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ABSTRACT 

The forensic applications of Raman spectroscopy have been explored and extended 

using the development of novel sampling techniques and task-specific 

instrumentation described in this thesis. 

The phenomenon of Raman scattering, enhanced Raman scattering and their 

relevance in forensic investigations was reviewed. Particular emphasis was placed 

on current applications, experimental considerations relevant to in-situ Raman 

sampling and the deficiencies of instrumentation commercially available at the time. 

It was concluded that the development of novel, optimised instrumentation was 

essential in the application of Raman spectroscopy to portable forensic applications. 

The feasibility of achieving molecularly-specific and sensitive detection of TNT 

vapour using waveguide-enhanced, surface-enhanced resonance Raman 

spectroscopy was investigated using reference spectra measured using a calibrated 

optical system provided by a collaborator. Improvements in signal-to-noise ratio 

afforded by employing waveguide-enhanced sampling, higher excitation power, 
long integration times and an improved spectrometer design were modelled, 

experimentally verified, and used to predict a detection limit of 10-16g for saturated 

vapour-phase TNT. The theoretical performance of the optical instrument is 

described and verified using experimentally measured data. 

The feasibility of conducting specific and sensitive long-range stand-off covert 

observation operations against unsuspecting targets in compliance with the UK 

Regulation of Investigative Powers act was established using a task-optimised 

laboratory simulation. Using a 5mW visible excitation, short integration times 

(under 20s) and multiplex detection it was possible to detect and identify a tagged 

object from a range of up to 50m. The feasibility study yielded a robust prototype 
handheld system comprising a modified telephoto camera with the integrated 
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capability of sample discrimination using Raman spectroscopy. The instrument 

design is described. 
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Chapter 1 

Forensic Applications of Raman Spectroscopy 

1.1 Introduction 

The Explosives, Weapons and Drugs Department (EWD) of the Police Science 

Development Branch (PSDB) was established following an escalation in terrorist 

violence on the UK mainland during the 1980's. As an executive branch of the Home 

Office, UK, the primary aim of the group is to research and improve technologies used 

to detect and identify explosives, weapons and drugs in real-world situations and to 

advise the bodies responsible for the requisition of instrumentation suited for forensic 

investigation and public safety. 

The detection of explosive materials and illicit materials is an extremely relevant 

analytical problem requiring highly sensitive and specific methods for its solution. 

Explosives must be detected at ultra-low levels and are often present within complex 

matrices, which must not affect the detection of the explosive. Highly specific 

techniques are also essential in preventing illicit materials being concealed using 

masking materials or confused with legitimate materials. The in-situ, non-destructive 

identification of illicit materials at a crime scene is becoming increasingly important in 

the successful prosecution of criminals. 
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At the time this project began (1998), the application of ' Raman spectroscopy to 

forensically-interesting applications was limited to laboratory-based projects, such as 

the analysis of paint chips and gun-shot residues taken from crime scenes. Most 

commercially-available instruments were research-grade systems, requiring a dedicated 

laboratory, and skilled operators. At the time only one-commercial source claimed to 

provide a field-portable Raman spectrographs"2. 

The use of 1064nm-wavelength excited FT-Raman spectroscopy was reported in the 

identification of military grade explosives3. Subsequent papers have reported Raman 

spectra from an increased range of materials including explosives 4"lo, clothing fibres". 

gunshot residues12-13, narcotics1415, by-products of explosive and narcotic 

manufacture 16, metabolites of narcotic ingestion'7, chemical weapons 18-19, poisons 20 
ip 

hair21, lipsticks22 and forged documents23. Novel sampling techniques and the recent 

development of compact, low-power, laser sources have enabled Raman to be deployed 

as an in-situ diagnostic technique 24-27. Raman spectroscopy is ideally suited to the field 

of forensic investigation for the following reasons; 

" Raman spectroscopy enables the highly specific discrimination between 

different molecules using their distinct molecular characteristics. 

9 Raman spectra can be acquired from forensically interesting materials in very 

short experimental time without sample preparation. Non-fluorescing samples 
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may be identified in seconds at the crime-scene using low-power, near-infrared, 

air-cooled lasers. 

9 Raman spectroscopy is an optical technique, with spectral features that are 

generally invariant under different laser excitations for transparent samples. 

