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Abstract

Coupling of Localised Plasmon Resonances

Benjamin David Thackray

The University of Manchester

15th December 2014

Plasmon resonances have attracted a lot of recent research interest for their po-
tential applications, including bio-sensing, sub-wavelength optics, negative refract-
ive index metamaterials and their ability to produce massively enhanced electromag-
netic fields. Localised surface plasmon resonances (LSPR) in metallic nanostructures
can offer large electromagnetic field enhancements, and nanometre-scale localisa-
tion of electric fields. Their resonance wavelengths and properties can be tuned by
variation of the nanostructure geometry and are sensitive to environmental refractive
index. Coupling of localised plasmon resonances can: Create new hybrid modes that
cannot be supported by individual nanostructures, overcome some of the limitations
of individual LSPR, and open up possibilities for new applications and active control
of plasmon resonances.

This thesis contains results from samples exploiting near-field, far-field and res-
istive coupling of localised plasmon resonances to create novel resonance modes that
may make them suitable for important applications.

Firstly results are presented from samples exhibiting strong collective plasmon
resonances at normal incidence, which could be used to improve the spatial resol-
ution of, miniaturise and add new functionality to highly sensitive surface plasmon
resonance based approaches to bio-sensing. A very high bio-sensing figure of merit
is calculated for the nanostructure arrays fabricated.

Results are also presented from samples designed to produce the highest quality
factor resonances possible when excited with light at grazing incidence. The highest
resonance quality factors measured were conservatively estimated to be > 210, which
to our knowledge are the highest values of quality factor measured in diffraction coupled
arrays at the resonance wavelengths around 1.5 μm.

Evidence for the existence of a presently largely unrecognised resistive coupling
mechanism is also presented from an array of gold nanostripes covered with a graphene
layer. If further work is successful, this could allow extremely rapid modulation of the
optical properties of a plasmonic array by application of gate voltage to the graphene
layer.

Finally an improvement to the fabrication procedure for established near-field
coupled composite plasmonic nanostructures that create a cascaded electromagnetic
field enhancement effect is presented.
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Chapter 1

Introduction

Plasmons are resonances of the free electron plasma in metals. Surface plasmons are

resonances at interfaces between metals and dielectrics, and have generated signi-

ficant interest for their potential applications, including bio-sensing, sub-wavelength

optics, negative refractive index metamaterials and their ability to produce massively

enhanced electromagnetic fields.

Surface plasmon resonances have been exploited since ancient Roman times, when

metal nanoparticles were used to colour glass. A famous example can be seen in the

Lycurgus Cup from around 300 AD (currently at the British museum) which is green

in reflection, but red in transmission. Localised plasmon resonance - the physical

reason for the vivid colours observed in metal colloids - was not understood until

many centuries later. The physics of the localised plasmon resonances responsible

for the optical properties of subwavelength nanoparticles are discussed in section 1.4.

A second type of surface plasmon resonance is delocalised, propagating reson-

ance at the interface of dielectrics and semi-infinite surfaces or gratings. The first clue

to the existence of these surface plasmon modes was spotted by R. W. Wood in 1902,

who observed anomalous dispersion in the spectra of metal diffraction gratings, in

the form of nearby bright and dark bands[1]. These were termed ‘Wood’s anomalies’.

While Wood documented some important properties of the resonances, such as the

fact that they are only excited by p−polarised light, their physical origin was not un-

derstood. Wood observed two types of anomaly, one sharp and one diffuse. Lord

Rayleigh provided an explanation of the sharp anomalies in 1907[2], which are now

often known as ‘Rayleigh anomalies’. However the diffuse anomalies which consisted

of nearby bright and dark bands proved more elusive. Eventually in 1941, Fano[3]

spotted the connection between this problem and that in a 1909 paper concerning

radio wave propagation. Sommerfeld[4] had studied the solutions of Maxwell’s equa-

tions for radio waves at the interface between the air and the earth (as had Zenneck

in 1907[5]), and demonstrated the existence of surface waves that could guide the

wave around the curvature of the earth. Fano realised the equivalence of the problem

and generalised the solution to optical frequencies. Pines and Bohm were among the
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first to model the electron plasma hydrodynamically and study its modes[6], and R.

H. Ritchie[7] was the first to predict the existence of quantised surface plasmons in

1957 in an attempt to explain the electron energy loss spectra of metallic thin films. It

was in this quantum mechanical framework which the ‘plasmon’ was christened[8].

As the electromagnetic modes of the vacuum are quantised as the photon and the vi-

brations of a crystal lattice by the phonon, so the modes of an electron plasma can

be quantised as the plasmon. No metal exists where the free electrons do not exper-

ience some form of damping, so plasmons are always quasiparticles, and the best

‘plasmonic’ metals are thus those with the least damping and highest conductivity,

such as gold and silver (see section 1.8). Since these waves require an oscillating elec-

tromagnetic field in the air as well as electron oscillation in the metal, they are often

referred to as surface plasmon polaritons (SPPs).

1.1 Surface plasmon polaritons

The existence of surface plasmon polaritons and some of their properties can be de-

duced from the study of Maxwell’s equations. This derivation is based on the more

detailed descriptions given in references [8] and [9]. Beginning with Maxwell’s equa-

tions in their macroscopic form, we assume that the medium is:

• Linear in its response to the excitation. This will fail for large amplitude excita-

tions but should be valid for small amplitude excitations.

• Infinite and isotropic, i.e. ε depends only on ω, not spatial coordinates or mo-

mentum.

• Non-magnetic, i.e. µ= 1.

• Local, meaning that the response at any given point is dependent only on the

history of the excitation at that point. In other words, we have no spatial dis-

persion, just temporal dispersion.

Since most situations relevant to my work involve coherent, continuous excitation,

it is convenient to use complex notation. For a field oscillating at frequency ω, time

dependence can be modelled with an e−iωt factor, which simplifies differentiation in

time to multiplication by −iω.

Hence, we work with Maxwell’s equations in the form

∇·H(r,ω) = 0 ∇·D(r,ω) = 0

∇×E(r,ω) = iωµ0H(r,ω) ∇×H(r,ω) =−iωD(r,ω) (1.1)

and the constitutive equation describing the response of the medium

D(r,ω) = ε0ε(ω)E(r,ω) (1.2)
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where ε(ω), the dielectric function of the medium, is complex. The real part of ε, ε′,
relates to the energy stored in the medium, and the imaginary part, ε′′, to the energy

dissipated1.

In this simplified situation where the medium is approximated as linear, isotropic,

non-magnetic and local in its response to excitation, the dielectric function ε(ω) and

Maxwell’s equations contain all the information needed to describe the electromag-

netic modes of the system.

1.1.1 Boundaries and dispersion

Surface plasmons occur at the boundary between a metal and a dielectric. We con-

sider a boundary between a semi-infinite dielectric for z > 0 and a metal for z < 0.

For light with polarisation direction in the (x, z) plane, which is also the plane of

incidence2, we define the H and D fields in each medium as3

HD =


0

HD y

0

e i kDx e i kDz e−iωt HM =


0

HM y

0

e i kM x e−i kM z e−iωt

DD =


DDx

0

DDz

e i kDx e i kDz e−iωt DM =


DM x

0

DM z

e i kM x e−i kM z e−iωt (1.3)

Using ∇×H(r,ω) =−iωD(r,ω), we find that in the dielectric

∇×HD =


−∂HD y

∂z

0
∂HD y

∂x

=−iω


DDx

0

DDz

 (1.4)

so

kDz HD y =ωDDx (1.5)

and similarly, in the metal

kM z HM y =−ωDM x . (1.6)

Knowing that D(r,ω) = ε0ε(ω)E(r,ω), and the boundary conditions HD y = HM y and

1The constitutive equation is closely related to the Fourier transform of the polarisation response
function - a convolution of previous excitation and current excitation. The components of the excitation
and response which are in phase will Fourier transform to real quantities, and those which are out of
phase transform to imaginary.

2This is known as TM (transverse magnetic) or p−polarised light. Light with polarisation at 90◦to
this, perpendicular to the plane of incidence and in the (x, y) plane is known as TE (transverse electric)
or s−polarised.

3The waves in both metal and dielectric in the z−direction are evanescent, with the field amplitude
decaying exponentially away from the surface, hence the differing sign on their kz vectors
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EDx = EM x , we deduce from 1.5 and 1.6 that

kDz

kM z
=− εD

εM
. (1.7)

Using the electromagnetic wave equation
(
∇2 − µDεD

c2
∂2

∂t 2

)
DD = 0 (for non-magnetic

media) we find

k2
x +k2

Dz = εD

(ω
c

)2
(1.8)

and similarly for the metal

k2
x +k2

M z = εM

(ω
c

)2
. (1.9)

Substituting for kDz from equation 1.7

k2
x = εD

(ω
c

)2
−

(
εD

εM

)2

k2
M z

and then substituting for k2
M z from 1.9 to get an equation solely in terms of kx and ω

and rearranging, we find the surface plasmon dispersion equation at the boundary of

two semi-infinite media.

kx = ω

c

√
εDεM

εD +εM
. (1.10)

This equation has a maximum of kx when εD =−εM , which represents the surface

plasmon resonance frequency at ω = ωSP . For an idealised metal with no damping,

and thus no imaginary component of εM , kx would tend to infinity as ω→ωSP , how-

ever in real metals the damping constrains and broadens the resonance peak.

1.2 The microscopic response of the medium

Metals such as gold and silver that are well suited for plasmonic applications are well

described by the Drude model. In this picture, the metals consist of fixed ion cores,

surrounded by freely moving conduction electrons. The electrons do not interact

with one-another, but occasionally collide instantaneously and elastically with the

ion cores. The Drude model can be derived as a special case of the Lorentz model of

the optical polarisability.

1.2.1 The Lorentz model

The Lorentz model of the optical polarisability[8] treats a medium as a collection of

classical driven damped harmonic oscillators. For an oscillator of mass m, natural

frequencyω0 and damping coefficient γ, displaced from equilibrium a distance r (as-

sumed small) by force F ,

F = m

(
d 2r

d t 2 +γdr

d t
+ω2

0r
)
=−eE (1.11)
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For our case the displacing force is created by an electric field E, and acts on elec-

tron charge e. Using complex notation for E and r oscillating at a single frequency ω

with time dependence contained in a e−iωt factor, and substituting m by the electron

effective mass m∗ we find

r = −eE

m∗ (−ω2 − iγω+ω2
0

) . (1.12)

The complex dipole moment p induced by the charge separation r is p =−er. The

linear polarisability α is defined as p =αE, i.e.

α= e2

m∗ (−ω2 − iγω+ω2
0

) (1.13)

The macroscopic polarisation of a medium P is linked to its dielectric function by

ε(ω) = 1+ P
ε0E . Assuming that oscillators are non-interacting, we can simply sum all

the individual microscopic polarisabilities to find P. So for n electrons, P = nαE and

ε(ω) = 1+ ne2

m∗ε0
(−ω2 − iγω+ω2

0

) (1.14)

1.2.2 The Drude model

The Drude model is simply a special case of the above. In the Drude model, the deloc-

alised conduction electrons move without any restoring force, in other words, ω0 = 0.

We then have

ε(ω) = 1− ne2

m∗ε0
(
ω2 + iγω

) (1.15)

The factor ne2

m∗ε0
multiplying the second term on the right hand side has units of

s−2, and its square root represents ωp =
√

ne2

m∗ε0
, the bulk plasma frequency of the

metal. We therefore have a frequency dependent dielectric function

ε(ω) = 1−
ω2

p

ω2 + iγω
(1.16)

The effect of inter-band transitions can be roughly accounted for by introducing a

factor εi nt .

ε(ω) = εi nt −
ω2

p

ω2 + iγω
(1.17)

However close to inter-band transitions the Drude model will fail[10].

The resonances of the bulk plasma at ωP (i.e. ω when ε(ω) = 0 for no damping)

are of little relevance to my work, as they do not couple to light. Substituting equation

1.16 into 1.10 and rearranging yields that for a perfect Drude metal (with no damping,

i.e. ε" = 0) in air (εD = 1), resonance (where kx →∞) occurs at ωSP = ωP/
p

2.
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Figure 1.1 – Left: Comparison of the dispersion relations of free-space photons, non-
radiative surface plasmons and surface plasmon polaritons. Note that the photon and
SPP lines do not intersect anywhere other than at zero. Right: Two methods of coup-
ling to SPPs. Gratings introduce an additive factor to the wave-vector of the free-space
photons, while a prism multiplies the wavevector by the refractive index.

εM

Dε εM

Dε

 θSP  θSP

Figure 1.2 – The Otto[11] (left) and Krestchmann[12] (right) configurations for coupling
light to surface plasmons using a prism.

1.3 Exciting surface plasmons

SPPs can be excited directly by electrons, but for most applications optical excitation

is more practical. Coupling freespace photons to surface plasmon resonances is more

tricky because their momentum is always smaller than that of a plasmon at the same

frequency. Figure 1.1 plots the dispersion relations for photons in a vacuum (ω =
ck) and surface plasmon polaritons at the interface between two semi-infinite media

(1.10), which do not cross. Despite this, methods exist to overcome the momentum

mismatch and couple light to these SPP modes.

1.3.1 Prism coupling

Light travelling in a medium of refractive index n has its wavevector multiplied by

a factor of n relative to its wavevector in free-space. By placing a prism close to a

suitable metal film, the evanescent waves generated by total internal reflection can

excite plasmon resonances at the interface between the film and dielectric. The two

most common geometries for this are the Otto[11] and Krestchmann[12] configura-

tions (figure 1.2). The two differ only in the relative positions of the interfaces. The
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Figure 1.3 – Grating coupled surface plasmon polaritons.

angle at which the surface plasmon is excited is strongly dependent on εD of the

environment close to the interface. If something is adsorbed on the surface of the

metal, the change in εD is detectable as a shift of the resonance angle θSP , making

the Krestchmann configuration popular for sensing applications. The Krestchmann

configuration is favoured over the Otto, as it is more simply realised practically, and

the exposed gold surface can easily be functionalised and exposed to a solution and

analyte.

1.3.2 Grating coupling and surface roughness

Surface structure can introduce an additive factor to the photon momentum. Denot-

ing the photon wavevector in the dielectric (at a frequency ω) kDx and the surface

plasmon wavevector at the same frequency ksp , we need additional wavevector ∆kx

such that

kDx +∆kx = ksp (1.18)

For an photon in air incident at angle θ to the surface normal

ω

c
sinθ+∆kx = ksp (1.19)

One way to provide this extra ∆k is to fabricate a grating on the metal surface, with

period a = 2π
kg

such that nkg =∆k, i.e.

ω

c
sinθ+nkg = ksp (1.20)

is satisfied for integer n.

Similarly, surface roughness can also allow coupling of light to plasmons. Sur-

face roughness can be viewed as a superposition of many gratings of various peri-

ods, which may provide appropriate ∆kx . Both gratings and roughness can also work

in reverse, and convert surface plasmons into radiated photons. Point defects and

point sources such as a SNOM tip can also be used to excite propagating plasmons, as
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Figure 1.4 – Schematic diagram of localised plasmon resonance of a spherical metallic
nanoparticle. An incident electromagnetic field E will cause the free negatively charged
electrons to move in the opposite direction to the applied field, creating a build up of
negative charge at one surface. The fixed positive ion cores on the opposite side will
then lack electrons to neutralise their positive charges, and this build up of net positive
charge will then create a restoring force. This results in an induced oscillating dipole
with a resonant frequency. If the nanopaticle electron cloud is excited with light at this
resonant frequency, then localised surface plasmon resonance is induced, and strong
electric fields are created by the moving charges.

they break the translational invariance of the system and thus remove the momentum

conservation requirement.

1.4 Localised surface plasmon resonance (LSPR)

A second flavour of plasmon resonance is localised resonances in metallic nanoparticles

and nanostructures. Despite colloids of gold, and later other metals, being exploited

since Ancient Roman times, it was not until Faraday’s studies in the 19th Century[13]

that the origin of their colour was studied scientifically. Faraday realised that the col-

ours were linked to the nanoparticle morphologies[14], but was not able to give a full

explanation of the phenomenon. Finally in 1908, Mie published a solution of Max-

well’s equations for light interacting with spherical particles of size comparable to the

light wavelength[15]. Before discussing Mie’s solution, it is possible to gain insight

from a qualitative picture of LSPR resonances.

