
Chapter 1

Introduction

This chapter highlights the historical development of Raman spectroscopy and its princi-

ples and instrumentation. The mechanism of surface enhanced Raman scattering (SERS)

has been thoroughly discussed. Evolution of SERS substrate and parameters that deter-

mine/control the enhancement factor of SERS substrate are also discussed. In the last

part of this chapter, the objective and scope of the thesis work have been discussed.

1.1 A brief overview of Raman scattering

Raman scattering is an inelastic light scattering process from the molecules/compounds

whose size is comparable to the wavelength of incident monochromatic light. Inelastic

scattering is nothing but shifting of frequency in the scattered light from the incident

light. Raman spectroscopy, being a vibrational spectroscopic technique has emerged

as a convincing and reliable technique for label-free detection and identification of a

specific molecule in unknown samples. This specific spectroscopic technique is used in

wide range of fields that includes explosives detection, bacteria identification, living cell

analysis, DNA and RNA detection, protein-protein interaction and analysis etc.[1-7].

Raman spectroscopy has several advantages such as no or very few sample preparation

steps are required, in-situ and in-vitro investigations for biological samples is possible,

non-destructive and non-invasive investigations of samples are possible with this technique

[8-10]. Also, samples can be examined either in solid, liquid or vapor phase, in hot or
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1.1.1 The discovery of Raman effect

The inelastic scattering of light was first postulated by Smekal in 1923 [11] and later in

1928 Raman and Krishnan [12] confirmed this phenomenon experimentally. Then on-

ward this specific phenomenon is termed as Raman scattering and applications of this

phenomenon in different fields of study is called, as Raman spectroscopy. In the first

experimental demonstration of this process, violet spectrum from sunlight was allowed

to pass through a liquid droplet. They observed that same color light had emerged from

the liquid sample. However, by placing a green filter between observer and sample they

could see light of different color than that of the incident color. From this experimental

observation, they reported that a part of scattered light has different frequencies than

the incident frequency. In the first Raman spectrometer, sunlight was focused onto the

sample through a telescope and another lens was placed to collect the scattered radia-

tion. To make the Raman analysis more accurate rather than the visual and qualitative

observation, Raman replaced the observer by quartz spectrograph with which he could

photograph the spectrum of the scattered light and measure its wavelength shift due to

inelastic scattering of light from the sample.

1.1.2 Theory of Raman scattering

The phenomenon of Raman scattering can be described in two ways, the classical wave

interpretation and the quantum particle interpretation. Light is considered as electromag-

netic radiation in the classical wave interpretation. It contains an oscillating electric field

and interacts with a molecule through its polarizability. The polarizability of a molecule

is nothing but the ability to interact with an electric field which is determined by the

electron clouds. On the other hand, in case of quantum particle interpretation, light is

considered as a group of photons that strikes the molecule and then scattered inelastically.

The number of scattered photons depends on the molecular structure and environment,

such as atomic mass, bond order, molecular constituents, molecular geometry etc. Figure

1.1 shows a visual comparison of these two methods.

To derive classical interpretation of Raman mathematically, consider a diatomic

molecule as a mass on a spring as shown in figure 1.2. Where m represents the atomic

mass, x represents the displacement, and K represents the bond strength. Using Hooke’s
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Figure 1.1: Classical wave and quantum particle interpretation of Raman scattering

Figure 1.2: Diatomic molecule as amass on spring

law, the displacement of the molecule can be obtained as,

m1 ×m2

m1 +m2

(
d2x1
dt2

+
d2x2
dt2

)
= −K(x1 + x2) (1.1)

Replacing the reduced mass m1×m2

m1+m2
and the total displacement x1 + x2 with µ and q

respectively, the equation can be obtained as,

µ(
d2q

dt2
) = −Kq (1.2)

Solving this equation for q we have,

q = q0cos(2πνmt) (1.3)

where q0 is the amplitude of the molecular vibration and vm is the frequency of the
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molecular vibration and is defined as,

vm =
1

2π

√
K

µ
(1.4)

From equations 1.3 and 1.4, it is seen that the molecular vibration is sinusoidal in nature

and the frequency of the vibration is proportional to the bond strength and inversely

proportional to the reduced mass. This ensures that each and every molecule will have

their unique vibrational signatures, which are determined not only by the atoms in the

molecule, but also the characteristics of the individual bonds [13]. When electromagnetic

(EM) radiation is incident on the material, the electric field associated with the EM

radiation induces an electric dipole moment M in the molecule and is given by

M = αE (1.5)

where α is the polarizability of the molecule. The electric field E is given by

E = E0cos(ωt) = E0cos(2πνt) (1.6)

where E0 is the amplitude and ν is the frequency of the incident electric field.