Excitation using a visible laser can be used to probe samples wrapped in 

optically-transparent packaging. Evidence gathered from the crime scene can be 

placed within tamper-evident bags and studied without opening them. This aids 

the prosecution process. 

" Raman spectroscopy is generally a non-destructive form of testing and leaves 

the sample invariant. 

" Excitation can be delivered to the sample using a microscope. Individual 

particles with diameters in the sub-micron range can be investigated. 

"A Raman spectrometer can be coupled to a confocal microscope to enable depth 

profiling through a sample. This enables, for example, an investigation of layers 

of paint obtained from cars or ink layers in suspect documents. 

" Excitation can be delivered to, and collected from, the sample using optical 

fibres. This enables the study of in-situ samples buried in confined spaces. 
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" The instrumentation requires only electrical power and does not' require 

expendable fuel items such as an inert carrier gas, or liquid nitrogen cooling. 

The instrumentation is physically robust and could be used in a portable 

application. 

The application of Raman spectroscopy to forensic applications is however encumbered 

by several fundamental issues. 

9 The scattering cross-section of the Raman effect is weak compared to 

fluorescence and UV absorption. A combination of high excitation power and a 

sensitive, thermoelectrically-cooled detector is required to enable the detection 

of Raman spectra in short periods. The use of a detector, sensitive to the visible 

spectrum, precludes the use of Raman as a standoff sampling technique using 

safe excitation sources. 

" Certain materials exhibit fluorescence, a non-molecularly specific emission, 

with an intensity which can be of several orders of magnitude greater than 

Raman scattering. The intensity of fluorescence, associated with an interferent 

molecule, may be sufficient to mask the Raman spectrum. The sampling of 

large volumes of unknown species, contaminated with fluorescence interferants, 

may prove unfeasible. 
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The motivation for this thesis stems from the inability of currently available forensic 

technologies to identify specific materials with an appropriate sensitivity non- 

destructively. This thesis describes the development of novel Raman instrumentation, 

specific to well-defined tasks, required to complement or extend the capabilities of the 

current framework of technologies used with forensic applications. The justification of 

the work detailed in this thesis must be reflected by the number of portable Raman- 

forensic analyser instruments which are now commercially-available. 

In Chapter 2, the fundamental theory of Raman scattering is reviewed, concentrating on 

the scattering interaction between molecules and light from a semi-classical model. 

Non-linear techniques such as Resonance and Surface-Enhanced Raman spectroscopy 

are described, with particular emphasis placed on the instrumental parameters necessary 

to perform them. 

Chapter 3 identifies the technical challenges that have historically prevented Raman 

spectroscopy from realising its potential as an in-situ non-destructive sample analyser. 

The core developments of Raman instrumentation are reviewed from this perspective. 

Each project undertaken in this thesis was subjected to a preliminary period of 

feasibility testing. With little information available in the literature concerning the 

scattering efficiencies of forensically-interesting materials, preliminary testing was 

performed using a Renishaw System 1000 Raman Microscope. The signal-to-noise 

ratio of measurements obtained from such testing were appropriately modified to 
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simulate conditions expected from novel instrument designs. Chapter 3 presents an 

appraisal of these instruments, and expands upon the use of alternative components that 

could improve their sensitivity. A review of commercially-available portable Raman 

instrumentation is presented, which identifies the limitations of the technology and 

justifies the development of novel instrumentation. The development of miniaturised 

instruments, specific to a well-defined task, is the primary focus of this thesis. 

In Chapter 4, the development of a TNT explosive vapour-phase detector based on the 

use of Surface Enhanced Resonance Raman spectroscopy (SERRS) is described. The 

characterisation of parameters important to the design of a wet-chemistry flow cell, 

incorporating a Teflon AF liquid-core optical waveguide to maximise the sample 

volume, is described. An instrument design is presented, corresponding to the evolution 

of technology during the period of this investigation and are compared. 

In Chapter 5, the feasibility of detecting and identifying a highly-scattering, SERRS- 

active, proprietary dye at long stand-off distance is presented. The dependence of 

spectral signal-to-noise with increased stand-off is modelled and used to predict limits 

of detection. 