1.4.1 Qualitative picture

In non-metallic materials, electrons are typically bound to a nucleus of an atom. If

the electrons are displaced slightly by an external electromagnetic field, the positive

charge of the nucleus acts as a restoring force to pull them back to equilibrium. This

picture of materials as collections of harmonic oscillators is the basis of the Lorentz

model (section 1.2.1). In metals the situation is different, as no net restoring force

acts on the delocalised electron gas in the bulk of the metal. However surfaces can

introduce a restoring force, and for small nanoparticles, surface effects become in-

creasingly significant, and even dominant. If the entire electron gas of the particle

is displaced (see figure 1.4), then at the surface on one side of the particle an excess

negative charge will accumulate, and at the opposing surface a net positive charge

will remain. The attraction between these two opposing charges then acts as a restor-
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ing force, pulling the electron cloud back towards equilibrium. This is effectively just

a harmonic oscillator, and the optical properties of metal nanoparticles can be qualit-

atively understood with this picture. Modelling the entire electron cloud of a particle

as a single harmonic oscillator; its resonance frequency will be lower if it has higher

total mass, and so larger nanoparticles have resonances at longer wavelengths than

smaller ones. For large gold particles these resonances lie in the infrared and do little

to change the appearance in the visible when excited with white light. For particle

diameters of a few hundred nanometres (depending on surrounding medium), the

resonance frequency approaches the optical part of the spectrum, absorbing red light

and giving colloidal suspensions a blueish colour that becomes more intense with

decreasing size. As the resonance crosses the green wavelengths at the centre of the

visual spectrum, suspensions turn magenta, and then become increasingly deep red

until the particles are only a few nm in size and absorb in the blue to ultra-violet.

1.4.2 Mie’s analytical solution for nanospheres

Mie’s solution (also known as ‘Mie theory’) enables precise evaluation of extinction,

scattered fields and enhancement factors, but can be very cumbersome[8, 15]. The

theory assumes a spherical morphology, that the particle and surrounding medium

can each be described by one dielectric function, and that there is a sharp discontinu-

ity in electron density at the particle surface[14]. For a metal sphere of dielectric func-

tion εM (ω) in a dielectric medium of dielectric constant εD in a constant quasi-static

external field (assuming a particle diameter smaller than the excitation wavelength,

so that retardation effects are negligible) of magnitude Ei nci dent , the internal field of

the sphere is given by[8, 16]

Ei nter nal =
3εD

εM (ω)+2εD
Ei nci dent (1.21)

Assuming that the electric potential,ϕ, (where Ei nci dent =−∇ϕ) and the normal com-

ponent of the electric displacement are both continuous at the sphere surface as our

boundary conditions, the overall polarisability of the nanosphere can be calculated

by solving Laplace’s equation[14], ∇2ϕ= 0, giving

α= 4πε0r 3 εM −εD

εM +2εD
(1.22)

for a sphere of radius r .

From 1.21 and 1.22 we see that, for a metal with little damping (and therefore a

mostly real dielectric function), when εM ≈ −2εD the polarisability will be huge and

the field inside the nanoparticle will be greatly enhanced. For a hypothetical per-

fect Drude metal, the enhancement factor would tend to infinity. It is the damping

(Im(εM (ω))) which constrains the amplitude and broadens the resonances. The res-

onance wavelength depends on the frequency dependent dielectric function εM (ω) of
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the metal as well as εD of the environment. Similar to SPP resonances, this sensitivity

to the dielectric constant/ refractive index of the environment is the basis of LSPR bio-

sensing techniques. For excitation frequencies significantly larger than the dipolar

surface plasmon resonance of the particle the deviation between nanoparticle and

thin film behaviour decreases, as other effects such as inter-band transitions begin to

dominate the optical properties[17]. The resonances of sub-wavelength nanostruc-

tures depend strongly on the morphology of the structures, and analytic solutions of

Maxwell’s equations only exist for simple geometric shapes. More complicated struc-

tures typically lack analytical solutions. In these cases, finite element computer sim-

ulation can be used to help predict the resonances.

1.4.3 Exciting localised plasmons

For sub-wavelength metallic structures, the problem is no longer translationally in-

variant, removing the requirement of kx conservation. Consequently light of the right

frequency is easily coupled to the resonance modes of subwavelength structures and

nanoparticles, for example light at frequency ω close to that where εM (ω) ≈−2εD can

be used to excite dipolar resonance.

1.5 Near and far field coupling of localised plasmon resonances

Localised plasmon resonances involve moving charges, which create their own elec-

tromagnetic fields as they oscillate. Plasmonic resonators placed in close proximity

will interact via the fields they create, either in the near or far field, or some com-

bination of both. Various geometrical and environmental parameters can control the

nature of the interaction, and can significantly modify the resonance modes, in some

cases broadening them or suppressing resonances, in some cases strengthening them

or creating new resonance modes.

1.5.1 Near field coupling

Near field coupling occurs when plasmonic resonators are placed within a few hun-

dred nanometres of one-another. This can be most basically understood in the same

qualitative picture discussed in section 1.4.1. If two metal nanostructures are placed

in close proximity and subjected to an external electromagnetic field, the induced

electron motion in the structures will create areas of electron accumulation, with net

negative charge, and areas of electron outflow, with net positive charge, in each struc-

ture. The conduction electron clouds will not only interact with the charge distribu-

tion of their host nanostructure, but also of that in the other nanostructure in close

proximity (figure 1.5). Another simple approach is to consider the two resonators as

dipoles, with dipole moments p1 and p2, and interaction energy V ∝ p1p2/d 3, where d

is separation[18]. This energy becomes significant when the separation is comparable
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Figure 1.5 – A simple schematic of near-field interactions between plasmon resonances
in nanostructures. The applied electric field is shown in red, and enhanced field in blue.

to the nanoparticle size, and will shift the resonant frequencies of each structure, cre-

ating low energy and high energy hybrid modes, where the dipoles are aligned parallel

or anti-parallel respectively (often termed referred to as ‘bonding’ and ‘antibonding’

modes in analogy with molecular orbitals)[18]. The bonding mode has a large net

dipole moment, and typically couples well to incident light. Since the antibonding

dipole moments cancel each other, these modes have no, or a weak, net dipole, and

so are ‘dark’ modes that do not generally couple well to light[18]. An exception to the

previous remark and interesting application of nanoplasmonic dimers was achieved

by using tapered, asymmetrical nanostructures to form dimers with an antibonding

mode with a net dipole that can couple to incident light[19]. Since the antibond-

ing mode involves adjacent charges moving in opposite directions, it is effectively a

circulating charge, and thus produces a magnetic field at optical frequencies. Near

field coupling is also exploited in more complex composite nanostructures, such as

clusters, coupled nanorods, and structures for cascaded enhancement (section 5.1).

1.5.2 Surface enhanced spectroscopy

Early investigations of near-field coupling of plasmonic nanostructures were closely

linked with the discovery and development of two of its major applications - surface

enhanced fluorescence spectroscopy (SEFS), and surface enhanced Raman spectro-

scopy (SERS). The physics of the fluorescence and Raman processes themselves are

discussed in section 1.10.1, here I will discuss the history and physics of the enhance-

ment from strong fields near near-field coupled nanostructures.

1.5.2.1 A history

M. Fleischmann et al. were the first to observe SERS in 1974 while studying the ad-

sorption of pyridine on roughened silver electrodes[20]. They did not recognise the

significance of the enhancement, and merely commented on the importance of pre-

paring high-surface area electrodes to acquire good spectra[20]. By 1977, both Al-

brecht and Creighton[21] and Jeanmaire and Van Duyne[22] had independently re-

cognised that more was at work than just increased surface area[23]. Albrecht and
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Creighton noticed a 5-fold increase in signal intensity for an increase in surface rough-

ness of only 10-20%. Using the relative intensities of the Raman spectra and estimates

of the number of molecules in solution and adsorbed at the surface, they estimated an

enhancement of about 105 times at the metal surface compared to in solution above

it[21]. They suggested a charge-transfer mechanism may be responsible for the en-

hancement. Jeanmaire and Van Duyne measured enhancement of 105−6 times, much

more than could be accounted for by the increase in surface area, and suggested an

electromagnetic explanation for the enhancement. Controversy regarding the origin

of the effect persisted for some time[24], until eventually consensus formed that while

both mechanisms contribute to the enhancement, the electromagnetic effect is most

significant[25]. Methods for calculation of enhancement factors can sometimes be a

contentious issue, but enhancement factors of the order of 1010−11 are routinely re-

ported, and may even in many cases be under-estimated due to assumptions about

the number of participating molecules[26]. Single molecule SERS on colloidal silver

nanoparticles was first observed in 1997, again by two groups independently[27, 28].

This contributed to a renewed interest in SERS for its applications in sensing, ana-

lytical chemistry, and biomedical applications[29]. Single molecule Raman would be

practically impossible to observe without the huge enhancement factors that SERS

can provide. Single molecule Raman cross sections are typically ∼ 10−29 cm2, mean-

ing that for excitation with a (relatively high power) 100 mW laser focused to 1 μm2,

one would expect to have to wait over an hour just to produce a single Raman scattered

photon[26].

The discovery of SERS was the first practical application of surface plasmon reson-

ances, and along with the discovery of anomalously high transmission through hole

arrays, helped initiate a renaissance of interest and scientific investigation of surface

plasmon resonance. Along with this, the advances in nano-fabrication techniques,

particularly in scanning electron beam lithography and microscopy, allowed fabric-

ation of nanostructures with well defined geometry and morphology that would not

have been possible before the advent of these techniques.

1.5.2.2 Field enhancement

The mechanism of field enhancement in the vicinity of sub-wavelength metallic nan-

oparticles is quite easily understood qualitatively in the electrostatic approximation.

An applied electric field will exert a force on the electron cloud of the nanoparticle,

in the direction antiparallel to the field direction. Since the electric field at a given

location is defined as the force exerted on a positively charged test particle at that loc-

ation, we imagine such a particle near the nanoparticle surface. A test particle near

the displaced electron cloud will see a net negative charge and be attracted towards

it. Similarly the test particle near the positively charged ion cores which have been

temporarily stripped of their electrons will be repelled. These extra attractive or re-

34



Figure 1.6 – Localised surface plasmon resonances in a metal nanosphere in a quasi-
static external electric field (red). The blue arrows show the additional local forces on a
small positively charged test particle near the surface of the nanoparticle. The forces are
in the same direction as the incident field, i.e. the field is enhanced.

pulsive forces act in unison with the external field and account for the field enhance-

ment (figure 1.6). Field enhancement also exists for propagating SPP resonances, but

is comparatively modest, reaching a maximum enhancement factor of about 3 at a

planar interface[8]. One slight advantage over the localised case is that enhancement

is uniform all over the surface.

It was not long after the discovery of SERS that it was noticed that the largest

enhancements on irregular colloidal or roughened surfaces occur randomly at ‘hot-

spots’. Further study of colloidal silver nanoparticles, revealed that these hot-spots

occurred on particles with complex, red-shifted spectra with multiple peaks[18] - a

hallmark of near-field coupled plasmon resonances. Further studies corroborated

this evidence, proving the importance of near-field coupling for SERS enhancement[18].

A key challenge of SERS, especially for single molecules, is reproducibility. Addi-

tionally, SERS spectra tend to be unstable in time, and will flicker and sometimes dis-

appear entirely[29]. Some attempts to overcome this irreproducibility include efforts

to improve control over colloidal synthesis[30], sometimes employing self-assembly

to regulate the surface structure[31, 32]. This has seen some success, but as a funda-

mentally statistical technique, its predictability tends to be limited. Significant im-

provements in nanofabrication techniques such as electron beam lithography and

reactive ion etching in the last two decades have enabled the patterning of regular

surface nanostructures. This has allowed significant improvements in SERS reprodu-

cibility, and resulted in a move towards rational design of regular structures for max-

imum control over enhancement[33, 34, 35]. One such example is the structures for

cascaded enhancement in chapter 5 of this thesis.

1.5.2.3 The mechanism of SEFS and SERS

The electromagnetic, plasmonic, contribution to fluorescence and Raman enhance-

ment (section 1.10.1) is nowadays well understood[36]. The underlying theoretical

treatment is complicated, but a useful ‘rule of thumb’ can be developed by model-
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Figure 1.7 – Radiative coupling of LSPR.

ling the process as a form of dipole radiation[37]. The enhancement of fluorescence

and Raman scattering is considered in two stages - enhancement of absorption and

enhancement of radiation4. We imagine that the local electric field, Eloc , excites a di-

pole in the molecule, that has a given (small) probability of radiating Stoke’s shifted

light. Both excitation and emission are then proportional to the square of this dipole

moment, which is in turn linearly proportional to the local field, El oc ,which creates

it. Hence both processes are enhanced by a factor E2
loc/E2

i nc or Ẽ 2, where Ẽ = Eloc/Ei nc is

defined as the local field enhancement factor. For Raman enhancement, this results

in an overall enhancement ∼ Ẽ 4. For fluorescence we may expect the same, but this

is not the case. Every electron excited to a Raman virtual-state will decay via a Raman

process. This is not the case for fluorescence. Since fluorescence is a true two step

process, it competes with other modes of decay, which are also enhanced by a factor

which is of very similar magnitude. This effectively cancels out one of the enhance-

ment steps, resulting in overall enhancement that is closer to ∼ Ẽ 2. For fluorophores

on top of planar metal films, coupling to the SPP modes can occur and in fact signi-

ficantly quench the fluorescence[38].

This simple dipole picture neglects that absorption and emission occur at differ-

ent frequencies. This distinction may not be significant for small Stoke’s shifts, but

as the size of the shift increases will become increasingly problematic. As might be

expected, optimal conditions for surface enhanced Raman scattering tend to occur

when the surface plasmon resonance frequency of a structure lies half-way between

the excitation wavelength and that of the Raman scattered light[39]. The approxima-

tion can also fail when calculating depolarisation ratios[40]. Many other factors can

affect the real enhancement factor observed, however it has been shown experiment-

ally that the |E |4 approximation is often adequate[37, 40]. Also, while it may not seem

appropriate to use dipolar emission to model stochastic spontaneous emission which

governs fluorescence, the approach is experimentally well justified. It can be shown

that the quantum mechanical treatment predicts an average radiated power that dif-

fers only by a constant factor of 4[8].

36



Figure 1.8 – Collective, Diffraction coupled plasmon resonances. Diffraction coupling
occurs when nanostructures are spaced so that the scattered field from each structure
arrives in phase with the electron oscillations in its neighbours. The scattered light is
then recaptured as electron oscillation, reducing energy loss to the far field and retaining
it as plasmon resonance, thereby increasing the resonance quality factor.

1.6 Radiative coupling

Plasmon resonances can also couple via their scattered radiation fields. Figure 1.7

depicts a plasmonic nanoparticle dipole scattering radiation, inducing resonance in

another several wavelengths away. The underlying principles here are not signific-

antly different to those governing the initial excitation of a plasmonic resonator with

an applied external magnetic field, except that the induced oscillating dipole in the

second resonator will in turn also scatter light, which will interact with the initial res-

onator. This effect will of course diminish with distance. In arrays of plasmonic nan-

oparticles, these interactions can become very significant and lead to the formation

of new, collective resonance modes.

1.6.1 Diffraction coupling

The fundamental ideas behind diffraction coupling and the coupled dipole model

can be seen in many papers, such as those by Carron et al. [41], and Markel et al.[42]

in the 80s and 90s, but the idea was not fully developed or experimentally realised.

A 2004 paper by Schatz et al.[43] focussed on the extremely narrow resonances pre-

dicted by the theory, and stimulated a number of further theoretical[44, 45, 46] and

experimental[47, 48, 49, 50] studies. These early experimental studies observed some

narrowing of the resonances, but it was not until papers by Kravets et al.[51] and Au-

guié et al.[52] that the extremely narrow resonances predicted were successfully real-

ised experimentally.

