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Introduction

In 1704, Newton demonstrated that total internal reflection at an interface sepa-
rating a denser and a rarer medium can be inhibited and predicted the existence
of evanescent waves in the optically rarer medium [1, 2]. The term evanescent
means ‘tending to vanish. The amplitude of the evanescent wave decays expo-
nentially away from the interface, making it impossible to detect them far away
from the interface. The evanescent waves are most intense within one-third of a
wavelength from the interface. The region that contains the evanescent waves is
called the ‘near-field. Near-field Optics (NFO) concerns the behavior of electroma-
gnetic waves in structures that are small compared to the illumination wavelength
or in the close vicinity of a surface. The technique of Near-field Scanning Optical
Microcopy (NSOM) enables the investigation of light-matter interactions by collec-
ting evanescent waves generated close to the interface, providing a sub-wavelength
resolution.

Arapidly developing hybrid branch of optics and electronics, unraveling the op-
tical properties of metallic thin films and nanostructures, is plasmonics. Both plas-
monics and NFO can be thought of different branches in Optics, closely connec-
ted to each other. Surface Plasmon Polaritons (SPPs) [3] are electromagnetic ex-
citations coupled to the free charges of a conductive medium (metal) and bound
to an interface with a dielectric. The simplicity of plasmonics is that you do not
need a sophisticated experimental setup to generate SPPs. The fundamental buil-
ding blocks of a Surface Plasmon Resonance (SPR) device are a glass prism coated
with a thin (around 50 nm) film of noble metal, a monochromatic light source, a
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photodetector, and a polarizer. The most simplest of the SPP excitation scheme
is a Kretschmann-Raether configuration [4]. For p- (or parallel) polarized incident
light, the evanescent waves generated in total internal reflection in the glass prism,
resonantly excite SPPs on the metal-air interface. The excitation of SPPs is seen as
a minimum in the intensity of light reflected off the metal film. The Kretschmann-
Raether configuration is commonly used for sensing applications [5] and can be
easily incorporated in an NSOM for imaging the SPPs [6].

Since their first observation [7], the presence of SPPs were commonly dedu-
ced by detecting the light reflected off the metal layer. The evanescent nature of
the SPPs prevents their direct detection by far-field techniques. Direct visualiza-
tion of SPPs is significant if one may want to manipulate SPPs by engineering the
metal surface [8, 9]. The direct detection of SPPs is possible by introducing a sub-
wavelength scatterer that can perturb and convert the SPP field into a propagating
field, to be detected in the far-field. The excitation of SPPs in the Kretschmann-
Raether configuration and their detection using an NSOM [10, 11, 12, 13] have found
applications in sensing [5, 14, 15], focusing [8, 16], and wave-guiding [17].

1.1 Phase shifts at surface plasmon resonance

In 1947, another optical phenomenon related to the evanescent wave was demons-
trated by Goos and Hianchen: a lateral displacement of the light reflected off a metal
layer [18]. The so called Goos-Hénchen (GH) shift is due to the presence of the eva-
nescent waves which undergo a phase shift with respect to the incident light [19].
The GH shift in total internal reflection, for example in a glass-air system, is of the
order of the illumination wavelength [20]. Hence measuring the GH shift requires
a highly stable experimental setup. An increase in the GH shift to several microns
can be achieved by coating the glass surface with a metal layer [21]. Exciting SPPs
on the metal surface can also be used to increase the GH shift, due to the sharp
phase change at SPR. The enhancement in the GH shift has been used to improve
the sensitivity of SPR sensors [22, 23, 24].

In SPR sensors, detection of the phase shift at resonance shows the highest sen-
sitivity [22]. Most commonly, the phase shift at SPR has been measured by using
the s- (or perpendicular) polarized light as a reference, since SPPs cannot be exci-
ted for that polarization. However, the phase in the s-polarized light varies slowly at
SPR due to a phase change in the associated evanescent waves. In this thesis, two
different approaches are demonstrated to retrieve the phase shift at SPR on a gold
thin film and a gold buried grating. First, an interface that does not support SPPs,
such as a glass-air interface, is used as the reference. This enables one to measure
the phase shift at SPR on the gold thin film, without changing the polarization state
of the incident light and hence could be a convenient approach for SPR sensing.
The second approach is to extract the phase shift at SPR on the gold buried grating
by using a non-resonant diffracted order as the reference.
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1.2 Buried grating

The momentum of SPPs is higher than that of light of the same frequency in the
free space and hence SPPs are bound to the metal-dielectric interface. The SPP
field decays in a direction both perpendicular and parallel to the interface. The de-
cay of the SPP field perpendicular to the interface leads to a field confinement on
the metal surface and the decay along the interface defines the propagation length
of SPPs. Due to the lossy nature of metals, the SPPs propagating along the surface
reduce their energy in the form of heat into the metal [25]. In addition to the heat
dissipation into the metal, the propagation length of SPPs is also influenced by the
radiative damping of SPPs by surface irregularities as well as the presence of a hi-
gher refractive index medium.

A prism, a grating or a sub-wavelength scatterer are commonly used to provide
the extra momentum to couple to SPPs. By combining the prism and the grating,
multiple SPPs can be excited. The grating-coupled SPPs propagate on the grating
and hence couple back to radiation (radiative damping), which will reduce their
propagation length. A novel grating design is presented in this thesis - a grating
turned up-side down referred to as a ‘buried grating’. A three-dimensional view of a
buried gold grating placed on top of a glass hemispherical prism, exciting multiple
SPPs is shown in Fig. 1.1. The most practical benefit of using a buried grating is that
one can have a flat metal surface as a template for self-assembled monolayer and
functionalized bio-molecular platform for bio-sensing applications.

MMMMM/\MMMA AAAAAA
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Figure 1.1: Three-dimensional view of a buried gold grating placed on top of a glass hemispherical prism
exciting SPPs coupled via the grating and the prism. (Picture made by Florian sterl)

1.3 Outline of the thesis

This thesis is the merging of plasmonics and near-field optics. A near-field scan-
ning optical microscope is used throughout the thesis to detect SPPs and investi-
gate the phase shift and the propagation length of SPPs, which play important roles
in improving the sensitivity and dynamic range of SPR sensors.

Chapter 2 gives an introduction to the field of plasmonics. Surface plasmon
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polaritons, their occurrence, properties, excitation, detection, attenuation and ap-
plications are briefly explained.

In Chapter 3, a brief overview of NSOM is given. Among the different NSOM
configurations, the principle and operation of a Photon Scanning Tunneling Mi-
croscope (PSTM) is presented in detail. A heterodyne interferometric PSTM is de-
monstrated to simultaneously detect the topography of a sample surface and the
amplitude and phase of the optical near-field on the surface. Applications of the
PSTM such as detection of the optical intensity on the exit of an integrated wave-
guide, imaging of the complex SPP field on a thin gold film, and the SPP interference
fields generated on a buried gold grating by combining the prism and the grating
coupling schemes are demonstrated.

Chapter 4 presents the extraction of phase shifts at SPR on two different samples:
a flat gold surface and a buried gold grating. In the former sample, the phase shift
across a glass-gold transition region of the sample, due to the excitation of SPPs on
the flat gold surface, is detected by using an adjacent glass surface as a reference.
The resonant phase of SPPs excited on the buried gold grating is extracted using
a non-resonant diffracted order as the reference. The phase shift measured in the
former sample incorporates both the Goos-Hénchen shift and the SPR phase shift;
while that in the later sample extracts the SPR phase shift.

In Chapter 5, the influence of a grating on the scattering and the propagation
length of SPPs are studied. The propagation length of SPPs on two different grating
designs - a buried grating and an exposed grating - are detected using the hetero-
dyne interferometric PSTM. The full width at half maximum of the surface plasmon
resonances in the near-field of the gratings and the propagation length of the SPPs
beyond the gratings are measured. Furthermore, the performance of the gratings
are compared for applications such as sensing and nanofocusing. Simulations ba-
sed on rigorous coupled wave analysis to evaluate the figure of merit of a SPR sen-
sor, for both gratings, are presented. Finally, a combination of a phase-matched bu-
ried grating and a tapered waveguide is proposed as a device for three-dimensional
nanofocusing of SPPs.



Plasmonics: metal based
nanooptics

2.1 Introduction

A large portion of the periodic table is occupied by metals such as alkali metals, al-
kaline earth metals, transition metals, post-transition metals, lanthanoids and ac-
tinoids. Metals are known for their characteristic physical, chemical, mechanical,
and electrical properties. The free electrons in metals make them good reflectors,
for frequencies up to the visible part of the electromagnetic spectrum [26].

The free electrons in metals undergo collective oscillations with respect to the
stationary ions and the quanta of these oscillations are called plasmons. Plasmons
can couple with photons or electrons to form plasmon polaritons. For small me-
tal particles, referred to as ‘metal nanoparticles’ with sizes less than the wavelength
of the incident electromagnetic radiation, the plasmons concentrate energy in all
three dimensions within a nanoscale, and are called localized surface plasmons.
The associated resonance is called the Localized Surface Plasmon Resonance (LSPR)
[27] and is illustrated in Fig. 2.1a. The size-dependent optical properties of metal
nanoparticles have been used to impart colors in stained glass and pottery since
the time of the Romans [28].

If we make the surface of the nanoparticle larger by increasing its diameter, the
three dimensional localized nature of the plasmon polaritons are lost. Instead the
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Dielectric (¢4)

Metal (em)

(a) (b)

Figure 2.1: Schematic diagrams illustrating the charge and electric field associated with (a) a localized
surface plasmon and (b) a surface plasmon on an extended metal film.

plasmon polaritons are confined to the surface of the metal to form Surface Plas-
mon Polaritons (SPPs) [29]. A widely used definition for SPPs on an extended metal
surface is: “collective oscillation of conduction electrons on an interface separating
a metal and a dielectric, whose amplitude decays exponentially away from the in-
terface” [28]. The charge and electric field associated with surface plasmons on an
extended metal film is depicted in Fig. 2.1b.

2.2 Surface Plasmon Polaritons (SPPs)

In 1902, Wood observed certain anomalies in the diffraction of light on a metal gra-
ting [7]. Some of those anomalies were later identified as due to the excitation of
SPPs [30]. Later in 1957, Ritchie experimentally verified the excitation of SPPs on a
metal surface using electron energy loss spectroscopy measurements [3]. SPPs can
be understood from the dispersive (frequency dependent) property of metals and
the solutions of Maxwell’s equations for a metal-dielectric interface. The frequency
dependent complex dielectric function, e, (w) of a free electron gas [26], approxi-
mated using the Drude-Lorentz model, is given by

5
em@) =1-——+, (2.1)
w? +iyw
where
Ne?
wp = : 2.2)
€oMo

is the ‘plasma frequency’ of the free electron oscillation, w is the frequency of the
incident electromagnetic radiation, vy is the collision frequency of the motion of
the free electrons, N is the number of electrons per unit volume, e and m, are the
charge and effective mass of the electron, respectively, and €, is the permittivity
of free space. The real and imaginary parts of the complex dielectric function of
gold [31], used in the calculations presented in this thesis, are shown in Fig. 2.2. For

10
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Figure 2.2: The real (left) and imaginary (right) part of ey (w) for gold determined by Johnson and
Christy [31].

a lightly damped system, y < w and Eq. (2.1) reduces to
o
em(w)=1- —- (2.3)
w
For low frequencies where w is below the plasma frequency wp, em(w) is real and
negative or, in other words, the refractive index n = /€m is imaginary.

An electromagnetic wave propagating through a medium with an imaginary re-
fractive index decays exponentially in the medium [26]. Applying Maxwell’s boun-
dary conditions for an interface separating a metal and a dielectric, we get the SPP
wave on the interface with evanescent confinement in both media [28]. The sim-
plest geometry sustaining SPPs is that of a flat interface between a metal with a
negative real dielectric function and a dielectric with a positive real dielectric func-
tion.

2.3 Properties of SPPs

The electromagnetic field associated with SPPs on a metal-dielectric interface can
be described [32] by

E = E;,i—ei(kuxikiz—a)t)’ (2.4)

with the plus sign for z=0 and the minus sign for z<0, as shown in Fig. 2.1b.
Here k; and kj are the components of the incident wave vector (or propagation
constant) perpendicular and parallel to the interface, respectively. k; and k; are
obtained by solving the Maxwell’s equations for the interface [32] and are given by

ki = /lei(w/0)? ~ ki1, i = m(metal), d(dielectric),

kj =kisin0,

(2.5)

and
(2.6)

where c is the speed of light in vacuum, 6 is the angle of incidence and k; is the
wave vector of the incident light in the dielectric. k| is real and continuous through

11
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the interface and k, , is imaginary due to the fact that k > % and Relen (w)] <0,
which causes the SPP field amplitude to decrease exponentially as e%.ill?D | per-
pendicular to the interface, as illustrated in Fig. 2.3a. This property of SPPs leads to
the field confinement on the interface. The spatial extension of the SPP field in the
dielectric is higher than that in the metal because €4 <| Re[ern (w)] |. The SPP field is
parallel (or p-) polarized, where the electric field vector lies in the plane containing
the SPP wave vector kgpp .

The dispersion relation of SPPs propagating at the interface of an ideal metal
(Im[em ()] = 0) and a dielectric is given by

o | em(ed
Kspp = c\l em(w)+eq’ @D

and is plotted in the dispersion graph shown in Fig. 2.3b, which shows that the mo-
mentum of the SPP wave is higher than the free-space light momentum, forw < wy .

'y l
24 ® ! y=ck,
®p /
!
Dielectric wph2 I'
/ SPP
/
0 )
v k"
(a) (b)

Figure 2.3: Schematic representation of (a) the exponential dependance of the field E; and (b) the dis-
persion relation of SPPs at a metal-dielectric interface with negligible collision frequency. The black
solid line is the SPP dispersion, the dashed line is the light line in air, and the gray curve denotes the
dispersion of the radiative mode into the metal.

The graph is divided into two regions with respect to the light line w = ckj in
air: the one that supports bound (or non-radiative) modes which are to the right
of the light line, and the other that supports radiative modes located to the left of
the light line. For frequencies w < wp, SPPs are non-radiative and confined to the
metal-dielectric interface so that its dispersion curve lies to the right of the light
line. Radiation into the metal occurs in the transparency regime for > wp. A
gap in the frequency region is seen in between the non-radiative and the radiative
regimes that prohibit propagation since kgpp is purely imaginary in that region.

12
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2.4 Optical excitation of SPPs on a planar metal sur-
face

Surface Plasmon Polaritons can be excited on a metal surface, either fast moving
electrons or photons, when the in-plane wave vector component, k, of the exci-
tation beam matches the SPP wave vector kspp. The high energy electrons pene-
trate the metal film, scatter in different directions, and transfer their momenta to
SPPs [32]. To optically excite SPPs, special phase-matching techniques are requi-
red to shift the line light to intersect with the SPP dispersion curve, because kgpp
is higher than k, as is evident from Fig. 2.3b. The three widely used techniques to
optically excite SPPs are prism coupling, grating coupling, and a sub-wavelength
scatterer. The first two are investigated in this thesis. The sub-wavelength scatterer
can either be located on the metal surface or be a nano-sized aperture of an optical
fiber [33].

2.4.1 Prism coupling

A major advance in the study of SPPs was made in 1968, when Otto, Kretschmann,
and Raether presented methods for the optical excitation of SPPs on planar metal
films. Total internal reflection of light traveling from an optically denser to a rarer
medium, for example from a glass prism to air, generates evanescent waves in the
rarer medium [1]. The evanescent waves advance parallel to the interface with a
wavelength component given by

Aj=—. (2.8)

By placing an absorbing medium, such as a metal layer, in close proximity to the
reflecting face of the prism, the reflection can be reduced or attenuated which is
called Attenuated Total Reflection (ATR) [2]. ATR is a “lossy coupling” method since
the intensity of the incident light decreases exponentially in the metal layer.

