameters. The
integration time was 6s and accumulation was set to 6. The laser beam power was optimized
at 10 mW. The other instrumental optics setting such as the objective lens and gratings were
kept the same as in the case of R6G. It can be seen from the fig. 4.25, the NP-Au is able to
identify as well as to enhance the urea signal. However, some of the peaks (1538 and 1648 cm"
1) which are not detected on the Si, are clearly identifiable on NP-Au. The effectiveness of the
substrate has been tested by comparing the 1011 cm™ peak intensity of urea on NP-Au with the
signal intensity on Si. The substrate is able to provide a 16-fold enhancement, which is
comparable with the previous literature where the substrate is fabricated by expensive
techniques [190], [191]. The same formula which is mentioned in eq 2.11. has been used to
calculate the enhancement factor. Similarly, Isersand lraman COrrespond to the peak intensity at
1011 cm™ on NP-Au and Si. Whereas Csers and Cromal represent the molar concentration of
urea on NP-Au and Si respectively. From these results, it can be said that the fabricated

substrate can be used for the of analysis urea.

94



10000 1011 1538 1648

(0] Urea on NP-Au
Urea on Si

8000
N H,N NH,
g Urea
S 6000 -
S’
)
=
w
=
2 4000
=
—

2000

0 I B J w/\_ DA i L, Lo
T T T T T T
600 300 1000 1200 1400 1600 1800

Raman Shift (cm'l)
Figure 4. 26. Raman spectrum of 103 M urea on NP-Au and on Si substrate.

4.3.3.1 Sensitivity testing of NP-Au sensor
In order to measure the LOD capability of NP-Au, different concentrations of urea ranging from
10 to 10° M were drop-casted onto the substrate, and after drying their SERS measurement
were recorded as represented in fig. 4.26. The lower concentrations of urea solution such as 10
5,107, and 10° M were prepared from a 10° M stock solution. It can be seen that even at a
concentration of 10-° M, the peak of urea is clearly identifiable. Based on these studies, it can
be said that the LOD of the substrate is 10° M for urea molecule, which is also a competitive
LOD in comparison to other SERS-based sensors prepared from expensive techniques for urea
detection [190], [191]. Moreover, to determine the good linear relationship between the
concentration and the intensity, the calibration curve of the signal intensity at 1011 cmvs the
varied concentration of urea on the logarithmic scale is plotted as shown in fig. 4.26 (b). Each
point represents the average value of Raman intensities collected from seven different areas of
the same substrate. The linear equation is | = 1507.2 [log (C)] + 13903, where C and | represents
the concentration and Raman intensity of urea. The correlation coefficient (R?) value is ~ 0.998,
representing a good linear relation. Furthermore, it can be clearly seen from the fig 4.26 (b) that
with increasing the concentration of urea molecule, the intensity of the characteristic peaks of
urea molecule is increased. And this is because as the concentration increases, a greater number
of urea molecules are excited by a laser, due to that greater number of photons are emitted from

the molecule, which helps to make the signals stronger and strengthen.
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Figure 4. 27. (a) Raman spectra of urea under different concentrations. (b) The calibration curve of the
intensity vs different concentrations of urea. The x-axis is converted to a logarithmic scale and the y-axis

is mentioned as it (intensity counts) for better understanding of the reader.

Conclusions of part 4.3

The applicability of the NP-Au substrate has been examined by detecting the environmental
contaminant as well as biomolecules such as urea. The substrate is able to show an intensified
signal of urea with ~ 16-fold enhancement. The important thing about this substrate is that it
shows good sensing capability for urea molecules in the nanomolar range by representing a
good correlation coefficient value (R?= ~0.998). Therefore, it can be said that the NP-Au
substrate can also be used for the recognition of other contaminants (fertilizers and pesticides

etc.,) as well as low-cross-section molecules.
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Chapter 5. Flexible SERS substrate for urea detection

5.1 Introduction

As discussed extensively, in SERS field, for strong signal enhancement, the structural morphology
of SERS substrates matters most and to fabricate effective morphology substrates some fabrication
methods such as chemical etching, self-assembly, sputtering, electron beam, focused ion beam,
nanoimprint lithography, and photolithography etc. is commonly used [139], [192]. Although
substrates prepared by these methods are able to show strong enhancement, but along with that the
optimized conditions and specific expensive setups are essential for many of these techniques [14].
Furthermore, these technigues involve time-consuming, complex, and low-throughput fabrication
procedures, which limit the use of these substrates for various applications. Colloquially, most of
the literature has focused on the fabrication of SERS substrates based on solid substrates such as
silicon, glass, quartz, and alumina [134] . These substrates are advantageous for various sensing
applications. However, with these substrates, the detection of molecules only on planar or flat
objects is possible, whereas on non-planer, uneven, and on curved objects, non-destructive
detection is difficult [126]. This factor limits its use for real-world sensing applications such as on-
field pesticides, fertilizers, pathogens, and trace chemical detection. Therefore, a SERS substrate
which can adjust on any kind of surface (irregular as well as planer surface) to detect the unknown
molecules is in great need [16].

