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Sum m ary

T his thesis details the developm ent and use of a novel nano-entity fab­

rication technicjue. T he technique is based on a glancing angle deposi­

tion (G LAD) on transparent stepped tem plates. It is dem onstrated that 

the teclmicjue is functionally indejjendent of the deposited material as ev i­

denced by the growth of ordered nanoi)article (NP) arrays of Ag, Au and 

Cu. Furthermore, the morj^hology of the system s grown can be changed  

through choice of the deposition parameters. This allows a com plete tuning  

of the plasm onic resonances measured m ainly with reflectance anisotroj)y 

spectroscopy. Finally, the self-assem bled noble m etal XP arrays have been  

used as building blocks for Surface Enhanced Raman Spectroscopy (SERS) 

exi)erim ents, dem onstrating a strong enhancem ent in the Raman signal 

m easm ed.

This thesis is divided into seven chapters. After a brief introduction, Chap­

ter 1 i)rovitles an overview of the theoretical background of the plasm onic 

resonance and an outline of the current state of the art in this area. Chap­

ter 2 describes experim ental m ethods and equipment used throughout the  

whole thesis. T he operating principles, particular features and special ad­

vantages of the equipm ent related to all experim ents are shown. A lso the 

theory of specific tools is described. Chapter 3 introduces the faceting m ech­

anism and the tunable features of the different substrates such as AI2O 3, 

MgO and SrTiOs. T he ])roduction process of the Ag XP arrays on the dif-



ferent substra tes  and tim ing of the  morphology by changing the substra te  

periodicity is shown. Chaj)ter 4 describes the tuning of the  morphology 

of the Ag N P arrays through choice of the substra te  tem pera tu re  and via 

post annealing. By fabricating arrays of An and Cu NPs by the GLAD 

technique, it is also shown th a t  the  plasmonic resonance energy can be con­

trolled through choice of NP material, initial stepped temjjlate periodicity 

and the deposition thickness. T he  influence of capj^ing on the plasmonic 

resonances of Ag NP arrays will be investigated. C hapter  5 deals with ex­

perimental and theoretical investigation of out-of-plane optical responses of 

Ag and Au NP arrays. C hap ter  6 demonstrates the application of GLAD- 

grown NP arrays for SERS substrates. Conclusions and future work are 

finally presented in the last chapter.
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Introduction

If you thought that science was 

certain - well, that is just an error 

on your part.

Richard P. Feynman

M etal nanoparticles (NPs) have a ttrac ted  significant scientific a tten tion  in the  last 

decade [1 3]. In ])articular. localised plasnion resonance (LPR) effects of the  XPs have 

provided substan tia l advantages in m any fields such as biological analysis by enhanced 

luminescence or R am an scattering  [4, 5] and optical circuits[6, 7]. A wide range of 

applications is possible as the  plasm onic properties of m etal N Ps can be tuned  by 

changing their size and shape [8]. Particu lar interest has been focused in the area 

of coupled NPs [9, 10] as they  provide more flexibility and advanced functionalities. 

Coupled NP arrays have been used as building blocks for wave guides [11 14] anti to 

increase solar cell efficiency [15-17]. Fm therniore, the  local electric field enhancem ent 

in the gap region between closely spaced NPs has been utilised in surface enhanced 

Ram an spectroscopy [18], second harm onic generation [19], enhanced fluorescence [20] 

and optical tweezers [21]. T he m ajority  of these devices are based on p lanar geometries, 

preferably w ith NPs m iiformly dispersed over large areas.

Different m ethods have been developed to  produce m etallic NP arrays, bu t m any 

challenges still rem ain. Among the various m ethods in fabrication. E lectron Beam
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m
m

mm
Figure 1: A set of SEM images of Au NPs produced by EBL (A), colloidal fabrication 
(B) and pulsed laser annealing (C). The scale bares are 400nm (A), 100nni (B) and 
200nm (C). The images taken from [25 27].

Lithography (EBL) is a well known technicjue for fabrication of a desired pattern with 

high controllability over size and position of patternetl entities [22-24] (see Figure lA). 

In EBL, a radiation sensitive polymer is coated on a conducting substrate and the 

required pattern  is etched onto the resist polymer layer by a focused electron beam. 

This patterned resist layer is then used as a sacrificial mask for depositing a material. 

After growing the material, the mask is removed by a lift-off step. Finally, a desired 

structm e appears on the substrate surface. However, this technicjue is limited in its 

applications: the whole production process is time-consuming, cannot be sufficiently 

up-scaled and requires a high cost clean room for fabrication. Xanosphere lithography 

[28] or nanoimprint lithography [29] can also produce these nanostructures. Neverthe­

less, these methods also are either time-consuming, expensive or not scalable. On the 

other hand, large-scalable non-lithographic nanofabrication methods such as pulsed 

laser annealing [30, 31] and colloidal nanoparticle synthesis [32, 33] are less expensive 

and much more simple. U nfortunately these methods also have drawbacks; the NPs 

produced by these methods are randomly distributed on the surface with random gap 

sizes (see Figure IB and C), which makes it difficult to tune and model the optical 

properties.

Recently, we developed a different fabrication method based on deposition at a
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200nm

Figure 2: (A ) A schematic view of the G LA D  technique; a fiux of colhniated ad-atoms 
is sent towards the stepped tem plate surface at a glancing angle (A). In this way one 
can grow asynnnetric NP arrays. The cross section T E M  (B) and in-plane SEM (C) 
images of Ag XP arrays grown by G LA D  techniciue.

glancing angle on a stepped tem plate [34-39]. Adatoms are evaporated towards a 

stepped tem jjla te  smface at shallow angles of incidence. The step edge shadow's part of 

the surface during the deposition and highly ordered NPs are created by self-assembly 

on the step edge (see Figure 2). The principle, often referred to as glancing angle de­

position (G LA D ) [40, 41], is simple and is m ain ly based on geometrical considerations, 

rendering it  largely independent o f the deposited m ateria l in the case o f step shadowing 

[42]. A  typ ical example of GLAD-based Ag NP array is shown in Figure 2B and C. 

The surfaces are decorated by chains of h ighly ordered XPs.

Whenever NPs are deposited onto a substrate, an accurate control of the ])arameters
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governing the growth is important for tailoring the resulting NP morphology and for 

growth reproducibility. Material properties, substrate temperature [43], adatom flux 

[44], step periodicities of the substrate [39], pressure and the direction of the adatom  

plume towards the substrate [45] play a crucial role in the grow'th. Changes in one or 

several parameters results in a modified plasmonic response clue to changes in the NP 

morphology. However, the effect of each individual parameter is difficult to separate 

from the others, hi order for such a self-assembled production method to be competi­

tive, the effect of each de])osition parameter on the growth condition needs to be well 

understood and controlled.

One solution is real time monitoring of optical properties of the system a-s it is being 

fabricated. This j^rovides information on the growth mechanism and allows production 

of structures with the desired optical characteristics. In the case of physical vapom’ 

dejjositions this route is complicated as the growth is usually performed in a vacuum 

environment. Different optical methods, such as spectroscopic ellipsometry [46-48], 

polarized reflectivity [43] and reflectance anisotroj^y spectroscopy (RAS) [38], have 

been used for monitoring the growth evolution. We have recently utilised RAS to 

measure m -situ  the oj)tical response of NP arrays grown by the morphology of the 

NPs. In this thesis in particular, it will be shown:

•  The GLAD-based NP arrays are highly ordered and strongly coupled.

•  It is possible to monitor the real-time in-situ  optical response of the system during 

material grow'th.

•  The GLAD technique is a simple and alternative production method, independent 

on the deposition material. Ag, Au and Cu NP arrays can be grown.

•  Ag NP arrays can be deposited on different (AI2 O3 , MgO and SrTiOs) stepped 

substrates.
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•  The NPs morphology can be tuned  through choice of the  substra te  tem pera tu re  

and via post annealing.

• This plasnionic resonance can be controlled over the visible range through appro­

priate choice of the step periodicity of the substra te  and the  deposition material.

•  The out-of-plane optical response of Au and Ag NP arrays investigated with 

spectroscopic ellipsometry.

•  It will be dem onstrated  that GLAD grown NP arrays can be used as a SERS 

substrate, and tha t  the  SERS enhancement depends on the plasnionic resonance 

energy and the input light polarization.
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Chapter 1

Theoretical Background

Theory helps us hear our ignoranre 

of facts.

George Santayana

W hen tlie dimensions of metallic nanoparticles (NPs) are very small, light can easily 

pene tra te  the  XP and cause oscillation of the  conduction band electrons. The interac­

tion of electromagnetic radiation and XP results in a displacement of the conduction 

electrons with respect to the j)ositive ion cores of tha t  the  metallic lattice (see Figure 

1.1). A restoring force takes place due to Coulomb attrac tion  resulting in an oscillatory

Metal nanopar tic le

E e l e c t r o n  c l o u d

Figure 1.1: Schematic view of the  plasmonic oscillation for a metal nanosphere, showing 
the (lisi)lacement of the conduction electron charge cloud relative to the nuclei.
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Figure 1.2: Lycurgus cup under ambient lighting appears green, but when illuminated 
from inside the cup it appears red. Image taken from [50].

behaviour. The oscillations do not distribute on a large distance and only occur within 

the NP scale, for this reason it is called “localised plasmon resonances” (LPRs). This 

particular optical feature of metallic NPs is different from solids and molecules. The 

exact energy of plasmon resonance depends on the geometry of the XP. it is dimen­

sions, the effective electron mass, the density of electrons, the surrounding medium 

and dipolar coupling [49]. In this thesis a brief overview will be introduced to describe 

the plasmonic features of the metal NPs based on a classical theory.

One of the oldest manmade objects which utilises plasmonic phenomena is a 4**’ 

Century Roman artefact known as the Lycurgus cup [50, 51]. Under ambient lighting 

it appears green, but w’hen illuminated from inside, it appears red (see Figure 1.2). 

This fascinating behaviour has been explained by the plasmonic theory. The Roman 

cup is made of a ruby glass w'hich contains small quantities of silver and gold NPs. 

The transmission and reflection properties of the cup are different due to the presence 

of plasmonic NPs. At the time of its manufacture, of course, the cause of this effect 

was w'as completely unknow'n, since the NPs are invisible even with the use of an 

optical microscope. In 1857, Michael Faraday prepared gold colloids by reduction of 

gold chloride solution with phosphorus. He observed tha t the colors of the NPs varied 

with their size [52], Half a century later in 1908, Gustav Mie established a clear theory
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on the scattering and absorption of electromagnetic radiation on small homogeneous 

spherical particles by solving the Maxwell equation [53]. This formalism is now known 

as Mie theory and it has been utilised by successors as a fundam ental theory for the 

description of LPRs in metallic NPs.

Nowadays, the  s tudy of plasmonics has become a wide field in physics and many 

potential applications have been identified. The variety of the  topics on plasmonics 

are derived in a part due to the  scale and breadth  of modern sciences. The following 

chapter will provide an overview of the theoretical background behind LPR and an 

outline of the  current s ta te  of the  art in this area.

1.1 The Optical Properties of M etals

1.1.1 Dielectric Function of a Material

Before discussing the optical properties of metals, the dielectric function of a material 

needs to be introduced. The dielectric function e(u>) is a frequency-dependent complex 

cjuantity which describes the  polarizabihty and absorption behaviour of a material, and 

can be written as

£(u>) =  £'(uj)  +  ( 1. 1)

where e'(uj} and are real and imaginary parts  of the  dielectric function. Generally

si)eaking, £'(uj) describes how nmch of a material is polarized when interacting with 

an electric field as a result of the  generation of electric dipoles in the material. The 

absorption of a material is represented by and so for a transparent material

£"(cj) ~  0. In addition, s '(uj) is approximately constant for transparent materials, so 

the  dielectric function e(u;) is approximately constant. The plot of e(iu') for metals, 

and in particular noble metals, is likely to  have a sharj) peak across a narrow frecjuency
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region. A more detailed description of the optical features of the noble m etals will

be presented in the following sections. If a m aterial is homogeneous and its optical

resi)onse is linear across a certain  range, then  the  dielectric function is directly related 

to  the  electric susceptibility  \ ( cj)

e(a;) =  x(w) +  1. (1.2)

The electric susceptibility  m easures a m ateria l’s response to  an applied electric field 

E  and polarization P  of average di])ole m oment p  jier tmit value of the  medium. The 

relation between P  and E  is know'n from the M axwell's equation

P  =  ^-o\E, (1.3)

w'here S q is the electric perm ittiv ity  of free space.

1.1 .2  D rude M od el and T he D ie lectr ic  F unction  o f T h e N ob le  

M etals

W hen th e  electronic and optical properties of a m etal are related only to  the  conduc­

tion electrons, the  m etal is then  known as a free-electron m etal. These electrons can 

be easily excited by an electrom agnetic wave, hence wdiy they are referred as “free” 

electrons. Alkali m etals in particu lar and in some cases noble m etals are commonly 

refereed to  as “free electron m etals” [8].

T he description of free-electron dynam ics can be obtained  from a sim ple approach 

called the  D rude model [54] (in some litera tu re  called D rude-Lorentz-Sonnnerfeld model 

[55]). This model describes the  influence of the  external forces on the  conduction 

electrons in a m etal particle. In this model, the  free-electron system  is considered as
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a (lamped harmonic oscillator, with all electrons acting in phase with one another. If 

the mass and charge of the  electron are given by nig and e respectively, and the electric 

field E  =  oscillates with a frequency uj, then  the expression for the  motion of

the electron is given by
c) y

=  eEoe“ “‘̂ ', (1.4)
a r  ai

where F is the  phenomenological damping constant and r  is the  disjjlacement from equi­

librium. This differential equation presents the  relaxation s ta te  of the  system without 

any restoring force. The inclusion of the  force originating from the dipole moment 

gives rise to well-defined eigenfrequencies of the  oscillating electron. By considering 

the dipole moment p  =  ero and the polarization P  =  ;Vp, where is number of the 

electrons per unit volume, the  ecjuation 1.4 can be easily solved. For simplification, let 

us assume the dielectric function is uniform throughout the particle, and that  P  || E. 

We then obtain

e = l  + - ^ .  (1.5)
eoB

by inserting the P  =  .¥ o E  to the  equation 1.5, the  dielectric function of system my be 

written as

e - l  =  — .Va, (1.6)
^0

where a  is the polarizability of system. Therefore, the dielectric function in equation

1.1 for alkali metals can be given by:

e(cv) = 1 -  = 1 -  (1.7)
-I- i w l  +  1 “̂ U)[UJ^ +  i  )

where =  Ne^/mgSo  is the  Drude plasma frequency and is a characteristic frequency 

that  indicates the optical response of a material. The relaxation constant F is de te r­

mined ])v the electron mean free pa th  / with F =  V p / l ,  where U/.’ is Fermi velocity. If
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£■ 3> r ,  th e  real an d  im ag inary  p a r t  of dielectric function of free-electron m eta ls  can  be 

p resen ted  as:

e " ( u ; ) « l - ^ r .  (1.8)

For ce r ta in  m ate r ia ls  such as A u and  Cu th e  in te rb a n d  (IB) t ran s i t io n s  play an  im p o r­

tan t  role in th e ir  op tica l  response. In th e  visible range th e  equa tion  1.2 th en  becomes

£{uj) =  1 +  xi>^) +  (1.9)

w here  is th e  in te rb a n d  tran s i t io n  susceptiljility. Kreibig  and  Volhner t re a ted

th e  \^^{u>) in the ir  s tu d y  by using th e  b an d  s t ru c tu re  E( k )  and  tran s i t io n  m a tr ix  

elem ents  M  and  by  describ ing  iu te rb a n d  t ran s i t io n s  betw een in itial (i) and  final (f) 

s ta te s  [8]:

rnl j f  ^ I b z  (27r)3l®-^^'^^^^l'{[E^(k) -  / • , (k )] [ ( i? ; (k )  -  E ,(k ))2  -  

+  i ^ , d [ E f { k )  -  E, {k)  -  M } ,  (1.10)

where  th e  in tegra l is over th e  Brillouin zone (BZ) an d  e  is th e  unit vec tor a long the  

d irec tion  of tlie electric field. T h e  ca lcu la ted  value of for An an d  C u  w'ill be  shown 

in Section 4.6 bv  an  ana lv t ica l  s im ulation .

1.2 M ie Theory

T h e  general app roach  for th e  diffraction p rob lem  of an iso lated  sm all m e ta l  sphere  

w ith in  th e  fram ew ork of e lec trodynam ics  was j)resented for th e  first t im e  in 1908 by 

G u s ta v  Mie [53]. He solved Maxw'ell’s equa tions  w ith  a b o u n d a ry  cond ition  in spherical 

coo rd ina tes  by app ly ing  a  m ultipo le  expansion  of th e  incom ing e lec trom agne tic  field.
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The param eters of the  calculations were the dimensions of the spherical particle and 

the  dielectric fimction of bo th  the particle itself and the material in which it was 

embedded. The scalar electromagnetic potentials were obtained from the various fields 

of each component, and the extinction and scattering coefficients were calculated as a 

solution.

In particular, when the radius of the  particle H is nnich smaller than  the wave­

length of incident light H <C A, the dipolar mode is the  dominant contribution and the 

absorption profile can be expressed as [56]:

(T a b s  =

where \ q is its volume and £m is the dielectric constant of the surrounding medium. 

However. Mie theory is limited within the frame of the electrodynamics of the jilasmonic 

particles. In this model the  i)articles are ass\nnecl isolated and the interactions of 

particles were not considered [3]. In addition. Mie theory is limited to the calculation 

of the  optical properties of spherical particles only [55].

1.3 Polarizability o f A Small M etallic Particle  

1.3.1 For A Small Sphere

The following is a description of the plasmonic properties of a small metallic sphere 

using a classical cjuasi-static apj)roximation when the radius of the  sphere is much 

smaller than  the exciting wavelength {R <  ̂ \ ) .  If is assumed tha t  the  dielectric function 

of the  \ P .  e.vp, is uniform throughout its volume. It is assumed tha t  the  positive 

charges in the  metal sphere are inmiobile while the negative charges associated with 

the conduction electrons are movable under the  effects of the  external fields. Hence a
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(lisp laceinent of th e  negative  charges w ith  resjject to  th e  j)ositive charges takes i)lace if 

th e  sphere  is lo ca ted  in an  e lectric  field. T h e  ex te rn a l e lectric  field E q generates a charge 

only  on th e  sp h ere  surface an d  by using th e  b o u n d ary  cond itions th e  p o la riza tio n  at 

th e  sphere  surface can  b e  ca lcu la ted . T h e  in te rn a l field is

E,  =  Eo — . (1.12)
En P  +

T h e  p o larizab ility  a  for a sm all sp h ere  can  be  found th ro u g h  th e  re la tio n  betw een 

d ipo le  m om ent an d  ex te rn a l field p  =  w hich gives us [8]

s n p  +  z e „ ,

T h e  d ielec tric  func tions an d  £ , \ p  a re  to  be s u b s titu te d  by th e ir  frecjuency d ep en d en t 

values e'm(w) and  £ n p {u!). In th is  case e,„ is tak en  as a real con.stant for th e  visib le range 

an d  a  resonance frecjuency for th e  sy stem  can  be found. We can  see th a t  resonance 

occu rs in eq u a tio n  1.13 w hen th e  d en o m in a to r is m in im ised , i.e. when

|e"yvp +  25^1 =  M inim um , (1-14)

in o th e r  w'ords

[e'yvp(o;) +  2 E m Y  +  [̂ "n p Y  ~  M inim m n. (1-15)

T h is in d ica tes  th a t  a n ega tive  e'yvp is requ ired  to  en su re  a correc t phase  re la tio n  betw een

th e  elec tric  field an d  N P  p o la riza tio n . In th e  case w here 1 th e  resonance

co n d itio n  can  sim ply  b e  given by:

^ N P  " (1-16)
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T h is co n d itio n  is su itab le  for noble m eta l N P s in th e  v isib le  range. T h e  absorption  

and sca tter in g  value o f th e  m eta l N P  {Cabs C^ca resp ectively ) are dependent on  

p o la r izab ility  w ith  [55]

e”NP
-  A-Ini(a) -  A- 12 , ')2

\ ‘̂ N P  T  y'^NP)

C s c a  =  ( 1. 17)
Gtt

w here k (k =  u / c )  is th e  w ave vector o f th e  incident light.

1.3.2 For A  Sm all Ellipsoid

T h e i^revious section  describ ed  about th e  polarizab ility  of a spherical m eta llic  N P  by  

ap p ly in g  th e  (ju asi-static  ap proxim ation . H owever, th e  N P s grow n by G L A D  technicjue 

are ellijiso idal in sh ap e  as w ill be show n in C hapter 3, and so it w ill be necessary to  

form ulate an exp ression  for th e  p o larizab ility  o f an ellip so id a l m eta llic  NP. T h is can  be  

achieved  th rou gh  th e  use o f appropriate  e lectrom agn etic  bou n d ary  con d ition s according  

to  p rev iou s d iscu ssion s. T h e  stan d ard  eq u ation  for th e  surface of an ellipso id  w ith  sem i 

axes R, { i  =  x , y , z )  is g iven  by

2 2 2 jji.