A contact between the metal surface and the reflecting face of the prism is not
a necessary condition to obtain ATR. Depending on the location of the metal sur-
face, two different ATR configurations are possible: an Otto configuration [34] and a
Kretschmann-Raether configuration [4]. Schematics of the two configurations are
shown in Fig. 2.4. In the Otto configuration, the metal surface is separated from
the reflecting face of the prism by a dielectric of refractive index lower than that of
the prism. The evanescent field generated by total internal reflection at the metal-
dielectric interface couples to SPPs on the metal surface facing the dielectric spacer
layer. This method is suited for applications where the metal layer is a few hundreds
of micron thick.

In the Kretschmann-Raether configuration, a metal film with a thickness of se-
veral tens of nanometers is coated on top of the prism. The incident light illumi-
nates the metal film through the prism. The exponentially decaying incident elec-
tromagnetic field couples to SPPs on the metal surface facing the rarer medium.
The wave vector of the SPPs at the metal-prism interface is higher than that of
light inside the prism and hence the Kretschmann-Raether configuration does not

13
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Incident Reflected Incident Reflected
(a) (b)

Figure 2.4: Schematic showing the excitation of SPPs in (a) an Otto configuration and (b) a
Kretschmann-Raether configuration.

couple to SPPs at the metal-prism interface. In Surface Plasmon Resonance (SPR)
sensors, Kretschmann-Raether configuration is the most commonly used coupling
scheme due to the relatively simple optical system involved. A Kretschmann-Raether
configuration is also easy to integrate into a near-field optical microscope for ima-
ging SPPs, which will be discussed in Chapter 3.

Prism-coupled SPPs [13, 35, 36] are leaky waves that re-radiate light back to the
prism. Equation (2.5) implies thatk; isimaginaryin the metal and real in the prism.
This causes the re-radiated light to propagate in the glass prism, which destructi-
vely interferes with the specularly reflected beam to form a minimum in the spe-
cular reflection. The SPPs are 180° out of phase with the incident light. When the
SPPs radiate light back to the prism, an additional 180° phase change occurs for the
reradiated light and hence the reradiated light becomes in-phase with the incident
light or out of phase with the specular reflected light. This explains the destructive
interference between the re-radiated and the specularly reflected light.

A quantitative description of the prism-coupled SPPs is given in Ref. [32], using
the Fresnel equations for a three layer (glass/gold/air) system. A schematic diagram
of the glass/gold/air system with the Fresnel coefficients is shown in Fig. 2.5a. For
p-polarized illumination, the Fresnel reflection and transmission coefficients are
given by

. Tp12 + Ipogel?i2d 2.9
123 = - ) .
p 1+ Ip12 rnge(ZIkizd)
and

¢ tp12 + tpage ™2y 2.10)

123 = - ) .

P 1+ I'p12Ip23 eiki2d)

where
njzkh - Iliszj
rpij (2. 1 1)

=,
njzkh +ni2ij

14
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Figure 2.5: (a) Schematic diagram of a three layer system with the Fresnel reflection and transmission
coefficients. The magnitude (black) and the phase (grey) of the Fresnel (b) reflection ( rp123) and (c)
transmission (tp123) coefficients, respectively, for a 50 nm thick gold layer.

and
tpij = Ipijj + 1, (2.12)

are the Fresnel reflection and transmission coefficients, respectively, for a two layer
system, k ; is the perpendicular component of the incident wave vector as given in
Eq. (2.5), i and j can take values 1, 2, and 3 denoting the three different layers, and
d is the thickness of the gold layer.

The magnitude and phase of the Fresnel reflection and transmission coeffi-
cients are shown in Fig. 2.5b and 2.5c, respectively, for a 50 nm thick gold layer. The
dielectric function of the gold is € = —13.7 +i1.04, taken from Ref. [31], for a free
space wavelength of 632.8 nm. A dip in the magnitude of the reflection coefficient
denotes the resonant excitation of SPPs at the gold-air interface. The minimum of
the reflection coefficient coincides with the maximum of the transmission coeffi-
cient [32]. The sharp phase shift at the resonant excitation of SPPs has found appli-
cation in SPR sensors [22, 23, 24]. The extraction of the phase shift at SPR using two
different approaches will be discussed in Chapter 4.

For a smooth metal surface, the depth and the width of the reflection minimum
depend on the thickness d of the metal layer. For p-polarized incident light, the ma-
gnitude of the Fresnel reflection and transmission coefficients as a function of the
incident angle, for different thicknesses of the gold layer are depicted in Fig. 2.6a

15
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and 2.6b, respectively. Depending on the thickness of the metal layer, three dif-
ferent coupling regimes [10, 32] are possible:

magnitude [r

0 0=
40 41 42 4_3 _44 45 46 47 48 40 41 42 4.3 .44 45 46 47 48
Angle of incidence, 6 (deg. Angle of incidence, 8 (deg.)

(a) (b)

Figure 2.6: Angular dependance of Fresnel reflection and transmission coefficients rp123 and tp123, res-
pectively, calculated by using Eq. (2.9) and (2.10), for a gold layer with varying thicknesses.

Case 1: Under-coupling
When the metal layer is thick (d>50 nm), the re-radiated light disappears and the
magnitude of the Fresnel reflection coefficient increases.

Case 2: Optimum coupling

An optimum coupling is achieved when the re-radiated light is equal to the light
absorbed by the metal film. The thickness of gold layer required for an optimum
coupling is 50 nm for a free space wavelength of 632.8 nm.

Case 3: Over-coupling
When the metal layer is thin (d<50 nm), the re-radiated light increases. Again the
reflection minimum does not go to zero.

2.4.2 Grating coupling

A second SPP coupling mechanism is by using a diffraction grating. Patterning a
metal surface with a periodic array of lines or holes increases or decreases the wave
vector of the incident light by an integer multiple of the grating wave vector. The
phase matching condition for the excitation of SPPs via a grating is given by

kspp =k + mkg, (2.13)

where m is the order of diffraction. The grating wave vector kg = i—”, where Ag is

the period of the grating. A schematic of the grating coupling scheme is shown in
Fig. 2.7.

Grating-coupled SPPs [37, 38] have yielded a wide range of optical phenomena
such as cross-coupling between SPPs generated on both sides of the grating [39, 40],
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Incident Reflected

Figure 2.7: Schematic of the grating coupling scheme. The phase matching condition to excite SPPs in
this particular case is kspp = k| +kg

energy gap formation in the propagation of SPPs due to the interference of SPPs
on the grating [9], high resolution surface pattering using surface plasmon inter-
ference [41], and focusing SPPs by non-collinear phase matching using designer
gratings [8]. In addition, a grating milled on the shaft of a sharp metal taper has
been shown to couple light to SPPs that propagate to the tip apex of few tens of
nanometers to form a nanoconfined light source [42].

2.5 Attenuation of SPPs

SPPs generated on a metal surface propagate along the surface. However, they gra-
dually decay due to the attenuation inherent to the metal. The attenuation (or dam-
ping) of SPPs can be classified into two types: internal damping and radiation dam-

ping.

Internal damping

For a smooth metal surface, the attenuation of SPPs is mainly due to the absorption
of the SPP field into the metal, which is called internal damping [32]. The intensity
of SPPs propagating along the metal surface decreases as e"2™kspp¥ which de-
fines the ‘propagation length’ of SPPs as the length after which the intensity of SPPs

decreases to 1/e, given by
1

Lpp = = 2.14
PP 2Im [kgpp] @19

Using e, (w) for a gold layer of thickness 50 nm, taken from Johnson and Christy [31],
the dependance of the SPP propagation length on the free space wavelength A, for
SPPs excited at the gold-air interface, is shown in Fig. 2.8. The propagation length
of the SPPs increases with the free space wavelength of the incident electromagne-
tic radiation. For example, the SPP propagation length for silver is equal to 20 um
and 1 mm at A, equal to 500 nm and 1500 nm, respectively [43].

Radiation damping
The coupling of photons to SPPs is a reversible process. The decoupling process
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Figure 2.8: Propagation length of SPPs excited on a flat gold-air interface computed using the real and
imaginary values of ey (w) [31] as a function of the free space wavelength A, of the incident electroma-
gnetic radiation. Here it is assumed that the SPPs are not subjected to radiation losses.

is called Radiation damping. For a metal surface that is rough or periodically cor-
rugated, there are two processes that can contribute to the radiative damping: the
coupling of SPPs to radiation into the air space and the scattering of SPPs into other
SPPs propagating in different direction without any change in the absolute value of
the SPP wave vector. The former is discussed in the context of SPR sensors in Chap-
ter 5.

SPPs propagating on a grating surface can reduce their momenta, by the grating
wave vector kg, radiating light into the air space [36, 44, 45]. The light, emitted via
the roughness or the periodic surface corrugation, interferes with the reflected or
transmitted part of the incident light [46]. The phase of the reradiated light with
respect to the phase of the reflected or transmitted part of the excitation light de-
termines the shape of the SPP resonance.

The propagation length of SPPs can be increased by modifying the Kretschmann-
Raether configuration. The Kretschmann-Raether configuration is an asymmetric
two-interface system, and hence the kqpp, values at the two-interfaces are different
and cannot couple with each other. However, for a symmetric two interface system,
when the thickness d of the metal film is small enough (k; ,d <« 1), the SPPs at the
two interfaces interact with each other and the SPP dispersion curve splits into a
higher and a lower frequency [32]. The SPPs associated with the higher frequency
exhibit a longer propagation length which increases with decreasing d. They are
called long-range SPPs [47]. In addition to the spatial decay of SPPs, there exists a
temporal decay [32] of the SPPs that can be detected using a time-resolved optical
pump-probe technique [48].
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2.6 Detection of SPPs

Since SPPs are confined to the surface where they are generated, their direct detec-
tion is possible by frustrating and converting them back to a radiation. Detection
techniques that perturb the field associated with the SPPs are near-field imaging,
scattered light imaging, and fluorescence imaging.

A Photon Scanning Tunneling Microscope (PSTM) [49] has been used to visua-
lize SPPs with sub-wavelength resolution [10, 13, 50], which will be discussed in
Chapter 3. The SPP field can also be scattered by isolated surface irregularity [51]
which gives a measure of the SPP propagation length on a metal surface [52]. Ano-
ther way to detect SPPs is by coating a metal surface by emitters such as fluores-
cent molecules or quantum dots that can be excited by SPPs [53]. A Photoacoustic
detection method can be used to measure the non-radiative dissipation of energy
contained in the SPPs by probing the heat generated in the metal [54]. SPPs can also
be detected by decoupling scheme such as the statistical or periodic roughness of
the surface [55].

The conventional method to infer the presence of SPPs is by measuring the light
reflected off a metal surface as shown in Fig. 2.9a. A 15 x 15 x 0.3 mm glass covers-
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Figure 2.9: (a) The experimental set up to infer the excitation of SPPs where P is a polarizer, D is a
photodiode, and B is an objective. (b) The intensity of light reflected off a 50 nm thick gold film for p-
and s-polarized incident light as a function of the incident angle.

lip was sputter coated with a 50 nm thick gold layer (Ssens) and placed on top of
a glass (BK7) hemispherical prism with index matching oil in between to form a
Kretschmann-Raether configuration. A sheet polarizer (P) was used to choose the
polarization state of the incident light. A fiber collimator illuminates (free-space
wavelength of 632.8 nm) the sample and was mounted on a goniometric stage for
angles ranging from 40° to 50.8°. The incident angles were calibrated by measu-
ring the transmission angles without the hemispherical prism. A refraction of the
beam after inserting the prism can cause a change in the incident angle from the
set values. The divergence of the beam introduces a smearing in the incident angle
of about 1°. The incident angle 6 was chosen such that the light undergoes total
internal reflection for a glass-air interface. A photodiode detects the light reflected
off the metal film. A reflection measurement as a function of the incident angle is
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shown in Fig. 2.9b. The p-polarized incident light excites SPPs on the gold-air inter-
face at an incident angle of 43.8°. The minimum in the reflection curve does not go
to zero which is attributed to a difference in the amount of radiative damping when
compared to that of the internal damping in the metal [56]. For s- (or perpendicu-
lar) polarized illumination a flat reflection curve is obtained since the incident light
cannot couple to SPPs.

The leaky SPPs have also been used to visualize the SPPs propagating away from
a highly focused excitation spot [57] as well as to image the SPP dispersion in the
reciprocal space [58] using a technique called leakage radiation imaging. SPPs are
excited by illuminating the metal film through a glass prism using a highly focu-
sed optical beam. The incident beam provides a range of in-plane wave vectors
including those that satisfy the phase matching condition. The leakage radiation
collected at the prism side shows the SPPs propagating away from the excitation
spot.

2.7 Applications

Applications of SPPs vary from health [59] to sensing [5], from optical data sto-
rage [60] to optical waveguiding [16], and from surface lithography [41] to solar
cells [61]. The most widely known application of SPPs is sensing of chemical and
biological molecules and real-time monitoring of bio-molecular interactions [62]
on a metal surface, where a change in the refractive index of the surrounding me-
dium shifts the minimum in the reflection spectrum. Recently, a microfabricated
silicon SPR sensor combining a Si prism and an optical grating has been developed
for near-1R wavelengths [63] that might act as a miniaturized one-chip SPR sensor
for point-of-care use.

Applications of the localized surface plasmon resonance include surface en-
hanced raman scattering [64] for ultrasensitive biomolecular detection [65], cancer
diagnosis [66] and nanoshell-mediated cancer therapy [67, 68]. The recent deve-
lopment in nanolithographic tools has enabled surface patterning to nanometer
dimensions to manipulate the propagation of SPPs [8, 9, 69]. SPPs have also been
used to synthesize hybrid nanoparticles with varying size and shape in a controlled
way [70]. Increasing the optical absorption in the active medium of a thin film solar
cell using SPPs is another promising area [61].

In addition to manipulating SPPs by texturing a metal surface, Zhang and co-
workers have shown patterning a metal surface using multiple SPPs interfering with
each other, a technique called surface plasmon interference nanolithography [41].
The SPP mediated extraordinary transmission through sub-wavelength hole arrays
observed by Ebbesen and colleagues in 1989 [71] has recently been investigated
in the mid-IR region of the electromagnetic spectrum to act as an optical filter
by changing the lattice constant and the dielectric medium bounding the hole ar-
rays [72].
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3.1 Introduction

The generation of evanescent waves by total internal reflection paved the way for
the development of internal reflection microscopy with applications such as fin-
gerprinting, sensors and the measurement of thicknesses and refractive indices of
thin films [2]. The transition from propagating waves to evanescent waves marks
the lower limit on the size of an object that can be imaged using a conventional
lens-based optical microscope. When the width of the object is smaller than half
the wavelength 1 of the illuminating light, a large part of its angular spectrum be-
comes evanescent and hence cannot be resolved in the far-field [73].

3.2 Near-field Scanning Optical Microscopy (NSOM)

In 1928, more than two centuries after Newton’s demonstration of the existence of
evanescent waves, Synge put forward a concept to beat the resolution limit in op-
tical microscopy [74]. He proposed a miniature aperture, of approximately 10 nm
diameter, in a flat screen and moving it with great precision at a few nanometers
away from the object to be imaged. The resolution in this case is limited by the
diameter of the aperture and the distance between the aperture and the object.
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His concept developed over the years into a new form of optical microscopy cal-
led Near-field Scanning Optical Microscopy (NSOM). An NSOM consists of a sub-
micron aperture on an optical fiber, tapered down to around 50 nm, called a ‘probe’.
The probe is brought close to the surface of the object. A two-dimensional image
of the surface can be obtained by raster scanning the probe over the surface while
keeping the object stationary, or vice versa.

