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(15)Raman spectroscopy is a non-destructive technique that provides 
 molecular fingerprint, an information which is highly desired in the fields of 
 chemistry, environmental science, biology, medicine, and nanotechnology. The 
 low scattering cross section of Raman effect hindered its applicability to a large 
 extend and this lead to the development of a new technique with extreme 
 sensitivity and selectivity. In this new technique known as surface enhanced 
 Raman spectroscopy (SERS), molecules are attached to nanometer sized 
 metallic structures, and results in strongly enhanced Raman signals. The order 
 of Raman signal enhancement is upto 1012-1014 which enables detection of even 
 a single molecule. The inherent ability of Raman spectra to identify specific 
 molecules along with the advantages of SERS such as narrow spectral 
 bandwidths, ability for fluorescence quenching, capacity to be used with or 
 without optical labels, etc., make it a good choice for cellular imaging and 
 biosensing, detection of chemical and bioanalytes, explosives, etc. 


Enhancement mechanism in SERS is mainly divided into two: 


electromagnetic enhancement (EM) and chemical enhancement (CE), EM 
 enhancement being the dominant. EM enhancement is due to the enhanced 
 electric field produced in the vicinity of metal nanostructure during localized 
 surface plasmon resonance (LSPR).  Generally, SERS substrates include 
 nanocolloids, roughened electrodes and periodic nanostructures, made of 
 coinage metals like silver, gold and copper that exhibit LSPR in visible spectra 
 region. The SERS efficiency dramatically increases when molecules are 
 adsorbed to “hot spots” in SERS substrates. Although this can be achieved 
 through sophisticated lithographic methods, these approaches face difficulties 
 such as time consumption, cost and scale-up issues.  The field lacks fabrication 
 of cost-effective SERS active substrate over a large area with uniform array of 


"hot spots" in a reproducible way, to be implemented in practical applications. 



(16)reproducible SERS substrate in a cost-effective way using silver nanotriagular 
 arrays via nanoimprinting technique. Also a recyclable SERS substrate has 
 been developed by decorating silver nanoparticles onto titanium dioxide 
 nanorods. The second part of the thesis is about investigation of electromagnetic 
 and chemical enhancement mechanisms. Correlation between excitation 
 wavelength and surface plasmon resonance wavelength for observing SERS is 
 investigated using gold nanotriangular arrays. Photo-induced charge-transfer 
 mechanism in TiO2 nanostructures is also investigated. Last part of the thesis is 
 the demonstration of bio and chemical sensing applications of SERS. Label- 
 free DNA detection and food adulterant detection by SERS is successfully 
 demonstrated. 


Chapter 1 is devoted to the basic principles of Raman spectroscopy, its 
 instrumentation and an overview of surface enhanced Raman scattering 
 (SERS). The various enhancement mechanisms, evolution of SERS active 
 substrates and its application in various fields are described in detail. 


Chapter 2 deals with the development of  colloidal SERS active 
 substrate using silver nanocubes synthesized via solvothermal method. Finite- 
 difference time-domain simulation is carried out in detail to visualize dipole 
 generation in nanocube during localized surface plasmon resonance and to 
 locate the respective "hot spots" in silver nanocubes responsible for the huge 
 Raman enhancement. The prediction is verified by the SERS analysis of the 
 synthesized nanocubes using Rhodamine 6G molecule. An excellent sensitivity 
 with a detection limit of 10-17 M and an enhancement factor of 1.2×108 confirm 


"hot spots" in the nanocubes. SERS activity is also performed for crystal violet 
 and for food adulterant Sudan I molecule.  


Chapter 3 highlights the fabrication of patterned or periodic SERS 
substrates with uniformly distributed "hot spots". These substrates possess 
spatial reproducibility as well as sample to sample reproducibility. The silicon 



(17)SERS substrate is replicated from the silicon master using a commercially 
 available replication kit. In addition to the reproducibility in SERS 
 enhancement, the method also offers fabrication of an economic SERS 
 substrate. But the sensitivity is low due to the lesser number of "hot spots" in 
 the detection volume. To fabricate a patterned substrate with very high 
 sensitivity, nanotriangular array based SERS substrate is designed. Large area 
 arrays of nanotriangular pits are successfully fabricated via electron beam 
 lithography (EBL). To conquer drawback related to expense of EBL, 
 nanoimprinting  technique is employed to fabricate nanotriangular arrays. Based 
 on the fabricated nanotriangular arrays, highly competent SERS active substrates 
 with advantages such as cost effectiveness, uniformity over large area, 
 reproducibility and excellent sensitivity with enhancement factor of 2.9×1011 is 
 introduced. This enhancement factor is the highest compared to reported values 
 for patterned SERS substrates. 


