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Abstract

Metamaterials are artificial materials that are Wwnoto produce extraordinary
electromagnetic responses, due to their constitaetificially-engineered micro- or
nanostructures with dimensions smaller than thahefwavelength of light. The Split
Ring Resonator (SRR) is one such nanostructure fimahs the basic unit of a
metamaterial. Since the dimensions of the SRRsregaired to be smaller than the
resonance wavelength, they become critical whesspanse is required at near infrared
and optical wavelengths. In this thesis the varipugperties are studied of nanoscale
SRRs that resonate in the infrared and visibletspec The SRRs studied in this thesis
are made of both aluminium (Al) and gold (Au) aravé been fabricated on silicon and

silica substrates using electron beam lithograf@BL{ techniques.

The effect of the different properties of metald &Ad Au) on the resonances of SRRs is
studied. A substantial shift is reported in thepmsse of arrays of similarly sized SRRs,
made respectively of aluminium and of gold. It h®wn that, by using aluminium based
SRRs instead of gold ones; the magnetic resonan8&Bs can be shifted well into the
visible spectrum. The effects of titanium adhedeyers on the properties of SRRs are
considered and it is shown that even a 2 nm tlagkd of titanium can red-shift the SRR

resonance by 20 nm.

It is shown that, by adding asymmetry between thengetries of similar size, doubly-
split SRRs, it is possible to produce a steepen@sce response, thereby increasing the
quality factor of the SRRs. This steep responsiede asymmetric split ring resonators
(A-SRRs) is utilised for the optical detection @y thin films of organic compounds. It
is further shown that by localising the organic pound to specific regions of the
A-SRRs, a considerable enhancement in the semgitofi optical detection can be
achieved. Finally, essentially the same propertA<8RRs is utilised for the enhanced
detection of, and differentiation between, différetnands of DNA.
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“Where the mind is without fear and the head is held
high;

Where knowledge is free;
Where the world has not been broken up
into fragments by narrow domestic walls;
Where words come out from the depth of truth;

Wherve tireless striving stretches its arms towards
perfection;

Where the clear stream of reason has not lost its way into

the drveary desert sand of dead habit;

Where the mind is led forward by thee into ever-
widening thought and action---

Into that heaven of freedom, my Father, let my country
awake.”

Rabindranath Tagore (7 May 1861 - 7 August 1941)
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Description of the SEM images at the beginning ofaeh

chapter

1.

SEM image at page 15- Silver globule of diamete&80~um deposited on gold

based lollypop electrode surface using a poteriiost

SEM image at page 41- Gold based SRRs of sizetflerg500 nm fabricated
over silicon substrate.

SEM image at page 63- Gold based SRRs of sizetflerg400 nm fabricated
over silicon substrate.

SEM image at page 85- Gold based A-SRRs of diamefe um fabricated in a
guasi-periodic arrangement on silica substrate.

SEM image at page 109- PMMA blocks localised nkardentre of the left-hand
arc of A-SRRs of diameter ~ 1.55 um.

SEM image at page 132- Silver infiltration onto 3{ihotonic crystals of

polystyrene spheres of diameter ~ 230 um usingengostat.

SEM image at page 154- Double A-SRRs (DA-SRRs)uténdiameter ~ 2 um

fabricated over silica substrate.
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Outline of the thesis

This thesis is divided into two parts. Part | camtdne chapters from 1 to 3 and discuss
the response of Split Ring Resonators (SRRs) aen tharacteristic dependence on

various external factors such as choice of metadssabstrates.

Part I, which contain the chapters 4 to 6 deald wWsymmetric Split Ring Resonators
(A-SRRs) and their application in optical bio-semsiof organic compounds and bio-

molecules.

Chapter 1 gives the very basic definitions of retfcm, refractive index and negative
refractive index. It provides the definition of ragtaterials and describes the Split ring

Resonators (SRRs) as the basic units of metamlateria

Chapter 2 gives a comprehensive report on the diepee of the resonances of SRRs on
the choice of metallization and substrates. Theptérs describes how, by using different
metals e.g. aluminium and gold, a shift is obtaimedhe resonance position of similar

sized SRRs and goes on further to utilise this gmygdo produce the LC resonance in the

visible part of the spectrum for the very first &m

Chapter 3 deals with the effect of adhesion lagerthe overall resonances of gold based

SRRs at optical frequencies. In order to stick gmhddielectric substrates, an adhesive

layer is required. Usually, the effect of this asilie layer is ignored in determining the
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overall resonance of gold based SRRs. In this ehape effect of titanium adhesion

layer over gold is studied and quantified.

Chapter 4 describes the Asymmetric split ring rasors (A-SRRS). In this chapter it is
shown that by adding asymmetry to the overall geoyad the split ring resonators, it is

possible to increase their quality factor by adacif two or more.

Chapter 5 utilises this high quality factor of AB®& for detection of very thin layers
(~100 nm) of organic compounds e.g. PMMA. It isoathown in this chapter that by
localising the organic compounds near the electgmatic hot-spots of the A-SRRs, a

much enhanced detection of the organic compoupdssible.

Chapter 6 describes the uses of A-SRRs in deteatidgifferentiating between different

DNA base pairs of adenine and thymine.

Chapter 7 discusses all those experiments thastdlrén progress and suggests on the

future works. It provides a brief summary of thdirenthesis and makes the overall

conclusion.
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Chapter 1

Introduction: Metamaterials and
Split Ring Resonators (SRRS)

The scanning electron microscope images giveneabdiginning of each chapter have very little rebeea
to the material inside. The primary purpose of pplga¢hese images is to interest the reader andtirea
monotony from reading this serious thesis. Forscdption of all these images, please refer topthge 12.
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During recent years, Metamaterials have generaté@rmendous amount of research
interest due to their extraordinary response tateleagnetic waves. In fact, Science
magazine named it as one of the “top ten scientifeakthroughs” of 2003. At present,
metamaterials are among some of the rapidly emgriyghds of scientific research. In
this chapter, the basic definition of a metamatésiaescribed. A very brief introduction
is given to refraction, refractive index and Sreeliw. Finally the operation of a split ring
resonator (SRR) as a unit of a metamaterial isrdest; along with the fabrication and

measurement techniques used throughout this thesis.
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1.1 Introduction

Metamaterials are artificially created or engiegermaterials that typically have
periodically arranged features of dimensions smafian that of the wavelength of light.
They demonstrate electromagnetic properties quiftereint from those of naturally
occurring materials. Metamaterials derive their pgmties from a combination of

composition and structure, rather than from themposition alone.

Metamaterials exhibit electromagnetic responses meatdily available in naturally
occurring materials and structures - such as negatfractive index [1], artificial
magnetism [2], super focusing [3], electromagneticisibility (cloaking) [4]. They
typically contain fabricated micro or nano struesi{often made of metals) smaller than
the wavelength of radiation in the region of ing#yevhich is the guiding factor behind
their unusual response to electromagnetic waves.ofiHine encyclopedia of Wikipedia
provides a huge list of potential applications @tamaterials - including sensor detection,
infrastructure monitoring, battlefield communicatiand public safety. In later chapters
of this thesis the properties of metamaterialshamessed for accurate detection of very

small amounts of organic and biochemical substances

The engineered structures of metamaterials repthee atoms and molecules that
determine the overall electromagnetic response abmventional material [2, 4-5].
Because of the smallness of the structuring in @isepn with the wavelength of the
light, the incident electromagnetic radiation enteus a nearly homogeneous material
during wave-material interaction. The electronsiltagmg in highly conductive metals,
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such as gold (Au), aluminium (Al), silver (Ag), qugr (Cu), give rise to the specific
electromagnetic response of the metamaterial, muoation with the geometries of the
metallic features. By adjusting the geometrieshefinetallic micro/nano structural units,
customised electromagnetic responses can be obtgdrts. Split-ring resonators (SRR)
are arguably the most common metamaterial micr@/séiuctural unit - and are utilised
for their resonant response and negative magnetipepties [4]. The SRRs can be
fabricated over a wide range of dimensions to guérge portion of the electromagnetic
spectrum ranging from radio and microwave freques¢ivavelength 100 km to 1 cm) to

the infrared and optical frequency range (waveles@t the range 10 pum to 400 nm).

1.2 Refraction

Refraction is a fundamental characteristic of eteoagnetism. Whenever an
electromagnetic wave travels from one medium tdleroa change in the phase velocity
of propagation takes place that gives rise to aaghan the direction of the travelling
wave. This phenomenon is called refraction. Theaigl of an electromagnetic wave
travelling through a medium depends on the optieaisity of that medium. The optical
density of a material (medium) is different frora thysical density, which is the ratio of
its mass to volume. The optical density of a matas the tendency of the component
atoms and molecules to store and propagate eleagmoetic waves through them. The
more optically dense a material is, the slower Wwél the velocity of wave propagation
through it. The direction of the travelling wavesitle a material thus depends on whether

the wave is travelling from a denser (slow) mediwana rarer (fast) medium or from a
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rarer medium to a denser medium - and what isnit&l direction is. A characteristic

indicator of the optical density of a material (rued) is its refractive index (RI) [6-7].

1.3 Refractive Index

Every material possesses a refractive index thatnsost universally denoted byn”.
The refractive index (RI) of a material is the oabetween the phase velocity of the
electromagnetic wave travelling in a reference medfusually vacuum, where the speed
of light is maximum) and the phase velocity of éave travelling through that particular
material. The speeéc) of an electromagnetic wave in general is giverhayproduct of
its wavelengtt(1) and frequencyf),

i.&=Axf (1.1)
Whenever the speed of an electromagnetic wave elsahgough changes in the medium,
the wavelength changes, but the frequency of theewamains constant. Every time an

electromagnetic wave travels from a rarer medium. eacuum) with a velocitg into a

denser medium, its velocity changes (decreases) 30 the RI of that material is given
by.

n=c/v (1.2)
Hence, the R(N) of vacuum has a numerical valuelof

The direction of the propagation of the electronsigrnwave obeys Snell’s law.

-19-
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Figure 1.1: Refraction of a wave while traveling from one medito another.

In Fig 1.1 an electromagnetic wave travels fromarar medium of refractive index at a
velocity v; to that of a denser medium of refractive inaigx and its velocity reduces to
V.. S0, B > n; and hence v; > v,. The incident ray travels with an anghe (angle of

incidence) in the rarer medium, with respect to the dotted line that is takenaas
reference and is the normal to the interface. Theewundergoes refraction inside the
denser mediunm, and travels at an angk® (angle of refraction) with respect to the

normal [6-7].

Snell's law states that the ratio of thieesof the angles of incidence and refraction is

equal to the ratio of velocities in the two media.

So v,/v,=sing, /sing, (1.3)
Now since, v,lv,=n,In (from 1.2) (1.4)
So n,/n =sing /sing, ornsing =n,sing, (1.5)

-20-
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It can therefore be concluded that, when lightdls from a rarer medium to a denser
medium, it bends towards the normal. The exact sippof this is observed when light

travels from a denser to a rarer medium [6-7].

The RI of a material depends on its response teldxetric and magnetic components of

an electromagnetic wave. The response of a mattridhe optical electric field is

determined by its electric permittivify)

Weef = &€, & (1.6)
g is the dielectric constant of that material (et permittivity) and g, is the

permittivity of free space. The permittivity of aaterial is its degree of response to an
electric field, how much the material is polariseith respect to the field and how much

it can allow the field to pass through it.

The response to the optical magnetic field is deiteed by the magnetic permeabil(fy).

Whete,= U U, a.7)
Uy 1S the relative permeability of the material ananigstly assumed to be 1 [6] anglis

the permeability of free space. Permeability is #wact magnetic counterpart of

permittivity. It depicts the degree of responséhef material to a magnetic field.

In an isotropic medium the refractive index (nyjigen as [6]

1

n=(e 4 )z (1.8)
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However, at higher frequencies, the refractive xnaé the material almost totally
depends on its electric permittivi(g). This dependence is mainly because the magnetic

field component of the light typically couples tmms very weakly, as compared to the
electric component - and hence the response oh#tterial depends almost entirely on its
permittivity. This is the reason why many naturatlgcurring magnetic responses are

limited to lower frequencies [5].

1.4 Negative Refractive Index

However,g, andp, are complex quantities that are written as:

E =& +IE,
_ . (1.9
M= 1+t
(1.10)
This makes the refractive index (n) compleand it can be written as:
n=n +in (1.11)

Where the imaginary pal’ characterizes light extinction (losses) and thed partn’

gives the factor by which the phase velocity oftigs decreased inside the medium.

In 1968 Victor Veselagoshowed that ife; and p, (real parts at least) are negative,

Maxwell's equations imply a negative square roottfe refractive index [1]. The phase

velocity of light in such a material will be direct opposite to the flow of energy [5].
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A possible approach [from reference 5] to achievaugh a condition in a passive

medium is by engineering a material where the r@git) permittivity € = & +/1&, -

and the (isotropic) permeability/ = L, +1LL, obeys the equation,

&l + 1]l <0 @)1

This leads to a negative real part of the refvadhdex and
nN=n-+mn ==&l (1.13)

The above condition is satisfied whed 0 and £, ( 0. However this is not a very strict

condition and a material could possess a negativactive index by having only one real

component that is negative [5]. A measure of thengtth of the negative behaviour for n

n
in such a material is given by the figure of mM@FOM) = n_

Interesting consequences can arise for such a ialateth negative refractive index. It
has been shown that, in such a material, manyrelaagnetic phenomena act in exactly
the opposite way to conventional materials. Wheghtlienters such a material from the
outside, it makes a sharp turn, unlike the situafor normal refraction. The Snell’s law
of n; sin 61 = ny sin @, still holds, but since, is negative, the refracted ray will remain in
the same half-plane (bounded by the normal torttezface) as the incident ray. Similarly
other electromagnetic phenomena such as the Dopfflrt and Cherenkov radiation

would exhibit exactly opposite behaviour to thaturcing traditionally [1-5].
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The refraction of light in such a material is iliieged below

form,>n;

(a) Refraction in a material with (b) Reftian in a material with

positive refractive index nagatrefractive index

Figure 1.2: Phenomenon of Refraction in (a) positive refraetivdex material and in a

(b) negative refractive index material.

Thus, these materials can bend the light in thefigrway”. It has been found that many
naturally occurring metals such as gold (Au), sili#&g), aluminium (Al) etc can show

negative permittivity at optical frequencies. Howevas discussed earlier, naturally
occurring materials have poor response to permigadtloptical frequencies and in most
cases they are close to 1. So, the refractive iraferaterials at optical frequency

depends mainly on their permittivity [2-5].

1.5 The Split Ring Resonator (SRR)

In 1999, it was proposed by Pendrly al [2] that by creating artificial structures of
dimensions smaller than the wavelength of lightiiperiodic manner can give rise to
negative refractive index. These materials weresagbently named asnetamaterials

or “Left handed materials (LHM Pendry proposed that an array of homogeneously
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spaced sub-wavelength Split Ring Resonators (SB&s)etal hoops, which as a whole
behave like a composite material. These SRRs carasa@n LC oscillating circuit
containing a magnetic coil of inductance L and cépa of capacitance C. In their
fundamental resonance, they behave as an LC dspjllaircuit that contains a single
turn magnetic coil of inductance - in series wittcapacitance produced by the gap
between the arms of the SRR. The SRR and its deguiveircuit are illustrated in Figure

1.3.

Inductor

|:| Metal |:| Substrate

(a) Split ring resonator (SRR) (b) Equerdlcircuit

Figure 1.3: A single unit cell of the SRR array and its Equeve. LC Circuit. The gap of

the SRR acts like a parallel plate capacitor, wiitksbase acts as an inductor.

The unit cell of a SRR and its two different pddation dependent electromagnetic
responses are shown in Figure 1.4. For normal @mcd with TE polarization mode,
when the incident electric field is across the (fzrallel to the X axis), the electric field
couples with the capacitance of the SRR and gessemaicirculating current around it.
This circulating current induces a magnetic figldhe base of the SRR and also interacts

with the external field to generate the magnetsonance that can be appropriately called
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as an LC resonance as identified by Linden et34l.When the incident light is with TM
polarisation mode, with the electric field perpendiar to the gap (parallel to Y axis) the
electric field cannot couple to the capacitancehef SRR and therefore generates only

electric (plasmon) resonances [2-4].