The first near-field scanning microscope was realized by Ash and Nicholls in
1972, which was operated at microwave frequencies [75]. In 1984, optical super-
resolution instruments were proposed [76] and a resolution down to 1/20 was achie-
ved [77]. In 1989, Reddick demonstrated NSOM as a tool to investigate light-matter
interactions at the nanoscale [49]. In the same year, Fischer developed a single par-
ticle plasmon near-field microscope [78].

3.2.1 Aperture-less and aperture NSOM

The basic principle of NSOM is the perturbation of the evanescent waves due to
the interaction between the probe and the sample surface. Depending on the type
of the probe used to perturb the evanescent waves, NSOM can be classified into
aperture-less and aperture. A schematic of the NSOM configurations [79] is shown
in Fig. 3.1.

opaque tip fiber tip fiber tip ﬁ
near field near fleld evanescent
Ilght I|ght waves )
l
substrate @ substrate \su bstrate

Figure 3.1: NSOM configurations: (a) an aperture-less NSOM, and (b) and (c) aperture NSOM in illu-
mination and collection modes, respectively. The filled and open arrows indicate the illumination light
and the detection light, respectively.

Aperture-less NSOM

Aperture-less NSOM uses either a sharp metallic probe or a fluorescent molecule
attached to the apex of the probe as the near-field scatterer. The probe locally per-
turbs the near-field on the sample surface. Upon vibrating the probe, the scattered
light can be detected in the far-field [80] as shown in Fig. 3.1a. A dielectric canti-
lever probe has recently been demonstrated to map the complex field of infrared
nanoantennas by interferometric detection [81]. Fluorescence quenching in mole-
cules by positioning a metallic probe close to the molecules forms another type of
NSOM [82]. Similar to the surface-enhanced raman scattering mentioned in Chap-
ter 2, the coupling to Surface Plasmon Polaritons (SPPs) on the apex of a metallic
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probe can give rise to local field enhancement, which is referred to as tip-enhanced
raman scattering. It has been used to image nanostructures with a spatial resolu-
tion better than 30 nm [83].

Aperture NSOM

Aperture NSOM uses a tapered optical fiber probe (referred to as a ‘tip’) as the near-
field scatterer. The two most commonly used methods to make the tip are chemical
etching [84] and a thermal-mechanical process [85]. The chemical etching process
involves immersing the extremity of a cleaved fiber into a buffered solution of hy-
drofluoric acid to make a sharp taper at the end of the fiber. In the thermal mecha-
nical process, a fiber of typically 125 pm diameter is melted and pulled to get an
apex diameter of approximately 75 nm. To reduce the coupling of stray light into
the dielectric tip, it can be coated with a thin layer of metal (usually aluminium).
The apex of the metal-coated fiber is cut perpendicular to the optical axis of the
fiber using a Focused Ion Beam (FIB) to create an aperture. The results presented
in this thesis were obtained using metal-coated dielectric tips. A Scanning Electron
Microscope (SEM) image of a typical metal-coated dielectric tip is shown in Fig. 3.2.

mag B HV curr | det WD tilt
49 880 x|5.00 kV |98 pA| TLD | 5.4 mm | 52

Figure 3.2: Scanning Electron Microscope image of a metal-coated dielectric tip with an aperture dia-
meter of 130 nm. The metallic coatings are 4 nm chromium (hardly visible) as an adhesion layer followed
by 200 nm aluminium.

The tip can act either as an emitter or as a collector. Hence the operation mode
of the aperture NSOM can be divided into two: illumination-mode and collection-
mode. In illumination-mode (Fig. 3.1b), the sample is illuminated by the tip. The
light from the sub-micron aperture of the tip is largely evanescent. When the tip-to-
sample distance is of the order of half the illumination wavelength, the evanescent
waves are converted into propagating waves and collected either by the tip or by an
objective lens placed on the transmission side of the sample. Decreasing the aper-
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ture diameter of the tip improves the optical resolution of the NSOM, but reduces
the throughput of the tip [86]. A collection-mode NSOM, or a Photon Scanning
Tunneling Microscope (PSTM) is shown in Fig. 3.1c. Evanescent waves generated
on the sample surface are perturbed and propagate into the tip. The principle and
applications of the PSTM are discussed in the rest of this chapter.

3.3 Photon Scanning Tunneling Microscope (PSTM)

A PSTM [49, 78, 87] can be considered as the optical analogue of a Scanning Tun-
neling Microscope (STM) [88]. The metallic tip used in the STM conducts charge,
whereas the PSTM uses a tapered optical fiber to conduct photons. The STM re-
quires electrically conductive samples and the PSTM requires optically transpa-
rent samples. The operating principle of PSTM is the frustration of the evanescent
waves by the tip, to be detected in the far-field. The evanescent waves are gene-
rated using several methods such as total internal reflection, diffraction by a sub-
wavelength grating, diffraction by a small aperture and diffraction in a waveguide.

3.3.1 Total internal reflection

The easiest way to generate evanescent waves is total internal reflection. For two
media with refractive indices n; and n, such that n; > ny, Snell’s law gives

n;sinf; = nysinf,, 3.1)

where 6; and 0, are the angles of incidence and refraction, respectively. The inci-
dent angle at which the refracted light grazes the interface separating the two media
is called the critical angle 6. given by

0 =sin"!(=2). (3.2)
np

When 0; > 0., all the light energy is reflected back into the denser medium.
This phenomenon is called total internal reflection and is depicted in Fig. 3.3a. If
light propagates from glass with an index of refraction of 1.51 to air with the index
of refraction of 1, the critical angle is 42.5°.

The solution of Maxwell’s equations at the interface implies that the tangential
component of the wave vector in the two media must be continuous across the
boundary, given by

k1 sin91 = kgsin62, 3.3)

where k; and k;, are the incident and transmitted wave vectors, respectively. Since
6, =90° at total internal reflection, we have k;sinf; = k.. There exists a wave in
the rarer medium with wave vector k; given by

kj =k =k sin6;. (3.4)

The perpendicular component of the wave vector in the denser medium is given by

k=, /kf - K. (3.5)
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Figure 3.3: (a) Total internal reflection of light at a boundary separating two media with refractive in-
dices nj and np such thatn; > ny. The evanescent wave is shown as an exponentially decaying wave in
the rarer medium. (b) The ratio of the penetration depth dp, to the illumination wavelength A in air as a
function of the incident angle 6 for a glass-air system.

Since k; is smaller than kj in the rarer medium, k; becomes imaginary. Onthey =0
plane, the solution to Maxwell’s equations is

E(x,z) = E,e@i¥el#/dp) (3.6)

where Eo,e@® is the complex amplitude of the transmitted field. Equation (3.6)
describes a wave advancing parallel to the interface (in the x direction) with its am-
plitude decaying exponentially away from the interface (in the z direction). Due
to its vanishing nature away from the interface, this wave is called an evanescent
wave. One property of the evanescent wave is that the surfaces of constant am-
plitude (parallel to the plane of the interface) are perpendicular to the surfaces of
constant phase (normal to the plane of the interface). Since they do not coincide,
the surface wave is inhomogeneous [89].

The distance perpendicular to the interface in the rarer medium at which the
amplitude of the evanescent wave decreases to 1/e of its value on the interface is
called the penetration depth d;, of the evanescent wave and is given by

dp = A : (3.7)

274/ (n;sinf;)? —nj

The value of dp depends on the refractive indices of the two media, the illumination
wavelength, and the incident angle [90]. The maximum penetration depth occurs

at the critical angle and thereafter it decreases with the incident angle. The ratio d—/{’
as a function of the incident angle, for an interface w1th equal to 1.51 (glass-air
system) is shown in Fig. 3.3b.

The existence of evanescent waves in the rarer medium causes another interes-
ting effect: the reflected beam undergoes a lateral displacement from its reflected
position described by geometrical optics (Fig. 4.1 in Chapter 4). The lateral beam
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displacement has been experimentally verified in 1947 by Goos and Héanchen and
the phenomenon is known as the “Goos-Hénchen effect” [18]. The combined spa-
tial phase shift of the evanescent waves associated with the Goos-Hénchen effect
and the surface plasmon resonance effect will be investigated in Chapter 4.

3.3.2 Frustrated Total Internal Reflection (FTIR)

In total internal reflection, there is no net energy flow through the boundary into
the rarer medium [89]. However, when a third medium with a refractive index equal
to or higher than that of the first medium is brought into the evanescent wave re-
gion, the incident light starts to couple into the third medium. The coupling from
evanescent waves can be achieved using two processes: Attenuated Total Reflec-
tion (ATR) for absorptive materials (discussed in Chapter 2) and Frustrated Total
Internal Reflection (FTIR)! for optically transparent samples. Unlike the ‘lossy cou-
pling’ in the ATR, FTIR is a ‘lossless coupling’ scheme where there is redirection of
energy without attenuation [2].

FTIR was first observed by Newton in the 17th century [1] and his experimen-
tal scheme is demonstrated in Fig. 3.4. In the experiment, the reflecting face of a

Figure 3.4: Pictorial representation of Newton’s experiment to demonstrate frustrated total internal re-
flection.

prism is placed against a lens with a large radius of curvature. Incident light under-
goes total internal reflection and produces a dark spot in the reflection and a bright
spot in the transmission. An interesting observation was that the luminous area
in the transmission was larger than the point of contact of the prism and the lens.
Evanescent waves generated at the reflecting face of the prism, untouched but still
close to the surface of the lens, are converted into waves transmitting through the
lens leading to a bigger bright spot in transmission [79].

Instead of the lens in the Newton’s experiment, PSTM uses a tapered optical
fiber to frustrate the evanescent waves. Upon introducing the fiber tip into the eva-

INot to be confused with Fourier transform infrared spectroscopy
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nescent wave region, FTIR occurs and the evanescent waves propagate into the fi-
ber [91]. A schematic of FTIR using an optical fiber tip is shown in Fig. 3.5.

PSTM

incident reflected

Figure 3.5: Principle of the PSTM: frustration of the evanescent waves by a tapered optical fiber tip.

3.4 Operating modes of PSTM

Imaging using PSTM is done by raster scanning the tip on the sample surface. To
precisely control the tip-to-sample distance, a feedback mechanism is used. The
PSTM can be operated in three different modes: constant intensity, constant height
and constant distance. The three different modes of operations are schematically
shown in Fig. 3.6.

(b) tip (c) tip

sample ;? ?§§ ; ‘:
surface

Figure 3.6: Operating modes of PSTM: (a) constant intensity mode, (b) constant height mode, and (c)
constant distance mode.

In the constant intensity mode (Fig. 3.6a), the tip-to-sample distance is adjusted
such that the intensity of light collected by the tip is maintained at a constant value
throughout the scan [92]. The resulting feedback signal will resemble the height
profile of the sample surface. The constant intensity mode is not suitable when
the intensity near the surface varies [79], for instance, caused by a surface plasmon
resonance. However, by using two different laser wavelengths with varying spot
sizes such that one laser is used to excite SPPs and the other laser is used for feed-
back purposes, one can image the lateral propagation of the SPPs [10]. In constant
height mode (Fig. 3.6b), the tip is scanned at a fixed distance from the average plane
of the sample. The PSTM image shows variations of the optical signal picked up by
the tip in accordance with the sample topography [91, 93]. A Constant distance
mode [8, 49] (Fig. 3.6¢) is the most widely used operating mode of the PSTM, where
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the relative distance between the tip and the sample is kept constant by using the
shear forces acting on the tip [94], or by measuring the tunneling current [95] in
the case of conductive samples. The former is generally termed as a shear force
feedback mechanism.

3.5 Shear force feedback

A shear force feedback was first proposed by Betzig [96]. The tip is glued along the
sides of one of the prongs of a quartz crystal tuning fork (32.768 Hz). The tuning
fork is attached to a piezoelectric material and mechanically dithered at its reso-
nance frequency by a dithering piezo-element [94]. The amplitude and the phase
of the tuning fork signal can be detected. When the tip nearly touches the surface of
the sample, the amplitude of the tuning fork signal is reduced and the phase shifts
due to shear forces acting on the tip. The tuning fork signal is used as a feedback
signal to position the tip at a constant distance of less than 20 nm above the sample
surface using a piezoelectric scanner [84, 97]. The tuning fork feedback signal fed to
the piezoelectric material encodes information about the height of the sample. In
addition, two more piezos, one each for the lateral (or in-plane) movements of the
tip, controlled with a position sensor, provide imaging in the plane of the sample.
Thus a PSTM operated with a shear force feedback mechanism provides both opti-
cal and two-dimensional topographic (height) information of the sample.

3.6 Applications of PSTM

In the early nineties, PSTM was mainly used to image surfaces with sub-wavelength
optical resolution [49, 90, 92]. Probing the evanescent waves generated on the sur-
faces revealed the sub-wavelength features on the surface. A more advanced ap-
plication of the PSTM is to investigate the behavior of light at the nanoscale. In
1994, Dawson and coworkers used a PSTM to image, in real space, the propagation
length of SPPs on a thin silver film [12]. PSTM has also been used to observe cou-
pling of light into an optical waveguide of sub-wavelength cross section [91, 98],
optical modes of silver colloid fractal structures [99] and transverse confinement of
SPPs propagating on a thin metal strip [13].

3.6.1 Intensity distribution on an integrated waveguide

In this section, the PSTM is demonstrated as an imaging tool to detect the intensity
of light exiting the end face of an integrated optical waveguide. A schematic of the
setup is shown in Fig. 3.7a. The sample under investigation is an integrated optical
waveguide written in fused silica using a femtosecond laser [100]. The PSTM is
operated in constant distance mode using the shear force feedback mechanism.
Unlike the total internal reflection arrangement, the PSTM is configured in such a
way that the light emerging from the optical waveguide illuminated the tip head-
on.
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Light (free space wavelength of 632.8 nm) was coupled into the optical wave-
guide using an objective lens. The tip was raster scanned over the end face of the
optical waveguide. A Photo Multiplier Tube (PMT) was used to detect the light col-
lected by the tip. The output from the PMT is proportional to the intensity on the
end face of the waveguide [101]. The measured topography and the optical inten-
sity are shown in Fig. 3.7b and 3.7c, respectively. A line trace taken along the white
dashed line in the topography image is shown in Fig. 3.7d. A height variation of
approximately 120 nm is measured which is attributed to the rough fused silica
surface. The bonding edge in the chip is seen as the relatively dark-colored region
in the topography, with a height difference of approximately 263 nm. The optical
intensity image shows a radially-symmetric pattern. A corresponding line trace in
the intensity image, depicted in Fig. 3.7e, shows a lorentzian beam profile 2.

3.6.2 Heterodyne interferometric PSTM

A conventional PSTM yields the intensity of the optical field on the sample surface.
A complete description of the optical field requires the measurement of amplitude,
phase and polarization. The amplitude and phase of the evanescent waves on a
sample surface can be measured by inserting the PSTM into one arm of a Mach-
zehnder type interferometer [102, 103, 104]. Recently, Burresi and coworkers have
modified a PSTM to probe also the polarization state of the optical near-field [105].

Heterodyne interferometric PSTM has been used to visualize the phase singu-
larities of the optical field on a waveguide [102] and above a grating [103], to track
optical pulses in real space and time in a photonic crystal waveguide [106, 107], to
observe focusing of SPPs using a phase-matched grating [8], and to visualize exci-
tation of the highly confined SPPs on a nanowire [108]. In this section, a hetero-
dyne interferometric PSTM is demonstrated as a tool to image the amplitude and
the phase of the SPP field, generated on a flat gold surface, in the Kretschmann-
Raether configuration. A schematic of the experimental setup is shown in Fig. 3.8.

The laser light was divided into two branches using a 50/50 beam splitter: the
signal branch and the reference branch. The signal branch includes the sample and
the scanning tip. The sample was arranged as explained in Section 2.6. The optical
frequency in the reference branch was shifted by 40 kHz using two Acousto-Optic
Modulators: AOM1 and AOM2, which were driven at frequencies of 80.04 MHz and
80 MHz, respectively. The difference frequency (40 kHz) was used as the reference
for a dual-phase lock-in-amplifier.