From the past few years, the demand of SERS substrates for daily-life sensing applications has
enforced the development of flexible SERS substrates [12] . Flexibility offers an integration of
SERS substrate onto various non-planer surfaces as well as it can be easily cut into various sizes
and shapes as per the application demand [137] . As discussed, numerous techniques are used to
fabricate different kinds of SERS substrates. But the complexity, limited spatial range, and high
cost of the fabrication procedures made these substrates unaffordable to lower-end users. Recently
researchers have paid attention to provide a “cost-down” method for the development of facile,
green, and low-cost fabrication procedures for effective SERS substrates based on natural plant
leaves such as lotus, rose petals, taro, and rice etc. for the detection of R6G, crystal violet, and
malachite green etc. [12], [138]. It has been widely stated that natural artifacts generally possess
homogenous micro-nano structural morphology in a wide scale range. These natural artifacts can
be directly used as a substrate as well as by nano-casting method the replicates of these structures
can be generated by using various polymer films to make the substrate flexible [193]. This approach
provides a fast, facile, effective, and economical method for the preparation of flexible substrate
which is independent of specialized equipment.

Several flexible SERS substrates have been reported based on the method of immobilization and
coating of coinage metallic (Ag, Au) nanostructures onto the flexible substrates such as polymer
film (polydimethylsiloxane), Scotch tape, and filter/sandpaper [12], [126], [194]. These paper and
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tape-based substrates have attracted great attention due to the advantages of facile fabrication,
environmentally friendly, economical viable, and disposable nature. But one factor which limits the
use of these substrates; is their weak adhesion property with the contaminated surfaces. However,
polymer such as polydimethylsiloxane (PDMS) has shown good adhesion property and are also
able to maintain adhesiveness for a quite longer time. It can be pasted multiple times after peeling
off from the substrate as Scotch tape cannot be reapplied [14] . Other characteristics such as
chemical stability, cheap nature, flexibility, and non-toxicity make it a more effective and valuable
material for molding and stamping as compared to others.

With this aim in the current study, PDMS as a polymeric material is selected for replicating the
micro/nanostructure for suitable SERS substrate and rose petal as a template. The rose petal is
known to possess the uniform and ordered nano/micro scale bumped morphology [14]. After that,
self-modification of Au NPs onto structured PDMS is performed to make the substrate SERS active.
R6G is used as a Raman reporter molecule to check the effectiveness of the substrate and a small
Raman scattering cross-section molecule such as urea is detected to examine its efficacy for an
application point of view.

To our amazement, a reproducible pattern by using PDMS as a polymeric material and rose petal
as a template has been created and also has been used for optoelectronic (photoelectric properties)
and biomedical (Capture and Release of Tumor Cells) applications [14], [193] . But the potential
of these cost-effective and easily prepared reproducible patterns has not been tested for the detection
of low cross-sectional urea molecules. Therefore, for the first time, Au-coated flexible structured
substrates fabricated from rose petals is used for the urea detection. The experimental process is
easy, reproducible, and can occur without expensive lab equipment. The natural artifacts-based
SERS substrates may open a door for both easy preparation and the broad application of SERS

technique in a wide range of routine analysis (chemical, pollutant, and pathogen detection).

5.2 Material and Methods

5.2.1 Materials
Poly (dimethylsiloxane) (Sylgard-184, PDMS kit) was procured from Sigma-Aldrich and used
as an elastomer to replicate the surface structure of rose petals. Hydrofluoric (HF), Sulfuric
(H2S04) acids, (3-aminopropyl) triethoxysilane (APTMS) and rhodamine 6G with 99 % were
bought from Merck, P-type Silicon wafers with <100> orientation were procured from Sigma
Aldrich. The de-ionized (DI) water with ~18.2 MQ cm™ resistivity was used during all the
experiments, wherever required. Red Roses were plucked from the 1T Ropar garden. Urea was

procured from local market of Ropar.
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5.2.2