(@) TE z (b) T™M
X
Plasmon peak (TE) Plasnon peak (TM
Reflectancg LC peak Reflectanc
WavelengthY) — > Wavelengthy) — >

Figure 1.4: Schematic of single SRR and their correspondinteaance spectra
(Mlustration Only) with (a) TE measurements of mat to surface incidence having the
Electric field (dashed line) parallel to the SRRhar(parallel to the X-axis) and (b) TM
measurements of normal to surface incidence hawviad=lectric field perpendicular to

the SRR arms (parallel to Y-axis).
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It should be noted here that there exists a diffezen the spectral position as well as the
width of the plasmon peaks obtained from two déferpolarisation configurations. This
is explained by Enkriclet.al [8] for TE polarisation only the base of the SRRekcited
and produces the TE plasmon peak. For TM polaosatioth the arms of the SRR are
excited which are coupled via its base. As a rethdte is a formation of two new
symmetric and asymmetric oscillation modes. Therasgtric mode cannot be excited
for symmetric SRRs (see chapter 4 for more detailshe asymmetric modes), but the
symmetric mode gets excited and is slightly redtetiias compared to the uncoupled
plasmon resonance of the base in TE measuremdrgsplasmon resonance of the TM

mode hence, has a larger effective electric dipaenent [8].

At the same time, negative permittivity can be aebd by placing a periodic array of
thin metallic wires in close proximity. The wiresdividually act as electric dipoles and
their overall response can give rise to negativenfigvity. Combining wires with SRRs
can give rise to negative refractive index. In 2@rith et al. [9] created interlocking
units of fibre-glass sheets imprinted with coppergs and wires. This structure
experimentally confirmed negative refractive indexmicrowave region and bent the

incident wave the “wrong way” [9] when emergingrfréhe metamaterial.

-27 -

University of Glasgow 2009-2010



Basudev Lahiri

1.6 The magnetic response (LC response) of a SRR

As described previously, the SRR acts as a LC itiamd its magnetic response (LC
resonance) is due to the circulation of electricrent when the electric field of the
normally incident wave is parallel to its gap. Henthe LC resonance is polarisation
dependent. A single SRR is shown in Figure 1.5 @gaen with its dimensions that are

used to derive the formula for its magnetic resarghC resonance).

Figure 1.5: A single unit cell of the SRR array, wittbeing the overall lengthy is the
width of arm,h the thickness (height) of SRR - afithe gap between arms.

From basic textbook formula of capacitance of aalbalr plate capacitor with standard

approximations as given in reference [10] the caigace (C) of a SRR is calculated as

Areaof the plate

Distancebetweerthe plates (1.14)
orc= 505cwgh (1.15)
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Where,g. is the dielectric constant of the substrate.

Similarly, the inductance.j of a coil of N turns, where N=1 is given as [10]

a Areaof coil (1.16)
Length
2
or L= p,— (1.17)
h

Now, the resonance frequencét(c ) of an LC circuit is given by [10]

wLC

1
= ﬁ (1.18)

Putting the values of C and L from equations 1A% .17 into equation 1.18 we get the

LC resonance frequency4, ¢ ) as [10]

1/ ¢ (1.19)

wLC:| V_V\/?C

The LC resonance wavelengi €) is given as [9]

27T W (1.20)
A =20 =21t e, \/: a size
LC Cq_c 5

Thus, from equation (1.20) it could be said tha LT resonance wavelength, ) is

proportional to the size of the SRR.

From equation (1.20) it is seen that the gap betvazens §) is very important since if

the gap of the SRR is closed ide= 0 the LC resonance frequendt(c ) becomes zero

and the LC resonance wavelengthd) becomes infinite [10]. Also from equation (1.20)
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the thickness/heighh) of the SRR plays no significant role in the deteation of its

LC resonance frequency.

Thus, it is seen that the response of a SRR isndigme only on its size i.e. dimensions
and not on metal properties (and is constant fmwen substratesf) for the surrounding

substrate permittivity). As a result there was ataned effort in the scientific
community to scale the sizes of SRRs to smallendnscale) levels to push the LC
resonance at higher frequencies. It was consideoedl as, there were no such magnetic
materials exhibiting magnetic resonances at sugh fiequencies. At low frequency
regimes, up to several Terahertz, the magneticnees® (LC resonance) scales
reciprocally with dimensions of SRRs. However, ighler frequencies, this scaling law is
no longer valid and the response of a SRR no lodgpends on its size. It was explained
that at higher frequencies (optical and near iefifaregimes) the kinetic energy of the
electrons in the metal becomes predominant andrthisrn kills the circulating electric
current produced by the coupling of the SRR armgurn destroying its LC response
[11-12]. This phenomenon along with some other haesponses of the SRR is

discussed in detalil in the subsequent chapters.

1.7 Fabrication of SRR structures

In each of the following chapters the nano-fabrwwatspects pertaining to that particular
topic are discussed in detail. However, in thigisaca description of the fabrication of
nano-scale SRRs is provided to give the reademnargkidea of the steps required. The

pattern to be written over a semiconductor sulesi@g. silicon) is first designed in CAD
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software, Tanner L-EdiY'. The design is then converted to GDS file whicteadable by

an Electron beam (E-beam) lithography machine.Semple is then prepared as follows.

1)

2)

3)

4)

5)

6)

7)

8)

9)

The Silicon wafer of around 2 cm X 1cm is rinsedhwacetone in an ultrasonic
bath for ~ 55 sec then Methanol in the same way 85 sec and then in the same
way with Isopropyl- Alcohol (99%) (IPA) for ~ 55ce

An e-beam positive resist 4% 2010 PMMA is then spuer the sample at 5000
rpm for 60 seconds to give a thickness of 110 nm.

The sample is then put into an 28ven for 15 minutes.

The sample is then spun with 4% 2041 PMMA at 5@00 for 60 seconds to give
an additional thickness of 126 nm. The sample és thaked in the 18GC oven

for 1 hour so that the resist can better adhetiecavafer.

The sample is then submitted for E-beam lithograftinge dose is varied from ~
800 pClen? — 5200 uClent for 100 KV beam depending on the feature size
required.

The resolution is selected from 1.25 nm to 0.50 nm.

The written sample is then developed with 2:1 MIPBK23C for 45 seconds,
and cleaned with IPA.

The sample is then given for metal deposition. €gbexamples of deposition are
2nm Ti + 48 nm Au or 50 nm Al.

Excess metal and resist is then lifted off usingnwvacetone.

To summarize: the pattern is designed and theerpetd by Electron beam lithography.

The Structure is formed during metal lift-off. Thatterns are written over an area of ~

300pum X 300um. The entire steps 1 to 9 are illustrated in tilwwing Figure 1.6.
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(a)

N
(c)
N

(e) \ /

(
(d)
. Silicon substrate

E-beam resist PMMA 201(

E-beam resist PMMA 2041

Metal

Figure 1.6: Fabrication processes of SRR structures (a) algaaf silicon substrate;
(b) spinning of E-beam resist; (c) E-beam exposy); development; (e) Metal

deposition; (f) Lift-off in warm acetone.
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The Scanning electron microscope (SEM) image of SRfRricated using the above

process is shown below.

5.0k SE(U)

Figure 1.7: SEM image of gold SRRs fabricated on a silicorstnaite.

1.8 Reflectance measurements

The reflectance measurements were always perforaedormal incidence with an
optical microscope, using a X10 lens with an NAOd25, a white light source - and a
spectrometer (that also polarizes the white lighith either an InGaAs detector (for
operating range: 0.8 um — 1.6 um) or a SiGe datéfrip operating range 0.4 um to 0.8
pum) and lock-in amplifier. The polarization continlthis case was obtained by rotating
the samples by §ao obtain two different sets of polarization degent data. Figure 1.8

shows such a measurement setup for the operatige &t 0.4 pum to 1.6 um.

-33-

University of Glasgow 2009-2010



Basudev Lahiri

7 :_, =0O( k'|n V d
- Amplifier |9y

Gt L8
B

Detectdr >
it! . Ners t .
' cont

Figure 1.8: Reflectance measurement setup for the operatimggraf 0.4 pm to 1.6 um.

For the measurements at longer wavelengths (inrémge from 1pum to 3 um),
measurements were taken at normal incidence wtltoRad FTS 60 FTIR spectrometer
equipped with a Cassegrain microscope. The FTIRnbeas polarized using a KRS5
polarizer adapted to the appropriate wavelengttoned\ diaphragm was used to restrict
the entire incident light beam onto a spot size50 Zam X 250 um in area. For
reflectance measurements at even longer waveler(giththe range from 2.5 um to
15 um), a Nicolet Continuum 6700 FTIR spectrometguipped with an IR microscope

was used. A nitrogen-cooled mercury-cadmium-tedeir{CMT) detector was used in
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these measurements. This FTIR beam was polarizedy ws Continuum ZnSe IR

polarizer.

Figure 1.9: Nicolet Continupm 6700 FTIR fitted with a IR mis@ope.
All measurements were performed at normal incidefite reflectance measurements

were taken for two orthogonal linear polarizatioms incident light oriented

simultaneously with respect to the array axes hadSRR element orientation.
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Figure 1.10 shows the SEM image of an array of aliutn based SRRs fabricated on a
silicon substrate and its corresponding reflectaspectra measured by the above

mentioned methods.

—TE Experimental Spectra |
— M CRYEVEVECRT » = n-
Plasmon AVRCRVECRVRSRVRCY

peaks

0.06 - FRYRCRVECRVECRERVE
2 VRVRURVESRVEY
S RVEVRVEVEVECRVEVE
8 0'04 B S4700 10.0KV 11.7mm x70.0k SEU) 82509 ' 500nm
c
G
)
o
)
—
Q
x 0.02 -

1000 1100 1200 1300 1400 1500 1600
Wavelength (nm)

Figure 1.10: SEM image (Inset) of aluminium based SRRs fabet@n medium doped
silicon substrate and its corresponding normalléme experimental reflectance spectra.
The black curves are for TE polarisation - and rix curves are for TM polarisation
measurements. The LC peak for TE polarisation senked at 1344 nm and the plasmon

peaks for TE and TM are observed around ~ 1100 nm.
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1.9 Extraction of permittivity and permeability of fabricated
structures

The method of extraction of permittivity and pertodisy from transmission and

reflection coefficients is a hotly contested todit.the preliminary analysis an attempt
was made to follow the formula suggested by Sreithl in reference [13]. The formula
states that the real part of the refractive indeg {n)’ and the imaginary part of the
refractive index ‘Im (n)’ can be given as

Lptel))

cos‘l(
Re(n) =+ Re + 1.21
(n) o o (1.21)

cos‘l(zlt, [1— (2 —t'z)]j

kd

Im(n)=+1Im (1.22)

Where, r = Reflection coefficient
t' = Normalised transmission coeffidierexp (ikd)t
t = Transmission coefficient
k = Wavenumber of incident wave# c
d = Total thickness of the material

m = Integer

However, this formula is since been severely disgutThis formula makes many
ambiguous assumptions and is suitable mainly féoutations of refractive indices at
microwave frequencies. It also assumes that tHedlie functions of metals are constant
at all frequencies. In order to extract the valoepermittivity and permeability of SRRs

arrays, it is required to have both the transmissind the reflection coefficients at both
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normal incidence as well as angular incidence €egate phase characteristics). To date
the experimental set-ups used lacks these feaamdshence it was not possible to
calculate the permittivity and permeability valdfes the experiments. Hence, based on
these shortcomings, it was decided by the authafr,tm include any experimentally

derived permittivity and permeability values inghihesis.

However, it should be mentioned that the lack afrpiivity and permeability values
from the experiments described in the subsequesmbters has very little effect on the
overall outcome of this thesis. This thesis is myosbncerned with exploration the
different characteristic resonances of SRRs atcapfrequencies and their dependence
on various external factors such as choice of rniedtibn and substrates. At the same
time this thesis makes an attempt to utilise tlifeidint resonances of SRRs for spectral
detection of very thin films of organic compoundsveell as bio-molecules such as DNA
oligonucleotides. The values of the permittivitydgmermeability play no significant role

in the detection of organic compounds.
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Chapter 2

Magnetic response of split ring resonators
(SRRs) at visible frequencies
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This chapter investigates the properties and ressoaf the Split Ring Resonator (SRR)
in more detail. A comprehensive comparison betwsemlar sized aluminium and gold
based SRRs has been made. At the same time, thet eff two different types of
substrate, silicon (active) and silica (passive)tle response of SRRs is studied. Silicon
is considered as active substrates for metamatgsadce its properties can be changed
by applying an external optical pulse to exciteefharge carriers. These free charge
carriers can short out the SRR gap, thereby turoffighe LC resonance. This process
provides a switching mechanism for dynamic contfolhe resonant response of SRRs.
On the other hand, silica is considered as a passaterial due to its inertness towards
external optical pulses. However, the low refraetindex of silica can be used for
pushing the resonance response of SRRs at farrHigiggiencies than their silicon based
counterparts. A substantial shift is reported,ha tesponse of arrays of similarly sized
SRRs, having a rectangular U-shaped form - and megfeectively of aluminium and of
gold. A higher frequency limit has been observethm polarization dependent response
(in particular the LC resonance peak) of gold ba&SB&s in the near infrared region. In
this chapter, it is shown that by using aluminiuasdéd SRRs instead of gold; the higher
frequency limit of the LC resonance can be furstgfted into the visible spectrum. This

chapter has been partially published in Optics EgpiVol. 18, No. 3, 3210-3218 (2010).
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2.1 Introduction

In the previous chapter, it was observed that matanals exhibit electromagnetic
effects, such as negative refractive index [1]f #tr@ not readily available in naturally
occurring materials. They are often fabricated a=riogic arrays of metallic
microstructures that are individually smaller thére wavelength of radiation in the
region of interest. These structures replace tlenstand molecules of conventional
materials - and determine the overall electromagnetsponse of the material. The
oscillation of the electrons in the microstructuoéshe metamaterial gives rise to specific
electromagnetic responses [2]. By adjusting the nmggoes of the constituent
microstructures, a customized electromagnetic respoan be obtained. The “U” shaped
split-ring resonators (SRR) is arguably the moshmmn element used in forming the
basic microstructure of metamaterials. SRRs carcdysidered, in their fundamental
resonance, as behaving like an LC oscillatory diritiat contains a single turn magnetic
coil of inductance - in series with a capacitanaepced by the gap between the arms of
the SRR. For normal incidence with TE polarizatioode, when the incident electric
field is across the gap, the electric field couphth the capacitance of the SRR and
generates a circulating current around it. Thisutating current induces a magnetic field
in the bottom or horizontal arm of the SRR and afgeracts with the external field to
generate the magnetic resonance identified as ars@hance by Linden et al. [3]. When
the incident light is TM polarized, the electrielfi cannot couple to the capacitance of
the SRR and therefore generates only electric fma3 resonances [2-5]. The LC
resonance of the SRR is given@g = 1NLC and is inversely proportional to the size
(dimension) of SRRs [5].
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On the other hand, Rockstubt al [6] have examined the various resonances of
specifically rectangular U-shaped SRRs and idewtifill the resonances predicted and
observed as plasmonic resonances. A strong tethidee conclusions of Rockstuhl and
co-workers would be provided by assessing the itnpa@ major geometrical change
such as additional arms (Linden et al [3]) thattipdy bridge the capacitive gap -
thereby increasing the capacitance - while retgiran identical total length for the
metallic structure. Similar work has been done layt¢ et al [7] where, the SRR ga) (

is varied by changing the internal angle of thesafram 66 to 180.

In all the cases cited above, the interpretatiothef behaviour of the SRRs, formed in
arrays, was based primarily on their dimensionsd the detailed properties of the metal
were not examined closely. Consequently there bas b considerable effort to scale the
sizes of SRRs to nanometer levels - and push theesGnance to higher frequencies.
From low frequencies up to several Terahertz, tlagmatic resonance (LC resonance)
scales reciprocally with the dimensions of the SRiRsvever, at higher frequencies, the
resonance of the SRRs no longer shifts to higlegjuencies as the SRRs are reduced in
size. At these higher frequencies (in the visibte aear infrared regimes) the kinetic
energy of the electrons in the metal becomes ammhifeature, which in turn limits the
circulating electric current produced by the cooglof the SRR arms, in turn limiting its

LC response [8-9].
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2.2 High frequency saturation of the response of m&lic SRR

structures

It has previously been found that the magneticaese of the “rectangular C” shaped
SRR structures typically saturates just beforevibible region is reached - and cannot be
shifted indefinitely to higher frequencies by renhgc the size of the SRRs
[8-9]. Tretyakov has studied this phenomenon endbaling of SRRs and the saturation
of the frequency response, using an LC equivalemuic model [10]. This model
considers the dependence of the achievable restiegoency on the geometric shape of
the SRR, as well as arguing for the involvemeramfdditional kinetic inductance term
and an additional distributed capacitance termthim present chapter, the model of
Tretyakov is used in order to help explain somethaf results obtained. In order to
overcome the saturation behaviour associated wih kinetic inductance, other
geometries have been explored, e.g. SRRs in cotidninwith wires [11], nano-strip
pairs of wires [12], and nano fishnet structure8-I#]. Yuan et al were able to
demonstrate negative permeability at red light wenwgths using pairs of thin silver

strips [15].