The electric fields in the signal branch and the reference branch can be repre-
sented [85] as

Esp(x,y) = Eg(x,y)ell2r ol (3.8)
and
Egp = Eell(3 +40kH21 3.9)

2The near-field intensity profile imaged using the PSTM has been used by the Integrated Optical and
Microsystems (IOMS) group at the University of Twente to estimate the refractive index profile at the
end face of the integrated waveguide.
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Figure 3.7: (a) Schematic of the PSTM setup to detect the intensity of light emerging from an integrated

optical waveguide. B: Objective lens (b) The topography and (c) the optical intensity as detected by the
tip. (d) and (e) Line traces along the white dotted lines in (b) and (c), respectively. The scale bar is 12 um.
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Figure 3.8: Schematic of a heterodyne interferometric PSTM. SB: Signal Branch, RB: Reference Branch,
P: Polarizer, AOM: Acousto Optic Modulator.

respectively, where Eg and E; are the real amplitudes of the optical field in the signal
branch and the reference branch, respectively. ¢ is the phase of the optical field
on the sample surface (with respect to the phase of the incident optical field), and
w, is the incident laser frequency. Both the amplitude Eg and the relative phase ¢y
are a function of the position (x and y).

The signal picked up by the tip is much lower than the signal in the reference
branch and is detected by interfering with the signal in the reference branch. The
interference occurs in a 2 x 2 fiber coupler. Depending on the optical path length
difference between the signal branch and the reference branch, the interference is
either constructive or destructive. The interference signal is detected using a pho-
todiode and the output from the detector is given by

Iiee = [Esp(x,y)+Egsl’,
Igee o E2(%y) +EZ +2E (X, y)E;cos[40kHzt + ¢bs (%, y)]. (3.10)

In a conventional PSTM (no interferometry), only the first term Eg (x,y) is detec-
ted. The third term is the interference term and is proportional to Es(x,y)E;. Since
Es < Ey, the interference signal is much stronger than E2(x,y). The output from the
detector is send to the lock-in-amplifier, which is locked at 40 kHz. One of the two
output signals from the lock-in-amplifier is given by

Vixy) o 2Es(xy)Ecos[40kHzt + ¢ (x,y)] * cos(40kHzt),
o< 2Es(x,y)Ercos[¢s(x, )],
x Acos[¢px,y)l, (3.11)
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where ¢(x,y) = ¢s(x,y) and A = 2E;(x,y)E; are the optical amplitude and the phase
of the local field on the sample surface. Similarly, the 90° phase shifted output from
the lock-in-amplifier is given by

Vo (x,y) < Asin[¢px,y)]. (3.12)

Using the two outputs from the lock-in-amplifier, both A and ¢ (x,y) are obtained as

Axy) o/ (VE+V3), (3.13)

V.
Pxy) = tan‘l(v—z). (3.14)
1

and

3.6.3 Complex SPP field detection

Linearly polarized light (free space wavelength of 632.8 nm) was converted into cir-
cularly polarized light using a quarter-wave plate (Fig. 3.8). By rotating the pola-
rizer (P in Fig. 3.8), the polarization of the incident light can be changed from p
to s. The incident angle is fixed at surface plasmon resonance angle, at which the
reflected intensity showed a minimum (as shown in Fig. 2.9b in Chapter 2). Inter-
ferometric PSTM images of a complex SPP field detected on a flat gold surface are
presented in Fig. 3.9. The topography of the sputter-coated gold film of thickness
50 nm is shown in Fig. 3.9a. The image shown is after correcting the tilt [109]. Dust
particles with a height of approximately 40 nm can be seen. Figures 3.9b and 3.9c
show the optical amplitude on the gold-air interface for p- and s-polarized incident
light, respectively. The laser intensities for both p- and s-polarized incident beams
were maximized before the respective measurements by turning the quarter-wave
plate.

For the p-polarized incident beam, SPPs are excited at the gold-air interface and
hence we see a higher optical amplitude in Fig. 3.9b compared to Fig. 3.9c. The co-
sine of the optical phase on the gold surface for p- and s-polarized incident light are
depicted in Fig. 3.9d and 3.9e, respectively. The cosine of the phase of the optical
field, for both polarizations, shows a plane wave propagation on the sample sur-
face. The periodicity is the same in both images since the illumination angle is the
same. The disturbances seen on the images taken for s-polarization are attributed
to the low signal picked up by the tip. The fact that the observed wavefronts are
straight and parallel show a high degree of stability of the interferometric set-up.

3.6.4 Imaging SPP interference

Interference between SPPs has two interrelated applications. It can create a per-
iodically patterned metal surface which has applications in nanolithography [41].
On the other hand, a periodically patterned metal surface can generate interference
between SPPs which leads to the formation of a photonic band gap material [110].
The field distribution and propagation direction of the SPPs on the patterned metal
surface can be imaged and decomposed using the interferometric PSTM, which can
help to design and optimize a patterned surface, for example to focus the SPPs [16].
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Figure 3.9: Interferometric PSTM measurement of a gold surface. (a) The measured topography. (b)
and (c) The measured optical amplitude for p- and s-polarized incident light, respectively. (d) and (e)
The cosine of the phase of the optical field for p- and s-polarized incident light, respectively. The arrows

indicate the propagation direction of light. The scale bar is 2.7 pm.
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Chapter 2 showed the excitation of SPPs on a gold surface via a prism and a
grating. A combination of the prism and the grating allows the simultaneous exci-
tation of the prism-coupled and the grating-coupled SPPs, for a suitable incident
angle (f) and in-plane rotation angle (f) of the grating (Chapter 4 gives a detai-
led explanation). The crossing point of the surface plasmon resonance bands (Fig.
4.9a in Chapter 4) implies the interference between SPPs coupled by the 0" and the
—1% order evanescent waves. The interferometric PSTM can be used to image the
complex SPP interference field at the gold-air interface of a buried grating. The fa-
brication of the buried grating is presented in Chapter 4. The measured topography
and optical amplitude are shown in Fig. 3.10a and 3.10b, respectively. In Fig. 3.10c
and 3.10d, line traces taken perpendicular to the grooves of the grating in the topo-
graphy and the optical amplitude images, respectively, are shown. The topography
of the grating shows a residual modulation of 34.5 + 3.9 nm. A comparison between
the topography and the optical amplitude line traces shows a higher optical ampli-
tude on the troughs of the grating and a lower optical amplitude on the peaks of the
grating.

MO\ iy

Amplitude (a. u

(c)Height (d) Amplitude

34.5+/- 3.9 nm

Figure 3.10: Interferometric PSTM measurement of a gold buried grating. (a) The measured topography.
The dark and bright regions indicate the troughs and the peaks, respectively. (b) The measured optical
amplitude. (c) and (d) Line traces taken along the black dotted lines in (a) and (b), respectively.

The cosine of the phase of the optical field is depicted in Fig. 3.11a. To inves-
tigate the different spatial frequencies in the optical field, a 2D Fourier transform
of the optical field is taken [104], of which a zoom-in region is shown in Fig. 3.11b.
Two prominent features are visible: the 0" and the —1% diffracted orders. The 0
and the —1% diffracted orders correspond to the excitation of the prism-coupled
and the grating-coupled SPPs, respectively. The +1% diffracted order has a relati-
vely low amplitude due to the absence of coupling to SPPs. The strength of the —1%
diffracted order relative to the peak amplitude in the 0" diffracted order is 0.23;
while that of the +15 diffracted order is 0.04. The 0™, —15t, and the +1°t diffrac-
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Figure 3.11: (a) The cosine of the phase of the optical field detected on the buried grating. The arrow
indicates the propagation direction of the oth diffracted order. (b) Two-dimensional Fourier transform
of the total optical field (an enlarged portion is shown for clarity).

I o 7

Figure 3.12: Two-dimensional inverse Fourier transform of Fig 3.11b, after separating the three different
spatial frequencies. (a) The oth, (b) the —15!, and () the +15 order diffracted plane waves propagating
in different directions. The cosine of the phase is shown for a scan range of 13.3 pm x 18.5 pm. The wave
vectors are denoted by the arrows. The insets show the corresponding frequency domain images each
of size 4.8 um ™1 x 10 um™1. The white crosses indicate the zero spatial frequency point in the image. To
see the feature clearly, a different amplitude normalization was used for the inset in (c).

ted orders are selectively separated and are shown as insets in Fig. 3.12a - 3.12c.
An inverse Fourier transformation of the separated features give plane waves pro-
pagating at different in-plane directions. The angle between the 0™ and the —15
order diffracted components is 19.3°, which is close to the calculated angle, of 20°,
between the propagation direction of the prism-coupled and the grating-coupled
SPPs. The +1% diffracted order has a shorter wavelength indicated by a longer in-
plane wave vector component in Fig. 3.12c. The in-plane interaction between the
two SPPs can be studied by investigating the amplitude and phase relationship bet-
ween the interfering SPPs.
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Phase shifts at surface plasmon
resonance

4.1 Introduction

The high field enhancement on a metal surface due to the excitation of Surface
Plasmon Polaritons (SPPs) has been exploited in the sensing of bio-chemical mo-
lecules [5]. The sensitivity of a Surface Plasmon Resonance (SPR) sensor is defi-
ned as the smallest change that can be detected in the refractive index or thick-
ness of the medium in contact with the SPPs. SPR sensors have been operated
by detecting the change in the angle or wavelength of the absorption dip [111],
or by detecting the intensity and phase change [22] in reflection. Among these
methods, the phase-detection provides the highest sensitivity due to the abrupt
phase jump at the SPR [22, 24, 112]. In laboratory, the phase-detection SPR sen-
sors [15, 22, 112, 113] have been extensively studied, although such SPR sensors are
comparatively difficult to commercialize due to the high stability requirements.
The phase change at SPR was measured for the first time using ellipsometry [114].

The difference in the phase change for p- (or parallel) and s- (or perpendicular) po-
larized incident light in reflection was measured. The s-polarized light was used as
a reference in the measurement, due to the fact that the s-polarized incident light
do not excite SPPs. However, the phase in the s-polarized light varies slowly at the
SPR due to a phase change in the associated evanescent waves. More commonly, an
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SPR sensor is inserted in one arm of an interferometer to retrieve the displacement
in the phase change [23]. Like the ellipsometric measurement, the interferome-
tric measurement also uses s-polarized light as a benchmark to measure the phase
change [14]. However, for a fixed incident angle, the variation of the phase change
in the evanescent wave associated with the s-polarized light is different when com-
pared to that of the p-polarized light.

4.2 Resonant phase shift across a glass-metal transi-
tion region

Instead of using s-polarized light as a reference, a system that does not support
SPPs, such as a glass-air system can be used to measure the phase shift at SPR. A
recent interferometric study reported a measurement of the difference between the
phase change upon reflection off a glass-gold interface and that off a glass-air in-
terface, at normal incidence in the far field, using a back reflection geometry [115].
In this Section, a near-field detection of the phase shift at SPR is presented. Evanes-
cent waves generated in a glass-gold-air system and a glass-air system are probed
from the air side to extract the phase difference of evanescent waves between the
two systems, as a function of incident angle.

4.2.1 Goos-Hinchen effect

Total internal reflection of light at an interface separating a denser (for example,
glass) and a rarer (for example, air) medium is associated with the generation of
evanescent waves in the rarer medium [1]. In 1947, Goos and Hianchen demonstra-
ted a lateral displacement of the total internally reflected beam, thereafter known
as the “Goos-Hénchen (GH) effect” [18]. In their experiment, the total internally
reflected beam was found to be displaced, with respect to a beam reflected off an
adjacent thick metal layer, by few micrometers [2]. A schematic of the GH effect
in total internal reflection is shown in Fig. 4.1. For a linearly polarized light total
internally reflected at a glass-air interface, the lateral displacement (or GH shift) is
perpendicular to the propagation direction of the reflected light in the plane of in-
cidence [116]. The GH shift is maximum just after the total internal reflection and
decreases thereafter with increasing incident angle. In the glass-air system, the GH
shift is of the same scale as the illumination wavelength [20, 117]. However, GH
shift of a few microns has been observed in left-handed materials (or metamate-
rials) [118] and on surfaces exhibiting SPR-like material resonance [119].
The GH shift is defined [120] as

Ao d¢p
27nd6’
where A, is the free space wavelength, n is the refractive index of the denser me-
dium, g—(g is the rate of change of phase in total internal reflection. The negative
sign in D implies a negative slope for the phase change. Enhancement of the GH
shift, to a few micrometers [117, 121], due to SPR has been shown to increase the

sensitivity of SPR sensors [22, 23, 24].

4.1)
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Figure 4.1: Schematic of the Goos-Hanchen (GH) shift in total internal reflection of light in a glass-air
system. O is the critical angle of incidence.

The GH shift occurs due to the difference in the phase between the incident and
the reflected beams [19]. A change in the phase of the reflected beam implies a cor-
responding change in the phase of the evanescent waves. The phase change in to-
tal internal reflection can be obtained using the Fresnel equations. For p-polarized
incident light, the Fresnel reflection and transmission coefficients in the glass-air
system [32] are given by

p_ ankJ_i — niZkJ_j
h=—"— 4.2)
) n]. kii+ n; kJ_j
and
p_.p
=+, (4.3)

where i and j denote glass and air with refractive indices n; and nj, respectively. k,
and kj are the perpendicular components of the incident wave vector in the two
media given in Eq. (2.5) in Chapter 2. Similarly, for s-polarized incident light, the
Fresnel coefficients are given by

kii—kyj
I = —— 4.4
U ki +kyj @4
and
tisj = rfj +1. (4.5)

4.2.2 Combination of Goos-Hinchen and SPR effects

For a glass-gold-air system, the phase change in the Fresnel transmission coef-
ficients can be calculated using Eq. (2.9) and (2.10) in Chapter 2. A schematic
of the glass-air and the glass-gold-air systems adjacent to each other is shown in
Fig. 4.2a. Evanescent waves are generated by total internal reflection on the glass-
air interface and SPPs by the Kretschmann-Raether configuration in the glass-gold-
air stack. The different optical constants for glass and gold as well as the thin layer
of gold on the glass surface induces a stationary difference between the phases of
the evanescent waves on the glass-air and the gold-air interfaces. In addition to
this constant phase difference, there are two other significant phase changes that
vary with the incident angle: one associated with the Goos-Hénchen effect on the

39



Chapter 4

glass-air interface and another with the SPR effect on the gold-air interface. The
phase change associated with the SPR effect occurs only when the incident light is
p-polarized; not when it is s-polarized. The phase change in the Fresnel transmis-
sion coefficients for p- and s-polarized incident light, as a function of the incident
angle, for the glass-air and the glass-gold-air systems are shown in Fig. 4.2b. The
phase changes for the p- and s-polarized incident light vary by different amounts
with the incident angle [122]. The phase change associated with the Goos-Hénchen
effect and the SPR effect have been separately studied in the past [15]. By combi-
ning the glass-air system with a glass-gold-air system, the differences in the phase
change between the two systems can be measured.
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Figure 4.2: (a) Schematic of the transition region between glass and gold supporting the evanescent
and the SPP waves, respectively. (b) Calculated phase change in the Fresnel transmission coefficients
as a function of the incident angle for a glass-air and a glass-gold-air system. 0 is the critical angle of
incidence for total internal reflection on the glass-air interface.