Fabrication processes

5.2.2.1 Fabrication of flexible structured substrate

The petals of fresh Rose were cut into small pieces (1.5 x 1.5 cm?) and fixed onto Silicon (2 x
2 cm?) substrate by an ultrathin double-sided adhesive tape. The elastomer base and curing
agent were mixed in a weight ratio of 10:1 for ~ 2 min to make a homogeneous slurry and then
degassed in a desiccator in a vacuum to remove air bubbles. Thereafter, the 250 uL PDMS
mixture was poured onto the petal and spin-coated for 1 min (rotation speed 900 rpm,
acceleration 30 s). Then as prepared substrate was again degassed in a vacuum for 1 min to get
rid of the bubbles. After that the substrate was cured at 50 °C for 4 h. Here, the low temperature
is used to cure the substrate in order to prevent the loss of structural features of the petal due to
heating. After curing, the PDMS film (~0.5 mm thick) with the negative surface structure of
rose petal was gently peeled off from the rose petal as shown in fig 5.1 and cut into many small
pieces ~ 0.5 x 0.5 cm? dimension. Further, the pieces of structured PDMS were placed onto the
backside of Si wafer to avoid any kind of reflections during microscopic and spectroscopic

measurements.

PDMS

Rose on Si Substrate
Dried at 50° C

ford4 h

Inverse pattern
of
Rose o ; Peeled off
ey ' from
the rose

Final Product

Thin, large area, and
flexible substrate

Figure 5. 1. Schematic representation of the fabrication process to create inverse replicas of the rose
petal by using PDMS.

5.2.2.2 Au NPs immobilized flexible structured substrate

The immobilization of the Au NPs onto the substrates is performed by linking the negatively
charged Au NPs with the positively charged amino terminated APTMS as shown in fig. 5.2.
For this, first the flexible structured substrate was immersed into a piranha solution (H2SOas:

H.O, (3:1)) for 2 min to hydroxylate the substrate, which was used to link the functional
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siloxane molecules in the next step. After rinsing 3 to 4 times with water, the substrate was
immersed in freshly prepared APTMS aqueous solution (5 wt%) and incubated at 70 °C for 2
h to immobilize the amino groups. The amino groups on the APTMS were used further to
immobilize the Au NPs onto the structured substrate due to the electrostatic binding ability of
the amino group to the gold NPs. Then the siloxane-functionalized PDMS film was rinsed three
times in water to remove the unbounded siloxane molecules. Then the modified film was kept
in oven at 70 °C for 1 h to complete the Si-O bond formation. Thereafter, freshly prepared
APTMS-modified flexible substrate was immersed for 6 h into the pre-synthesized Au NPs
solution. The Au NPs were synthesized by the well-known Turkevich method [178]. Finally,
the Au-decorated structured PDMS film was removed from the solution, followed by rinsing
with water 3 to 4 times, dried at room temperature, and kept for storage for further use. In order
to compare the effect of structuring onto the substrate with respect to the unstructured substrate,
in a similar way unstructured/planar PDMS substrate (directly pouring PDMS onto polished Si
substrate) was prepared. After drying of the substrates, the colour change of both the structured
and unstructured PDMS substrates is observed from white to lustrous golden depicts the

deposition of the Au NPs onto the substrates.
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Figure 5. 2. A step-by-step pictorial illustration of the process for the deposition of Au NPs onto the
APTMS functionalized Rose replicated substrate. The purple colour dotted lines show the enlarged view

of the region, representing the presence of functional groups and bond formation between the molecules.

5.2.2.3 Fabrication of SERS sensor

To check the effectiveness of SERS substrate, two molecules: R6G (organic pollutant) and Urea
(fertilizer) have been chosen. The reason for the selection of R6G, is its well-reported Raman

bands, which has been used to optimize the instrumental parameters for a substrate such as laser
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5.23

power, accumulation time, and acquisition time, etc. as well as urea is selected due to its regular
use as a fertilizer. The sensor fabrication procedure was simple, the 15 pl of 10° M of the R6G
and 10 M of urea aqueous solution was drop-casted onto the planer as well as structured
flexible substrates. After drying, the Raman spectra of both samples were recorded.

SERS Substrate characterization

Optical morphology of the as-prepared substrates is determined by the confocal microscope,
surface topographies of the samples is examined by scanning electron microscopy (SEM) (Jeol,
JSM6610LB) and field emission scanning electron microscopy (Carl Zeiss, supra-55). The
spectroscopy measurements such as absorption maxima of colloidal solution of Au NPs and
after its immobilization on to flexible unstructured and structured substrate is measured using
the UV-visible spectrophotometer (UV-Vis lambda 950, Perkin Elmer) and the SERS
effectiveness of the flexible substrate was tested by using a Horiba Raman spectrophotometer
(LabRam HR Evolution, Horiba Scientific). A 532 nm Ar ion laser source was used as an
excitation source. The characteristic Raman bands of R6G and urea are used to optimize the
instrumental parameters. Parameters such as high laser power (5 mW), objective lens (50 X),
grating (600 grooves/mm), long accumulation (6s), and acquisition time (2s) were finalized to
detect R6G. In the case of urea, the parameter optimization was again performed due to its
small Raman scattering cross-section of the molecule [189]. In this case, only the acquisition
time (6s) value needs to be changed for a better signal-to-noise ratio, rest all the instrumental
parameters were similar as used for R6G detection. All the measurements were recorded at
room temperature and the characteristic peak at 520 cm™ of a Si substrate was used for
spectrometer calibration. The laser spot diameter was ~ 1.3 um and all the spectra were recorded
over the range of 500 - 1800 cm Each spectrum which was shown in the paper was the average

of seven spectra recorded by randomly selected spots across the substrate.