 ̂' X  ^ ^ *^2

B y u sin g  eq u ation  1.18 th e  correct p o ten tia l can be defined w ith  th e  coord in ates o f  th e  

ellipso id  and th e  p o larizab ility  o f th e  ellip so id a l m eta llic  N P  can be w ritten  as [8, 55]

f  \T  n  —^ ^  K-x i Xy  r i  z N  P  ' - i n  / I  i / - v \

«* = ------------- —r , -------- ;— V
+  l ^ y ^ N P  +  £"m j
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where Lj is the shape depolarization factor (with i = x , y , z ) ,  which depends on the 

geometry of the NP. The shape depolarization factor must sum to 1, i.e. ' ^ L i  =  1-

hi the special case of a sphere the three shape depolarization factor must be equal, 

i.e. Lx = Ly = Lz = 1/3, but for the general case of an ellipsoidal NP we have 

Lx Ly Lj. The individual Lj may be given by

where f{q) = [((/ +  Hl){q +  V being point charge associated with

the dipole moment /; =  qd.

While a spherical NP will have resonance frequency uires independent of the direction 

of E, an ellipsoidal NP will have resonance values associated with each axis. Hence, 

the resonance frequencies are a fimction of the geometry of the ellipsoidal NP. The 

resonance frequency cjres.i for an electric field direction along /-axis is found in previous 

literature by using equation 1.7 and 1.19 [57]

In this present study, the material which coats the NPs will have a significant influence 

on their plasmon resonance, as will be shown in the Section 4.7. For this reason, it 

is necessary to calculate the polarizability of a coated ellipsoidal NP. If is assumed 

once more tha t the NP is embedded within a material with dielectric function but 

in addition we now assume an ellipsoidal shell having semi axes S^{i =  x , y , z )  and 

dielectric function Sg- It is further assumed tha t the core and shell have a similar 

aspect ratio, i.e. is for constant for i = x, y, z. Since the shell is also an ellipsoid,

OC

( 1.20)

0

( 1 .2 1 )

1.3.3 For A C oated Particle
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its surface can l)e given by

-  +  ^  +  -  =  1. (1.22)C2 C2 C2  ̂ 'KJx Oy O ̂

T he shell thickness along the  /-axis is given by 5; — The polarizability of the  coated 

ellipsoidal NP can be w ritten  as [55]

^  ^ ((^s ~  “I" {^NP ~  ~~ C-̂ s)] "I" C^si^NP .̂s))
( [ ^ s  “1“ N P  C ^ ^ s ) ] [ ^ m  “1“ ( “ 5 “I” ^ m ) L g \  +  Q I ^ s ^ s { , ^ N P  ^ m ) )

where V' =  A-nS^SyS^/?) is the  to ta l volume of the NP including the shell, Q =  

Rj HyRz /S j-SySz  is the fraction of the  whole NP volume occupied by the  core ellipsoidal 

NP, and Lc Ls are the  depolarization factor of the core and shell respectively. For 

the  shell ellipsoid the shape depolarization factor can be w ritten  as

In a special case where the  coated NP is spherical in shape, the  shape depolarization 

factors m ust be identical, i.e. Lc.x =  ^c,y =  ^c.z =  =  ^-s.y =  -̂s.z =

polarizabilities assum e sam e values Hence, the polarizability  of the

coated spherical NP is w ritten  as

i^s -  £m){E:NP + 2g,n) +  C(^A'P ~
[es +  2em) {£NP  +  2? ^ )  +  C(2fs “  2em)(eAfp —

T he influence of the  coated layer on the  resonance condition is related  to  the di­

electric function of shell m ateria l and its thickness. This effect has been studied exper­

im entally and theoretically, th e  results will be shown in Section 4.7.
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Figure 1.3: A schem atic view of the  real and image dipole. T he centre of the N P is 
placed above a flat substra te  at the  d istance d, and a point dipole m om ent p  is located 
at the  centre of the  XP. The presence of the  substra te  is modelled by considering an 
image dipole m oment p ' placed w ithin the  substra te . The electric field produced by 
the  image dipole modifies the  electric field in the  vicinity of the NP.

1.4 Substrate Effects on The P lasm on R esonance

In the  previous section, the plasm on re^sonance of an isolated XP in a uniform  dielectric 

m edium  was described by a d ipolar approxim ation. W hen the  N P is placed on a 

su b stra te  an in terrup tion  of the  hom ogeneity takes place in the  dielectric m edium  

and the  dielectric function of the  surrounded m edium  assum es different quantities. 

Hence, the su b stra te  influences the  anisotropic optical response of the  N P due to  the  

polarizability  of the  substra te  m aterial and in tu rn  th is effect causes a red shift of the 

resonant frequency in th e  calculation [58].

T he substra te  effect on the j)lasnion resonance is trea ted  by use of an image charge 

m ethod w ithin the  (luasi-static approxim ation [59]. In this approach, the  center of the 

N P is placed above a flat su b stra te  a t a distance d, a point dipole m om ent p  is located  

a t the  centre of the  N P (see Figure 1.3). T he presence of the  su b stra te  is m odelled 

by considering an image dipole m om ent p ' placed w ithin the  su b stra te  [58 -60]. W hen 

an electric field is applied parallel or perpendicular to  the  su b stra te  surface, th e  real
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(hpole and image dipole are related by

P' = ( 1.26)

where F  is the  image factor written as

(1.27)

where is the  fre()uency dependent dielectric function of the  substra te  and Sm is the 

dielectric function of the  medium in which the NP is embedded. An electric field is 

produced by the image dipole which will influence the NP.

The image charge effects on the optical resj)onse of tlie oblate ellipsoidal XP is 

clearly explain('d in recent l iterature by M. Valamanesh et al. [61]. In this s tudy the 

cause of the  red shift of the plasmon re’sonance was found to be the small distance 

l)etween the dipole and its image dipole. In the following the main results of the image 

charge effects will be shown by using the dipolar and cjuadrupolar approximation.

In this approach we consider an oblate spheroidal NP and an axis of revolution 

perpendicular to  the subs tra te  smface. For the  case of a spherical NP the shape 

depolarization factors can be written  as [58, 59]:

( 1.28)

where L, are the  effective shape depolarization factors of the  spherical NP, and L, 

are the  shai)e depolarization factors for the simj^ler case where no substra te  is present. 

Valamanesh et al. showed tha t  this apj)roach can be adajjted for the  case of a spheroidal
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NP (having = Ry > R^) as follows:

L:  =  L,  +  F ( 1  +  ^ ^ ) {  +  +  _ ^ a t a n Q )  - ^ 2 } ,  (1.29)

where L* are the effective shape depolarization factors and =  l/( r^  — 1)^/^ is a 

function of the asj)ect ratio (r =  Rx/Rz)  of the spheroidal NP. It transpires tha t the 

effective distance of the image change from the substrate surface, d* is greater than d. 

The effective distance is found in previous literature [57] by using equations 1.28 and 

1,29

d* =  ( _________________________________________F l x R y i ^ z _____________________________________y ^
V 1 2 ( l + e ) { ( |  +  e ) e i n ( l  + ^ ) - ^ a t a n ( i ) - e } > '  ■

The effect of the image charge is to cause a red shift or a reduction in the excitation 

energy.

1.5 Plasm onic R esonances in N anoparticle Arrays

The previous discussion relates solely to the case of isolated NPs. When the NPs are 

arranged in an array and exited by an electromagnetic field, a strong near-field coupling 

betw'een the NP takes place, and the resonance energy is shifted relative to tha t of the 

isolated NPs. When the electric field is aligned with the chains of NPs (see Figure 1.4A), 

the negative charges of the NPs are displaced towards the positive charges of their 

neighbours, which causes a reduction in the plasmonic excitation energy. Conversely, 

when the electric field is directed perpendicularly to the chains NPs (see Figure 1-4B), 

the distribution of the charge density involves a repulsion between neighbouring NPs, 

causing an increase in the excitation energy. The magnitude of these red and blue 

shifts depends on the dimensions of the NPs and the inter-particle separation.
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A B

E

Figure 1.4: A schem atic illustration  of in terparticle a ttrac tion . K  is the travelling 
direction of the  electrom agnetic wave (if the  wave is travelling into or out of the  page).

1.6 M odels o f N anoparticle Arrays 

1.6.1 T h ree Layer M odel

The following section will describe an analytical model for sim ulating j)lasmonic be- 

haviom ’ of the  XP arrays. The model was originally develo})ed l)v J. D. E. M cintyre 

and D. E. Aspanes [62] and was modified to  allow for anisotropic media by R. Verre 

et al. [39, 57]. The system  under consideration is a th ree layer struc tu re , consisting 

of an array  of ellipsoidal m etallic N Ps sandwiched between two homogeneous layers, 

nam ely th e  substra te  and the  vacuum  or capping layer. The top  and bottom  layers 

are optically  isotropic, while the NP array layer has an effective dielectric function £ i  

given by

(1.31)

where N  is num ber of N Ps per unit area, E  is the electrom agnetic field inside the 

anisotropic layer and E/o^ is the local electric at each of the  individual NP. The local 

field E/oc is given by the  sum  of the  applied electric field Egj.;, the  field generated by 

the su b s tra te  (calculated by considering an “image charge", as discussed in Section
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1.4) Eim, aiici the  electric field generated by neighbouring NPs E,„(, i.e.

E/oc =  Eexj + E,m + Ejnf. (1-32)

These electric fields can be separately  w ritten  as

A tt

E i m . i  —  i m , i
47T

Eext.i = EiocA^ +  a^|3,), (1.33)

where T  and [3 are equal to

T , =  V  , A =  -  F T ,„ „ ) ,  (1.34)
^—' Ti 47T

J J

w’here is the  angle between the  axes of the  dipoles of neighboiuing N Ps and f j  is 

the center-to-center d istance of dipoles in array. Finally, the  au thors [39, 57] derived 

the  dielectric function of the  ellipsoidal N P arrays using equations 1.31 and 1.33 with 

^ =  (x, y )  by applying boundary  conditions of the  Maxwell equations

—  = - ( l - T ^ ^ ) .  (1-35)
^L.z 1 ^zPz

This approach w'as applied to  sim ulate the plasm on resonance of th e  NP arrays and 

the  results will be shown in C hap ter 4 and 5.
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z=0

z=z,

Figure 1.5: The polarized p and s modes of the incident k„, reflected and transm itted 
k j wave vectors. The back side incoming wave vector is not included to the system, 
i.e. Dp =  Ds =  0.

1.6.2 T he Transfer M atrix  Form alism

The ])revious section described how a three layer model can be used to sinnilate the 

optical response of the XP arrays. However, this model has several strict conditions. It 

applies to a three layer phase system (substrate, plasmonic layer and air), the nanocom­

posite layer must be thin, the substrate response nmst be isotropic, and optical axes 

are assumed to l)e aligned with the high synnnetry axes of the system. In particular, 

this approach becomes inaccurate when multilayer structures or thick plasmonic layers 

are considered, rendering its api:)lication limited to very sj^ecific cases. In this section 

a more general formalism based on a transfer m atrix approach will be shown. This 

model was originally formulated for an isotropic system [63], and later it was adapted 

for anisotropic layers by Berreman [64] and Schubert [65, 66].

This formalism may be applied to a layered structure with parallel interfaces. An 

incident electromagnetic wave with the wave vector k„ is sent to the incident media 

at an incident angle 0„ and then it is reflected with a wave vector k|, (see Figure
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1.5). The complex amplitudes of the incident wave are given by .4p, .4,,, where p and .s 

denote the p and s polarised modes. Similarly the complex amplitudes of the reflected 

w'ave are given by Bp, Bs, and those of the exit w'ave k j ,  which is transm itted through 

the system, are given by Cp, Cg- There is no incoming wave from the back side (k'y), 

therefore the complex amplitudes of k j are both equal to zero, i.e. Dp = Dg =  0. The 

polarized p and s components of the electric and magnetic held vectors (k„, k'^, k /, k'y) 

can defined by a general 4 x 4  transfer m atrix for a layered structm 'e

( c \ ̂s (tJ  11 Tr2 Tn T  \i 14 (c \s
Bs

= T
Ds _ T21 T22 T23 T2A 0

Ap 3̂1 Tz2 T33 Tm

V'J Tn Tn Tii y

The transfer m atrix T  can be given by the jjroduct of partial transfer matrices t, 

(w'here i denotes the of N  layers within the structure) as well as the incident and 

exit matrices, Lq and L j  respectively. I.e.

N

T  =  (1.37)
t = i

where d, is the thickness of the layer. The individual partial transfer matrices can 

each be given as a sum over complex scalars fij

=  exp =  doi. +  +  0 2 ^^  "I" (1.38)

w'here I is the unit matrix, u  is the angular frequency, A  is a m atrix related to the 

dielectric tensor of the system and w’ave vector components. !3j must obey the following
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eciuation [65]:

expii-cjK-d} = djqi, k =  1, 

 ̂ j= o

where f/j are the eigenvalues of m atrix A. The m atrix A of the capping layer and the 

XP layer is given by [67]

A =

0

0

0 1 

- 1

-Ey +  sin 0  0

0 0

(sin^e/ej

0

0

0

;i.40)

It is assumed that in the case of the capping layer, the dielectric function is constant, 

i.e. Ex Ey Ez ^cap'

The inverse of the incident and exit matrices and L / introduced in e(}uation 1.37 

can be given by

^ 0 

0
- 1

■ ̂  sec © 0

I sec (-) 0

- | s e c 0  0 

— sec 0  0

0

0

\
2

1
2j

L / =

0

1

\ / ^

V

0 y / \  -  (sin^ 0 /E sub )  0^ 

0 0 0

-  (sin^ O/Esub)  0 0 0

\ /

;i .4 i)

:i.42)

0 0 0^

Where Egui, is the dielectric function of the substrate. The complex reflection coefficient 

of the system is recjuired to simulate the optical response, which is given by using the
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com ponents of T

_ _ T 2 1 T 3 3  —  T 2 3 T 3 1

^  “  T n T a s - r n T s i ’ 
_  _  T 1 1 T 4 3  —  T i ^ T ^ x

P̂P /i ’
■ Ip J l l ^  33 — 13 J 31

(1.43)

Finally the  pseudo-dielectric function <  £, >  {i =  x, y) of the system  for spectroscopic 

ellipsom etry is given by

The dielectric functions of the  capping, substra te  and N P m aterial are known. The 

dimensions, separations and cajjping thickness were chosen to  m atch ex])eriniental con­

ditions. This model was used to  describe the  sam ples m easured experim entally, and 

as shall be shown in C hap ters 4 and 5, a good agreem ent was found between the 

experim ental and theoretical results.

1.6.3 A dvanced N um erical M odel

The previous sections have described the  analytical models for anisotropic optical re­

sponses of N P arrays. However, certain  aspects such as quadrupo lar resonances, esti­

m ations of the  electrical field d istribu tion  betw’een the  NPs, or the  influence of the  NP 

shajje (spherical, lieniispherical, tru n ca ted  spheres) cannot be investigated by simple 

analytical models. For a m ore general approach, num erical sim ulations were perform ed 

using the  finite elem ent m ethod (FEM ) COM SOL M ultiphysics® package.

NPs enclosed w ithin a box segm ented into 28,000 te trahed ra l elem ents were sim u­

lated. The mesh was d istribu ted  so th a t the  elem ents w'ere approxim ately  four tim es 

denser in the  vicinity of the  nanoparticles th an  they  were at the  extrem ities of the

< Si  > =  sin^ 0  -I- sin^ 0 ta n ^ 0 ^
T21T33 —
T 2 1 T 3 3  - I -  T 1 1 T 4 3 )) (1.44)
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bound ing  box. For a mesh o f th is  density  no noticeable change in  the so lu tion  was 

seen by fu rth e r increasing the mesh. The model was solved in  the  s ta tio n a ry  state w ith  

pe riod ic  boundary cond itions at the side walls o f the  box (phys ica lly  equivalent to  an 

in fin ite  a rray in  the  x  and y  d irections). The upper boundary was set to  scattering 

boundary cond ition  w ith  an in i) \ it  e lectric  fie ld  to  s im ulate inc iden t ligh t. The ligh t was 

allow('d to  escape from  the b o tto m  boundary by se tting  another sca tte ring  boundary 

cond ition . The F E M  s im u la tion  used the bu lk  A g  d ie lec tric  func tion  w ith  a correction 

in  the IR  free e lectron response to  take in to  account the reduced dim ensions o f the  XPs 

[61, 68],

For an osc illa ting  fie ld the so lu tion  also has cyclic  behaviour w 'ith  the same period 

as the fre(}uency o f the  ligh t. Th is  means the problem  can be reduced to  a tim e  

indej)endent p a rtia l d iffe ren tia l ecjuation, i f  bo th  the in p u t fie ld and the so lu tion  are 

given a com plex ])hase fac to r o f . where uj is the  angular frequency o f the ligh t. 

E lectrom agnetic  wave propaga tion  o f M axw e ll's  ecjuation in  frecjuency range:

V  X — (V  X E ) -  =  0, (1.45)
//,. \  iOEoJ

where Aq =  u)/c is the  free space wave num ber, a  =  0 and /i,. is set to  1. s =  {n — 

where n and i k  real and im ag ina ry  part o f the  m ateria ls  re fractive  index. The real part 

is the e lectric fie ld and the  im ag ina ry  is cycle phase. Then the wave equation is

V  X  V  X  E  =  k ^ f i r S r E .  (1.46)

For the pe riod ic  boundaries, the  e lectric  fie ld vector is s im p ly  forced to  take the 

same value and d irec tion  at every corres])onding mesh po in t on opposite surfaces. The
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scattering  l)oundary conditions are

n  X V i? X -;A 'n  x ( i s  x n) =  n( x Eq x {—i k { n  — (1--17)

where E q is for defining incoming hght. So th is was used on our top  surface, n  is 

the un it norm al to  the  surface, k'dir is direction of k  and i presents im aginary. In 

sm nm ary the  model solves these equations to  a high level of tolerance but makes the 

space discrete(m esh). T he solution is only calculated at the  mesh points. In the  color 

v isualisations it m ay even be connected cjuadratically. This is relevant, as all details 

ex tracted  were for the d iscrete form of the solution.



Chapter 2

Experim ental M ethods

How wonderful that we have met 

with a paradox. Now we have some 

hope of making progress.

Niels Bohr

This chapter will describe the experimental m ethods and equipment used through­

out the remainder of this thesis. The operating principles, particular features and 

sj)ecial advantages of the equii)ment used in each exjieriment will be shown. Also the 

theory of specific tools will be descril)cd.

Fabrication and analysis of the  plasmonic nanostructures was accomplished follow­

ing a three step procedure. The first step is preparing the stejjped substrates, the 

second step is to grow the XPs on the stepped templates at a glancing angle and the 

final step is to  characterize the  samples by optical means.

2.1 Glancing A ngle D eposition

Glancing angle dej)osition (GLAD) is a technique used for the  fabrication of nanostruc­

tures wherein material is deposited onto a textured surface at an oblicjue angle [69].
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s t e p p e d  t e m p l a t e

D ep o s i t io n  flux

A p e r tu r e

S o u rce  m a te r ia l

E lec tron  b e a m

Chilled w a t e r  
Supp ly

F i lam en t

Figure 2.1: A schematic view of the GLAD technique: A fiux of colhniated evaporated 
material is directed towards the stepped tem plate at a glancing angle of incidence, thus 
forming the NP arrays.

The origin of phenomenon of this technique w’as dem onstrated in 1979 [70, 71], wlien 

the possibility of fabricating the structures below the photolithographic limit of tlie 

time was shown. The principal attraction of GLAD is its relative simplicity as it does 

not involve any lithographic steps. This technicjue is not only applicable to specific 

combinations of materials for the substrate and nanostructure, and m aterial chosen for 

deposition can include metals, semiconductors and oxides. This technicjue has been de­

veloped in recent years by our research group as an alternative nano-fabrication method 

[36, 37, 72]. Its main purpose has been to grow planar arrays of semiconductors and 

magnetic nanowires, and arrays of plasmonic NPs. In this present work, glancing an­

gle deposition is achieved by directing a collimated deposition flux towards a stepped 

surface at a shallow angle of incidence (typically < 6°). The step edge shadow's part of 

the surface during the deposition and highly ordered NPs are created by self-assembly 

of the adatoms (see Figure 2.1).

The possibilities of producing Ag NP arrays on the stepped sapphire tem plates
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was dem onstra ted  in 2008 by our research group [37]. The size of NPs were tuned 

by changing the deposition thickness and optical response of the  polarized light for 

longitudinal and transversal components w'ere studied. A few years later, GLAD was 

systematically studied and it was dem onstrated  th a t  the  dimensions of the  plasmonic 

NPs could be controlled by changing the substra te  periodicity [38, 39]. Recently we 

have dem onstra ted  tha t  arrays of NPs composed of noble metals such as Au and Cu 

can be produced by GLAD, anfl th a t  the  plasmonic resonance can be tuned over the 

whole visible range [42].

