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ABSTRACT

ABSTRACT

The work presented here concerns the electromagnetic response of diffraction
gratings, and the role they play in the excitation of surface plasmon polaritons (SPPs)
at the interface between a metal and a dielectric. The underlying aim of this thesis is
to build on the current understanding of the excitation of SPPs in the visible regime,

and extend and develop these ideas to microwave wavelengths.

The position and shape of the resonance of the SPP is extremely sensitive to both the
interface profile and the properties of the surrounding media and hence, by using a
suitable grating modelling theory, this dependence can be utilised to parameterise the
profile and optical properties of the media. Indeed, the first two experimental
chapters of this thesis present the first characterisations of the dielectric function of
titanium nitride, and non-oxidised indium using such a grating-coupled SPP

technique.

Experimental reflectivities measured at visible frequencies are normally recorded as a
function of the angle measured from the normal to the average plane of the grating
surface, however this data becomes cumbersome to record at microwave wavelengths.
Hence, a new technique is developed which requires no moving detector and records
the reflectivities as a function of the angle between the plane of incidence and the
normal to the grating grooves. These reflectivities are initially recorded from a silver-
coated grating at visible wavelengths, but are also recorded from non-lossy metallic
gratings in the microwave regime. A large amount of beam spread is inherent in
microwave experiments, and therefore the apparatus is further developed to collimate
the incident beam. Finally, two samples are considered where a dielectric grating is
deposited onto a planar metal substrate. The data recorded from the first sample
demonstrates that it is possible to couple microwave radiation to SPPs that propagate
along the planar metal-dielectric interface. Furthermore, it demonstrates that if the
dielectric is lossy, the absorption on resonance of the modes is greatly enhanced. The
second study illustrates the novel result that with near-grazing incident radiation and
with the dielectric-grating grooves orientated such that they are parallel to the plane of

incidence, coupling is possible to SPPs at three different energies.
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"He who asks a question is a fool for five minutes; he who

does not ask a question remains a fool forever.”

Chinese Proverb
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CHAPTER 1 Introduction

CHAPTER 1
Introduction

The work presented in this thesis concerns the coupling of incident radiation to the
surface mode that propagates along the interface between a metal and a dielectric.
This mode is known as the surface plasmon polariton (SPP) and its excitation was
first experimentally observed in the spectra from ruled diffraction gratings by Wood in
1902. Chapter 2 presents a brief historical overview of the developments in the
understanding of the physics describing the SPP. A derivation of the planar-interface
dispersion relation of the SPP is presented, and the spatial extent of the fields
associated with the mode are examined. This demonstrates that the mode is non-
radiative, and consists of longitudinal oscillations of surface charge whose fields are
well confined to the interface. Methods for coupling radiation into the mode are
described, with particular emphasis on grating-coupling (since this is the method
employed in experiments presented here). In addition, the phenomena of SPP

mediated polarisation conversion and grating-induced band gaps are discussed.

Chapter 3 describes the influence of the interface profile and properties of the
surrounding media on the reflectivity from grating samples. This is achieved by
introducing the theoretical model based on the formalism of Chandezon et al. (1982)
that is used herein. By modelling the electromagnetic response of gratings samples, it
is demonstrated that the propagation of the mode and the shape and position of its
resonances are extremely sensitive to the properties of the interface and its
surroundings. Since three of the experimental chapters presented here consider the
response of metallic samples at very low (microwave) frequencies, particular attention

is made to the properties of near-perfectly conducting samples.

Chapters 4 and 5 demonstrate how the sensitivity of the SPP to its surroundings may
be exploited to determine the optical properties of metals. By fitting the zero-order,
polar-angle dependent reflectivities from metal-coated diffraction gratings (of suitable
pitch and depth) to the predictions from the modelling theory described in Chapter 3,
the complex dielectric functions of titanium nitride (Chapter 4) and indium (Chapter

5) are determined throughout the visible regime. Since indium is easily oxidised in
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air, a sample geometry is used in which the SPPs are excited at a protected silica-
indium boundary. The experimentally determined complex dielectric functions for
both materials are compared with a simple Drude model, and a more sophisticated
Drude-Lorentz model, in order to obtain approximate values for the metals’ relaxation

times and plasma frequencies.