5.3 Results and Discussion

53.1

Absorption spectra determination

For the confirmation of the immobilization of Au NPs onto the unstructured and structured
PDMS the UV-vis absorption spectroscopy is performed. Figure 5.3. shows the absorption
spectra of Au NPs suspension (a), Au coated onto unstructured (b), and structured PDMS (c).
The plasmon absorption band of Au NPs is observed at ~525 nm (because in a liquid solution,
Au NPs are at a distance from each other due to the strong electrostatic repulsion) which is in
good agreement with the previous literature [195]and after the assembly of particles onto the
unstructured as well as structured PDMS ‘bimodal bands’ is observed. One band which is at
525 nm in the case of colloidal Au NPs, is slightly red-shifted to ~ 538 nm. The shift in SPRs

peaks depends on the morphology (shape, size) and arrangement (interparticle spacing) of the
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5.3.2
5321

nanoparticles [196]. The peak shift, in this case, can be correlated to the reduction in
interparticle gap due to the immobilization of Au NPs onto the substrates. The appearance of a
second band at ~ 578 nm which is redshifted by 23 nm with respect to the colloidal Au NPs.
This red shift depicts that the greater number of Au NPs has come closer to each other due to
the immobilization which indicates the formation of a closed packed array of Au NPs onto both

substrates.
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Figure 5. 3. Absorption spectra of (a) Au NPs suspension in water; self-assembled Au NPs onto (b)

unstructured and (c) structured substrate.

Morphological Identification of flexible substrates

Optical microscopy examination

In order to confirm the structure formation onto the PDMS, an optical image of the sample has
been taken after peeling off the PDMS from the rose template and is shown in fig 5.4. Optical
image can give a rough idea about the formation of the pattern onto the substrate as per its
resolution. It can be seen from the optical image that the replicated sample surface is completely
covered with lots of micropapilla, which indicates the successful formation of the replicated

patterned substrate.
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5.3.2.2

Figure 5. 4. Optical image of the replicated structured PDMS prepared from the rose. The
scale bar corresponds to 4 um.

Electron microscopy examination

Figure 5.5 represents the scanning electron microscopy (SEM) images of natural red rose petal,
PDMS replicas of rose petal; and Figure 5.6 (a) and 5.7 represents the field emission scanning
electron microscopy (FE-SEM) images of self-assembly of Au NPs on flat PDMS, and on
replicated PDMS substrates. Figure 5.5 (a) and (b) shows the morphology of fresh red rose petal
and fig. 5.5 (¢) and (d) demonstrates the topological view of PDMS replicas of rose. It can be
seen from fig. 5.5 (a) that the petal surface is covered by micropapillas. The diameter of a single
papilla is ~ 20 um. Figure. 5.5 (b) demonstrates the high magnification image of fig. 5.5 (a), it
can be seen that single micropapillas contain nano grooves. Figure 5.5 (c) illustrates the SEM
image of PDMS replicas; it can be clearly visible that replicas contained the negative structure
of Rose petals and the surface is fully covered with microcavities of a diameter ranging from ~
20 pm. Right-hand side is the magnified SEM image; multiple folds can be seen in the single
cavity. The SEM results show that the surface topographic structure of micro-cavities on PDMS
replicas is complementary with the micropapillas on the natural rose petal. Before the
immobilization of Au NPs onto different substrates, the morphological evaluation of the
particles has been done after synthesis as represented in fig. 5.6. Figure 5.6 (a) shows that the
particles are quite stable in solution, not in the form of aggregated state and the average size of
the particle is ~ 18 nm calculated by Image J software and fig. 5.6 (b) represents the DLS
measurement for the particle size distribution in the solution. The average size of synthesized
Au NPs is ~ 25 nm with PDI 0.435 nm, respectively. Figure 5.7 (e), (), (g), and (h) represents
the Au NPs has been successfully self-assembled onto the replicated pattern ((e) and (g)) as
well as onto the flat flexible substrate ((f) and (h)). Figure 5.7 (e) and (f) shows the high density
of Au NPs is assembled on both substrates. It may be notified that from fig. 5.7 (e) the

deposition of Au NPs does not show any obvious changes in the morphology of the replicated
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samples. The magnified images of the single pores (g', g, and g"’) represent that the NPs are
spherical in shape, densely packed, continuous, and well-distributed from the top to bottom. It
can be seen from the image ‘h’ (magnified version of ‘f”), flat PDMS is also covered with
spherical Au NPs and are almost forming a continuous film throughout the substrate. The scale

bar of fig. ((a), (c), (e), and (f)) corresponds to 10 um, fig (b), (d) and (g) related to 3 um, and
fig (g