The physical basis of diffraction coupling can be understood quite simply (figure

1.8). If arrays are fabricated so that the Rayleigh diffraction anomalies of the array[2]

(where light is scattered into the plane of the array as a diffraction mode crosses from

the air into the substrate) and the localised surface plasmon resonance modes of the

structures occur at similar wavelengths, then light that would otherwise be scattered

to the far-field can be recaptured as electron oscillation in the nanostructures. By us-

ing the right combination of nanostructure size and shape and array period, it can

be configured so that light that is scattered by each nanostructure into the plane of

4Here we are using the quantum picture where Raman scattering involves instantaneous absorption,
excitation to a virtual state and decay, see 1.10.1.2.
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the array is in phase with the electron oscillation of its neighbour at its point of ar-

rival, so that the scattered light reinforces the electron resonance in the neighbouring

structure. Light energy which would otherwise be scattered to the far field and lost is

thus recapturing as electron oscillation. Extending this argument to the whole array

of interacting nanostructures results in very narrow collective resonance modes that

improve with the size of the array (in the limits of spatial coherence of the incident

light). Since quality factor Q is intrinsically linked to the ratio of energy retention and

loss of an oscillator by

Q = f

∆ f
= λ

∆λ
= 2π

Energystored

Energydissipated
(1.23)

where f is resonance frequency, λ is resonance wavelength, and ∆ f and ∆λ are the

frequency and wavelength bandwidths (resonance full-width, half-maximum) the qual-

ity factor of these resonances is greatly improved[8].

The most important Rayleigh cut-off wavelengths where light is diffracted into the

plane of the array occur at

λR = a

m
[n ± sin(θ)] (1.24)

where a is the array period, m is an integer, n is the refractive index of the surrounding

environment (which can be the environment above or within the substrate) and θ is

the angle of incidence. Additional resonances may exist, depending on the geometry

of the array. For a two dimensional square array for example, the resonances may

occur at any

λR = a

m
[n

√
p2 +q2 ± sin(θ)

{
p cos(φ)+q sin(φ)

}
] (1.25)

for integer p and q and azimuthal angle φ, i.e. the polar angle defining the samples’

orientation with respect to the plane of incidence[51].

1.6.1.1 The coupled dipole model

The coupled dipole model[41, 42, 43, 44, 45, 46] was instrumental in the prediction of

diffraction coupled resonances, and can also shed light on some of their properties.

In an array of N particles, each at position ri with polarisability αi subjected to an

external field Ei nc , a dipole pi will be induced in each particle, given by pi =αi Eloc,i ,

where Eloc is the local field at the nanoparticle position ri . Because each dipole in the

array will create its own scattered field, El oc consists of contributions from both Ei nc

and Edi pol e,i , the retarded fields created by the other dipoles. Assuming excitation

with a plane wave field Ei nc = E0e i k·r, where |k| = 2π
λ ,

Eloc,i = Ei nc,i +Edi pol e,i = E0e i k·ri −
N∑

j=1, j 6=i
Ai , j ·p j (1.26)
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for i = 1,2, ..., N , where A is the dipole interaction matrix[43]. Solving this is long-

winded, but by assuming an infinite array of particles with the same induced polar-

isation, for excitation at normal incidence we arrive at the analytic solution

αe f f =
1

1/α−S
(1.27)

where S is the retarded dipole sum

S = ∑
j 6=i

e i kri j

[
(1− i kri j )(3cos2θi j −1)

r 3
i j

+ k2 sin2θi j

ri j

]
(1.28)

with angle θi j between ri j and the polarisation direction.

The qualitative description of diffraction coupling above described a situation

where light scattered into the plane of the array could reinforce the resonances in

neighbouring nanostructures. This corresponds to a situation where the imaginary

part of S is negative, partially cancelling the overall positive imaginary component of

the complex polarisability which represents radiative damping.

The maximum value of αe f f , and therefore extinction (σext ∝ kIm(α)), occurs

when α−1 and S cancel as much as possible. This condition relies on both the real

and imaginary components of α−1 and S cancelling, and these values are dependent

on the nanoparticle size, array period, and the dielectric functions of the material and

environment. The spectral width and quality factor of the diffraction coupled reson-

ances depend not only onα−1 and S at the resonance maximum wavelength, but also

the profile of the curve either side of the resonance. This is illustrated by example in

figure 1.9. The black lines represent components of the inverse polarisability α−1 of

an isolated nanoparticle of the specified radius, and the red lines represent the com-

ponents of the dipole sum, S, when the nanoparticles are arranged in a large array. A

and B label the Rayleigh anomalies in the substrate and in air respectively. With the

aim of creating the highest quality resonances possible in mind, the left hand column,

graphs (a-c), depict a non ideal situation, whereas (d-f) predict a near-ideal scenario

at the given resonance wavelength. Looking first at the left-hand column, there are

two points, P and Q where the real components of α−1 and S cancel. These points

are close to, but do not perfectly coincide with the Rayleigh anomaly at B. Looking at

Im(α−1) and Im(S), P lies before the step in Im(S) at B, where the difference between

Im(α−1) and Im(S) is relatively large, and so the cancellation of α−1 and S is imper-

fect and manifests as a small peak in extinction. However, Q lies to the right of the

step, where the difference is much closer to zero and therefore the cancellation of

α−1 and S much closer to perfect. The peak at Q is correspondingly much larger. Be-

cause Re(α−1) and Re(S) cross at a point where the first derivative of Re(S) is small

(in comparison to the case depicted in (d), which we are about to consider), there is

also significant cancellation of Re(α−1) and Re(S) at nearby wavelengths, and thus the

extinction peak profile is relatively broad.
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Figure 1.9 – Spectral behaviour of the real and imaginary components of the inverse po-
larisability α−1 (black) and dipole sum S (red) for a square array of gold nanospheres on
a glass substrate, and the resulting extinction spectra at normal incidence in air. (a) to (c)
(left column) are for period a = 600 nm, and radius r = 80 nm, and (d) to (f) are for a = 700
nm and r = 75 nm at normal incidence. Calculated for 100 interacting structures. S is di-
vergent at A and B for infinite arrays, but finite arrays produce broadened peaks that do
not diverge.
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Figure 1.10 – Schematic diagram of a typical transmission measurement setup with fo-
cussing optics. All my measurements of transmission and ellipsometry used focussing
optics with NA = 0.1.

This is in contrast to the situation depicted in figure 1.9(d-f). Here, Re(α−1) and

Re(S) cancel exactly at the Rayleigh wavelength, at point B. Because the intersection

occurs at the apex of the sharp peak of Re(S), the completeness of the cancellation of

Re(α−1) and Re(S) at neighbouring wavelengths quickly diminishes away from point

B. Additionally, Im(α−1) and Im(S) become closer to each other, and to zero, with

increased lattice periodicity. This results in strong overall cancellation of α−1 and S

at the specific wavelength B, and a correspondingly high effective polarisability and

sharp peak in extinction, as seen in graph (f).

A further study and application of the coupled dipole approximation at normal

incidence can be found in section 2.2, where it was employed to predict optimal para-

meters for strong resonances at normal incidence.

1.6.1.2 Spatial coherence

In the couple dipole model above, it is assumed that all the dipolar resonators are

excited by a collimated beam of light. However, a practical measuring setup often ne-

cessitates the use of focussing optics (figure 1.10). In this configuration the excitation

field at the sample surface can only be considered coherent over a spatial coherence

distance of order λ/θ at excitation wavelength λ, for small θ (θ is depicted in figure

1.10). This effectively reduces the number of nanostructures that participate in the

collective resonance, N , to N ≈ λR
θa , where λR is the Rayleigh wavelength at which the

collective resonance is excited and a is the sample period. All optical measurements

in this thesis used focussing optics of NA = 0.1, which gives θ ≈ 0.1 rad in air, and

therefore N ∼ 10 for the main Rayleigh resonance in air.

1.7 Resistive coupling

Another coupling mechanism which has been much less thoroughly studied is resist-

ive coupling of plasmon resonances[53, 54]. This mechanism was first suggested by

Kravets et al. to explain the quantised transmission of an array of plasmonic nanopil-

lars on a conductive sublayer[53]. It was observed that the transmission through the

arrays of gold nanopillars was quantised in the infrared limit into levels separated by

πα ≈ 2.3%. An explanation for the phenomenon was presented, suggesting that the

quantised transmission plateaux arise as a consequence of quantised shunt resist-
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ance between the nanopillars via the conductive chromium/ titanium sublayer, with a

thin non-conductive chromium/ titanium oxide layer providing a tunnel barrier[53].

The tunnel barrier is overcome by dielectric breakdown, induced by the strong plas-

monically enhanced electric fields at the surface of the nanopillars, allowing the nan-

opillars to couple resistively through the conductive sublayer. The contact resistance

of a narrow breakdown channel is known to be quantised, thus leading to the quant-

ised transmission observed.

Work presented in chapter 4 of this thesis and published in 2013[54] includes evid-

ence for the resistive coupling of LSPR through a graphene layer transferred atop an

array of diffraction coupled gold lines.

1.8 Plasmonic Metals

1.8.1 Silver

Silver is the simplest plasmonic metal to understand, as it is very well modelled by the

Drude model (equation 1.17). Its SPP dispersion relation closely resembles the ideal-

ised case plotted in figure 1.1. Silver has the highest conductivity of any metal, and no

strong inter-band transitions in the visible spectrum. Correspondingly, it also has the

least damping for plasmonic applications. However, silver’s downside is in its tend-

ency to oxidise, which causes a gradual decay in resonance quality and limits its use

for applications in ambient conditions. Recent work in our group however, demon-

strated that graphene (see section 1.9) transferred on top of a silver layer can protect

the surface from oxidation and preserve its properties for plasmonic applications[55].

1.8.2 Gold

Gold’s high conductivity and exceptional inertness are its most advantageous prop-

erties. For some applications it is also favoured for its surface chemistry and bio-

compatibility[8]. However as might be deduced from its colour, gold has an inter-

band transition in the visible part of the spectrum, at around 470 nm, and several

more in the ultraviolet, such as at 325 nm[8]. These result in increased damping near

these wavelengths when compared to silver, increasing the imaginary component

of the dielectric function. Accurately modelling the dielectric function of gold near

these transitions requires modification of equation 1.17. The presence of these inter-

band transitions is the reason that gold is usually used for plasmonic resonances of

wavelength > 600 nm. In this region damping is smaller and gold much more closely

resembles an ideal Drude metal[8].
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1.8.3 Copper

Copper has similar plasmonic properties to gold, and similarly its colour is an indic-

ation that it also has inter-band transitions towards the blue end of the visible spec-

trum. Copper is more conductive than gold, cheaper than gold and silver, and (unlike

gold) is CMOS compatible. However, oxidation is again a major issue, with copper

surfaces losing their plasmonic characteristics rapidly upon contact with air. As with

silver, copper too can be protected from oxidation with a graphene layer to preserve

its plasmonic properties. Graphene protected copper even showed a slight improve-

ment in SPP resonance quality factor[55].

1.8.4 Other plasmonic metals

Many other metals support surface plasmon resonances. Aluminium has an inter-

band transition at ~800 nm, which severely limits its application in the visible. How-

ever its damping is much lower in the blue and UV part of the spectrum[10]. Like

copper, it suffers from rapid oxidation, which limits usefulness for plasmonic applic-

ations. Other metals with plasmon resonances include alkali metals such as lithium,

sodium and potassium (which are obviously severely limited by their reactivity), as

well as nickel, indium, platinum, palladium and rhodium[10, 23]. These metals gen-

erally suffer from high losses (except potentially the highly reactive alkali metals), and

so are only used in situations where they exhibit some other useful property such as

catalysis[10]. Alloys present another interesting possibility which has only recently

begun to be investigated for plasmonic applications[10, 56, 57].

1.9 Graphene

Figure 1.11 – Graphene crystal structure. The
graphene hexagonal lattice can be analysed as
two intersecting triangular sublattices, A and B
(red and yellow).

Graphene is a two-dimensional mater-

ial made of either one or a few stacked

layers of carbon atoms, each layer ar-

ranged in a hexagonal lattice. It was

first isolated and studied in 2004[58],

by repeated cleaving of small pieces of

graphite (which can be considered to

consist of many thousands of stacked

graphene layers) with adhesive tape, un-

til the graphite had been subdivided

into single graphene sheets. Monolayer

graphene has a number of remarkable

properties[59]. It is, of course, the thin-

nest material possible at only one atom thick. It has the highest electron mobil-

ity of any known material, with mobilities in excess of 200,000 cm2V−1s−1at room
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Figure 1.12 – Gating graphene - ambipolar field effect with linear dispersion near the
Dirac point.

temperature[60, 61], along with highly unusual electronic properties, discussed be-

low. It is also the strongest material known[62], yet is also flexible, and forms the most

impermeable membrane known[63]. These are just a few of the material’s remarkable

properties, many of which could be appealing for plasmonic applications[64].

Electrons in monolayer graphene obey a linear dispersion relation near zero en-

ergy, where two cosine energy bands (one corresponding to each sublattice - figure

1.11) intersect. As the electrons interact with the lattice they behave as quasiparticles

with zero rest-mass, which are better described by the relativistic (2+1)-dimensional

Dirac equation than the Schrödinger equation, and are often referred to as massless

Dirac fermions[59]. While these massless quasiparticles do not travel at the speed of

light, they still have a remarkably high Fermi velocity, vF ≈ 106 ms−1 ≈ c/300[59] and

travel for micrometres without scattering even at ambient temperature[61, 65].

Graphene can support intrinsic surface plasmons at infrared and terahertz fre-

quencies [64, 66]. Doping or gating a graphene layer can raise its Fermi level which

increases the number of free charge carriers available to support plasmon resonances.

Additionally, the electrons occupying states in the conduction band prevent inter-

band transitions via Pauli blocking. A high-frequency limit of surface plasmons in

graphene is therefore imposed by the level to which the material can be doped, be-

cause as soon as the plasmon energy approaches the minimum energy needed for

an inter-band transition that is not prevented by Pauli blocking (2EF in figure 1.12),

losses rapidly damp the resonance. This limit lies somewhere around 1 eV[64], which

corresponds to 242 THz or 1.2 µm for a free-space photon. Because the charge car-

rier concentration can be varied linearly with gate voltage, the behaviour of graphene

plasmons can be modified[66], allowing manipulation of optical properties.

While graphene’s quantum efficiency for light-matter interaction is extremely high[64],

its absorption is only 2.3% for a monolayer because the material is so thin (a value

defined by πα, where α is the fine structure constant[67]). This is remarkably high

for an atomic monolayer, but is lower than might be desired for many applications,

and does not compare favourably with metallic structures, which can absorb nearly

100% of light with large bandwidth range if fabricated with appropriate geometry[68].
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This has led to the development of hybrid devices, combining graphene and metal

plasmonics. Among the early studies of plasmon enhanced graphene-light interac-

tion were measurements of surface enhanced Raman scattering from graphene lay-

ers transferred atop arrays of plasmonic nanostructures[69]. Raman enhancement

factors of around 1000 have since been reported[70, 71]. Graphene could be an ideal

test probe for quantifying Raman enhancement, as its Raman spectrum is repro-

ducible and well known, and it does not suffer many of the disadvantages of dye

based approaches (such as irreproducibility, inhomogeneous spatial distribution of

dye molecules and photobleaching, section 1.10.1.3). Arrays of plasmonic nanostruc-

tures have also been used to enhance photovoltage generation in graphene[72, 73],

with a twenty-fold improvement in efficiency reported. Graphene can also be used

to modify the properties of resonances in metallic nanostructures[74, 75, 76, 77], in

some cases allowing active control via gating[75], and can also be used for reasons

not relating to its optical, electronic or plasmonic properties, for example as an easily

functionalisable, or oxidation preventing coating[55, 78, 79].

1.10 Experimental techniques

1.10.1 Fluorescence and Raman scattering and spectroscopy

Fluorescence and Raman scattering are two similar but distinct phenomena by which

a photon incident on a molecule or crystal can transfer energy to its vibrational modes.

Typically, the incident photon loses energy to the vibrational modes, and the emitted/

scattered photon will be red-shifted. The difference in frequency is called the “Stoke’s

shift”. If the photon gains energy, we say it has been “anti-Stoke’s” shifted. Anti-Stoke’s

Raman scattering can be used to study the thermal properties of a sample, but is not

of much relevance to this work. Molecules and non-infinite crystals exist in discrete

allowed energy states. Electronic energy levels are typically separated by several eV,

whereas vibrational states are separated by meV. Thus we can view the vibrational

states as creating substructure within the electronic states[8]. Figure 1.13 illustrates

the difference between Raman scattering and fluorescence in this picture.

