
CHAPTER 1

INTRODUCTION

1.1 The need for molecular sensing

Over the past few decades, molecular sensing has emerged as one of the important area

of research and has gained a wide attention across various disciplines that include phys-

ical sciences, chemical sciences, biological sciences, clinical diagnostics, environmental

protection, defence and security, and other related fields. For human body, there is a

need for the detection and analysis of disease biomarkers, proteins, antibody and ge-

netic materials. Arround us, there are large number of toxic and non-toxic compounds

which are required to be monitored regularly. The industrial and agricultural wastes,

micro-nanoplastics are among the few that have caused a huge risk to the acquatic

lives [1–3]. Highly toxic pesticides, food preservatives, artificial food colours are caus-

ing serious health issues [4]. Again, in this globally interconnected world, there is a

serious threat of spreading infectius diseases and pathogens, like the recent coronavirus

disease (COVID-19) caused by the SARS-CoV-2 virus. In the field of medicine, there

is a need for analysis of developed drugs, and their actions and reactions. The ana-

lytes can be a small molecules (like gases), ions, upto larger particles (like proteins)

and living cells. Several techniques that are available to detect and identify the inter-

action between molecules, particles and interfaces are utilised in the development of

sensors and in sensing applications. In the modern day, the analytical techniques like

microscopy, spectroscopy, electrochemical methods, mass-spectrometry, microfluidics,

and other tools are also evolved such that highly sensitive, rapid and reliable molecule

sensing are possible. Among these techniques, Raman scattering has emerged as one of

the important and widely used sensing tool mainly as it provide the unique fingerprint

of a molecule.

1.2 Raman scattering

The phenomena of inelastic light scattering by molecules was first discovered by Sir

C. V. Raman and K. S. Krishnan in the year 1928 [5]. When light interacts with a
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Figure 1.1: Energy level diagram for Rayleigh scattering, Stokes scattering and anti-
Stokes scattering.

molecular sample, most of the light photons are scattered elastically with a frequency

same as the incident light (ν0), and it is called as Rayleigh light. In addition to this,

few of the incident light photons undergo inelastic scattering with a shift in frequency

(ν0 ± νvib) from the incident light, and this phenomenon is called Raman scattering.

Here, νvib is the vibrational frequency of the analyte molecule. The frequency shift of

the scattered photon from the incident light to lower frequency (ν0 − νvib) and higher

frequency (ν0 + νvib) are called Stokes shift and anti-Stokes shift, respectively. For

a particular molecule, these frequency shifts in the Raman spectum represents the

vibrational modes which is the unique characteristic of the molecule, and therefore,

record the fingerprint of a specific molecule present in the sample [6].

1.2.1 Origin of the Raman spectra

According to classical theory, the origin of the Raman spectra can be explained from

the change of polarizability of the molecule. Polarizability represents the molecules’

ability to interact with the incident electric field, and is determined by the electron

cloud. Electric field of an incident electromagnetic wave is represented as:

E = E0cos(2πν0t). (1.1)

Here, E0 represents the vibrational amplitude and ν0 is the incident laser frequency.

The induced electric dipole moment (P) of a diatomic molecule can be expressed by

the following equation when irradiated with this electromagnetic wave as:

P = αE = αE0cos(2πν0t), (1.2)
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where, α represents the polarizability of the molecule. The molecular displacement

(q) of the molecule vibrating with a frequency νvib can be written as [6]:

q = q0cos(2πνvibt). (1.3)

Here, q0 represents the vibrational amplitude. For a small amplitude of vibration,

polarizability (α) is a linear function of displacement (q). It can be represented as:

α = α0 +

(
∂α

∂q

)
0

q + ... (1.4)

Here, α0 is the polarizability and
(

∂α
∂q

)
0
is the rate of change of α with respect to

q, at the equlibrium position. From the equaltions 1.2, 1.3 and 1.4, P can be expressed

as:

P = α0E0cos(2πν0t) +

(
∂α

∂q

)
0

q0E0cos(2πν0t)cos(2πνvibt)

= α0E0cos(2πν0t) +
1

2

(
∂α

∂q

)
0

q0E0 [cos {2π(ν0 + νvib)t}+ cos {2π(ν0 − νvib)t}] .