The design of alternative instruments, designed and implemented during this project are 

included in the appendices, in addition to novel developments in Raman sampling. 
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Chapter 2 

Light Scattering by Molecules 

2.1 Introduction 

When light is incident onto a molecule, a small proportion, typically 1 in 1010 photons, 

is inelastically scattered and appears at shifted frequencies. This is the Raman effect. 

The first unaccountable observations of the Raman effect were reported by Lommel in 

1878 as anomalous fluorescence scattering'. Sample-specific bands were identified 

with a wavenumber shift that was invariant to changes in the excitation wavelength. 

The inelastic scattering of light by molecules was predicted in 1923 by Smekal2. Prior 

research using infrared absorption spectroscopy indicated that molecules exhibit a 

complex and highly specific vibrational fingerprint. It was proposed that the change in 

molecular polarisability during molecular vibrations would impart ro-vibrationally- 

specific information to the inelastically scattered light. This was included as a 

modification to the Kramers-Heisenberg theory of dispersion for molecular scattering 

phenomena in 1925. 3 
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The first qualitative observation of inelastic scattering was reported in 1928 by Raman 

and Krishnan. The first quantitative observations of Raman spectra were reported 

concurrently by Raman and Krishnan5, Cabannes6, Landsberg and Mandelstram7, and 

Rocard8 later that year. The practical implications of Raman spectroscopy as an 

analytical technique were reviewed in Chapter 1. The fundamental principles of Raman 

scattering, from the basis of a molecular-electromagnetic field interaction, are presented 

in this chapter. 

2.2 Electric Dipole Scattering 

The scattering of light by an anisotropic molecule of average diameter d, when 

irradiated by a monochromatic electromagnetic field, E, of wavelength, X, is treated in 

the Rayleigh regime9 such that d -< Y20. For small molecules and visible excitation, the 

electric field intensity is approximately constant across the molecule. The incident 

electric field polarises molecular charge and induces an oscillating dipole moment, P, 

according to; 

P=a"E+ V2 ß: EE+ V6 X: EEE 

2.1 

where a is the molecular polarisability that reflects the ability of the electric field to 

displace molecular charge. The terms ß and x are higher order hyper-polarisability 
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tensors that can be ignored under low irradiance. Scattering arising from induced 

magnetic dipoles and electric quadrupoles is considered negligible. 

An oscillating electric dipole, with amplitude po, is shown in figure 2.1 in a Cartesian 

coordinate system with unit vectors i, j, and k along the x, y and z axes exposed to an 

electric field, Ex. 

2 

Ex 

Figure 2.1 Electric dipole source. 

The oscillating electric dipole is a source of electromagnetic radiation with electric field 

intensity, E, at a point r, where r is the distance from the dipole and 0 is the angle 

subtended by the dipole axis; 
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E_ -tv2psinOj 
4izeoc2r 

2.2 

The instantaneous value of the Poynting vector, Z, the average power per unit area 

associated with the radially propagating radiation is; 

w4p02 sin 
20 

32T2s0c3r2 

2.3 

The average of the Poynting vector may be used to calculate the average power, dcD, per 

unit area, dA of a surface using; 

d(D =[ dA 

4r3cv4Po2 

3co 

2.4 

Where v is the angular frequency of the radiation in absolute wavenumbers. The radiant 

intensity, I, of the scattering dipole in a particular direction is given by; 
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712c v4po2 sin20 

2Eo 

2.5 

In quantum mechanical terms, the transition dipole moment amplitude, Po, associated 

with the transition from an initial state i to a final state f, described by the 

wavefunctions, yr; and Wf respectively is given by; 

[PO(l) ]= 
\v'f 

laiy', }. E0 

2.6 

where the integration is performed over all coordinate space. Because of the vector 

nature of P and E and the tensor a, the individual components of the dipole moment are 

given by; 

[P. 
0 fl =Ian]flExo +[ayjflEyo +[a.,., ]flE: 

o 
[Pyo]fl 

=lay., JflExo +[ayy]flEyo +lay: JflE: o 
[I 

0 
]fr 

=tam]firExo +[ary]flEyo +[a:: ]fE: 
o} 

2.7 

where the components tai J 
fi are the matrix elements of the polarisability tensor, a, for 

the transition f *-*i and are defined as; 
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[aXY]n 
=(yiila, 

IV, ) 

2.8 

The following semi-classical model is based on Placzek's polarisability theory which 

applies to vibrational and rotational transitions induced by incident radiation in 

molecules which remain in non-degenerate electronic ground states. Provided the 

excitation frequency is larger than any vibrational or rotational frequency of the 

molecule and much smaller than any electronic transition then the molecular 

wavefunctions yr may be resolved into a product of vibrational and rotational 

wavefunctions. Hence equation 2.8 becomes; 

ýa ýý 
-(ofofIa 0, o, ) 

2.9 

where 4f, ý; are vibrational wavefunctions and Of and O; are rotational wavefunctions. 