1.10.1.1 Fluorescence

Fluorescence is the absorption of one frequency of electromagnetic radiation by a

substance, and subsequent emission of radiation of a second lower (for one photon

processes) frequency. At a microscopic scale, if an electron is in an electronic state

of energy E0, it can be excited to a higher energy state E1 by absorption of an incid-

ent photon of energy Ei , provided that the energy of the photon is equal to or larger

than the difference in energy of the two states (Ei ≥ E1 −E0). If the photon energy

is greater than that required for the transition, the excess of energy can be coupled

to the vibrational states of the molecule or crystal. Transitions between these vibra-
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Figure 1.13 – Graphical depiction of the difference between Rayleigh and Raman scat-
tering and Fluorescence. The y-axis represents energy, with electronic states in grey and
vibrational states in red. The x-axis gives a rough indication of relative timescales. Adap-
ted from[80].

tional states happen on picosecond timescales, whereas spontaneous emission rates

between electronic states tend to occur on nanosecond timescales. Therefore by the

time the electron decays back to its ground-state it will typically have reached the bot-

tom of the sub-spectrum of vibrational states and have dissipated energy to phon-

ons in the process. The radiative transition back to the ground-state is therefore of

a smaller energy difference than that of excitation and so the emitted photon is of

lower frequency. The difference in frequencies is known as the Stoke’s-shift. Not all

absorbed photons will result in fluorescence. Non radiative transitions such as multi-

phonon processes can sometimes return an electron to its ground-state without any

light emission. The quantum yield of a fluorophore is the ratio of photons absorbed

to those emitted as fluorescence.

1.10.1.2 Raman scattering

Raman scattering is the inelastic scattering of light. Fluorescence is not classed as

scattering, as it involves absorption and re-emission, while Raman scattering is in-

stantaneous in the classical picture. In the quantum mechanical picture, the mo-

lecule can be considered to be excited momentarily to a virtual state, before instantly

decaying. For Stoke’s Raman scattering, the molecule will end up in a higher vibra-

tional state (from which it will also rapidly decay) than it’s initial state (usually the

electronic ground-state), whereas for anti-Stoke’s Raman the molecule transitions to

a lower vibrational state than its initial state. Raman shifts are usually quoted as

wavenumbers, in units of inverse centimetres relative to the excitation laser wavelength

(rel. cm−1).
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The spectrum of the Stoke’s shifted light from fluorescence and Raman scatter-

ing is directly linked to the vibrational modes, and thus the chemical structure of the

sample under study. Typically, photons re-emitted by fluorescent processes will have

undergone a multitude of transitions between vibrational states with each photon

taking a different pathway. This results in a convoluted spectrum, making it hard to

isolate the effect of individual vibrational modes. Each Raman scattered photon will

typically have only interacted with a single mode, making it much easier to link them

to the chemical structure of the sample, as the spectrum will consist of more discrete,

sharper peaks. The energy lost or gained by each scattered photon is exactly equal to

the energy of a vibrational mode in the sample, thus the wavenumbers of the Raman

shifts in rel.cm−1 correspond directly to the energies of the vibrational modes.

1.10.1.3 Photobleaching

Photobleaching is a common experimental issue, as it causes molecules to temporar-

ily or permanently lose their ability to fluoresce or Raman scatter. Electrons (spin 1/2)

in atoms in their ground-state are paired, with opposing spins in a singlet state (total

spin 0) due to Pauli-exclusion. Fluorescence and Raman involve transitions between

these states and excited singlet electron states. However, there also exist three pos-

sible triplet (total spin 1) states where the spin of one electron flips to be parallel to

the other. Transitions between singlet and triplet states are forbidden in simple for-

mulations of quantum mechanics, but in practice spin-orbit and vibrational coupling

do allow them to occur, but with very small amplitude. If such a transition occurs, the

electron becomes inaccessible to the fluorescence and Raman processes, as transition

back to the ground-state is now forbidden. Eventually, on much longer timescales

than those of fluorescence and Raman, the electron may return to the ground-state

via a similar transition. If light is emitted this is known as phosphorescence. The dye

will then regain its fluorescence and Raman scattering. Another possibility is that the

dye may undergo chemical reaction while in the higher-energy triplet state and per-

manently lose its fluorescence and Raman scattering. This is a particular risk with

oxygen, which is unusual as it has a triplet state as its ground state. This actually

reduces its reactivity with most everyday chemicals significantly, but makes it very

reactive with other chemicals in triplet states.

1.10.2 Ellipsometry

Ellipsometry is an optical technique that uses polarised light to study the optical

properties of a sample. Fundamentally, the ellipsometer measures the ratio between

the complex Fresnel reflection coefficients Rp and Rs for p− and s−polarised light

respectively. These are more typically quoted asΨ and ∆, where

tan(Ψ)e i∆ = Rp

Rs
(1.29)
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i.e. Ψ relates to the ratio of amplitudes, and ∆ is the phase difference. Since ellipso-

metry measures the ratio of the two reflection coefficients, it is insensitive to random

noise sources and is therefore a very sensitive technique.

In the right circumstances, and in some cases with the help of an appropriate the-

oretical model of the material, ellipsometry can be applied to determine properties

including optical constants (n and k, ε′ and ε′′), film thickness (with sub-nanometre

precision), doping concentration and surface roughness[81]. The ellipsometer em-

ployed in this work, (T.A. Woollam Co. Inc. M-2000F) allows collection of optical spec-

tra in the ultraviolet, visible and near infra-red from 270-1700 nm, at variable angles

of incidence from 45-90°. In the order that the components are encountered by the

light beam, the ellipsometer apparatus consists of a Xenon lamp light source, a po-

lariser, a rotating compensator, the sample under study, a polarisation analyser and a

detector. In my work the ellipsometer was used to measure film thickness and com-

plex refractive indices for calibration of deposition techniques, and most commonly

to identify the spectral position and shape of plasmon resonances of my samples.

The ellipsometer was also used to measure transmission spectra. Transmission

spectra of plasmonic arrays presented were all normalised to transmission through

the plain glass substrate.

1.10.3 Electron beam lithography

Every stage of my work has made use of samples fabricated by electron beam litho-

graphy. The fundamentals of the technique are simple and the steps are illustrated in

figure 1.14. Referring to the figure, I will describe the typical fabrication process I have

used for making gold plasmonic nanostructures. It is possible to vary certain aspects

of the process described below, such as using different formula resists, spin-speeds,

baking times and developing solution. However my fabrication procedure was con-

sistent throughout my work, and was as described below unless otherwise specified:

1. First a substrate is prepared. Since I have been making samples to study their

optical properties, I have used glass slides. Silicon wafer (often with an oxide

coating) is a common choice of substrate for electron beam lithography, but

does not allow measurement of optical transmission.

2. Because glass is not conductive, a thin (typically 3 - 5 nm) layer of chromium is

evaporated, to prevent static charge build-up on the surface when it is exposed

to the electron beam. This is not necessary if silicon and silicon dioxide is used.

3. Poly(methyl methacrylate) (PMMA) resist is spin coated onto the sample. PMMA

is a common polymer, generally known under the trademarks Perspex, Plexiglas

or Lucite. For this application, PMMA of very specific molecular weight is dis-

solved in an anisole solvent, and spin coated with precise thickness. For almost

all my samples, the PMMA was coated in two layers, the first using PMMA with
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Figure 1.14 – An illustrated guide to electron beam lithography on glass.

molecular weight 495k, in a 3% solution (by mass) in anisole, coated at a spin-

speed of 3000 rpm, and the second using molecular weight 950k, 2%, at 5000

rpm. Each layer is baked for 15 minutes after spin-coating.

4. A beam of electrons is then used to draw the desired pattern onto the PMMA

layers on the surface of the sample.

5. Areas exposed to the electron beam undergo a change in their chemical com-

position, which increases their solubility in a developer solution. The lower

molecular weight PMMA is more strongly affected than the layer of higher mo-

lecular weight.

6. The PMMA is exposed to a developing solution (1:3 MIBK:IPA) for 30s, which

dissolves only the areas of resist which were exposed to the electron beam. The

495k layer dissolves more readily than the 950k layer, resulting in a slight over-

hang. We now have a mould with gaps in the areas that were exposed to the

electron beam.

7. A chromium adhesion layer is deposited prior to gold deposition. Gold alone

does not adhere well to glass or the now-oxidised chromium layer that was put

down to prevent charging.

8. Gold is deposited by electron beam evaporation, coating the PMMA layer and

filling the holes in the PMMA mould. The overhang created by the bilayer resist

prevents the formation of ‘bunny ears’ - spikes at the edge of the deposited gold
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structures caused by gold build up against the edges of the resist mould, instead

of deposition onto only the substrate beneath.

9. The sample is then immersed in acetone, which rapidly dissolves all the PMMA,

leaving the unwanted gold and chromium detached from the sample surface

to lift off into the acetone. All that then remains on the sample surface is the

gold and chromium deposited onto the surface, in the areas patterned with the

electron beam.

Unless otherwise specified, this is the fabrication process that was used for all samples

fabricated in the coming experimental sections. All electron beam lithography was

carried out with the assistance of Gregory H. Auton (chapters 2 and 3) or Fred Schedin

(chapters 4 and 5).
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Chapter 2

Collective Plasmon Resonances at

Normal Incidence

Benjamin D. Thackray, Vasyl G. Kravets, Fred Schedin, Gregory H. Auton,

Philip A. Thomas and Alexander N. Grigorenko

We fabricated gold plasmonic nanoarrays on a glass substrate supporting narrow col-

lective resonances that can be excited with light at normal incidence in an asymmetric

air or water environment. Resonance quality factors up to 19 in air, 45 in water and

85 in glycerol were measured at normal incidence, and a very high figure of merit for

bio-sensing applications in water was achieved. The coupled dipole approximation

was used to predict the optimum combinations of nanostructure size and periodicity.

These results could facilitate highly sensitive techniques for bio-sensing with with the

spatial resolution, flexibility and miniaturisation potential of LSPR based approaches.

(This work was published in ACS Photonics in 2014[82])

My Contribution

I designed, fabricated and measured the samples, with the help of Fred Schedin and

Gregory H. Auton for electron beam lithography, and the assistance of Vasyl G. Kravets

and Philip A. Thomas for measurements. Initial theoretical studies and simulation

were performed by Alexander N. Grigorenko. I extended the theoretical study to pro-

duce the plots in figure 2.6.

2.1 Introduction

Surface plasmon resonance (SPR) based sensors typically use the Kretschmann con-

figuration to excite propagating surface plasmon polaritons at the interface between

a thin metal film and dielectric medium, such as air or water (section 1.3). The tech-

nique exploits the fact that the spectral (or angular) position of the surface plasmon
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resonance minimum is strongly dependent upon the refractive index of the dielectric

medium within the first few hundred nanometres from the surface of the gold layer.

If the gold surface is functionalised with a molecule that binds to an analyte of in-

terest, then the presence of the analyte and its real-time binding characteristics can

be deduced by monitoring the shift of the surface plasmon resonance produced by

local refractive index changes near the gold surface. The technique is fast, label-free

and highly sensitive, capable of detecting refractive index shifts as small as 10−5−10−6

RIU with intensity based measurements[83]. For example, both proteins[84], such as

insulin[85], and DNA[86] can be detected at nanomolar (nM) concentrations.

The first application of this configuration for bio-sensing was by Liedberg et al. in

1983[87, 88], after which the technique rapidly developed to become a major applica-

tion of plasmonics. Today commercial SPR devices are offered by several companies[89,

90], and significant advances have been made in approaches to surface functional-

isation, utilising the sensing volume above the surface with functionalised dextran

hydrogel[91], combining the technique with microfluidics, and schemes for multi-

analyte detection[92]. However, devices based on the Kretschmann configuration

have a number of disadvantages. A high quality gold film, steep angle of incidence

(AOI) and a prism are required to enable light to couple to the higher-momentum

SPR modes, and as a result, the apparatus is bulky and consumables for SPR based

detection can be expensive[90, 93]. Significantly, the sensing area when using SPR

is not well localised on the sample surface. Typically it is of the order of the SPR

propagation length in-plane; i.e. few to hundreds of micrometers, but can even be

much larger[94]. The sensing volume also extends hundreds of nanometres from the

gold surface. If the purpose is to sense bulk refractive index then this is beneficial,

providing at least an order of magnitude increase in sensitivity compared to LSPR,

but for bio-sensing applications it is usually disadvantageous to have such a large

sensing volume[94]. Most high-end SPR set-ups are bulky and unsuitable for ima-

ging and point of care and ‘lab on a chip’ applications[94]. It would be helpful if light

could be strongly coupled to plasmon resonances at normal incidence, so detection

could be performed in a standard microscope without the need for specialist optics,

making the technique much more accessible. Even if detection sensitivity is reduced,

increased accessibility could open up the technology for applications where extreme

sensitivity is unnecessary[93].

Localised surface plasmon resonances (LSPR) in sub-wavelength metallic nano-

structures (section 1.4) provide a solution to some of SPR’s limitations for bio-sensing

applications[94, 95]. LSPR based detection can usually be performed at normal in-

cidence, and can provide nanometre-scale localisation, allowing detection up to the

single (protein) molecule limit[94]. Additionally, the LSPR wavelength can be tuned

from the visible and into the infrared by variation of the nanostructure geometry.

LSPR can also be combined with other complementary sensing techniques, such as
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surface enhanced Raman and fluorescence spectroscopy. LSPR resonances in simple

isolated structures tend to be spectrally broad and of low quality factor, but very high

detection sensitivities have been achieved with novel structures. For example, neuro-

toxins linked to Alzheimer’s disease have been detected at ~100 fM concentrations on

a substrate made with nanosphere lithography[95, 96]. Overall, LSPR could be much

more suitable for many bio-sensing applications due to its higher spatial localisa-

tion, miniaturisation potential and widely tunable resonance characteristics[94, 97].

Phase-based measurements present potential for a further 1-2 orders of magnitude

improvement in refractive index sensitivity, in both SPR and LSPR configurations[83,

98, 99]. While SPR approaches can appear to out-perform LSPR approaches ‘on pa-

per’, i.e. when judged in terms of sensitivities and figures of merit (section 2.5), the

spatial specificity and resolution of LSPR approaches means that they often prove

more sensitive in a real bio-sensing setup[100].

Collective resonances (section 1.6.1) in arrays of plasmonic nanostructures, where

diffraction is used to reinforce the LSPR resonances in the individual nanostructures

of the array, can be very narrow and of high quality factor and improve the refractive

index sensitivity of LSPR resonances until almost comparable to SPR[83]. This makes

them ideally suited for bio-sensing applications. Phase-based approaches exploit-

ing this effect can achieve sensitivities up to the 10−10 RIU[83], or fg/mm2 level[79].

These diffraction coupled resonances are typically only excited at a steep AOI around

~60°[51], although in arrays of tall nanostructures, narrow resonances in a symmetric

environment have been attained at shallower angles, such as 15°[101]. These results

were attributed to the out-of-plane coupling of the localised surface plasmon reson-

ances of the individual nanostructures, facilitated by the tall nanostructures. Diffrac-

tion coupled resonances at normal incidence have been predicted and measured[52]

in arrays of gold nanospheres, but strong resonances are typically only observed in

an index-matched environment. Auguié et al. explain in a theoretical study of the

dipolar model how an asymmetric environment can suppress the collective reson-

ance modes in arrays, especially in the case of structures small compared to their

period[102]. They go on to predict that this could be overcome with larger or asym-

metric nanostructures (a prediction we confirm). Excitation of collective resonances

in arrays at normal incidence has been presented from a water/ glass asymmetric en-

vironment, and even air/ glass[103, 104], however to our knowledge, the resonances

presented here are of the highest quality factor attained in a similar configuration to

date.