Chapter 4 discusses fabrication of multifunctional recyclable Ag-TiO2


based 3D hybrid SERS active substrates by a simple and novel method. The 
 TiO2 nanorods are grown on fused silica in a single step by hydrothermal 
 method and Ag nanoparticles are assembled simultaneously, merely by  
 chemical reduction. The inclined growth of TiO2 nanorods leads to the 
 formation of different types of "hot spots".  As prepared substrates exhibit 
 enhancement factor of about 7×108 with single molecule detection capability. 


The recycling capacity of Ag-TiO2 based SERS substrate is verified, which 
 unlock a new opportunity to get rid of single-use problem with traditional 
 SERS substrates. The substrate can be a promising multifunctional sensor for 
 detection of food adulterants, organic pollutants, pesticides, etc.  


Chapter 5 summarizes the results on the investigation of SERS 
enhancement mechanism such as correlation between excitation wavelength, 
LSPR wavelength to produce EM enhancement mechanism and role of surface 



(18)nanostructures. With the help of gold nanotriangular arrays, it is observed that 
 SERS effect is observable only if the position of LSPR and excitation 
 wavelength of laser are within a range. In order to investigate photo-induced 
 charge- transfer mechanism, TiO2 nanorods are synthesized by hydrothermal 
 method and TiO2 nanoparticles are synthesized by chemical precipitation 
 method. It is observed that surface state energy level mediate the charge-transfer 
 in TiO2 nanostructures.  


Chapter 6 describes the possibility of SERS technique in bio and 
 chemical sensing applications. In order to demonstrate SERS as an inexpensive 
 and an easily processable food adulterant sensor, the fabricated SERS substrate 
 is employed for the detection of Sudan I and melamine. Sudan I with a 
 concentration of 10-6 M and melamine with a concentration of 10-10 M are 
 detected via SERS. To investigate the applicability of SERS technique as a 
 biosensor, label-free detection of DNA of salmon fish and E. coli are also 
 demonstrated. The DNA detection by SERS opens up a new technique for 
 cancer cell detection and also for DNA barcoding.  


Chapter 7 summarizes the entire work along with future prospects. 
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(27)
An overview of surface enhanced    Raman spectroscopy  


The  chapter  is  devoted  to  the  basic  principles  of  Raman  spectroscopy,  its 
 instrumentation  and  an  overview  of  surface  enhanced  Raman  scattering 
 (SERS).  Various  SERS  enhancement  mechanisms,  the  evolution  of  SERS 
 active substrates and its application in various fields are also discussed in detail. 


Surface  enhanced  Raman  scattering  (SERS)  has  emerged  as  a 
 powerful  vibrational  spectroscopic  technique  through  overcoming  the 
 most the most significant drawback of inherently weak scattering cross 
 section of normal Raman spectroscopy (RS) in analytical applications1. 
 SERS enhances Raman scattering cross section by exciting the sample 
 in contact with a ‘plasmonic’ surface with an appropriate laser line. In 
 turn, Raman signal intensity is extraordinarily enhanced to a detection 
 limit  down  to  the  single  molecule2.  Thus,  the  advancement  in  SERS 
 detection  is  strongly  associated  with  the  progress  in  synthesis  and 
 optical characterization of new plasmonic nanostructured materials. The 
 main reason why SERS technique has not been established as a routine 
 analytical  tool,  despite  its  high  specificity  and  sensitivity,  is  the  low 
 reproducibility of the SERS signal. In addition, the recording of SERS 
 spectra  is  affected  by  a  number  of  parameters,  such  as  laser  power, 
 integration time, and analyte concentration. 