From equations 1.5 and 1.6, M can be obtained as,

M = αE0cos(2πνt) (1.7)

The dipole is oscillating in nature and oscillating dipole emits radiation at its own os-

cillating frequency ν, giving the Rayleigh scattered beam. However, the polarizability

varies slightly with molecular vibration and is given by

α = α0 + q

(
dα

dq

)
q=0

+ ...... (1.8)

here, q describes the molecular vibration as obtained in equation 1.3. From equations 1.3

& 1.8, we have

α = α0 + q0

(
dα

dq

)
q=0

cos(2πνmt) (1.9)

Substituting for α in equation 1.7, we have

M = α0E0cos(2πνt) + q0cos(2πνmt)E0cos(2πνt)

(
dα

dq

)
q=0

(1.10)

Using the trigonometric identity, cosA + cosB = 1
2
(cos(A + B) + cos(A − B)) equation
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1.10 can be rewritten as-

M = α0E0cos(2πνt) +
1

2
q0E0

(
dα

dq

)
q=0

(cos(2π(ν + νm)t) + (cos(2π(ν − νm)t)) (1.11)

Thus, we find that the oscillating dipole has three distinct frequency components- The

exciting frequency ν, with amplitude α0E0, and shifting frequency ν+νm and ν−νm with

very small amplitude of 1
2
q0E0

(
dα
dq

)
q=0

. From equation 1.11, it is observed that due to

the interaction of light with the molecule, there could be two resultant effects. The first

effect is called Rayleigh scattering, which is the dominant part of the scattering process

and results, no change in the frequency of the scattered light. The second one is the

Raman scattering effect, where the frequency of the scattered light is shifted by plus or

minus of the molecular vibration frequency of the molecule. The increase in frequency

is known as an anti-Stokes shift and the decrease in frequency is known as a Stokes

shift. Thus, Raman spectrum in principle directly provides the vibrational frequency of

a molecular bond. If the molecular vibration does not change, the polarizability of the

molecule would be then 1
2
q0E0

(
dα
dq

)
q=0

= 0. In this case, the dipole oscillates only at

the frequency of the incident (exciting) radiation. Thus, to have Raman spectrum of

the molecule, the molecular vibration or rotation must cause a change in the molecular

polarizability. The classical interpretation of Raman effect satisfactorily describes the

Figure 1.3: Energy level diagram for Rayleigh scattering, Stokes Raman scattering and
anti-Stokes Raman scattering

Rayleigh scattering, Stokes and anti-Stokes shift with their frequency and amplitudes.
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The intensities of anti-Stokes lines are much weaker than Stokes lines. The reason behind

this anomaly cannot be explained by the classical interpretation, therefore the quantum

particle interpretation came into picture. To have, better visualization of the Raman

effect and to determine additional information, the quantum particle interpretation can

be used. The Raman effect is described as an inelastic scattering of a photon from a

molecule. From figure 1.3, it is seen that the incident photon exciting the molecule into a

virtual energy state. There are three different potential outcomes when it occurs. First,

the molecule can bounce back to the ground state by emitting a photon of equal energy

to that of the incident photon, which is referred as Rayleigh scattering. Secondly, the

molecule can relax to a higher vibrational state by emitting a photon with less energy than

the incident photon, this is called Stokes shifted Raman scattering. The third potential

outcome is that the molecule already exist in the excited vibrational state is excited to

a higher virtual state and then return to the ground state by emitting a photon with

more energy than the incident photon, this is called anti-stokes Raman scattering. At

room temperature the population of molecules in the ground state in general is more than

higher vibrational state, therefore probability that a scattered photon will be anti-Stokes

is much lower than Stokes line, hence, scattering intensity of anti-Stokes shifted Raman

signal is lower than the Stokes Raman scattering intensity. As a result, most Raman

measurements are performed considering only the Stokes shifted light. Further, it has

been observed that the power of the scattered light, PS, is equal to the product of the

intensity of the incident photons, I0, and value known as the Raman cross-section, αR.