Presented in this chapter are gold nanostructure arrays which have high qual-

ity factor resonances at normal incidence in air, water and glycerol and novel res-

onance modes in asymmetric, out-of-plane L-shaped nanostructures that were also

observed. We have measured near infra-red resonance quality factors as high as 19 in

air (spectral position 843 nm), 45 in water (1025 nm) and 85 in glycerol (1228 nm). The
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Figure 2.1 – Cross-sectional side view of nanostructures, SEM images and FDTD simu-
lation (a) Cross-sectional diagram of a square nanostructure fabricated with one litho-
graphy step. (b) Cross-sectional diagram of an L-shaped nanostructure fabricated with
two lithography steps (c) SEM image of an array of square structures with period 400 nm
(d) SEM image of an array of L-shaped structures with period 400 nm (e) FDTD simula-
tion of 150 nm L-shapes in an array of period 544 nm (f) Predicted transmission spectrum
from the FDTD simulation.

LSPR of similar nanoparticles when the collective mode was not excited had quality

Q = 9 in air in the red part of spectrum. The diffraction coupled resonances in our

structures are spectrally narrower and of higher quality factor, and register a higher

figure of merit (FOM*[105]) for bio-sensing applications than any previously presen-

ted in similar structures, to our knowledge.

2.2 Investigation and experimental results

To achieve collective resonances at normal incidence, one needs to use either com-

posite or large nanostructures as an array elementary cell. Composite nanostructures

show strong near-field coupling inside the nanostructure[106, 107] that alleviates re-

strictions imposed on the plasmon resonance of a simple sphere, while large nano-

structures demonstrate the small absorption necessary for existence of the normal

angle resonance.

We initially studied composite nanostructures for normal angle collective reson-

ances, fabricating the ‘L’-shaped structures shown in figure 2.1(b,d). Our reasoning

was as follows: normal incident light will excite in-plane electron resonance in the

base of the L-shaped structure, which is electrically connected to the out-of-plane

stem of the L-shaped structure. The in-plane electron oscillation induced in the base

by the incident light should then drive out-of-plane electron oscillation in the stem,

coupling the normally incident light to the collective out-of-plane modes of the array.
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Figure 2.1 illustrates the principle behind the design. FDTD simulation predictions

supported our expectations, as shown in figure 2.1(e,f).

The structures were fabricated from gold on a glass substrate by electron-beam

lithography (see section 1.10.3 and 2.3). The first arrays were 200 µm x 200 µm overall,

with periods 400 nm and 500 nm. 130 nm x 130 nm, 80 nm tall square nanostructures

were fabricated in the first lithographic step, then a second lithographic step added

the second layer of 130 nm x 60 nm, 60 nm tall gold to the top of each structure to

complete the out-of-plane L-shapes (e.g.. figure 2.1(d)).

Each array of squares was created with a duplicate control array in the first litho-

graphic step, which was left untouched by the second lithography.

Figure 2.2 – Transmission at normal incidence
for 400 and 500 nm period arrays of square
and L-shaped nanostructures in water. Vertical
lines indicate the position of the Rayleigh an-
omalies at normal light incidence.

A 3 nm chromium adhesion layer was

first evaporated beneath each layer of

gold deposited, as well as over the en-

tire glass substrate to prevent charging

during electron beam lithography. The

chromium layer was later etched from

the glass substrate, as at normal in-

cidence the metallic sublayer can ef-

fectively suppress plasmonic resonance

due to resistive coupling (section 1.7).

The resulting structures can be seen in

the SEM images in figure 2.1: 2.1(c)

shows an array of simple squares, and

2.1(d) shows an array of out-of-plane L-

shapes.

At normal incidence, transmission spectra measured on the arrays of L-shaped

structures failed to exhibit any significant improvement on the control samples in

air or water (figure 2.2). However, ellipsometry (section 1.10.2) (figure 2.3) demon-

strated some significant differences. Both squares and L-shapes demonstrate the

familiar[51] diffraction coupled resonance at a high angle of incidence (60-65°). At

the same time, the L-shaped structures demonstrate a significantly stronger reson-

ance than the squares at shallower angles of incidence (45-55°). Transmission results

at an angle (figure 2.4) also show a distinction between the L-shapes and squares.

For small (5-25°) angles of incidence, the two structures behave similarly. However, at

higher angles of incidence the resonance quality decreases significantly for the square

structures, while the L-shapes retain the quality of their resonances up to 40°, above

which they also decrease in strength, until 55-60° where the transmission minimum

becomes deeper again. Both structures show a similar blue-shift of approximately

20-25 nm of the resonance position as the angle increases from 5-60°, with a stronger

blue-shift at smaller angles of incidence.
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Figure 2.3 – Ellipsometry of square and L-shaped nanostructure arrays. (a) Array period
400 nm. (b) Array period 500 nm. While the behaviour of both structures is similar for
the well documented diffraction coupled resonance excited at around 60°[51], the beha-
viour of squares and L-shapes differs significantly at shallower angles, with the L-shapes
exhibiting a second resonance at 45° when a = 400 nm and at 55° when a = 500 nm (green
lines). Vertical lines indicate the position of the air Rayleigh anomalies.

Figure 2.4 – Transmission for angles of incidence from 5° - 60° (a) for square nanostruc-
tures with period 400 nm (b) for L-shaped nanostructures with period 400 nm. Insets
show an SEM image of a typical nanostructure, and plot the depth and spectral position
of the local minimum at ~600 nm. While the squares have a sharper minimum, the trans-
mission minimum remains deep at higher angles for the L-structures. Both structures
exhibit a similar blue-shift of the resonance wavelength with increasing angle.
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Figure 2.5 – Transmission from arrays of square nanostructures in air, water and glycerol.
(a) Transmission of an array with period 400 nm (b) Transmission of an array with period
450 nm (c) Transmission of an array with period 500 nm. (d) Close-up of minimum trans-
mission from arrays with nanostructures of different sizes with period 450 nm in water.
Vertical lines indicate the calculated position of the Rayleigh anomaly at normal incid-
ence.

Unfortunately, the novel resonances in the L-shaped structures were excited too

far from normal incidence for our intended bio-sensing application. At normal in-

cidence, the L-shapes provide no improvement on simple square structures which

suggests that coupling to the out-of-plane mode is difficult to achieve under normal

illumination. More positively, the resonances in the arrays of square structures were

surprisingly good, especially considering the adverse effect that asymmetric environ-

ments can have on resonances at normal incidence[102]. The reason for the limited

success of the L-shaped structures lies in strong absorption observed in a unit cell of

the structure. We found that larger nanostructures (which show smaller absorption

and larger scattering) were more suitable for excitation of normal angle collective res-

onances.

Building on these results, we decided to optimize the diffractive coupled reson-

ance observed in regular arrays of simple square nanostructures. We fabricated a set

of arrays with a larger variety of periods and square sizes using the same fabrication

procedure as for the previous structures, but without a second lithography step. The

square height was 80 nm, and again the chromium layer was etched from the sub-

strate after fabrication and SEM imaging. From the variety of square sizes on this

sample (120 nm, 140 nm, 160 nm) we have presented just the results from squares 160

nm in size, which showed the best resonances overall (figure 2.5(d) shows the effect of

the square size on the resonances of an array with period 450 nm – confirming of the
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Figure 2.6 – Simulation of the extinction maximum values produced by various combin-
ations of the array period and nanostructure size (spherical nanostructures assumed).
(a)-(c) show the prediction of the model for 100 interacting nanoparticles, in air, water,
and glycerol respectively. The green dotted line provides an indication of the optimal
combination of structure size and array period. It is clear that a larger than optimal ratio
of size to period is predicted to perform better than a smaller than optimal ratio. (d)-(f)
are predictions for 10 particles in air, 13 particles in water and 15 particles in glycerol,
respectively. Here the number of particles has been reduced to an effective value to ac-
count for the effects of spatial decoherence (section 1.6.1.2). The positions of the green
lines are unchanged, indicating a shift of the optimum ratio towards larger particles, and
a broadening of the distribution.

importance of the nanostructure size[102]). Figure 2.5 displays selected transmission

results from the new samples in air, water, and glycerol. Good resonances exist in gly-

cerol (expected, as the environment is symmetric), but more unusually also in water

and air (especially for the sample with 400 nm period).

To further improve our normal incidence resonances we turned to the coupled

dipole model (section 1.6.1.1) and attempted to use it as an approximate theoretical

model to predict optimal combinations of array period and nanostructure size. Fig-

ure 2.6 (a)-(c) shows the predicted maximum extinction (per particle) in air water and

glycerol environments, as a function of nanostructure (assumed spherical) radius and

period (100 nanostructures simulated, we later considered the effect of spatial coher-

ence when using focussing optics in (d)-(f)). It is clear that optimal combinations lie

on or close to the dotted lines indicated. The lines could be approximately fitted to

give equations for optimal radius of nanostructure r = a/6.30−28 in air, r = a/6.15−20 in

water and r = a/6.35−15 in glycerol, where a is array period. These results also suggest

that nanostructures that are slightly larger than optimal for a given period perform

better when using focusing optics than those that are slightly smaller.

From this, we designed and made square nanoarrays (methods as before) with

larger nanostructures, dimensions around 200 nm x 200 nm (in-plane) x 100 nm (out-
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Figure 2.7 – Transmission of arrays of larger, 100 nm tall, square nanostructures with
periods from 600 to 900 nm. (a) Structures 210 nm square in water (b) structures 195 nm
square in water (c) structures 210 nm square in glycerol (d) structures 195 nm square in
glycerol. Clearly there are many samples with high quality factor resonances.

of-plane), with periods from 600 to 900 nm, in steps of 20 nm. The results from

these samples were disappointing in air, showing no good resonances (not presen-

ted), but well-behaved in water and glycerol (figure 2.7), demonstrating the expected

high quality factor resonances at normal light incidence (Q up to approximately 45 in

water, 85 in glycerol), which worsen as the period increases and the nanostructures

become relatively too small.

At this point we had very good results for collective resonances at normal angle

of incidence in water and glycerol, but we still wanted to improve the resonances in

air. Theory and the experimental results of Zhou and Odom in an index matched

environment[101] suggest that the height of the unit cell nanostructure, not just over-

all volume, may be especially important for supporting resonances at normal light

incidence. While we had made the nanostructures larger, they were still only 100 nm

tall and a poor approximation of the spheres for which we have calculated our theor-

etical predictions. To this end, we fabricated arrays of nano-cubes with sizes around

200 nm x 200 nm (in-plane) and height 200 nm (out-of-plane). The experimental res-

ults for these structures are shown in figure 2.8. The collective resonances observed

at normal light incidence for these taller structures followed theoretical predictions

and showed resonances with high quality factors up to 19 in air.

It is important to note that transmission spectra were measured with focussing

optics; using lenses of numerical aperture 0.1. The presence of the focussing op-
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Figure 2.8 – Transmission of arrays of even larger, 200 nm tall, square nanostructures,
with periods varying from 450 to 760 nm. Data presented is from structures 200 x 200 x
200 nm in size. (a) in air (b) in water and (c) in glycerol.

tics was a practical necessity, because of the restrictions on sample array size from

the electron beam fabrication time involved. The higher numerical aperture implies

lower degree of spatial coherence (section 1.6.1.2) which in turn reduces the reson-

ance quality factor (due to reduction of a number of nanostructures which vibrate in

phase and hence are effectively involved in the production of diffracted orders). Res-

onance quality factors would be expected to be even higher in the case of collimated

illumination. The effect of the focussing optics on the optimum resonance conditions

can be seen in figure 2.6 (d)-(f). Since we present these results with their practical ap-

plication in mind, the presence of focussing optics is a realistic representation of the

optical setup that would be used in a bio-sensing application, and thus appropriate.

2.3 Fabrication details

Samples were fabricated by electron beam lithography, as described in section 1.10.3.

First, a 1.2 mm thick glass substrate was coated with 3 nm of chromium to prevent

charging. All except the 200 nm tall structures were made as described in section

1.10.3; using bilayer PMMA resist (495k, 2%, 3000 rpm then 950k, 3%, 5000 rpm). For

the 200 nm tall structures, the first layer was duplicated, to increase the resist thick-

ness to accommodate the taller nanostructures.

In an additional step to the method described in section 1.10.3, the chromium

layer was chemically etched from the surface of the sample after all other processing.
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This removed the chromium in all the areas not protected by gold (it will remain as an

adhesion layer underneath the gold structures, where it is protected from the etchant

in which it was immersed for only the minimum amount of time required to remove

it from the exposed areas of the sample surface).

2.4 Highest quality factors

In summary, our highest approximate quality factors (Q = λ / FWHM) measured in

each environment are 19 in air (n = 1.00, λ = 843 nm, period a = 540 nm, structures

200 x 200 x 200 nm), 45 in water (n = 1.31, λ = 1025 nm, a = 660 nm, structures 195 x

195 x 100 nm), and 85 in glycerol (n = 1.44, λ = 1228 nm, a = 800 nm, structures 200 x

200 x 100 nm).

2.5 Figures of merit

It is common to calculate a figure of merit (FOM) to quantify the sensing potential

of plasmon resonances[108, 109]. One is typically defined as the change in a meas-

ured quantity (such as the wavelength of the resonance minimum) per refractive in-

dex unit (this quantity is termed the ‘sensitivity’, S), and is usually normalised to give

the FOM by dividing by the FWHM of the resonance dip (a sharper peak gives a more

precise indication of the resonance minimum position). This FOM adequately quan-

tifies the sensing potential of plasmonic modes in configurations similar to those used

in commercial instruments, where the angular shift of a single resonance minimum

at a steep angle of incidence is used to detect change in refractive index at the sur-

face. However for our purposes this FOM is problematic for a number of reasons.

Our structures exhibit complex resonances that don’t fit a Lorentzian profile, mak-

ing the assignment of a value of the FWHM to each peak a difficult and subjective

exercise. Where quality factors have been quoted, peak height for the FWHM was

measured approximately from the left-hand (low wavelength) ‘shoulder’ of the res-

onance dip to the resonance minimum, and thus the values must be considered es-

timates for this reason. Additionally, this FOM may also not be the most appropriate

way of quantifying the sensing potential in a simplified bio-sensing set-up at normal

incidence[100, 105].

Similar considerations prompted Becker et al.[105] to define an alternative figure

of merit (FOM*) for LSPR resonances, where FOM∗ = ( d I/dn

I

)
max . This FOM* is more

appropriate choice for our purposes. The simplified bio-sensing application which

we propose for our structures would involve measuring changes in intensity in trans-

mission, possibly with a laser at one wavelength, which could be chosen to achieve

the maximum FOM*. This definition avoids the need to assign a subjective FWHM to

each peak.
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Figure 2.9 – Transmission variation with refractive index and (d I /dn)/I variation with
wavelength for the sample with the highest measured FOM* of 120. Nanostructures 210
x 210 x 200 nm, with period 450 nm. Inset: linear fit at the 732 nm peak of (d I /dn)/I
giving the FOM*.

All samples were measured in 6 different concentrations of glycerol solution in

water1, 0% (pure water), 5%, 20%, 50%, 75% and 100% (pure glycerol), which were

measured to have refractive indices of 1.31, 1.32, 1.34, 1.38, 1.43, and 1.44 respectively

in the wavelength range 800-1400 nm containing the resonance minima, varying by

<1% over this range. The water/glycerol solutions and the sample were contained in

a glass cuvette. The sensitivities were then calculated, the FOM was estimated and

the FOM* was calculated using a linear fit for dλ/dn and dI/dn, and dividing by I for

pure water. Calculated sensitivities were mostly around 300 nm/RIU, reaching 380

nm/RIU for structures 200 x 200 x 200 nm with period 600 nm. This corresponds

to a FOM of approximately 13. These values compare favourably with typical sens-

itivities and FOMs for conventional (non collective) LSPR based approaches, which

are typically around 200 nm/RIU and 2-10 respectively in similar conditions (700 nm

excitation and n = 1.33)[100]. They do not compare well on paper to SPR based ap-

proaches though, which can exhibit sensitivity 3300 nm/RIU and FOM of 54 in the

same conditions[100]. However, as the authors of the cited work explain[100], bulk

sensitivities and FOMs are not always appropriate for many bio-sensing applications,

where the sensing volume is typically very small and spatial resolution is very de-

sirable. In these situations, LSPR based approaches often prove more sensitive in a

practical sense (i.e. in terms of ng/cm2 detection limits on the sample surface)[100].