The “rectangular C” shaped structure studied byuwZleo al. [8] and Tretyakov [10]
suffers from extra capacitance, due to the presehadditional pieces at the ends of the
arms and giving a reduced SRR gap dimension, theddzreasing the resonance
frequency. By reducing the total capacitance, foer‘gap” structure proposed by Zhou
et al. [8], in principle’, can give a higher resonant frequency, comparaiiie that

achieved later in this chapter. But the “four gagtfucture requires extremely small
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overall dimensions (~35 nm) and presents a vergreefabrication challenge. Here it is
shown that, with suitably reduced arms, “rectangWd shaped SRRs can give LC
resonance at wavelengths down to 530 nm, thus demating the advantage of this
geometry. The “rectangular U” shaped SRRs fabricatethis chapter has very similar
geometries as described by Lindsral.[16] in which the base of the “U” shaped SRR is
increased that in turns reduces the inductanceasies the resonant response at higher

frequencies.

The changes in the properties of metals at higleguencies, where the metal properties
behave according to the Drude model and both theamrd the imaginary parts of the
dielectric function must be considered, have satarbeen fully explored in relation to
the high-frequency resonance saturation behavibuhe SRRs [3,8-9]. This chapter
investigates the differences that occur in thearsps of SRRs with nominally identical
dimensions - but made up alternatively of aluminiamd gold. Observation of a

substantial shift in response between the alumirdnchgold SRRs is reported.

Furthermore, this shift is utilised to bypass tesanance saturation behaviour of gold
(and, by implication, silver) SRRs - and demonstrat polarization dependent LC

resonance peak at visible wavelengths for the alwm based SRRs.

The words ‘LC resonance’ are used in this chapbecause this ‘electrical engineering’
concept provides direct understanding of the behaviand characteristics of the

fundamental resonance of SRR structures that hasteus shapes and packing densities
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[3, 17] over the entire frequency spectrum frondigavaves to the infra-red regions of
the optical spectrum. This terminology is usedeatihan, ‘first plasmon resonance’ for
the fundamental resonance of the SRRs. The LC eatiithe fundamental resonance
also has the merit of recognizing the true geomedtrshape dependence of the

fundamental resonance frequency.

2.3 Fabrication and measurement

The SRR patterns were transferred on to either umedioped silicon or fused silica
substrates using electron beam lithography (EBL)biAayer of PMMA resist of ~
100 nm thickness for each layer was spun overuhstsates - and, in the case of silica, a
thin aluminium charge dissipation layer was depasibn top of the resist. After
development the patterns were either subjected ®extron beam deposition process of
2 nm titanium for adhesion and then 48 nm of gad the gold SRRs, or 50 nm of
aluminium was deposited directly for the aluminisamples. The patterns were written
as square arrays over an area of about 300 um x@00he reflectance measurements
were always performed at normal incidence with sleéup described in the previous

chapter.
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2.4 Modelling

Dr. Scott McMeekin of Glasgow Caledonian Universitpdeled all the SRR structures
described in this chapter. The modeling of thecstmes was performed using Fullwave,
a commercial FDTD simulation package from RSoft.uAit cell was defined with
dimensions equal to the spacing of the SRR arraythe SRR structure was centered
within the cell. The boundary conditions for thell ceere set as periodic in the
coordinates perpendicular to the propagation doeceffectively extending the array to
infinity - and as a perfectly matched layer (PMhb) the direction of propagation, to
eliminate any reflections from the boundaries. @imaensions of the SRR structure and
the array used in the simulation were obtained fr8EBM measurements of the
experimental structures, in order to minimize esrdue to fabrication tolerances. The
grid size for the FDTD simulation was set at arh#hgof the minimum feature size in
each direction. The frequency dependent complebeatiec properties of the Al, Au, Si
and SiQ constituent materials were based upon the mateaemeters defined within
the Fullwave software. The Al and Au layers weraleied using a Lorentz-Drude model,
the SiQ substrate was modeled using a Lorentz model amdGitsubstrate model was
based on experimental material parameters measgeds the wavelength range of

interest [18].
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2.5 Effect of different choices of metal used in IS

One approach for the potential application of SRReptical switching and tunability is
to fabricate them on active substrates such asumedoped silicon, the properties of
which can be changed by external means [19-20r€ig.1 shows various, nominally
similar, SRRs made of gold and aluminium, fabricated ditosi substrates - and their

corresponding reflectance spectra.

It can be seen from Figure 2.1 that the experinigetults are in moderate agreement
with the simulated spectra. The discrepancy betwblentwo sets of results could be
attributed to the imperfect SRR shapes fabricateinaeasured in experimental results as
compared to the perfect SRR shapes simulated inelimagl At the same time the
experimental results are based on an array stejodrereas the modelling is performed

on only one SRR structure.
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Large Au and Al SRRs on Silicon Substrate
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Figure 2.1: Table showing the reflectance spectra of the wiffe SRR patterns
fabricated on silicon. The first two rows are 'Er(~ 800 nm) SRRs with: (a) SRR 1 Au
and (b) SRR 1 Al. The last two rows are 'small'50-hm) SRRs with: (¢) SRR 2 Au

and (d) SRR 2 Al, along with their correspondingoenmental (solid curves) and
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simulation (dashed) spectra. The black curvesdsoid dashed) are for TE polarisation

- and the red curves (solid and dashed) are fopdMrisation measurements.

In Figure 2.2 the position of magnetic resonandg€ fleaks) of nominally identical Au

and Al SRRs fabricated on silicon is compared.

(@) Comparision of LC peaks between Au and Al
12
@) - Au
- 1|-e-Al
= 5 10
c o
o o —
= £ 8
» o
2S5 6-
E é (b)Comparisionof:ner[;elaksbetweenAu
g)g 4 _ ggl?S’
9w
; 4075
O I I I I I I I = 1‘74 17;\ - 1
0 100 200 300 400 500 600 700 800 900 1000
Size of SRRs (nm)

Figure 2.2: (a) LC peak positions of Al and Au SRRs fabricatedsilicon. (b) Inset
comparison of the position of LC peaks for Al and 3RRs of size ~ 200 to 75 nm.

Figure 2.1 and Figure 2.2 shows that, for largeRSRwith length dimensions in the
range from ~ 1000 nm to 500 nm), the differencevbet the wavelengths of the Al and
Au resonances is approximately 400 nm - but, assite of the SRRs starts to reduce
(below 300nm), the difference between the resonposgions also starts to shrink - and,
for SRRs of size ~100 nm, the difference betweenAhand Au resonance positions

becomes less than 200 nm. This reduction in thierdiice can be attributed to the
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saturation of the SRR resonances at higher freqeg8-9]. As described previously, at
higher frequencies, the resonance of the SRRs mgetoshifts to higher frequencies as
the SRRs are reduced in size. At these higher émcjas (in the visible and near infrared

regimes) the kinetic energy of the electrons inrtieggal limits the LC response [8-9].

In addition, at resonance wavelengths below thetreleic band-gap of silicon (i.e. below
1.1 um), illuminating the SRRs excites hole-elattpairs in the substrate - and thereby
potentially reduces the magnitude of the resonaatesth the LC and plasmonic peaks.
This effect is believed to be the main reason fe timinished amplitudes of the
resonances for the small sized SRRs on silicorroagyared with those for their larger

counterparts.

Overall, apart from the broadening of the LC featand the possible reduction in the LC
resonance magnitude associated with aluminiumgiffierences between the spectra are
not large. However the size of the total inductaaeproposed by Tretyakov [10]) that
should be added while reinterpreting such strustatehigher frequencies (and as also
previously interpreted by Zhou et al [8]) is duehe additional kinetic inertia associated

with the motion of the electrons, which dependshenchoice of metal.
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According to the Tretyakov model [10], if the lehgif the SRR i$, the width of its arm
is w and the thickness (height) of the SRR @sndJ is the gap between the SRR arms (as
shown in Figure 2.1) and assuming uniform curremtsity over the cross section of the

SRR, the LC resonant frequency of the SRR is gben

1 (2.1)

w ~ =
- \/(L + Ladd )(C + Cadd)

Where the additional capacitance and inductancgiaea by:

|
= £ Wh and L, = —=
I, £owha? 2.2)

Cadd

Wherelet is the effective conductor length that Tretyak@][assumes to Hex = (7/2)I

and w, is the plasma frequency.

The additional inductance terrh,qq, associated with the kinetic energy of the elewdro

depends strongly on the plasma resonance frequaettyherefore on the choice of metal.
This has been shown in previous work [17] wherelaimsized aluminium based SRRs
showed LC resonance at higher frequencies than dggiivalent gold counterparts. At

frequencies below the plasma frequency, it is thengly plasma-frequency dependent
term for the kinetic inductance that plays a cruiée. Equation (2.2) indicates that this
additional inductance is inversely proportionaltiie square of the plasma frequency of

the metal. The plasma frequency of the metal isetpu3750 THz for aluminium and
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2175 THz for gold [21]. The higher plasma frequentpluminium will result in a lower

additional inductancd_{4¢) and therefore in a shorter resonance wavelength.

The reduction in the magnitude of the reflectiosor@ance for aluminium SRRs can be
attributed to the difference in the damping freguyeaf the metals. In the Drude model,
the damping (collision) frequency is associatedhwaibsorption and losses. The damping
frequency of aluminium is 19.4 THz and that of g@ds.5 THz [21]. A metal having
higher values of damping frequency tends to be nadrsorptive and lossy. Since
aluminium has a higher damping frequency than gbld,more absorptive and hence the

magnitude of the response of an array of alumirBRRSs is lower than that of gold.

2.6 Effect of choice of different substrates

Apart from their physical size, the frequency o ttC resonance of an array of SRRs is
also determined by the refractive index of the sals supporting the SRR patterns
[5, 22]. The SRRs fabricated on lower refractivedex materials (e.g. silica)
characteristically show their LC resonant respoasehigher frequencies than those
fabricated on silicon. Figure 2.1 shows that themahium SRRs fabricated on silicon
display an LC peak in the wavelength region aro®®8@ nm. By keeping the dimensions
and all other parameters of the smaller SRRs of@irEBi@.1 similar, but changing the
substrate to silica, it is possible to shift the t&Sponse to even shorter wavelengths. So,
by fabricating very small aluminium based SRRs ticassubstrates, it is possible to

obtain an LC resonant response at visible wavetsngtigure 2.3 shows results for
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different sized Au and Al SRRs fabricated on sijlidessplaying LC peaks in the visible

part of the spectrum.

As shown in Figure 2.3 the aluminium based SRRdimknsions|j varies from ~150
nm to ~100 nm fabricated on silica, displays there€onance between 680 nm to as low
as 530 nm wavelengths, well inside the visible spet region. Whereas the smallest
dimension k) of ~100 nm gold based SRRs fabricated on silisplays the LC peak at
720 nm, just on the edge of the visible spectruhis Tlearly demonstrates the advantage
of aluminium based SRRs in pushing the magnetion@sce (LC resonance) to higher

frequency visible spectrum when compared with tgeid based counterparts.

Again, as in previous case the experimental resuisin moderate agreement with the

simulated spectra. The reasons are attributed ¢ofabrication imperfection as in

previous case.
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Small Al SRRs on Silica Substrate
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Figure 2.3: Table showing the reflectance spectra of the wiffe SRR patterns
fabricated on silica. The first three rows are $meded (~ 150 to 120 nm) aluminium
SRRs with (a) SRR 3 Al (b) SRR 4 Al and (c) SRRISAd the last row is small sized (~
120 nm) gold SRR with (d) SRR 3 Au along with thearresponding experimental (solid
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curves) and simulation (dashed curves) spectrakBtarves (solid and dashed) are TE

and Red curves (solid and dashed) are TM measutemen

In Figure 2.4, TE field plots of SRR 4-Al at botietplasmonic and LC resonant peaks is

shown.

Contour Map of Ex at Y=0.003125 and ¢T = 1275 um
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Fig. 2.4 (a):Field profile of SRR-4 Al at the
plasmonic resonance peak (370 nm).
(b) :
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Figure 2.4 (b): Field profile of SRR-4 Al at the

LC resonance peak (670 nm).
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Figure 2.4 clearly shows the different distribusasf the optical electric field for the two
different resonances. In the case of the plasmsonance, the phase and amplitude of
the optical electric field has a uniform distrikartiaround the SRR structure - and it is in
phase with the field in the gap of the SRR. Thereg§bnance on the other hand exhibits a
completely different situation, in which the optiedectric field between the arms of the
SRRs is in anti-phase with the light on either stdehe SRR structure. From this
difference in behaviour, it may be inferred thae thC resonance condition is a
fundamentally different one from the plasmonic reste condition. The description of
the resonance behaviour shown here therefore gliffem that of reference [6], but is

consistent with that of Linden et al [3].

2.7 Conclusions

It has been shown that, at higher frequencied) Hw¢ dimensions and the individual
metal properties play an important role in deteingrthe resonant response of arrays of
SRRs. In patrticular, it has been demonstratedthi®atuse of aluminium, due to its bulk
plasma frequency being higher than that of goldbts a large shift of the magnetic
response towards shorter wavelengths. Finally, ghoperty of aluminium is utilised for
the fabrication of Al-based SRRs on low refractivelex substrates, i.e. silica, to

demonstrate clear magnetic resonances of SRRsiblevirequencies as short as 530 nm.
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In the previous chapter it has been shown thdtighter frequencies, both the dimensions
and the individual metal properties play an impatrteole in determining the resonant
response of arrays of SRRs. As a result, a sulstahtift between the responses of
arrays of gold based and aluminium based SRRs olEerved. Deposition of gold SRRs
onto dielectric substrates (silicon and silica)i¢gfly involves the use of an additional

adhesion layer. Titanium is the most common adindsiger used to attach gold films on
to dielectric substrates. This chapter investigateshe impact of the titanium adhesion
layer on the overall response of gold based SRRs. résults quantify the extent to

which the overall difference in the resonance fesmies between gold and aluminium
based SRRs is due to the presence of the titanilnasase layer. It is shown that even a
2 nm thick titanium layer can red-shift the SRRoremnce by 20 nm. Finally, it is

demonstrated that by an appropriate addition ahitiim to the gold based SRRs, their
overall resonant response can be tuned. Howewegddition of titanium also results in a

reduction of the resonance magnitude.
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3.1 Introduction

At lower frequencies, up to several terahertz, tha&gnetic resonance (i.e. the LC
resonance) of an SRR scales reciprocally withheracteristic dimensions. However, at
higher frequencies (optical and mid-infrared reg@nenetals do not behave like perfect
conductors and start behaving according to the péexi Drude model - and therefore
this model determines the overall response of RR Structures [1-2]. Titanium is one of
the most common adhesion layer used to deposit gakkd SRRs onto dielectric
substrates [3-6]. However, in most of the previaask carried out on gold based nano
SRRs the effect produced by the titanium adhesayerl of variable thickness has
essentially been ignored [3-6]. It is requiredréalise and quantify the effect of the
titanium adhesion layer on the overall responsgotd based SRRs to find an optimised
thickness for the adhesion layer. This will hel@imore accurate prediction of resonance
responses of gold based SRRs. It will also proddeetter understanding of the shift
produced between the responses of aluminium baRéds Sind gold based SRRs with
titanium adhesion layer. Optimisation of the titaniadhesion layer’s thickness may also
open up possibilities for tuning the SRR resonaraeslescribed in later parts of this

chapter.

In this chapter, the fabricated, measured and sim@dl responses of SRRs with
characteristic planar dimensions as small as 200vare considered. The structures were
composed of either aluminium (Al) or gold (Au) lagetogether with a variable amount
of titanium (Ti) adhesion layer, while keeping ctam the overall SRR thickness at

50 nm. A medium doped n-type silicon substrate wettistivity ~ 1002.cm was used in
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all cases. The fabrication was performed usingctinegite electron beam lithography in a
Vistec VB6 machine, at 100 kV. The multi-componemttallic layers were deposited
onto the silicon using electron-beam evaporatidre patterns were written over an area

of around 300 prw 300 pn.