The Raman cross section is given by

σR ∝
1

λ4
(1.12)

where λ equals the wavelength of the incident photon. Therefore,

Ps ∝
I0
λ4

(1.13)

From equation 1.13 it is seen that the power of the scattered light is directly propor-

tional to the intensity of the incident light and inversely proportional to fourth power

wavelength. Therefore, it is always desirable to use a short excitation wavelength and a

high power excitation source based on these relationships. However, this is not always

the case, because high power laser may some times burn the sample which will lead to

loss of Raman spectra of the sample.

6



1.1. A brief overview of Raman scattering

1.1.3 Raman instrumentation

Figure 1.4: Schematic of a Raman spectrometer

The components used in the Raman spectrometer has been evolved over the years.

All Raman spectrometers have three primary components namely an excitation source,

sampling apparatus, and detector. In modern Raman spectrometer laser is used as excita-

tion source, optical fiber and/or microscope as sampling apparatus and the spectrometer

is used for detection and analysis of scattered Raman signal from the sample. Figure

1.4 shows the schematic of modern Raman spectrometer. The modern Raman system

contains following main components- (a) a laser source, (b) excitation delivery optics,

(c) sample, (d) collection optics, (e) a wavelength separation device, (f) detector and

associated electronics and (g) a recording device. As Raman analysis is based on shift in

wavelength, it is necessary to employ monochromatic light source for excitation. Laser

with an extremely stable frequency typically is the best choice for use as an excitation

source. It is also essential to utilize a clean, narrow bandwidth laser source, because the

quality of Raman peaks is dependent on the sharpness and stability of the excitation

light source. The intensity of Raman scattering is proportional to the fourth power of

the excitation laser frequency, therefore short-wavelength laser sources yield intense Ra-

man signal intensity. But higher fluorescence emission and photodecomposition of sample

greatly affect in this case. In order to minimize higher fluorescence emission and photode-

composition, near infrared (NIR) laser sources such as diode laser and Nd/YAG lasers

are used in modern Raman spectrometers. A narrow band-pass filter is used between the
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laser and the sample, which allows a single laser line. The back scattered signal from

the sample to the detector has to pass through a notch filter before being incident on

the detector. The notch filter rejects 99.5% laser line and allows more than 90% other

frequency lines. As Raman scattering is very weak therefore it is necessary to use a highly

sensitive detector. Charge coupled devices (CCD) based detectors are commonly used in

modern Raman spectrometer.

1.1.4 Limitation of Raman spectroscopy

Though Raman spectroscopy is a popular technique in recording the fingerprint of

molecules, which are useful in the field of chemical science, biological science, environ-

mental science and physical science, its wide range of applications is however limited. It

is because out of 107 incident photon only 1 photon gets scattered inelastically and low

order scattering cross section ∼ 10−30 cm−2. Therefore, the intensity of Raman spectra

of a Raman active molecule may not be in the range of measurable count. This specific

limitation of Raman scattering has been overcome with the advent of surface enhanced

Raman spectroscopy (SERS) which is a process mainly driven by localized surface plas-

mon resonance (LSPR) of metal nanostructures upon incident of EM field.

1.2 Surface enhanced Raman scattering (SERS) and

its discovery

SERS is a phenomenon in which the Raman signal intensity of molecule is greatly en-

hanced when the molecule is absorbed or placed in close proximity to the metal nanos-

tructure surface. This phenomenon was first observed in the year 1974, by Fleischmann

and co-workers [14]. In their experiment, they observed intense Raman signals of pyri-

dine when absorbed onto an electrochemically roughened silver surface. In their original

paper, they interpreted that the amplified Raman signal of pyridine was due to increased

surface area caused by the roughening of silver electrodes. Approximately three years

later in 1977, two independent groups, Jeanmarie and R Van Duyne [15] and Albrecht

and A Creighton [16] confirmed the result, in which they have observed Raman signal en-

hancement of about a million when compared with the signal from the pyridine molecules

in the absence of metal. They documented that the observed Raman enhancement was

not only due to increased surface area, instead, other mechanisms also contributed to the
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enhancement. In the reported work, they proposed that the enhancement was due to

LSPR condition of the metal nanopattern which would cause strong scattering of Raman

signal. Several enhancement mechanisms were proposed by different researchers since the

advent of SERS, however only two mechanisms namely Electromagnetic (EM) mecha-

nism and Chemical Enhancement (CE) mechanism are now broadly accepted. The EM

mechanism contributes dominantly (can contribute ten or more orders of magnitude) in

the enhancement mechanism which is based on the collective oscillation of free electron

density generating localized surface plasmons (LSPs) [17]. The CE mechanism describes

the chemical interaction between probe molecules and the noble metal and is contribute

only up to 2-3 orders of magnitude [18]. The principles of the above two enhancement

mechanisms are discussed below.