Figure 5. 5. SEM images of (a)-(d) prior to Au decoration, (a) natural rose petal; (b) magnified view of

the single rose petal; (c) negative structured PDMS replica of rose petal; (d) magnified image of the

single replicated structure.
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Figure 5. 6. (a) Histogram represents the NPs size distribution measured from DLS spectra. (b) FESEM

observations of Au NPs.
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Figure 5. 7. Images (e) and (f) are the FESEM images represents the post -Au decoration onto PDMS
replica of rose petal (e) and flat PDMS (f), correspondingly (g) and (h) are the magnified view of image
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5.3.3

(e) and (f) respectively. Figure (g'), (g'") and (g"’) are the images captured from different areas of a single
pore.

SERS performance determination

In order to check the substrate effectiveness and enhancement factor, the prepared structured
substrate performance is compared with the unstructured (flexible) and silicon (solid)
substrates. The same volume (15 pL) and concentration (10° M) of the R6G was drop-casted
onto all substrates and after drying the Raman measurement was recorded. It can be seen from
fig 5.8 the R6G on Si substrate is able to show some characteristic peaks, but the intensity of
the peaks is quite low and also some of the peaks is not identifiable. Whereas on Au-coated
unstructured and structured flexible substrate, the signals are quite sharp and all the signals are
clearly identifiable, which indicates good SERS enhancement due to the presence of SERS
active material. As can be seen from the morphological images of the replicated templates, the
Au NPs are densely packed. The reason for the enhancement can be co-relate to the generation
of an electromagnetic field around the NPs as the size of the particle is smaller than the
wavelength of light and due to the formation of hot spots between nanogaps as NPs are in the
form of a closed-packed array. It can be observed that the signals on to the structured substrate
show higher enhancement as compared to the unstructured (flat) substrate. Because in the case
of structured substrate, the detected molecules are getting more adsorption sites for deposition
due to the presence of multiple folding as compared to the planar flexible substrate, which helps
in enhancing the signal.
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Figure 5. 8. SERS spectra of R6G on the different substrates- Si Substrate (black line); NPs decorated

onto the unstructured/flat flexible (red line) as well as onto the structured flexible (blue line).
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5.3.3.1 Enhancement factor determination
In order to quantify the enhancement factor of substrates, the formula mentioned in equation
2.11° in section 2.2.3.3. is used. The enhancement factor is calculated by comparing the
intensities of R6G molecules at 611 cm™ and the concentration of the molecule on different
substrates (structured, unstructured/planer, and Si substrate). The figure mentioning the
intensity counts is represented in 5.9.

1 C
EF = -SERS."Raman (eq. 2.13)
IRaman .CsERs

Here ‘I’ term corresponds to intensity and the ‘C’ term is relative to the concentration of the
molecule. In the study, a similar concentration (10° M) and equal volume (15 ul) of R6G is
drop-casted on all the substrates, therefore the values of Craman and Csers directly cancel each
other. The enhancement factor is calculated by comparing the intensities of structured substrate
with respect to the unstructured substrate (flexible) or as well as with the Si substrate (solid).
The structured substrate is able to provide ~10-fold enhancement with respect to Si substrate
and ~3-fold with respect to the flat substrate, which is higher than the previous substrates based
on solid substrates [125], [156] as well as flexible substrates [130].
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Figure 5. 9. SERS spectra of R6G on different substrates, clearly represents the intensity counts of

structured substrate is higher than the unstructured and Si substrate.

5.3.3.2 Flexible substrate testing for fertilizer detection
For this examination, 10 M urea aqueous solution is used which is lower than the acceptable
limit [186]. Figure 5.10 represents the SERS spectra of urea on substrates. It can be clearly
seen that the structured substrate is able to enhance the signal as well as able to clearly
identify some peaks at 1538 and 1648 cm™ which are not detected on the Si substrate. The
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effectiveness of the substrate has been tested by comparing the intensity of the 1011 cm™
peak of urea on the structured with respect to the signal intensity on the unstructured and Si
substrate respectively. The substrate is able to provide 23-fold enhancement when the
intensity is compared with the Si and 3-fold enhancement when compared with the
unstructured substrate. The enhancement is better than the previous literature where the
substrate has been fabricated by expensive techniques [190], [191]. The enhancement factor
is calculated by the equation mentioned in section 2.2.4. The figure mentioning the intensity
counts is represented in 5.11. From these results, it can be said that the fabricated substrate
can be used for the of analysis urea.
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Figure 5. 10. SERS spectrum of 10~° M urea on different substrates- Si substrate (black line), NPs

assembled onto structured (red line) and unstructured (blue line) substrate.
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5.3.3.3
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Figure 5. 11.SERS spectra of urea on different substrates clearly represent structured substrate is able to
enhance the signal compared to the unstructured and flat substrate.