(1.5)

From the classical electrodynamics, the first term in the equation 1.5 represents an

oscillating dipole radiating a electromagnetic wave of frequency ν0 (Rayleigh scatter-

ing). The second term represents two oscillating electric fields of frequencies ν0 + νvib

(anti-Stokes) and ν0−νvib (Stokes). For a molecule to be Raman active, rate of change

of polarizability (α) with the molecular vibration or
(

∂α
∂q

)
0
must be non-zero.

According to the equation 1.5, the intensity of Stokes and anti-Stokes Raman lines

should be same. However, in the experimental Raman spectra the intensity of Stokes

lines are found to be more compared to the anti-Stokes signal. This discrepancy can be

addressed with the quantum mechanical approach of the origin of Raman signals. Here,

the incident laser photon of frequency ν0 and energy Ein = hν0, excites the molecule

to a virtual energy state. Three outcome from this situation are possible when the

molecule relaxes to a lower energy state as describe in the figure 1.1. In the first case,

if the molecule relaxes to the same ground state, it emits a scattered photon of energy

Esca = hν0, same as the incident photon (Rayleigh scattering). In the second case,

the excited molecule relaxes to a higher vibrational state emitting a photon of energy

E = hν0−hνvib, which is less than the incident photon (Stokes scattering). In the third

scenario, the molecule is initially in the higher vibrational energy state and exicites to

the virtual state. If the molecule relaxes to the vibrational ground state, the emitted

photon has the energy Esca = h(ν0 + νvib), which is higher than the incident photon

(anti-Stokes scattering). At room temperature, as there are generally more molecules in
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Figure 1.2: Schematic representation of SERS.

the ground state than in higher vibrational states, probability that a scattered photon

will be anti-Stokes is significantly lower than the Stokes line. As a result, the anti-

Stokes Raman signal has a lower signal intensity than the Stokes Raman scattered

signal. For this reaseon, the majority of Raman instruments are made to record the

Stokes Raman scattered signal.

Among the various analytical techiques, Raman spectroscopy is one of the impor-

tant techniques for analysis of molecular stuctures. The main advantage of the Raman

spectroscopy in molecular sensing is the observation of unique fingerprint as Raman

spectral bands. In addition, Raman is rapid technique (only few seconds are needed

to collect one spectrum), and very small sample volume is required as the diameter of

the laser beam is very small (normally less than 1-2 mm). Water being a very weak

Raman scatterer, it interfares very little in the Raman spectra collected from chemi-

cals and biomolecules in aqueous solutions. But, due to the low scattering cross section

∼10−30 cm−2, only few in a million of incident laser photons undergo inelastic scatter-

ing. This leads to a extreamly low intensity Raman signal which hampers the direct

application of Raman spectroscopy for the detection of low concentrations of analyte

molecules. This specific limitation of Raman spectroscopy can be addressed with the

development of surface-enhanced Raman spectroscopy where the low intense Raman

signals are enhanced in the presence of noble metal nanoparticles. Figure 1.2 depicts

the underlying phenomenon that is responsible for generating enhanced Raman signal

from the analyte.

1.3 Surface-enhanced Raman scattering (SERS)

Surface-enhanced Raman scattering (SERS) is a commonly used sensing technique in

which inelastic light scattering by molecules is greatly enhanced when the molecules

are adsorbed onto roughened metal surfaces such as silver or gold nanoparticles [7–17].
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Figure 1.3: Illustration of the localized surface plasmon resonance effect and hot-spot.

The high enhancement of the Raman signal enables the detection and analysis of low

concentrations of varoius chemicals and biomolecules which was difficult earlier with

normal Raman spectroscopic technique.