4.2.3 Spatial phase evolution on glass-metal transition region

Photon Scanning Tunneling Microscope (PSTM) measurements were performed
on a commercially available gold SPR sensor (Ssens) with a titanium adhesive layer
on a 10 x 10 x 0.3 mm glass substrate. The thickness of the gold layer was approxi-
mately 50 nm. Using Focused Ion Beam (FIB) milling, a ‘glass window’ on the
sample was made by removing a 50 pmx500 pm strip of gold. A Scanning Elec-
tron Microscope (SEM) image of the glass window on the gold sample is shown in
Fig. 4.3a. Technical constraints on the FIB milling of the gold made it impossible
to remove the gold completely from the glass substrate and hence traces of gold
remained (Fig. 4.3b). The sample was arranged in the Kretschmann-Raether confi-
guration as explained in Chapter 2. The region of interest is the transition from
glass-air to gold-air. The laser light (free space wave length of 632.8 nm) was focu-
sed to the glass-gold transition region of the sample. The sample was oriented in
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such a way that the gold ‘step’ was parallel to the plane of incidence so that reflec-
tion effects due to the gold step were eliminated [123].

Figure 4.3: (a) SEM image of a ‘glass window’ milled into a 50 nm thick gold film and (b) an enlarged
portion of the corner of the glass window.

The incident angle was fixed at 43.3° to excite SPPs on the gold-air interface.
Owing to the inhomogeneous nature of evanescent waves, the phase change upon
evanescent wave coupling into the fiber, across an air gap, is independent of the
width of the gap [124]. The PSTM images for s- and p-polarized incident light are
shown in Fig. 4.4. The height of the gold step is measured to be 49.2 nm in Fig. 4.4a
and 51 nm in Fig. 4.4d. The difference in the heights could be due to a FIB milling
error of +5 nm or the different regions scanned on the sample. The optical ampli-
tude measured is uniform above each interface (Fig. 4.4b and 4.4e). For s-polarized
incident light, the optical amplitude on the gold region is lower due to a lower trans-
mission through the gold film in the absence of SPPs. For p-polarized incident light,
the field amplitude increases on the gold region of the sample compared to the glass
region due to the excitation of SPPs on the gold-air interface. Small features on the
gold surface scatter the SPPs [125], which is seen as strong amplitude variations on
the gold region. The cosine of the phase of the optical field on the transition region
for p- and s-polarized incident beams is shown in Fig. 4.4c and 4.4f, respectively.

The spacing between adjacent dark or bright lines is a direct measurement of
the in-plane wave vector component k; (with a period A given in Eq. (2.8)) of the
incident light on the sample surface. The measured A is 576 nm. The incident
angles calculated back from the measured values of A are found to be increased
by approximately 3° from the set value of the incident angle. This discrepancy bet-
ween the observed and the back-calculated incident angles might be due a refrac-
tion of the incident light in the glass prism (mentioned in Chapter 2). To avoid
ambiguity in the generation of SPPs, the PSTM measurements were cross-checked
with reflectivity measurements.

4.2.4 Measurement of the phase shift at SPR

The phase shift can be defined as the phase difference between the two waves with
the same spatial frequency. For p-polarized incident light, the incident angle was
varied from 42.2° to 43.6° to measure the phase shift across the glass-gold transition
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Figure 4.4: Interferometric PSTM measurement of the glass-gold transition region of the sample. (a)
Topography, (b) optical amplitude and (c) cosine of the phase of the optical field for s-polarized inci-
dent beam. (d) Topography, (e) optical amplitude and (f) cosine of the phase of the optical field for
p-polarized incident beam. The height profile averaged over an area indicated by a white dashed rec-
tangle in the topography image is shown above the corresponding topography image.

region. The PSTM images obtained using a metal coated fiber tip are depicted in
Fig. 4.5. Figure 4.5a shows the measured topography of the glass-gold transition
region. The images Fig. 4.5b - 4.5e show the evolution of the phase shift across the
glass-gold transition region.

Using a two-dimensional Fourier transform, the phases on the gold and glass
regions of the sample were extracted from the PSTM images for incident angles
ranging from 40° to 50°. Figure 4.6a shows the difference between the phases, toge-
ther with the calculated phase difference (from Fig. 4.3d). The change in measured
phase difference is 130°, which agrees well with the theory and is caused mainly
by the enhanced spatial phase shift on the glass-gold-air system due to the genera-
tion of SPPs. This enhanced phase shift corresponds to a GH shift [119] of 3.5 pm,
calculated using Eq. (4.1). Interestingly, we see an offset in the phase difference
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| | |t

Figure 4.5: Interferometric PSTM images for a p-polarized incident light. (a) Topography, and the sine
of the spatial phase for different incident angles (b) 42.2°, (c) 42.7°, (d) 43.3°, and (e) 43.6°.

measured using a coated fiber tip compared to that measured using an uncoated
fiber tip for both p- and s-polarized incident light. The interaction between the
metal coated probe and the surface might introduce an additional phase shift for
the entire range of incident angles, which may explain the offset observed.

The far-field reflection measurement explained in Chapter 2 was performed to
cross-check the generation of SPPs. The absorption dip in the reflection measu-
rement for the p-polarized incident light clearly indicates the SPR angle as 43.3°.
Figure 4.6b shows a comparison between the far-field reflection measurement and
the near-field PSTM measurement. The distinct change in the phase difference of
130° is measured over the SPR range for the p-polarized incident light, whereas a
negligible change is measured over the SPR region for the s-polarized incident light.
A minor fluctuation is seen in the reflected intensity, which is attributed to polari-
zation impurity. This impurity leads to a similar fluctuation in the corresponding
phase difference plot. A change in the ambient refractive index influences the SPPs
so that the location of the sharp phase shift associated with the SPR would move
along the angle of incidence axis [23]. However, the location of the measured shift
in phase difference for the p-polarized incident beam coincides with the absorp-
tion dip in the plot obtained from the reflection measurement. This observation
underlines the fact that the measured change in phase difference is not influenced
by the presence of the PSTM tip.

4.3 Resonant phase shift on a metal grating

The sensitivity as well as the dynamic range of an SPR sensor can be improved by
using a metallic grating [126]. The measurement of the phase change on a grating,
associated with the SPR effect, is complicated due to the phase changes associa-
ted with the modulated grating surface. Incident light with s-polarization state has
been used to measure the phase shift at the grazing emergence of a diffracted or-
der on a grating surface (or called ‘Rayleigh anomaly’) [127]. An in-plane rotation
of the grating will break the diffraction symmetry, so that the s-polarized beam can
also couple to SPPs. In this section, a different approach is introduced to detect
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Figure 4.6: (a) Comparison between the theoretical and experimental phase difference as a function
of the angle of incidence for p- and s-polarized incident light. (b) Comparison between the far-field
reflectivity and the near-field PSTM measurements for p- and s-polarized incident light.

the phases of the resonant and the non-resonant diffracted orders simultaneously
using the PSTM. The phase of the non-resonant diffracted order can then be used
as the reference to extract the phase of the resonant diffracted order.

4.3.1 Grating orientations: classical and conical mounts

Excitation of SPPs using the prism and the grating coupling schemes are commonly
used separately. A grating can be combined with the prism to simultaneously ge-
nerate multiple SPPs (presented in Chapter 3), to decouple SPPs to light into the
air space via the grating [36], or to induce cross-coupling between SPPs excited
on both sides of the grating [39]. In the diffraction of light by a one-dimensional

44



Phase shifts at surface plasmon resonance

grating combined with the Kretschmann-Raether configuration, the grating can be
arranged in two different mounts: a classical and a conical mount [128] as shown
in Fig. 4.7a and Fig. 4.7b, respectively.

Incident Reflected Incident Reflected

(@) (b)

Figure 4.7: A grating combined with a Kretschmann-Raether configuration arranged in (a) a classical
mount to excite collinear SPPs, and (b) a conical mount to excite non-collinear SPPs. The green arrows
indicate the grating wave vectors.

Classical mount

In the classical mount, the grating lines are perpendicular to the plane of incidence,
and hence the different diffracted orders lie in the plane of incidence. The SPPs,
excited by the addition or substraction of the grating wave vector kg (equal to f\—’;,
where A, is the period of the grating), propagate perpendicular to the grating lines.
The SPP wave vector kspp, the grating wave vector kg, and the in-plane wave vector
of the incident light k; all lie in the plane of incidence. Hence the SPPs excited in
the classical mount are called ‘collinear SPPs’. Only p-polarized incident light can
couple to collinear SPPs. Two counter-propagating SPPs, generated via a grating,
create a band gap due to the formation of a standing wave on the grating surface [9].

Conical mount
In a conical mount, the grating lines are oblique to the plane of incidence, and
hence the diffracted orders lie outside the plane of incidence [129]. The conical
mount is achieved by an in-plane rotation of the grating, referred to as the ‘azi-
muthal angle’ B (Fig. 4.10c), from the plane of incidence. When g = 0, the conical
mount reduces to the classical mount. The SPPs, that are excited via a grating ar-
ranged in the conical mount, propagate at an oblique angle to the grating lines and
are called ‘non-collinear SPPs’. Both p- and s-polarized incident light can couple to
non-collinear SPPs, provided that there is a component of the incident electric field
along the direction of propagation of the SPPs [130, 131]. A binary grating [132] and
a functional phase-matched grating [8] can themselves break the diffraction sym-
metry so that the type of the mount is an irrelevant issue in those cases.

The conical mount provides flexibility for the SPR sensor by tuning the azimu-
thal angle for a fixed illumination wavelength and incident angle. The phase mat-
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ching condition to excite non-collinear SPPs on a metal-air interface via the grating
wave vector (Fig. 4.10c) is given by

kZ,p = ki + (mkg)® + 2mk;kgcosp, (4.6)
where m is the order of diffraction, and k; and ke, are the in-plane wave vector
components of the incident light and the SPPs, as given in Eq. (2.6) and (2.7) in
Chapter 2, respectively.

4.3.2 Fabrication

Surface plasmon polaritons propagating on a grating surface scatter into radia-
tion [36, 44, 45]. The scattering can be reduced by turning the grating upside down
to form a ‘buried’ grating; a detailed study of which is presented in Chapter 5. Thin
film metallic gratings can be fabricated either using a top-down method such a
Focused Ion Beam (FIB) milling or a bottom-up approach such as a lift-off tech-
nique. The measurement was performed on a buried grating that was fabrica-
ted using the FIB. The steps to fabricate the grating are illustrated in Fig. 4.8. A
125 pmx 125 pm grating of period 1.65 um, depth 50 nm, and duty cycle 0.5 was
milled into 15 x 15 x 0.15 mm glass cover slip using the FIB (Fig. 4.8b). A thin layer
of gold-palladium mixture was deposited on the glass cover slip prior to the milling
action to eliminate charging effects (not shown). The grooves were then filled with
gold using the FIB together with a gold gas injection system (Fig. 4.8c). SEM images
of the grating filled with gold are shown in Fig. 4.9. A gold layer of thickness of 50 nm
was deposited on top of the grating surface using electron beam evaporation tech-
nique (base pressure in the chamber equal to 2 x 107® mbar) to obtain a buried
grating as shown in Fig. 4.8d. Drift of the FIB or an inaccurate dwell time for the
filling of gold can cause a FIB positioning error and hence an over/under filling of
the grooves. The sample was arranged in the Kretschmann-Raether configuration
as explained in Chapter 2.

Fill grooves with gold
IS I s .

glass @) glass ©
Mill grating Deposit gold
glass (b) glass (d)

Figure 4.8: Fabrication of a gold buried grating using FIB mill and fill procedure.
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Figure 4.9: (a) SEM image of the grating filled with gold using FIB assisted deposition and (b) an enlarged
portion of the bottom-left corner of (a).

4.3.3 Modeling

Aburied gold grating is modeled [133] using the rigorous coupled wave analysis [134].
The grating parameters were taken from those of the fabricated buried grating. The
complex dielectric function of gold was taken from Johnson and Christy [31]. The
diffraction efficiency of the —1% diffracted order in reflection as a function of the in-
cident angle 6 and the azimuthal angle § is shown in Fig 4.10a. The buried grating
is shown as an inset. Sharp discontinuities in the diffraction efficiency plot corres-
pond to the resonant excitation of SPPs. The values of the incident angle and the
azimuthal angle for which SPPs are coupled via the grating wave vector are shown
in Fig. 4.10b. The resonance bands, labeled as +1 and -1, are asymmetric with res-
pect to the azimuthal angle for low values of . This asymmetry in the resonance
bands is due to fact that the grating wave vector kg lies inside the gold-air SPP curve
when the +m order couples to SPPs, and outside the gold-air SPP curve when the -m
order couples to SPPs (Fig. 4.10c). In Fig 4.10a, a sharp resonance is seen at the in-
cident angle of 44.3°, labeled as ‘0’ and is independent of the azimuthal angle. The
origin of the 0 resonance in the —1° diffracted order is a two step process: first, the
SPPs are excited at the gold-air interface by the evanescent tail of the specularly re-
flected beam (prism coupling) and second, the light reradiated from the SPPs back
into gold is diffracted via the periodic corrugation at the gold-glass interface. Since
the SPPs are excited via the prism coupling scheme, their propagation direction is
independent of the in-plane rotation of the grating [36]. Interestingly, the incident
angles for which the SPR occur shift significantly with the in-plane rotation of the
grating [135], which can improve the dynamic range of grating incorporated SPR
sensors [136].

4.3.4 Phase change in diffracted orders

The phase changes upon diffraction of light on dielectric and metallic gratings have
been studied theoretically using methods such as an Iterative Series method [137]
and a differential method [138]. A detailed theoretical calculation is beyond the
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Figure 4.10: (a) The simulated diffraction efficiency in the —15! diffracted order reflected off a grating at
the gold-glass interface for varying incident angle 6 and azimuthal angle B. The inset shows the buried
grating. (b) The 0 and g values for which SPPs are excited via the different diffracted orders. The marker
‘A’ denotes a location that was used in the experiment. (c) The reciprocal space representation of the
excitation of SPPs via the —1%! and the +1%! diffracted orders for two different incident angles. The solid
red curve denotes the momentum of the SPPs at the gold-air interface, the solid red arrow denotes the
wave vector of the SPPs, the solid black arrow denotes the in-plane wave vector of the incident light, and
the dotted green arrows indicate the grating wave vectors.

scope of this thesis. A theoretical model based on the Fresnel coefficients calcu-
lated for a glass-gold (50 nm)-air system is presented. The in-plane wave vector
component of the +1°% diffracted orders is given by

kﬁ(tl) = kﬁm) + ké + 2k (0 kgcosp, 4.7

where kj g is the in-plane wave vector component of the 0 diffracted order. The
Fresnel coefficients [Eq. (2.9) and (2.10) in Chapter 2] for a glass-gold-air system
are calculated for the +1% diffracted orders. For a grating period of 1.65 um and an
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azimuthal angle of 67°, the phase changes in the Fresnel transmission coefficients
in the —1% and the +1% diffracted orders as a function of the incident angle are
shown in Fig. 4.11a. The abrupt jump in the phase at 46° (indicated by an arrow),
is due to the grazing emergence of a diffracted order on the grating surface [139].
The drop in the phase around 48.5° is due to the resonant coupling to SPPs at the

(a) (b)

40 MK

----- +1 order

o

— -1 order -1

A
=)

&
S

Phase change (deg.)
N
o

-160
45 46 47 48 49 50 51 52

Angle of incidence, 0 (deg.)

gold-air SPP

Figure 4.11: (a) Calculated phase change in the Fresnel transmission coefficients as a function of the
incident angle for the —15! and the +15¢ diffracted orders in a glass-gold (50 nm)-air system. The arrow
indicates grazing of a diffracted order on the grating (Rayleigh anomaly). (b) The reciprocal space re-
presentation of the excitation of grating-coupled SPPs in a conical mount of the grating. The solid red
curve denotes the momentum of the SPPs at the gold-air interface, the solid red arrow denotes the wave
vector of the SPPs coupled via the —15! diffracted order, the dashed black arrow denotes the wave vector
of the +15¢ diffracted order, and the dotted green arrows indicate the grating wave vectors.

gold-air interface. The +1° diffracted order does not show a considerable change
in phase for these incident angles due to the absence of a resonance.