The reflectance measurements were performed at ahomntidence with ax10

microscope objective (NA = 0.25), using a whiteéhtigource and monochromator with
an InGaAs detector operating in the range from t0.8.6 um - together with a lock-in
amplifier. The measurements were taken for twoagtimal linear polarizations of the
incident light (TE and TM polarization) - and wdreen normalized with respect to the

reflectivity of a bare silicon substrate.
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The responses of closely similar-sized Au- and #¢dxl SRRs are shown in Figure 3.1.

SEM Image Experimental Spectra

Au based SRR — M

1.6

Reflectance (AU)

1.4 7

1.2

T T T T T
800 950 1100 1250 1400 1550
Wavelength (nm)

—TE
145 - Al based SRR -
=)
< 1.25 -
Q
o
o
©
3]
Q
% 1.05
4
0.85 ‘ /

800 950 1100 1250 1400 1550
Wavelength (nm)

Figure 3.1: SEM micrographs of fabricated SRRs and their apoading experimental
reflectance spectra for TE/TM polarization: (a) @8-thick gold SRRs with 2 nm of
Titanium adhesion layer; (b) 50-nm-thick alumini@RRs.

At infrared and optical frequencies the complexatigic functions and complex

refractive index is given as [7]

— H - 2 _ . 2
e=¢g +ig,=n’ =(n+ik) (3.1)
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Where, &; and &, are the relative real and imaginary parts of hraglex dielectric

function.

According to the Drude Model, the real and imagynaart of the dielectric function are

given as [7]
%_%_d%d’ (3.2
+
W7
P (3.3)
2 WP+

Where &, and &, are plasma frequency and collision frequency resmdg. The

values oft, and &, for gold are 2175 THz and 6.5 THz whereas thosalwhinium

are 3750 THz and 19.4 THz [7-8].

As shown in the previous chapter, and from Figurd, 3the higher plasma

frequenc;‘@p) of aluminium based SRRs results in shorter resomavavelength as

compared to gold based SRRs. On the other handijgher collision frequenc(ﬁb,) of

aluminium, results in lower magnitude of resonafocealuminium based SRRs.
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3.2 Modelling

Dr. Rafal Dylewicz modeled all the SRR structuressatibed in this chapter. The
resonant response of the SRRs was calculated @sifudly three-dimensional (3-D)
simulation of the fabricated device, with an ilitBRR thickness of 250 nm. Due to the
computational requirements, i.e. the very smallhmg@ge for the original thickness of 50
nm, the increased SRR thickness of 250 nm was \&féel, convergence tests were
performed. The numerical simulations were perfornveth a commercial finite-
difference time-domain method (FDTD) software pagkafrom Lumerical. The
transmission and reflection characteristics weteutated from a single unit cell for two
different optical polarizations, over a wide ramgfewavelengths. A Drude model was
used to describe the frequency-dependent mateonpkepies. An integer number of cells
with a mesh-size of 2 nm were applied within theathe layers, while non-uniform and
coarser meshing was used in the surrounding regidhe plasma frequencies and
collision frequencies were initially adjusted totofathose of pure aluminium and gold
structures. The effective values in nanostructwas differ from their bulk values
because the electrons do not experience the felttedf the bulk metal, as the fraction of
the electric field outside the structure is larder a nanostructure and results in an
additional inductance [9]The material properties of a particular film westimated via
linear interpolation from the respective plasmajfrencies and collision frequencies for
gold and titanium, as a function of the relative/Fiicontent in the total thickness. This
phenomenological approach was taken because ttveasefwas found not to be capable

of accurately modeling the behaviour of very tlagdrs (~ 2 nm).
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3.3 Effect of Titanium adhesion layer

In order to examine how much the titanium adhedayer contributes to the overall
response of the gold SRRs, two different sets pkaments were performed. In the first
set of experiments, the overall thickness of théTAGRR was kept constant at 50 nm,
while the thickness of the titanium adhesion layes increased at the expense of Au.
The effect of increasing titanium thickness in sagked Au/Ti SRRs is shown in Figure
3.2. By increasing the fractional amount of titaniin the composition, both plasmonic

and magnetic peaks move towards longer wavelengthd diminish in amplitude.

It can be seen from Figure 3.2 that the experinhe@etalts are in moderate agreement
with the simulated spectra. The discrepancy betwbhentwo sets of results could be
attributed to the imperfect SRR shapes fabricatetdnaeasured in experimental results as
compared to the perfect SRR shapes simulated inelimogl At the same time the
experimental results are based on an array stejoturereas the modelling is performed

on only one SRR structure.
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Figure 3.2: Reflection spectra of dual-layer SRRs with inceshsitanium quantity,
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The results obtained by increasing the amountariitim as shown in Figure 3.2 can be

explained as following. From Ordat al.[7] the collision frequencﬂdr) and plasma

frequenci@p) are associated with the complex dielectric funrcts,

(3.4)

o =-&) +a?) @)

For & = 645161cm* that is equivalent to wavelength of 1.55 pm

We get the corresponding valueso&, = 656ande, = 33.3 for titaniumfrom [7].
Putting the values ok, £&aNdE, into equations (3.4) and (3.5) we get
Collision frequency of Titaniunt, =13568 THz

Plasma frequency of Titaniug, = 38256 THz

Thus, the value calculated for the plasma frequdacyitanium is 382.56 THz, which is
almost one order of magnitude lower than for theeptmetals. Additionally, titanium is
characterized by a very high damping frequency3&.G8 THz, which is associated with
absorption and losses. As titanium is added tsyiseem, the response is red-shifted and
becomes progressively noisy and is accompanied bgdaction in the reflectance

magnitude.
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In the second set of experiments, the thicknessheftitanium adhesion layer was
gradually increased, while the thickness of theldaler was kept constant at 48 nm. In
this case, the total thickness of the SRRs alseeased progressively. In Figure 3.3 a
similar trend is observed, i.e. by increasing theant of titanium in the system, the
overall resonant response degrades. However, bptamaing the gold thickness at a
constant value, the reflectance response of thesSfRRomes larger in amplitude - and
the flattening of the curves for high titanium cemit layers is no longer apparent. The
increased total thickness of the SRRs increasesftbetive plasma frequency and gives
a blue-shift to the peak positions. In this expen a trade-off occurs between the
increased titanium thickness - which pushes thporese towards longer wavelengths
while progressively suppressing the peaks - andintbeeased total thickness, which
causes a blue-shift in the resonance peaks. Ibearonfirmed from the results shown in
Figures 3.2 and Figure 3.3 that increasing thenitita fraction has reduced the
observable response nearly to zero, once it forore itihan 40 % of the overall thickness.
The primary conclusion from these results is that greater absorption in the titanium
dominates the overall behaviour, once it is pregersufficiently large amounts - even

when the amount of gold is undiminished.
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Figure 3.3: Reflection spectra of dual-layer SRRs with incegasitanium fraction and
total system thickness, while the Gold thicknedeejst constant: (a) experimental spectra

at two different polarizations; (b) calculated dpa&dor the extended wavelength range.
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The effect of the titanium-induced red-shift of lbothe plasmonic and magnetic
resonances of the Au/Ti bi-layer SRRs is shownigufe 2. 4. From Figure 3.4 it can be

seen that the presence of a 2-nm-thick Ti layer T4P&an shift the SRR response by 20

nm.
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Figure 3.4: Calculateditanium-induced change in resonance position anplisude for
dual-layer SRR as a function of Titanium thicknédse overall thickness of Au/Ti SRR
is kept constant: results for (a) TE and (b) TMapiaiation.
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3.4 Calculation of Skin depth

It has been shown previously, that the penetratibrfield inside metals, at higher
frequency range (optical and mid-infrared regimesjyestricted by their skin depth [10-
12]. To calculate the skin depths of both gold &tahium, the respective values of their

conductance is required.

The relationship between the relative real  and imaginary partssg ) of the electric
permittivity is given by [13]

g

E, =
2 GE. £, (3.6)

Where,o is the conductance, aagdis the permittivity of free space.
At wavelength of 1.55 um the value @ffor gold is calculated. From Ordet al [7] the

value of & andé&, for gold at 1.55 pm wavelength is found to be X 3.68

respectively. By substituting these values in egua{3.6)

g
368= A
2% 3x10° 3.7)
155x10° ) OV
or g,,= 412x10° S/m
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Similarly, at wavelength of 1.55 pm the valuegofor titanium is calculated. From Ordal

et al. [7] the values ofé; and &, for titanium at 1.55 um wavelength is found to be

6.56 and 33.3 respectively. By substituting thesequation (3.6)
o, = 235x10°S/m

The skin depth § ) of a metal is given as [13]

2 2

g=| —=
Cq’lrluoa-

(3.8)

Where, u, is the relative permeability of the material ancagsumed always as 1 [14]
andy is the permeability of free space.
The skin depth §,,) of gold at wavelength 1.55 pm is calculated bpssituting the

values of ¢,,) into equation (3.8)

1

2 2
O. =
A (1.216X 10" x Uy % 412)(106} (3.9)

or 5Au =1782nm

Similarly, the skin depth ¢;,) of titanium at wavelength 1.55 pm is calculated b

substituting the values oty ) into equation (3.8)
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_ 2
On = {1.216X 10" x Uy x 235X 106J (3.10)
or &y, =2359nm

From the above calculations, the skin depths ahiitm and gold have been estimated to
be nominally 18 nm and 24 nm respectively at ~ &% For these measurements the
effective gold thickness is limited by its skin depHowever, as the titanium content
increases, it is able to contribute to the conadunchly as much as 1.3 times the skin depth.
Qualitative information on the expected dissimtiar skin depths and field penetration
inside different metals is presented in Figure Bl&ctric field profiles were numerically
calculated using the same FDTD software (Lumericgiiere SRRs with different metal
properties were investigated. Simulated electetdfi distributions (in logarithmic scale)
within nano-sized SRR and its air surroundings @esented for a pure Au layer and
mixed Au/Ti layers, which compromise growing Ti &duh, up to 70% of titanium
content. These results were obtained for TM podaritight at the certain wavelengths of
plasmonic resonance, for a given Ti inclusion. Fithen cross-sections shown in Figure
3.5, it is seen that maximum intensity of electiétd is observed outside the metal layer,
due to the incident and reflected plane wave, whitelerate and low intensity appears on
the edges and within the metal itself, respectivAlyincrease in penetration depth inside
SRR (Figs. 3.5b, 3.5c and 3.5d), as compared te fAurcase, is strongly related to the
raised Ti content. Such a tendency is in good ageeé with theoretical skin depth

values for Au and Ti, calculated with use of equat{3.8), and additionally explain the
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titanium-induced behaviour of plasmonic and magnetesonances observed in

Figure 3 4.

©)

Figure 3.5: Skin depth effect observed in calculated electaldfprofiles (log scale) for
nano-sized SRR at the plasmonic resonance cond{@yrpure Au layer; (b) layer with
4% of Ti thickness; (c) layer with 40% of Ti thickss; (d) layer with 70% of Ti

thickness.

A strongly composition-dependent behaviour, the emoent of the resonance towards
longer wavelengths is clearly observed, as welktasngly diminishing amplitude of
these effects, for both light polarizations. Féartium thickness > 40% of the total SRR
thickness, the reflectance of both the plasmonétraagnetic resonance peaks is reduced
to about half of its initial/maximum value. Althoughe amplitude is reduced, addition of
titanium (up to 40%) provides additional tuning gibdities for both the electric and

magnetic resonance peaks of SRRs, as shown ineFgdir
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To understand the impact of the titanium adheseyer on the observed difference
between the responses of 50 nm thick aluminiumé&eRs and of mixed Au/Ti-based
SRRs (Figure 3.1), an additional experimenats performed. A titanium adhesion layer 2
nm thick was added into the 48 nm-thick aluminiulRRS and the response was
compared to that of pure aluminium-based SRR (50 @infig. 3.1b. The results are

shown in Figure 3.5, where a red-shift of abouin®®is observed for both peaks, when
compared to the 50 nm-thick aluminium SRRs. Thisultefurther corroborates the

calculated results described in Figure 3.4.

[a) 14 I B B U BN B S v e {b) 14T R e SR RS R B
TE polarization b ‘ 0% Ti
S : ;:'1-3; | 4% Ti
-E- 12 = 12 ]
g 1.1 g 1.1
& | —— 0% Ti = 1)
e 09 _ ; { 4% Ti | - e Q. 9 % TM polarlzatlon
800 QEI]D 1'DIGU 1100 12ICIO 13.00 14IGU 1500 ‘IEICIO BDD E'UU 1000 1100 12{30 ‘ISOD ‘MDG ‘1500 1600
Wavelength [nm] Wavelength [nm]

Figure 3.6: Comparison between the experimental reflectaneetsp of 50 nm-thick
aluminium with that of 2 nm titanium + 48 nm alumim SRRs: (a) results for TE

polarization; (b) results for TM polarization.

Hence, the difference in the responses of the gottlaluminium based SRRs is mainly
caused by their material properties, i.e. becausth® lower value of gold plasma

frequency from that of aluminium. Thus, at optiftaljuencies, apart from the size of the
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SRRs, the plasma frequency of the particular metaedl determines the position of the

resonance - with the collision frequency deterngrtime amplitude of reflectance.

3.5 Conclusions

In conclusion, the influence of titanium adhesiagers on the responses of gold and
aluminium based SRRs has been quantified. The pres# a titanium adhesion layer of
thickness 2 nm can produce a red shift of arounahr0 Addition of titanium can be
utilised for tuning the response of gold based SRR& it also reduces the overall
magnitude of resonance, due to the high absorpiatare of titanium. Therefore, it is
recommended that the thickness of the titanium sidhdayer should be kept minimum
(~2 nm) to get stronger resonances at shorter wagtis. Also, the difference in
resonance positions between 50 nm thick aluminiasett SRRs and SRRs with 2 nm
titanium and 48 nm of gold is primarily due to tH#ference between the material
properties of aluminium and gold. Finally, thectiiess of the titanium adhesion layer
should be an important consideration whilst perfagithe numerical simulation as well

as measurement of gold based SRRs.
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Chapter 4

Asymmetric split ring resonators
(A-SRRs) and their properties
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In this chapter the properties of “C-shaped” AsyrriueSplit Ring Resonators (A-SRRs)
are studied. By producing asymmetry in the str@duthe two arms of the ring produce
distinct plasmonic resonances related to theirtleng- but are also affected by the
presence of the other arm. This combination leada steepening of the slope of the
reflection spectrum between the resonances thetases the sensitivity of the resonant
behavior to the addition of different molecular gps. This chapter describes the
experimental results, supported by simulation, o resonances of a series of circular
split ring resonators with different gap and settiengths — at wavelengths in the
mid-infra red regions of the spectrum. The asymynietthe structure gives rise to higher
quality factor resonances in optical metamateiaad this property has been utilised, in
work described in the next chapter, for highly $#@res detection of organic compounds.
Part of this chapter has been published in Optigsréss Vol. 17, No. 2, 1107-1115

(2009).
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4.1 Introduction

In the previous chapters, it is seen that metanaddeoased on nano-scale metallic split
ring resonators (SRRs) can be used to produce aasoesponses in the visible and mid-
infrared wavelength range. However, the qualitytdamf resonance associated with
metamaterials is usually low due to the strong togmf the SRRs with free space and
that result in radiation losses [1]. This lossyunatof SRRs and its broad resonant
response makes it difficult for practical and eéit implimentation of metamaterials in
applications such as optical sensors. A high quédittor is desirable if the structures are
used as sensors, because a shift in a sharp peaki& to detect than a shift in a gentle
slope. As seen in previous chapters, at optiegjuencies metals stop behaving as nearly
perfect conductors and start to become absorptigehance lossy, in accordance with the
Drude model. It has been shown in a few theorettadies that it is possible to obtain
higher quality factor resonance in metamaterialsniipducing certain asymmetries into
the SRR geometry [2-4]. Zheludet al. [1] have experimentally demonstrated higher
quality factor for metamaterials at microwave freqgcies by using asymmetric split ring

resonators.

Split Ring Resonators (SRRs) have been shown upeoa highly resonant electric field
strength and modal intensity concentration near éhds of their arms [2-6]. The
asymmetries between the two arms of the double SR&ctures produce distinct
plasmon resonances that are modified by the presanibe other arm, leading to a steep

gradient of the reflection versus frequency curgMeen the resonances [1-3]. A shift in
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a sharp feature is more easily identified thanumded feature and therefore increases the

sensitivity compared with similar but symmetric SRfS-SRRS).