After several decades of the discovery of Raman scattering, in 1974, Fleischmann

and co-workers had discovered this interesting phenomenon related to Raman scattering

process. Raman signal intensity of pyridine was found very high when adsorbed on

electrochemically roughned silver electrode [18]. Initial assesment was that this high

enhancement was due to increase in surface area of the roughened electrode. In the year

1977, this enhancement phenomenon was identified as occuring only in the presence of

noble metal electrodes by two independent groups of Jeanmaire and Van Duyne [19],

and Albrecht and Creighton [20]. Moskovits had connected the SERS intensities to

enhanced electric fields arising due to the localized surface plasmons in nanostructured

metals [21].

1.3.1 SERS enhnancement mechanisms

The high enhancement of the Raman signals of a molecule adsorbed on a metal su-

face can be explained by two mechanisms: chemical enhancement and electromagnetic

enhancement mechanisms. Chemical enhancement in SERS occurs due to the charge

trasnfer from the adsorbed analyte molecule from the nanoparticle substrate, and is

responsible for the SERS enhancement of the order of ∼ 10− 103 [22–24]. Most of the

SERS signal enhancement is due to the contribution of electromagnetic enhancement

which is of the order of as high as ∼ 1010−1011 [25]. The electromagnetic enhancement

which is highly dependent on the plasmonic material, size and shape, orientation and

distribution of the nanostructures, etc., is crucial for development of sensitive SERS

substrates.
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Localized surface plasmon resonance (LSPR)

When an electromagnetic wave interacts with the noble metals (gold and silver), the

surface free electron on the metal starts oscillating due to incident electric field. Ac-

cording to the classical electromagnetic theory, this electron cloud oscillating with the

positive core acts as an oscillating electric dipole and radiates electromagnetic wave.

For a larger metal structures like metal nanofilm, this electric field propagates on the

metal surface and is called surface plasmons. For metal nanostructures like nanopar-

ticles as described in the figure 1.3, the generated electric field is localized near the

nanoparticles and is termed as localized surface plasmon. In localized surface plas-

mon resonance (LSPR), the incident electric field frequency and the characteristic

vibrational frequency of electrons are same, and a maximum electric field intensity is

obseved [26, 27].

Electromagnetic enhancement mechanism

During the interaction of an electromagnetic wave with the metal surface, the electric

field at the surface and near the metal is different from that found in the far field region.

For a rough metal surface, the electromagnetic wave generates LSPR which results in

an amplification of the electromagnrtic field near the metal surface. This strong electric

field enhances the intensity of the scattered Raman signal. This SERS enhancement

mechanism is commonly known as electromagnetic enhancement mechanism, and is

important for the understanding of SERS enhancement [23].

E4 Enhancement

The overall SERS intensity (ISERS) depends on both incident (ν0) and scattered (ν0 −
νvib) electric field as [13]:

ISERS = Iν0Iν0−νvib = |E(ν0)|2 |E(ν0 − νvib)|2 . (1.6)

Therefore, for optimal SERS enhancement to occur, the metal nanostructure’s plas-

mon peak must be in resonance with both the incident (ν0) and Stokes Raman shifted

(ν0 − νvib) radiation. For a particular Raman band, if incident and Stokes Raman

frequency are close enough, the SERS intensity can be approximated as:

ISERS ≈ |E(ν0)|4 . (1.7)

Thus, SERS signal intensity can be regarded as approximately the fourth power of

the incident electric field [28].
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Distance dependance

The electromagnetic theory of SERS indicates that the analyte molecule need not to

be direct contact with the metal nanoparticle. If it is within a certain sensing volume,

the SERS enhancement can be observed. Since the electric field around a nanosphere

decays with distance (r) according to E(r) = r−3, the distance dependance of SERS

intensity can be found using equation 1.7 as: ISERS = r−12. If two nanoparticles or

nanostructures are close enough, the indivisual LSPR fields are coupled, and a very high

electric field intensity can be observed in a particular position (hot-spot) as illustrated

in the figure 1.3 [29].

1.3.2 SERS substrate

SERS substrate is a plasmon-resonance supporting structure that produces suitable

Raman amplifications. After illumination with laser light, strong localized electric

field are generated near the nanostructures. The analyte molecules adsorbed on this

metallic structure provide enhanced Raman signal intensity as described in the section

1.3.1. Detail description of different SERS substrategies have been discussed in the

Chapter 2.