The components [ate, j of the polarisability tensor, described in a laboratory-fixed frame 

of reference are sensitive to both molecular vibration and rotation. Under rotation of the 

frame of reference to molecular-fixed coordinate system with x', y', z' the polarisability 

components are modified according to; 
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Io )ýo 
R1 

Icos(xx') cos(yy'le ,/ 
x, y, 

2.10 

where v f, v1 are vibrational quantum numbers, R f. R' are rotational quantum numbers 

and xx', yy' is the angle between two coordinate systems. 

Although the tensor components of a are altered on rotation, specific combinations 

remain invariant. These are the mean polarisability a and anisotropy, y, defined by; 

a=3(a, ß+a» +att) 

y= Z 
{(a.. 

-ate +(aý -ant +(a -a. 
)2 +6(a2, ry +a2 +a2y)} 

2.11 

The tensor (x .. y, is a function of vibrational coordinates. In an N-atomic, non-linear 

molecule, there are J= 3N -6 vibrational degrees of freedom (J = 3N -5 in a linear 

molecule). Each degree of freedom is described by a vibrational normal mode, K. Each 

normal mode has a distinct vibrational frequency, vk, and a series of vibrational energy 

levels, separated by energy DE =h Vk. The relative motions of atoms along the Kth 

normal mode of vibration, from equilibrium position, Qýy, induce a change in a,, "y'. This 

may be expanded using a Taylor series; 
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ax y_ 
(ax 

y 
)0 + 

VLixryr 
Qk +...... lk ank 

0 

2.12 

In the electrical and mechanical harmonic oscillator approximation, the induced dipole 

moment is given by; 

P(t) =a0 E0 cos(2; rvot)+Y 
ýaY 

cos(2nvkt)Eo cos(2irvot) 
k=1 

Qk 
0 

2.13 

The first term, scattered at the frequency of the incident radiation, is called Rayleigh 

scattering. Using the trigonometric substitution, 

cos a cos b=2 {cos(a + b) + cos(a - b)}, an additional 2J scattering frequencies appear in 

the second term, accounting for J modes of oscillation, shifted symmetrically about the 

Rayleigh scattered wavelength. These correspond to Stokes (red-shifted) and anti- 

Stokes (blue-shifted) scattered radiation respectively. The presence of these additional 

frequency components is manifest as frequency components in the dipole oscillation 

and thus as wavelength-shifted, scattered electromagnetic radiation. 
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The vibrational wavefunctions are expanded into a product of harmonic oscillator 

wavefunctions for each of the normal vibrational modes. Equation 2.13 becomes; 

[ax'y' 
Jvtýr - 

(ax'y') 11] 0 (Qk JJ 
' 

(Qk 'fi 0 (Qk ýQk llJ 0(k/ 

k vkf k, vk( k 
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Vkt 

04 Vkf _ Vk, 
i 

(/(Qk)jQkk'(Qk)) - 

(Vk t+ 02 
blpk C* V/ = Vkt -I-1 

1(Vkr )Z 
bvk p Vkf = Vkt 
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Rayleigh scattering occurs when the transition begins and ends in the same vibrational 

state. Raman scattering occurs when the vibrational quantum number changes by unity 

as 
and also requires x�'' #0. The extension of this model to an anharmonic 

aQk o 
oscillator allows for vibrational state transitions greater than unity. 

For a freely rotating sample, comprising an assembly of N freely rotating molecules, the 

determination of scattering intensities is achieved, ignoring the fine rotational structure, 
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by averaging over all the possible molecular orientations with respect to the electric 

field vector. 