1 



 C
hapter


(28)1.1  Raman spectroscopy 
 1.1.1 Introduction 


The  inelastic  scattering  of  electromagnetic  radiation  was  first 
 proposed  theoretically  by  A.  Smekal et  al.3  in  1923  and  first  observed 
 experimentally  by  Indian  physicist  Sir  Chandrasekhara  Venkata  Raman 
 and his student Kariamanickam Srinivasa Krishnan in 1928. The effect was  
 observed in liquid using sunlight as a source of light and using some basic 
 optical filters4. Prof. C. V. Raman was awarded Nobel prize in Physics in 
 the year 1930 for this discovery. Originally, the effect was visible to human 
 eyes because of the measurement from highly concentrated pure organic 
 solvents. However, the effect was too weak to observe for dilute solutions 
 or solids. Therefore, many applications of Raman scattering were narrowed 
 for several decades until the discovery of the laser along with development 
 of more efficient detection systems (e.g. notch filter, holographic gratings, 
 high throughput monochromators, photomultipliers, multi-channel charge 
 coupled devices etc.).  


Figure 1.1: Simplified Jablonski diagram of Stokes process, 
 anti-Stokes process and Rayleigh process 
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(29)The  scattering  process  involves  instantaneous  absorption  of  an 
 incident photon  and subsequent emission of another photon or scattered 
 photon by phonons 5. During the scattering process, three different types 
 of scattering are possible and is shown in figure 1.1. When the emitted 
 photon  is  elastically  scattered  with  the  same  frequency  as  absorbed 
 photon, the process is called as Rayleigh scattering. In contrast, Raman 
 scattering is a process in which emitted photon is inelastically scattered 
 and emitted with different frequency as compared to absorbed photon. 


Raman  scattering  is  a  consequence  of  the  interaction  of  optical  and 
 vibrational oscillations and its probability is small but finite. When the 
 molecule  moves  to  a  more  vibrationally  excited  state  of  the  ground 
 electronic  state,  photon  is  emitted  with  energy  lower  by  an  amount 
 equal to a vibrational transition and are called Stokes scattered  photons. 


If the molecule makes a transition to a less vibrationally excited state, 
 emitted  photons  are  termed  as  anti-Stokes  scattered  photons.  Anti-
 Stokes scattering occurs at higher energy than the Rayleigh scattering, 
 and  Stokes  scattering  has  lesser  energy  than  the  Rayleigh  scattering, 
 while  both  Stokes  and  anti-Stokes  are  equally  displaced  from  the 
 Rayleigh  line  in  spectra.  Usually,  Stokes  line  is  followed  in  Raman 
 spectroscopy since anti-Stokes scattering is less intense. Since vibrational 
 spectra are unique to each molecule, the Raman spectra are referred as a 
 chemical  fingerprint  of  scattered  molecules.  Raman  scattering  process 
 can be mathematically represented as  


ℎ� + � = ℎ�′+ �′    ... (1.1) 
Δ� = ℎ(� − �′)   ... (1.2) 



(30)where �  and �′ are incident and scattered frequencies respectively. On 
 the basis of definition, the elastic and inelastic scattering can be classified 
 as, 


a)  Rayleigh scattering,∆�  =  0, when � = ��  


b)  Stokes line of Raman scattering,∆�  <  0, when � > ��
 c)  Anti-Stokes line of Raman scattering, ∆�  >  0, when � < ��
 In Raman experiments, the primary parameter that express Raman 
 shift is wave number and it is defined as follows 


Raman shift, Δ�(����) = ���


�−��


�� ×����� ... (1.3) 
 where �� is  the  excitation  wavelength  and �� is  the  Raman  scattered 
 wavelength in nm. 


The  efficiency  of  Raman  process  is  quantified  as  Raman 
 scattering cross section, �  and it relates the incident light with Raman 
 scattered light. So Raman intensity � relative to incident power S�at the 
 molecular position is defined as  


        � = ���  ... (1.4) 
 Since scattered radiation is collected through a specific direction, 
 one can define absolute differential Raman cross section, ������ as 


〈�����〉 =���������Ω   ... (1.5) 
where So is incident laser intensity at molecular position and �� is the 
small  solid  angle  which  in  turn  relates  to  numerical  aperture  of    the 



(31)collecting optics.   〈�����〉is Raman scattered intensity and is average of 
 the  signal  obtained  for  a  given  vibrational  mode  of a  single  molecule 
 over  all  orientations6,7.  Suppose  the  collection  of  signal  over  all  solid 
 angle direction is possible, then total absolute Raman scattering cross-
 section can be defined as  