Our highest measured FOM* was 120 at 732 nm, for the sample with structures 210

x 210 x 200 nm in size and array period 450 nm (figure 2.9). We measured FOM*s bet-

ter than 40 up to detection wavelengths of 1000 nm. Interestingly, the highest FOM*s

measured were not always for peaks with the highest estimated quality factor, rather

1Measurements in 5 - 75% water/ glycerol solutions were performed by Philip A. Thomas
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they were often for wider, asymmetrical peaks where one side of a peak varied rap-

idly with changing refractive index, as in figure 2.9. This highlights the unsuitability

of quality factor and the ‘traditional’ FOM for quantification of array bio-sensing po-

tential in this configuration.

2.6 Explanation

The results presented here overcome the suppression of collective resonances by an

asymmetric refractive index environment[102] by using carefully tuned combinations

of periodicity and nanostructure size. Though multipole effects likely become relev-

ant for larger nanostructures, an explanation of this effect exists within the coupled

dipole model (section 1.6.1.1). Attaining the strongest collective resonances possible

requires producing the ideal combination of parameters so that the real and imagin-

ary components of the inverse polarisability α−1 and dipole sum S cancel as com-

pletely as possible (as described in section 1.6.1.1 and illustrated by example in figure

1.9). Large periodicities improve cancellation of the imaginary components Im(α−1)

and Im(S), which both approach zero in the long wavelength limit, while differing

significantly at shorter wavelengths. A larger period then requires a correspondingly

larger particle size to enable effective diffraction coupling as LSPR wavelength needs

to be similar to the array period, and LSPR wavelength scales with nanostructure size.

Additionally, having a tall nanostructure moves electron oscillation further from the

substrate, mitigating the suppression effect of an asymmetric environment. Produ-

cing these optimal resonance conditions puts stringent requirements the nanostruc-

ture geometry. However, as shown in figure 2.6, using focusing optics relaxes the strin-

gency of these requirements slightly by broadening the distribution and also shifts the

ideal combination towards larger particle sizes.

2.7 Summary

We fabricated arrays supporting collective, diffraction coupled resonances which can

be excited with light at normal incidence in asymmetric air and water environments.

The nanostructure and array geometries were optimised for their bio and chemical

sensing potential through several stages of experimental and theoretical investiga-

tion. We calculate a very high FOM* (up to 120 in water) for bio-sensing applications

over a range of wavelengths from 700 to 1000 nm (FOM* from 40 - 120), as well as res-

onances of unusually high quality in air (Q~19) and water (Q~45). The high figure of

merit coupled with the fact that the resonances were excited with focusing optics at

normal incidence, make these structures well suited for sensing applications in asym-

metric index environments, regaining some of the sensitivity of SPR while retaining

the flexibility and spatial resolution of LSPR based approaches in a practical way.
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Chapter 3

Extremely Narrow, High Quality

Factor Collective Plasmon

Resonances

Benjamin D. Thackray, Gregory H. Auton, Philip A. Thomas, Vasyl G. Kravets

and Alexander N. Grigorenko

Presented in this chapter are extremely narrow collective plasmon resonances in nanostripe

arrays on a gold substrate, with spectral line FWHM < 7 nm and quality factor Q of at

least 210, at important fibre-optic telecommunications wavelengths around 1.5 µm.

(This work is prepared for publication, pending the inclusion of the latest results from

our group, which extend and improve even further upon those presented here.)

My Contribution

I designed, fabricated and measured the initial samples with super-narrow reson-

ances with the assistance of Gregory H. Auton for electron beam lithography. Philip

A. Thomas has since picked up the idea and produced further samples of a similar

geometry, including some identical except for small changes in the period and thus

the position of the resonance minima. Two spectra from Philip’s samples are included

in figure 3.2. Vasyl G. Kravets and Alexander N. Grigorenko were a constant source of

guidance and advice throughout.

3.1 Introduction

For many applications, especially sensing and modulation, it is advantageous to have

the narrowest plasmon resonances possible. Propagating SPPs in continuous films

generally have Q < 20 [55], and localised plasmon resonances in isolated nanoparticles
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tend to be spectrally broad, limiting their usefulness for such applications. The spec-

tral width of the resonance peak can be narrowed by coupling with resonance modes

in nearby nanostructures, especially in the case of diffraction coupling in large arrays

(section 1.6.1) , which can be employed to greatly improve resonance quality factors.

We added a continuous gold layer beneath an array of diffraction coupled gold

lines, and observe a further, significant improvement in the quality factor of the col-

lective resonances, due to an enhancement from the image dipole in the gold sub-

layer which can be understood by analogy with concepts from antenna theory. We

are not the first to acknowledge this effect, as work published recently presented sim-

ilar results at longer wavelengths, from 3 to 5 µm[110], with quality factors Q > 200

around 5 µm. To our knowledge, we have measured some of the highest recorded

values of quality factor for collective resonances in diffraction coupled arrays of plas-

monic nanostructures, measuring Q > 210 at around ~1.5 µm.

3.2 Fabrication details

Samples were fabricated on a glass substrate by electron beam lithography, as de-

scribed previously (section 1.10.3). The substrate was in all cases coated in a 3 nm

layer of chromium prior to lithography to prevent charging. For the samples from

which the principal results are presented, a flat 100 µm x 300 µm, 65nm tall gold layer

was then deposited by electron beam evaporation. In a second lithographic step, a

300 µm array of 100 µm long, 450nm wide gold stripes with a height of 70 nm were

deposited atop this flat gold layer. These lines were fabricated with periods of 1463,

1485, 15501 and 15801 nm, measured in SEM after fabrication. An additional 3 nm of

chromium was also deposited prior to each gold deposition step, for adhesion.

The additional results in figures 3 and 4 were fabricated in a similar way, except the

gold contact area was instead 200 µm x 200 µm in size, and the stripe arrays covered

a 100 µm x 100 µm area. Results are presented from samples with period 700 nm and

stripe widths of 200 nm and 480 nm, and period 1000 nm with stripe width 245 nm.

Samples with periods a = 700, 1000, 1500 and 2000 nm were made, each with 4 dif-

ferent nanostripes widths designed to be 1/5, 2/5, 3/5 and 4/5 of the sample period

(though they came out a little larger - see the appendix). Almost all the samples pro-

duced very narrow resonances, especially for a = 700, 1000 and 1500 nm – only a se-

lection of the best are presented (a more complete data set can be found in appendix

A).
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Figure 3.1 – A full 240− 1700 nm ellipsometric spectrum of a sample producing a res-
onance of quality factor > 210 at 1484 nm (FWHM < 7 nm). The sample has lines 450
nm wide, with a period a = 1463 nm and was measured at an angle of incidence of
θ = 82.5°. Resonance minima are close to the expected position of the Rayleigh anom-
alies at λR = a

m [1+sin(θ)]with m = 2,4,5. Inset (a) is an optical image of a structure being
measured under the ellipsometer beam, and inset (b) is an SEM image of the lines.

3.3 Results

One of the highest quality factor resonances is shown in figure 3.1, with quality factor

Q > 210 at a wavelength of 1484 nm. The sample has lines 450 nm wide, with a period

a = 1463 nm and was measured at an angle of incidence of θ = 82.5°. This corresponds

well with the expected position of the air Rayleigh cut-off wavelength at λR = a
m [1+

sin(θ)], for m = 2, (which would be predicted to be at 1457 nm), as do the other peaks

for the m = 4 and 5 modes.

Figures 3.2, 3.3 and 3.4 demonstrate that improvements to the collective reson-

ances are not limited to one combination of array geometry, measurement angle and

wavelength. Figure 3.2 demonstrates that super-narrow resonances can be achieved

at a range of wavelengths around the 1.5 - 1.55 µm telecommunications standard,

Figure 3.3 shows resonances achieved at shallower angles and different gold line thick-

nesses with an array period 700nm, and Figure 3.4 shows that high quality resonances

with Q > 70 can be achieved over a wide range of angle of incidence. Additional res-

ults from different periods and line widths can be found in appendix A.

1Samples with periods 1550 and 1580 were fabricated by Philip A. Thomas, as part of a follow up to
my work. Two spectra from Philip’s samples are included in figure 3.2 only. It is worth noting that Philip
was able to almost exactly reproduce the spectra measured on my samples.
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Figure 3.2 – Close up of the m = 2 resonance peaks of line arrays of various periods at
angle of incidence of 80°. The lines were 450 nm wide in all cases, and lower-bound
values of the quality factors are labelled beneath each peak.

Figure 3.3 – Additional examples of high quality factor resonances measured on a sample
with array period 700 nm. The widths of the gold lines and measurement angle of incid-
ence are indicated on the graph, and each narrow peak is labelled with a lower-bound
estimate of its quality factor.
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Figure 3.4 – Demonstration that narrow resonances can be attained at a range of angles-
of-incidence. Spectra measured on a sample with period 1000 nm and stripe width 245
nm for angles of incidence from 45.0 to 72.5° in 2.5° steps. Minimum values of quality
factor are indicated beneath each peak.

3.4 Discussion

All quality factors have been quoted as conservative lower-bound estimates. These

were calculated by measuring peak depth from the highest value at the right hand

shoulder of the line as plotted to the lowest value ofΨ of a measured data point. This

would be expected to be a lower-bound estimate of the true value for two main reas-

ons. Firstly, the peaks are asymmetric and do not perfectly fit a Lorentzian profile.

By ignoring this asymmetry and measuring our baseline from the higher, right-hand

shoulder of the peak we are effectively fitting them with a ‘worst case’ Lorentzian

function and likely assigning them an unduly high FWHM. Secondly, the peaks are

only a few nanometres wide, which is comparable to the wavelength sensitivity of our

detector. It is likely that the true lowest value of Ψ for a peak does not align perfectly

with a measurement wavelength, so we therefore expect to measure a higher min-

imum value of Ψ than the true value. This again acts to increase our estimate of the

FWHM, leading us to underestimate our quality factor calculations. For these reasons

we consider our presented values to be cautious lower-bound estimates of the true

resonance quality factors, the highest of which likely exceed 250. Additionally, we

have used focussing optics with numerical aperture 0.1 to measure the ellipsomet-

ric spectra, which we expect to reduce our measured resonance quality factors due

to the effect of spatial decoherence (section 1.6.1.2). The significant effect of spatial

decoherence is demonstrated in the supplementary information of reference [110].
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Figure 3.5 – Illustration of the equivalence of the radiation fields from a λ/4 monopole
antenna over perfect ground (which should strictly be of infinite extent - in our case, this
surface is a gold, near-perfect Drude metal mirror) and λ/2 dipole antennae with twice
the voltage.

3.5 Explanation

It may not be immediately clear that this is the case, but the sample properties re-

sponsible for producing the exceptionally narrow and high quality factor resonances

measured here are essentially the same as those shown to be important in the pre-

vious chapter. Namely, large structures facilitating strong out-of-plane electron res-

onances (and therefore coupling to the narrow sub-radiant lattice resonances[101]),

combined with large array periods, and an index-matched environment. The first of

these can be understood by analogy with concepts from the theory of antennae[110].

A monopole quarter-wave antenna over a perfect ground will radiate a field equival-

ent to that of a half-wave dipole antenna of twice the voltage. This is due to reflection

from the ground, which is assumed to be an infinite perfect electron conductor. The

situation on the surface of our samples is essentially identical, as illustrated in figure

3.5. Image charges in the gold sublayer screen and re-radiate the field scattered by the

nanostripes, creating an overall scattered field similar to that that would be scattered

by a nanostructure of twice the height (for out-of-plane electron oscillation). This is

especially evident for excitation with light at grazing incidence, where the compon-

ent of electric field normal to the plane is maximised (which is why the narrowest

resonances were observed for the steepest angle of incidence around 80°). For light of

s−polarisation, the dipole and its image would be antiparallel and cancel, thus this ef-

fect is highly polarisation selective. Production of this effect should only require that

the gold sublayer is significantly thicker than the skin-depth, estimated as ~5 nm for

gold at ~1.5 µm wavelengths. Since the image charges mirror the charge distribution

in the nanostructure above, this has the added advantage of effectively removing the

restrictions that asymmetric environments place on resonance quality factor[102] (as

discussed in the previous chapter). The overall effect of the image in the gold sublayer

to a far-field observer is to mimic a freespace dipole of twice the voltage, effectively

eliminating the effect of the substrate.

In summary, the key factors that are responsible for the ultra-narrow resonances

are essentially the same as those identified to be important in the previous chapter:

Large nanostructures facilitating strong out-of-plane electron resonances (in this case,
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enhanced by the image charges in the gold layer and with out-of-plane oscillation fa-

cilitated by the grazing angle of incidence) combined with a large periodicity, and the

creation of a ‘virtual’ index-matched environment, removing the damping effect that

the substrate refractive index mismatch can have on diffraction coupled resonances.

Modelling the sample geometry as a linear chain of 100 spheres may be a relat-

ively crude approximation, but it is worth noting that the maximum values of extinc-

tion calculated with the couple dipole model in section 2.2 (figure 2.6), predicted a

relationship r = a/6.30−28 between for the optimal combinations of nanosphere ra-

dius r and array period a in air. For a = 1500 nm, this predicts an optimal radius of

~210 nm, or diameter of 420 nm (though not all data is shown in figure 2.6, calcu-

lations were performed up to a = 2000, r = 250, confirming the continuation of this

trend [although the relevance of a simple dipolar model at large scales may become

questionable]). When measuring with focussing optics the effects of spatial coher-

ence must also be considered, which shifts the optimal combinations of array period

and nanosphere radius towards higher radii (figure 2.6(d)) and this predicted radius

should therefore be considered a lower bound.

3.6 Summary

Diffraction coupled plasmon resonances of exceptionally narrow spectral width and

high quality factor were achieved by fabricating arrays of gold nanostripes on a gold

sublayer. The effect is explained by analogy with well known results from the theory

of antennae and attributed to image charges in the gold sublayer which create a ra-

diation field equivalent to that of a resonant nanostructure of twice the height. This,

coupled with excitation at a steep angle of incidence, creates strong out-of-plane elec-

tron oscillation. The gold sublayer also acts to mimic an index-matched environment

and remove the damping effect of an asymmetric environment. The measured qual-

ity factors of up to Q > 210 are among the highest reported from arrays of diffraction

coupled nanostructures at a wavelengths around 1.5 µm.
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Chapter 4

Resistive Coupling of Localised

Plasmon Resonances in Metallic

Nanostripes through a Graphene

Layer

Benjamin D. Thackray, Vasyl G. Kravets, Fred Schedin, Rashid Jalil and Al-

exander N. Grigorenko

We fabricated and studied hybrid graphene plasmonic devices consisting of a gold

nanostripe array combined with graphene. Significant changes in the optical prop-

erties of the nanostripe array were measured after monolayer and bilayer graphene

were transferred onto it. We suggest that this modification is partly due to resistive

coupling of localised plasmon resonances through the highly mobile electrons of the

graphene layer. These results suggest an approach towards designing active optical

elements exploiting the high sensitivity of graphene carrier-density to bias voltage for

ultra-fast light modulation. This is especially interesting as the plasmonic resonances

of metal nanostructures can lie in the visible, near infra-red and ultra-violet; import-

ant areas for many applications.

(This work was published in Journal of Optics in 2013[54].)

My Contribution

I designed the samples with the assistance of Alexander N. Grigorenko and Vasyl G.

Kravets. I fabricated the samples with the assistance of Vasyl G. Kravets at all stages,

Fred Schedin for electron beam lithography, and Rashid Jalil for graphene flake trans-

fer. I performed measurements on the samples with the assistance of Vasyl G. Kravets.

Initial identification of the resistive coupling effect, and FDTD simulation studies

were by Alexander N. Grigorenko.
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4.1 Introduction

Graphene plasmonic devices have attracted recent attention with their potential ap-

plications for ultra-fast optical modulators, efficient photodetectors, photovoltaics,

and ultra-sensitive chemical and bio-sensors[64, 65]. Plasmon resonances in noble

metals such as silver and gold can be tuned over a wide range of frequencies, from

ultraviolet to deep infra-red, generally by careful choice of design parameters that

are defined at the point of fabrication, such as the materials and sample geometry.