4.3.5 Excitation of grating-coupled SPPs

A reciprocal space representation of the excitation of SPPs via the —1% diffracted
order is shown in Fig. 4.11b. When the diffraction angle for a diffracted order is hi-
gher than the critical angle in total internal reflection for a glass-air interface, the
diffracted order generates evanescent waves at the gold-air inerface. For a suitable
combination of the incident angle and the azimuthal angle (marker ‘A’ in Fig. 4.10),
the —1% diffracted order couples to SPPs with an in-plane wave vector component
denoted by kj—1. The in-plane wave vector component corresponding to the eva-
nescent waves generated by the 0™ order incident light is denoted by k). For a
fixed azimuthal angle, a change in the incident angle changes k) and the kj)
goes through the SPR. The in-plane wave vector component kj1) is higher than
the momentum of the SPPs and hence for the chosen range of incident angles, the
+1% diffracted order can be taken as a reference to measure the phase change in
the —1°% diffracted order.
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4.3.6 Measurement of prism-coupled SPPs

Prism-coupled SPPs are excited, via the 0" diffracted order, on the buried grating
that was arranged in the conical mount. The conical mount will break the diffrac-
tion symmetry and hence the diffracted orders will have different field strengths on
the sample surface. The interferometric PSTM images for p-polarized incident light
are shown in Fig. 4.12. The topography of the sample surface is shown in Fig. 4.13a.
The optical amplitude image (Fig. 4.12a) shows a modulated field pattern. The co-
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Figure 4.12: Interferometric PSTM measurement imaging SPPs excited via the oth diffracted order. (a)
The measured Optical amplitude, (b) the cosine of the phase of the optical field, and (c) the Fourier
transform of the complex optical field.
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sine of the phase of the optical field (Fig. 4.12b) clearly shows plane waves associa-
ted with the 0! diffracted order (kj0))- A two-dimensional Fourier transform of the
complex optical field (Fig. 4.12c) shows that the brightest feature is the 0™ diffrac-
ted order, which is due to the resonant coupling to SPPs. The magnitude of the —1%
diffracted order relative to the peak magnitude in the 0" diffracted order is 0.37;
while that of the +1%t diffracted order is 0.05. The relative magnitude of the —1%
diffracted order is higher than that of the +1%¢ diffracted order, which is attributed
to an unequal field strength for the evanescent waves associated with the —1% and
+1% diffracted orders on the grating surface due to their different diffraction angles.
In addition, a difference in the coupling efficiency of the diffracted orders into the
fiber tip of the PSTM has been reported for the different diffracted orders [11].

4.3.7 Measurement of grating-coupled SPPs

For a p-polarized incident light, the incident angle was fixed at 48.5° and the azimu-
thal angle at 67° to excite SPPs via the —1% diffracted order (marker A’ in Fig. 4.10).
The PSTM images obtained using a metal coated fiber tip are shown in Fig. 4.13.
Figures 4.13a, 4.13b, and 4.13c show the topography, optical amplitude, and cosine
of the phase of the optical field on the grating surface, respectively. A line trace
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Figure 4.13: Interferometric PSTM images of the gold grating. (a) The measured topography, (b) the
optical amplitude, and (c) the cosine of the phase of the optical field. The white arrow indicates the
direction of k” ©)- (d) and (e) Line traces along the black dashed line.

perpendicular to the grating lines is shown in Fig. 4.13d. The residual modula-
tion on the grating is measured to be 31 + 9 nm, which is attributed to an under-
filling/overfilling of the grating grooves during the FIB milling process (mentioned
in Sec. 4.3.2). A similar line trace in the optical amplitude image (Fig. 4.13e) shows
that the optical amplitude is higher on the peaks and lower on the valleys of the
grating. An underfilling or overfilling of the grooves leads to an overcoupling or un-
dercoupling of SPPs due to the difference in the thickness of the metal layer. The
SPPs propagating along the direction of the in-plane wave vector component of
the —1%¢ diffracted order interferes with the in-plane wave vector component of the
oth diffracted order, producing the modulated field pattern on the surface. The co-
sine of the phase of the optical field on the grating (Fig. 4.13c) shows abrupt phase
jumps due to the interference between multiple plane waves propagating on the
interface. Unlike the SPPs generated across the glass-gold transition region explai-
ned in Sec. 4.2.3, the spatial phase shift of the SPPs excited on the grating by varying
the incident angle cannot be observed directly, since the diffracted orders have dif-
ferent spatial frequencies.

4.3.8 Reciprocal space analysis

A Fourier transform of the topography and the complex optical field (Fig. 4.13) are
shown in Fig. 4.14. The Fourier image of the topography (Fig. 4.14a) shows that the
different spatial frequencies are distributed symmetrically with respect to the zero
frequency point. The Fourier image of the total optical field (Fig. 4.14b) shows fea-
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Figure 4.14: A two-dimensional Fourier Transform of the (a) the topography and (b) the complex optical
field.

tures with different spatial frequencies. The —1°¢ diffracted order is the brightest
spot due to the resonant coupling to SPPs. The magnitudes of the higher diffracted
orders are relatively weak. The magnitude of the 0! diffracted order relative to the
peak magnitude in the —1% diffracted order is 0.75; while that of the +1° and the
—2"d diffracted orders are 0.04 and 0.08, respectively. To obtain a precise extrac-
tion of the phase angle from the frequency domain image, zeros were added to the
spatial domain image, increasing its size by a factor of 10 in both axes.

4.3.9 Phase extraction method

The shift in the phase of the —1%¢ diffracted order due to the resonant excitation of
the SPPs can be extracted using the phase of the non-resonant +1% diffracted order
as the reference. A pictorial representation of the phases of the incident and the
diffracted orders upon excitation of SPPs via the —1°%t diffracted order is shown in
Fig. 4.15. For simplicity, higher diffracted orders are neglected. The phase of the

Incident Diffracted
/ (I)'1 = d)i - q)g'l'(l)spp
— § = O+ O,

~

Figure 4.15: A pictorial representation of the diffraction of incident light with phase ¢; into diffracted
orders 0, -1 and +1 with phases ¢, ¢—1, and ¢+1, respectively. ¢g is the grating phase, and ¢spp is the

¢+1= ¢i + ¢g

Grating

resonant phase due to the excitation of SPPs. ¢ is the resonant phase in the 0'® order due to the SPPs
scattered by the buried grating.

52



Phase shifts at surface plasmon resonance

incident field is denoted as ¢;. The phase of the field that is measured in the —1°
diffracted order is given by

$-1 =i — g+ Pspp, 4.8)

where ¢ is the static phase of the grating, and ¢spp is the resonant phase due to
the excitation of SPPs. Similarly, the phase of the field that is measured in the +1%
order is given by

¢+1 =i+ g (4.9)

Using Eq. (4.8) and (4.9), the resonant phase in the —18t diffracted order is obtained
as

GPspp = P-1 = P+1+2¢g. (4.10)

It might appear that since the value of the k) ) is greater than kspp, there should not
be a resonant part in the phase ¢ of the 0™ order field. However, coupling to the
modulation at the glass-gold interface of the buried grating causes the SPPs in the
—1% order to couple to the 0 order. Hence the phase in the 0™ order is given as

b0 = i + Ps. (4.11)

Using Eq. (4.9) and (4.11), the resonant phase, ¢s in the 0t order is obtained as

Ps = o — i1+ Pg. (4.12)

The grating phase (¢g) is obtained from the Fourier transform of the topography
image. The Fourier Transform of the complex optical field is used to extract the
phases ¢o, ¢—-; and ¢, of the diffracted orders. Using Eq. (4.10) and (4.12), the
resonant phase change in the —1% and the 0™ diffracted orders are extracted.

4.3.10 Resonant phase shift on the grating

The phases ¢y, ¢o, ¢-1, and ¢4 are extracted for incident angles ranging from 47°
to 50°. Using Eq. (4.10) and (4.12), the resonant phases ¢spp and ¢s are calculated
and plotted against the incident angle in Fig. 4.16a, together with the difference
between the theoretical phase changes shown in Fig. 4.11. A phase shift of 133° is
observed, which is due to the resonant coupling to the SPPs and it matches with the
theoretical phase shift. As observed in Sec. 4.2.4, an offset in the measured phase is
observed compared to the theoretical phase plot, which is tentatively attributed to
an interaction between the metal-coated probe and the gold surface. In addition to
the resonant phase in the —1% diffracted order, a phase change of 34° is measured
in the 0 diffracted order due to the SPPs that are scattered into the 0™ order via
the modulation at the glass-gold interface.

Simultaneous far-field reflection measurement is used to cross-check the gene-
ration of the SPPs. Figure 4.16b shows a comparison between the reflection and the
PSTM measurements. The absorption dip in the reflected intensity in the —15t dif-
fracted order, for the p-polarized incident beam, indicates the SPR angle as 48.5°.
The distinct change in the phase of 133° is measured over the SPR range. The phase
shift measured on the gold buried grating calculates [120] a Goos-Hénchen shift of
6.2 um.
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Figure 4.16: (a) Comparison of the theoretical and the experimental change in the resonant phase in
the —15¢ and the 0" order diffracted light as a function of the incident angle. (b) Comparison between
the near-field resonant phase shift in the —15¢ diffracted order and the far-field reflected intensity in the
—1%t order reflected light.

4.4 Conclusions

Near-field extractions of the phase shifts at surface plasmon resonance on a flat
gold-air interface and a corrugated gold surface were presented. The shift in the
spatial phase of evanescent waves on the glass-gold transition region as a function
of incident angle has been visualized locally using a heterodyne interferometric
PSTM. The spatial phase shift associated with the SPR shows an enhanced Goos-
Hénchen shift of 3.5 um. The change in the phase difference of the evanescent
waves across the glass-gold transition region of the sample as a function of inci-
dent angle shows the combined effect of the GH effect and the generation of SPPs
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and agrees well with the theoretical predictions.

A phase extraction method has been presented to obtain the resonant phase
change in the —1% diffracted order at SPR on a gold buried grating. The non-resonant
diffracted order has been used as a reference. The measured resonant phase shift
matches with the theoretical phase. The scattering of the SPPs leads to a resonant
phase shift in the 0" diffracted order. The GH shift, corresponding to the phase
shift in the —1%t diffracted order, on the grating is 6.2 pm. The near-field extrac-
tion of the resonant phase of the SPPs using the non-resonant diffracted order has
been shown as a convenient way of measuring the phase of SPPs which can find
application in grating-incorporated SPR sensors.
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5.1 Introduction

Surface Plasmon Resonance (SPR) sensors are mostly based on the Kretschmann-
Raether configuration, where a shift in the resonance angle or wavelength is used
to detect changes in the refractive index or thickness of a specimen layer. The
Kretschmann-Raether configuration using a single incident wave vector couples to
a single SPR. Coupling to multiple surface plasmon resonances make it possible to
detect a range of materials using a single sensing device [126]. Moreover, the in-
plane rotation of the grating is an additional parameter, that can be tuned through
the SPR making a flexible SPR sensor. Multiple surface plasmon resonances can
be excited by incorporating a grating in the Kretschmann-Raether configuration so
that different diffracted orders can couple to SPPs. This chapter discusses a grating
design to reduce the radiative damping of SPPs with the aim of finding application
in sensing devices.

5.2 Grating arranged in Kretschmann-Raether confi-
guration
The prism and the grating coupling schemes can be combined either to decouple

the prism-coupled SPPs to radiation via the grating or to detect the grating-coupled
SPPs via the leakage radiation emitted into the prism. Incorporating a grating in
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the Kretschmann-Raether configuration opens up flexible designs for applications
ranging from sensing to waveguiding. In the Kretschmann-Raether configuration,
a grating can be incorporated either at the metal-air interface or at the metal-prism
interface. The former is called an exposed grating and the latter a buried grating.
A third type of grating is a conformal one with a periodic corrugation on both the
metal-air and the metal-prism interfaces in such a way that the thickness of the gra-
ting is constant throughout. Unlike the conformal grating, the SPP field intensities
at the metal-air interface of the exposed and the buried gratings show an enhance-
ment due to a strong coupling across the thin parts of the metal film [140].

SPPs can be excited at the metal-air interface or the metal-glass interface. For
sensing applications, excitation of SPPs at the metal-air interface is desired so that
the specimen will be in contact with the SPP field. Schematic of the exposed and
the buried gratings with SPPs propagating on the metal-air interface are shown in
are shown in Fig. 5.1a and 5.1b, respectively. In the case of the exposed grating, the
SPPs propagate on the grating. The grating wave vector converts the SPPs back to
light or scatters into other SPPs [32, 36, 44, 45]. For the buried grating, the SPPs
propagate on the flat metal surface, which can reduce the radiative damping into
the air space.

(@) . Scat}gred light (b)
Alr spps BT A Alr SPPs

LS4

Glass

Incident Reflected Incident Reflected

Figure 5.1: Illustration of SPPs propagating on the metal-air interface in (a) an exposed grating and (b)
aburied grating.

The propagation length (Lspp) of the SPPs depends on the internal and radiative
damping of SPPs. The internal damping is a characteristic of the metal and hence
will be roughly same for both the gratings. However, the radiation damping will be
different for the gratings due to the additional scattering of the SPPs propagating
on the exposed grating surface. The buried grating can also scatter the SPPs due to
the fact that the SPP field also extends into the metal. In this work, we discuss the
radiative damping of SPPs into the air space for both the gratings.

The surface plasmon resonance has a Lorentzian (L) line profile given by

LO) = ) {c (%—)2} (5.1)

ntoe1 | (-6 + (12)2
where n=0,-1 correspond to the 0t® and the —1% diffracted orders, Iy is the full

width at half maximum (FWHM) of the Lorentzian distribution, 6, is the incident
angle at which SPR occurs and C, is a constant that denotes the peak value of the
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intensity corresponding to the SPR. A smaller FWHM implies a sharper Lorentzian
line profile for the surface plasmon resonance and a longer SPP propagation length.
Furthermore, the sensitivity of SPR sensors increases by decreasing the FWHM of
the resonance. A near-field experimental investigation of the SPPs excited on an
exposed and a buried grating is presented. The FWHM of the surface plasmon re-
sonances excited on a buried and an exposed grating are measured by detecting the
optical amplitude in the near-field on the gratings for varying incident angles.

5.3 Fabrication

Exposed grating

A gold layer of thickness of 70 nm was deposited on a 15 x 15 x 0.15 mm glass co-
ver slip by electron-beam evaporation at a base pressure equal to 2 x 10~ mbar.
Using a Focused Ion Beam (FIB) in a dual-beam machine (FEI Nova nanolab 600),
a one-dimensional grating of size 125 pmx125 um with a period of 1.65 pm, depth
of 22.5 nm, and duty cycle of 0.5 was milled into the gold.

Buried grating

The buried grating was fabricated using a template-stripping technique [141], em-
ployed to make ultrasmooth metal films for scanning probe microscopy and plas-
monics [52]. The different steps in the fabrication of the buried grating are shown
in Fig. 5.2. The native oxide layer on a one-side polished silicon wafer (<100 >)
was removed by immersing the wafer in 1% HF solution for approximately one mi-
nute. To remove the residual HE the wafer was rinsed thoroughly in deionized wa-
ter (Quick Dump Rinser) until the conductivity was less than 0.1 uS/cm, and then
dried in a flow of N». The wafer was mounted in a vacuum chamber within an hour
to prevent further oxidation. When the pressure inside the vacuum chamber was
2 x 10~%mbar, the wafer was sputter-cleaned in an argon atmosphere at 200 mA
for 5 minutes. A 70 nm thick gold layer was deposited using electron-beam evapo-
ration (Fig. 5.2a). A grating was milled into the gold using the FIB, with the same
size, period, depth and duty cycle as used for the exposed grating. A drop of UV
curable optical glue (Norland Blocking Adhesive NBA 107) was put on top of the
grating and a clean glass cover slip was placed on top of the glue so that the glue is
spread without any air bubbles trapped in between (Fig. 5.2b). The glue was cured
by shining UV radiation (UV crosslinker spectolink) for 30 minutes from the glass
side (Fig. 5.2c). After curing the glue, the edges of the cover slip were cut using a ra-
zor blade and a mechanical leverage was applied on one end of the coverslip. Due
to poor adhesion of gold to the silicon wafer, the gold clings to the glass and easily
detached from the wafer (Fig. 5.2d).