Chapter 6 presents a new technique for recording the zero-order reflectivity from a
sample as a function of the angle of azimuth. This is a generally useful technique
since, unlike the more conventional polar angle of incidence scans used in Chapters 4
and 5, it involves no moving signal detector. The technique is used to record the
response of a silver-coated diffraction grating at a range of polar angles of incidence,
and the data are successfully fitted to the grating modelling theory. The work
presented in the chapter tests the validity of the conical diffraction theory [Elston et

al. (1991 a,b)], and provides an accurate characterisation of the grating profile.

Chapters 7, 8 and 9 each represent work undertaken in the microwave regime at
frequencies between 26.5 and 40 GHz, and use a scaled up version of the apparatus
developed in Chapter 6. This technique is particularly advantageous at these much
longer wavelengths since polar angle scans are particularly cumbersome due to the
large area swept out by the signal detector. In Chapter 7, the reflectivities from both
singularly and doubly corrugated samples are presented, where the corrugation is
milled directly into a near-perfectly conducting metal substrate. By developing an
apparatus that provides a well-collimated incident beam, excellent agreement is
achieved between the experimentally recorded data and the predictions from the

grating modelling theory.

The responses of corrugated dielectric overlayers deposited upon planar metal
substrates are considered in Chapters 8 and 9. With such samples, the interface that
provides the coupling mechanism, and the interface along which the SPP propagates
are separated. The dielectric material used is petroleum wax, which, in the available
frequency range, is found to have a similar refractive index to glass at visible
frequencies. Due to the ease with which the grating profiles can be cut into the wax
compared to milling them directly into the metal substrate, this coupling technique

presents an advantage over the more conventional geometry. The average thickness
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of the dielectric layer studied in Chapter 9 is too small to be able to support guided
modes, however such modes, in addition to the SPP, are supported by the thicker
sample studied in Chapter 8. The effects of non-zero & (where € =¢"+ig”) in the
dielectric are theoretically investigated for the sample used in Chapter 8, and the
degree of absorption is shown to be greatly enhanced on resonance of well-coupled
modes. Chapter 9 presents the novel result that when a near-grazing beam is incident
on the sample with its grooves orientated such that they are parallel to the plane of
incidence, coupling to the SPP is possible with both p- and s-polarised radiation at
three different energies. The identity of each of the modes excited at the three
energies are confirmed as the resonant excitation of the SPP and an explanation is
provided for their coupling conditions by modelling their electric field profiles and
their dispersion with frequency and in-plane momentum. In both these chapters, good
agreement is obtained between the experimentally recorded reflectivities, and the

theoretically modelled results.
Finally, Chapter 10 contains a summary of the work presented in this thesis, possible

ideas for future work, and a list of publications arising from the studies presented

here.
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CHAPTER 2
A review of the properties of radiatively coupled

surface plasmon polaritons.

2.1. Introduction

In this chapter some of the physics and properties of surface plasmon polaritons (SPPs)
propagating on planar and corrugated surfaces are briefly described. The dispersion
relation for the propagation of the SPP on a planar metal-dielectric interface is derived
and the spatial extent of the electric fields associated with the mode is explored. This
demonstrates that the mode is non-radiative in the planar-interface limit, and consists of
a longitudinal oscillation of surface charge whose fields are well confined to the
interface. An historical overview of the understanding of the Wood’s (SPP) and
Rayleigh anomalies (pseudo-critical edge), which were first observed around the turn of
the 20" century, is presented and optical coupling to the SPP is discussed with particular
emphasis on grating coupling. Finally, the phenomenon of SPP mediated polarisation
conversion is discussed, and the creation of grating induced gaps in the SPP dispersion

curve is explained.