The intensity of scattered radiation is directly proportional to the square of a space- 

averaged tensor, a, which has components; 

ra7yx 
= lay= 

ý2 
= La. 

[a-,,,, 
J =ranýZ 

[a-. 
.1Z - 15 ' 

= , 
(45a2 +4y2) 

2 -2y2 [aa]=[a, 
aj=[aaj= 

45a 
45 

[aa, ý=0 
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In the simplified geometry illustrated in figure 2.2, the sample is illuminated along the 

z-axis and collection is achieved in the y-z scattering plane. This is an approximation; 

the complications arising from the focussing of the light on the sample are reviewed 

elsewherelo. 
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Figure 2.2 Raman scattering from a randomly oriented molecule 

The typical space-averaged square of a Stokes transition moment amplitude is given hy; 

[=(VA' 
+Iýfý. l(ýX' 

AF ýýý 

2.16 

Using the squared, space-averaged, derived tensor component and accounting for the 

Boltzmann distribution of molecules in the sample, the radiant intensity of scattering 

observed in the y-direction parallel and perpendicularly polarised to the excitation field 

1s; 
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The ratio of these intensities is known as the depolarisation ratio, p; 

_ 

(? ) 3y2 
p7I, 2 45a'2 +4y'2 
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The symmetry properties of a normal vibration can be determined using the 

depolarisation ratio. For totally symmetric vibrations, 0SpSä, and non-totally 

symmetric vibrations, p=ä 

An important consequence of equation 2.17 is that the Raman scattering intensity 

observes a? dependence and is directly proportional to the number of molecules in the 

sample. In addition, the scattering intensity observes a temperature dependence. 

Shifting to shorter wavelengths, particularly in the UV, affords an enhanced scattering 

compared to infrared excitation. 
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2.3 Scattering Efficiency 

The comparison between Raman and Rayleigh scattering, fluorescence and general 

absorption, emission processes is achieved using a scattering cross-section, a, to relate 

the number of photons, np, scattered by a sample to the incident power density, c; 

P=QE 

2.19 

6 has units of watts/rn2. The differential scattering cross section, 
OC 

, relates the 

scattering cross section to an angular dependence. In a standard Raman experiment, the 

scattering cross section of a molecule is particularly weak, typically 10"29m2. Typical 11 

values for Rayleigh and fluorescence range from 10"26 - 10"19 m2 respectively. 

2.4 Resonance Raman Spectroscopy 

When the excitation wavelength approaches that of an electronic transition of a 

molecule chromophore, then that electronic state submits an enhanced contribution to 

Raman scattering beyond the usual X4 dependence. Enhancement factors greater than 

106 have been reported enabling low concentration samples to be studied 12. The 
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relationship between excitation wavelength and the enhancement factor is shown in an 

excitation plot, which is related to the electronic absorption spectrum of the material. 

Resonance Raman (RR) is similar to fluorescence in that a molecule is promoted from a 

ground to an excited electronic state but differs in that it is a scattering process, with a 

time scale of the order of 10"14s. In addition to Resonance Raman and fluorescence, the 

sample can absorb the excitation flux and dissipate it as heat. 

There are two types of Resonance Raman Scattering; 

" Pre-resonance Raman Scattering; The excitation wavelength lies within the 

wings of an absorption band. 

9 Rigorous Raman Scattering; The excitation source wavelength coincides with an 

absorption vibrational structure of the sample. 

The quantum mechanical treatment of conventional Raman scattering (CRS) using the 

time-independent Kramers-Heisenberg-Dirac relation fails under resonance conditions 

as the polarisability tensor elements increase without bounds. This was remedied by the 

addition of a damping term, iF, to the denominators, where r represents the width of 

the absorption band due to the transition to the electronic excited state, Wr. The 

molecular polarisability becomes; 
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In the adiabatic Born-Oppenheimer approximation, the eigenfunctions describing the 

unperturbed molecule are expressed as products of functions of electronic, rotational 

and vibrational states. Assuming the molecule begins in the ground vibrational state, Wi 

and the Raman transition begins and ends in the ground electronic state, g, then since 

the electron dipole moment operator, M, acts only on the electronic wavefunction, 

equation 2.12 becomeslo; 
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The equation decomposes into expressions involving only vibrational wavefunctions, 

whilst the electronic wavefunctions are in Me, which is the pure electronic transition 

moment connecting the ground state with the electronic excited state. 