5.4 Scanning electron microscopic imaging

The gratings were examined under a Scanning Electron Microscope (SEM) by col-
lecting the secondary electrons emitted from the sample.
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(a) Deposit gold on Si wafer (c) Cure the glue using UV radiation
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Figure 5.2: Fabrication of the buried grating.

Exposed grating

A SEM image of the grating is shown in Fig. 5.3. The grooves are 22.5 nm deep into
the glass substrate. The poor contrast in the image is due to the low acceleration
voltage (5kV) used to acquire the image.

Buried grating

Using the FIB, a rectangular hole was made into the sample. SEM images of the
sample taken at two different acceleration voltages are shown in Fig. 5.4. The pro-
file of the grating is slightly visible on the top edge of the hole shown in Fig. 5.4a.
For alow acceleration voltage (5 kV), the secondary electrons are collected from the
first few nanometers of the sample, which in our case is gold. When the acceleration
voltage is increased to 30 kV, a periodic contrast is seen in the SEM image (Fig. 5.4b).
This is due to the fact that the penetration depth of the incident electrons increases
and the electrons are scattered by the grating buried in the interior of the sample. A
prolonged exposure to the high energy electron beam was found to melt the optical
glue and subsequently cracks were visible on the edges of the hole.
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Figure 5.4: SEM images (false color) of the buried grating (sample is tilted by 52°) at acceleration vol-
tages of (a) 5kV and (b) 30kV. The rectangular hole has been made by the FIB.

5.5 Excitation of multiple surface plasmon polaritons

The gratings were investigated in the near field using the heterodyne interferome-
tric PSTM. Schematic representation of the sample configuration and the recipro-
cal space map to excite multiple SPPs are shown in Fig. 5.5a and 5.5b, respectively.
The gratings were arranged in a conical mount (Fig.4.7b in Chapter 4) in which the
grating wave vector kg was rotated in-plane to make an angle § with k. The k (cor-
responding to the free space wave length of 657.3 nm) was varied by tuning the
incident angle 8. Two SPP modes were excited at the gold-air interface: the prism-
coupled SPPs and the grating-coupled SPPs, as shown in Fig. 5.5b. The former was
excited via the specularly reflected light (0" order) and the latter via the —1%' order
diffracted light. The in-plane wave vector of the +1% order diffracted light is higher
than the value of the wave vector of SPPs at the gold-air interface and hence cannot
couple to SPPs.
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Incident Reflected

gold-air SPP

Figure 5.5: (a) A Grating arranged in a conical mount in the Kretschmann-Raether configuration and (b)
the reciprocal space representation of the excitation of multiple SPP modes. The solid red curve denotes
the momentum of the SPPs at the gold-air interface, the solid red arrows represent the wave vectors of
the SPPs, the black dashed arrows represent the wave vectors of the diffracted light, and the dotted green
arrows indicate the grating wave vectors.

5.5.1 Polarization state of the incident light

The incident light was set to p-polarization were the electric field vector lies in the
plane of incidence (Fig. 5.5a). The optical amplitude at a fixed position on the ex-
posed grating was detected, using the metal coated fiber tip placed in the near-
field of the grating surface, for different incident angles. The corresponding inten-
sity, after smoothing using a moving average method, is shown in Fig. 5.6a. Two
peaks are visible: the prism-coupled SPR at 42.5° and the grating-coupled SPR at
45.7°. The peak corresponding to the prism-coupled SPR is higher than that of the
grating-coupled SPR. The higher intensity in the prism-coupled SPR peaks are due
to the fact that the orientation of the electric field vector is along the direction of the
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Figure 5.6: The intensity measured on the exposed grating as a function of the incident angle for (a)
p-polarized and (b) s-polarized incident light.

prism-coupled SPPs (p-polarized) and the specularly reflected light (0™ order) car-
ries more power than the —1% order diffracted light. The intensity for s-polarized
incident light is shown in Fig. 5.6b. Here the grating-coupled SPR peak rises signifi-
cantly compared to the prism-coupled SPR peak because the incident electric field
vector now has a component along the grating-coupled SPPs, but not along the
prism-coupled SPPs. The peak corresponding to the prism-coupled SPPs is present
due to polarization impurity of the incident light. An optimum grating coupling
will be achieved when the electric field vector is oriented at an angle equal to the
angle a that the grating-coupled SPPs makes with the plane of incidence [130, 131].

The angle «a is given by
K+1E, -k
a=cos ! {-L_“P° , (5.2)
2k kspp

where kgpp, is the wave vector of the SPPs at the gold-air interface. The variation of
a with the incident angle for which the grating-coupled SPPs are excited is shown
in Fig. 5.7.

5.5.2 Full width at half maximum of the resonances

The PSTM tip was kept at a fixed position on the grating in the measurements of
the FWHM of the surface plasmon resonances. For p-polarized incident light, the
near-field optical amplitude on the exposed and the buried gratings were detected
as a function of the incident angle 8. The corresponding intensities, after smoo-
thing, are shown in Fig. 5.8. The experimental data are fitted to the Lorentzian
function (L) given in Eq. (5.1). The fitting parameters are given in Table 5.1. The
FWHM of the SPR in the case of the buried grating is reduced to 57% for the prism-
coupled SPPs and 77% for the grating-coupled SPPs. The location and the FWHM
of the SPRs are dependent on the real and imaginary parts of the complex dielec-
tric constant of gold, respectively. A reduction in the FWHM of the SPR implies an
increase in the propagation length of the SPPs. A reduced radiative scattering of
the SPPs generated on the buried grating therefore also leads to a reduction in the
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Figure 5.7: The variation of the angle « the grating-coupled SPPs make with the k| as a function of the
incident angle 6.
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Figure 5.8: The intensities measured on the near-field of the exposed and the buried gratings. The solid
and dashed lines are the lorentzian fits to the experimental values (dots). Insets show the schematic

of the buried and the exposed gratings. The FWHM of the resonances are indicated by double-sided
arrows.

FWHM of the SPR [32]. The shift in the position of the prism-coupled SPR by 0.9°
for the buried grating might be due to a difference in the refractive index for the
glue compared to the glass substrate [146]. For a 70 nm thick gold layer, a change

in the refractive index of the glass prism by 0.026 corresponds to a displacement of
0.9° in the position of the SPR.
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Table 5.1: The fitting parameters Cy, I'n and the SPR angles 0, for ot® and —15t order resonances mea-
sured on the exposed and the buried gratings.

Exposed grating Buried grating
n 0 -1 0 -1
Cn 3.99 0.58 2.79 0.97
I'n 0.84° 0.88° 0.48° 0.68°
On 42.5° 45.7° 43.4° 45.6°

5.6 Decay of grating-coupled SPPs

The PSTM tip was raster scanned on the edge of the grating to detect the SPPs pro-
pagating beyond the grating. The size of the incident laser spot was bigger than
the size of the grating and hence the incident light illuminated the grating and the
surrounding flat gold surface. By measuring the amplitude and phase of the optical
field using the heterodyne interferometric PSTM, the SPPs can be separated from
the 0" order evanescent waves.

Exposed grating

The incident angle was fixed at 45.7° to excite SPPs via the —1% diffracted order. The
PSTM images are shown in Fig. 5.9. Figures 5.9a, 5.9b and 5.9c show the topogra-
phy after tilt correction [109], the optical amplitude and the cosine of the phase of
the optical field, respectively. The optical amplitude is higher on the grating than
outside the grating due to the excitation of SPPs. The SPPs propagate beyond the
grating as an exponentially decaying wave.

Buried grating

The incident angle was fixed at 45.6° to excite SPPs via the —1°% diffracted order.
The PSTM images are shown in Fig. 5.10. Figures 5.10a, 5.10b, and 5.10c show the
topography, the optical amplitude and the cosine of the phase of the optical field,
respectively. The topography of the template-stripped surface shows no residual
modulation. The edge of the grating is not revealed in the topography; but is clear
in the optical amplitude image.

5.7 SPP propagation length beyond the exposed gra-
ting

To separate the SPPs from the diffracted order and thereby to measure the propa-
gation length of the SPPs, a two-dimensional Fourier transform analysis [104] of
the PSTM images is performed. The Fourier transform of the complex optical field
measured on the exposed grating (Fig. 5.9) is shown in Fig. 5.11a. An enlarged por-
tion of the Fourier transform image is shown in Fig. 5.11b. Two prominent features
are visible in the image: the 0" and the —1% order diffracted components. The in-
tense feature in the image is the —1% order which is due to the resonant coupling
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Figure 5.9: Interferometric PSTM measurements on the edge of the exposed grating. (a) The topography,
(b) the amplitude of the optical field, and (c) the cosine of the phase of the optical field. The scan size is
78.6 umx5.3 um. The edge of the grating is denoted by the white and the black dashed lines in (a) and
(b), respectively.

to the SPPs. In addition to the coupling to SPPs, the highest amplitude for the —1%
order can also be due to two other factors. First, a conical mount will break the dif-
fraction symmetry and subsequently the diffracted orders will have different field
strengths on the grating surface. Hence the magnitude of the —1% order can be
higher than that of the +1% diffracted order. Second, a difference in the coupling
strength for the +1% and the —1% diffracted orders into the tip of the PSTM has been
attributed to a tilt of the tip [11]. But this is not the case in our measurements due
to the fact that repeated measurements with new fiber tips showed a similar beha-
vior. The former factor was clarified by detecting the reflected intensity in the —1%
reflected order, which showed a minimum due to the resonant excitation of SPPs.
In addition to the prominent features, a circular pattern is seen with respect to
the zero frequency point in Fig. 5.11a, which corresponds to the SPPs that undergo
directional scattering [32] by the surface roughness. The magnitude of the SPP wave
vector has been preserved in the scattering process as is evident from the circular
pattern of the scattered spatial frequencies. Interestingly, a comparatively higher
amplitude is observed on the region of the circle which is situated diagonal to the
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Figure 5.10: Interferometric PSTM measurements of the edge of the buried grating. (a) The topography,
(b) the amplitude of the optical field, and (c) the cosine of the phase of the optical field. The scan size is
74.2 ymx7.9 um. The edge of the grating is denoted by the white dashed line in (a).
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—15t diffracted order, which is attributed to the scattering of SPPs by the grating
wave vector. The 0! and the —1°¢ order features are filtered [104] to extract the SPPs.
The magnitudes of the inverse Fourier transforms of the separated features give the
optical amplitude images for the two diffracted orders and are shown in Fig. 5.11c
and 5.11d. For both orders, the optical amplitude is higher on the grating than
outside the grating. For the 0™ order, the higher optical amplitude on the grating
is attributed to the different average thickness of the gold layer; the 22.5 nm deep
grooves in the 70 nm thick gold layer increase the coupling strength. For the —1%
order, the optical amplitude increases on the grating due to the resonant excitation
of the SPPs. The optical amplitude decreases away from the grating due to internal
losses in the gold.

Line traces along the black dashed line in Fig. 5.11c and 5.11d are shown in
Fig. 5.12. A linear fit to the intensity in the —1%¢ order yields a propagation length
of 10.7 + 0.6 pm along K (Fig. 5.12b). The SPPs propagate at an angle of 9.5° from
the K axis. The propagation length along the direction of propagation of the SPPs
is 10.8 + 0.6 um.
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Figure 5.11: (a) The Fourier transform of the complex optical field measured on the edge of the exposed
grating and (b) an enlarged portion of (a) showing the different features. The black boxes show the region
selected for filtering. The magnitude of the inverse FT of the filtered spatial frequency region for (c) the
0t order and (d) the —15¢ order.
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Figure 5.12: (a) Line trace along the black dashed line in the optical amplitude images. The edge of the
grating is indicated by the black dotted line. (b) Linear fit to the intensity in the —1%! order beyond the
grating. The intensities are plotted in a logarithmic scale.
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5.8 SPP propagation length beyond the buried grating

The Fourier transform of the total field measured on the buried grating (Fig. 5.10)
is shown in Fig. 5.13a. The circular pattern corresponding to the scattered SPPs
observed in Fig. 5.11a for the exposed grating is absent for the buried grating. An
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Figure 5.13: (a) The Fourier transform of the complex optical field measured on the edge of the buried
grating and (b) an enlarged portion of (a) showing the different features. The black boxes show the region
selected for filtering. The magnitude of the inverse FT of the filtered spatial frequency region for (c) the
0™®, (d) the —1%t, and (e) the +15¢ orders. The edge of the grating is indicated by the black dotted line.

enlarged portion of the Fourier transform image is shown in Fig. 5.13b. Four pro-
minent features are visible in the image: 0%, +15!, 1%, and —2"9 order diffracted
components. As for the exposed grating, the intense spot corresponds to the —15
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order which is due to the resonant coupling to the SPPs. The 0, +1%!, and —1%
features are filtered out separately and the magnitudes of the inverse Fourier trans-
forms of the features are shown in Fig. 5.13c, 5.13d, and 5.13e, respectively. All the
three orders have higher intensities on the grating than outside the grating. The
0" order evanescent wave (Fig. 5.13c) behaves similar as on the exposed grating.
The +1% order (Fig. 5.13€e) does not couple to SPPs since its momentum is higher
than the SPP momentum and hence the optical amplitude drops to zero outside
the grating.

Line traces taken along the black dashed lines for the three different orders are
shown in Fig. 5.14. The intensity in the —1%t diffracted order is the highest on the
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Figure 5.14: (a) Line traces along the black dashed line for the three diffracted orders shown in Fig. 5.13.
The edge of the grating is indicated by the black dotted line. (b) Linear fit to the —15¢ order beyond the
grating. The intensities are plotted in a logarithmic scale.

grating due to the resonant excitation of the SPPs. The SPPs decay beyond the gra-
ting due to the internal losses in the metal (Fig. 5.13d). A linear fit to the intensity in
the —1% order yields the propagation length of 11.6 + 0.1 pm as shown in Fig. 5.13b.
The SPPs propagate at angle of 13.7° from the K axis. The propagation length along
the direction of the SPPsis 11.9 + 0.1 pm.

The propagation length of SPPs on an ideal gold surface of negligible radia-
tion damping and scattering losses [32] is 15 um with dielectric constant of gold
taken from Johnson and Christy [31]. The SPP propagation lengths measured on
the template-stripped surface of the buried grating and the evaporated gold sur-
face of the exposed grating are close to the calculated propagation length. The re-
duction in the FWHM is related to the surface plasmon resonances measured on
the buried grating, whereas the SPP propagation length was measured outside the
grating. The significant reduction in the FWHM of the surface plasmon resonances
for the buried grating can be attributed to a reduced directional scattering of SPPs,
as is evident in the Fourier transform image shown in Fig. 5.13a. The buried grating
with a significant reduction in the FWHM of the surface plasmon resonances can
improve the sensitivity of grating-incorporated SPR sensors.
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5.9 Applications

5.9.1 Sensing

A SPR sensor is a label-free sensing device capable of detecting bio-chemical mo-
lecules [5] and monitoring real-time interaction in molecules [62]. The field en-
hancement on the sensor’s metal surface due to the excitation of the SPPs implies
that a small variation in the refractive index can perturb the SPP field [125]. The
dependance of the SPP field on small changes in the near field of the metal surface
determines the sensitivity of a SPR sensor. In this section, the effects of a buried
and an exposed grating on the sensitivity of a SPR sensor are studied.