2.2. Historical Overview

The electromagnetic surface waves discussed throughout this thesis may propagate
along a planar interface between two dissimilar media without radiation losses. Surface
waves [Barlow and Cullen (1953), and Goubau (1959)] have attracted much scientific
attention over the last one hundred years. For example, Zenneck in 1909 realised the
possibility of propagation of radio waves around the Earth when one considers the
upper half space as a pure dielectric and the lower as a conductor. A similar wave of
radiation coupled to oscillating charge density may propagate along a metal-dielectric
interface. Today, we often refer to this mode as a surface plasmon polariton (SPP) and
it may be considered as a “sound” wave propagating through the free-electron gas of the

metal.
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The work presented in this thesis is concerned with the excitation of the SPP within
systems that involve diffraction gratings, and it is perhaps Joseph von Fraunhofer who
deserves the credit for the invention of the diffraction grating in 1821 in the form that it
is known today. He produced finely ruled reflection gratings with a diamond point in
mirrored surfaces which enabled him to conduct a thorough study of their performance
and, for the first time, to calculate the wavelength of light. He explained the

phenomenon of diffracted orders and verified the grating equation:

A, (sind, —sin @) = NA, Equation 2.2.1

where 6 and ¢, are the angles of incidence and diffraction of the Nth order

respectively, and A, is the grating period.

Wood studied the spectra of similar ruled metallic diffraction gratings in 1902. He
viewed the spectra of an incandescent lamp reflected from a grating, and observed an
uneven and unexpected distribution of light. Dark and bright bands were seen in the
spectra of transverse magnetic (TM) light and between these bands the intensity
changed over a very narrow spectral region. The theory of diffraction gratings at the
time was unable to explain the two anomalies, which are now known to be the result of
two different physical processes. The features that he observed are illustrated in Figure
2.2.1, where the reflected intensity has been recorded as a function of the angle of

incidence (@), measured from the normal to the average plane of the grating.

Lord Rayleigh correctly predicted the positions of the bright anomalies in the TM
spectra in 1907 as part of his Dynamical Theory of Gratings (an extension to his earlier
Theory of Sound). He found that the scattered field is singular at wavelengths at which
one of the diffracted orders emerges from the grating at grazing angle, which results in a
sudden redistribution of the available energy. Hence, the sharp change in reflectivity
observed by Wood is generally referred to as the Rayleigh anomaly. His theory also
suggested that the anomalies only appear when the incident electric field is polarised
perpendicular to the grating grooves — it predicted no anomalies for the orthogonal
polarisation. Further experiments over the next three decades again by Wood (1912 and
1935), and also by Ingersoll (1920) and Strong (1935) verified these initial

observations.
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Figure 2.2.1 Theoretically-derived angle-dependent reflectivity data from a gold
coated grating illustrating the bright (Rayleigh) and dark (Wood’s) anomalies
observed by Wood (1902).

One of the problems with Rayleigh’s theory was that it only predicted a singularity at
the anomaly’s wavelength — it did not yield any information about the shape of the
feature. However Fano (1941) presented an alternative treatment. The grating equation
(Equation 2.2.1) illustrates that the component of the momentum of the incident
radiation parallel to the average plane of the grating surface will be enhanced in integer

multiples of 27z/ A, (where A, is the grating spacing) and a series of diffracted orders

will result. He proposed that when this component is greater than the momentum of the
incident beam (sin ?J > 1), it becomes evanescent and will be diffracted into a pair of
surface waves travelling along the grating surface and exponentially damped in the
direction perpendicular to it. These waves are not able to leave the interface since both
the dielectric and the metal repeatedly reflect them, and no part of their energy is
dispersed outside the surface region. Fano showed that a quasi-stationary state may be
set up, where the pairs of surface waves are excited by the impinging incident radiation
at the surface of the grating and act as forced oscillators. The waves are considered to be

quasi-stationary because in real metals there are losses due to heat production; the width

30



CHAPTER 2 A review of the properties of radiatively coupled surface plasmon polaritons.

of the interval in which the resonance is felt being proportional to the magnitude of this

damping.