This thesis will build on existing work in dem onstrating the use of GLAD as an 

alternative techniciue for fabrication of nanostructure  arrays. It will be shown that  

GLAD can be used for a variety of materials for the  nanostructure  as well as stepped 

templates. Furthenniore, it will be shown how the morphology and dimensions of the 

XPs can be tuned both  by heating the substra te  during the growth and via a post­

anneal. These advantages of GLAD will be shown in C hapter  4. The SERS application 

of GLAD based XP arrays will be dem onstrated  in C hapter  6.

2.2 T h e D ep o sit io n  C ham ber

For the growth of NP arrays two tlifferent u ltra  high vacuum (UHV) chambers were 

utilised. These chambers have the same working princij)les and capabilities. One of 

these chambers is shown in Figure 2.2A, C. T he  deposition chamber is made from 

stainless steel with 6" d iam eter flanges. A tu rbo  molecular pum p (Osaka TG550, with 

pum ping speed of 550 I / s )  is connected to  the chamber and a ro tary  vane pum p is 

used as a backing pmnp. this cham ber has a base pressure of api)roximately 10“ ® Torr. 

This chamber is not equij)ped with a load-lock, and so nmst be vented jjumped from 

atmosj)here each time a new sample is to be grown. The distance between the source
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Figure 2.2: The photographs (A, B) and schematic view (C, D) of two different depo­
sition chambers for growing the NP arrays.

and the sample is approximately 70 cm. The sample is mounted in the centre of the 

deposition chamber on a sample manipulator. The alignment angle is measured by 

the deflection of a laser spot pointing towards the sample surface. The sample stage 

has a resistive heater to control the tem perature of the sample during deposition. The 

deposition material thickness is measured with a crystal balance monitor. A strain free 

w'indow' is placed exactly in front of the sample to allow' for in-situ  measurement of 

the optical properties of the sample. The main advantages of this chamber is tha t it
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uses a k-cell which can be used to evaporate materials such as Au, which cannot be 

evaporated by the other system that described in the following.

A second system with a 6 pocket e-beam evaporator was also used for fabrication 

of NP arrays, (see Figure 2.1 and Figure 2.2B, D). This chamber is evacuated by 

a rotary backing pumj), an ion pinnp and turbo-molecular pmnp. There is also a 

smaller tm bo-niolecular pump with a diaphragm backing pump connected to the load- 

lock. The chamljer is divided into two regions for DC-annealing and deposition by 

a pneum atic gate valve. Samples are delivered from the load-lock by a magnetically 

coupled linear drive to the chamber. As mentioned above, this system has a 6 pocket e- 

beam evaporator, and is therefore useful for preparing samples which have an additional 

capping layer added without exposm'e to atmosj^here. The e-beam evaj)orator heats 

the source by means of an electron beam which is i)roduced from a system filament 

via thermionic emission. A large voltage (G.5kV) and a permanent magnet guide the 

electron electrons towards the sample crucible. Sweep coils near the crucible sj)ecify 

the precise area to be heated and generate a heating pattern. The deposited material 

thickness was monitored with a (juartz crystal microbalance. The distance between 

source and sample is around 40cm. A strain free window is also attached to this 

system to allow monitoring the in-situ optical responses of samples.

2.3 R eflectance A nisotropy Spectroscopy  

2.3.1 A pplications and Theory

Reflection anisotro[>y spectroscopy (RAS) is a refection based non-destructive oj)tical 

probe for surfaces and it is capable of operating in a wide range of environments [73]. 

In particular, it was proved by our group that RAS is a tool cai)able of measuring 

in-situ o])tical i)roj)erties of the anisotropic NP arrays [38]. It probes the difference
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Figure 2.3: Schematic of the set-up used for the in-situ  RAS measurements during the 
XP growth. The stepped surface is oriented to allow for measurements of the oj)tical 
anisotropy and simultaneous deposition at a glancing angle a.

in the complex Fresnel reflection coefficients of the whole sample A r  at near normal 

incidence between two orthogonal directions in the sinface plane normalized to

the mean value (r) [73, 74]:
\ , -  9 ( r  - r \

( 2 . 1 )
^  ^  2 ( r ^  -  r-y)

r r x  + Ty

As the RAS signal for an isotropic substrate is zero, the measured signal only arises 

from anisotropic regions in the sample. The technique measures the complete ex­

pression (2.1) directly, not the individual components (r,), and due to the inherent 

self-normalisation by the total reflectance is very stable in term s of sample misalign­

ment, background lighting and spectral shape of the light source, which makes it ideally 

suited for in-situ  monitoring [73, 75]. The RAS signature of measured (juantities also 

can be simulated by the transfer m atrix formalism as was described in the Section 1.6.2

  2(rpp f s s )

r  Tpp - t -  rss
( 2 .2 )

The advantages of RAS compared to standard  spectroscopic methods are its surface 

sensitivity and the possibility of measuring in a UHV environment. In this thesis
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focus

Figure 2.4: A photograph of the  custom made RAS setup.

RAS was used to  extract information on the growth mechanisms of the  NP arrays (see 

Figure 2.3). As the NP optical response is measured directly in a vacmnn environment 

no tarnishing or oxidation takes place and the exact origin of the optical resonances can 

be determined. The ni-situ measurement also allows for tailoring of the XP morphology 

by changing the deposition parameters.

2.3.2 System  Description

In this study, a custom-made RAS system was utilised for in-plane in-situ  and ex-situ  

optical characterization (see Figvue 2.4). A Xe lamp produces a bright white light 

th a t  i)rovides a broad and homogeneous spectrum  in the measurement ranges. The 

light is sent to a Rochon polarizer and the polarized light j)asses through a s train  free 

window, entering into the UHV chamber. After h itting the sample, the  reflected light 

passes through a photoelastic m odulator (PEM ) and an analyser. A double grating 

m onochrom ator (which allows for broad spectral range coverage) and double detector 

(InGaAs and Si) system are finally used. The detected signal is amplified and digitized 

using a DSP Lock-in Amplifier. The periodic retardation introduced by the PEM  is
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ex tracted  and the RAS signal is related  to  the  m easured DC and the  AC level [73]. 

M easurem ents were perform ed over a broad spectral range, from 0.76 eV up to  4.5 eV. 

An InG aA s for 0.75-1.4 eV and Si detector for 1.4-4.2eV were utilised.

2.4 U ltraviolet-V isible Spectroscopy

U ltraviolet-visible (UV-Vis) spectroscopy is a well known widely used spectroscopic 

technique for m easuring the transm ission and absorption in the  ultraviolet-visible spec­

tra l region. It m easures the  tran sm ittan ce  (T) which is the  proportion of light th a t  is 

tra n sm itte d  by a sam ple ( /)  relative to  th a t which would be m easured if the  sam ple was 

absent (/q). T ransm ittance (T  =  I / I o )  is exj)ressed as a percentage. It also m easures 

th e  reflectance R  which is the  ratio  of light in tensity  reflected from a sam ple relative 

to  th a t reflected from a w hite tile. Reflectance also expressed as a percentage. Some 

UV-\"is spectrom eters include additional features such as an in tegrating  sphere which 

can m easiu’e all of the  light scattered  by a samj^le.

T he rad iation  source consists of a deuterium  lam p and a halogen lam p to  cover the 

w'orking spectral range of th e  spectrom eter. The deuteriu tn  lam p is for opera tion  in 

the  UV range and the  halogen lam p for near the  infra-red (NIR) and visible range. 

T here  is a m irror which au tom atically  changes the source during the  m onochrom ator 

slewing. T he rad iation  from the  respective source lam p is reflected from a m irror and 

arrives to  an optical filter on the  filter wheel assemble. The filter wheel is used for 

w avelength selection and it is opera ted  by a stepping m otor to  be in synchronization 

w ith  th e  m onochrom ators. T he filtered light is collim ated via a m irror and enters the 

m onochrom ator th rough the  entrance slit to  the  grating, and the light is dispersed at 

th e  g rating  to  generate a spectrum . T here are two gratings, one for the  detection  of 

th e  light in the UV-Vis rage and the  o ther for in the  NIR range. A selected beam
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froiii the iiioiiochroinator is reflected via a toroidal mirror to the chopper assembly. 

The chopper consists of a mirror segment, a window segment and two dark segments. 

W hen the chopper rotates the beam alternately passes through the window segment 

and reflects from mirror segment. The passed beam from window segment is utilised 

as a reference light. The beam that is reflected from the mirror of the chopper passes 

through the sample and finally comes to the detector assembly. The reference beam is 

also passed to the detector assembly. There are two different detectors used for UV-Vis 

and XIR range, the beam is automatically directed to detectors via rotating mirrors. 

A R955 photonmltiplier detector is utilised for the UV-Vis range and a lead sulfide 

detector is used for the NIR range. The computer digitises the detected signal from 

the detectors and displays the spectra of the sample. In this thesis, a Lambda 650 

UV/Vis spectrophotom eter was used for measuring the transmission and reflection of 

the samples.

2.5 Spectroscopic Ellipsom etry

Spectroscopic ellipsometry (SE) is an optical surface sensitive techniciue used for the 

characterization of thin fllms and multi-layer structures [76]. SE can be carried out 

over a wide spectral range, including UV-Vis and IR. In SE, p and s j)olarized light 

is incident on a sample at an oblique angle and changes in the polarization state due 

to transmission or reflection are measured. It measures the two values, the amj)litude 

ratio tan(^ ') and phase difference A between p and s.

p =  tan (^ ')e’'  ̂ = (2.3)
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In the polar coordinate system  the  am plitude reflection coefficients and the  phase 

diff^erence d can be w ritten  as

ta n 'I ' =  kp|/|?"s| cos A =  d p  —  Sg-  (2.4)

An analytical approach can trea t the optical response of the  system  for hom ogeneous 

and isotropic m aterial, and the  dielectric function of the  m aterial e is related  to  p  and 

oblique angle 0  by [57]

If the system  com prising of nniltilayer or m ixture of different m aterials, th e  equation 

2.5 gives overall optical response of the system . T he pseudo-dielectric function can be 

w ritten  as

(e) =  sin^ 00  +  sin^ 00  tan^ 00  f  7---------- . (2.6)
V 1 +  p /

This equation will be fitted to  experim ental d a ta  in order to  ffnd the  dielectric function 

of the  system .

The operation setup  of the  SE is sim ilar to  the  RAS system . A Xe lam p produces 

a bright w hite light th a t  covers a large spectral range. T he light passes th rough  a 

polarizer and the  polarizer establishes a linear polarization. The linear polarized light 

arrives at the  sam ple at an incident angle and is reflected tow ards the  PEM . T he PEM  

m odulates th e  polarization s ta te  of the  light. A fter th e  light passes through the  second 

polarizer (analyzer), the  beam  finally arrives a t the  detectors. Tw'o types of detectors 

are applied to  the  system , photom ultipliers for the  UV-VIS spectral range and InG aA s 

photodiodes for NIR spectral range. The ro ta tion  of the  polarizers are opera ted  by 

step  m otors and are fully au tom ated .
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Figure 2.5: Simple schematic sketch for imderstancliiig the concept of the AFM working 
mechanism.

The SE measures only the relative difference between Vp and I's. the measmements 

are indej)endent from the absolute intensity. Thus, SE measiu’ement is very sensitive 

and highly accmate. However, there are a few restrictions of the SE measurement. 

Characterization is indirc'ct and an optical model is necessary in data analysis. When 

surface roughness is high, them the intensity of the reflected light may be reduc('d and 

it can be become difficult to measure the polarisation states [76].

A Woolman M-2000 ellipsometer has been used for all ellipsometry mea-smements 

to investigate the out-of-plane optical resjjonse of the samples. The beam diameter is 

150 Jim and the sample can be autom atically rotated through 360 °. The w’idest spectral 

range is from 193 nm to 1690 nni and the measurements were performed betw'een 245- 

1600 nm taking 670 points. The sample was measiu-ed with variable incidence angle 

with rotation accuracy ±5°.

2.6 A tom ic Force M icroscopy

The Atomic Force Microscope (AFM) is a tool designed to measure nanometre scale 

morjjhologies by analysing atomic forces acting between a sharp Si tip and the sample 

surface [77]. There are a variety of different scanning methodologies possible using an
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AFM  [78]. In the  present work the  only m ethod used w'as in air AC m ode (see Figure 

2.5), which will presently be described.

In air AC m ode a silicon cantilever is a ttached  to  a piezoelectric m anipulator. 

An AC voltage is applied to  the  piezo, causing if to  v ibrate, which in tu rn  causes the 

cantilever to  oscillate at a certain  frecjuency, behaving like a sim ple harm onic oscillator. 

The voltage is au tom atically  ad justed  so th a t the  cantilever is oscillating at its resonant 

frecjuency. The m otion of the  cantilever is m onitored by m eans of a laser beam  which is 

directed  at its reflective to  face. The reflected light is m easured by a grid of photodiodes 

which calculate the  am plitude, frequency etc. of the  oscillating cantilever. As the tip  is 

low'ered tow'ards the  sam ple surface its am plitude of oscillation decreases. The digital 

feedback loop ad justs th e  tip-sam ple separation  to  m ain tain  a constan t altitude. By 

rastering  the tij) on the sam ple plane the m orphology of the  surface is obtained.

In th is thesis results w'ere obtained w ith an Asylum  Research M FP-3D ^^' Atomic 

Force Microscoj)e. Taj) 300-G cantilevers, w ith a single tip  fabricated  from silicon were 

used. T he radius of the  tip  is less th an  10 nm and the  Si cantilever has a nominal 

resonant frequency of approxim ately  300 kHz.

2.7 Scanning E lectron M icroscopy

T he scanning electron microscoi)e (SEM) uses a focused beam  of high-energy electrons 

to  generate  a variety of signals a t the  surface of solid specim ens.

A SEM usually consists of th ree  m ain constituen ts [79]:

•  E lectron-optical ‘co lum n’

•  Vaciunn system

• Electron and display system
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Figure 2.6: Schem atic (hagram  of the  Stokes and anti-Stokes scattering.

T he electron i)eam is produced from an electron gun via field emission and applying a 

high negative voltage (typically 0.5-30 kV) which accelerates the  electron beam  tow ards 

the  sample. The beam  is then  focused by m agnetic condenser lenses and sent to  the 

sam ple surface as a circular spot of d iam eter ~  1 nm. Deflection coils finally deflect the  

beam  in the in-plane directions and the  chosen area of the specim en is scanned point 

by point.

Different kinds of electrons are produced by the  in teraction  of the  electron beam  

w ith the specimen. Usually, backscattered electrons are used in SEM image form ation. 

T he former have the advantage of a greater surface resolution while the  la tte r  gain 

whenever m aterial recognition needs to  be achieved. The electrons produced are finally 

collected by a detector and the  chosen signals are processed by the  software and an 

image is displayed. In this s tudy  a Zeiss ULTRA Plus field emission SEM w âs used for 

im aging all samples.

2.8 R am an Spectroscopy

R am an spectroscopy is a sensitive technique for fundam ental surface studies [80]. R a­

m an spectroscopy is based on the  inelastic scattering  j)rocess between a photon and a 

specimen. A R am an sj)ectroscopy tyi)ically consists of four m ain components:
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•  Excitation  light source (Laser).

•  Sam ple illum ination system  and light collection optics.

•  W avelength selector (F ilter or Spectrophotom eter).

•  D etector (Photodiode array, CCD or PM T).

A m onochrom atic light, usually produced by a laser source is focused by the  oj)tical 

lenses and sent tow ards the  sam ple. The specim en elastically sca tters  most of the 

light. However, a small fraction of the  incidence power is absorbed as phonons in a 

crystal or as v ibrational s ta tes  w ithin a molecule and a signal at different frecjuency 

is ob tained  (see Figure 2.6). The scattered  photon  will have an energy less th an  

(called Stokes scattering) or g reater h v a  th an  (called anti-Stokes scattering) the  inci­

dent photon Jw q . a  wavelength selector filters out the excitation frecjuency and the 

prism  (or diffraction grating) separates the  rest of the  light into chfferent frecpiencies. 

detected  and finally analysed via com puter. Each system  presents excitation  peaks 

at particu lar characteristic  positions, rendering R am an spectroscopy p articu la r conve­

nient for chemical recognition and m aterial analysis in solid s ta te  physics. However, 

the  m ain draw back of th is m ethod is the  small scattering  cross section, thus requiring 

a large active vohnne for any quan tita tive  and precise m easurem ent. In th is study  a 

W ITec A lpha 300R R am an spectrom eter and a Renishaw inVia R am an s])ectrom eter 

were utilized for scanning.

2.9 H igh Tem perature Furnace

T he stepped  substra tes  were prepared in a high tem pera tu re  furnace (GSL 1600 X, 

C orporation  M TI, USA). The system  consists of four cylindrical SiC heating  elem ents 

which generate the  heating by Joule effect. A high purity  alum ina tu b e  is i)laced at
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the centre of the heating elements and it is used to load the sample. The maximum 

working temperature is 1550 °C with an accuracy of ±5°C . The constant temperature 

zone is along a length 5 cm in the middle of the alumina tube. A B-type thermocouple 

is attached close to the alumina tube to measure the furnace temperature. The desired 

temperature is regulated by a PID controller.
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Chapter 3

Substrate Preparation and Growth  

of the N anoparticle Arrays

If we knew w’liat we were doing, it 

wouldn't he called research, would 

it?

Albert Einstein

The first step in GLAD is prei)aration of suitable s tepped  templates, as the  substra te  

plays an im portan t role in controlling the NP dimensions and plasmonic behaviour. 

This chapter will introduce the  faceting mechanism and the tunable  features of the  

different substra tes  such as AI2O3, MgO and SrTiOs. T he  production process of the 

Ag NP arrays on the different substra tes  and tuning of the  morphology by changing 

the initial subs tra te  periodicity will also be shown.
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3.1 Substrate Preparation: Faceting M echanism

3.1.1 c-plane AI2 O3

In order to produce NPs arrays using the GLAD technique, ordered stei)ped templates 

are required. FoHowing previous reports [38], single crystal c-plane AI2 O 3  (0001) tem­

plates were used during the experiments. AI2 O 3  is a good insulator and transparent 

between 0.45 - 6 .5eV and crystallizes in an hexagonal unit cell composed of 32 atoms 

[57]. Previous studies have dem onstrated that a periodic arrangement of the steps and 

terraces can be produced upon annealing at high tem perature [81-83]. Different facets 

of the steps align to specific crystallographic orientations such tha t the resulting sur­

face morphology corresponds to the equilibrium state  of the system. For these reasons 

c-plane AI2 O 3  was chosen as a suitable tem plate for the development of the GLAD 

teclmiciue. Over the last few years, the tuning of faceting of the Al2 0 , 3  crystals was 

system atically investigated by our group, examining factors such as annealing atm o­

sphere, time, off-cut and azimuthal orientations [84], This was of particular interest 

for our purposes, as it was notably dem onstrated tha t the surface periodicity could be 

tuned by changing the annealing tem perature.

To produce stepped tem plates, single side polished c-plane a-A l2 ( ) 3  (MTI K.J 

group, USA) crystals were used. The obtained substrates were off-cut along the [1210] 

by 6 °. The sapphire samples w'ere then cleaned in an ultrasonic bath  using solvents 

(methanol, acetone, high purity isopropanol) and loaded in the high tem perature fur­

nace. The samples w’ere then annealed at tem peratures betw'een 1350 - 1550 °C for 15 

hours in air and the morphology subsequently investigated using AFM. As a typical ex­

ample, a sample annealed at 1400 °C is shown in Figure 3.1 A, B and C. As can be seen, 

the surface has a highly uniform periodic step and terrace structure with a periodicity 

/ of 100±17nni. To achieve tuning of the tem plate periodicity, the dependency of the
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Figure 3.1: Typical l.G xl.G pni AFM image of c-plane sapphire with a miscut in the 
[1210] direction after annealing at 1400 °C (A). (B) is height profile scan corresponding 
to the yellow line in A. (C) The 3D view of the faceted surface of the sample. The 
surface appears covered by a periodic arrangement of alternating facets. Such surfaces 
can be used as tem plates for the GLAD technique. The step periodicity dependence 
on the annealing tem perature as a function of the annealing tem perature (D).

sample periodicity as a function of the annealing tem perature was also investigated 

(see Figure 3 .ID). In agreement with previous findings [38, 81, 84], if it is seen that 

periodicity increases with annealing tem perature. As has been outlined in previous 

reports [81, 83] the procedure can Ije considered to be a therm ally activated diffusion 

process, wherein the periodicity of the resulting steps is assumed to be equivalent to 

the average adatom displacement, I). The relatioushij) between I) and tem perature
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{T) is giving by the Einstein relation:

D = Doexpi-Eac/ksT) ,  (3.1)

where Eac is the activation energy and k'B is the Bohzniann constant.