� = ������Ω(Ω)�Ω   ... (1.6) 
 Intensity  of  Raman  scattered  photons ��  is  proportional  to  the 
 induced dipole moment of the molecule by the excitation light source 


�� = |����|�  ∝  �→� �


→�� � ... (1.7) 
 where  �  is  the  molecular  polarizability  tensor,  which  describes 
 molecule's  responsiveness  to  the  electric  field �� (here  the  excitation 
 source).   Raman spectra unveil the energy transfer between the photons 
 and  molecules  during  their  interaction.  Hence  a  molecule  exhibits 
 Raman scattering only if there is a change in the molecular polarization 
 potential  or  deformation  of  the  electron  cloud  with  respect  to  the 
 vibrational  coordinates.  Since  almost  all  molecules  are  Raman  active, 
 Raman spectroscopy is a powerful spectroscopic tool for studying any 
 types of materials8. 


1.1.2  Classical theory of Raman scattering 


The standard approach to Raman effect is by classical theory and 
it  consists  of  two  steps  (i)  the  perturbation  of  the  molecule  by  the 
incident  electric  field  and  (ii)  the  modification  of  the  molecule’s 
polarizability through its vibration. Thus, Raman scattering process can 



(32)be depicted as the polarization of electron cloud of molecules. When a 
 molecule is placed in an electric field, it gets polarized and as a result 
 dipoles are generated5. Then the magnitude of induced dipole moment 
 can be written as 


� = �� ... (1.8) 
 An electromagnetic wave oscillating with a frequency �and amplitude 


�� can be written as  


� = ��cos 2���    ... (1.9) 
 However, the polarizability changes with small displacement due 
 to  molecular  vibration  in  response  to  the  applied  electromagnetic 
 radiation and is given by 


� = ��+ �� − ��������   ... (1.10) 
 where �� is  equilibrium  polarizability; ��� and �  are  bond  lengths  at 
 equilibrium  position  and  at  any  instant,  respectively.  If  the  molecule 
 executes simple harmonic oscillations, then 


� − ���= ��cos 2����   ... (1.11) 
 On substituting equations 1.9, 1.10 and 1.11 into 1.8,  


� = ���+ ������ 2���������� ����� 2���   ... (1.12) 
 Equation (1.12) on expansion ends up in three terms as given below 


� = ������� 2��� +������������ 2��� − ���� +������������ 2��� + ����  ... (1.13) 



(33)The first term in equation 1.13 represents Rayleigh scattering and 
 second and third terms correspond to Stokes and anti-Stokes scattering 
 respectively.  The  existence  of  a  given  vibrational  frequency  in  a 
 molecule is not always Raman active and this leads to Raman selection 
 rules. From the equation (1.13), it is clear that Raman activity could be 
 observed  if  the  polarizability  of  the  molecule  changes  with  molecular 
 vibration.  


1.1.3 Limitations of normal Raman spectroscopy 


Even though Raman spectrum provides a vibrational fingerprint 
 of scatterer molecule and have potential applications in different fields 
 such  as  chemistry,  physics  and  biology,  its  practical  applications  are 
 limited.  It  is  because  of  very  low  scattering  cross  section  of  about     
 10-29  cm2.sr-1.  Even  if  a  molecule  is  Raman  active,  the  intensity  of 
 Raman spectra may not be within the measurable count. Therefore, in 
 order to exploit the benefit of Raman spectroscopy, a new method is 
 essential  to  enhance  Raman  scattering  cross  section  enhancement. 


Surface enhanced Raman spectroscopy, resonance Raman spectroscopy, 
 coherent  anti-Stokes  scattering  technique,  etc.,  are  some  of  the 
 methods  used  to  overcome  the  limitations  of  normal  Raman 
 spectroscopy.  