The functioning of Asymmetric Split Ring Resona(@-SRRs) with a circular basic
geometry, operating at the mid-infrared frequendgesiescribed in this chapter. The
A-SRRs described here, possesses a higher quattgrffor its plasmon resonance (a
factor of two or more) than the plasmon resonaridgts aymmetric double or single split

counterparts.

The A-SRRs described here, have a diameter of m2with a strip width of 100 nm,
and are fabricated in thin gold films on fused csilisubstrates. The characteristic
resonances of such structures are in the mid-edréiypically at wavelengths in the 3 - 6
pum range). The main reason for choosing circulangsry for the A-SRRs over square
geometries (U-shaped structures) is due to thdivelaase of fabrication by which
asymmetry could be introduced into circular struesu The main objective to fabricate
such A-SRRs was for high sensitivity optical detectof organic and bio-chemical
substances as described in the subsequent twoechapecause of this, gold as a metal is
chosen to form the A-SRRs due to its good resistaioc oxidative corrosion when
coming in contact with organic compounds. For thme reasons, fused silica is chosen

for its inertness to most organic compounds.
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4.2 Fabrication and measurement

The patterns are generated on fused silica substising electron-beam lithography
(EBL) processes, with the addition of an aluminumarge dissipation layer deposited
over the bi-layer of PMMA resist. After developmethie pattern is subjected to electron-
beam deposition of 2 nm of titanium for adhesident 48 nm of gold, followed by lift-
off. The patterns are written over an area of ~8300 uni. The reflection spectra of the
fabricated structures have been measured at nangidence with a Nicolet Continuum
FTIR apparatus equipped with an Optical Microscepasing a 10 x magnification
objective lens with an NA of 0.25. The FTIR beamswmlarized using a Continuum
ZnSe IR polarizer. An iris was used to restrict theident light to a spot size area of
nominally 200 pm x 200 um The reflectance measurements were taken with the
incident light in one of two orthogonal polarizai®- and were normalized, after each
measurement, to the reflectivity of a gold mirrbigure 4.1 shows a Scanning Electron

Microscope (SEM) image of such a fabricated arfaf-8&RR patterns.

S4700 10.0kV 11.1mm x13.0k SE(U) 4.00um

Figure 4.1: SEM micrograph of A-SRRs with diameter 1.2 pm &88 nm strip width.
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4.3 Modelling

Dr. Scott McMeekin of Glasgow Caledonian Universitpdeled all the SRR structures
described in this chapter. Modelling of the A-SRRugtures was performed using the
Fullwave FDTD simulation package from RSoft. A ucdl equal in dimensions to the
period of the array of SRR structures, with perodoundary conditions, was used to
analyze the A-SRRs. The Drude model was used toridesthe complex dielectric
constant of the Au metal layer. The titanium adbresiayer was omitted from the
simulation due to the increased computational tirequired to accommodate the
specified grid size. The resonant response of tHeRR structures as a function of
wavelength was modelled, together with the spatiattric field distribution at the

various resonant wavelengths.

4.4 Asymmetric split ring resonators (A-SRRS)

The unit cell of a single A-SRR, as shown in Figdt2, consists of two distinct and
opposite single arcs separated by two identicalomagaps. These two arcs (left-hand
and right-hand) act as two separate resonator, théir individual resonant response
depending on their respective lengths, as welhasanhgular gap between them. In this
analysis the angular gaf) (s varied for the A-SRRs from ~ 15 to 55 degréesteps of
10 degrees, by keeping the length of the left-ramedconstant and shortening the length

of the right-hand arc. All the other parameterskaet identical.
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A
v

2.50m

Figure 4.2: A single unit cell with optimized dimensions, shog/the orientation of the

E-field parallel to the Y axis. Measurements hagerbcarried out at normal incidence.

Figure 4.3 depicts the resonant responses of aofaggmmetric single gap and double
gap symmetric SRRs (S-SRRs) and asymmetric SRRSRRs) patterns obtained by

measuring their corresponding reflectance spectra.
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Experimental Spectra

Simulation Spectra
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Figure 4.3: Table showing the reflectance spectra of the @iffte SRR patterns. The first
column shows SEM images of the (a) Single Gap SRR{) (b) S-SRR1 q~1)
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(c) A-SRR1 §~15") (d) A-SRR2 ¢~25") (e) A-SRR3 §~35) (f) A-SRR4 ¢~45) (g) A-

SRR5 ~55) patterns. The second column of figures, with csalurves, shows the
consequent experimental spectra — and the thinghuolof figures, with dashed curves,
show corresponding simulations. The spike preseatwaavelength of 4.2 pm in all the

experimental spectra indicates the presence ofsgthasic carbon dioxide.

As seen from Figure 4.3 the experimental results iar good agreement with the
simulated spectra. The discrepancy between thesétgof results could be attributed to
the imperfection obtained during fabrication. Ircleaase the measurements were made
with light at normal incidence (i.e. the Z-direct)owith the E-field maintained parallel to
the Y direction. In the case of S-SRR1, the sideh® left-hand and right-hand arcs are
nominally identical (symmetric) - and their respeetresponses are superimposed, giving
the overall resonance observed at 4.11 um wavélempts result has been confirmed by
comparison with single arcs that have identicalngetoy i.e. the Single Gap SRR shown
in Figure 4.3(a). From A-SRR1 onwards, the rightdharc is shortened progressively by
varying 0. As the angular gaps between the arcs are vahedwo separate resonances
of the left-hand and right-hand arcs are modifigdh® presence of the other arc. In the
case of A-SRR1, the asymmetry in length betweeneth@nd right-hand arc is still small

- and a steep edge emerges at 4.7 um, separagimgshnance, at 3.9 um, of the shorter
(right-hand) arc from the resonance at 4.9 umteronger (left-hand) arc. (Between the
two resonances, the reflection dip can be ideutiis a trapped mode [1], - discussed
later). In the cases of A-SRR2 and A-SRRS3, as flyenanetry between the lengths of the
left-hand and right-hand arcs is varied furtheg itdividual resonances of the two arcs

become more distinct - but, due to the proximityhef two arcs, the resonances observed
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are shifted with respect to those exhibited by Isirgycs alone. This result has been
confirmed by simulations of separate arcs, as shoviAaigure 4.4 in which the individual

peaks are closer together.

Schematic Simulation Spectra
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Figure 4.4: Schematic and simulation spectra of (a) A-SRRZbly the Left-Hand Arc
of A-SRR2 and (c) Only the Right-Hand Arc of A-SRRPhe resonance peaks are
denoted with plasmonic eigenmodes that are disdusslw. The resonances exhibited
by single, individual arcs are distinct but arefteloi when both are positioned close to
each other in an A-SRRs.
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The results obtained here is very similar to trenance hybridization model of double
SRR (DSRR) structures presented by Giesseal. in references [7-8]. A similar
resonance hybridization model is applied here wWithLeft-Hand Arc (longer arc) being
excited by frequencyo; (equivalent to wavelength 4.9 um from Figure 4)4that
corresponds to the plasmonic eigenmodecofy| Similarly the Right-Hand Arc (shorter
arc) is excited by frequeney. (equivalent to wavelength 3.49 um from Figured).that
corresponds to the eigenmode ak|)y. When both these arcs are positionkde to each
other, their respective plasmonic eigenmodes ioteséth one another and create new
coupled plasmonic eigenmodes due to resonancedipdiion [7-9]. The new coupled
plasmonic resonance modes are either at highergieser(shorter wavelengths)
corresponding to the symmetric plasmonic modecf)| (equivalent to wavelength 3.9
um from Figure 4.4 a) or at lower energies (longewvelengths) corresponding to the

asymmetric plasmonic mode ab]) (equivalent to wavelength 5.6 um from Figure 4.4 a)

[7-8].

A plasmon resonance hybridization diagram, veryilamto that of reference [7] is

shown in Figure 4.5.
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Figure 4.5: Resonance Hybridisation diagram corresponding he plasmonic

eigenmodes obtained from the simulation resultig@ife 4.4.

As can be seen from both Figure 4.4 and 4.5 theegsponding symmetric and

asymmetric resonances ¢{) and |w.)) are red-shifted (reduce in energy) compared to

their individual single arc counterpartsef} y and |w1)). The red-shift is due to the

interaction between the left-hand and right-hancs.akWVhen the A-SRR2 structure is
excited by normal incidence, it induces simultargeoiculating electric currents inside
both arcs, clockwise and anticlockwise with respgeceach other. This results in the
capacitive interaction between the arcs and thdtiaddl capacitance produces the

resulting red-shift [7-8]. The schematic for theremt direction inside A-SRR2 is shown

in Figure 4.6.
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Figure 4.6: Sketch of electron current in the arcs of A-SRRihwa) being the

symmetric mode of shorter wavelength resonancehéhnignergy) of . ) and (b)
asymmetric mode of longer wavelength resonanceefl@mergy) of| .) . The field plots

of Figure 4.9 (a) and 4.9 (c) shown later in thisamter shows somewhat similar

arrangement of optical electric fields.

From Figure 4.4 it can be seen that the linewidthhe asymmetric resonante.) is
smaller (narrower) thand:), but the linewidth of the symmetric resonance. ) is
broader than o2 ) . At the same time, the amplitude of resonancetiferasymmetric
resonance ¢.) is lower than o), but the amplitude of resonance for the symmetric
mode |w. ) is higher than ¢ ) . For the asymmetric mode, charges at the endecéits

attract each other resulting in the reduction ofrgk oscillation. Therefore, the
oscillation strength decreases resulting in theicgdn of radiative losses. This makes the

asymmetric resonance»|) having a narrow linewidth (low loss) and reducethbhtude

of resonance (low oscillation).
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For the symmetric mode of resonane } , the charges at the end of the arcs repel each

other, resulting in increase of charge oscillatiofisis increases the oscillation strength
and adds to the radiative losses. This makes th@itade of resonance for symmetric

modes higher (more oscillation) and their linewidtbader (more loss) [7-8].

4.5 Trapped mode

A-SRR2 is marked by the steep edges that emertheireflection spectrum between the
individual resonances of the left and right-hantsawith an increase in the quality factor
from 4.7 for the symmetric case S-SRRs in Figuré é) to 9.4 for the longer
wavelength reflectance peak of A-SRR2 in Figure(d)3In the corresponding SRRs and
other SRRs with dimensions that lead to resonaimct® microwave spectral region [1],
at normal incidence the electric field of the lirgaolarized plane-wave excitation can
excite a circulating current that has the samectioe in each arc — and therefore
coupling into and out of such structures is inhdyaweak — and is zero, in principle, for
the exactly symmetric case. In the case of asynynhetween the lengths of the two arcs,
the scattered electromagnetic radiation producethéycirculating current configuration
is weak but finite, reducing the coupling of theaeant mode to free space and reducing
the radiation losses. This behavior leads to thecalted trapped mode identified by
Zheludev et al. [1]. When analyzing simulations of the transmissiand reflection
spectra, a substantial increase in the resonaot@im is observed at the minimum of
the reflection dip corresponding to the trapped enodnd is consistent with energy being
stored (and dissipated) in the coupled arcs. HI$® noted that trapped mode can be

excited into the single gap SRR as well as S-SRRasing circularly polarised light,
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which has not been used in this experiment. Theesponding experimental reflectance

and transmission spectra for A-SRR2 are showngnrgi4.7.

For A-SRR3, there is a further shift in the resa®aof the right-hand arc to shorter
wavelengths, due to further reduction in its lendththe case of A-SRR4, the gap is
further increased by additional shortening of tlghtrhand arc - so the impact of the
loading of the non-resonant arc section on thenasce becomes small. Similar behavior
is seen in the case of A-SRR5, where the angulaiggaven further increased - resulting
in the disappearance of the resonance producebebghorter (right-hand) arc from the
measured spectral range, as it increasingly mowearts shorter wavelengths. It can
also be seen that, since the length of the leftdharc is always kept constant, the
resonance position of the longer (left hand) aresdoot vary appreciably (moving only
from 4.9 um to 4.6 pm). However, as the right-harais shortened, it is found that the
position of its resonance progressively moves tde/ahorter wavelengths (from 3.9 um
to 2.5 um), changing the spectra of the couplednasce. It can therefore be inferred
that variation of the angular gap between the tws aot only increases the quality factor
of the resonance peaks in the overall responsealbatthat it tunes the position of the
resonances. The spike present at a wavelengti2qim.in all the experimental spectra
indicates the presence of atmospheric carbon déoxid

The experimental spectra of the S-SRR1 and the RZS&e again shown in Figure 4.7
for direct comparison of their quality factor. Ti@uality factor (Q-Factor) of the
resonance of Single Gap SRR and S-SRR1 of Fig@Gres4alculated to be ~ 5, whereas

the Q-Factor of the left-hand arc (longer wavelangsonance) of A-SRR2 is found to
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be about ~ 10. It can therefore be seen that, dingdasymmetry to the structure of split
ring resonators, it is possible to increase thearall quality factor of resonance. This
sharper resonance can be exploited when shiftiagotsition of the resonance by, for

example, depositing external material on the serfa@ct as a sensor.

SEM Image Experimental Spectra
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Figure 4.7: Experimental spectra of (a) symmetric S-SRR1 édigymmetric A-SRR2.
By adding asymmetry to the overall geometry of 8RRs, the quality factor of their

resonant response can be increased.
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Figure 4.8: SEM image of A-SRR2 (inset) and its correspondigperimental
Reflectance and Transmittance Spectra. The trappede is located at 4.39 pum
wavelength. The red dotted line is an aid to the ey
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From Figure 4.8, it can be seen that the trappedenad A-SRR 2 located at 4.39 um is
associated with low reflectance and transmittangeathigher absorbance. From 4.8 pm
onwards, the silica substrate becomes higabsorbing and hence there is zero
transmission at wavelengths after it. Both theaxfince and transmittance measurements
were normalized with respect to the same gold mio@chieve similarity, but due to the
poor transmission of gold mirror at these waveleggthe magnitude of transmittance for
A-SRR2 became large. However, it is understood tatposition of the trapped mode
(in both reflection and transmission) is more imaot than the respective magnitude of

the individual spectra.

Figure 4.9 shows the experimental spectrum for R3k terms of frequency response.
This result is very much similar to that reported/1], where a trapped mode resonant
behavior was observed for structures with simikorgetry at microwave frequencies —
and also to the results for structures approxigagehundred times larger that have
resonances in the low THz frequency region, asriestin reference [3]. The Q-factor

of the reflection dip of the trapped mode resonasgeduced from a figure of 20 in the

microwave region, as reported in reference [1], nidevan estimated value of 11.5, at the

mid-infrared frequencies of the present work.
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Figure 4.9: The experimental reflection spectrum of A-SRR2tteld as a function of
frequency. The trough obtained at 68 THz is sintitathe trapped mode observed in the

microwave frequency range in reference [1].

The field plot of the electric field strength ataXis for the resonance peaks as well as the

trapped mode of A-SRR2 is shown in Figure 4.10(¢)-
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(a) Electric filed strength at waveleng@tOum resonance peak
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Figure 4.10: Electric field strength in the Y direction at difent wavelengths
corresponding to the peaks and troughs in the sitionl of Figure 4.3(d).
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The field plots in Figure 4.9 show the concentratwf the electric field distribution
towards the ends of the arcs at a wavelength ofihJor the smaller arc - and at a
wavelength of 5.6 um for the larger arc. These \egths correspond to the respective
reflection peaks. The central plot, at a wavelength4.6 pum, corresponds to the
reflectance dip of the trapped mode [1], for whileh reflectance is sharply reduced and
the field distribution in the two arcs is simildtere there is no strong concentration of
the field (corresponding to yellow) but an eveneggr around the two arcs. It is also
recognized that pale blue corresponds to equatli field as yellow, but with opposite
sign of the field. The field plot of Figure 4.9 (&g)that of the symmetric resonance mode
| w+) of shorter wavelength (higher energy) and it shéelsls at the end of arcs with
similar sign. Whereas, the field plot of Figure 419, which is of the asymmetric
resonance modey| ) of longer wavelength (lower energy) shows thedBedt the end of

arcs with reverse signs. This further corroboréitesreasoning made in Figure 4.6. and

the subsequent explanation.