3.1.2 MgO and SrTiO;}

In order to produce other patterned substrates for GLAD, magnesium oxide (MgO) 

and strontium titanium oxide (SrTiOs) crystals were also annealed. The faceting of the 

(110) and (111) MgO surfaces via thermal annealing was demonstrated by V. Henrich 

in 1976 [85]. Temperature dependent faceting of the symmetric (310) and asymmetric 

(100) SrTiOa was rejx)rted by Lee et al. [86]. More recently, the faceting behaviour of 

vicinal MgO (100) and SrTiOa (100) have been systematically studied by our research 

group and tunable ste}) arrangements were demonstrated [87. 88].

In this thesis, the faceting processes of the MgO and SrTiOs w'ere extensively studied 

for the grow'th of NP arrays by GLAD. To produce the stepped templates single side 

polished 10x10x0.5mm MgO and SrTiOs (MTI K.J group, USA) crystals w'ere used, 

off-cut along the (010) by 3 - 4°. The samples w'ere also cleaned with methanol, acetone 

and high purity isopropanol. The cleaned MgO and SrTiOs crystals were individually 

loaded in a high temperature furnace and annealed at 1250 - 1300 °C for 3 hours. The 

surface of each sample w'as characterized with AFM. Sample AFM images are shown 

in Figure 3.2. The average periodicities of the MgO and SrTiOs templates are 100±26 

and 120±37 nm respectively. Previous studies have shown that the facets of the steps 

make an angle with the (100) terrace of 10° in the case of MgO and 45° in the case of 

SrTiOs [87, 88].
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Figure 3.2: Typical 2 x 2 inn AFM images of MgO (A) and SrTiOa (C) substrates 
after annealing at 1250 °C and 1300 °C for 3 hours. B and D are height profile scans 
corresponding to the yellow lines in A and C.

3.2 G row th o f A g N anoparticle Arrays 

3.2.1 E xp erim enta l P rocedure

After AFM was used to confirm the morphology of the stepj)ed surfaces, the faceted 

samples were cut into four scjuare or three rectangular pieces using a diamond saw. This 

allowed fabrication of NP arrays i^rejjared using different growth technologies on initial 

substrates. Each piece was cleaned in an ultrasonic bath using acetone, methanol 

and high j)urity isopropanol. The cleaned sami)les were attached onto the sam])le 

manipulator and loaded into the growth chamber. The sample surface was tilted to a 

grazing angle a  =  6° (see Figure 2.3) with respect to the adatom flux. This deposition 

angle w'as previously rlemonstrated to to produce NP arrays with the greatest possible 

uniformity [38]. The material w'as fleposited at a chamber pressure of approximately 4x 

10“*^ml)ar and with a flux rate ($) at normal incidence of 2.5nm/min. The dej)osition 

time t was kept constant at 30 minutes for all samples. Due to the inclination of the 

sample within the flux, the nominal thickness T  of the deposited material is much lower
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according to

T  = t X ^  X  siuQ X  — , (3.2)d,,
where is the facet width. This nominal thickness is i)roportional to the actual 

amount of the deposited material. Due to the effect of shadowing and the reorganisation 

of the material into the NPs the actual height of the NPs will be higher. After exposure 

to atmosphere each sample w'as imaged with SEM.

3.2.2 A g N P  Grown on Different Substrates

After obtaining the stepped tem plates from the MgO, SrTiOa and AI2 O3  substrates as 

described in Section 3.1, Ag NP arrays were grown on the substrates using the GLAD 

technique. In this section, we will dem onstrate for the first time Ag NP arrays on 

MgO and SrTiO,-? using this techniciue. The average step ])eriodicities of the temi)lates 

MgO. SrTiOs, AI2 O3  were 100, 120 and 115 nni resj)ectively. The Ag deposition for all 

substrates was performed at a glancing angle of 6 ° as described previous section. The 

same deposition time and growth rate were used for all samples.

The SEM images in Figure 3.3 show typical results for each substrate. As can be 

seen, each surface is decorated with ordered chains of NPs, confirming the suitability 

of these substrates for GLAD. The NPs are ciuite well contained within the boundaries 

of the step facets, and are slightly elongated along the step edge direction. The mor­

phology of the NPs is consistent with a 3D cluster growth mechanism with a diffusion 

barrier betw'een facet and terrace [39]. Due to the textm ing of the tem plate and the 

glancing angle of the flux, adatoms land on the step and NPs are formed as Ag does not 

w'et the substrate. As the terraces also have the low surface free energy, the adatom s 

cannot overcome the diffusion barrier between step and terrace and all the material 

distributes on the steps only.
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Figure  3.3: A set of SEM  images of Ag N P  arrays grown on th e  different su b s t ra te s  
such as (A) M gO  , (B) S rT iO s  an d  (C) AI2 O 3 , th e  deposit ion  t im e and  g row th  ra te  
were kei)t for all samples. Scale b a r  in th e  sam e for all SEM  images.

F igure  3.4: Im age tak en  in A u toC A D ®  of elliptical shapes  being  fitted  to  images of 
N Ps. Dj. and  Dy  are th e  m a jo r  and  m inor axes of th e  N P s while is th e  center-to-  
cen ter  d is tance  along th e  j '-axis, which is taken  parallel to  th e  step-edges.

In order to  o b ta in  an ac cu ra te  s ta t is t ica l  analysis of th e  in -p lane dim ensions of th e  

N P  arrays A u toC A D ®  softw are was used for ana lysing  th e  SEM  images. P a ra m e te rs  

m easured  using th is  software includes th e  m a jo r  and  m inor Dy  d iam e te rs  of th e  

N Ps, the  cen te r- to -cen ter  d is tances  b o th  along and  p e rp en d icu la r  to  th e  stej) edges {Lj. 

an d  Ly respectively) and  th e  in te r-pa rt ic le  spac ing  gap  d^- T h is  d a ta  is necessary  for 

m odelling th e  optical  fea tures  of N P  arrays. Elliptica l shapes  w’ere fit ted  to  th e  SEM  

images of th e  N P s  in A u to C A D ®  an d  th e  s ta t ica l  in fo rm ation  w'as e x t ra c ted  (see F igure  

3.4). At least 1000 N P s  w'ere exam ined  from each SEM  im age for a ccu ra te  s ta t is t ics  

an d  th e  m orphological p a ra m e te rs  are su n n n ar ised  in Table 3.2. T h e  height 1)  ̂ of th e  

N P s  w’a.s ca lcu la ted  using eq u a tio n  3.2.

It was found th a t  th e  m ost o rde red  and  uniform  Ag N P s  w’ere p ro d u ced  using AI2 O 3
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Dimensions, nm D. Dy Lx dj-
MgO (A) 8 ± 6 7±5 8 1 0 ± 6 100±26 2 ± 1

SrTiOg (B) 18±7 15±6 1 1 22±9 120±37 4± 2
AI2O3 (C) 2 1 ± 6 18±4 1 2 24±7 120±23 3± 2

Table 3.1: Average m orphological param eters of Ag NP arrays were grown on MgO, 
SrTiOa and AI2 O 3 as derived from a s ta tis tica l analysis of the  SEM images. The 
plus-m inus values indicate the  s tandard  deviation.

substra te . T he N Ps on MgO are sm aller and not w'ell-arranged in a chain com pared 

w ith AI2 O 3  and SrTiOa. Nice arrangem ents of the XP also were grown on the  SrTiOs, 

however, random ly d istribu ted  sm aller NPs on the terraces can be seen. T he sm’face 

free energy of the  AI2 O 3 is relatively higher th an  one of the  MgO and SrTiO s [89 91]. 

T he higher surface free energy leads the  larger diffusion length of the  adatom s and 

increases the  adatom  m obility on the  surface. Hence, the  sizes of the  particles can be 

larger and more ordered s tru c tm es are formed on AI2 O 3 . For these reasons the  AI2 O 3 

su b stra te  were selected for fu rther growth of the  NP chains in th is thesis.

3 .2 .3  T h e N P  M orp h ology  D ep en d en ce  on  S u b stra te  P er io d ­

ic ity

In the  previous section the  m ost ordered Ag N P arrays w’ere produced using th e  AI2 O 3 

substra te . In order to  investigate th e  dependency of Ag N P m orphology on the  initial 

su b s tra te  periodicity, th ree  stepped  AI2 O 3 tem plates w ith periodicities 60±15, 115±19 

and 180±28 nm were chosen and loaded together into the  deposition cham ber. Ag was 

deposited  at the  sam e tim e onto all the  substra tes  w ith the  sam e deposition thickness. 

A fter grow th of the  N P arrays, the  m orphology was characterized by SEM. Typical 

SEM images of sam ples are shown in Figure 3.5. T he sta tis tica l results are shown in 

3.2 and from this analysis it is apparen t th a t  the N P arrays are highly ordered and 

are expected  to  be strongly  coupled owning to  the  very small in ter-particle  spacing
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Figure 3.5: SEM im ages of Ag N P arrays were grown on AI2 O 3  tem plates w ith different 
step periodicities, are (A) 6 0 ± 1 5 , (B) 115±19  and (C) 180 ± 2 8 n m , scale bar in the sam e 
for all SEM images.

Samj)les, A (60 nm) B (115nm ) C (180,nm)

D j .  (nm) 1 9±6 2 2 ± 7 29±11
I ) y  (nm) 1 6±4 1 9± 5 2 3 ± 8
D z  (nm) 1 0 1 2 15
L j .  (nm) 2 1 ± 1 0 2 5 ± 1 2 3 1 ± 1 4
L y  (nm) 6 0 ± 1 5 115±19 180±28
dx (nm) 2 ± 1 3 ± 2 2 ± 1

Table 3.2: Average m orphological param eters of Ag NP arrays were grown on tlie 
ditferently stepped AI2 O 3 .

(r /j ..« 2  - 3n m ). T he average sizes of the N Ps increase w ith increasing periodicity for 

the sam e deposition conditions. T his tuning of the dim ension of the X P s by changing  

the substrate periodicity has already been reported in previous studies [39]. Control 

over X P dim ensions, as shown here is very im portant for the optical experim ents that 

follow in subsequent chapters.

Conclusion

In this chapter it has been shown that ordered arrays of steps and terraces can be 

formed by annealing vicinal crystals of AI2O3, MgO and SrTiOs , and furthermore 

that the i)eriodicity of the steps can be tuned through appropriate choice of annealing 

tem perature.
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Growtli of NP arrays using tlie GLAD techni(|ues was carried out on substrates of 

all three materials, dem onstrating their suitability for use in this process. Of the three 

substrates, it appeared tha t AI2O3 allowed the growth of NP chains with the best 

uniformity. Param eters related to the NP geometry and separations were extracted 

using AutoCAD® for each case.

Finally, it was shown th a t NP dimensions can be controlled through choice of 

substrate periodicity.



Chapter 4 

Tuning and C haracterization of 

Plasm onic N anoparticle Arrays

Science is a way of thinking nnich 

more than it is a hotly of knowledge.

Carl Sagan

hi the  previous chapter it has been shown tha t  different substra tes  and highly 

ordered arrays of tunable  NPs can be fabricated. Now the optical responses of the 

substra tes  will be investigated with RAS and UV-Vis spectroscoi)y. The absorption 

and RAS spectra of the NP arrays will be measured, the  results show the ecjuivalence 

between RAS and absorption, and it proves th a t  RAS can be used to  measure the 

pla.smonic resonance of the NPs. Optical resjjonses of the Ag NP arrays grown on the 

different substra tes  such as MgO. SrTiOa and AI2O3 are characterized with RAS.

The possibility of tuning the  NP shape by changing the subs tra te  tem pera tu re  

during deposition will be shown. RAS is used to  monitor the  plasmonic evolution of 

the sample during the growth. The structures show a strong dichroic response related 

to NP anisotropy and dij)olar coupling. Furthermore, nuiltipolar resonances due to
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sharj) edge effects between NP and substra te  will be investigated. Analytical and 

nmnerical m ethods will be applied to explain the exj^eriniental results and extract semi- 

quan ti ta t ive  information on the morphology of the  NPs. The results provide insight 

on the  growth mechanisms by glancing angle deposition. It will also be shown th a t  the 

N P morphology can be m anipulated  by a simple ilhnnination of the surface with an 

intense light source, inducing changes in the  o])tical response. Moreover, alternative 

m aterials such as Au and Cu will be deposited onto the differently stepped AI2 O 3  

substra tes  by GLAD. The dependence of the  N P dimensions and plasmonic resonance 

on the  subs tra te  step periodicities will be studied. Finally, the  influence of capping on 

Ag NP arrays will be described and the experimental results will be compared with 

the  analytical and numerical simulations.

4.1 T he O ptical P roperties of Substrates

Before discussing the optical properties of the NP arrays, the optical features of the 

substra tes  needs to  be introduced. These play an im portan t role in the  optical charac­

terization of the  NPs and the o{)tical response of the  bare substra te  should not present 

any distinct signal for carrying out an accurate measurement. Usually, transparent 

m etal oxifles give a constant value in the  visible range in their optical response. It 

is possible, however, th a t  the  presence of a miscut or the  annealing procediu'e which 

gives rise to  faceting of the  subs tra te  may generate an anisotropic optical response. In 

order to  rule out the i)ossibility, UV-Vis spectroscopy and RAS measurements of bare 

MgO, SrTiOs and AI2 O 3  substra tes  after they had been subject to a high tem pera tu re  

amiealing were carried out. The RAS spectra  of the  substra tes  are shown in Figure

4.1 A. T he  amj)litude of RAS signal is insignificantly smaller when compared to  th a t  

originating from the NPs (~ 2 0 0  RAS units, as shall be showTi in the  next sections).
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Figure 4.1: RAS spectrum  (A) and transmission spectra (B) of the  MgO. SrTiOa and 
AI2 O 3  substra tes  after high tem pera tu re  anneahng. Tlie inset pliotograph in (A) shows 
bare MgO , SrTiOs and AI2 O 3  substra tes  after anneahng.

The transmission spectra of substra tes  are shown in Figure 4. IB. The transmission per­

centage is approximately constant across the  visible spec tnun  for MgO and AI2 O 3 . For 

SrTiOs. however, this value varies between 55% and 0%. This loss is largely brought 

about by the anneahng ])rocess. after which the sample appears brown in color (see 

inset of Figure 4.1A).

The most ordered and uniform Ag XPs were produced using an AI2 O 3  subs tra te  as 

shown in Section 3.2. As shown above, AI2 O 3  also has the greatest transparency, and 

has near constant transparency  and RAS across the  visible spectnun . For these reasons 

AI2 O 3  is the  s tibstrate  chosen for accurate determ ination of the  plasmonic properties 

of the  NP arrays in all further experiments.

4.2 The Equivalence B etw een A bsorption  and R A S

In this chapter all optical responses of the  N P arrays were investigated with RAS. 

Before discussing these m easurements, the  origin of the RAS response needs to  be 

introduced. To unders tand  this behaviour R. Verre ef al. have shown for the  first 

time the ecjuivalence between RAS and j)olarized transmission spectroscopy for the
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Figure 4.2; T he com parison between the  absorbance and RAS of Ag N P arrays grown 
on AI2 O 3 .

Ag XP arrays investigated [38]. However, in their study  only specular transm ission 

was m easm ed and it is not d irectly  equivalent to  the  absorption of the  sam ple due 

to  presence of the  reflection and scattering  losses. In addition, single-side polished 

substra tes w'ere used for all experim ents and their rough inverse sides cause significant 

loss of scattered  light w hen the  light passes through the  sample.

h i order to  do an accurate  m easurem ent, Ag N P arrays w'ere produced on the  AI2 O 3  

by GLAD technique as described previously in Section 3.2. A UV-Vis spectrom eter 

w'ith in tegrating  sphere was utilized for m easuring the  transm ission and reflection. The 

in tegrating sphere m easures the  diffuse tran sm ittan ce  and reflectance from all angles. 

I.e. scattering  losses are avoided. Figure 4.2 show's the  absorbance spectra  of the  sam ­

ple, w'hich were recorded w'ith polarized light, bo th  parallel (longitudinal com ponent 

Ex) and perpendicular (transversal com ponent Ey)  to  the  N P chain (blue and green 

dashed lines, respectively). As can be seen, the  absorbance profile for light polarized 

parallel to  the  chain has a peak at ~  2.2 eV, while th a t  for light perpendicularly  to  the  

chain has a sm aller peak a t ~  2.8 eV. Also the  in tensity  of the  first peak is much higher
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than tlie second one, l)ecause the plaznionic coupling along the chain is much stronger  

that perpendicular to the chain.

T he difference — Ey of these two absorption peaks (light polarized parallel and  

perpendicular to  the N P chain) is shown in Figure 4.2 (pink line). The ex-situ RAS  

spectrum  is shown in sam e Figure 4.2 (orange line). One can clearly see that these  

profiles are very closely related. T he positive and negative peaks of the RAS s])ectrum  

represent the i)lasmonic resonance^s along the x  and y  directions.

As m entioned in Section 2.3. RAS m easures the difference in the com plex Fresnel 

reflection coefhcients / j. — r-y. The RAS spectrum  of the sam ple can be sinuilated using  

the three layer m odel as described in Section 1.6.1. As shown in the previous literature  

[39. 57. 74], the anisotropy of the sanij)le can be treated by two diffcTent diagonal tensor  

componc'nts £•/j. and c i . y  and the RAS equation 2.1 is then ecjual to:

^  -  ei.y
f A ŝiib  ̂m

where £■,„(, and are assm ned as a known value and the calculated RAS signal is only  

related to the response of the anisotropic layer (/(^l.x ~  ^L.y)- Iii this case, d  is constant, 

because one sam ple was used for both absorbance and RAS m easurem ents. Therefore, 

the measured RAS signal is directly related to  Ej- — Ey.

4.3 The P lasm onic R esonance of A g N P  Arrays 

Grown on Different Substrates

The growth of Ag XP arrays on the MgO. SrTiOa and AI2 O 3  substrates ŵ as described  

in Section 3.2.2. T he ex-situ optical responses of those three sam ples were characterized  

with RAS after growing the X P arrays. The typical results are shown in F igtue 4.3.
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F ig u re  4.3: Ex-situ  RA S sp e c tra  of Ag N P  a rray s grow n on th e  M gO  , S rT iO a and  
AI2 O 3  su b s tra te s .

T h e  R A S s j)ec tra  of th ese  th ree  sam ples ap p e a re d  sim ilar an d  no d is tin c t signal arising  

from  th e  s u b s tra te  was observed. However, th e  RA S in ten s ity  of Ag a rray s  th a t  were 

grow n on M gO  an d  S rT i ( > 3  a re  m uch lower th a n  for th o se  grow n on AI2 O 3 . As d iscussed  

in S ection  3.2.2, th e  N P s grow n on M gO show ed p o o r u n ifo rm ity  an d  a lig n m en t. W hile 

N P s grow n on S rT iO s h ad  re la tiv e ly  larger m a jo r an d  m inor axes w ith  low s ta n d a rd  

d ev ia tio n , a significant q u a n tity  of N P s w ere n o ticed  on th e  te rraces . S ince th ese  are 

iso tro p ica lly  a rran g ed  th ey  cause a red u c tio n  in R A S in tensity . T h e  m ost o rd e red  N P  

a rray s  w ere on AI2 O 3  w ith o u t any  iso trop ic  d ep o sitio n  on th e  te rrace . T herefo re , th e  

m ost in ten se  RA S response w^as p ro d u ced  by th is  sam ple. For th is  reason , AI2 O 3  was 

chosen  as th e  s u b s tra te  to  be  used in fm 'ther N P  dejjositions.

4.4 The In-situ  Plasmonic Resonances of Ag N Ps 

on AI2 O3

A g N P  a rray s  w'ere grow'n on faceted  AI2 O 3  u sing  th e  p ro ced u re  d esc rib ed  in th e  p re­

vious S ection  3.2. T h e  m orpho logy  of th e  Ag N P  a rray  a fte r d ep o sitio n  is show^n in
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Figure  4.4: (A ) SEM  image o f the Ag NP arrays grown on a faceted c-plane A I2 O 3 

substra te  at room  tem pera tu re . (B ) E voh ition  o f the  R AS spectra recorded d u rin g  the 
grow th. The do tted  spectra were recorded a fter exposure o f the th ickest sample to  air.

F igure  4.4A. The g row th  evoh ition  was m on ito red  using R AS  in-situ and the results are 

shown in  F igm e  4.4B. The op tica l response o f the  bare substra te  was to  he iso trop ic , as 

exjiected for c-plane sai)phire. P rom inent features apj)ear even a fte r on ly  5 m inutes o f 

deposition. A  pos itive  ])eak develops around 2.5 eV and negative feat\ues are ob.served 

between 3.0 eV and 3.8 eV. The j)Ositive i)eak m idergoes a red sh ift and the in tens ity  

o f the peak increa,ses w ith  increasing deposition tim e. T he  pos itive  peak red-sh ifts  by 

an a dd ition a l A E  ~  0 .1 -0 .2eV and the negative features are sm oothed upon exposure 

o f the  sample to  atmosphere. T h is  behavio iu ’ has been expla ined by the fo rm a tio n  o f 

a th in  A g 2 ()  layer covering the  X P  uj)on exposure o f the  sample to  atm osphere [39]. 