However, the electrons associated with the surface waves can only be excited at the
interface if there is a component of the incident wave polarised with its electric vector
perpendicular to the surface. In addition, the electrons will oscillate resonantly only if
the tangential momentum of the oscillations approaches a permissible value determined
by the real part of the permittivity of the metal (£"). It is the negative sign of £ that
inverts the direction of the normal component of the electric field at the interface and
allows the possibility of coupling to this quasi-stationary state due to the charge density
variations induced on the metallic surface. Since for most materials there is no

analogous magnetic property, the correct polarisation of incident radiation is vital.

Wood’s initial publications reported that the anomalies appeared only in the component
of the incident light which was polarised with its electric vector perpendicular to the
rulings (p-polarised, TM). It was not for another 50 years that “Parallel Diffraction
Grating Anomalies” were generally accepted when Palmer (1952) observed them in the
s-polarised spectra from gratings with much deeper grooves. He illustrated that with s-
polarised incident radiation sharp, bright anomalies occurred at the same angles as the
anomalies previously predicted by Rayleigh and observed in the p-polarised spectra by
Wood. Rayleigh’s theory did not predict these TE anomalies and neither did Fano’s
classical treatment. It eventually became clear that Rayleigh’s Dynamical Theory of
Gratings was only valid for shallow grooves (an issue that will be discussed in detail in
the following chapter). Hence his theory was unable to predict the bright bands in the s-
polarised spectra observed by Palmer, and the dark bands in the p-polarised spectra

observed by Wood.

During the mid- and late-1950s, much progress was made in attempting to explain the
Wood’s anomaly. The resonance effect proposed by Fano, in conjunction with the
developments of treating the electrons in a metal as a plasma [Pines and Bohm (1952)]

led Ferrell (1958) to confirm that the density oscillations of these electrons occurred in

multiples of a basic quantum of energy, 7@),. It was therefore interpreted that this

plasma oscillation was associated with a basic unit of energy that was termed the
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plasmon. When excited by a high-energy incident beam of electrons, these plasma
oscillations should emit radiation at the plasma frequency. The experimental evidence
for the existence of bulk plasmons was provided by Steinmann (1960), who bombarded
metal films with 25keV electrons. Ferrell also predicted that image forces at the
surfaces of a thin metal film should constrain the electrons. This would contribute an
uncertainty to the momentum normal to the foil and allow these surface plasmons to
radiate transversally. Powell (1958,1960) detected the decay by radiative emission of

both excited surface and bulk plasmons, which were found to have the characteristic
energies (@, / V2 and @ , respectively) that had been earlier predicted by Ritchie

(1957) and Ferrell (1958).

Fano (1941) realised that the surface waves that he proposed that propagate along the
boundary between a dielectric and a metal were simply a special case of the waves first
suggested by Zenneck (1909) and Sommerfeld (1909). Since these waves propagate
along the metal boundary with a momentum greater than that of the incident radiation in
the dielectric (air) medium, it is impossible for them to radiate or to couple to them on a
planar interface. However Teng and Stern (1967) used an optical grating that could
impart some additional momentum to the surface plasmon, so that it could couple to a
radiating electromagnetic field. The experiment consisted of bombarding the grating
with a high-energy electron beam and observing peaks in the out-coupled TM radiation.
To verify that the surface plasmon was the cause of these peaks, an additional
experiment was carried out. Electromagnetic radiation incident at the emission angle,
and of the same frequency as the peaks, should be absorbed as it excites the surface
plasmon. This was the case, and as the angle of incidence with respect to the grating
normal was varied, troughs appeared at the same position as the peaks in the electron-
beam experiment. Using the angular positions of these peaks, the authors were able to
determine the wave vector parallel to the surface of the grating of the surface plasmon
and hence the dispersion curve could be mapped out. This confirmed the excitation of
surface plasmons unequivocally and presaged their direct optical coupling with the use

of a grating - confirming Wood’s observations.