1.2.1 Electromagnetic enhancement

It is important to recall the phenomenological approach to Raman scattering to under-

stand the EM enhancement mechanism. When monochromatic radiation of frequency

ν with an electric field E interacts with a molecule, it induces a dipole, oscillating at a

frequency νm. The dipole moment is given by

M = αE (1.14)

The oscillating dipole radiates power proportional to M at frequency νm and the frequency

detected as Raman signal in far-field. The same concept can be used to describe SERS.

However, the roughened metal surface alters the effects as [19]

(a) There is a local field enhancement as a result of electromagnetic field enhancement

at the metallic surface.

(b) The properties of radiation of the dipole are affected by the metallic environment

resulting in possible radiation enhancement.

Local field enhancement: The electromagnetic field in the vicinity of metallic sur-

faces gets strongly modified upon incident of electromagnetic radiation on a suitable

metal surface (that possess a negative real and small positive imaginary dielectric con-

stant). This specific modification in the electromagnetic field is due to the coherent

oscillation of free electrons that generate surface plasmons. Surface plasmons can be of

two types, surface plasmon polariton (or propagating plasmon) that propagates along

the metal-dielectric interface [20, 21] and localized surface plasmon which is localized on
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the surface of a nanoparticle (figure 1.5) with a frequency known as the localized surface

plasmon resonance (LSPR) [22, 23]. The local electric field EL is different from incident

Figure 1.5: Schematic diagram of generation of localize surface plasmon

field E, in terms of both magnitude and orientation. Generally, the magnitude of |EL|
can be much larger than |E|. The local field induces a dipole moment which is given by-

MR = αELνm (1.15)

Therefore, the dipole moment is enhanced by a factor of |ELνm|
|E| as compared to the dipole

induced due to incident field. If such dipole radiates in free-space (i.e., in absence of

metallic environment), the radiated energy which is proportional to |MR|2, would be

enhanced by a factor

EFL =
|ELνm|2

|E|2
(1.16)

The local electric field enhancement factor EFL characterizes the enhancement of the

electric field intensity. Here, orientation state of the electric field polarization has been

ignored.

Radiation enhancement: In case of SERS conditions, the dipole moment induced

due to the local field, radiates in close proximity to the metal and the metal strongly

affects the dipole radiation. Depending on the relative dielectric function ε(r) of the

metal, its geometry and the dipole position, orientation and its emission frequency (νrad),

the total power radiated by the dipole (Prad) can either increase or decrease (relative to

that in free space, P0). Due to the coupling of LSPR of metallic objects [24], there is
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an enhancement in the radiated power. Therefore, the radiation enhancement factor is

given by-

EFrad =
Prad
P0

(1.17)

|E|4Approximation: Combining local electric field enhancement and radiation enhance-

ment, EM enhancements of single-molecule SERS (SMSERS) can be expressed as [24]

EnhancementFactor(EF ) ≈ EFL(νm)× EFrad(νrad) (1.18)

By solving the electromagnetic problem under specific external excitation conditions with

an incident field E, EFL(νm) can be calculated. However, to estimate EFrad(νrad), one has

to solve the electromagnetic problem of dipolar emission, instead of external excitation,

which is a very complicated task. To avoid these complications, it is often assumed that

local electric field enhancements and radiation enhancements are approximately equal.

Hence, SERS enhancement factors can be expressed as

EF ≈ EFL(νm)× EFrad(νrad) ≈
|EL(νm)|2

|E|2
|EL(νR)|2

|E|2
(1.19)

An additional approximation can be made, i.e. νm = νR, which, results in famous ex-

pression of the SERS enhancement

EF ≈ |EL(νm)|4

|E|4
(1.20)

1.2.2 Chemical enhancement

Different researchers have given many explanations to chemical enhancement mechanisms

but the most accepted explanation of CE is the charge-transfer (CT) mechanism [24, 25]

Due to adsorption of analyte on the metal surface, metal adsorbate complex is formed.