1.2  Surface enhanced Raman scattering/spectroscopy 


Surface  enhanced  Raman  scattering/spectroscopy  (SERS) 
spectroscopy  provide  enhanced  Raman  signal  and  it  offers  many 
advantages over other spectroscopic or spectrometric techniques such as 
Fourier  transform  infrared  (IR)  spectroscopy,  near  infrared  (NIR) 
absorption,  UV-Vis  absorption,  fluorescence,  nuclear  magnetic 



(34)resonance (NMR), X-ray diffraction, X-ray  photoelectron  spectroscopy 
 and  mass  spectrometry.  The  advantage  of  SERS  includes,  it  can 
 extract  a  significant  amount  of  information  directly  from  complex 
 environments such as biological fluids, living tissues and cells without 
 any  need  for  prior  sample  preparation.  SERS  also  offers  high 
 sensitivity  for  small  structural  changes  in  macromolecules,  non-
 invasive  sampling  capability,  minimum  sample  preparation  and  high 
 spatial resolution. Simply, it can be said that surface-enhanced Raman 
 spectroscopy  (SERS)  combines  molecular  fingerprint  specificity  with 
 potential single-molecule sensitivity. Therefore, SERS technique is an 
 attractive tool for sensing molecules in trace amount within the field of 
 chemical and biochemical analytics. 


1.2.1 Historical background 


In  1974,  the  group  Fleischmann,  Hendra  and  McQuillan1
accidently  discovered  anomalously  large  enhancement  of  Raman 
intensity  for  pyridine  molecule  adsorbed  onto  a  roughened  silver 
electrode  and  later  it  was  termed  as  surface  enhanced  Raman 
scattering.    It  was  Jean  Maire  and  Van  Duyne9  and  Albrecht  and 
Creighton10  who  showed  that  the  anomalously  enhanced  intensity  is 
not  attributed  to  increased  surface  area,  but  due  to  new  phenomena 
giving  rise  to  the  idea  of  the  SERS  cross  section.  It  was  discovered 
that  enhancements  in  Raman  intensity  is  attributed  to  strong 
electromagnetic  fields  induced  by  excitation  of  surface  plasmon 
polaritons (SPP) on nanoscale noble metal structures (Au, Ag and Cu) 
at  wavelengths  in  the  visible  spectrum11.  In  order  to  enhance  the 
Raman signal, the molecule must typically be adsorbed on the metal 
surface, or at least be very close to it (typically ≤10 nm)12. The energy 



(35)produced  due  to  the  enhanced  electromagnetic  field  is  transferred  to 
 the molecules located near the surface of the nanostructures. Then the 
 magnitude of the induced molecular dipole is increased, and therefore, 
 the intensity of the inelastically scattered photons increases and greatly 
 enhances  the  Raman  scattering  efficiency.  It  is  seen  that  the 
 electromagnetic model is not the only effect that accounts for all of the 
 SERS effects, the contribution from molecular resonances and charge-
 transfer transitions can contribute to Raman enhancement. However, it 


is  commonly  accepted  that  the  dominant  effect  in  SERS  is  due  to      
 the  unique  property  of  metal  nanostructures  and  is  termed  as 


electromagnetic (EM) enhancement effect. Raman signal enhancement 
 in  SERS  spans  several  orders  of  magnitude  as  compared  to  normal 
 Raman scattering enables the detection limit down to single molecule 
 level.  


The  discovery  of  SERS  widened  the  applications  of  Raman 
spectroscopy  for  molecular  identification  and  detection  at  very  low 
concentrations.  This  offers  a  unique  capability  for  the  label-free 
detection and identification of a variety of analytes8,13. Applications of 
SERS for quantitative chemical analysis primarily depend on properties 
of  metallic  nanostructures  with  nanometer-scale  precision  and  high 
reproducibility  of  Raman  enhancement  over  the  substrate.  The  unique 
optical property that the metal surface can support is dependence on the 
size and geometry of the nanostructure, and the dielectric function of the 
material. These all have an intense effect on the overall capability of the 
metal  nanostructure  to  enhance  the  Raman  scattering  cross  section  of 
molecules adsorbed on the metal surface. 



(36)1.2.2 Enhancement mechanism in surface enhanced Raman 
 scattering 


Based on the theory that intensity of Raman signal is proportional 
 to change in dipole moment and the electric field in the vicinity of the 
 molecule, two ways are possible to enhance Raman signal6. Consequently,  
 there  are  two  primary  mechanisms  for  SERS  enhancement:  an 
 electromagnetic (EM) enhancement and a chemical enhancement (CE)14. 
 In the EM enhancement, the molecule is adsorbed onto or it is held in 
 close  proximity  to  the  metal  surface  and  an  interaction  between  the 
 molecule  and  the  surface  plasmons  occurs6.  In  the  case  of  CE,  the 
 molecule  is  adsorbed  and  chemically  bonded  to  the  metal  surface. 