Changes in the dielectric constant of the environment induce resonance frequency

shifts, which can be exploited for sensing[95], but these changes tend to be either slow

or require high voltages. Fast modulation of plasmon resonances would be very desir-

able for optical applications, and could compete favourably with modulators based

on cheap and small but slow liquid crystals, or fast but bulky and expensive non-

linear crystals[64]. Plain and structured graphene has long wavelength plasmon res-

onances in the infra-red to terahertz region (section 1.9) and, importantly, graphene

resonance frequency and amplitude have been shown to be actively controlled by

gate voltage[64, 66, 111]. However, graphene alone does not interact strongly with

light, absorbing only ~2.3% of incident energy[67]. Metallic structures, on the other

hand, can absorb nearly 100% of light in wide bandwidth range if fabricated with ap-

propriate geometry[68]. Recently, there have been attempts to combine graphene

and metal to create hybrid plasmonic devices exploiting the benefits offered by both

materials[64]. These approaches may use metal plasmons to alter or enhance graphene-

light interaction [69, 72, 73], use graphene to modify the resonances of metallic nano-

structures [75, 76, 77], or exploit other properties of graphene, for example as an easily

functionalisable coating, or as a reproducible probe for characterising sample prop-

erties such as Raman enhancement[55, 71, 78, 79, 112].

Few results relating to the effect of graphene on metal plasmon resonances in hy-

brid structures and the possibility for active control have yet been published. Kim et

al. used bias voltage applied to a graphene layer to control the plasmon resonance of

a single gold nanorod, shifting the LSPR resonance slightly and modulating the res-

onance quality factor by 28% by varying the bias over a range of 2 V [75]. These results

were for resonance at telecommunications wavelengths around 1.5 µm. It has also

been shown by Yang et al. that varying the separation between a graphene layer and

randomly arranged gold nanoparticles on a surface with an Al2O3 spacer layer can

create a shift in the resonance frequency of over 20 nm at optical frequencies[76, 77].

The spacer layers used in the two studies varied from 0.3 to 35nm, with saturation

seen above 20 nm[76]. Xu et al. studied self-assembled silver nanoparticles on glass

substrate coated with CVD graphene, as well as similar samples where the graphene

layer was absent. They observed an increase in the transmittance near the silver plas-

mon resonance frequency of their samples when graphene layers were present, indic-

ating that the graphene suppresses the localised plasmon resonances in the silver by
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dissipating the electric field at the nanoparticle surfaces[112]. Simulation results and

Raman measurements also support their conclusions.

We present evidence for a coupling mechanism that has so far received much

less attention than near-field and radiative mechanisms - resistive coupling of plas-

monic resonances through a conductive layer. It was shown previously that resist-

ive coupling could strongly suppress plasmonic resonances and generate quantized

transmission of light through an array of gold nanostructures on a conductive chro-

mium or titanium sub-layer[53], where the effects of resistive coupling were seen as a

modification to the optical response of an array of coupled plasmonic nanostructures

even in the range far from the main plasmonic resonances (see section 1.7). The res-

ults presented here demonstrate that addition of graphene to an array of diffractive

coupled gold nanostripes can significantly modify the optical response of the array.

We partially attribute this effect to resistive coupling of the gold electron oscillations

through the graphene conduction electrons.

4.2 Fabrication details

Figure 4.1 – Sample geometry. (a) Schem-
atic diagram of sample. (b) Logarithmic plot
of Raman spectra of bilayer and monolayer
graphene on the gold structures and on the
glass substrate with 3 nm Cr layer. The
plasmonic Raman enhancement factor of the
peaks (calculated using the maximum peak
height above background) ranges from 30 to
over 100. The high quality of the graphene is
confirmed by the absence of a D-peak. (c) SEM
image of the edge of the monolayer graphene
on the gold lines.

Gold nanostripes were fabricated on a

glass substrate with 3 nm chromium

adhesion layer by electron beam litho-

graphy, electron beam evaporation of

gold and lift-off, as described in section

1.10.3. Two samples were made with

gold stripes of differing average widths

of 160 and 175 nm, and the same pitch

of 320 nm, stripe height of 90 nm, and

stripe length of 200 μm. The stripe ar-

rays covered a 200 × 200 μm2 area. Stripe

width length and pitch were confirmed

by SEM and height was confirmed by

quartz crystal microbalance during de-

position. A schematic and SEM image of

the structures can be seen in figure 4.1.

Monolayer and bilayer graphene

was then prepared by micro-mechanical

cleavage of graphite1, and transferred

onto the metallic structures by the wet transfer method[113]. The presence, nature

and high quality of the monolayer and bilayer graphene was confirmed by SEM and

Raman spectroscopy (figure 4.1) Two samples were studied, one with 175 nm stripes

1Graphene transfer was performed by Rashid Jalil
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Figure 4.2 – Reflection spectra of the sample with 175 nm thick lines. The spectra were
measured with p−polarised light before and after the addition of monolayer and bilayer
graphene at four angles of incidence: (a) 45° (b) 55° (c) 65° (d) 74°. λR indicates the first
air Rayleigh anomaly (λR = a[1+ sin(θ)], where a is the array period and θ is the angle of
incidence) and λsub the resonance in the substrate (λsub = a[ns +sin(θ)], where ns is the
substrate refractive index).

and both monolayer and bilayer graphene, and a second with 160 nm stripes and

only monolayer graphene. Both samples showed very similar effects upon addition

of graphene, so only the results from the 175 nm sample are presented here, due to

the additional presence of bilayer graphene.

4.3 Experimental results

Reflection spectra measured on the sample at various angles of incidence can be seen

in figure 4.2. It is immediately clear that the presence of graphene results in a modific-

ation in the reflection coefficient RP of up to ~10% over a wide range of wavelengths,

increasing in bandwidth with increasing angle of incidence to span most of the vis-

ible spectrum at 74°. There is a much smaller, but still noteworthy difference between

monolayer and bilayer, with bilayer having a similar but slightly more pronounced

effect than monolayer graphene. A near-zero reflectivity plateau is seen at shorter

wavelengths, most significantly at smaller angles of incidence. Figure 4.3 shows el-

lipsometric spectra measured at the same four angles of incidence. Again, there is a

significant change upon addition of monolayer graphene, and a small increase in the

magnitude of the effect when bilayer graphene is added. A significant difference from

the reflection spectra however, is that the direction of the change reverses as the Brew-

ster angle of the glass substrate is crossed. Shallower angles demonstrate a change in
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Figure 4.3 – Ellipsometry spectra of the sample with 175 nm thick lines. The spectra were
measured before and after the addition of monolayer and bilayer graphene at four angles
of incidence: (a) 45° (b) 55° (c) 65° (d) 74°. A significant modification can be seen after
addition of the conducting layer. λR indicates the Rayleigh anomaly in the air and λsub

the resonance in the substrate. Note that the graphene presence has the opposite effect
on the optical reflection at either side of the Brewster angle.

the UV (perhaps due to the graphene Van Hove singularity[114]) which is absent for

larger angles, and for all angles the magnitude of the effect decreases to zero in the in-

frared. This can be more clearly seen in figure 4.4, which shows the isolated effect of

addition of monolayer graphene, calculated by subtraction of the reflection and ellip-

sometric spectra in absence of graphene from those when monolayer is added. The

reflection spectra of figure 4.4(a) show modification of a similar nature (with some

discrepancy at resonance) over the whole spectrum, which increases in magnitude

with increasing angle of incidence. Figure 4.4(b) shows the abrupt flip in the sign of

the modification as the substrate Brewster angle is crossed, and clearly shows that the

difference tends to zero in the long wavelength limit.

A shift in the position of the plasmon resonance spectral minimum was also ob-

served, as in previous studies[76, 77]. The direction of the shift tended to be towards

longer wavelengths, and varied between 3 nm and 50 nm in magnitude. Larger shifts

were seen in reflection than in ellipsometry, at smaller angles of incidence, and for

bilayer when compared to monolayer. It should be noted that the error in the re-

flection coefficient RP is larger than in the ellipsometric parameter Ψ. In the pre-

vious studies where the thickness of an Al2O3 spacer layer was varied, a blue shift

of up to 29 nm was observed with spacer layer thickness from 0.3 - 15 nm[76, 77].

This previously observed blue-shift with increasing gold/ graphene separation can be

better interpreted as a reduction in the red-shift that is induced by the addition of
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Figure 4.4 – Difference spectra due to the presence of monolayer graphene. (a) The dif-
ference in p−polarised reflection coefficient for four angles of incidence. (b) The differ-
ence in ellipsometric parameter Ψ for four angles of incidence. Care is advised before
drawing any conclusions from the apparent monotone variation with angle of the dif-
ference in reflection above 800 nm, as the full data set displays a more complicated be-
haviour than is evident in the data shown. A point to note is that only at 45° does the
reflection coefficient Rp tend to zero in the infrared, whereas the data from all 15 meas-
ured angles tended to zero in ellipsometry.

graphene, which can be seen by comparing their results from samples with graphene,

gold and Al2O3 with their control samples where the graphene is absent. Though

generally a red-shift was seen, we did observe a slight blue-shift to some of the reson-

ances at higher angles of incidence upon graphene addition. This hints at a complex

nature of the resonance position shift, and is echoed in Niu et al.’s results with thick

spacer layers; where for spacer layer thicknesses of 15-20 nm a red-shift was instead

observed[76]. The larger shifts in reflection than in ellipsometry and the fact that the

difference in Rp in the long wavelength limit does not tend to zero, but the difference

in ellipsometry does, both indicate variation in Rs . Variation in Rs could also explain

the fact that both red- and blue-shifts of peak positions were observed.

4.4 Discussion

The first evidence for an additional resistive coupling between nanostructures in-

duced by the presence of graphene comes from the large amplitude modification

that is observed upon addition of monolayer, and the comparatively smaller differ-

ence between monolayer and bilayer. This indicates that the presence of a conduct-

ing layer is partly responsible for the effect and not just the change in local refractive

index (the sample was also covered with non-conductive PMMA to confirm that no

similar change was observed). The similar nature and only slightly increased mag-

nitude of the effect in the areas with bilayer graphene also supports this hypothesis,

as it shows that the increased conductivity of bilayer[115, 116] enhances the effect,

but that it is the presence of a conducting layer that is principally responsible. The

fact that the effect spans a large part of the visible spectrum also supports our hypo-

thesis, indicating that the effect is not a resonant phenomenon, which is as we would
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Figure 4.5 – FDTD modelling. The calculated distribution of field (z−cross-sections) and
currents (graphene plane) for the elementary cell of the structure (320 nm x 320 nm) illu-
minated by p−polarized light under the angle of incidence of 65°. (a) and (b) correspond
to the case of graphene being in direct (resistive) contact with metallic stripes; (c) and
(d) corresponds to the case of graphene displaced by 2 nm from the top surface of gold
nanostripes.

expect since graphene optical conductivity remains almost constant over the visible

spectrum[67]. It is worth noting that it is likely that other factors such as doping[69]

and image dipoles in the graphene layer[76, 77] could play a part in producing the

effect.

In summary, our experiments show that the graphene affects the spectra well out-

side the region of localised plasmonic resonances, which is a signature of the resist-

ive coupling. Additionally, the large effect of addition of monolayer is only slightly

increased by the bilayer graphene of increased conductivity, suggesting that the pres-

ence of a conductive layer is key.
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Figure 4.6 – FDTD modelling. (a) The calculated p−polarized reflection Rp and (b) ellip-
sometric parameterΨ for the case of bare the plasmonic structure, the plasmonic struc-
ture with graphene on the top, and the plasmonic structure with a graphene sheet placed
2nm and 10nm above.

4.5 FDTD modelling2

To elucidate the nature of the coupling of the localised plasmons in the presence of

graphene, we performed finite element analysis of our structures with the help of

High Frequency Structure Simulator (HFSS11). The actual geometry of the samples

was used in modelling and optical constants of gold films were extracted from spec-

troscopic ellipsometry measurements[68, 72] while graphene was modelled as a thin

layer with conductivity given by the sheet graphene conductivity[64] divided by the

thickness of the layer. Simulations clearly demonstrate that the presence of con-

ductive graphene suppresses localised plasmonic resonances through the currents

induced in the graphene sheet. For example, figure 4.5 shows the maps of the in-

duced electric field, figure 4.5(a), (c), and currents in the graphene sheet, figure 4.5(b),

(d), for the p−polarised light illuminating the arrays of nanostripes at the incidence

angle of 65° (an elementary cell of 320 nm x 320 nm is shown; the structure is sup-

posed to be periodic in both x− and y−directions). For comparison, the solutions are

provided for the cases where graphene is in direct contact with the gold nanostripes,

figure 4.5(a), (b), and is displaced by 2 nm from the surface of the gold in a such a

way that the resistive contact is absent, figure 4.5(c), (d). It is easy to see that the loc-

alised plasmonic resonances are suppressed in the presence of the resistive contact

between gold and graphene (the maximal electric field enhancement developed in

this case is only 2.4, figure 4.5(a) which is much smaller than the enhancement ratio

of 10.6 observed for the case of the graphene displaced by 2 nm from the surface of

the gold, figure 4.5(c)). FDTD modelling also confirms the presence of a net current

flowing between nanostripes in case of resistive contact between graphene and gold,

which is responsible for suppressing the localised plasmonic resonances; compare

figure 4.5(b) and (d).

The influence of graphene on the collective resonances of the nanostripes can be

2FDTD modelling was performed by Alexander N. Grigorenko, and is presented for the justification it
provides to the conclusions drawn.
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seen in figure 4.6. We show the calculated RP and Ψ for an angle of incidence of 65°

without graphene and at several different positions of the graphene layer with respect

to the surface of the sample (one in the direct contact with gold nanostripes, shifted

by 2 nm and 10 nm above the stripes). One can see that there are spectral regions

where the resistive coupling dominates (in the near infrared where the reflections for

graphene displaced by 2 and 10 nm are the same) and also there are spectral regions

where Ohmic losses in graphene provide the strongest contribution to the graphene

influence on plasmonic resonances (visible and UV region where the reflections for

graphene displaced by 2 and 10 nm are different).

To summarise, FDTD modelling supports the idea of currents in the graphene

layer which suppress localised plasmonic resonances. This can be seen from the drop

of the maximal field enhancement ratio for the graphene in contact with the gold

stripes.

4.6 Summary

We have observed that a conductive graphene layer placed on top of an array of dif-

fraction coupled nanostripes can modify their reflectance and ellipsometry over the

visible spectrum by up to ~10%. We suggest that resistive coupling of the resonances

through the graphene layer is partly responsible for this effect, though it remains for

the relative contributions of various effects to be quantified. Active control of the

resistive coupling effect by graphene gating would provide conclusive proof of our

hypothesis. This is a more subtle experiment on which we are currently working.

These results are promising due to their potential to enable the fabrication of ultra-

fast optical modulators, using bias voltage to rapidly modulate the carrier density of

the graphene layer and thus the resistive coupling and optical properties.
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Chapter 5

Cascaded Plasmon Resonances

Benjamin D. Thackray, Vasyl G. Kravets, Fred Schedin and Alexander N. Grigorenko

In this section I present results from an early area of investigation during my PhD,

where I aimed to optimise structures for the cascaded enhancement of plasmon res-

onances. Some progress was made towards the optimisation of fabrication proced-

ures, however practical considerations concerning the fabrication time and complic-

ated measurement procedures ultimately led to this direction being abandoned in fa-

vour of the more productive projects presented above. Here I present an incremental

improvement to the reliability of the fabrication process for the structures initially

devised and fabricated by Kravets et al.[106, 107].

These structures could be used to reliably produce localised strong electromag-

netic field enhancement for applications such as SERS and SEFS studies.

My Contribution

Here I built upon earlier work by the other three named contributors. My contribution

was to devise and test an incremental improvement to the fabrication procedure. In

practice this mostly involved a lot of calibration of deposition rates and testing of dyes

for enhancement quantification. I modified a sample design previously devised, then

fabricated samples with the assistance of Fred Schedin for electron beam lithography.

Vasyl G. Kravets and Alexander N. Grigorenko again assisted and guided at all stages.

5.1 Cascaded enhancement

A novel approach for maximising local field intensities is to create plasmonic nano-

structures that create a cascaded enhancement of the electromagnetic field. Applic-

ation of self-similar nanostructures for cascaded field enhancement was suggested

by Li, Stockman, and Bergman[117]. They suggested planar chains of metal spheres,

decreasing in size and separation along the chain. They hypothesised that the per-

turbing effect of each subsequent smaller sphere on the field of the larger can be neg-
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Figure 5.1 – Cartoon depiction of double (foreground) and triple (background) structures
for cascaded electromagnetic field enhancement fabricated by Kravets et al. [106, 107].

lected, so that the smaller structure could be considered to be lying in the field gen-

erated by the larger one. Each larger structure will resonate in its exciting field and

enhance the local electromagnetic field by a factor Q ∼ Re(ε(ω))
Im(ε(ω)) , which will in turn ex-

cite resonance with additional enhancement from the smaller sphere, and so on, res-

ulting in a total enhancement factor ∼ Qn for n spheres[117]. The idea was justified

with simulation results, however when first tested experimentally, did not produce

the predicted strong enhancement effects[107, 118].