In p a rticu la r, the  s trong  positive  peak describes the resonance along the X P  array 

w h ile  the negative peaks arise from  the in-j^lane resonance in  the  o rthogonal d irec­

tion . The a d d itio n a l negative features were assigned to  (juad rupo la r resonances [56] 

due the ab rup t b o tto m  fia t face o f the XPs, as w ill be shown in  the com ing section. 

The development o f the  RAS signal upon deposition  can hence be explained: there 

is an in it ia l nucleation o f sm all, re la tive ly  w ide spaced, w’eakly in te ra c tin g  XPs. As 

dej)osition thickness is increased the XPs get b igger and m ore regu la rly  spaced, leading 

to  the larger am p litude  o f the  RAS spectra. The  gradua l red -sh ift as g rov/th  progresses
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can be attributed  to the reduction of inter-particle separation as deposition continues.

As the resonance position changes w ith the deposition tim e, in principle the growth  

could be stopjjed to  produce structures w ith  resonance peaks at the required energy 

[42]. However, the possib ility of m odifying the optical properties of the structures is 

lim ited by factors such as the diffusion constant of the adatom s or the ojjtical properties 

of the m aterials them selves. O ther options for tuning the optical response include 

choosing alternative m aterials for the X Ps (e.g. Cu, A u, as shown in Section 4.6) or 

by varying the tem plate periodicity.

In th is way the positive peak of the RAS spectrum  can be positioned anywhere in 

the visible range [42]. However, m odification of the dej^osition param eters also resulted  

in a decrease in the overall order of the structures. Consec}uently. broader plasm onic 

resonances occm', which p otentially  reduces the sen sitiv ity  of any optical liiosensor 

based on refractive index changes aromid the XPs.

4.5 T em p eratu re C ontrolled  M an ip u la tion  o f N P  

P ro p erties

4.5.1 D ependency o f th e N P  M orphology U pon Changes in 

the Substrate Tem perature

Ag N P arrays were grown on an AI2 O 3  substrate w ith 8 0 ± 1 5  nni periodicity using the  

sam e procediu’e as described in Section 3.2. Foiu' sam ples were grown under identical 

conditions expect for substrate tem perature, which was kept at 2 0 °C (RT), 1 0 0 °C  

, 200 °C and 300 °C for sam ples A , B, C and D respectively. The tem perature was 

calibrated using a therm ocouple w ith  a sam ple surface tem perature error of ± 5 ° C .  

in-situ  RAS sj)ectra were recorded at regular periods during the growth and ex-situ
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Figure 4.5: SEM images of Ag N P arrays grown at RT (A), 100 °C (B). 200 °C (C) and 
300 °C (D). Deposition of Ag at higher tem pera tu re  leads to  more ordered and more 
spherical XPs. In-sttu  (E) and ex-situ (F) RAS spectra  after the  deposition of Ag NPs. 
(G) Compares the spectra of the  sample grown at 300 °C before and after exposure. A 
red shift A E  for the  positive resonance is observed, together with a smoothing of the 
(luadruj)olar features (QP)

RAS s])ectra were recordc'd innnediately after exposure of the  sample to atmosi)here.

Figm'e 4.5 shows the surface mori)hology for different subs tra te  tem pera tu res  and 

the resulting RAS spectra before and after exposure of the  sample to  the  atmosphere. 

SEM images have been analysed to  give the sample sta tis tics  shown in Table 4.1. 

The in-plane centre-to-centre distance Lj. slightly decreases with increasing substra te  

temi)erature. Also the average m ajor axis of the NP along the chain is decrea.sed while
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T (°C) 20 100 200 300
Ox (nm) 25±10 25±11 21±7 20±6
Dy (nm) 21±6 21±7 19±5 18±5
Z n p  (nm) 9 9 10 10.5
s =  D J D y 1.21 1.19 1.13 1.09
Lx (nm) 26±11 28±13 24±10 22±10
Ly (nm) 80±15 80±15 80±15 80±15
N  (iun-2) 490±23 450±22 520±24 550±27

Table 4.1: Average morphology of Ag NP arrays as a function of the substrate tem­
perature. s is the aspect ratio and N  is the number of i)articles per unit area. The 
nanoparticle height {Z^p)  values are obtained from the sinmlations of the optical spec­
tra  discussed in the following section.

the minor axis is almost constant, causing a decrease in the aspect ratio s = D^./Dy 

for increasing substrate tem perature.

The changes can be explained using a sim])le diffusive j)icture. If Ag adatoms are 

depo.sited at room temi)erature, diffusion over the surface is limited. Tlie seeds are 

formed at random j^ositions; they grow and start merging together along the facets, re­

sulting in elongated structures. However, if the Ag is deposited at higher tem peratures, 

adatom  diffusion is increased and more uniform arrangements are obtained. The XP 

axis length perpendicular to  the array (Dy) is almost constant with increasing tem per­

ature due to the facet confinement, which explains the decrease in the NP asj)ect ratio 

at higher tem peratures. Table 4.1 also shows that the NP size dispersion decreases 

at higher tem peratures. The dej^osition time and angle were kept constant between 

samples, resulting in a consistent volume of deposited Ag (T =  30m in deposition). 

The changes in the NP height Z ^ p  (extracted from the optical model) are consistent 

w ith the expectation, as the average NP volume times the number of NPs should also 

be constant.

Changes in the peak positions of the RAS spectra have been also observed (see Fig­

ure 4.5). Due to a decrease in the aspect ratio s of the NP and reduced NP interaction
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due to  larger inter-particle separations, the  positive resonance peak moves to slightly 

higher energies (blue shift) as substra te  tem pera tu re  increased. Interestingly, the  plas- 

monic resonance peaks become sharper as the  deposition tem pera tu re  increases. This 

is expected, as the Gaussian broadening due to  morphological dispersion decreases [38]. 

Reducing the size distribution is an im portan t aspect, as it ensures higher sensitivity 

for potential applications such as a refractive index optical biosensor [92]. Finally the 

spectral feature at ~  3.4 eV increases in intensity and becomes positive at higher tem ­

peratures. but reduces in intensity on tarnishing by exjjosure to  the  atmosphere. As 

shall be shown in the coming section, these features can be a tt r ibu ted  to quadrupolar 

resonances, which can l)e investigated by the abru])t edges of the  XP base. U nderstand­

ing this behaviour was one of the  main motivations behind the numerical simulations 

outlined in the  following section.

4 .5 .2  T heory  and D iscu ssion

The changes in the RAS spectrtnn discussed in the  previous section will be now anal­

ysed in a semi-ciuantitative way and the dependence of the  s truc tu re  upon the various 

param eters involved in the  sinmlation will be addressed. Once the anisotropic effective 

dielectric function is obtained, the  in-plane complex reflection coefficients can be cal­

culated using a transfer m atrix  formalism [65, 66] a.s shown Section 1.6.2 and the  RAS 

simulated using ecjuation 2.1.

Transfer m atrix  models and analytical expressions for a three layer model need a 

given o])tical thickness for the anisotropic dielectric medium. For thin films with a 

thickness r/ <C A. typically only the optical thickness can be analysed. In order to  

comj)are the  sinuilated dielectric function s of the  N P layer with optical measiu'ements, 

we need to define the thickness of the  layer. W hile related to the \ P  height Z^vp 

this is not ecjuivalent to  it, as for an inhomogeneous system as ours, the  reflectivity
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Figure 4.6: (A) Simulated RAS spectra of the Ag NP arrays calculated using an ana­
lytical model. (B) Position of the positive RAS peak for the samples grown at different 
substrate tem peratures. Both experiment (square) and theory (circle) are indicated

of the uncovered terraces also contributes. To still be able to directly compare the 

nieasm ements with the sinuilations, we assmne that an effective thickness of the NP 

layer d = 7 nm was used for all samples - in line with the nominal thickness of a 

smooth layer if grown under the same conditions, / x $  x sina =  7.4 nm. While this 

is a crude estimation, it resulted in calculated RAS amplitudes comparable to those 

measured.

To calculate the dielectric function of the NP layer, the measured param eters listed 

in Table 4.1 were used. Only one morphological param eter (the out-of-plane semi-axis, 

or NP height, Z^ p)  was treated as a fitting param eter. The fitted NP height of «  9 nm 

was obtained under the constraint of a fixed overall Ag volume and is in agreement 

with the nominal thickness if we consider a filling factor of ?«0.09 as extracted from 

SEM analysis. The filling factor describes the area ratio between covered and total 

areas. Figure 4.6A shows the resulting spectra where the NP dielectric function has 

been scaled dow'u by an additional 20% to take into consideration the broadening 

due to morphological dispersion. The simulation reproduces the shift in the positive
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peak position (see Figure 4.6B) for different subs tra te  teniperatiu’es. An analysis of 

the  various param eters  influencing the final spectral shape of the  nanoconiposite layer 

suggests th a t  the shifts in the  resonance position are related to  an interplay between 

island anisotropy and NP dipolar coupling. More isotropic in-plane NPs and more 

separated NPs produce a blue shift of the original x  resonance. However, as only dipolar 

resonances can be sinmlated with this analytical model, the  negative peak aj)pears as 

a single, sharp resonance present at higher energies than  observed experimentally.

In order to investigate the  origin of the additional features observed at higher energy, 

a FEM  simulation has been performed as described in Section 1.6.3. The reflectance 

R, for light polarised along a given direction i =  (x, y) w'as assumed to  be proportional 

to the  intensity of light exiting the top surface. A reflectance anisotropy \ R / R  =  

2{Rj  — R^) / (R;r +  Ry)  then be calculated. As the reflectance is linked to the  conij)lex 

Fresnel reflectivity of a sample as R, =  p one can directly compare these sinmlated 

RAS spectra to measurements: A R / R  «  2/i’e [A r/r ] .  However, due to  small scaling 

differences (±Gnni) caused by the size d istribution in real samples when compared to 

ideal modelled structures, only normalised spectra  will be compared in this work.

The analysis was simplifled by assuming the  NPs to  be in-plane symmetric with 

Dj- =  Dy =  22 nm and a centre-to-centre distance of =  28 nm and Ly =  80 nm. 

Any in-plane optical anisotropic response then arises from coupling between the NPs. 

The unit cell during the simulations consisted of a t runca ted  Ag sphere resting on top 

of a transparent subs tra te  with Sgub =  3.24 (similar to  the  dielectric function of single 

crystal Al^Os). The choice of trunca ted  spheres was m otivated by TEM  images of such 

NPs [39], and the fact th a t  we did observe strong deviations from the simple dipolar 

model. For sharp edges, such as the  edges of t runca ted  spheres, stronger quadrupolar 

resonances would l)e exj)ected.

The simulations were performed by tnu ica ting  a silver sphere in different positions.
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Figure 4.7: (A) Normalised RAS spectra of truncated Ag sj)lierical NP arrays simu­
lated using FEM for different truncation positions. For protruding extruded spheres 
( / /  = 0.7) a positive resonance is observable at high energy (~3.5eV). This resonance 
arises from quadrupolar excitation modes from the sharp edges between NPs and the 
substrate. Sections of the electric field mapping along the array at the cjuadrupolar 
resonance energy for different spherical tnmcations are shown in B. C, and D respec­
tively. A normalised incident electric field /sq =  1 is assmned, and the same scale is 
used for all the images. A clear increase in the intensity of the electric held can be 
observed for the extruded NPs and it has been related to a decrease in the contact 
angle between substrate and NPs (see sketches on the left).

For convenience a parameter / /  was defined as the ratio between the height of the 

truncated sphere to its in-plane diameter. The simulations were performed with H =  

0.5 (truncated hemisphere), 0.6 and 0.7. The normalised simulated RAS spectra are 

shown in Figure 4.7A. The positive feature at ~  3.5 eV appears in the RAS spectra for 

extruded NPs { I I  =  0.7), similar to that in Figure 4.5E. The increase in intensity as 

/ /  increases can be explained by observing a section of the electric field mapping along 

the array at the quadrupolar resonance energy for different spherical truncations. A 

much greater enhancement of the local electric field is observed for the protruded NPs, 

particularly w'here the curvature is greatest in the contact region with the substrate. 

The more intense field produces an increase in the resonance intensity at ~  3.5 eV. It 

is also noticed that upon increasing / / ,  the main positive peak is blue-shifted slightly.
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T his is similar to  the behaviom- seen for N P arrays grown while the substrate w’as 

heated (see Figure 4.5E). It is therefore likely that increasing substrate tem perature  

during growth causes an increase in / /  and also the contact angle betw'een the N P  and 

the underlying surface.

As the FEM  sinnilation deals w ith truncated spheres rather than ellipsoids, the  

assignm ent of the features at ~  3.5 eV  in Figure 4.7A  and C to (luadrupolar effects 

aj)pears reasonable. T he statistica l analysis show an increase in NP height, together  

w ith a decrease in the lateral dim ensions, as the substrate tem perature is increased  

(Table 4.1). T his is consistent w ith the evolution of N P shape represented schem atically  

in Figure 4.7. The decrease in intensity in th is spectral region on exposure to  the  

atm osphere (Figure 4.5G ) can be explained by the reduction in curvature of the N Ps  

on tarnishing. T he FEM m ethod suggests that the different quadrupolar intensities 

observ('d from the exj)eriment are related to the different contact angles between the  

substrate and N Ps. T his can be controlled via the substrate tem perature as the final 

NP m orphology is governed by surface energy considerations.

The su bstrate/a ir  interface of A l2 ( ) , 3  has a lower surface free energy than the siib- 

stra te /A g  interface [93]. Therefore, the m etal does not wet the surface and the contact 

area between N P and substrate tends to  be m inim ised. T his phenom enon is more 

pronounced at higher substrate tem i)eratures when the adatom s have enough energy  

to rearrange on the substrate. This increase in the adatom  m obility j)roduces the  

extrusion from the surface by decreasing the contact area. Such changes in the NP  

mor])hology have already been observed for different m etals on oxide surfaces [94], 

supporting this interpretation of the results. It is im portant to  note that the sticking  

coefficient of Ag on AI2 O 3 does not vary significantly w ith  the substrate tem perature  

[94] and is therefore unlikely to be responsible for the large changes in the in-plane 

m orphology cjf the sam ples observed by micrograph analysis.
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Figure 4.8: SEM images of the Ag NP arrays before (A) and after (B) annealing using 
a Xe lamp. Exposure of the samj)le to intense focused light modifies the morphology 
of the XP arrays. (C) RAS spectra of the Ag NP arrays before and after the annealing

4.5 .3  T h e  M an ip u la tion  o f  A g  N P  A rrays U sin g  R ad iation  

A nnealin g

In the previous sections it was shown that the final morphology of the NPs can be tuned 

by varying the substrate tem perature during the growth. The changes were ascribed 

to an increase in the adatom  mobility, resulting in a different morphology of the NPs. 

Changing the morphology should also be possible if the adatoms can be rendered 

mobile after deposition. This has been achieved by ilhnninating the surface using 

intense focused light. Such phenomena were discovered almost 20 years ago [95] and 

are known as plasmon m anipulation [96]. A sample consisting of Ag NPs arranged in 

an array was reported as discussed previously, and examined from the sample is show'n 

shown in Figure 4.8A. The sample w'as illuminated by a Xe-lamp and Figure 4.SB show^s 

a SEM image of the surface after annealing. From a comparison with Figure 4.8A it is 

evident tha t the NP morphology has been substantially modified. The NPs now appear
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circular as viewed from above (f)  =  26±4nm ) and the separation between the NPs is 

increased (L^ =  33±8nm ). In our experiment the surface is illuminated by light with 

a homogeneous spectrum over the whole visible range. This leads to resonances in each 

NP and, due to the intense light source power, causes localised absorption and heating. 

The NPs redistribute more homogeneously on the surface. As a result, the separation 

between NPs increases. As the NPs are polycrystalline [39] there is no preferential 

growth direction and NPs assume a spherical shape. It is interesting to note that 

the larger changes in the morphology have been obtained using a Xe lamp and not, as 

previously utilised [96], a focused Gaussian laser beam. This approach allows easier up- 

scaling. as larger areas can be illuminated at once. As a broad band illumhiation source 

is utilised, all NPs can undergo resonant absorption at the same time, even in samples 

with originally inhomogeneous NP size distribution. By illuminating specific areas of 

the device using distinct powers, one could also produce different optical responses in 

the same device. Finally, the incident j)ower of the light .somce in the spectral region 

where we expect resonant absorption (1.8-2.8eV) is ~10 W cm “ .̂ Such a value is nnich 

smaller than that previously required to jnoduce a migration of NPs on the surface 

[97]. The approach developed here therefore provides significant advantages compared 

to previously reported methods.

RAS spectra recorded before and after plasmon m anipulation are shown in Figure 

4.8C. The resonance shifts towards the blue on annealing as a consequence of the more 

spherical shape of the NPs and an increase in the NP separation. Also, as the sample 

is more isotropic, the RAS am plitude decreases. Furtherm ore, since the annealing 

was done at atmospheric i)ressure. the XP is significantly tarnished, resiilting in the 

compk'te disaj)])earance of the (luadruj)olar featmes.
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Figure 4.9; SEM iznages and RAS spectra  of the Au N P arrays grown by GLAD 
deposition for 60 nni (A), 100 nm  (B), 140 nni (C) tem pla te  periodicity.

4.6 A u  and Cu N P  A rrays

So far, the  s tudy  of m orphology and optical properties of \ P  arrays has dealt solely 

w ith Ag XPs. T he following section will dem onstra te  the  broader po ten tia l of GLAD by 

investigating N P arrays com posed of o ther m aterials nam ely Au and Cu. A system atic 

s tu d y  has been perform ed w ith different stepped  sapphire tem plates.

T hree  AI2 O 3  tem plates wdth step  periodicities 60±15, 100±21 and 140±28 were 

ob tained  by high tem p era tu re  annealing and Au and Cu NP arrays were grown on 

these substra tes  as described in Section 3.1 and 3.2. T he m orphology of the  NPs are 

shown in Figure 4.9 and 4.10. Regardless of the  initial tem pla te  periodicity, bo th  Cu 

and  Au N P arrays w'ere effectiyely realised. The m orphological inform ation for each of 

th e  Au and Cu N P arrays is shown in Table 4.2. The analysis show th a t the  dim ensions 

of Au and Cu N Ps can be tuned  by changing the  step  periodicities.

As a result, th e  RAS spectra  of Au and C u arrays present rem arkable differences 

to  Ag (Figure 4.9A, B, C and 4.10A, B, C). For bo th  Au and Cu sam ples there  is an
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Figure 4.10: SEM images and RAS spectra o f the Cu NP arrays grown by G LA D  
deposition for 60 nm (A ), 100 nm (B), 140 mn (C) tem plate periodicity.

Samples Au (A ) Au (B) Au (C) - Cu (A ) Cu (B) Cu (C)
D x  (iin i) 15.2±2.9 21.6± 2,8 22.3±3,5 17,1±3,1 24,2±5.4 21,9±4,9
[ ) y  (nm) 11.4±2.2 13,8±2 1G,2± 2,6 12,3±2,G 16,2±2.8 15,8±3.6
/X  (nm) 9 12 15 9 12 15
Lj. (nm) 15.9±7 25.4±12,6 24.6±10 17,6±6.4 26.5±6.5 23,8±7,4
L y  (nm) 60±15 100±21 140±28 60±15 100±21 140 ±28

Table 4.2: Average morphology o f Au and Cu XP arrays as a function o f the substrate 
groove periodicity.

intense positive peak at ~ 1 .8eV  and a broad structm e at higher energy. The negative 

peak { y  re.sonance) is not easy to  see due to  presence of the inter-band transitions for 

both Au and Cu at high energies [57],

In order to  understand the orig in o f RAS signatvire, a sample which Au NP arrays 

grown on A I2O3 was measured by U V -V is spectroscopy and RAS w ith  same j)rocedure 

as described in Section 4,2. The absorption and RAS comparison is shown in Figure 

4.11. As ex])ected. the difference of the two absorption peaks — E y  is ecjual to  the 

RAS response, and the y  resonance is now clearly visible in the ab.sorption spectrum 

(see Figure 4.11 blue line). The main re.sonance o f RAS sj^ectrum has been a ttr ibu ted
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Figure 4.11: The com parison betw een the absorbance and RAS of Au N P arrays grown 
on AI2 O 3 .

to the X p lasm onic resonance, whose am phtude is sm aller than Ag (~ 2 0 0  - 300 RAS  

im its) due to  the different dielectric function of this metal.

Exposure of the sam ple to atm osphere causes a shift in the m ain peak position  

similar to the one m easured for Ag but the shifts are m inim al for Au (0.06 eV  for all 

sam ples) and much more pronounced (0.34 eV) for Cu. T he different am plitude of the  

shifts confirm the high stab ility  of A u upon exposure to  atm osphere and the ease of 

oxidation that takes j)lace for Cu. To get quantitative inform ation the curves were 

fitted w ith  a G aussian fitting function, w ith the peak intensity and peak position of 

the RAS spectra p lotted  as a function of deposition  thickness. B oth  positive peak  

intensities increase and peak position shifts to lower energy w ith increasing depositing  

thickness (see Figure 4.12).