Me, a function of nuclear coordinate, is expanded into a Taylor series about the 

equilibrium position. The numerator of the A-term comprises the product of the 

electronic transition moment, M°o,, and the product of the two vibrational overlap 

integrals. This implies that the A-term scattering predominates over B-term scattering 

for symmetric vibrations where the equilibrium position of the excited state is displaced 

relative to the ground state. For other vibrational modes, the A-term vanishes. 

Enhancement via B-term scattering occurs for non-totally symmetric vibrations 

occurring between two electronic excited states. It's numerator comprises Q-dependent 

vibration overlap integrals such that, even for undisplaced excited geometry, it is non 

vanishing. In addition, comprises a vibronic coupling Hamiltonian. This is non- 

vanishing if normal coordinates of the proper symmetry are chosen. 

2.5 Surface Enhanced Raman Scattering (SERS) and Surface Enhanced 

Resonance Raman Scattering (SERRS) 

The anomalous scattering intensity of pyridine adsorbed onto an electrochemically 

roughened silver electrode surface was reported in 197413. The observed spectra were 
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ascribed to that of the adsorbed pyridine since the vibrational band positions were 

slightly shifted with respect to the bulk free spectra. Although originally attributed to 

an increased surface concentration of pyridine, subsequent studies'4"5 identified an 

increase in the Raman scattering cross section by 4-5 orders of magnitude. 

SERS has been reported from a wide range of metals, principally the noble metals; gold, 

silver and copper. In all instances, a well defined metal structure is required. Typical 

SERS substrates include; 

Mechanically and electrochemically roughened surfaces. 16,17,18 

Vacuum deposited metallic films on insulating surfaces. 19,20,21,22 

Laser ablation of metal surfaces into solution. 23 

Lithographically etched surfaces such as island posts and grating structures. 24 

9 Colloidal suspensions of metal particles produced by chemical reduction. 5,26,27 

The emphasis in this thesis is on the use of colloidal suspensions of silver nanoparticles. 

The interest in SERS originates from the molecular-specificity that arises from spectra 

that can be obtained at low concentrations. The detection of a single molecule of a 

Cyanine dye in silver colloid has been reported28. In addition, SERS offers 

experimental advantages over CRS: 29,30,31 
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" Energy transfer processes between the adsorbate and the metal structure 

efficiently quench fluorescence that otherwise obscures Raman spectra. 

9 The technique affords selectivity from adsorbed molecules in the presence of a 

bulk material. 

9 Selection rules for SERS are relaxed from CRS. Vibrational bands are observed 

in the adsorbed species that are not present in the free material. This is a short- 

range effect. 

9 SERS is strongly depolarised, even for vibrational bands that are highly 

polarised in the free material. 

9 Overtones are weak or not typically observed in SERS. 

" SERS excitation spectra exhibit broad resonances. 

The development of SERS as a quantitative analytical technique is limited by the 

variation in band intensities due to orientation effects of the adsorbate at the sample 

surface and the surface structure repeatability. In the context of colloidal substrates, the 

sample is also often found to induce concentration-dependent colloid aggregation, 

which alters the enhancement factor. Linearity of response with sample concentration is 

typically limited to 2 to 3 decades of concentration. 

When the excitation wavelength is in resonance with an electronic transition of the 

adsorbate, an additional enhancement is observed. This is the Surface Enhanced 
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Resonance Raman effect (SERRS). Both resonance and surface enhanced Raman 

scattering processes occur in SERRS, but they are not independent factors. 

2.5.1 Surface Enhancement Theory 

The origins of SERS and SERRS spectroscopy have been the subject of many debates. 

The intensity of Raman scattering is directly proportional to the square of the product of 

the molecular polarisability and the electric field strength. Surface enhancement is 

attributed to an enhancement of either or both of these parameters. Enhancement 

models are divided into electromagnetic31-35 and chemical charge-transfer 

mechanisms 36-37 according to which parameter is enhanced. 

Electromagnetic interactions between the molecule and substrate are believed to play a 

major role in SERS. These propose a resonant interaction between the electromagnetic 

field and surface plasmon-polariton type resonances on a non-flat metal surface. A 

surface plasmon is a wave of charge oscillation on the surface of a conductive particle. 