1.3.3 Enhancement factor (EF)

One very important parameter in SERS experiment is the enhancement factor (EF)

[30]. It represents how much a Raman signal is enhanced compared to normal condition

(non-SERS). Measurement of EF of a SERS substrate is required for understanding

the origin of SERS and physical mechanism behind the SERS enhancement [29].

Maximum enhancement factor (EFmax)

Maximum enhancement factor (EFmax) is obseved from hot-spot regions in a SERS

substrate where the high electric fields are concentrated and the analyte molecules are

adsorbed. EFmax for spherical nanoparticles can be of the order of ∼ 106. Depending

on the shape, size and material of the nanostructre, This value can be as high as

∼ 1010 − 1011. These substrates are usually employed in the single molecule sensing or

other analytical techniques where a very high sensitivity is required [30].

Average enhancement factor (EFavg)

While measuring average enhancement factor (EFavg), the enhancement is considered

from all possible positions on the nanostructured metallic surface. Analyte molecules

adsorbed randomly on the SERS substrate contributes to the signal enhancement.

Typical values for EFavg lies in the range of ∼ 105− 106 for standard SERS substrates.
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It is possible to achieve the EFavg as high as ∼ 107 − 108, which are considered to be

good SERS substrates [30].

EFavg of a SERS substrate can be estimated using the following equation:

EFavg =

ISERS

NSERS

IRaman

NRaman

, (1.8)

where, IRaman and ISERS represent normal Raman scattering and SERS intensities,

respectively. NRaman and NSERS represents the number of analyte molecules probed

for normal Raman scattering and SERS measurements, respectively.

1.3.4 Reproducibility

Another very important characteristic to be considered for a SERS substrate is repro-

ducibility. It is the measure of signal intensity variation in the SERS substrates. After

treating with a analyte molecule, the Raman spectrum is collected from several points

on the SERS substrate. For a particular characteristic peak of the analye, relative

standard deviation (RSD) of the intensity values is collected. SERS substrate with

RSD value less than 20% or reproducibility greater than 80% can be asumed to be a

good SERS substrate. To check batch-to-batch reproducibility, the SERS substrates

of the same batch when manufactured are treated with the analyte samples of same

concentration. Then Raman signals from these samples are collected and RSD values

of spectral intensity from the substrates are calculated [31, 32].

1.3.5 SERS probes

SERS probes are the molecules to be detected that are adsorbed on the SERS sub-

strates. Raman signal intensities varies significantly for different probe molecules and

incident laser wavelengths. For example, dye molecules with electronic energies close

to the exciting laser energy provides high Raman enhancement. The probe molecule

has to be adsorbed efficiently on the metal surface, such as molecule with thiol group

has strong affinity with silver and gold. The probes can be attached through electro-

static interaction and surface functionalization of the SERS substrate. Raman active

molecules can be attached with the SERS substrate (by chemical modification if re-

quired) and analysed using SERS techniques. But, maximum enhancement can not be

achieved for different analytes with same SERS substrate. For a weak Raman active

molecule, different SERS experimental parameters (material, nano structures, molec-

ular adsorption, laser power and wavelength, etc.) can be adjusted and optimized for

maximizing the signal enhancement and reliable detection [29].

8



1.4 Statement of the research problem and research

motivation

Design and development of SERS-based sensing systems, and their subsequent appli-

cations in the field of molecular sensing have emerged as a popular area of research

in recent time [56, 57]. For a reliable SERS detection, the SERS substrate has to

provide higher order signal enhancement, larger surface area for adsorption of analyte,

and reproducible Raman signal. There are a large number of literature available that

demonstrate different types of SERS substrates and fabrication strategies as discussed

in Chapter 2. However, for the electrochemically roughned metal electrode SERS sub-

strates, the fabrication procedure is very rapid and simple. But, these SERS substrates

sufferes from the low Raman intensity and poor signal reproducibility. Single molecule