There is a formation of covalent bond between adsorbate and metal surface (chemisorp-

tion). This bonding produces new electronic states and serves as resonant intermediate

states. In other words, with the Fermi level of the metal, the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the adsorbate

are symmetrically disposed and charge transfers from Fermi level to LUMO and retro-

donation of electron from HOMO to Fermi level of the metal as shown in the figure 1.6.

Under this condition, transfer of charge from metal to molecule or vice versa can occur

at an excitation energy equal to about half the energy required for intrinsic intramolec-
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ular excitations of the adsorbate. Due to this mechanism, the analyte molecules that

have their lowest-lying electronic excitations in the ultraviolet or near ultraviolet region

is now shifted to visible region which eventually enables the SERS study of the analyte

molecules.

Figure 1.6: Schematic diagram of charge transfer mechanism

1.3 Enhancement factor

The enhancement factor (EF) is the key parameter to measure the performance of SERS

substrate. It is the enhancement in the SERS signal intensity compared to normal Raman

signal intensity of the same molecule under the same investigation environment. Depend-

ing on the application and nature of SERS substrates, the EF is evaluated in different

ways. For simplicity, researchers evaluate analytical enhancement factor (AEF) using the

following equation.

AEF =
ISERS × CR
IR × CSERS

(1.21)

where ISERS and IR are SERS and Raman signal intensity of analyte molecule respec-

tively. CSERS and CR are concentrations of same analyte used to measure SERS and

Raman signal intensity. In this equation, it is assumed that both ISERS and IR linearly

varies with incident power density and analyte concentrations. However, ISERS implies
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the scattered Raman signal intensity for surface absorbed analyte molecules only. There-

fore, to calculate the EF of SERS substrate following equation is widely used by the

researchers.

EF =
ISERS ×NREF

IREF ×NSERS

(1.22)

where ISERS is the SERS signal intensity, IREF is the reference Raman signal intensity,

NREF and NSERS are the number of molecules within the excitation volume on the

reference substrate and on the sensing region of the SERS substrate respectively. The

number of molecules within the excitation volume is calculated by using the relation N =

V cNA where, V is the volume of the analyte excited by laser spot, c is the concentration

of analyte and NA is the Avogadro’s number. This expression has been extensively used

in evaluating the average EF [24, 26-28] of a SERS substrate. Some parameters such as

wavelength, incident angle, polarization, substrate orientation with excitation source etc.

also influence the SERS EF. Substrate fabrication parameters such as material, shape and

size of the structures, nature of the substrate also suborned the SERS EF. Adsorption

properties of analyte on the substrate and surface coverage also affect in SERS EF. For

instance, for metal nanosphere [29-36] size, spacing between dimmers and periodicity; for

nanotriangle and nanoprism [37, 38] metal thickness, edge length and corner truncation

and roundness; for nanovoid [39-41] metal thickness and diameter to depth ratio; and for

nanowire and nanorod [42-52] alignment, diameters, length and gap influence the SERS

enhancement.

1.4 SERS substrate

The metal nanostructures platform that supports strong plasmon resonance can enhance

weak Raman signals from the trapped analyte. SERS enhancement is typically due to

resonance plasmon response of the substrates, that strongly depends on wavelength. A

SERS substrate will exhibit good enhancement upon excitation with a proper wave-

length source. Generally SERS substrates are designed to operate between 400-1000

nm excitation wavelength. While considering to design a SERS substrate it should

necessarily (a) provide higher order of enhancement, (b) have larger surface area, (c)

highly reproducible, (d) higher scattering volume and (e) easy to develop (not always

applicable). Depending on the requirements and applications, different approaches have

been adopted for development of SERS substrate. The SERS substrates can be broadly

classified into three sub-categories-

1. Roughen metal electrode
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2. Metal nanopartilce colloid

3. Metallic nanostructure array on planer substrates

1.5 Different approaches to develop SERS substrate

A large number of techniques have been adopted for the development of SERS sub-

strate. To design SERS substrate, basically wet chemical bottom-up method and top-

down lithographic techniques are used. In early stage of this field, roughened metallic

electrodes were used as SERS substrate. The roughen electrodes were generally obtained

through oxidation and reduction cycles in electrochemical cell. These methods gener-

ate non-uniform substrate with roughening feature size of 25-500 nm [53]. This kind of

substrates are relatively easy to generate but it suffers low SERS enhancement. With

the advancement of etching technique substrate with uniform and controlled roughness

with feature size as small as 100 nm is achievable [54]. Due to its simplicity and low-

cost approach, this technique is still an active area of interest [55]. Metallic nanoparticle

colloidal solution is extensively used as SERS substrate as it is easy to design and pro-

duce higher order SERS enhancement [56]. Detection of single molecule has also been

demonstrated with such substrate [57]. Spherical nanoparticle colloids mostly of Au or

Ag are the first and most widely used colloidal SERS substrate. Other complex shapes

such as nano prism, nanorods, nanostars, nanotriangles, nanocubes etc. [53] fabricated

using seed mediated growth technique have been used for different SERS based studies.