Therefore, based on the field plots of Figure 4il@puld be stated that the end of the
arms of the A-SRRs as well as near the centreePHSRR at trapped mode forms the
hot-spots of the A-SRR where the optical electrieldf is concentrated. Field

enhancement factors associated with the edges wdrings have been previously
reported for the near infrared and visible regibrthe spectrum [5]. In has been shown
by Papasimakiet al. [10] that A-SRRs could be considered as coherestamaterials

and their characteristic trapped mode disappeamnsdogasing the disorder in the array. It

is explained that by increasing the disorder ifte A-SRR array, results in intense
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scattering and thus reduction in strength of theutating currents of the arcs. This
increases the losses resulting in reduction andllyindisappearance of A-SRR
characteristic. The impact of periodicity and ddar on the overall resonance
characteristic of A-SRRs has not been consideratisnchapter but is subject to future

works as described in Chapter 7 of this thesis.

4.6 Conclusions

In this chapter, similar behavior has been dematestrin asymmetric circular split ring
resonators at size scales that are respectivelyatwiofour orders of magnitude smaller
than those used in previous studies. While, thed@sf of A-SRR is reduced from 20 in
the microwave range to 11 in the present work, ibud factor of two more than the
currently used symmetric split ring resonator iesth wavelength ranges. This property of
A-SRRs is utlised in the next chapter for high genty detection of very thin films of

organic materials.

Acknowledgement
The author wishes to express his gratitude to DmottSMcMeekin of Glasgow
Caledonian University for the carrying out the mlbdg of all the fabricated structures

shown in this chapter and for discussions regarttiaganalysis of the results.

- 106 -

University of Glasgow 2009-2010



Basudev Lahiri

References

1. V. A Fedetov, M. Rose, S. L. Prosvirnin, N. Papasis and N. I. Zheludev, “Sharp
Trapped-Mode Resonances in Planar Metamateriatsaniiroken Structural

Symmetry,” Phys. Rev. Lett. 99, 147401 1-4 (2007).

2. C. Debus and P. H. Bolivar, “Frequency selectivefames for high sensitivity
terahertz sensing,” Appl. Phys. Lett. 91, 184102 (2007).

3. C. Debus and P. H. Bolivar, “Terahertz biosensased on double split ring arrays,”
Proc. SPIE. 6987, 6987(0OU), 3-8 (2008).

4. S. Prosvirnin and S. Zouhdidvances in Electro-magnetics of Complex Media and

MetamaterialgKluwer Academic Publishers Netherlands) 281-2810Q).

5. E.M. Larsson, J. Alegret, M. Kall and D. S. Suthad, “Sensing Characteristics of
NIR Localized Surface Plasmon Resonance in GoldoNags for Application as

Ultrasensetive Biosensors,” Nano Lett. 7, 1256 {200

6. E. Cubukcu,S. Zhang, Y-S. Park, G. Bartal and X. Zhang, “Spiity resonator
sensors for infrared detection of single molecul@nolayers,” Appl. Phys. Lett. 95,
043113 1-3 (2009).

7. H. Guo, N. Liu, L. Fu, T. P. Meyrath, T. Zentgr&f, Schweizer and H. Giessen,

“Resonance hybridization in double split-ring restom metamaterials,” Opt. Exprss.
15, 19, 12095-12101 (2007).

- 107 -

University of Glasgow 2009-2010



Basudev Lahiri

8. N. Liu, H. Guo, L. Fu, H. Schweizer, S. Kaiser aidGiessen, “Electromagnetic
resonances in single and double split-ring resomatiamaterials in the near infrared
spectral region,” Phys. Stat. Sol. (b) 244, 4,132255 (2007).

9. E. Prodan, C. Radloff, N. J. Halas, P. Nordland&rHybridization Model for the
Plasmon Response of Complex Nanostructures,” Sej@t2, 419-422 (2003).

10.N. Papasimakis, V. A. Fedotov, Y. H. Fu, D. P. Taad N. I. Zheludev, “Coherent

and incoherent metamaterials and order-disordarsitrans,” Phys. Rev.B, 80,
041102 1-4 (2009).

- 108 -

University of Glasgow 2009-2010



Basudev Lahiri

Chapter 5

Optical sensing of thin film
organic materials using
asymmetric split ring resonators (A-SRRS)
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In continuation from the previous chapter about msetric split ring resonators
(A-SRRs), in this chapter the properties of A-SRiRs utilised to detect the presence of
very thin layers of poly-methyl-methacrylate (PMMA® commonly used positive
electron-beam resist. Many organic substances ajisgpectral resonances in the
mid-infrared range. In this chapter the resonant&-8RRs are tuned to match the
molecular resonances of PMMA to obtain its chargstie signature for the process of
detection. Finally, localised blocks of PMMA at sfjie hot-spots of the A-SRRs are

deposited to demonstrate enhanced optical senapapdities.
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5.1 Introduction

Optical Sensing and identification of thin film argc substances are at present subjects
of active research due to their huge potential ommercial applications [1-7]. It is
possible to identify an organic substance by detgdhe phonon resonance or resonant
absorption of the molecular compound from its cawrpdielectric properties, using
various optical methods [1-7]. Sensitive and adeudetection of minute amounts of
organic compounds are required for a number ofgaep - such as forensic and security
analysis and immunosensing [7]. High sensitivityicgl resonators such as Asymmetric
Split Ring Resonators (A-SRRs) resonating in thieaned region can modify their
responses with respect to a change in the overikatric environment [1, 8]. The
modification of the resonant response of A-SRRsaidunction of the dielectric

characteristics and hence could be utilised irr thegurate detection.

By using A-SRRs that resonate in the infrared negibthe electromagnetic spectrum, a
number of advantages are obtained. Firstly, thenasstry in the A-SRR type split-ring
resonators produces steeper responses than olitainaheir symmetric counterparts -
and hence they are more sensitive to a thin filnpatial thin film deposition on their
surface [8]. Secondly, by matching the responses-8RRs with the targeted molecular
resonance of an organic compound, a charactesigii@ture of that molecule is obtained
[8]. Thirdly, A-SRRs exhibit a resonant mode, tleecalled trapped mode, where the
optical electric field is distributed inside theRRs. By localizing the organic material
at these specific spots, further enhancement masigpuld be obtained [8]. The resonant
frequency of A-SRRs scales inversely with size [BB As described in reference [1],

-111 -

University of Glasgow 2009-2010



Basudev Lahiri

these arrays of A-SRRs with circular geometries agtpassive frequency selective
surfaces (FSS) at infrared frequencies. The A-S&Rdabricated on thin gold films on
fused silica substrates. The diameter of the A-SR&svaried from 1.35um to 1.55 um
to match the molecular resonance of the organicpocoimd, whilst the strip width was
kept constant at 100 nm in each case. The expetamegsults for optical detection of

very thin film of PMMA is described below

5.2 Detection of thin layers of PMMA

Many organic compounds contain molecular bondsekhibit spectral resonances in the
mid-infrared range (typically in the 3-5 um wavedtn range) [9]. This property has
provided the main motivation, for tuning the resaneesponse of the A-SRRs to mid
infrared wavelengths. In order to test the sensptiof the A-SRRs, the fabricated
structures were coated with thin films of poly-mgtimethacrylate (PMMA), a
commonly used positive electron-beam resist. Tlecehof PMMA was because of the
accurate control of the thickness obtainable viatrod of the spin speed used when
coating the sample. The refractive index of PMMAnat infrared wavelengths was
found to be 1.49 [10]. A strong resonant featura aavelength of around 5.7 um due to
absorption by the carbonyl bond of PMMA [10-11] wadsserved. The use of PMMA as
probe material for modifying the plasmonic behavias been described in reference [6].
Similar observation of enhanced infra-red detectibanother organic molecule (ODT) is
described in reference [4]. In experiments desdribere, different concentrations of
PMMA with molecular weights in the 80-18A0° range and around 3%0.0°, dissolved

in o-xylene, were spun onto the A-SRR array ated#ht speeds to give uniform

-112 -

University of Glasgow 2009-2010



Basudev Lahiri

thicknesses over the frequency-selective surfaB&)pattern. The PMMA thickness was
varied from 215 nm down to 30 nm, in order to testv effectively the A-SRRs were
able to detect its presence. Figure 5.1 showsttifte(experimental and simulation) in the
overall resonant response of the A-SRRs obtainebbdying the FSS pattern with 110
nm of PMMA. In the case of the Symmetric split rirgsonator (S-SRR1) array, the
overall shift due to the loading by the PMMA wasddtypically around 0.34 um in the
case of a 110 nm thick PMMA layer). In the casehaf asymmetric split ring resonator
(A-SRR2), where the two individual resonance pdad&some clearly distinct, the shift
observed in the position of the resonance was fdtggically around 0.51 um for a 110

nm thick PMMA layer).

Simulations using a 110 nm dielectric layer of aefive index of ~1.49 show a more
significant broadening of the peaks compared toettperimental results. The models of
the refractive index dose not include the molecudasorption resonance or any

wavelength dependence of the PMMA.
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SEM Image Experimental Spectra Simulation Spectra
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Figure 5.1: Table depicting the shift in the position of tesonance produced by loading
the S-SRR1 and A-SRR2 array with a 110 nm thiclkedayf PMMA. The first row with

solid lines depicts the experimental results. Teeoad row, with dashed lines in the
figures, depicts the corresponding simulations. Tfeck curves show the original
resonance without PMMA and the red curves showekenance with 110nm of PMMA
deposited on top. The spike present at a waveleoigth2 um in all the experimental

spectra indicates the presence of atmospheric catibaide.

In Figure 5.2 the overall shift in the position thfe resonances as a function of the
thickness of the PMMA layer is shown. Figure 5.2whthat A-SRR2 can register the
presence of very thin layers of PMMA - as low a #8n, which produces a shift in the

resonance of 120 nm.
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Figure 5.2: Showing the shift in the position of the A-SRR2nder wavelength
resonance as a function of the thickness of the RM&Yer (the solid line is a guide to
the eye).

As the thickness of the PMMA increases, the shifthe peak position saturates, which
can be attributed to the penetration of the profiagaplasmonic mode beyond the
PMMA layer becoming negligible. The sensitivity) of the A-SRRs towards PMMA is

given as [12]
s= o4 nm/ RIU
An

Where AZ is the shift in resonance wavelength atd is the change in the overall
refractive index. The unit of the sensitivity (s)given as nanometers (nm) per Refractive

Index Unit (RIV).
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From Figure 5.2 it can be seen that a 215 nm tRigkMA layer shifts the resonance
wavelength by 605 nm. A 215 nm thick PMMA layer eov all of the 50 nm thick  A-

SRR and much above it. Assuming that it replackthalair above the A-SRR (i.e. the
215 nm thick PMMA layer acts effectively as of mfe thickness above the A-SRRS),

the change in refractive index is obtained as 1.49-

Therefore, the sensitivity of the A-SRR for 215 tintk PMMA becomes

605
14S8-1

=123469nm/RIU

Thus, the sensitivity of an A-SRRs for ~200 nnckhPMMA layer is 1234.69 nm/RIU
which is a factor of 2.5 times more sensitive friisnnearest equivalent photonic crystal

resonator utilizing similar techniques with ethaasldescribed in reference [12].

In order to detect the presence of small amountpetific biological material - e.g. a

particular DNA fragment [1-2], complementary reaeptwould need to be attached to
the A-SRRs and, ideally, located near the ends evtier electric field strength is greatest,
or possible centre to access the trapped modeeofAHERR. This has been discussed in
the next chapter. By interpolation of the data iguFe 5.2, it can be seen that a 5 nm
uniform layer of PMMA would still produce a readibbservable shift in the resonance
peak position of around 25 nm — and, if the layeranocalised at the end of arms or near

the centre of the A-SRRs, the sensitivity shouldilgaificantly further increased.
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5.3 Matching the PMMA molecular resonance with theA-SRR
resonance

Poly-methyl-methacrylate (PMMA) exhibits a veryastg spectral resonance at about 5.7
pm wavelength in the mid-infrared. This is due tee tC=0O stretching band of
unconjugated ester i.e. the free carbonyl bond1[1]J0- and it is the strongest feature
observable whilst taking FTIR spectra of thin fiPMMA deposited over fused silica

substrates. Figure 5.3 shows the FTIR spectrura idfO nm PMMA film deposited over

silica substrate.

FTIR Spectra of PMMA

Carbonyl bond
resonance

Reflectance (AU)

5 5.5 6 6.5 7 7.5
Wavelength (micrometre)

Figure 5.3: FTIR spectrum of 110 nm thin PMMA layer depositackr silica substrate.
The spectral resonance present at 5.7 um is dihe faresence of carbonyl bond.
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In this section and onwards, the thickness of thi&/IR layer is kept constant at 110 nm
in all cases. By changing the length of A-SRRssitppssible to match the various
resonances of its arcs to the molecular resonahtteeacarbonyl bond of PMMA. This
results in the formation of sharpened spectraufestand enhancement in sensitivity. By
changing the overall size of ASRR-2 from the presgivalue of 1.2 um to the larger
diameter of 1.35 um - and later to 1.55 um diameiiewas possible to match the longer
wavelength resonance of the arcs with the strongeuatar resonance due to the carbonyl
group of PMMA. For A-SRRs with a diameter of 1.3% the shoulder of the resonance
of the longer arc (right-hand arc) matches thahefmolecular vibration resonance of the
carbonyl bond and enhances the signal. When thmeetiéa of the A-SRRs is changed to
1.55 um, the resonance peak of the A-SRRs mattiesarbonyl bond resonance of
PMMA, which results in further sharpening of thelewular resonance and enhancement

in the signal. Figure 5.4 (a) and (b) depicts dushaviour.

From Figure 5.4 it can be seen that when the differesonance modes of the A-SRR
matches with the PMMA carbonyl bond molecular resme i.e. in case of A-SRR of

diameter 1.55 um - a very steep response to PMMA&iteéty is obtained that enhances
the carbonyl bond resonance significantly, when mamed with bare PMMA deposited

over silica substrates of Figure 5.3. Further enbarent could be obtained by, localising
the PMMA at specific A-SRR hot-spots like near #nms or the centre where the optical
electric field is concentrated as shown in thedfiplots of Figure 4.10 of the previous

chapter.
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SEM Image
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Figure 5.4: Increase in the sensitivity of PMMA obtained bytaleng the resonances of
A-SRRs with its carbonyl bond resonance - withAeBRR of diameter 1.35 pm and (b)
A-SRR of diameter 1.55 pm. The black curve showesahginal resonance without the
PMMA - and the red curve shows the shifted resoaavith 110 nm of PMMA deposited

on top.
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5.4 Fabrication for localisation of PMMA at A-SRR hot-spots

The fabricated patterns were generated on fuséxh sSubstrates using electron-beam
lithography (EBL), with a charge dissipation laydraluminium deposited on top of the
electron-beam resist layer, each time that it et to electron beam (e-beam) writing.
At first the markers are defined using e-beam expoand developed and then subjected
to an electron-beam deposition of 50 nm nichromee 60 nm gold, followed by lift-off.
After the markers are defined in this way, the salbs is again coated with resist and
again subjected to another set of e-beam exposuraifning and defining the A-SRR
structures between the markers. After developnaehirther electron beam deposition of
2 nm of titanium and 48 nm of gold, followed by #rer lift-off process is required.
After the A-SRRs are clearly defined within the keas, a very thin layer of PMMA of
thickness around 110 nm is deposited over thengusghective spinning - and is then
again subjected to selective e-beam exposure wetoby development to localise the
PMMA at specific positions on the A-SRR arrays gsatignment techniques. At the end
of the process, square blocks of PMMA with an apéa-200 nm X 200 nm - and
thickness 110 nm - remain at specific positionthef A-SRR array. Figure 5.5 describes
the whole process of fabrication in detail. All tAeSRRs discussed in this section and

onwards have a diameter of 1.55 um.
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Silica Substrate

Nichrome Markers

Gold A-SRR

PMMA

Figure 5.5: Fabrication and Localization of PMMA at specifijmoss of A-SRRs (a) Creation
of Markers by EBL; (b) Alignment of A-SRRs insidgetmarkers; (c) Spinning of PMMA of
selective thickness over the A-SRRs; (d) Localsatf PMMA at specific points of the

A-SRRs.
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5.5 Localisation of PMMA at A-SRR Hot Spots

By localising the PMMA to specific hot spots (n¢lae ends of arms or at the centre) of
the A-SRRs (diameter 1.55 um) it is possible tdhieir enhance the signals. Attempts to
localise square blocks of PMMA at different posigoof supposed hot-spots for

electromagnetic activity in A-SRRs are shown inufes 5.6 to 5.8.
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Figure 5.6: SEM image of rectangular block of PMMA of thickses10 nm localised

near the arm of A-SRRs (inset) along with its cgpending experimental reflectance
spectra. The longer wavelength resonance modeedd48RR is somewhat matched with
the carbonyl bond resonance of PMMA that resulprioducing a very steep resonance

for the carbonyl bond.
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Figure 5.7: SEM image of square block of PMMA of thickness 1if localised at the
centre of the right-hand arc of A-SRRs (inset) glanth its corresponding experimental
reflectance spectra. The longer wavelength res@nancde of the A-SRR is again
somewhat matched with the carbonyl bond resonaric®MMA which result in

steepening of the carbonyl bond resonance.