detection is possible with the colloidal nanoparticles that generate maximum SERS

enhancement after appropriate substrate modification. The sensing system too suffers

from low signal reproducibility. Although lithographic techniques can be used to cre-

ate highly reproducible SERS substrates, these methods require specialized training

for sample preparation and equipment operation, as well as expensive, sophisticated

instruments and laboratory space. The complicated substrate fabrication procedure,

the high cost of these substrates with the expensive Raman spectrometer setup limits

the use of SERS as a sensing method to some extent compared to the colorimetric,

fluorometric, and electrochemical sensing methods. However, keeping in mind all the

benifits of SERS as a alternative sensing platform as discussed in the previous sections,

research groups across the world are working extensively on the development of the

SERS substrates utilizing the naturally avalible nanostructured materials. Such devel-

opment will be extremely benificial for countries with limited resources like India to

solve various diagnostic, environmental and agricultural-related problems. Given the

current state of the problem, present thesis work aims towards development of sensi-

tive and reproducible SERS substrates on low-cost platforms that can be utilized for

sensing chemicals and biomolecules.

1.5 Scope and contribution of the thesis

In this thesis work, SERS substrate fabrication strategies using inexpensive methods

have been explored. The primary goal is to develop SERS substrates with high EF,

enhanced sensitivity and good degree of reproducibility while utilizing the simple tools

and resources possible. These substrates are envisioned to be emerged as a potential

alternative to other sophisticated techniques.

In the first phase of this thesis work, simulation studies have been performed to

get the infrmation about the localized electric field generated due the interaction of
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metal nanoparticles and the incident laser. The intensity and distribution of this

electric field depends on several parameters, like- size, shape, material, environment,

separation between the particles, polarization of the incident light. All the simulation

works have been performed using the finite element method (FEM)-based COMSOL

Multiphysics software (Wave Optics Module).

In the next phase, transparent and flexible SERS substrates have been fabricated

by drop-casting AgNPs on polyethylene terephthalate (PET) sheet. Malachite green

(MG) has been used as a probe molecule to study the characteristics of the fabricated

SERS substrates. SERS signals have been collected from the front surface and the rear

surface of the transparent substrate. The intensity of the scattered light collected using

the Raman spectrometer is found to be more when collected from the rear side of the

substrate compared to the other case. This observation has been verified by studying

the localized electric field distribution using COMSOL Multiphysics simulation soft-

ware. These plastic-based SERS substrates have been utilized in sensitive detection of

profenofos and cypermethrin pesticides in water samples.

After this, another SERS substrate has been proposed with better EF and repro-

ducibility. The commercially available BR-DVD has well defined nanochannels where

plasmonic nanoparticles could be trapped. In the substrate fabrication process, AuNPs

have been drop-casted on the BR-DVD surface containing the periodic nanochannels.

The developed substrates were then treated with MG and 1,2-bis(4-pyridyl)ethylene

(BPE) to study the performance in terms of sensitivity and reproducibility. The sub-

strates provide an EFavg of 3.2 × 106 and signal reproducibility of 94% with a rela-

tively low fabrication cost INR 16 (∼ $0.2) per substrate. The applicability of the

substrates in biomolecule sensing have been explored by detecting rotavirus RNA sam-

ples in laboratory condition. The experimental results have been compared with a

commercial-grade SERS substrate.

In the next work, printing-grade papers are explored to develop a sensitive, low-cost,

flexible, and disposable SERS substrate for the regular monitoring of viral antigens.

AgNPs are drop-casted over the commercially available 85 and 100 grams per square

meter (GSM) papers to fabricate the SERS substrates. The performance of the sub-

strates are initially realized by detecting and analyzing MG and rhodamine 6G (R6G).

The 85 GSM paper SERS substrates have EFavg of 5 × 106 and signal reproducibil-

ity is 90% with a relatively low fabrication cost INR 5 (∼ $0.06) per substrate. The

substrates were utilized to detect rotavirus particles in clinical stool samples. The

experimental results have been compared with a commercial-grade SERS substrate.
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