More complex structures- branched metal Nanoflowers [58], polyhedral nanocrystals [59]

and capped dendritic Au NPs [60] have also been fabricated. However, these kinds of

substrates yields poor reproducibility due to random distribution of nanoparticle aggre-

gation. By immobilizing the metal nanoparticles on solid surface the poor reproducibility

of metal nanoparticle colloids can be reduced. Generally, chemical functionalization or

self-assemble techniques are used to attach metal nanoparticles [61] on the substrate.

The reproducibility of SERS substrate can be improved by fabricating ordered

array of nanostructures on plane substrate. Techniques such as electron-beam lithogra-

phy (EBL) [62, 63], focused ion beam lithography (FIB) [64-66], nanosphere lithography

(NSL) [67, 68], nanoimprint lithography (NIL) [69-71], in general are used to generate

reproducible SERS substrate. The EBL technique is based on the principle that resist

change their property upon expose to the electron beam. In this technique, the desired

pattern to be fabricated, is printed on the resist through electron beam. Direct writing
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ability of FIB technique enable it to generate nanostructured substrate with different

geometries. This technique is based on direct sputtering or milling of deposited thin

metal layer. Both the EBL and FIB techniques are time consuming and costly process.

Further, designing of SERS substrate through these processes demand very sophisticated

instruments and laboratory setup. NSL is a highly flexible, inexpensive nanofabrica-

tion approach with control over nanostructures shape and size [72]. A monolayer of

nanospheres typically of polystyrene is self assembled on a plane substrate which acts

as a deposition mask. Other techniques such as spin coating, dropcasting, Langmuir-

Blodgett etc. [73, 74] are also used for nanosphere deposition. Upon deposition of metal

film on the mask using physical vapor deposition technique etching out of nanospheres by

sonication results triangular shaped metal nanostructures array in the interstitial sites.

Again, by using NIL technique a homogeneously patterned large area SERS substrate can

be produced [69-71]. A rigid mask with desired nanopattern is developed using EBL tech-

nique and the pattern is transferred to polymer coated substrate. Metal film is deposited

on the patterned substrate for SERS response. Before going for metal deposition one

can go through etching process to get the desired pattern followed by metal deposition.

The NIL technique is simple and cost effective and substrate can be largely reproducible.

Difficulties in transferring of metal film on to desired substrate and fabrication of high as-

pect ratio structure are the main disadvantages of this technique. The SERS substrates

produced by different fabrication techniques and their applications are summarized in

table 1.1.

Table 1.1: Summery of different SERS substrate developed by different techniques

Substrate

type

Developing

method
Architecture

Material

and base
Parameters Remarks

Roughen

electrodes

[55, 75-77]

Electrochem-

ical roughen

nanoparticle,

nanocube

Palladium

(Pd),

Copper

(Cu),

Silver

(Ag), Alu-

minium

(Al)

EF few

hundreds to

105,

Relative

standered

deviation

(RSD)= 12

%

Detection of

chemicals,

toxins etc.
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Nano

colloide

[78-88]

chemical

reduction,

seed

mediated,

polyol

process etc.

nanocluster,

nanorod,

nanoparticle,

nanocube,

nanostar,

nanoshell

Gold (Au),

Ag

EF= 103 -

1014,

Intensity

variation

upto 35 %,

Detection

limit upto

single

molecule

Detection of

chemicals,

biomolecules,

pesticides,

toxin,

tracking of

targeted

drug etc.

Lithograp-

hic

base

EBL [63,

89-94]

circular,

triangular

and square

shaped

nanoparticle,

nanocones,

nanoprism,

nanohole,

nanodisk,

nanogrid,

bowtie,

nanopillar

etc.

Au and Ag

nanostruc-

ture on

silicon and

quartz

substrate

EF= 104 to

1011, Signal

intensity

deviation

11.5 %

Used for

detection of

biomolecules,

toxic

chemicals,

acids etc.