From Figures 5.6 and 5.7 it can be seen that kinguPMMA selectively at certain spots
of A-SRR, instead of loading the whole FSS strugtuhe carbonyl bond molecular
resonance of the PMMA becomes more enhanced (seregmamplitude) and more
steeper (increase in quality factor). In order tndp out the other weaker molecular

resonances of PMMA, it is necessary to localiseRMMA at the centre of the A-SRR
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where the optical electric field concentration © &t a maximum but where multiple
oscillations of the field during the trapped modeites all the weaker resonances. It is

shown in Figure 5.8.
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Figure 5.8: SEM image of square block of PMMA of thickness Il localised near

the centre of the A-SRRs (inset) along with itsresponding experimental reflectance
spectra. Localising the PMMA block near the cewnfréhe A-SRR produces an increase
in its effective coupling with the trapped resoramoode of the A-SRRs, resulting in
emergence of previously unnoticed weaker resonafdesvarious peaks obtained here

(a-g) are identified and assigned in Table 5.1.
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The difference between placing the PMMA block nbarend of the arms of the A-SRRs
and inside the middle of the A-SRRs is better ifiated in Figure 5.9 where a close-up of

the spectra is taken with baseline correction.

1 Carbonyl bond
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O T T T T T T T
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Wavelength (micrometre)

Figure 5.9: Comparison between the spectra obtained with K&yIR block localised

near the end of A-SRR and (b) PMMA block localisgédhe middle of the A-SRRs. The
encircled peak in both spectra is the carbonyl bosgbnance. The various peaks
obtained here (c-g) are same as in Figure 5.8 enllentified and assigned in Table 5.1.
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As shown in Figure 5.9, by placing the PMMA bloakan the end of the A-SRR arc, only
the strongest molecular feature (carbonyl bond masce at 5.71 pum) is excited.
However, by placing a similar PMMA block at the trerof the A-SRR, all the molecular
resonances of the PMMA (weak and strong) are exdt® to the multiple oscillations of
the trapped mode. This results in the strongeseontdr feature being reduced to a
similar level as the other weaker resonances tae¢ lbeen enhanced. This effectively
trade-off the stronger single feature for multigbecitation of the weaker features. No
direct comparison between the intensity of spestimplied as he FTIR software used to
measure these spectra automatically performs gcdlinthe case of Figure 5.8 it is
evident from the apparent enhancement of the cadomxide spike present in 4.2 um

wavelength when compared with the same §ke at 4.2 um of Figure 5.7.

It has been confirmed by simulations that by plg@arblock of material of size similar to
that of the PMMA utilised here, with refractive md of 1.49, without a molecular
absorption resonance or wavelength dependencahthatverall spectrdoes nothange
as much as the experimental results. This imptiasthe emergence of weaker molecular
resonance features of PMMA and the enhancementeftrongest feature (carbonyl
bond), by placing the PMMA block near the centréhaf A-SRRs is primarily due to the
interaction of the A-SRR’s trapped mode featuré¢htat of the molecular resonances of
the PMMA. Unfortunately, little success has beetawmi®d in modeling the molecular
resonance of the PMMA at different positions andirmmomplete understanding of the

above effects remains. A detailed investigatiorodhts is in progress. Therefore; since
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no simulation based result can be obtained to boraie the above experimental result,

the description of the above effect still remairig/pothesis.

The peaks obtained in the reflectance spectragufr&i5.8 (a-g) are identified and

assigned from references [13-16] - and are showrabie 5.1

Peaks Wavelengths Assignments
(micrometers)

Stretching vibration mode of Gldnd CH

a 3.42

b 42 ~4.3 Presence of atmospheric g@@on PMMA
feature)

c 5.71 Free carbonyl bond

d 5.89 Carboxylic group of PMMA

e 6.07 C=C double bonding between two carbon
atoms in the main chain

f 6.63 CHszbending

g 6.89 In-Phase bending vibration of GH

Table 5.1: Assignments of PMMA peaks obtained when localisear the centre of A-
SRR arrays.

From Figure 5.8 it is seen that the localised PMMAalmost at the right place in the
centre with one rectangle per ring ~1/20 of areeeced but it has still enhanced the
signal. It is estimated that the amount of matedielected (PMMA) is 2.62 % of the

whole volume covered by the A-SRRs.
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Thus, it could be said that by localisation of BMMMA at specific points, it is possible to
enhance the sharpness of the carbonyl signature that when it is spun uniformly all
over. At the same time localisation enhances otleaker resonances of the PMMA that
usually remains undetectable with uniform coatingl avhen other than the centre

localised at different positions.

The use of localisation allows less material talbgected, since a small area is covered -
as opposed to the full substrate. The most obvidase to localise the material is near
the ends of sections of the asymmetric rings owéen the splits in the rings, since this
region appears to be where the field is strondgsivever, from Figure 5.8 it can be seen
that a substantially greater enhancement occurs whe material to be sensed and
characterised is placed close to the centre ohflyenmetric rings. This position allows
coupling of the sensed material with the so-caltegped resonance mode in which the
incoming light is effectively trapped by the spiihg structure. In turn, this localisation
effect allows greater interaction with the materdaand hence, greater spectroscopic
sensitivity. For the enhancement to occur, the sizéhe A-SRRs must be closely
matched so as to produce a trapped mode closeettrapresonances of the material of

interest.
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5.6 Conclusions

In this chapter, two different sensing effects haeen demonstrated that use A-SRRs:
firstly the shift in the resonance due to the dile properties of the PMMA and
secondly the change in line shape produced by nmgtdhhe A-SRR resonances to a
molecular resonance. Further enhancement is achieydocalising the PMMA block

near the centre of the A-SRRs for effective coupimnth the trapped mode resonance.
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Chapter 6

Asymmetric split ring resonators
(A-SRRs) for label-free optical biosensing
of DNA oligonucleotides
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From the previous two chapters, it is clear thagrAsetric split ring resonators (A-SRRS)
display excellent Q-factor resonances, in the micared frequency range, that can be
utilised for the detection of very thin layers afganic compounds. In this chapter the
use of A-SRRs for the detection and differentiatia two different DNA
(deoxyribonucleic acid) oligonucleotides is desedbOligonucleotides are short polymer
chains of nucleic acid comprising twenty or fewasés. Nucleotides, on the other hand,
are molecules that form the structural units of DA RNA (ribonucleic acid). DNA
molecules are known to exhibit molecular resonamedabe mid infrared range. In this
chapter the resonance of the A-SRR was tuned tomthabse of the DNA molecules -
for accurate and label-free detection of DNA oligoleotides. This method offers
considerable potential for the creation of A-SRRdmhoptical biosensors for different

types of biomedical application.
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6.1 Introduction

For many applications, e.g. security, forensic ysial and immuno-sensing, sensitive
detection of minute amounts of chemical and biodbahsubstances is required [1-4].
Many of the presently available techniques for phigpose are expensive and can only be
performed in specialised laboratories [2]. It ierd#fore highly desirable to perform
inexpensive screening tests that can be carried abumost anywhere, for preliminary
detection - before referring to a specialised labwy. There is therefore also a need to
develop dow costandportable detectiosystemthat offershigh sensitivityandaccuracy

in the detection of variousrganic/biochemical compounde.g. changes occurring in

patients' blood for early diagnosis of diseasenatigres of toxins, pathogens etc).

In recent years there has been extensive develdpaiebiomolecular sensing [5-6].
Advances made in the immobilization of biomolecutedo patterned surfaces have
contributed enormously towards biosensors that datect DNA [6]. The two main
methods available for the detection of DNA molesufstrands) are direct sequencing
and DNA hybridization [7]. DNA hybridization is aamparatively simple approach and
involves using a known single strand of DNA oligolaotide as a probe material to find
the hybridization state of the unknown DNA strai{l Fluorescent labelling is the most
common method for the hybridization detection ofkmmwn DNA strands [7-8].
Unfortunately, the fluorescent labeling method ist ronly complicated and time
consuming, but also modifies the DNA strands, theréowering the accuracy of
detection. At the same time, the fluorescent latgllapproach suffers from other
disadvantages such as label degradation, labellgld fluctuation, site dependency of
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fluorescent labels, and other factors [7-8]. Akkgk disadvantages make the fluorescent
labelling approach less efficient for accurate gmdcise analysis, as is required in

important applications fields such as cancer rebeldr8].

It is therefore desirable to develop alternate weshfor quick and accurate, label-free
detection of DNA molecules. Previous studies ohbmttheoretical and an experimental
nature have shown that DNA molecules exhibit adargmber of resonances in the mid-
infrared region, primarily due to their phonon dagmon modes [9-12]. The literature on
label-free detection of DNA molecules is fairly sp@a Bolivar et al [7] and
Brucherseiferet al. [8] have worked in this field and have shown tlepehdence of the
binding states of DNA fragments on their dielectpioperties in the lower terahertz
frequency region. On the other hand, utilisatiorS&Rs for detection of DNA is fairly
novel. Cubukclet al. [13] have utilised split ring resonator (SRR) meace to couple
with the infrared vibrational modes of a self-asbksti monolayer of octadecanthiol
molecules present in the gap region of SRRs. SilpilZhanget al. [14] have reported
on an ‘Asymmetric Bowtie Nano-Colorsorter’ workiingthe visible spectrum thatnay

be used for wavelength-selective photodetection.

In this chapter, two different types of oligonudides of thymine and adenine bases (5'-

[TTTTTTTT TTT TTT-3'- thiolmodifier C3 CpG and BAAA AAA AAA AAA AAA-
3’- thiolmodifier C3 CpG), in layers with thickness 5 nm each, are immobilized
(attached) on gold-based 1.7 um diameter A-SRRsictted on silica substrates. In all

the FTIR spectra in this chapter, they are labale®NA-T and DNA-A respectively. As
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seen in the previous chapter, by matching the A-SB$dnance with the molecular
vibrational resonance of organic compounds a l@amgancement could be obtained in
the resultant response that is then utilised foticap biosensing. Exactly the same
principle is used in the present chapter, whereAH8RR resonance is matched with the
molecular vibrational resonances of the two diffiél®NA oligonucleotides, in order to

enable their accurate, label-free, detection affdrdntiation.

The Thymine molecule exhibits two different confations [15]. The two different
conformations of the Thymine molecule and the latglof their atoms are taken from

Rastogiet al. [15] - and are shown below in Figure 6.1. Resoagneaks from both

conformations are observed in the experiments dssmlilater.

Conformation 1 Conformation 2

Figure 6.1: Conformations of Thymine molecule from referent®]|
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The scheme of the Adenine molecule and the lalgetifrtheir atoms are referenced from

Nowaket al.[16] and are shown below in Figure 6.2.

Figure 6.2: Schematic of Adenine molecules from reference.[16]

6.2 Synthesis of DNA oligonucleotides

Oligonucleotides were synthesized using conventigh@sphoramidite chemistry and

purified by reverse-phase high-performance liginicbmatography (HPLC) (atdBio Ltd.).

The sequences used are 5-TTT TTT TTT TTT TTT-3iiomodifier C3 CpG (Glen
Research), and 5-AAA AAA AAA AAA AAA-3’- thiolmodfier C3 CpG (Glen
Research). Oligonucleotide concentrations wererated using extinction coefficients

at a wavelength of 260 nm.
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6.3 Immobilization of oligonucleotides

The immobilization of the oligonucleotides was penied by Dr.-Huabing Yin.
Oligonucleotides were treated with 0.1 M dithiottole(DTT) in 0.1M NaHCQ at room
temperature, for 1 hour, to activate thiol termimggbups. After the extra DTT was
extracted with ethyl acetate, the oligonucleotidese de-salted using a Nap-10 column
(Pharmacia) and freeze-dried to make a solutiondedigned concentrations. The
substrate (A-SRR sample or a gold substrate) wamn tmmersed in a 5puM
oligonucleotide solution (either T sequence or Ajusmce) in DI water at room
temperature for 2 hours, followed by rinsing with\kater and DO. Schematics of the
immobilization of DNA oligonucleotides on a goldbsfrate and on an A-SRR sample

are shown in Figure 6.3.
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(a)
S
(b)
3
Silica
Gold
DNA

Oligonucleotides

Figure 6.3 Schematic showing the immobilization of DNA oligeleotides strands over
the metallic A-SRRs with (a) DNA strands attachitigemselves to uniform gold
substrate and (b) DNA strands attaching themseétvde A-SRR.

-139 -

University of Glasgow 2009-2010



Basudev Lahiri

6.4 Fabrication and Measurements

The fabrication and measurement techniques usteiwork for this chapter are exactly
the same as in the previous two chapters, involeiegtron beam lithography and FTIR
tools. All spectra present in this chapter are igigs a function of frequency specified in
wavenumbers, in order to follow the norms of spesdopic analysis methods. This
consistency also helps in obtaining a ready coreparbetween the observed resonances

and available references.

6.5 Results and discussions

In the detection of DNA oligonucleotides, two segiarsets of experiments are carried
out. In the first set of experiments, DNA oligonemiide (Thymine-sequence) was
immobilized over a 200 nm thick uniform gold substt An FTIR measurement was
taken and a similar spectrum from a gold mirrorssrgte (without DNA) was subtracted
from the spectrum. (In general the background wdsracted from the signal). This
procedure was followed in order to bring out thecfic features of the DNA attached to

the gold surface.

In the second part of the same experiment, the $a# oligonucleotide (a Thymine-
sequence) was immobilized over an A-SRR sample.AHR& spectrum of this sample
was taken and then an A-SRR spectrum obtained witlamy DNA attached was
subtracted from it. This procedure was also peréarin order to bring out the features of

the DNA attached to the A-SRR surface.
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The resulting two different spectra (DNA on a golurered substrate and DNA on an
A-SRR region) of the same DNA oligonucleotide (Thyeisequence) were then

compared. Figure 6.4 shows the two different spdoir comparison.

Detection of DNA-T
257 — DNA-T on A-SRRs
— DNA-T on Au substrates
20 -
Detection of DNA-T
=) oo o
< 5
o 15 7‘5
o g
C 3
8
3 10 -
l-lq—) 1450 1500 1550 1600
0: Wavenumber (cm-1)
5 _
O _
1300 1500 1700 1900
Wavenumber (cm-1)

Figure 6.4: Enhancement of the DNA-T features by A-SRRs. Tloe burve denotes the
FTIR spectrum of DNA-T immobilized on A-SRRs. Thelp curve denotes DNA-T
immobilized on uniform gold substrates. DNA featuoan be seen in the same position
for both samples, but much enhanced by the A-SRRpkawhen compared with the
uniform gold substrate sample. The inset providesase close-up view of the same
spectra from 1450 cito 1600 crif. The assignments of the various peaks of the

DNA-T features are given in table 6.1.
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As shown in figure 6.4, the A-SRRs have enhanced#ime DNA features by a factor of
two or more when compared with the uniform goldsitdie. This enhancement is due to
the resonance of the A-SRRs matching with thahefrholecular vibrational resonances
of the DNA oligonucleotides. It is also observedttthe FTIR spectra of DNA-T on an
A-SRR array shows greater enhancement for the Déufe around 1500 ¢hand
1800 cm'. This result is due to presence of the originaSRR peaks at those
wavenumbers. On the other hand, the DNA featuresinar 1700 cil are not so
prominent for the A-SRRs, due to the presence efdghoulder of the rising peak of
1800 cni. This experiment establishes the superiority of RRSbased biosensors over

uniform metallic substrates in the detection of DhlAgonucleotides.

In the second set of experiments, two separatestygeoligonucleotide (Adenine-
sequence and Thymine-sequence) were immobilizesvorsimilar A-SRR samples and
the respective FTIR spectra from each sample vedent A third A-SRR sample, similar
to the previous two samples was then treated Wwelsame solutions (DI water and@®
without immobilizing any DNA on it. The FTIR spegtn of this sample was taken and
was compared with the previous two spectra of DNt&ched onto the A-SRRs. This
procedure was carried out in order to establish diffdrentiate between the resonance
peaks of DNA and those of,D. The use of BD instead of KO in DNA FTIR
spectroscopy is a standard practice and is usdiféoentiate the DNA spectra from the
strong HO based absorption bands present around 3 um NiRlevggth range. The

comparative spectra are shown in Figure 6.5
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Figure 6.5: FTIR spectra taken from three different A-SRR siasipThe black curve
denotes an A-SRR sample treated sequentially withag solutions (DI water and 1D)
but without any DNA immobilized on it. The pink aar denotes an A-SRR sample with
DNA-T immobilized over it and the blue curve deotn A-SRR sample with DNA-A

immobilized over it.