Kravets et al. took this idea, but modified the geometry of the structure, exchan-

ging the planar chain of spheres for an out-of-plane stack of discs. This proved suc-

cessful, first for studies of surface enhanced fluorescence with double-structures made

of two stacked discs with one cascaded enhancement step[106], and then for Raman

studies on triple structures with an additional enhancement step, created by adding

a third disc to the stack[107]. In this work we pursue the ‘pagoda’ type structures

in [106], which were then developed to create the three-disc triple structures. These

structures are depicted in figure 5.1 .

Few other papers have been published on cascaded field enhancement[119, 120].

A notable example is the work of Höppener et al.[121], who fabricated an antennae

made of three gold nanospheres of sizes 80, 40 and 20 nm on a quartz tip, which are

bonded by dithiol linker molecules, which also separate the particles by 2 nm to pre-

vent electrical contact.

5.2 Fabrication optimisation

It was found in previous work, and confirmed in mine, that the optimal disc diamet-

ers for the structures fabricated by Kravets et al. were ~590-600 nm for the largest,

annular disc, 100-110 nm for the second disc, and 30 nm for the smallest (where

present)[107]. The two larger discs are deposited in the same deposition step, and

so have a common thickness of ~90 nm, while a 100 nm diameter, 100 nm tall dielec-

tric spacer concentric to both discs separates the two from electrical contact. The

smallest discs are only ~30 nm tall, and separated by 10 nm of dielectric deposited

by electron beam evaporation. A range of structure sizes and combinations close to

86



After Lithography & 

Developing
After Deposition & Lift-Off

Glass

PMMA
Cr

Glass

Cr
Au

Au
Over exposed PMMA

Figure 5.2 – Original fabrication procedure for double structures used by Kravets et al.
[106, 107]

these optimised values were fabricated.

Kravets et al.[106, 107] reduced the number of lithography steps needed to fabric-

ate the samples by employing a clever technique which allowed the PMMA resist to

be used as both a positive and negative electron beam resist. Under normal exposure

to an electron beam, PMMA will become more soluble in the developing solution (see

section 1.10.3), however if the PMMA is strongly over-exposed, it can cross-link, and

instead become insoluble. This allows both the pattern for the mould for the gold de-

position step to be drawn, while also allowing the patterning of insoluble, dielectric

structures on the surface. This technique was employed as illustrated in figure 5.2

to create two stacked gold discs (the largest actually an annular, doughnut shape sur-

rounding the over-exposed PMMA) separated by a dielectric spacer of over-exposed

PMMA in a single lithographic step. While this is a clever way to reduce the number

of sample fabrication steps, I found that it came at the expense of sample reprodu-

cibility. In a survey of 188 structures, conducted by taking a number of SEM images

at random locations on the arrays produced by the original method, I found that only

94 structures - exactly 50% of those measured - were well formed. Of the other 50%,

38, or approximately 20% had no smaller disc at all, and the remaining 56, or ~30%,

had a smaller disc that was present but displaced due to poor adhesion to the over-

exposed PMMA column. Examples of these three situations can be seen in the ex-

ample SEM images shown in figure 5.4. Additionally it was found during sample use

that the structures fabricated by this method degraded with repeated spin-coating of

PMMA (containing low concentrations of suspended dye molecules, for fluorescence

and Raman enhancement measurements), and subsequent removal of the PMMA/

dye coating in acetone.

For these reasons, an improved fabrication method was developed, as depicted

in figure 5.3. This approach replaces the over-exposed PMMA column with a sim-

ilar structure fabricated from silicon dioxide deposited by electron beam evaporation

in an additional lithographic step. This approach produced structures with a much

higher level of reproducibility (estimated at over 90%), but at the cost of more com-

plicated sample fabrication. 239 structures were assessed, as for the previous sample,

and 217, or ~91% were found to be well formed. Of the remaining 22 structures, 21

had no smaller disc (~9%) and only one (~0%) had a disc where it was clear that gold
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Figure 5.3 – Modified fabrication procedure for improved reproducibility.

adhesion had failed, but the small disk still remained. It is worth noting that for the

samples fabricated with the original method, in almost all cases where there was no

smaller gold disc the larger disc was still annular, with a hole in the centre. On the

other hand, in all cases where the smaller disc was absent on the samples fabric-

ated with the second method, the larger disc was solid, indicating that no dielectric

column was present. This suggests that poor adhesion of chromium/ gold to the over-

exposed PMMA column is the principal flaw of the original approach.

The successful samples fabricated with a silicon dioxide dielectric spacer were

preceded by failed samples, where the layer thickness was inaccurate by more than

30%, and the dielectric constant of the film, measured by ellipsometry, was poor. It

was discovered through many stages of testing and optimisation that for reliable de-

position of a film of silicon dioxide of a given thickness it is important to scan the

electron beam over a fresh target, using a deposition rate no higher than ~0.6 ång-

ströms per second (typical deposition rate was around 0.2 - 0.4 Å/s with good results).

It is also important that the material parameters for thickness calculation are well

calibrated, and that a quartz crystal with more than 50% of its lifetime remaining to

monitor the deposition process. Using these optimised deposition conditions, film

thicknesses (measured with both the ellipsometer and profilometer, with good agree-

ment) were reliable to within ~5%, with dielectric constant close to the desired 3.9.

5.3 Fluorescence and Raman enhancement

Calculation of cascaded enhancement factors, and the contributions from different

components of the composite nanostructures (discussed at length in the supplement-

ary information of reference [106]) is a complicated business. Fortunately, since the

work in this chapter builds on previous results that have already demonstrated the

validity of the cascaded enhancement effect, it is sufficient to show that the norm-

alised integrated fluorescence enhancement measured from the full two-tier nano-
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Figure 5.4 – Typical SEM images of double structures from samples made with the ori-
ginal method (figure 5.2).
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Figure 5.5 – Typical SEM images of double structures made with the modified fabrication
method (figure 5.3).
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Figure 5.6 – The additional lithography step required to fabricate triple structures

structure when using the new fabrication method is comparable to that measured

when using the previous fabrication method. Kravets et al. measured a normalised

fluorescence of ~8-9 from the full nanostructure fabricated with the original method[106]

(supplementary information). Measuring the normalised integrated fluorescence in

the same way gives a value of ~7-10 on the nanostructure arrays fabricated with the

improved method. Fluorescence spectra were integrated from 200 - 2000 rel. cm−1,

and the enhancement effect was found to be reproducible over the surface of the

samples. It should be noted that I used a different dye, cresyl violet perchlorate, to

that used in the previous work; oxazine 1 perchlorate. This was due to difficulty ac-

quiring oxazine 1 perchlorate, and encouraging results from cresyl violet perchlorate

while testing several dyes for their suitability for SEFS and SERS measurements. Cre-

syl violet perchlorate (CVP) was found to have more stable Raman peaks than those

measured from rhodamine 6g and oxazine 750 perchlorate. The dye was dissolved in

ethanol, and then mixed with PMMA (950k, 2%) in anisole, before being spin-coated

over the sample and baked. Ethanol was used to disperse the dye and prevent ag-

glomeration. The final molar concentration of the dye was 10−5 M (0.01 mol/m3). It

is assumed here that the SERS and SEFS enhancement factors measured are largely

independent of choice of dye. The CVP Raman peak near 600 rel. cm−1 was integ-

rated from 580-607 rel. cm−1 with the fluorescent background subtracted and an en-

hancement factor of 190 was calculated for double structures in comparison to just

the larger discs alone. The background Raman signal in absence of any nanostruc-

tures was too weak to measure, even with very long integration times. Spectra from

45 structures were used to estimate the normalised integrated fluorescence and Ra-

man enhancement factors.

Triple structures were also fabricated with the new method, however addition

of the third disc showed no significant improvement in Raman or fluorescence en-

hancement over that measured on double structures. This is suspected to be a con-

sequence of our decision (out of practical necessity) to use silicon dioxide as a spacer

layer between the second gold disk and the smallest top disc, instead of the hafnium

dioxide that was used for the triple structures of Kravets et al. Silicon dioxide is of sig-

nificantly lower dielectric constant, and at film thickness of 10 nm is unlikely to form

a continuous film, hence it is likely that the top discs were in electrical contact with

the middle discs, preventing any cascaded enhancement effect.
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5.4 Summary

An incremental but potentially significant improvement to the fabrication procedure

for structures supporting cascaded enhancement of plasmon resonances for sensing,

SEFS and SERS studies is presented. The method improved the fraction of well formed

double structures from ~50% to over 90%, and SEFS measurements suggest that the

cascaded enhancement effect in two-tier structures was not impaired.
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Conclusion and Future Work

We have studied a variety of near and far-field coupling mechanisms of localised plas-

mon resonances which can create resonances with unique properties that would not

be supported by individual nanostructures; as well as identifying evidence of a new

resistive coupling mechanism which so far remains largely uninvestigated. This has

included optimisation of arrays of diffraction coupled nanostructures for bio-sensing

applications in asymmetric index environments at normal incidence in chapter 2.

Quality factors as high as 19 and 45 were measured in air and water respectively.

These samples produced a FOM* of 120 for bio-sensing applications, which is the

highest value recorded to date, to the best of our knowledge. These results potentially

make diffraction coupled LSPR a more viable alternative to SPR for many biosensing

applications, particularly miniaturised point of care and ‘lab on a chip’ devices and

in detection approaches combining surface plasmon based refractive index sensing

with other sensing techniques such as surface enhanced Raman and fluorescence

spectroscopy. Continuing to investigate diffraction coupled resonances in chapter 3,

resonances of quality factor of at least 210 were measured at grazing incidence on

arrays of nanostripes on a gold substrate. The gold layer can be used to increase

the effective size of the nanostructures and mimic an index-matched environment,

producing narrow, high quality factor resonances at wavelengths of around 1.5 μm.

Narrow resonances in this wavelength range are of particular interest due to the im-

portance of these wavelengths as a telecommunications standard. Evidence of an, at

present, largely unrecognised resistive coupling mechanism was presented in chapter

4, which manifested as a significant (~10%) change in sample reflectance and ellip-

sometry upon addition of a graphene layer to an array of diffraction coupled gold

nanostripes. Resistive coupling through graphene is particularly promising, as the

fact that graphene charge carrier density can be modulated with a bias voltage im-

plies that the resistive coupling effect, and thus sample optical properties, may also

be modulated. Finally, in chapter 5, an improvement to the fabrication reproducib-

ility of two-tier nanostructures for cascaded electromagnetic field enhancement was

presented. These structures are interesting because of their potential for application

for highly localised surface enhanced spectroscopy and sensing.

All these sections suggest further work. While refractive index sensitivity was meas-

ured using different concentrations of water/ glycerol solutions with different refract-
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ive indices, it would be interesting to test the structures developed in chapter 2 in

a real bio-sensing environment, where it is expected that their advantages would be-

come even more apparent. Refractive index sensing could also be combined with sur-

face enhanced Raman and fluorescence spectroscopy techniques, for which the sub-

strates should be very well suited. Additionally, the potential for phase based meas-

urements, which are already known to be capable of improving refractive index sens-

itivity by 1-2 orders of magnitude, has not yet been explored, and has the potential to

push detection limits well beyond conventional SPR. Further work has already com-

menced, attempting to combine measurements on these structures with a transmis-

sion ellipsometry based technique for even higher detection sensitivity. Though res-

ults from the L-shaped nanostructures investigated in this chapter failed to produce

strong resonances at normal incidence, there was evidence of strengthened reson-

ance at shallow angles of incidence, which suggests that optimisation of the L-shaped

geometry could yield interesting results.

Further work based on the results in chapters 3 and 4 is already under way. My

attempt to combine the results of these two chapters, by transferring a layer of boron

nitride and graphene onto an array exhibiting ultra-narrow diffraction coupled reson-

ances on a gold substrate and applying bias voltage to modulate the resistive coup-

ling effect, sadly failed. The work has since been picked up by Philip A. Thomas who

has had much more luck, and has succeeded in producing the first evidence of a re-

producible modulation effect with applied bias voltage. Philip has also recently fur-

ther optimised the geometry of the samples with ultra-narrow resonances to increase

their quality factors to exceed 300. There is significant work to be done in develop-

ing quantitative understanding of the resistive coupling effect, and optimisation of

the samples to maximise modulation depth. Another approach under investigation

involves fabricating a wave-guide atop the ultra-narrow diffraction coupled arrays,

again with a graphene later for modulation.

Cascaded enhancement is a promising avenue of investigation that also remains

relatively poorly investigated so far. Future work could include more rigorous verific-

ation of the fluorescence and Raman enhancement from the structures using a vari-

ety of dyes, or even graphene as a reproducible probe for Raman enhancement. An-

other approach that was initiated (but not completed in time for this thesis) was to

use a monolayer of benzenethiol, deposited after the last lithography and gold de-

position step but before lift-off, to precisely quantify the cascaded enhancement ef-

fect. Benzenethiol forms a monolayer on a gold surface, and has a strong Raman

signature[122]. If deposited from the gas phase before lift-off in this way, a mono-

layer should form on top of the smallest structure only (as at this stage everything

else is covered by a layer of PMMA and gold that is later removed), precisely probing

the local electromagnetic field in this small (~30 nm diameter circular) area where

enhancement should be very strong. This would hugely simplify the calculation of
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enhancement factors, which as noted can be very complex and relies on statistical

analysis. Additional further work on the cascaded enhancement effect could include

investigating a wider variety of new nanostructure geometries, as well as methods to

simplify the fabrication process without sacrificing reproducibility.
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Appendix A

Additional super-narrow

resonances

The samples with 300 μm x 100 μm stripe arrays that were fabricated in chapter 3 to

create ultra-narrow diffraction coupled resonances that could be excited at grazing

incidence (figures 3.1 and 3.2) were the second step of optimisation of resonances

measured on samples that were fabricated with a much wider range of periodicities

and stripe widths. Here, results from these initial samples are presented, demonstrat-

ing the effectiveness of this sample configuration for producing narrow resonances

with a wide range of stripe widths and periodicities.

Presented is ellipsometry measured at angles 45, 55, 65 and 74° (the steepest angle

measurable with focussing optics in the standard configuration) on samples with peri-

ods 700, 1000, 1500 and 2000 nm. Each 200 μm x 200 μm sample of each periodicity

was split into four 100 μm x 100 μm nanostripe arrays, designed to have nanostripe

widths of 1/5, 2/5, 3/5 and 4/5 the sample periodicity (figure A.1). However, the

nanostripe widths came out larger than intended, as our dose calibrations were for

electron beam lithography on a plain glass/ chromium substrate. Lithography on a

gold surface will back-scatter more electrons and thus create a higher electron dose

in the resist. The actual values of the stripe widths, as measured in SEM, are labelled

on the graphs. Nanostripes were 70 nm tall, on a 65 nm gold sublayer. The samples

were measured every 2.5° between 45 and 74°, increasing to every 0.5° around the res-

onance minima (to ensure the minimum was precisely identified). Only data meas-

ured every ~10° is presented here to demonstrate the overall trend and avoid over-

complicating the plots.
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Figure A.1 – SEM images of the samples with period a = 700 nm. Top is an overview of
the entire 200 μm x 200 μm array of four 100 μm x 100 μm nanostripe arrays, and bottom
is a close up of the central region, showing nanostripes of all four thicknesses.
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Figure A.2 – Resonances from arrays with period a = 700 nm and various stripe widths b
(labelled on graphs)

Figure A.3 – Resonances from arrays with period a = 1000 nm and various stripe widths
b (labelled on graphs)
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Figure A.4 – Resonances from arrays with period a = 1500 nm and various stripe widths
b (labelled on graphs)

Figure A.5 – Resonances from arrays with period a = 2000 nm and various stripe widths
b (labelled on graphs)
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