Excitation  is  through  the  transfer  of  electrons  from  the  metal  to  the 
 molecule  and  back  to  the  metal  again.  This  chemical  enhancement  is 
 also  called  charge-transfer  enhancement  and  is  less  dominant  as 
 compared  to  EM  enhancement.  It  is  commonly  accepted  that  the 
 electromagnetic  enhancement  effect  is  the  dominant  factor.  But  the 
 relative  importance  of  the  two  effects  is  still  being  scrutinized.    The  
 integrated photon flux from a SERS experiment can be estimated as15


ϕ���� = ħω��


�σ∑ G���� ���G���   ... (1.14) 
 Here �� and  ħ�� are the laser intensity and laser energy. ���� and 


����  are  the  electromagnetic  and  chemical  parts  of  the  overall 
enhancement  factor,  respectively, �  is  the  Raman  scattering  cross 
section of the scatterer and � is the number  of scatterers in the probe 
volume.  Here  it  is  also  assumed  that  two  enhancement  factors  are 
independent. 



(37)1.2.2.a Electromagnetic enhancement mechanism (EM enhancement) 
 EM  enhancement  mechanism  is  a  direct  consequence  of 
 roughness present on the noble metal surface. When an electromagnetic 
 radiation  of  frequency �  interact  with  a  molecule,  oscillating  Raman 
 dipoles are generated and the corresponding induced dipole moment can 
 be written as, 


�� = ���   ... (1.15) 
 This  oscillating  Raman  dipole  radiates  a  power  proportional  to 


|��|�  at  a  frequency ��,  which  is  the  frequency  of  Raman  scattered 
 photon.  With  the  same  phenomenological  concept,  SERS  can  also  be 
 explained. But here, presence of metal nanostructures alter SERS effect 
 by  generating  local  field  enhancement  at  the  metallic  surface  and 
 consequently radiation properties of  Raman dipole gets affected which 
 in turn results in a possible radiation enhancement.  


Let  EL be  the field  enhancement  at  the  metallic  surface  due  to 
 localized  surface  plasmon  resonance  (LSPR)16  which  is  much  larger 
 than  the  incident  field  E  in  magnitude  and  opposite  in  direction  to  E. 


Thus  the  induced  Raman  dipole,  �� = ���  is  enhanced  by  a 
 factor ��(��) =|��|�|(��) |. Hence the power radiated by Raman dipoles, 


���� will be enhanced by |�� |�|(���)|�. The Raman dipole radiation is also 
 altered due to the presence of metallic nanostructures8 and the radiation 
 enhancement can be represented as  


���� =�����


�    ... (1.16) 



(38)Hence fundamental mechanism behind electromagnetic enhancement 
 is the amplification of the incident electric field � on the nanotextured 
 metal surface and the total electromagnetic enhancement effect can be 
 described  as  a  consequence  of  the  enhancement  of  both  the  incident 
 electric  field  and  the  Raman  scattered  electric  field. ��(��)  can  be 
 estimated by solving Maxwell equation under specific incident electric 
 field.  But  the  calculation  of  ���� is  very  complicated.  Hence  the 
 electromagnetic enhancement factor for a Raman scattering process can 
 be approximated as17


��� (� ��� , �) = ��(��)���� =  ������� (��,� (��,�)�)�������� (��,�����)


� (��,�����) �� .... (1.17) 
 Here  it  is  assumed  that  enhancement  is  independent  of  the 
 absolute photon fluxes and polarizations. �� and ���� are the magnitude 
 of  the  incident  electric  field  and  the  total  local  field  generated  in  the 
 metal  nanostructure.  The  incident  radiation  has  frequency ��  and  the 
 scattered radiation has vibrational frequency ��. The equation 1.17 can 
 be approximated as 


��� (� ��� , �) =  ������ (��,�)


� (��,��)��   ... (1.18) 
The  above  equation  implies  that  significant  factor  determining 
electromagnetic enhancement factor is ����, the enhanced electric field 
in the vicinity of metal nanostructure surface. The local field generated 
in the vicinity of the metal nanostructure can be expressed as the sum of 
the  incident  field  and  the  induced  field,  which  is  generated  during 
surface  plasmon  resonance  in  the  metal  nanostructure.  The  most 
important  components  of  the  EM  models  include  the  excitation  of  a 