T he resonance can also be tuned by changing the initial tem plate periodicity. This 

effect was previously investigated  for Ag by our group [39], and it show'ed a red shift 

in the main x  resonance proportional to the in itial tem plate periodicity. T he sam e 

effect is observed for both  Au and Cu where the period is changed from 60 nm to  

100 nm. How'ever, once larger periodicities are utilised, a blue shift and a reduction
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F igure  4.12: The peak in te n s ity  and peak i)os ition  o f A u  (A , B ) and Cu (C , D ) NPs 
RAS spectra p lo tte d  as a fu n c tio n  o f deposition  thickness. The  in te n s ity  o f each peak 
increases and its  pos ition  sh ifts  to  lower energy w ith  increasing thickness.

o f in te n s ity  are observed. The anomalous behaviour o f the  140 nm  p e rio d ic ity  can be 

expla ined by SEM  analysis. In  th is  case, double NP chains are form ed on the larger 

steps, as shown in  F igure  4.9C and 4 .IOC. In  th is  case the ne ighbouring N P  chains 

are (ju ite  s trong ly  coupled in  the y -d irec tion , as w'ell as along the x -d ire c tio n . T h is  

has the effect low ering the an iso tropy and there fore  reducing the  R AS in te n s ity  fo r 

the resonance. The presence o f such double chains is exp la ined by a sm aller adatom  

d iffus ion  coefficient fo r A u  and Cu i f  compared w ith  Ag. For these m ateria ls , as the 

d iffus ion  is much sm aller, in  the  early  stage o f the  deposition , seeds are most like ly  

form ed on a double line. As the de j)os ition  continues, the  N P  size increases, fo rm ing
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F igure  4.13: C om parison o f the  RAS spectra o f A u  (sam ple A  from  F igure  4.9) anti 
Cu (sample A  from  F igure  4.10) N P  arrays w ith  the  a n a ly tica l model.

the double chain observed here.

The a n a ly tica l model described in  Section 1.6.2 was applied to  s inu ila te  the  mea­

sured RAS spectra  o f A u  and Cu. The m orpho log ica l param eters lis ted  in  Table 4,2 

were \ised and the  th in  f ilm  d ie lec tric  func tions o f A u  and Cu were taken from  the 

lite ra tu re  fo r the  ca lcu la tions [98]. The  sim u la ted  RAS spectra o f A u  and Cu XPs 

arrays grow n on the A I 2 O 3  sample w ith  p e rio d ic ity  60 nm  are shown in  F igure  4.13. 

The s im u la tions show a q u a n tita tiv e  agreement betw'een theo ry  and experim ent.

T h is  experim en ta l w'ork dem onstrates th a t A u  and Cu N P  arrays can be produced 

by G L A D  techni(}ues and th e ir  j)lasm onic resonance positions appear in  d iffe ren t en­

ergy ranges. Such d ich ro ic  p lasm onic resonances can be candidates fo r enhanced spec­

troscopy [42] w ith  a resonance energy th a t can be con tro lled  by choosing the m ate ria l, 

the  in it ia l tem p la te  p e rio d ic ity  and the deposition  thickness.

4.7 T he Influence o f C apping M aterial

In -s i tu  o p tica l m o n ito r in g  plays an im p o rta n t role in  the  investiga tion  o f the  capping 

influence, as the op tica l response can be measured w ith o u t any o f the  ta rn ish in g  th a t
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F igure  4.14: Ex-s itu  A F M  image o f the  m orpho logy o f the  A g NPs a fte r capping M gO  
(A ) and the in -s itu  R AS spectra o f A g  NP arrays d u rin g  capping procedure (B ).

takes j)lace w ith  ex-situ  measm'ements. The M gO  is a transparen t m a te ria l, however, 

since the  presence o f the capping layer changes the con i])os ition  o f the  nu 'd ium  sm - 

round ing  the XP, it  w il l im pact on th e ir  resonance behaviom ’ and j^roduce a sh ift o f 

th e ir  resonance energy. Such a sh ift w ou ld  depend on the thickness and re fractive  index 

o f the  capj)ing layer. A  num ber o f studies have reported  th a t re frac tive  index based 

biosensors can be designed based on th is  p rinc ip le  [99-101] a llow ing  the  id e n tifica tio n  

o f m ateria ls  th rough  a sh ift in  the  resonance energy o f u n d e rly ing  NPs.

In  order to  investigate the influence o f capping m a te ria l on the  j)lasm onic resonance, 

an A g NP array was grown on an A I 2 O 3  substra te  w ith  p e rio d ic ity  o f 115 nm. Once 

the NP g row th  was com pleted, M gO  was subseciuently deposited onto  the  A g N P  array 

in  the same U H V  cham ber at an angle o f 50° w ith  respect to  the  sam ple norm al. The 

in -s itu  op tica l response was recorded w ith  RAS d u rin g  the  ca j)p ing at in te rva ls  o f 1  nm. 

30 nm  M gO  was capped on the  A g  N P  arrays so th a t th e y  were fu lly  covered. The 

in -s itu  RAS spectra recorded d u rin g  capping and ex-situ  A F M  image are shown in 

F igure  4.14. A  ~  0.2 eV  sh ift to  lower energy and s lig lit  increase in  R AS in te n s ity
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Figure 4.15: S im ulated RAS spectra  of Ag X P arrays under capping the  MgO by 
an analytical (A) an a num erical (B) model. The 3D diagram s above represent the 
assum ed geom etries in each case. For the  analytical m odel on the  left th e  N Ps are 
assum ed to  be whole ellipsoids, while for the  num erical sim ulations on the  right they 
are assum ed to  be tru n ca ted  ellipsoids.

were observed for ju st 1  nm  of MgO. As the  capping layer thickness increases the 

resonance position shifts to  lower energies and th e  RAS in tensity  gets lower. The 

large positive peak located at ~  2.6 eV for the  30 nm cap layer and post-exj)osure 

spectra  represents a Fabry-Perot like m ode [102], bu t it is not th e  focus of the  current 

discussion. To com pare the  experim ental results w ith theory, bo th  analy tical (transfer 

m atrix  form alism ) and num erical (FEM ) models have been applied. In order to  derive 

the dim ensional param eters of the  Ag N Ps capped by M gO, Ag w'as deposited  onto a 

sim ilar AI2 O 3  su b s tra te  and left w ith out any capping layer. T he sam ple was scanned 

using SEM and th e  in-plane param eters of the NPs were ex trac ted  by analysis. These
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Figine 4.16: The experimental and theoretical plasmonic resonance position and in­
tensity of Ag XP arrays were plottefl as a function of capping m aterial thickness.

param eters  were then used to simulate the  M gO-capped sample. The analytical and 

numerical simulations are shown in Figure 4.15. In the analytical model, the  XPs 

were considered to be whole ellipsoidal (sc'e sketches inserted in Figure 4.15) and in the 

numerical model they were assiun('d to he tn m ca ted  ellipsoids. The truncatf 'd  ellipsoid 

shape is closer to the  actual form of GLAD-based XPs and in the following chapter the 

cross section TEM  image of an Ag XP will be shown. The shifts of plasmon resonances 

and intensity changes are compared in Figure 4.16. In both  theory and experiment, the  

resonance positions were r<'d-shifted, and the  intensities slightly increased once capping 

start( 'd  and then decreased due to a reduction in the  anisotroj)y of the  system.

C onclusion

In this chapter has i)een shown how GLAD can produce highly ordered Ag X P ar­

rays. and how RAS can monitor the  changes in their optical behaviour in-situ. It was 

dem onstrated  tha t  tunaliility of the  dipolar plasmonic resonances can be achieved by 

modifying the subs tra te  tem pera tu re  during annealing. In this case modification of 

the XP aspect ratio is caused by an increase in adatom  diffusion on the  faceted tem-
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plates. Also, a higher energy resonance has been observed and related to a quadrupolar 

resonance associated with sharp edges between the substrate and NPs, a conckision 

supported by analytical and numerical modelling. These results suggest a way to engi­

neer the NP morphology by post-annealing the sample and it is shown tha t this can be 

effectively achieve>d by exposing the surface to an intense broadband light source. This 

allows the NPs to be physically manijjulated by external means over large areas. It 

has also been shown tha t is possible to  fabricate An and Cu NP arrays by the GLAD 

technicjue, and their plasmonic resonance positions appeared in different energy ranges 

from those of the Ag NPs. The resonance energy can then be fiu’ther controlled by 

choosing the m aterial, the initial tem plate periodicity and the deposition thickness. 

The experimental work was compared with theoretical sinuilation. Finally, the cap­

ping influence on the plasmonic resonances of Ag NP arrays has been investigated and 

this behaviour was treated with an analytical and a nmnerical model.



Chapter 5 

Investigation of The Out-of-plane 

Optical Response

The jirocoss of scientific discovery is. 

in effect, a contiunal flight from 

wonder.

Albert Einstein

SpectroKcopic ellipsonietry (SE) has been used to measure the full optical response 

of ])lasmonic structiu'es. Firstly, the simple case of an anisotropic th in  plasmonic layer 

supported  on a transparent subs tra te  is analysed by introducing a (juantity nam ed 

anisotropic surface excess function (ASEF). Such a quan ti ty  can be directly extracted  

from the experiment and sinuilated using either analytical or numerical methods. The 

formalism is then generalised using a transfer m atrix  method. In this way, effects on 

the ellipsometric spectra of thick plasmonic films, ani.sotropic substrates, and plasmonic 

s tructures grown as part of a nniltilayer system are described in term s of changes in 

the effective (p.seudo) dielectric function of the  system. The formalism developed is 

su])j)orted by experimental evidence obtained by measuring the response of anisotropic
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sub

Figure 5.1: (A) Sample representation with the definitions used in this chapter. (B) 
Sketch for the SE measurement of Ag NP arrays in the jiarallel configuration. The axis 
and angle definitions are also indicated.

NP arrays grown at glancing angle. The agreement between theory and experiment is 

clear, suggesting tha t SE can be conveniently employed to measure the spectroscopic 

response of plasmonic structures. It is also dem onstrated tha t the figure of merit 

of the pla.smonic resonance for refractive index sensing can be greatly improved with 

optimized measurement configurations using polarized spectroscopy. Finally, compared 

to conventional transm ission sj)ectroscopies, SE can measure the out-of-plane response 

of the plasmonic systems, providing a more stringent test for models of the far field 

response of a plasmonic systenL

5.1 Introduction

5.1.1 P lasm onic Studies U sing Spectroscopic E llipsom etry

The optical properties of the nanostructures are usually analysed using conventional 

spectroscopic methods in the far field, but recently their charge distribution has been 

also addressed using more specific characterisation methods such as cathodolumines- 

cence [103, 104], TEM  and electron energy loss spectroscopy [105, 106]. The main
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lim itation of conventional absorption spectroscopies is that it allows one to monitor 

only in-plane pro])erties of the plasmonic structures due to the inherent difficulties in 

the measurement geometry. To overcome this problem SE can be utilised as it can anal­

yse changes in the polarization state  of a linearly polarized beam reflected at oblic}ue 

angles of incidence [47, 107]. The frequency value of plasmonic resonance of the NPs 

measmed by SE is directly related to the size and surface coverage of the NPs and 

the constituent dielectric function [108]. Recently, SE analysis has been extended to 

magnetic or anistropic samples using generalised ellipsometry [109, 110]. Scattering 

and depolarization jnoperties of the samples can also be addressed and separated by 

normal specular reflection. Also SE can be used to investigate bio-molecular interac­

tions with metal surfaces [ i l l ]  and l)io-sensing measurements ba.sed on phase changes 

[112].

5.1.2 A S E F  and P lasm on ic  M odellin g

SE sj)ectra are difficult to analyse as the response of the whole system needs to  be 

modelled and comijared with experiment to address the properties of the samples in­

vestigated [107]. For this reason, the number of studies of plasmonic structures using 

SE is still limited [46, 113 116]. Previously it was dem onstrated by our research group 

[117] that a (juantity. named Anisotropic Smface Excess Fiuiction (ASEF). The ad­

vantage of introducing the ASEF method relies on its simplicity as it depends only on 

the response of the plasmonic layer alone and can therefore be modeled using simple 

analytical or numtnical methods [118, 119]. In particular, the plasmonic layer inves­

tigated here has been modelled as a collection of supj)orted identical ellipsoids placed 

on a rectangular lattice, and interacting through dipolar forces. This m ethod has been 

previously used to rej)roduce the anisotrojjic o])tical resjionse of similar \ P  arrange­

ments [39, 117]. However, the validity of this approach appears to be limited to very
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specific cases (for only an u ltra th in  plasm onic layer < 1 0 n m ).

In general, th e  properties of a single layer cannot be directly  ex tracted  analy ti­

cally from SE experim ents. M ultiple in ternal refiections m odify the  final expression 

of the  anisotropic pseudo-dielectric function <  Sj  >  of the  system  considered as an 

hom ogeneous m edium  along the  j - th  direction. Plasm onic nanostructu res are even 

m ore com plicated, as the  layer is not homogeneous. However, if th e  dim ension of the 

struc tu res involved are much sm aller th an  th e  wavelength of the  exciting light, the 

nanocom posite layer can be trea ted  as a continuous and hom ogeneous layer w ith an 

effective dielectric function £ i  which m ay be anisotropic. F m th er sim plification occurs 

for uncapped sam ples using a three phase approach (substra te , plasm onic layer and 

air), if th e  nanocom posite  layer is th in , the  su b stra te  response is isotropic and the op­

tical axes are aligned with the  sym m etry  axis of the system . In th is case, the  additiv ity  

between the  resj^onse of each layer can be assum ed to  hold to  the  first order and the 

ASEF can be ex tracted  d irectly  from the  experim ent as [118-120]

~  !------------- 27^' ^subj-  (5-1)
4 7 r £ s u b V ^ s u b  -  sm 0

In equation 5.1 A, is the  vacuum  w'avelength in nm , 0  is the  angle of incidence, £gub 

is the  su b s tra te  dielectric fim ction and air is the  surrom iding m edium  (assum ed as

I)-

Usually, ellipsom etric observables are expressed in term s of the  com plex reflection 

ratio  p  =  V p / r g  and the  psuedo-(effective) dielectric function for the  whole bulk system  

appearing  in equation  5.1 can be ex tracted  from the  raw' m easurem ents using equation 

2.6. If the  su b s tra te  dielectric function is know'u, th e  A SEF can be ex trac ted  directly 

from the  experim ent using 5.1. T he advantage of in troducing  the  A SEF relies on its 

sim plicity as it depends on the  response of the  (anisotropic) plasm onic layer alone,
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which can then  be m odelled by [118]

1  cos^B
(5.2)

Ssub sin^G

where j , k  — {x,y).  T he coefficients in 5.2 are defined by

^sub  ^  5 ( -̂ )̂
^  L . z  ^ s u b

and d is the  effective thickness of the  N P layer. T he nanoconiposite response can then  

be ex tracted  by ecjuation 5.1 and any su itab le m odel capable of calculating the  dielectric

reduced in th is case to  the determ ination  of the  j)lasnionic layer dielectric function.

5.2 E xp erim en t

Ag and Au XP arrays have been produced by GLAD on the  AI2 O 3  tem plates as de­

scribed in Section 3.2. SE m easurem ents were recorded w ithin a few hours of the 

sam ples being exposed to  atm ospheres using a W oollam M2000 variable angle SE sys­

tem , equipped with a ro ta ting  com pensator and a high speed CCD cam era. T he sam ple 

was aligned at each angle of incidence and ro ta ted  m anually  around the  surface norm al. 

A SE m easurem ent also carried out for for bare AI2 O 3  substra te . A fter m easm em ents, 

Ag N P sani])les were capped w ith a 50 nm  SisNj layer to  facilitate  TEM  analysis. The 

deposition was perform ed using P lasm a Enhanced chemical vaj)our deposition using 

5% SiH,) and NH 3  as precursors (1;6 ratio). In order to  analyse the  out-of-j)lane mor- 

I)hology of the Ag capped sam ple. TEM  out-of-plane sections were prepared  using a 

Carl Zeiss Auriga CrossBeam  FIB-SEM  as de.scribed in Section 2.7. Once prepared,

function of the  plasm onic layer can be directly  com pared w ith the  experim ent using 

ecjuation 5.2. The problem  of analysing the  response of the  whole system  has been
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Figure 5.2: (A) Scaniiiug electron micrograph of the Ag NP arrays deposited at a 
glancing angle of 6°. Cross-section TEM images with low (B) and high magnification 
(D) are show’n together w'ith the axes as defined in the text. Rows of NP arrays are 
clearly visible along the step edge of the faceted template. The TEM micrographs w'ere 
measured with a [1010] zone axis of the substrate (see diffraction pattern  in C). The 
scale bar in (A), (B) and (D) correspond to 200nm, 120nm and 8nm  respectively.

the section was imaged by a T itan TEM operated at 300 kV. The substrate was aligned 

to the [1010] zone axis for imaging. In all cases the images were acciuired in bright-field 

mode.

5.3 R esults and D iscussion

The SEM of the in-plane structure deposited at glancing angle is shown in Figure 5.2A. 

The structure api)ears as an array of ordered NPs aligned along the step edges as pre­

viously reported. The in-plane semi-axes (average Hj. =  12 nm and Hy =  10 nm) are 

well below the optical diffraction limit and the plasmonic layer can therefore be con­

sidered as a homogeneous anisotropic layer. In order to fully characterize the sample, 

the out-of-plane morphology has been also analysed by TEM (see Figure 5.2B and C). 

This analysis shows that the NPs appear as truncated ellipsoids of height H  = 17 ntn.

The response of the structures grow'n have been first analysed by SE using a fixed 

angle of incidence (-) =  61°, and by changing the azimuth of the sample in the plane 

of incidence by an angle if (see Figure 5.1). This first incidence angle was chosen as
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Figure 5.3: Real (.A.) and im ag ina ry  (B ) j)a rts  o f the  pseudo-d ie lectric func tion  <  5  >  
o f .A.g X P  arrays grown at g lancing angle for d iff( 'ren t az im u tha l angle ro ta tions  ^  and 
(-) =  Gl°. The in te n s ity  o f the  ,r resonance at 2.2 eV fo llows a y  +  f L . i / r
dependency (inset in  F igm e  A ), h i C and D experim en ta l (do tted  lines) and sinm la ted  
(continuous) A S E F  for the  para lle l ( y? =  0°) and pe rpend icu la r ( ^  =  90°) measurement 
configurations are shown. The insets show the  m odelled p lasm onic layer d ie lec tric  
function . Sl -

it  is clo.se to  the  B rew ster angle o f the A I2 O 3 substra te  in  the  v is ib le  region. In  th is  

case, as discussed in  j)revious studies by our group on the pla.snionic response o f s im ­

ila r structu res [117], the ra tio  between the p and ,s com ponents is m axim ised and the 

response o f the  system can be analyzed more accurately. The  measured a z inu itha l real 

and im ag inary  response o f the  s tru c tu re  are shown in  F igure  5.3A and B respectively. 

Superimposed onto  the featureless substra te  behaviour a d d itio n a l fea tiu ’es are c lea rly  

visible. The .A.SEF extracted  from  the experim ent using ecjuation 5.1 and m odelled by 

ecjuation 5.2 and 1.35 are shown in  F igure  5.3C and D. A  sem i-quan tita tive  agreement
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is clearly observable using the average NP dim ensions and separation obtained from 

SEM and TEM  images. T he lim itation in the m odel is m ost clearly seen in the small 

discrepancy in the y  resonance j)osition. However, it is stressed that no fitting parame­

ter has l)een introduced in the sim ulation and that the sinnilated spectra are obtained  

using only m orphological param eters measured by m icrographic analysis.

From Figure 5.3A , for the measurement configuration parallel to  the array =  

0°), a positive peak can be observed at ~ 2 .2 e V ,  together w ith a minim a present at 

higher energies. As previously discussed and suggested  by the theory (see, e.g., the  

dielectric function of the layer in the inset of F igm e 5.3C, D) the positive feature in 

the im aginary part of the A SE F is related to resonances along the x  direction [117], 

while the m ininuun at higher energy correspond to the 2  resonance. T he opposite  

sign in the out-of-plane 2  resonance is due to  the d iscontinuity of the perpendicular 

com ponent of the electric field in \h ix w ell Boundary conditions [121]. B y rotating the  

sam ple towards the m easurement configuration perpendicular to the array {if =  90°) 

the in tensity  of the 2.2 eV  decreases m onotonically. T he behaviour can be explained  

by rotating the sam ple sym m etry axis away from the optical axis. In this case the  

rotation of the layer dielectric tensor in equation 1.35 can be expressed by the m atrix

Defining now as the transpose of A  and rem em bering that the dielectric tensor

the trend of the axis rotation expression.