Substrate sensitivity determination

As discussed in the SERS field; sensitivity is the major concern for any kind of substrate. In
order to examine the LOD, the substrate has been treated with varied concentrations of urea as
demonstrated in fig 5.12. The Raman spectra of urea with a concentration varying from ~102
to ~107* M on the structured substrate has been measured and are represented in fig 5.12 (a).
The intensities of the signals is enhanced linearly with the increase of the urea concentration. It
can be seen from fig 5.12 (a) that, even at a concentration of 101! M, the substrate is able to
detect as well as to provide ~ 3-fold enhancement in comparison with silicon (10 M). Which
indicates the good contribution of the purposed substrate towards sensitivity. When the
concentration is 107 M, the signal is still observed, but the intensity of the signals is weak
(only ~900 counts is observed) as depicted from fig 5.13. Thus, it can be said that this substrate
shows good sensitivity and able to sense till the ~107* M concentration, which is much lower
than the acceptable limit and indicates the lower limit detection capability of such substrate.
Furthermore, fig 5.12 (b) shows the calibration curves, which correspond to the signal intensity
at 1011 cm vs the varied concentrations of urea on the logarithmic scale, representing a good
linear relationship between the concentration and intensity. Each point in the graph corresponds
to the average value of intensity taken from seven randomly selected areas, and the error bar
represents the standard deviation. The linear equation is | = 1894 [log (C)] + 22732, where C
and | correspond to the concentration and Raman intensity of urea. The correlation coefficient

(R?) value is ~ 0.99, representing a good linear relation.
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Figure 5. 12 (a) Raman spectra of urea under different concentrations. (b) The calibration curve of the
intensity vs different concentrations of urea. The x-axis is converted to a logarithmic scale and the y-axis

is mentioned as it (intensity counts) for better understanding.
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Figure 5. 13. Detection of 1023 M urea concentration on the structured substrate.

Stability and reusability examination of substrate
Stability of the signal is the key requirement for a SERS substrate performance for routine

analysis. Fig. 5.14 shows a comparative study of the SERS spectra of the substrate after one
day of fabrication and after its storage in a desiccator for about four months. Prior to SERS
measurement of the stored substrate, the substrate is washed by drop-casting method to drain
out the adsorbed urea from the substrate as shown in fig. 5.14 (a). In order to confirm the urea
removal, Raman spectra has been recorded and shown in fig. 5.14 (b). It can be seen that the

washed substrate represented as (b') in fig. 5.14 (b) is not showing any kind of peak which
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means the substrate is free from urea molecules and ready to reuse. After that for the stability
testing of the stored substrate, freshly prepared (102 M) urea solution was re-adsorbed onto the
cleaned substrate and allowed to dry for ~ 15 min in order to collect the SERS spectra. It can
be clearly seen that the reused substrate labelled as (¢) in fig. 5.14 (b) is able to represent the
characteristic bands of urea. The bands are clearly observable and well-intensified. For the
better understanding of the intensity fluctuation after ~ 120 days, the spectra has been plotted
against time versus intensity as depicted in fig. 5.14 (c). The intensity counts of the ~ 120-day-
old substrate is almost similar to one day-stored substrate. The signal intensity fluctuation
corresponding to 1011 cm™1! peak has also been calculated and it varies only about ~ 2% with
respect to one day stored sample. These results indicate the good durability of the prepared
substrate. The overlapped stability spectra of the 1-day and 120-day older sample (represents

the intensity counts) is shown in fig. 5.15.
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Figure 5. 14. (a) Represents the washing method to reuse the substrate; (b) reusability test spectra of
urea absorbed on substrate after (a") ‘1" day and (c') ‘120’ days and (b") corresponds to washed substrate;
(c) histogram shows variation in the intensities of the characteristic peak of urea of the 120 days old

sample with respect to one-day old sample.
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5.3.3.5 Testing of substrate effectiveness for real-world application
It has been discussed that the flexible substrates have the advantage over solid substrates due

to their ability to attach onto the curved surface as well as extraction of contaminants directly

from the surfaces. Urea fertilizer is not only used to stimulate the growth of crops or plants by

just mixing it to the soil, but it is also used in the spray form to increase the growth of crops

and plants. In this work, the flexible substrate has been tested for the detection of urea from the

curved surface of tomato via paste and peel-off approach. The tomatoes were purchased from
the local market of Ropar.