(39)localized surface plasmon resonance in an isolated metal nanoparticle or 
 in  a  void  or  in  the  aggregate  of  metal  nanostructures.  The  localized 
 surface  plasmon  resonance  positions  are  determined  by  the  optical 
 properties such as dielectric constant of the material, the size and shape 
 of the nanostructure or roughness and other variables like small gaps as 
 in bimetallic structures, nanoshells or nanowires. Maximum local field 
 enhancement is obtained for a molecule directly  attached to the metal 
 surface (first-layer effect) and its effect also extends up to about 10 nm 
 away from the metal molecule interface. The effect of multiple plasmon 
 resonances  is  important  for  the  treatment  of  aggregates  or  closely 
 packed nanostructures.  


Plasmonics 


The basic physical phenomena behind electromagnetic enhancement 
 in  surface  enhancement  Raman  scattering/spectroscopy  (SERS)  is  the 
 unique  optical  properties  of  metal  nanostructures.  It  has  been 
 established that the surface plasmons which are collective light-induced 
 electronic  excitations present in  metals,  act  as  optical  antennas  that 
 have  the  capacity  to  capture  and  concentrate  light  waves18.  Various 
 nanofabrication  method  to  engineer  metallic  nanostructures  with      
 well-defined  dimensions  and  separations  advances  the  application  of 
 metal nanostructures in the field of plasmonics.  


Plasmons  are  classified  into  surface  plasmon  polariton  and 
localized  surface  plasmons8.  They  are  illustrated  as  quantised 
elementary excitation present in solid and are associated with the high-
frequency collective motion of the valence electrons in a solid  



(40)The plasmon energy is termed as 
 ℏ��  = ℏ �����


����


�


�     ... (1.19) 
 where  ��  is  the  plasma  frequency, �  is  the  number  of  valence 
 electrons per unit volume, �� is the permittivity of free space, and m0


is the free electron mass. Plasmons described in coinage metals such 
 as  silver,  gold,  copper  etc  are  oscillations  of  conduction  electron 
 density  about  fixed  positive  ions  at  a  natural  frequency  termed  as 
 plasma  frequency ��.  The  illumination  of  metal  with  visible  and 
 infrared  range  produce  a  dominant  interaction  between  photons  and 
 the free electron plasmons. The interaction excite the valence electrons 
 occupied near the Fermi surface into different energy and momentum. 


These  mixed  photon–plasmon  modes  are  called  plasmon  polaritons. 


The dielectric function of metal is given by simplified Lorentz harmonic 
 oscillator model  


ε (ω) = 1 − ������� ��      ... (1.20) 
 where �  is  a  damping  constant  as  a  result  of  electron-electron  and 
 electron phonon scattering in the metal. Theses dielectric functions are 
 complex functions and their real and imaginary parts are 


��(�) = 1 − ��������   ... (1.21) 


��(�) = �(��������� )   ... (1.22) 



(41)The  importance  of  plasma  frequency  is  that  all  radiations  with 
 frequencies  lower  than  the  plasma  frequency  are  reflected  and  the 
 radiations that are transmitted through metals are those with a frequency 
 higher than ��.The position of ��in metals is in ultra violet region and 
 it is responsible for metallic lustre. 


Only  those  metals  which  possess  negative  values  for ��(�)  and 
 small  positive  values  for  ��(�)  in  the  wavelength  are  employed        
 for  plasmonic  application.  In  the  case  of  SERS,  the  wavelength  of 
 interest  is  visible  and  infra  red  and  the  value  of ��(�)  of  the  metal         
 is -20 ≤ ��(�) ≤ -1. In the case of metal thin films, longitudinal surface 
 plasma  oscillations  propagate  at  a  metal-dielectric  interface  and  these 
 quantised propagating oscillations are termed as surface plasmons. The 
 frequency  of  surface  plasmon  at  which  they  propagate  is  related  to 
 plasma frequency as 


����   =  �√�� ...  (1.23) 
 The  strong  interaction  of  surface  plasmon  modes  with  external 
 transverse  radiation  result  in  the  confinement  of  these  modes  to  the 
 metal  surface  and  these  are  described  as  surface  plasmon  polaritons 
 (SPP).  These  are  again  classified  into    propagating  SPP  and  localized 
 SPP19–22.  The  propagating  SPP  is  widely  useful  in  surface  plasmon 
 resonance  (SPR)  and  total  internal  reflection  fluorescent  (TIRF) 
 microscopy. The schematic diagram of confinement of localized surface 


plasmons  and  propagating  surface  plasmon  polariton  is  given  in      
figure 1.2. 