Figure 5.3 also shows that, for thin plasm onic films and transparent substrates.

/
cos ip — sin (f 0 \

— sincyj c o s ^  0 (5.4)

of the plasm onic layer upon in-plane rotation can be expressed as A^El A,  the 2.2 eV  

peak height is given by El ,x cos^ -I- sin^ iyj. T he inset in Figure 5.3A  reproduces
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the absorptive component of the plasmonic layer is present in the real part of the 

pseudo-dielectric function. This reversal between Re[< e >] and Im[ei] arises from the 

imaginary term  i present in eciuation 5.1. \Miile the validity of the ASEF approach 

is constrained to u ltrath in  plasmonic layers and isotropic bulk responses [118], for 

such systems a direct comparison between theory and experiment can be achieved 

by assessing the resjjonse of the anisotropic thin plasmonic layer along the sample 

anisotropic main axes and 90°) at the substrate Brewster angle. This minimises

the mixing betw’een p and s components of the reflection coefficients (hence mixing 

of the res])onse of both x  and y resonances), and the resonances can be immediately 

a ttribu ted  to the in-plane and out-of-plane resonances along the synnnetry directions 

of the system. Clearly, the measurement for isotropic samples is further simplified as 

the (lei)endencv on the azinnithal rotation angle is removed.

5.4 E x ten sio n  to  A  M ore G eneral Form alism

In the previous section it was shown that the ASEF approach can be successfully 

applied to the analysis of u ltrath in  j^lasmonic layers. It was also shown tha t the 

sinmlation reproduced the resiilts even when the optical axes were not aligned with the 

principal axes of the system, provided a rotation of the dielectric tensor was performed. 

However, the ASEF approach becomes inaccurate when nuiltilayer structures or thick 

plasmonic layers are considered.

In this section we will show that the transfer m atrix formalism introduced in Sec­

tion 1.6.2 can also monitor the ellipsometric complex ratio p. The complex reflection 

coefficients were readily calculated and p was obtained as rp/rg- This ratio p =  Tp/r^ 

is used in equation 2.6 to obtain the j)seudo-dielectric function to be compared with 

ex})eriment. The only inj)ut param eters recjuired for the application of this method
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Figure 5.4; Real part of th e  pseudo-dielectric function for the  m easurem ent configura­
tion parallel ||, =  0° (A) and perpendicular ^  =  90°(B) to  the  array, for different
angles of incidence 0 .  The sim ulated  pseudo-dielectric functions for the  two cases 
calculated using the  transfer m atrix  form alism  are shown in (C) and (D) respectively.

are the  dielectric function of each layer and the  respective thickness. Any m ethod 

w'hich allows one to  m odel th e  dielectric function of the  plasm onic layer can then  be 

com pared directly  w ith  the  response measiu’ed by SE. In the  following the  effect of 

different factors on th e  spectra  as m easured by SE will be discussed.

The validity of the  approach is first tested , on the  sam e sam ple, for parallel and 

perpendicular configurations by com paring the  sim ulations w ith spectra  rneasm ed at 

different angles of incidence. T he resonances appear in the  real part of the  jiseudo- 

tlielectric functions, which are com pared for the  configurations parallel and peri)endic- 

ular to  the  arrays in F igure 5.4. G ood agreem ent betw een experim ent and theory  was 

found for bo th  th e  real and im aginary  com ponent. It is clear th a t the  pseudo-dielectric
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function of the  whole system  depends heavily on the  angle of incidence. As the  sam ple 

is anisotropic, the  reflection is different along th e  two orthogonal in-plane directions. 

Varying the  angle of incidence alters the  con tribu tion  of the  p and s com ponents, re­

sulting  in a strong  change in the  reflection ra tio  and hence in the pseudo-dielectric 

function. For the  perpendicular configuration (5.4B and D), the  y  resonance peak shift 

is correctly reproduced for various angle of incidence, l)ut the  changes in in tensity  are 

not. The disagreem ent is due to  a shift l^etween the  sim ulated  y  resonance and the  

m easured one, m entioned previously.

Of particu lar in terest is the  fact th a t, for the  ^  — 0° m easurem ent configuration 

(F igiue 5.4A) the  in tensity  of the  positive peak at 2.2 eV increases by a factor of ~  3 

when going from (-) =  61° to  0  =  45° and at the  sam e tim e the  resonance sharpens. 

These effects are well reproduced by the  sinuilation.

In the case of anisotroi)ic sam ples, the  possibility of m easiuing such sharp  reso­

nances could be of great interest, as the  figure of m erit (FOM ) of the  sharp  re.sonance 

struc tu re  is greatly  increased. Usually. FOM  de'scribes the  resonance shift upon changes 

of the refractive index of the  dielectric m edium  covering the  particle. For th is system , 

(-) =  45° {produces an increase of the  FOM  by a factor of ~  15 com pared w ith 0  =  70°. 

The sim ulations suggest th a t the  FOM  for th is system  can be even fu rther increased at 

a m easm em ent angle of ~ 3 5 ° . a possibility th a t instrum enta l lim itations did not allow 

us to explore. These results suggest th a t the  sensitiv ity  of refractive index plasm on- 

based biosensors can be increased significantly by choosing an a])proi)riate angle of 

incidence and m easm ing j)olarized reflectance ratios.

As a rejjresentative exam ple, in Figure 5.5 a com parison is shown between the  

sim ulated absorption and SE spectra  when the  N P arrays are surrounded by different 

dielectric media. T he absorj)tion profiles were obtained  using the relation .4abs.x 

Im[t/,,x]/A [55]. As ex])ected, an increase in the  refractive index surrounding the  NPs
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Figure 5.5: S im ulation of the absorption along the NP arrays (A ) and o f the p.seudo- 
dielectric fim ction  (B) in the parallel configuration at 0  =  45° upon changes of the 
die lectric medium covering the particles. Red shifts in the x  resonance are observed 
w ith  increasing refractive index. The simulated FO M  is s ignificantly increased using 
SE when compared w ith  conventional absorption spectroscopy.

red shifts the x resonances. However, a much sharj)er profile is obtained for the pseudo­

dielectric function, leading to  a FW H M  approxim ately 5 times smaller than tha t for 

the simulated absorption spectra. S im ilar enhancements have been recently reported 

for in-plane sym m etric systems when measuring the phase difference between the p 

and s polarized components as a function o f the incidence angle [116]. It  is clear 

tha t measuring relative changes in p and s polarized reflection, using an optim ised 

measurement configuration, offers the possib ility  o f significant improvement in the 

FO M  of plasmonic sensors. Phase sensitive measurements appear then as a sensitive 

route which can lead to  single molecule recognition, as recently discussed [112],

To understand the orig in o f the observed changes in the pseudo-dielectric function 

intensity, the simulated tan 'I' and A  have been p lo tted  in Figure 5.6 for two angles 

o f incidence (0  =  65° and 0  =  45°). I t  can be noticed tha t at resonance a 180° 

phase difference betw'een rp and r* occurs for both  angles o f incidence. How'ever, at a 

shallower angle o f incidence, the complex ra tio  am plitude tan reaches larger values 

as the in tensity  o f the /> and s-polarized reflection is comparable. In th is w'ay, the
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Figure 5.6: Sinuilation of the  ellipsometric angles at 0  =  65° and 0  =  45°. At the  
2.2 eV resonance a A =  180° phase shift occurs upon reflection. At the  same time, for 
the  45° incidence angle, the  am plitude ratio tan  'I' reaches values close to one, hence 
explaining the  increase in the  intensity of the resonance observed in Figure 5.4.

denom inator in equation 2.6 aj)])roaches zero and a singularity appears for the  overall 

system resj)onse. Sharj)er and more intense resonances can be measured whenever the 

intensity of the  reflection coefficients are comi)arable and at the  same time a phase 

re tardation  of tt takes place. This is a general condition which can be verified for 

different anisotropic systems.

The transfer formalism can also be adapted  to  o ther o])tical characterization m eth ­

ods, such as RAS [122] and different materials. T he  theory could be extended to 

magnetically active systems [G6] and core-shell plasmonic structures[123], and a com­

plete analysis on the behaviour of each reflection coefficient becomes possible. This 

more general approach appears to be a more suitable and convenient m ethod to  sim­

ulate and analyse the  spectroscopic response of plasmonic structures, even included 

within nmltilayer structures.

In the  following, the  effect of increasing the X P  layer thickness is finally addressed, 

while the  XP size and (listril)ution on the  subs tra te  remains fixed. As previously 

I)ointed out. sinmlations using the transfer m atrix  m ethod require a given optical thick-
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ness for each layer conijwsing the stack. For the  inhom ogeneous plasuioiiic layer as the 

one here investigated, its effective thickness is not equivalent to  the  N P height. During 

previous sim ulations, a thickness of 1.5 nm  was considered, in line w ith the  nom inal 

deposited Ag thickness for the  system  of 1.3 nm. W hile th is is a crude estim ation it 

resulted  in am plitudes com parable to  those m easured in th e  experim ent.

F igure 5.7 shows the  sim ulated SE spectra  for increasing layer thickness d. To 

sim plify th e  analysis, the  plasm onic layer was assum ed to  he in-plane isotropic =  

Ry =  2 0 nm  and R.  ̂ =  7.5 tmi), and w ith Ag particle  spacing large enough to  disregard 

any in ter-particle  coupling {I\f =  7 x lO ^^N P/m ^). T he self-image charge contribution 

is still taken into account. W ith  these param eters, the  dielectric function of the  layer is 

shown in Figure 5.7A. As the  sam ple is in-plane isotropic, <  e >  is now independent of 

the azim uthal ro ta tion  angle Figure 5.7B and C show th a t changes in the  plasm onic 

film thickness result in a strong  m odification of the  SE response.

In particu lar, it can be noticed th a t for u ltra th in  struc tu res, th e  plasm onic reso­

nances appear in Re[< e >] and its im aginary part assum es unphysical negative values. 

T hese changes are related  to  th e  presence of the  plasm onic layer, which heavily m odi­

fies the  polarization  properties of th e  reflected beam  as also shown in th e  experim ent 

in F igure 5.3. These phenom ena are characteristic  for u ltra th in  layers, as it can be 

shown th a t  R e[<  e >] oc Im[eL]. In particu lar, th is p roportionality  relation is valid 

w'henever the  plasm onic film is th in , i.e., [117]

i n y / s L j  — sin^ 9

Figure 5.7 now' allows a m ore precise quantification of equation 5.5: Even for an ef­

fective plasm onic layer of 5 nm  a m ix ture  betw'een th e  layer and eff^ective dielectric 

functions takes place and th e  sim ple proportionality  is no longer valid. It w'ould be
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Figure 5.7: (A) Simulated imaginary part of the  dielectric function of supporte'd 
isotrojjic spheroids along the x  and 2 direction. The contour plot of the  real and 
imaginary part of the  calculated psuedo-dielectric function for different plasnionic layer 
thickness d (see sketch in D) are shown in B and C respectively. The vertical do tted  
line shows the position of the  x  resonance and it is used as a guideline. For clarity, in 
E and F the real and imaginary part  of the  dielectric function for different thicknesses 
d are also shown. These are effectively cross sections of the  contour plots in B and C 
taken at the  locations of the  do tted  lines.
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then  of great interest to  unclerstancl how the N P height affects the  effective plasnionic 

layer thickness. This possibility cannot be easily investigated using the  glancing an­

gle deposition m ethod described here as th e  NP produced are usually  sm aller than  

20 nm. However, it appears th a t  large layer thickness results in an even more com­

plex behaviour th a t is difficult to  rela te  d irectly  to  the  plasm onic features, bu t can be 

addressed easily using the  transfer m atrix  approach.

During the  sinm lation th roughout the  tex t, the  anisotropy of the  su b s tra te  has been 

disregarded. Even though AI2 O 3  is a well known birefringent m ateria l, no change w'ere 

ol)served in the  sinuilations by using its ordinary  or ex trao rd inary  refractive index. For 

simplicity, the  ord inary  refractive index has been used. The transfer m atrix  approach 

has been form ulated in a fully anisotropic p icture [65. 06], and hence our lim itation to  

an anisotropic sinm lation is ju st a sim plification for convenience.

The SE response from by plasm onic struc tu res dejjends on m any con tribu ting  fac­

tors, such as XP m orphologies, m ateria l com position, and su b stra te  dielectric function. 

The overall response can be heavily modified by changes in any of them . In particu lar, 

it has to  be noted  th a t the  discussion of the FOM  by directly  using th e  pseudo-dielectric 

function is ano ther sim plification allowed by the  use of a tran sp aren t substra te . Once 

non-transparen t substra tes  are used the  dielectric properties of th e  N P layers have to  

be ex tracted  by optical models, as it is s tan d ard  practice in ellipsom etric analysis. Us­

ing the  general approach described here, the  unknown param eters can be trea ted  as 

fitting  param eters and the  m odelling refined using the  s tan d a rd  ellipsom etric approach 

to  nm ltilayer struc tu res. In th is case, clearly, analytical m odels for th e  N P dielectric 

function, as used here, are m uch m ore suited  for fast convergence.

T he SE response orig inated  by plasm onic struc tu res  depends on m any co n trib u t­

ing factors, such as N P m orphologies, m aterial com position and su b s tra te  dielectric 

function, and the  overall response can be heavily modified by changes in any of them .
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Using the general approach described here, tlie unknown parameters can be treated as 

fitting parameters and the modelhng refined using the standard eUipsometric approach 

to muhilayer structures [107]. In this case, clearly, analytical simulations such as the 

one introduced here are much more suited for fast convergence.

5.5 E xtensive Investigation: A u N P  Arrays

The transfer matrix apj)roacli developed in this thesis can be used to sinmlate the 

optical response measured with other si)ectroscopic techniciues and can be utilised with 

different materials. As GLAD is independent on the dejjosito'd material as was shown 

in previous chai)ter. Au XP arrays can also be ])roduced and their response measured 

using SE (see Figme 5.8A for a SEM image of the surface after deposition). The real 

part of the j:>seudo-dielectric function as measured by SE in the configuration parallel 

and perpendicular to the array are shown in Figure 5.8B and C for nuiltiple incidence 

angles. The optical response shows clear differences when comjjared with Ag NPs. The 

main x resonance is placed further in the near IR (1.66eV) and higher energy features 

measured for the Ag case are screened now by strong and broad features related to 

interband transitions [42]. This was also sinmlated using the transfer matrix ajjproach. 

The Au dielectric function was taken from literature [98], and the free electron response 

corrected in order to take into consideration the reduced dimensions of the NPs [39, 68]. 

In order to simplify the discussion, the same morphological parameters as those used 

for Ag NPs are used during this sinnilations. These results support the validity of the 

methodology applied for different \ P  materials.
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Figure 5.8: SE response of Au NP arrays. (A) SEM image of the in-plane morphology 
of the sample, where gold NP arrays were produced by glancing angle deposition. 
Measured pseudo-dielectric function for the measurement configuration parallel (B) 
and perpendicular (C) to the array. The simulated behaviour for the tw'o cases are 
shown in (C) and (D) respectively.
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C onclusions

In conclusion, this chapter has dem onstrated and developed a methodology to inves­

tigate the spectral response of complex plasmonic m aterial systems. Simulations were 

compared with the response of anisotropic NP arrays grow'u at glancing angles and mea­

sured using SE. First, the Anisotropic surface Excess Fmiction (ASEF) was introduced 

and it was shown how the plasmonic response of a layer can he directly extracted. The 

formalism is further generalised utilising a transfer m atrix method. Different effects 

that can lead to a modification in the response of the system were discussed and the 

methodology for a complete analysis outlined. The approach can be used for thick NP 

layers, anisotropic systems and different materials, and can be extended to magnetic 

systems and core-shell structures [123].

The results show two advantages over other approaches. First, as SE can measure 

both the in-])lane and out-of-plane res])onse. this teclmicjue provides a more stringent 

test of the validity of models of the plasmonic response. Second, for these anisotropic 

layers the resonance FOM can be significantly increased at a particular angle of in­

cidence. Measuring the reflectance change in the p and s polarized reflectance at an 

optimum angle of incidence could lead to a great imj^rovement in the sensitivity of bio­

logical sensors based on the detection of changes in the dielectric rnedimn surrounding 

the XP layer.
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C hapter 6

A g N anoparticle Arrays for SERS  

A pplications

Resparch is creating new knowledge.

Neil Armstrong

Tliis ('liai)ter will dem onstra te  th a t  GLAD-based Ag N P arrays can be used as a 

surface-enhanced R am an spectroscopy (SERS) subs tra te  and a comprehensive study 

into their applicability for this pm pose  is presented. T he  dependence of the  SERS 

enhancement on the plasmonic resonance energy and the  polarization of the  input 

light are investigated. It is shown th a t  SERS enhancem ent factor can be as high as 

~ 3 .7  X 10^. Finally the  experimental SERS enhancem ent factors are compared to  finite 

element calcu.lations for cjuantitative and (lualitative analysis.
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V

Figure 6.1: Sclieniatic view of the SERS measurement, where the highest electric field 
occurs between the coupled NPs at the “hotspots” .

6.1 Introduction: SERS in P lasm onic N anostruc­

tures

Surface-enhanced Ram an spectroscopy (SERS) is a widely explored techniciue that 

can j)rovide non-destructive and ultra-sensitive characterization down to the single 

molecular level [124. 125]. The SERS intensity of Raman signals can be amplified 

by two main mechanisms, the chemical enhancement and the electromagnetic (EM) 

enhancement. The EM enhancement originates from the EM fields tha t have enhanced 

intensity and are highly localised between NPs composed of noble metals. The EM 

fields are concentrated by incident light caused by localised plasmonic resonance [126 

130]. The SERS signal can be further enhanced when two NPs are closly coupled [131], 

therefore creating a strong EM field enhancement in the gap. These are referred to 

as “hot spots” [132 138]. A number of studies highlight the im portance of reducing 

the gap distance between coupled NPs. W hen the gap is becoming narrow'er a giant 

electric field can be produced [125, 139-142]. Moreover, the EM field is largest at the 

plasmonic resonance maximum, thus the highest SERS enhancement can be achieved 

by optimizing the plasmonic resonance energies [143-148].

G reat challenges still remain in the preparation of optimized substrates for SERS 

such as fabricating well ordered NPs with a precisely controlled narrow inter-particle
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gap, the  ability to  time the plasnionic resonance of the  arrays, and developing a tech- 

nicjue th a t  can generate large areas of NPs ciuickly and cheaply. Fabricating arrays for 

use in R am an enhancement is also desirable.

T he  nanostructvu'e fabrication of GLAD is l)ased on self-assembly and can j)roduce 

highly ordered one dimensional plasnionic NP chains. We have dem onstra ted  the  tun- 

ability of the  NP dimension, morjihology, inter-particle distance (gap) and plasnionic 

resonance over the  whole visible range in previous chapters. These advantages can 

overcome the SERS substra te  production challenges. In order to perform a system atic 

s tudy  of SERS, our focus was to  control the  gap distance and to  precisely tune  the 

plasnionic resonance j)eak position Ap. The inter-particle spacing gap d^, dimension 

of N P and distance between NP rows ( Ly )  are controlled by changing the  deposition 

thickness and faceting period of the  template.

6.2 E xp erim en ta l D eta ils

For initial SERS studies, a solution of rhodam ine 6 G (R 6 G) as obtained from Sigma- 

Aldrich (99% dye content) was diluted in methanol w ithout further purification. R 6 G 

is a dye and common test molecule for SERS studies [149]. 10 mg R 6 G were dissolved 

in 1 0  ml of niethanol and diluted further in Millipore water to  reach the  desired con­

centration. Ag NP arrays were grown on the  AI2 O 3  in the  usual fashion as described in 

Section 3.2. During growth, the  in-situ  optical signature  of the  samples was monitored 

via RAS allowing us to get the  required plasnionic resonance j)osition Ap. For the  Ag 

NP grown sample l x lO~®M concentrated lOjil R 6 G solution was drop-cast and left in 

air for 3 hours to  dry. The R am an response was then  recorded a few hours after drying 

using a WITec Alpha 300R R am an spectrom eter with laser wavelength A, =  532 nm, 

laser power P,  = 37.5 jiW, integration tim e tg =  20 s. The final R am an  spectra  was
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averaged from 5 different areas of measurement.

A second experiment to investigate the im portance of the resonance conditions was 

carried out with a sample set of Ag NPs grown onto 60 nm, 115 nm and 180 nni faceted 

templates. For this study l x l O “^M concentrated 20 pi R6G solutions were drop-cast 

onto samples and left in air for 3 hours to dry. Samples were measured using the WITec 

Raman spectrom eter with A; =  532 nm, =  20 pW, =  2 s, and 25 measurements at 

different sample points were averaged. Subsequently the samples w'ere examined with 

the incoming polarization perpendicular and parallel to the NP chains. R6G shows a 

strong fluorescence signal when excited at 532 nm, hence the background was calculated 

by fitting a third order polynomial in the region of the spectra where no peak for R6G 

is known to exist and subtracted from the measured signal. The same spectral region 

was chosen for each of the samples measured.