53351

5.3.35.2

Method of sensor fabrication

First, the Tomato surface was washed with D.l. water to remove any kind of impurities
from the surface and dried at room temperature. Next, the 107> M concentration of urea
aqueous solution was sprayed over the tomato surface which is below the maximum
permissible limit as discussed in the introduction part and allowed to dry for ~ 1 h at room
temperature as shown in fig. 5.15. Then the flexible structured substrate (replica of Rose
petal) was pasted onto the white spots (indicates the residues of urea) over the tomato
surface. After that, the pasted substrate was swabbed gently for ~1 min along the white
spot’s areas and finally, it was peeled off from the tomato surface and placed onto the Si
substrate for SERS measurement.
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Figure 5. 15. Pictorial representation of procedure used for detecting urea on the Tomato surface.

Testing of sensor
The urea-contaminated flexible substrate was placed inside the Raman spectrometer for

measurement. All the instrumental parameters were similar as described earlier in section
‘5.2.3’ for urea (laser (532 nm), high laser power (5 mW), objective lens (50 X), grating

(600 grooves/mm), long accumulation (6 s), and acquisition time (2 s)). The spectra shown
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in fig. 5.16 is the average spectra taken from seven different spots on the substrate. It can
be clearly seen from the spectra that the characteristic Raman band of urea (1011 cm™?)
with ~ 12,000 counts is well appeared on the substrate, which has been directly peeled off
from the tomato surface. These results clearly validated the applicability of the prepared
flexible substrate for the real-world detection of fertilizer. These substrates can further be

used for the detection of other contaminants such as explosives, drugs, biomolecules etc.
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Figure 5. 16. SERS spectra of substrate contaminated with urea residues directly peeled from the

tomato surface.

5.3.3.6 Cost calculation of substrate
The Flexible structured substrate cost is Rs=~4566/-, when the Si is used as base substrate.

However, when the glass is used as a base substrate than the cost is only ~961 /- for 1.5x1.5
cm? substrate. The below mentioned table shows the cost of each material, which is required
for the fabrication of the flexible substrate.

Table 4. 12. demonstrates the fabrication material with cost which is required for second
substrate (a rose petal as a template, PDMS as a surface texturing agent, Silicon substrate, H2O-,

and HF).
S.No. Material Available Cost Required Cost
Quantity guantity
1. Rose flower 1 Rose ~25/- 1 petal ~25/-
flower
2. 3-Aminopropyl) | 500 mL (69 ~2178/- ~10 mL ~45/-
triethoxysilane | %)
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3. Deionized 1L 75/- 5L ~375/
Water
4, Silicon (Si) 8x8 cm? (p- | ~19,280/- 1.5x1.5 cm? ~3615/-
type with
<100>
orientation
5. Hydrofluoric 500 mL ~530/- ~5mL ~5/-
(HF),
6. Hydrogen 500 mL ~500/- ~5mL ~5/-
Peroxide (H202)
7. Tetrachloroauric | 1G ~21,889/- ~16 mg ~350/-
(1)
acid trihydrate
8. Sulfuric 2.5L ~990/- ~10 mL ~5/-
(H2S0y) acids,
9. Sylgard-184, 1L ~14,175/- ~141/-
PDMS kit
Total (Including Silicon) = Rs=
~4566/-
10. Glass 1 Pack (50 ~330/- 1.5x1.5 cm? ~10
slides)
Total (Glass replaced with Silicon) = Rs=
~961/-

Conclusion of chapter 5

A scalable, effective, and economical method to fabricate SERS substrates for the detection of
urea fertilizer as an environment contaminant is discussed. The substrate is prepared via a self-
assembly deposition of colloidal Au NPs onto the microcavities of replicated template created
through rose petals. The NPs are uniformly distributed throughout the substrate as well as
closely packed from top to bottom throughout the substrate or on the edges as well, as
demonstrated from topographical view. The beneficial point about the substrate is that, the
microcavities covered with Au NPs provide more adsorption sites to the molecules, which
results in highly intensive SERS spectra of low cross-sectional urea as well as offers a good
enhancement factor upto 23-fold. The enhancement in signals arises due to the generation of a
local field around the NPs and the plasmonic coupling between the adjacent NPs. The substrate

has been applied to determine urea sprayed on the tomato surface by paste and peel off method.
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Moreover, substrate has shown good analytical performance in terms of sensitivity, stability,
and reusability. At the end, it can be said that substrate prepared by replicating the structure of
natural artifacts can help to reduce the fabrication cost by reducing the use of expensive
preparation techniques (lithography, sputtering, etc.), as well as help to construct the flexible
and nanostructured substrate via an easy and bulk scale method.
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Chapter 6. Summary and future perspectives