The sensitivity of a SPR sensor can be represented by its figure of merit. The
Figure of Merit (FOM) of a sensor can be defined as the ratio of the rate of change
of SPR angle 0,, to the FWHM of the SPR resonance given by

dén
dn
FWHM'

where n is the refractive index of the medium in contact with the SPPs on the me-
tal surface (or the specimen). Calculations [133] based on rigorous coupled wave
analysis [134] were performed on an exposed and a buried grating with the grating
parameters taken from the fabricated gratings. The diffraction efficiencies in the
ot order light reflected off the gratings, as a function of the incident angle, for dif-
ferent values of the refractive indices are shown in Fig. 5.15. For both gratings, the

FOM =

(5.3)

. (a) Buried grating (b) Exposed grating

1.0 51 1.0 7] n=1.00

5 107 . =

2 / . VYY,V. v I

5 1.y e Vo /?P n=1.05

. 08 TVTTY \1 A 087 { n=1.10

ST ]

(>),06_: 06_' n=1.15

-5 . . n=1.20

é 0.4 7 0.4 1 n=1.25

CIC) 7 7] n=1.30

S 027 0.2 n=1.35

S 7 E 1.40
b 1 n=1.

EOO rrrhprrrprrrrprrrrprreepreey 00 rrrrprrrprrrprrrrprrreypreey

S 3 40 50 60 70 8 9 30 40 50 60 70 80 90

Angle of incidence, 6 (deg.)

Figure 5.15: Calculated diffraction efficiency in the 0'® order reflected beam in (a) a buried grating and
(b) an exposed grating.

SPR angle increases with the refractive index, as expected. The depth of the SPR
dip for the exposed grating is observed to fluctuate with the refractive index. For
the buried grating, the depth of the SPR dip remains constant for refractive indices
below 1.3. Figures 5.16a - 5.16c show the variation of the SPR angle, the FWHM, and
the FOM for different refractive indices.

The variation of the SPR angle with the refractive index shows that the slope
for the exposed and the buried gratings are almost the same. The variation of the
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Figure 5.16: The influence of the refractive index of the medium in contact with the SPPs on (a) the SPR
angle, (b) the FWHM, and (c) the FOM. The bio-relevant region is shaded in the plots.

FWHM of the resonances with the refractive indices shows an increasing trend for
the gratings (Fig. 5.16b). Interestingly the exposed grating shows an increase in
the FWHM for a refractive index of 1.15 and remains constant until the refractive
index reaches 1.3. Thereafter, both gratings show a similar increasing trend. The
FOM for the two gratings [Eq. (5.3)] is shown in Fig. 5.16c. For a refractive index
of unity, the FOM is 70 for the exposed grating and is 117 for the buried grating. A
figure of merit of 85 has been reported at a refractive index of 1.52 for a grating-
incorporated SPR sensor [136]. In both exposed and buried gratings, a refractive
index higher than 1.35, increases and widens the SPR dip which is attributed to the
fact that the refractive index of the specimen approaches to the refractive index of
the glass substrate (1.51). The refractive index range of 1.3 to 1.4 is applicable to bio-
molecules [142]. The higher FOM observed for the buried grating when compared
to the exposed grating, at the refractive index of 1.3, can improve the sensitivity of
SPR bio-sensors.

5.9.2 Nanofocusing

A phase-matched exposed grating has been used previously to focus SPPs and an
increased scattering of the SPPs was observed, which can decrease the propaga-
tion length of SPPs. [8]. The SPPs generated on the gold-air interface of a grating
propagate towards the center of the grating using a non-collinear phase matching
scheme as shown in Fig. 5.17. By burying the phase-matched grating, the radiative
damping of SPPs can be reduced, so that the SPPs are focused with less scattering.

One promising application of a phase-matched buried grating is in the exci-
tation of SPPs for confinement to nanoscale dimension by using a tapered wave-
guide [143, 144]. The SPPs generated and focused by the buried phase matched
grating can be focused further to the apex of the tapered waveguide as depicted
in Fig. 5.18. Both two-dimensional [17, 143] and three-dimensional tapered wa-
veguides [42, 145] have been demonstrated for SPP confinement. In the three-
dimensional confinement of SPPs, the coupling to SPPs has been achieved by per-
iodic grooves milled on the metallic waveguide. By using a phase-matched buried
grating, a pattering of the waveguide can be avoided, which could reduce the scat-
tering of SPPs propagating towards the apex of the waveguide.
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Figure 5.17: Non-collinear phase matching mechanism to focus the SPPs. The black solid arrows in-
dicate the in-plane wave vector of the incident light for a fixed incident angle, the black open arrows
denote the grating wave vectors, and the grey arrows denote the SPP wave vector (converging towards
the center).
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Figure 5.18: Cross sectional view of a phase-matched buried grating in combination with a tapered
waveguide to achieve three-dimensional nanofocusing of SPPs.

5.10 Conclusions

An experimental investigation of the effect of a grating on the FWHM of the sur-
face plasmon resonance has been presented. An exposed and a buried grating have
been investigated in the near-field using a heterodyne interferometric PSTM. For a
fixed position of the PSTM tip on the grating, the full width at half maximum of the
SPR on the buried grating is measured to be significantly lower than that on the ex-
posed grating. A considerable reduction in the SPP scattering on the buried grating
has been observed by comparing the two-dimensional Fourier transform images
of the complex optical field measured on the gratings. The propagation lengths
of SPPs measured beyond the gratings have been found to be close to the calcula-
ted propagation length on an ideal gold surface. The significant reduction in the
FWHM might indicate that the buried grating particularly reduces radiative dam-
ping of SPPs into the air space and hence increases the SPP propagation length.
Furthermore, a theoretical study based on RCWA simulations has been perfor-
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med on both buried and exposed gratings. A higher FOM has been observed for
the buried grating at a bio-relevant refractive index of 1.3. The buried grating has
shown a large reduction in the FWHM of the surface plasmon resonances in the
experiments and a higher FOM in simulations compared to the exposed grating,
which might improve the sensitivity of grating-incorporated SPR sensors. In addi-
tion, a phase-matched buried grating in combination with a tapered waveguide has
been proposed to focus SPPs in three-dimensions.
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Summary

This thesis presents results of a near-field investigation of Surface Plasmon Pola-
ritons (SPPs) on gold thin films and gratings, using a heterodyne interferometric
Photon Scanning Tunneling Microscope (PSTM). The ideas described in the thesis
are intended to improve the sensitivity and dynamic range of bio-sensors.

The interaction of light with metals contains a resonant phenomenon called the
Surface Plasmon Resonance (SPR). SPPs are sensitive to a change in the refractive
index of the bounding medium. The level of sensitivity depends on the sharpness
of the resonance, which depends on the propagation length of SPPs on the metal
surface.

The dynamic range of SPR sensors can be improved by corrugating the metal
surface. The SPPs propagating on a corrugated metal surface will scatter back to
radiation, which decreases the propagation length and broaden the SPP resonance.
Hence it becomes important to design the corrugation in such a way that the dyna-
mic range of a SPR sensor is preserved, without compromising the sensor’s sensiti-
vity.

In Chapter 2, an introduction to plasmonics is given, emphasizing the genera-
tion of SPPs on metal thin films. An optical coupling to SPPs is only possible by
increasing the momentum of light, since the SPP momentum is higher than that
of light in free space. The prism and the grating coupling schemes to excite SPPs
are described. The thickness of the metal film divides the coupling of SPPs into
three regimes: under-coupling, optimum-coupling and over-coupling. An opti-
mum coupling is achieved when the internal losses in the metal film is equal to
the radiative losses. A conventional far-field reflection setup is used to show that
SPPs are excited only for p-polarized incident light. Direct detection of SPPs is only
possible by perturbing the SPP field by using a sub-wavelength scatterer.

In Chapter 3, a Photon Scanning Tunneling Microscope (PSTM) to image sur-
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Summary

faces with sub-wavelength resolution is presented. The sub-wavelength resolution
is obtained by frustrating evanescent waves using a sharp tapered optical fiber tip.
A heterodyne interferometric technique is used to obtain both the amplitude and
the phase of the SPP field on a 50 nm thick gold film. Multiple SPPs, excited by com-
bining the prism and the grating coupling schemes, are imaged using the PSTM,
and a Fourier analysis untangles the different plane waves propagating on a gold
buried grating. Light exiting an integrated optical waveguide embedded in a micro-
chip is imaged using the PSTM, which reveals a radially-symmetric intensity profile.

An interesting property of SPPs, such as the phase shift at SPR, can be extracted
by probing the amplitude and phase of the SPP field on a metal surface. In Chapter
4, the extraction of the phase shifts at SPR on two different samples, a flat gold sur-
face and a buried gold grating, is demonstrated. In the case of the 50 nm thick gold
film, an adjacent glass region is used as a reference. The difference between the
phase of the evanescent wave on the glass and the gold surfaces is measured for va-
rying incident angles. A phase shift of 130° is measured over the SPR region, which
agrees with the theoretical prediction. In the case of the gold buried grating, the re-
sonant phase shift at SPR is extracted using a non-resonant diffracted order as the
reference. The measured resonant phase shift of 133° matches with the theoretical
phase.

In Chapter 5, the propagation length of SPPs is investigated for two different
types of grating designs: a buried grating and an exposed grating. In a glass-gold-air
system, the buried grating has corrugations at the glass-gold interface and the ex-
posed grating has corrugations at the gold-air interface. The PSTM is used to detect
the near-field intensities on the gratings. The full width at half maximum (FWHM)
of the surface plasmon resonances on the buried grating is reduced to 57% for the
prism-coupled SPPs and 77% for the grating-coupled SPPs, in comparison with the
exposed grating. The reduction in the FWHM of the SPR implies an increase in the
propagation length of SPPs.

The edge of the gratings are imaged using the PSTM and the propagation lengths
of SPPs beyond the gratings have been found to be close to the calculated SPP pro-
pagation length on an ideal gold surface. Using simulations based on rigorous cou-
pled wave analysis, the figure of merit of a SPR sensor for both gratings are evalua-
ted. At a bio-relevant refractive index of 1.3, a higher figure of merit observed for
the buried grating, implies a sensitivity enhancement in grating-incorporated SPR
sensors. Finally, a combination of a phase-matched buried grating and a tapered
waveguide is proposed as a device for three-dimensional nanofocusing of SPPs.
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Samenvatting

In dit proefschrift worden de resultaten gepresenteeerd van het nabije-veld onder-
zoek naar oppervlakte plasmon polaritonen (SPPs) op dunne goudfilms en gou-
droosters. Dit onderzoek is uitgevoerd met een heterodyne interferometrische Pho-
ton Scanning Tunneling Microscoop (PSTM). De belangrijkste bevindingen in dit
proefschrift zijn gericht op het verbeteren van de gevoeligheid en het dynamisch
bereik van bio-sensoren.

Bij de interactie van licht met metalen treedt een resonant verschijnsel op, ge-
naamd oppervlakte plasmonresonantie (SPR). SPPs zijn gevoelig voor verandering
van de brekingsindex van het omringende medium. De mate van gevoeligheid van
een SPR sensor is athankelijk van de scherpte van de resonantie. Die is op zijn beurt
afhankelijk van de propagatie lengte van SPPs op het metaaloppervlak.

Het dynamisch bereik van SPR sensoren kan worden verbeterd door het ver-
vormen van het metaaloppervlak. Echter, de SPPs die zich voortplanten op een
vervormd metalen oppervlak ondervinden echter terugverstrooiing naar straling,
wat een verbreding van de resonantie tot gevolg heeft. Daarom is het belangrijk om
de vervorming van het metaaloppervlak op een zodanige wijze te ontwerpen dat de
dynamisch bereik van een SPR sensor wordt verbeterd, zonder afbreuk te doen aan
de gevoeligheid van de sensor.

In hoofdstuk 2, wordt een kort overzicht van plasmonics gegeven, waarbij de
nadruk ligt op de SPPs op uitgestrekte dunne films. Een optische koppeling aan
SPPs is alleen mogelijk door het verhogen van de impuls van het licht, omdat de
SPP impuls hoger is dan die van het licht in lucht. De prisma- en rooster-koppeling
methodes worden beschreven. De dikte van de metaallaag verdeelt de koppeling
van SPPs in drie regimes: onder-koppeling, optimale koppeling en over-koppeling.
Een optimale koppeling wordt bereikt wanneer de interne verliezen in de metaal-
film gelijk zijn aan de stralingsverliezen. Een conventionele verre-veld reflectie ops-
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telling wordt gebruikt om aan te tonen dat de SPPs alleen aangeslagen worden door
p-gepolariseerd invallend licht. Het direct detecteren van SPPs is alleen mogenlijk
door het SPP veld te verstoren door een sub-golflengte verstrooier gebruiken.

In hoofdstuk 3, wordt een PSTM, op het beeld om te oppervlakken met sub-
golflengte resolutie gepresenteerd . Sub-golflengte informatie wordt verkregen door
het frustreren van de evanescente golven, met een scherpe optische vezel tip. Een
heterodyne interferometrie techniek wordt gebruikt om zowel de amplitude als de
fase van het SPP-veld op een 50 nm dikke gouden film te verkrijgen. Meerdere SPPs
aangeslagen door het combineren van de prisma- en de rooster-koppeling me-
thodes, worden afgebeeld met behulp van de PSTM en een Fourier analyse haalt de
verschillende vlakke golven uiteen. Het licht aan the uitgang van een geintegreerde
optische golfgeleider is gescand met behulp van de PSTM.

Een interessante eigenschap van SPPs, zoals de faseverschuiving bij resonan-
tie, kunnen direct worden geéxtraheerd door het meten van de amplitude en fase
van het SPP-veld op een metalen oppervlak. Hoofdstuk 4 beschrijft het meten van
faseverschuivingen ten gevolge van SPR op twee verschillende oppervlakken: een
plat gouden oppervlak en een ingegraven goud rooster. In het geval van een 50 nm
dikke gouden film, is een aangrenzende gebied van glas gebruikt als referentie. Het
verschil tussen de fase van de golven op het glas en het goud wordt gemeten voor
verschillende invalshoeken. Een fase verschuiving van 130° is gemeten over de SPR
regio, het geen overeenkomt met de theoretische voorspelling. In het geval van het
ingegraven gouden rooster, wordt de resonante faseverschuiving op SPR gemeten
met een niet-resonante diffractie orde als referentie. De gemeten resonante fase-
verschuiving van 133° komt overeen met de theoretische faseverschuiving.

In hoofdstuk 5 is de vermeerdering lengte van SPPs onderzocht voor twee ver-
schillende soorten rooster ontwerpen: een ingegraven rooster en een open rooster.
Het ingegraven rooster heeft ribbels op de glas-goud-overgang en het open rooster
heeft ribbels op de goud-lucht overgang. De PSTM wordt gebruikt om de intensi-
teiten te meten op de roosterstructuren. De volle breedte op halve hoogte (FWHM)
van de oppervlakte plasmonresonanties op het ingegraven rooster reduceert naar
57% voor de prisma-gekoppelde SPPs en naar 77% voor de rooster-gekoppelde SPPs,
in vergelijking met de open rooster. Een vermindering van de FWHM van de SPR
impliceert een toename van de verspreiding lengte van SPPs.

De rand van de roosters worden afgebeeld en de propagatie lengtes van SPPs
buiten de roosters zijn dicht bij de berekende SPP propagatie lengte op een ideale
goud oppervlak. Met behulp van simulaties op basis van sterk gekoppelde golfana-
lyse, is het rendement van een SPR-sensor voor beide roosters geévalueerd. Bij een
biologisch relevante brekingsindex van 1.3, een hoger rendement wordt voorspeld
voor het ingegraven rooster impliceert een verbetering in de gevoeligheid raspen-
opgenomen SPR sensoren. Ten slotte wordt een ontwerp voorgesteld, bestaande uit
een combinatie van een fase-gematcht ingegraven rooster en een taps toelopende
golfgeleider, voor drie-dimensionale nanofocussering van SPPs.
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