FIB [64-66]

nanorod,

hexagon,

shield,

pentagon and

kite like

nanostruc-

ture

Au and Ag

on Si

substrate

EF= > 107

chemical

sensing,

virus

detection.

NSL [95-99]

nanotriangle,

nanocap,

nanobowl,

nanosphere,

nanohole,

nanodisk,

nanopillar

Au and Ag

on Si and

quartz

base

FE= 104 to

1012 RSD=

< 5%

chemical,

biosensing
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NIL [100-108]

nanodisk,

nanotriangle,

nanovoid,

nanodome,

nanocone,

nanopillar

Au, Al, Ag

on PDMS,

PET

sheet,

polycar-

bonate

sheet, Si,

quartz

base.

EF= 103 to

108, RSD=

9% and

more,

biodetection,

chemical

detection,

pesticides

detection.

Biosilica

[109-111]

Self-

assembles,

Inject

printing

nanoparticle

Au, Ag on

diatom

frustule

Concentrati-

on as low as

10 pg/mL

biosensing,

explosive

chemical

detection.

Rose petal

[112, 113]

dropcast,

physical

vapor

deposition

nanoparticle,

nanolayer
Ag

EF=109,

RSD=< 6

%, concen-

tration as

low as 10−13

M

Chemical

detection.

DVD

[114-116]

coating, elec-

trochemical

deposition,

sputtering

particle, wire Al, Au, Ag

EF= 104 to

106, RSD=

12-17%

acid and

chemical

detection

Paper

[117-119]

evaporation,

dipped in

solution,

dropcasting

nanorod,

nanostar,

nanoparticle

etc.

Ag, Au

EF= 107

RSD= 6.19

%, as low as

0.6nM

Pesticides

detection,

chemical

sensing,

biomolecule

sensing.
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Other

nanostructure

immobilizing

on solid

support by

some means

like self

assembled,

dropcast,

PVD, dipped

etc. [51,

120-122]

nanorod,

nanoisland,

nanowire,

nanoparticle,

nanocube,

nanostar

Au, Ag

EF=109

LOD= 0.3

mg/L

Chemical

sensing,

food con-

tainment,

Pesticides.

AAO

template for

transferring

nanostruc-

ture on to

solid support

[123-128]

nanocrater,

nanoparticle,

nanorod etc.

Au, Ag on

Si, Cu

EF=109

RSD=<

5%, concen-

tration as

low as 10−14

Pesticides,

toxin in

food,

biomolecules.

Recent years have witnessed extensive research work related to development of SERS

substrates by some new techniques and subsequently demonstrated the designed SERS

substrate for different applications. Zhong et.al [129] prepared a self assembled Au and

Ag core shell nanocube on polyvinyl chloride (PVC) base for onsite water pollutant

monitoring. The group has synthesized Au and Ag core shell nanocube and immobi-

lized them on PVC template and finally a thin film of Au was coated by dipping the

nanocube immobilized PVC template into HAuCL4 solution. With the designed SERS

substrate, detection of thiram concentration as low as 0.1 ppb was reported. Fouad K

et.al [130] developed a SERS substrate through attaching Au nanorod on Au coated Si

substrate. The Au nanorods were immobilized on Au coated Si substrate by incubating

the nanocolloid dispensed substrate for 5 days. The substrate has been used for detection

of carbaryl in orange juice, grape juice and milk. Seungyoung Park et.al [131] developed

a flexible SERS substrate by embedding gold nanostar in polydimethylsiloxane (PDMS)

film. The synthesized gold nanostars were dip-coated on poly(diallyl dimethylammonium)

(PDDA)coated Si substrate. The PDMS was poured on gold nanostars assembled Si sub-
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strate and allowed to cure. Then, the cured PDMS was pilled off from the Si substrate.

The substrate yields an enhancement factor of 1.9 × 108 while measuring Raman signal

intensity from benzenethiol. Porous alloyed Au-Ag nanosphere array has been demon-

strated as reproducible SERS substrate by Tao Zhang et.al [132]. Initially polystyrene

microspheres were self assembled on Si substrate. Then an Au layer was coated by sput-

tering followed by annealing at certain temperature. The annealed substrate was then

coated with Ag film and annealed again resulting in alloy of Au-Ag nanosphere SERS

substrate. The substrate yields a good degree of reproducibility with RSD value 7.7%

and EF of 4.37 × 107. Dip-coating triangular silver nanoplates onto cotton fiber have

also been demonstrated as SERS substrate [133]. The usability of the substrate has been

demonstrated for detection of pesticides. With this substrate 10 mM p-aminothiophenol

has been detected with a maximum RSD value of 17%. In another work Kim et.al [107]

have demonstrated Ag nanoparticle coated polyurethane acrylate nanopillar as SERS

substrate. The polyurethane acrylate nanopillars were fabricated by etching through