6.1 Summary

In this thesis, rigid and flexible SERS substrates have been fabricated by an easy, reproducible,
and low-cost fabrication method. The solid substrate is fabricated by the dealloying method. This
is a single-step method and does not require specific setup and working conditions such as a clean
room, patterned masks, photoresists, and metallic targets like lithography and sputtering
techniques. It involves the leaching of less noble elements from a precursor alloy. For the
fabrication of substrate, alloy leaf such as AusoAgsowas immersed in nitric acid for varied periods
of time in order to check the effect of dealloying time onto the morphology as well as onto the
SERS performance of substrate. After the optimized dealloying time, the obtained substrate
consisted of a porous kind of morphology (gold ligaments separated by nanopores) named as NP-
Au, which was effective for improving the SERS performance ~ 10-fold; through generating the
localized surface plasmons resonance around the gold ligaments as well via hot spots formation
between adjacent ligaments (which were separated by nanopores).

Furthermore, the effect of laser power variation of Raman spectrophotometer laser onto the SERS
performance of substrate has also been examined. It has been noticed that with the laser power
variation the morphology of NP-Au substrate has been affected and due to that the change in
SERS performance is observed. The laser power treatment resumes the surface diffusion of Au
atoms which has been quenched during the dealloying process; due to that pores keep on
interlinking and the size of pore changes accordingly. The substrate durability has also examined,
it was stable even after storage of ~ 2 years in a desiccator as well as uniform due to the
homogenous morphology throughout the substrate (similar intensity signals were observed from
randomly selected seven areas of the same substrate) and most importantly it was reusable at least
four times via applying simple drop-casting method. The applicability of the prepared substrate
has been tested by detecting the fertilizer such as Urea. Urea is a multi-purpose fertilizer, which
is used worldwide to increase the crop production as well as to protect the crops from insects and
fungus. The substrate has shown good sensing capability by detecting urea in the nanomolar range
which is much lower than the maximum permissible limit.

The flexible substrate was prepared by using rose petal as a template, PDMS as an elastomer, and
nano casting approach was used to create the inverted texture of rose. After that the Au
nanoparticles (~ 19 nm in size) were deposited via a self-assembly approach onto the flexible
substrate (consisting inverted texture of rose) to make the substrate SERS active. The
effectiveness of the substrate was tested by detecting rhodamine 6G (organic pollutant) and urea
(fertilizer) molecules and the substrate shows the good LOD (~ 10° M) for both contaminants.
Moreover, the substrate has shown good analytical performance in terms of sensitivity, stability,
and reusability. The substrate has been used to collect urea residues on the tomato surface by a

116



paste and peel-off method. At the end it can be said that the flexible structured substrates prepared
from natural artefacts may open a new door in the field of facile and fast synthesis of substrates.
Furthermore, these methods can help to reduce the fabrication cost by reducing the use of
expensive preparation techniques (lithography, sputtering, etc.) and also bulk scale synthesis is
possible by using nanotexturing method which is difficult with the earlier mentioned methods.

The cost of both the fabricated substrates is lower than the substrates which are generally
purchased by the researchers from the different companies in order to detect various contaminants.
On the other hand, the detection area of the fabricated substrates is greater than the company-
made substrates as represented in Table 3. Furthermore, the substrates made by the companies are
also not reusable, the use of new substrates for the testing of other molecules also increases the

cost.

Table 4. 13: Cost comparison with company made substrates.

S.No | Company Substrate Substrate Area | Cost Ref.
Name Material Name (cm)
1. . L Klarite™ 302 0.02 | ~8,288.20/- | 1
Klarite Au thin film SERS substrates
on Si
nanopyramids
2. Ocen Au RAM-SERS- 0.05 | ~6,962.09/- | 2
nanoparticle AU-5 SERS
Substrates
3. SILMECO Au coated on SERStrate 0.1 ~31,435.3/- | 3
Nanostructure
dSi
5. - AusoAgso leaf NP-Au 1 ~3855/- Our
6. - Au NPs on to Flexible 15 ~4566/- Subst-
flexible Structured rate
structured Substrate
substrate

6.2 Future perspectives

These substrates can be used for the detection of other contaminants such as pathogens,
environmental pollutants, narcotics and to identify other food contaminants such as
pesticides/fertilizers, which are used regularly to kill pests and protect the crop from fungal

diseases.
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The flexible substrates can be used for the onsite detection (real-world application) of
contaminants (pesticides, fertilizers, biomolecules, and environmental pollutants etc.) on other
vegetables and fruits surfaces and can also be used for other applications such as optoelectronic
(photoelectric properties) and biomedical (capture and release of tumor cells) instead of SERS.
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