In the final stage of this experiment, the non-DANARR spectrum was subtracted from
the remaining two spectra of DNA immobilized overSRRS, in order to bring out the

distinct DNA features. The result for detectiorDMA-T is shown in Figure 6.6.
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Detection of DNA-T
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Figure 6.6: DNA-T spectra obtained by subtracting the A-SRBcsum (black curve of
figure 6.5) from the spectrum for DNA-T immobilizesh A-SRRs (pink curves of figure
6.5), in order to bring out the different featurels DNA-T. The assignments of the

various peaks (1-24) are given in tables 6.1 frefarences [15-22].
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The result for detection of DNA-A is shown in Figus.7.

Detection of DNA-A | —DNA-A
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Differentiation of DNA oligonucleotides
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Figure 6.7: DNA-A spectra obtained by subtracting the A-SRRctum (black curve of
figure 6.5) from the spectrum for DNA-T immobilizeth A-SRRs (blue curves of figure
6.5), in order to bring out the different featuralsDNA-A. The assignments of the
various peaks (25-40) are given in tables 6.2 frefarences [16, 23-30]. The inset shows
a close-up comparison spectra of both DNA-T (recveuand DNA-A (green curve) to
illustrate that it is possible to differentiate Wween two different DNA strands using A-
SRRs.

From Figure 6.6 and 6.7 it may be inferred thatAR8RRs are able not only to enhance
the different DNA features but also make it possilbd differentiate between two

different types of oligonucleotide.
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The peak features obtained in the FTIR spectraMAD (red curve) of Figure 6.6 have
been identified and assigned from references [15-2ihd are shown in Table 6.1. As

noted earlier, both conformations for the Thymingeuoule are observed.

DNA T features
Peak No. Wavenumber (cri) Assignments
1 1363 C6-H deformation.
2 1400 N3-H stretching.
3 1419 N3-H and C6-H in plane bending
deformation.
4-5 1436-1457 Anti-symmetric stretching of €H
6 1473 N1-H bending.
7 1508 N1-H angle and in-plane bending.
8 1540 C2=0 stretching.
9 1577 N-H bending.
10 1596 HO vibration.
11 1637 C=C stretching.
12 1646 C5=C6 ring vibration.
13 1685 C4=08 stretching.
14 1697 C2=02 stretching.
15 1716 C=C stretching.
16 1735 C2=07 stretching.
17 1749 Carbonyl bond stretching.

Continued onto nexpage
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Peak No. Wavenumber (crif) Assignments
18 1772 C2=0 stretching.
19 1793 C4=0 stretching.
20 1801 C2=08 stretching.
21 1847 C2=0 stretching.
22 1868 C4=0, C5=C6 out of phase stretching.
23 1895 C4=0, C5=C6 in phase stretching.
24 1909 C2=0 stretching.

Table 6.1: Identification and assignments of the various pekDNA-T spectrum from

references [15-22].

The peaks obtained in the FTIR spectra of DNA-Aeégr curve) of Figure 6.7 are

identified and assigned from references [16, 23&B8@] are shown in Table 6.2

DNA-A features

Peak No. Wavenumber (crif) Assignments
25 1398 Bending of N9-H, C2-H and C8-N9.
26 1419 Stretching of C4=C5 and C4-N9.
27 1436 C5-C6-N6 bending.
28 1457 N1=C6 stretching.
29 1473 N7=C8-H bending.
30 1488 N-H and C-H in plane deformation.
31 1508

N7=C8 stretching and C8-H bendinP.

Continued onto next page - 147 -
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32 1540 C=N stretch.

33 1598 Stretching of NH,

34 1625 C=N and C=C ring vibrations.
35,36,37 1648,1681,1697 Scissoring of NH

38 1706 C=0 and C=C bending.

39 1716 C6-N6 stretching.

40 1772 Scissoring of NH

Table 6.2: Identification and assignments of the various peafkthe DNA-A spectrum

from references [16, 23-30].

6.6 Conclusions

A-SRRs have been used for the label-free detectbntwo different types of
oligonucleotides. By matching the A-SRR resonandth ihe molecular vibrational
resonance of DNA strands immobilised on them, eobdudetection as well as possible

differentiation between two separate DNA oligonotiges strands is obtained.
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This is the final and concluding chapter of thisdis. This chapter describes work that is
still in progress and yet not been fully and corhpresively analysed and explained. As
suggested in chapter 4, the effect of the periadiangement of A-SRRs in an array on
their overall response has not been considereck, ler attempt made to understand the
impact of periodic arrangements on the A-SRRs mesg® This chapter also describes
the double A-SRRs (DA-SRRs). The DA-SRRs containg toncentric arcs of different
sizes. The two smaller arcs form the inner A-SRRéckv are concentric with the two
larger arcs forming the outer A-SRRs. It is obsérifat the DA-SRRs produce a steeper
response of high amplitude than single A-SRRs. I§ina suggestion is made to add
functionality to the SRRs with the use of siliconbstrate. Silicon being an active
material; its resonance response can be controlleapplying an external optical pulse to
excite free charge carriers. These free chargeecaucan short out the SRR gap, thereby
turning off the LC resonance. This process provalassvitching mechanism for dynamic
control / tunability over the resonant respons&BR based metamaterials. The overall

summary and conclusions of the entire thesis isqmted at the end.
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7.1 Impact of different lattice spacing on the ovall response

of A-SRRs

As shown in chapter 4, the two asymmetric arcshefA-SRR (left-hand arc and right-
hand arc) interact with each other and producesepstesponse. However, since the A-
SRRs (or any SRRs) are arranged in an array stejditere is a strong possibility of
similar interaction between the nearest neighbd@apasimakigt al. [1] has shown that
by introducing random disorder into the array agement of A-SRRs, their
characteristic response disappears. But there mardgion of what happens by changing
the periodic arrangements and the lattice spacigden the A-SRRs. In this experiment
the period/lattice spacing (a) of the A-SRRs (certty centre distance between two
nearest neighboring A-SRRs) is varied and its dvemapact on the resonance is
observed. All other factors including the diameteirA-SRRs are kept constant at 1.25
um in all cases. A square periodic arrangementastained throughout. Figure 7.1

shows the SEM image of one such array.

$4700 10.0kV 10.8mm x30.0k SE(U) 10/26/09 16:35 1.00um

Figure 7.1: SEM image of A-SRR array with the period/lattipasing (a) of 1.45 pm. In
all of the subsequent experiments the period (ajcieased keeping all other parameters
constant. A square periodic arrangement is maieteihroughout.

Figure 7.2 provides the response of A-SRR arrafs different lattice spacing.
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A-SRR impact of lattice spacing

—a=1.45pum
—a=1.55um
—a=1.65um

a=175um
—a=2.00 um
—a=250pum
—a=23.00 um
—a=4.00 um

Reflectance (AU)

3 3.5 4 4.5 5 5.5 6
Wavelength (micrometre)

Figure 7.2: Reflectance spectra of A-SRRs with increasingckatspacing (a). It could be
seen that by increasing the lattice spacing (ajethe an almost linear decrease in
amplitude of resonance. At the same time, theWiitgh of both the resonance peaks gets

narrower with increase in lattice spacing till thegch an optimum value for (a).

From Figure 7.2 it is observed that as the lattigacing between the A-SRRs increased,
their reflectance amplitude goes down linearly. tBa other hand, both the resonances
(longer and shorter wavelength) becomes narrowendrgasing the lattice spacing up to
a certain point and then starts to broaden agdierefore, it could be inferred that the
lattice spacing in the A-SRRs has an optimal vaktewhich the linewidth of the
resonance peaks are narrowest (with highest Q#aethich becomes broader with any
change (increase or decrease) in the lattice spaéia the period of the A-SRRs is

increased the whole array becomes dilute (spargb)less and less metal per unit cell.
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This results in reduction of the reflectance aropi with increased lattice spacing. In
Figure 7.3 the reflectance amplitude of the asymmeatode (longer wavelength peak) is

plotted with respect to the lattice spacing.

Effect of Lattice spacing on Reflectance
amplitude
40
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O
@
S |
L 10
O T T T T 1
0 1 2 3 4 5
Lattice spacing (micrometre)

Figure 7.3: The reflectance of A-SRR array as a function efltitice spacing (a) at the
longer wavelength peak. It could be seen that lyessing the lattice spacing the

reflectance of the array reduces almost linearly.

In Figure 7.4 the Q-factor of the asymmetric mddeder wavelength peak) is compared

with the lattice spacing of the A-SRRs.
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Effect of Lattice spacing on Q factor
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Figure 7.4: Plot of Quality factor of A-SRR’s longer wavelehgtesonance peak with
respect to the lattice spacing of the array. Tighdst Q-factor is achieved at a period of
2.5 um that is the exact double the A-SRR diameter.

From Figure 7.3 the quality factor achieves itk value at a lattice spacing of 2.5 um
after which it progressively reduces. Now, 2.5 snexactly double the A-SRR diameter
of 1.25 um. So, the best quality factors are addewhen the following condition is
fulfilled.

a=2d (7.1)
Wherea is the period of the A-SRRs adds the diameter.
Thus, the A-SRR array achieves the highest Q-Fdotoits asymmetric mode (longer
wavelength resonance) when each A-SRR is sepdogtélte exact same distance as its
diameter, from its nearest neighbour. The Q-Faofothe symmetric mode (shorter

wavelength resonance) behaves similarly.
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The explanation for this can be taken from Chagtévhen two nearest neighbouring A-
SRRs are separated almost by their diameter, fitr d&ymmetric and symmetric modes,
the charges accumulated at the end of arcs arelis@guit from one another. Thus, the
interaction (charge oscillation) between the twosanf the A-SRRs (left-hand arc and
right-hand arc) becomes almost similar to the adgon between the arcs of the nearest
neighbouring A-SRRs. In all other case, the intivas between nearest neighbouring
arcs of A-SRRs are dissimilar to that of the intdom between themselves. Thus, the
best response is obtained in an A-SRR array whéividual A-SRRs resonate in the

exact same manner as they resonate with their stezggyhbour.

The reason for the sudden shift of the resonanakspier A-SRRs of a = 3 pm and above
towards the longer wavelength is still unknown andritical analysis of this is under
progress. At the same time, other periodic arramgesnsuch as hexagonal period,
honeycomb period, quasi period etc are being egglto arrive at an optimal value for

the Q-factor.
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7.2 Double asymmetric split ring resonators (DA-SRB)

In a double asymmetric split ring resonator (DA-JRRere are two sets of A-SRRs
(inner and outer) concentric to one another. Tlestresponse produce by the inner
A-SRR is further augmented by the outer A-SRR eting it. Figure 7.4 shows the SEM

image and the reflectance spectra of such a DA-SRR.

D-ASRR
18 ~

3 14 -
<
(]
(&)
c
8 10
(&)
Q
©
[vd

6 ]

2 T T T T 1

2.5 35 4.5 55 6.5 7.5
Wavelength (micrometre)

Figure 7.4: SEM image (inset) of a double A-SRR (DA-SRR) warsmaller (inner)
A-SRR encircled by a larger (outer A-SRR) alonghwiils corresponding reflectance
spectra. The angular gaps between the inner aed At8RRs are kept constanta?s’.
The measurement is done for normal incidence VighE- field placed perpendicular to

the gaps as shown by the dotted arrow.
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As shown in Figure 7.4, all four different sized¢saof the DA-SRR interact among each
other to produce four different resonance peake rEsonance peak at  3.69 pm has
both higher amplitude as well as higher Q-factorewlcompared with the shorter

wavelength resonance of a single A-SRR. A detatelysis of all these resonance peaks

as well as the working of the DA-SRR is in progress

7.3 Dynamic switching of SRR resonances at telecom

frequencies

For many potential applications like secure shartge communication, spectroscopic
imaging etc it is require to create metamateriaih \& tuneable response [2-3]. The
objective here is to produce a switching mechari@nadynamic control / tunability over
the resonant response of metamaterials in theommlesavelength range. It has been
observed that for metamaterials fabricated on semdiector substrates, the resonance
response can be controlled by applying externatusii[2-5]. By applying an external
optical pulse of suitable duration, repetitive rated specific centre wavelength, to the
substrate, free charge carriers can be excitedselee charge carriers short out the SRR
gap, thereby turning off the LC resonance [2, JjisTprocess is governed by optical
generation, recombination and electrical transpbdarriers and so the material selection
and fabrication process are vital. By using femtose optical pulse, very fast switching
Is possible, which is a clear advantage over apglyxternal voltage for somewhat

similar effects.
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The work done on the dynamic control of metamalt@rnaperties is limited, with mostly
performed in the low terahertz frequency range,[8}3No result has been shown so far,
which depicts optical switching properties at telacfrequencies (~200 THz) for SRRs
fabricated on semiconductor substrates. The SRRgibded in this thesis (Chapter 2 and
Chapter 3) are fabricated on the common semicondwstibstrate of silicon, due to its
availability, cost efficiency, fabrication toleramcrobustness and above all the favorable
position it commands in the semiconductor indusBgth gold and aluminium metals
have been used to fabricate the SRRs. The siligbstsate metallic SRRs fabricated here,
demonstrates resonances at telecom frequenciassiBy a laser of wavelength less than
the band edge of silicon (< 1.1 pm) and focusir@nithe SRR substrate, it is possible to
generate large number of electron and hole palrs.pumping power of the laser should
be high so that enough photo-carriers are genethttdshorts the SRR gap and thus,
shunts the LC resonance. Since silicon is an intiband gap semiconductor, indirect
recombination is expected. The recombination peal occur in indirect transition via

localised energy states in the forbidden energy gap

Thus, it is believed that such a device would mdy ®e unique in demonstrating control
at high frequency for potential telecom applicasitnut it would also be welcomed by the
industry due to its simplicity in fabrication (witthe use of aluminium). These are the
two very clear and distinct advantages in fabnatimetallic SRRs over silicon

(semiconductor) substrates. A detailed working iamdstigation on all these experiments

are in progress.
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7.4 Summary and conclusions

As it has been shown throughout this thesis, tipdit sing resonator (SRR) based
metamaterials display very interesting electroméignproperties. In the first three
chapters the fundamental workings and propertiesaob-scale SRRs resonating in the
(near and mid) infrared and the visible spectrumevpeesented with the effect of various
metals and substrates considered. In the last tbthhepters of this thesis, the steep
resonance response of asymmetric split ring reson#@-SRRs) are utilised for the
optical detection of very small amount of organiatemials (PMMA) and biochemical
substances such as oligonucleotides (DNA strafid®tefore, it can be concluded that
metamaterials offer exciting and challenging padbsés for novel electromagnetic
responses and hence, research is encouraged taueoit utilize their properties for

various applications ranging from optical biosegdim telecommunication and more.

- 164 -

University of Glasgow 2009-2010



Basudev Lahiri

References

1. N. Papasimakis, V. A. Fedotov, Y. H. Fu, D. P. Tsaid N. I. Zheludev,
“Coherent and incoherent metamaterials and ordearder transitions,” Phys.
Rev. B, 80, 041102 1-4 (2009).

2. H.T.Chen, W.J. Padilla, J.M.O. Zide, Seth R. Bahithur C. Gossard, Antoinette
J. Taylor, R.D. Averitt, “Ultrafast optical switalgy of terahertz metamaterials
fabricated on ErAs/GaAs nanoisland superlatticestit3 Lett. 32, 12, 1620-1622
(2007).

3. W.J. Padilla, A.J. Taylor, C. Highstre, Mark LeePRAVveritt, “Dynamic Electric
and Magnetic Metamaterial Response at TeraheriguEreies,” Phys.Rev. Lett.,

96, 107401 1-4 (2006).

4. Z. Sheng and V.V, Varadan, “Tuning the effectivepgerties of metamaterials by
changing the substrate properties,” J. Appl. Plsysio®1, 014909 4-7 (2007).

5. H-T Chen, W. J. Padilla, J. M. O. Zide, A. C. Gadgsa&. J. Taylor and R. D.
Averitt, “Active terahertz metamaterial devices,atNre, 444, 597-600 (2006).

- 165 -

University of Glasgow 2009-2010



Basudev Lahiri

- 166 -

University of Glasgow 2009-2010