At the plasmon resonance frequency, the metal particle becomes highly polarisable, 

resulting in large field-induced polarisation and large localised fields. A molecule 

placed at the metal surface or in close proximity experiences an enhanced 

electromagnetic field. This increases the Raman scattering intensity, which additionally 

excites further surface plasmons. 
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SERS enhancement factors have been presented for a variety of structured systems, 

including single particles, considering principally the dipole-mode excitation of the 

particles. Further models account for the rigorous consideration of all modes. Systems 

involving a plurality of structured systems involving particles, regularly repeating 

structures such as islands and grating structures have similarly been presented. 

In the simplest system 31,, a single metal particle of diameter, d, and dielectric constant 

s(w), is considered with a Raman scattering molecule in close proximity as shown in 

figure 2.3. The system is embedded in a medium of dielectric constant co. In the 

Rayleigh limit, the primary exciting field, E(roo, r), for a Raman scatterer at a point r 

from the centre of the sphere is given by the sum of the incident field E; and the field of 

a dipole, P(wo) induced at the sphere centre. The dipole is given; 

P(w0) 
3_ 
goE(wo, r) 

-(wo) 

where go = --o 
(wo) 

-1 
E wo 

eo(wo)+2 

2.22 
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E; FEI, 

Metal Particle 

t, o 
Figure 2.3 Small particle approximation for SERS 

The primary field tierces the charge in the molecule at r to oscillate at a Raman shifted 

frequency, uO� where o), _O)O±(O)k, with a dipole moment, 1'(00. The total Raman 

emission is given by the coherent addition cif the field and a dipole 1' located at 

the sphere centre. 

1; w 

+2 

2.23 

where E is the field of' P((, )) at the sphere centre and P(o)) represents the "antennae 

effect" of the sphere. The enhancement fihhetor, (1, fier an ý1(1'Orbecl molecule and under 

the most favourable conditions, is given; 
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G= 51(1+2g0X1+2gl2 

2.24 

Resonance occurs where the denominators of g and go vanish. This condition is 

fulfilled when the real component of the dielectric constant of the metal is equal to -2 

and the imaginary component is small. Silver, gold and copper fulfil these conditions at 

visible frequencies. 

This model implies that the magnitude of enhancement falls for high frequency 

molecular vibrations, which fall out of resonance with the surface plasmons. In 

colloidal suspensions, aggregation extends the collective plasmon resonance into the 

near infrared and so this effect is reduced. 

Particle shape has been found to be extremely relevant in the determination of 

enhancement factors. Highly prolate and oblate particles give rise to greater 

enhancements 38. Other types of electromagnetic enhancement include the "lightning 

rod effect", caused by highly needle-shaped particles, vary the resonant frequency. 

Polarisation of the surface by dipole induced fields in adsorbed molecules, the image 

effect and Fresnel reflection effects are other electromagnetic effects proposed to afford 

enhancement. 
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The chemical effect was first used by Biliman to explain SERS via an enhancement of 

the molecular polarisability. It was proposed that enhancement could only occur when 

an adsorbate molecule adsorbed to a feature of atomic scale roughness36. The chemical 

effect is associated with the overlap of metal and adsorbate electronic wav efunctions, 

leading to ground state and light-induced charge transfer processes. 

The polarisability of the adsorbate molecule is increased due to an interaction with the 

metal surface. Complexation of the adsorbate with the surface occurs via adatoms or 

clusters of particles and implies a short-range interaction. An electron from the metal 

tunnels into the charge-transfer excited state of the adsorbed molecule. The resulting 

negative ion has different equilibrium geometry from the original neutral adsorbate. 

The electron returns to the metal, which leads to a vibrationally excited neutral molecule 

and emission of Raman scattered light. 

The reader is referred to the literature reviews for a more comprehensive explanation38. 
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Chapter 3 

Review of Raman Instrumentation 

3.1 Introduction 

The first recognised observation of the Raman effect was reported in 19281. Sunlight, 

collected using a telescope, was focussed through an optically transparent liquid. It was 

observed that when a pair of complementary filters were placed prior to the sample, the 

track of the light was extinguished. However, when the second filter was placed after 

the liquid, the track was restored, indicating that the sample had modified the light. 