In order to compare the enhancement factor on and off resonance, the samples were 

also examined with a Renishaw inVia Raman spectrom eter, equipped with a HeNe- 

laser { \  =  633 nm) operating at =  500 y\V. The integration tim e w'as chosen to be 

tg = 10 s and 5 different sample areas were averaged. The laser power was deliberately 

kept low enough to ensure tha t the Ram an signal from R6G was not degraded during 

the measurement.

In order to measure the R6G Ram an signal on a bare substrate without Ag NP, a 

much higher concentration of 1 x 10“  ̂M was required in order to obtain a good enough 

signal to noise ratio in the Ram an measurements. The incident laser (A, =  532nm), 

laser pow'er (F, =- 37.5pW ), integration time {tg = 20s) and polarization were kept 

constant. The sample ŵ as measured at 25 different areas and average spectra are 

presented.



6.3 Experim ental Results 105

250
 S1

S2
—  S3 
 84

200

200ntn
100

S3

-50

-100
800400 500 600 700

W avelength (nm)

Figure 6.2: (SI. S2, S3, S4) SEM images of a set of Ag NP-arrays grown on 60, 115, 133, 
180 nm AI-2 O 3  s tepped templates. The scale bar is the  same for all samples. (Right) 
ex-situ RAS s])cctra of the  all sam])les. The plasnionic resonance m axim a are given in 
Table 6.1.

Sample Nr. SI S2 S3 S4

Dj. (nm) 19(6) 22(7) 25(8) 29(11)
D y  (nm) 16(4) 19(5) 22(7) 23(8)
I h  (inn) 1 0 1 2 13 15
/-X (nni) 2 1 ( 1 0 ) 25(12) 28(11) 31(14)
L y  (nm) 60(15) 115(19) 133(21) 180(28)
fix (inn) 2 ( 1 ) 3(2) 3(2) 2 ( 1 )
Ap, nm 521 535 537 553

0 . 1 0 . 1 2 0 . 1 0.06

Table 6.1: Average morphological ])arameters of different Ag NP-arrays as derived 
from a statistical analysis of the  SEM images. Values in brackets indicate s tandard  
deviation.

6.3 E xperim ental R esults

Ag N P arrays were grown on different s tepped AI2 O 3  tem plates. A set of SEM images 

of four different sami)les with the Ag N P arrays is shown in Figure 6.2. T he  right 

hand side of Figure 6.2 shows the RAS spectra  for all four samples after exposure to  

atmosphere. The combination of RAS and GLAD teclmicjues provides a reliable and 

straightforward way of producing highly ordered self-assembled NP arrays where the 

plasnionic resonance energy can be tuned  precisely within the  whole visible range [42]. 

Sample S3 wa.s chosen to dem onstra te  the  potentia l for the  use of Ag NP arrays as
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Figure 6.3; R am an spectra  of R 6 G adsorbed on Ag N P su b stra te  (sam ple S3) after 
coating w ith 10“ ® M R 6 G aqueous solution. T he sam ple was m easured w ith a green 
laser (green line) A, =  532 nni and a red laser (red line) A, =  633 nni. T he blue 
line represents the  R am an s])ectrum  of a reference sam ple. 10“  ̂M concentrated  R 6 G 
solution was coated on an AI2 O 3  bare  substra te . Fluorescence liackground of green and 
blue lines were su b trac ted  by tising the  sam e mask.

SERS substra te , it had an average in ter-patic le  gap of 3 nm  and an ex-situ plasnionic 

resonance w ith incident light wavelength of 546 nm. T he correlation betw een the  plas- 

m onic resonance m axim um  and SERS enhancem ent will be show'u in Section 6.5. After 

the  oi>tical analysis of the  S3 sam ple, 10“ ® M concen trated  R 6 G aqueous solutions w’as 

applied by drop-cast. The sam ple w'as then  scanned by R am an spectroscopy and the 

results are shown in F igure 6.3 (green line). R 6 G has a strong  fluorescence background 

for excitation  wdth a green laser and a background sub trac tion  as described in the 

experim ental section w'as required. T he R am an peaks observed were rela ted  to  known 

peaks for R 6 G found in a previous report [150], and the  v ibrational m odes correspond­

ing to  the  m ain peaks are listed in Table 6.2. These m easurem ents already dem onstra te  

th a t th e  Ag X P arrays show' an excellent R am an enhancem ent.

For confirm ation of the  results, th e  sam e sam ple S3 w'as investigated  w'ith a HeXe
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Raman peaks, ;/ (cm A“, nm Aj!, nm assignment^
617 550.06 658.73 C-C-C in-plane XRD
778 554.97 665.79 C-H out-of-plane bend
1133 566.12 681.91 C-H in-plane bend
1320 572.18 690.71 in-plane XRB N-H bend
1368 573.76 693.01 XRS, in-plane C-H bend
1514 578.60 700.09 XRS, C-N stretch, C-H bend
1579 580.79 703.29 XRS, in-pane N-H bend
1654 583.33 707.02 XRS, in-plane C-H bend

X° is for 532 nni green laser, Aj! is for 633nni red laser. ‘̂ XRD: xanthene ring 
deformations. XRB: xanthene ring breath. XRS: xanthene ring stretch

Table 6.2: Measured Raman peaks of the R6G in experiments and their vibrational 
mode wavelengths when excited by green (Aj=532nm) and red (Ai=633nm) laser. The 
vibrational modes of the R6G for these peaks are also show'n. Â  is Raman signal 
wavelength.

laser (A, =  633nm) (see Figme 6.3 red line). A high SERS enhancement from the sam- 

])le was also observed. However, this enhancement is lower than the SERS enhancement 

obtained with a green laser (A, =  532nm). This is liecause the wavelength of the red 

laser is farther from the plasmonic resonance maximum of the samj)le compared to the 

green laser.

6.4 SERS E nhancem ent D ep en dence on Input Light 

Polarization

It was decide to investigate the de])endence of the Ram an intensity on the polariza­

tion of incoming light with respect to  the lines of NPs. GLAD grown \ P  arrays can 

be considered as a well-coupled one dimensional anisotropic system. Their pla.smonic 

resonance depends on the polarization of the incident light. As the \ P  spacing along 

the chain {d )̂ is substantially lower, the resonance for light polarized along the NP 

chain is nnich stronger than when polarized perpendicular. Hence SERS enhance-
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Figure 6.4: (A) Ram an spectra of Ag NP arrays with the incident Ught polarised
parallel (cyan line) and perpendicular (magenta line) to the chains of XPs. (B, C) 
Simulated electric field maps for Ag NP chains subjected to  light which is polarized 
jiarallel (B. showing both top view and cross section) and perpendicular (C, showing 
top view) to the NP chains.

ment is expected to  depend on the polarization of the incident light. For nanoparticle 

dimers, numerous studies have reported this polarization dependence of SERS, show­

ing strongest Ram an signals for incident light polarized across the dimer junctions 

[151, 152]. In cases of infinite chains of NPs this effect is even more pronounced. To 

dem onstrate the influence of light polarization, sample S2 was used. The light was po­

larized along and perpendicular to  the NP chains by rotating the sample, keeping the 

Ram an scattering geometry constant. As expected, a strong enhancement only occurs 

once light is polarized along the NP chains (see Figure 6.4A) and the Ram an intensity 

is approxim ately 60 times greater compared to the case where the light is polarized 

peri)endicularly to the arrays. As before, the same background signal is subtracted for 

both spectra.

In order to understand the electric field enhancement at the incident w'avelength 

for a chain of NPs, a FEM simulation using COMSOL Multiphysics® w'as performed.
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For sim plicity the  average X P size of Dy,  Dz,  average displacem ent and 

Ly of sam ple S2 as given in Table 6.1 were used to  build a model periodic array  of 

identical NPs. T he electric field in the gap region betw een two N Ps was calculated  

for A, =  532 nm. Figure 6.4B shows the  calculated  electric field m ap for two different 

polarizations; parallel and perpendicular to  the  chains. The highest electric field is 

observed for light polarized along the  chains and is located betw een th e  NPs. As 

the  FEM  calculation, the  average electric field in tensity  is approxim ately  10 tim es 

g reater for parallel polarization com pared to  the  perpend icu lar case. This confirms the 

im portance of the  small in ter-particle  gap for use of N P arrays as SERS substra tes.

6.5 SERS E nhancem ent D ep en dence on P lasm onic  

R esonance M axim um

In recent years it has been shown th a t Ag X P -arrays offer good tunab ility  of the 

pla,smonic resonance [39, 42, 117]. In order to  quantify  how the  plasm onic resonance 

wavelengths of such sam ples affects the  SERS enhancem ent, th ree sam ples (S i, S2, S4) 

were investigated (see Figure 6.2 and Table 6.1). C. L. Haynes et al. have shown th a t 

the  highest SERS enhancem ent was ol)tained when the  plasm onic resonance m axinnm i 

Xp was located between the  incident A, and R am an signal wavelength A,. [153]. Usually, 

R am an shifts are typically in wavenum bers F and  it is rela ted  to  A, and Â  by

In our case, the experim ent was perform ed by varying the  plasm onic resonance m ax­

imum relative to  a fixed laser wavelength A, =  532 nm . The plasm onic resonance 

energies for the light jjolarized along the chains of N Ps were m easured by RAS to be

( 6. 1)
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Figure 6.5: (A ) Rauian spectra of R6G measured on Ag NPs samples (S I, S2, S4) w ith  
different plasmonic resonance maximum. The fluorescence o f these Raman spectra was 
subtracted by using the same mask. The dashed magenta hne shows the Raman peak 
of the R6G used for investigation (t't„b=617cm “ ^). (B) The dependence o f tlie  RGG 
peak in tensity on the plasmonic resonance energy.

521 mn, 535 nm and 553nm, respectively. A  Raman peak o f the RGG { u  =  617cm “ ', 

see the vertica l magenta dashed line in Figure 6.5A) was chosen for the investigation 

and its signal wavelength is =  550nm for the incident green laser (see Table 6.2). 

Therefore, the resonance m axim um  of 535 nm o f S2 is located between Aj =  532 nm and 

A,. =  550 nm while the other two samples (SI and S4) have resonance m axim a outside 

o f th is  range. Raman spectroscopy was performed on these three samples, the high­

est SERS enhancement was obtained for the sample S2 w ith  the plasmonic resonance 

m axim um  at 535 nm (see Figure 6.5A). The dependence o f R6G peak in tensity  on the 

plasmonic resonance energy is shown in Figure 6.5B. As expected, the highest SERS 

enhancement occurred for sample S2 whose value o f Ap lies w ith in  the range A, - A^. 

These experiments h igh ligh t the im portance o f tun ing  the plasmonic resonance of the 

NP array for SERS measurements.
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6.6 E nhancem ent Factor, C om parison o f T heory and  

E xperim ent

The SERS enhancement factor EF  is related to the electric field g at the location of 

the Raman active molecule for the laser frecjuency cj, and the Stokes-shifted frequency 

of the Raman scattered photon Ug [154]:

E F  = [g{LU,)f[y{iu,)f (6.2)

For small Raman shifts and relatively broad plasmonic resonances as discussed here, 

we can assume that the electric field at the incident wavelength and Stokes-shifted 

fn'cjuency are approximately the same, hi this case the EF  will be equal to the fomth 

])ower of the electric field at incident wav('length. The electric held in the Ag NP array 

at incident wavelength A, =  532 nm was calculated by COMSOL Multiphysics®. For 

a normalized incident electric held {Eq = 1) the maxinnnn electric held in the Ag \ P  

array was calculated to be E  = 90. Applying equation 6.2 a local enhancement factor 

of EF = 6.5x10^ is exjjected.

To calculate the effective SERS enhancement factor of a samjjle {EFg) from the 

measurements the same exi)erimental conditions were used for the plasmonic and the 

bare reference substrate. The only difference is the concentration of R6G in the solu­

tion. We had to use more concentrated R6G on the bare substrate as the Raman signal 

was weaker that on the SERS substrate. In the case of such differences EF  is typically 

expressed in terms of the measured intensity ratio of the plasmonic substrate (Ip) and 

the reference substrate (7^) and the ratio of the number of molecules present in both 

samples {Np, N,.) [139. 155]. In an ideal case when the same amount of solution stays 

on both substrates after coating the latter is pro])ortional to the concentration of R6G
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ap])lied to  the substrates {Cp,Cr):

From tlie experiments Ip, Ir and Cp, Cr are known, and the obtained EFg of the sample 

S3 using the equation 6.3 is EF  ~  3.7 x 10*’ [V =  617 w'as used for calculation).

C onclusion

Self-assembled Ag NP arrays were used as a SERS substrate for detection of R6G. The 

results showed remarkable SERS enhancement from a GLAD-based SERS substrate of 

EF  ~  3.7 X 10®. The dependence of SERS enhancement on plasmonic resonance and 

polarization was studied. The dependence of EF on polarization was via the plasmonic 

resonance control: by changing the polarization we tuned in and out of the plasmonic 

resonance in oiu’ linear NP arrays. Finally exjjeriniental results were compared with 

theoretical simulation, confirming the effect of the small NP gaps on the enhancement 

factor. The GLAD-grown Ag NPs can be used as a SERS substrate for any type of 

laser as the plasmonic resonance frequency and morphology of NP arrays can be tuned 

by changing the growth param eters. This overcomes the SERS substrate fabrication 

challenges and proposes a new' avenue for producing SERS substrates as the techni(}ue 

allows for accurate tuning of the freciuency as well as ultrasm all NP gaps for vicinal 

substrates.



Chapter 7

Conclusions and Future Work

The science of today is the 

technology of tomorrow

E. Teller

7.1 C onclusion

In this thesis, a m ethod to  fabricate highly ordered plasmonic nanostructures  by self- 

assembly using a simple glancing angle de})osition (GLAD) technique ha.s been dis- 

cus.sed. The possibility of preparing different faceted substra tes  such as MgO, SrTiOs 

and AI2O3 for GLAD, their tunable  features and transparent optical i)roi)erties have 

been shown. The non-specificity of the  subs tra te  material opens the door to  a wide 

field of analysis and api)lication.

Highly ordered Ag NP arrangem ents were successfully produced on different sub­

stra tes  using the GLAD techniciue and thereby expanding the  range of po.ssibilities 

for this technicjue and the  fabrication of NP arrays generally. Tuning of the  XPs ge­

om etry  through choice of changing the  initial substra te 's  periodicity was extensively 

studied. The optical properties of the  X P arrays have been investigated by bo th  RAS
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and UV-Vis sjjectroscopy. As well as dem onstrating the ability of RAS to measure the 

plasmonic resonances of the arrays, the close relationship between RAS and absorption 

spectra was also outlined. Furtherm ore, it w'as shown tha t RAS can be used to monitor 

the grow'th of the NP arrays in-situ.

The possibility of tuning the NP shape by changing the substrate tem perature 

during deposition and using radiation annealing has been dem onstrated. Detailed 

statistical analysis of the shapes of the XPs revealed the influence of heating on their 

morjihology, and RAS was used to  analyse the impact of the morphology on their 

plasmonic properties. Furthermore, m ultipolar resonances due to  sharp edge effects 

betw'een NP and substrate w'ere observed. Analytical and nmnerical methods have 

been used to explain the experimental results and extract sem i-quantitative information 

on the morj)hology of the NPs. Moreover, alternative materials such tui Au and Cu 

were deposited onto the stepped saj)phire substrate by GLAD. The dependence of the 

NP dimensions and plasmonic resonance on the substrate step periodicities have been 

studied and their plasmonic resonance positions appear in different energy ranges. Such 

dichroic plasnionic resonances may be suitable candidates for enhanced spectroscopy 

w'itli a resonance energy tha t can be controlled by choosing the m aterial, the initial 

teni])late periodicity and the deposition thickness. The fact tha t RAS w'as carried out 

as capping deposition took place is a good achievement. The cap caused a shift which 

is interesting and agree with theory. The RAS signal was also unaffected by exposure 

to atmosphere when the NPs w'ere capped. This is im portant for application purpose 

and an im portant result.

Spectroscopic ellipsonietrv (SE) has been used to  measure the full out-of-plane op­

tical response of plasmonic structures. Sinnilations w'ere compared with the response of 

anisotropic NP arrays grown at glancing angles. The Anisotropic surface Excess Func­

tion was introduced and it was shown how the plasmonic response of a layer can be
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directly extracted. A more general formalism was then introduced and effects which 

induce changes in the optical properties in the whole w'ere systematically analysed. 

It was also shown tha t polarized spectroscopy has some key advantages in m onitor­

ing changes in the refractive index of the medium surrounding the prol^ed NPs w'hen 

compared with absorption spectroscopy. Sharper resonances can be measured and in­

creases in the figure of merit (FOM), (defined as the shift in resonance with changes in 

refractive index divided by the width of the peak of the resonance) of up to 15 times 

have been measured for particular measurement configurations. This could improve 

the detection limit of refractive index based sensors.

Finally, we have examined the GLAD-grown NP arrays for use as a substrate in 

surface enhanced Ram an spectroscopy (SERS) studies. The dependence of SERS en­

hancement on ini)ut polarization and plasmonic resonances were investigated. Experi­

mental results were comi)ared with theoretical simulations, confirming the effect of the 

small XI’ g«P« on the enhancement factor. The results showed a remarkable SERS 

enhancement on the order of 3.7 x 10*’. This overcomes many challenges with SERS 

substrate fabrication and opens up a new avenue for the production of SERS substrates.

7.2 Future work

In the course of this thesis detailed experimental and theoretical studies on the self- 

assembled NP arrays have been performed. There are different im portant aspects 

which would then be very interesting for further exploration and represent the core of 

a possible long term  project.

T e m p e ra tu re  c o n tro lle d  m a n ip u la t io n  o f  A u  a n d  C u  N P  a rra y s : As men­

tioned in the introduction chapter, great challenges still remain in fabrication of plas­

monic nanostructm es. The advantages of GLAD leased NP arrays to overcome the
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challenges faced by trad itional m ethods of N Ps fabrication were introduced. The pos- 

sil:)ility of tun ing  Ag N P m orphology through  choice of su b stra te  tem pera tu re  and 

through  post annealing using a radiative source have been dem onstrated . This offers 

further possibilities for m anipulation  and optim ization  of N Ps morphology. NP arrays 

of Au and Cu were also grown. It would be in teresting  to  see if they  respond to  an­

nealing in sim ilar fashion as the  Ag NPs. This m ay provide insight into th e  m obility 

param eters of these m aterials and m ay extend th e  range of resonance energies th a t NP 

arrays can be tuned  too.

S in g le  m o le c u le  S E R S  in v e s t ig a t io n :  In the  last chap ter a SERS study  has 

been perform ed using GLAD based Ag N P arrays. T his opens up a new avenue for the  

p roduction  of SERS substra tes. As m entioned in th is thesis, the  size, gap d istance and 

plasm onic resonance of N P arrays are tunable. These features play an im portan t role 

for SERS substra tes . The next aim is to  exam ine GLAD based NP arrays for analysis of 

solutions of even lower concentration, perhaps even down to  single molecule detection. 

Furtherm ore, Au N P arrays could be more inserting for SERS investigation, since Au 

is m ore stab le  against affects such as tarn ish ing  and oxidization th an  the  o ther m etals 

investigated. This is evidenced in the  RAS study  of Au N P arrays, which showed very 

little  change betw een the  in-situ  and ex-situ m easurem ents. This also implies th a t the 

resonance energy of the  array  can be acciu'ately defined during the  grow th, since the 

shift upon exposure to  atm osphere is minimal.

A  c o n c e p t  o f  S E R S  b a s e d  s e n s in g  d e v ic e : T he SERS investigation of GLAD 

grown nanostruc tu res offers a new possibility for ci'eating a sensing device. T he sub­

s tra te  (AI2 O 3 ) is an insu lato r and tran sparen t. A schem atic illu stra tion  of the  proposed 

device is showm in F igure 7.1. Two of the  side faces of the  su b s tra te  are cut a t a slight 

angle, and polished to  allow unim peded tra n sm ittan ce  of light. A laser beam  is di­

rected  through  one side tow ards the  NP array  on the  top  surface from beneath . The
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Figure 7.1: A schematic illustration of the concept of SERS based sensing device.

electric field enhancement caused by the NPs causes a strong resonance of the material 

to be detected. The reflected light then passes through the opposite side face of the 

substrate to a detector.

The shaj)e of the nanoj)article is effectively a j)rotruding extruded sphere, and the 

particles are very close crnipled. theroliy generating strong electric field in the gap 

region. These features make it a jjromising candidate for use in a sensing device. Such 

a device could be used to determine unknown gases, licjuids and solid m aterials and 

could be use in industrial applications. The main advantages of this device over other 

techniques is tha t it is indei)endent of the thickness of the m aterial imder investigation. 

The techni(}ue can be used to allow the laser beam to travel to the hotspot on the 

substrate surface, which allows to perform an accurate m easm em ents and thereby 

avoids photobleaching and penetration depth i)roblems.
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