AAO template and Ag nanoparticles were attached by dipping it into the synthesized Ag

colloidal solution. The substrate yields a maximum EF of 2.8 × 106 and RSD value of

9%. Binbin Jin et.al [134] have demonstrate Ag deposited lotus seedpod like structure as

SERS substrate for detection of Alzheimers disease at its curable stage. The substrate

was fabricated using NSL technique and it yields RSD from 4.1% to 8%. Naturally avail-

able micro/nanostructures have also been exploited for development of SERS substrate in

recent years. Sharma et.al [106] have demonstrated the development of SERS substrate

by transferring microstructure of plant leaf using soft lithography technique. Small pieces

of leaf sample were fixed on glass and then polyvinylsiloxane (PVS) was dispensed on it

followed by application of acute pressure. Upon curing, the mold was pilled off, resulting

a negative template. The negative template was replicated to obtain positive structure.

Synthesized Au nanoparticles were dropcasted onto the positive structure and dried to

obtain the desired SERS substrate. With this substrate two herbicides were detected

at nanomolar concentration level. Detection of methylene blue concentration as low as

0.1nM with RSD value of 10.4% has been demonstrated using that technique.

1.6 Scope of the thesis and statement of the thesis

problem

The field of SERS has drawn significant interest towards its applicability in different

fields of study. Obtaining a SERS substrate with good degree of reproducibility, longer
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durability and high EF at an affordable cost is has been a long standing goal among

researchers. This thesis work emphasize on obtaining of SERS substrate by adopting

different low-cost approaches. It is needless to state that extensive research works are

currently going on across the globe to obtain SERS substrates with different low-cost

approaches. Most of the reported works do not meet all the features of SERS charac-

teristics. For instance, the electrochemically roughen electrodes SERS substrates can

be obtained at an affordable cost but it suffers from poor EF and reproducibility. Col-

loidal nanostructures can produce high EF but it yields low reproducibility. Though

highly reproducible SERS substrates can be developed by using lithographic techniques,

these techniques demand professional trainer for sample preparation and equipment op-

eration, expensive, sophisticated instruments and laboratory facility, which eventually

makes these substrates costly leading to limitation in its popularity. In this thesis work,

an effort has been made to obtain SERS substrates through some inexpensive methods.

The main idea is to design SERS substrates with high EF, better sensitivity, good de-

gree of reproducibility by using minimum resources and instruments possible, that could

emerge as a potential alternative to other sophisticated techniques. The first phase of

this thesis work is focused on simulation of different metal nanostructures that generate

strong LSPR field and using simulation tool. The optimized structure has been fabricated

using EBL technique and the performance of the generated substrate has been evaluated

by measuring Raman signal intensities for a Raman active sample. As this process is

time consuming and expensive, in the next phase, low-cost techniques to obtain SERS

substrate have been proposed. These techniques include obtaining of SERS substrates

from diatom and printing grade papers. Au nanoparticles are incorporated in the surface

and pores of the diatom frustule to obtain the SERS substrates. Similarly, by incorpo-

rating Ag nanoparticles in the micropores of printing grade paper SERS substrates have

been obtained. These substrates have been initially characterized by measuring Raman

signals from Raman active samples and its usability has been realized by detecting and

quantifying fluoride level concentration in drinking water, glucose and artificial urine.

These substrates yield good degree of Raman signal enhancement and reproducibility. In

the third part, using gold coated electrospun polyvinylalcohol (PVA) nanofibers, low-cost

SERS substrates with an acceptable reproducibility and relatively longer durability have

been developed. After reliable characterization of the designed substrate using malachite

green sample, the substrate has been used for detection of harmful pesticides commonly

used in agriculture. In the final part of the thesis work, nano channels of blu-ray DVD

(BRDVD) has been exploited for development of SERS substrate. Au nanoparticles are

incorporated on BRDVD substrate and used for detection and quantification of three

clinically important parameters in urine sample. This substrate yields high EF, good
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degree of reproducibility and longer durability which can be obtained at an affordable

cost.
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