(42)Figure 1.2: Schematic diagram of (a) confinement of 
 localized  surface  plasmons  (b)  propagating  surface 
 plasmon polariton 


When  the  dimension  of  the  metal  nanostructure  is  less  than  or 
comparable  to  the  wavelength  of  incident  radiation,  surface  plasmons 
are  localized  in  metal  nanostructures  and  is  described  as  localized 
surface  plasmons23.  During  a  process  of  localized  surface  plasmon 
resonance,  these  surface  plasmons  induce  a  very  large  electric  field 
around the nanoparticle as compared to that of the incident light. The 
generation  of  localized  surface  plasmon  and  the  localized  surface 
plasmon resonance can be explained as follows. In metal nanoparticles, 
the conduction electrons move almost freely through the lattice of ionic 



(43)cores.  On  irradiation,  the  electromagnetic  field  of  the  light  forces  the 
 conduction electrons to move towards the surface of metal nanoparticle. 


As  a  consequence  of  confinement,  electric  dipoles  are  created  by  the 
 accumulation of positive charges on the opposite side. The electric field 
 generated by the electric dipole is opposite to that of incident light and 
 act  as  a  restoring  force  on  the  electrons  to  return  to  the  equilibrium 
 position.  Thus  the  generated  electric  dipoles  oscillate  as  a  linear 
 oscillator  with  a  natural  frequency  of  conduction  electron  oscillation, 
 known as plasma frequency. Like resonance in oscillators, these dipoles 
 oscillate with maximum amplitude when radiation of frequency equal to 
 plasma  frequency  is  incident  upon  it  and  this  situation  is  known  as 
 localized  surface  plasmon  resonance.  Since  the  way  in  which  the 
 charges get accumulated in different morphologies and sizes is different, 
 the  resonance  condition  is  strongly  determined  by  nanoparticle  size, 
 shape and the environment. 


Field enhancement in metallic nanostructure 


During LSPR, the amplitude of oscillation will be maximum and 
 partial  light  extinction  happens  within  the  metal  nanostructures.  As  a 
 consequence,  the  magnitude  of  electric  field  induced  by  the  electric 
 dipoles is enhanced, which is opposite in direction of the incident field. 


It  is  possible  to  solve  analytically  for  enhanced  electric  field  around 
metal  nanoparticle  whose  size  is  comparable  with  that  of  incident 
radiation.  In  this  case,  field  generated  is  uniform  around  the 
nanoparticle  and  by  solving  Maxwell  equation  enhanced  electric  field 
on a spherical nanoparticle of radius a, irradiated by � - polarized light 
of wavelength � is 



(44)���� = �� � � − ��� ��� ��−���� (��� + ��� + ��̂)�    ... (1.24) 
 Where � is metallic polarisability and can be expressed � = ���, where 


� is radius of sphere and � is defined as 


�  =  ����� ����


��������    ... (1.25) 
 where ��� and ���� represent dielectric function of metal and external 
 environment  respectively.  When ��� = −2����,  denominator  of  the 
 equation  1.25  approaches  to  zero  and  this  is  the  condition  for 
 occurrence  of  the  maximum  enhancement.  According  to  Mie  theory, 
 the condition  ��� = −2���� occurs during localized surface plasmon 
 resonance.  The  extinction  spectrum  for  an  arbitrary  shaped  metal 
 nanostructure is given by Mie theory as  


�(�) = 24π� �� (��)2Na3εout3/2 �(εr(λ)+χεεout)i(λ)2 


+   εi(λ)2�  ... (1.26) 
where  εr  and  εi  are  the  real  and  imaginary  components  of  the  metal 
dielectric function  respectively and εout is the dielectric constant of the 
external environment.  Here � is the shape factor that accounts for metal 
nanostructures  with  various  geometries  and � = 2  represents  case  for 
spherical shape. εr  is a function of wavelength and hence the position of 
LSPR  is  determined  by  the  situation  at  which  εr  =  �εout.  As  size 
increases and when the � inside nanoparticle is not uniform, multipolar 
terms should also be considered. 
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