Fano’s theory was further verified experimentally by Ritchie et al. (1968), and

Beaglehole (1969). They each provided one of first comprehensive experimental
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studies of optically excited surface plasmons (known as surface plasmon polaritons,
SPPs) on metal gratings. Ritchie et al. were able to experimentally derive the dispersion
curve of the SPP by plotting the positions of the peaks in the p-polarised spectra from
their grating. Meanwhile Beaglehole was able to illustrate that coupling to the mode is
possible for both p- and s-polarised light if the grating grooves are twisted with respect
to the plane of incidence, and provided that there is a component of the electric field

along the direction of surface plasmon propagation.

2.3. Surface Plasmon Polaritons at the Interface of Semi-infinite Media

The term polariton has evolved to denote the coupling of the electromagnetic photon
field to the polar excitations in a solid. Bulk polaritons propagate in an unbounded
medium, while surface polaritons may be defined as the coupling of the incident field to
surface dipole excitations that propagate along the interface between two dissimilar
media. In this section, the dispersion of the polariton that may propagate at the interface

of a metal and a dielectric is derived, and the spatial extent of its fields is discussed.

2.3.1. The Dispersion Relation

We restrict ourselves to considering the interface of two semi-infinite, optically
isotropic, homogeneous media that are characterised by frequency dependent, complex

dielectric constants £(w) = €' (w)+ie”(w). For simplicity both media assumed to be
non-magnetic (,u = 1) and the interface is planar. In addition, it is convenient, at least

initially, to consider media that are loss-free.
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Figure 2.3.1. The co-ordinate system used to describe the planar interface system,
where the z-direction is into the page. The situation shown is when p-polarised

radiation is incident.

First consider the configuration shown in Figure 2.3.1 with electromagnetic modes
propagating in the x-direction along an interface in the xz-plane at y = 0. The surface
polariton for this configuration will correspond to solutions of Maxwell’s equations
which satisfy the boundary conditions at the interface and whose field magnitude varies
in a wave-like manner in the x-direction, but vanishes exponentially in the y-direction.
In other words, there exists evanescent, interface modes in both media. The electric

fields of these interface modes in each medium take the form,
E, = Elexpli(k, x— oyt)lexplik,,y);  y>0 Equation 2.3.1
E, =E) exp[i(kxzx—a)zt)]exp(ikyzy); y<0 Equation 2.3.2

E’ ) and E? = (E°,,E', . E A ) are the vector fields at the interface

y2°

where E} =(E0 E!

x1° =yl

in medium 1 and 2 respectively; k, =k, +ik;, and k,=k,, +ik;, are the
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components of the wave vectors perpendicular to the interface; and

k,=k,=k =k, +ik! and @, =@, =w are the components of the wave vectors

parallel to the interface and the frequency respectively (which are common to both

media).

By deriving the wave equation for E,and E, (V’E= ,uogazE/ ot ), one finds the

following expressions for kjl and kaz

@* w*

kfl =—&(®) - k?= —2’112 (w)-k} Equation 2.3.3
c c
@* w*

k) =—& @)=k} =—n; (@) —k; Equation 2.3.4
c c

where n(w)= e(a))% is the frequency dependent refractive index for the corresponding

media. Since the two media are neutral, and therefore V-D =0 in each medium, we

obtain the following relation between the x and y-components of E; and E,:

k
E,=-——E,; y20 Equation 2.3.5
yl
kX
E,=- . E.; y<0 Equation 2.3.6
y2

On applying the boundary conditions for the normal components of D(D;,)1 = sz) , and

also for the tangential components of E (Ef1 :E_fz) the following expression is

obtained:
k, &(w)
¥l 1
b _am Equation 2.3.7
k, &) I
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By combining Equation 2.3.3, Equation 2.3.4 and Equation 2.3.7, the following

equation for the dispersion relation for the interface modes is obtained:

, ® & (0)E, (W) )

= =k Equation 2.3.8
g +e (@ I

X

or
wz
ki, = pes n,’ (@) Equation 2.3.9

where n, is the “refractive index” of the interface mode which is a function of the

dielectric constants of both media.

In addition, by using the expressions for E; and E,, and similar expressions for H; and
H, in Maxwell’s equation forVxH and applying the boundary conditions for B, H, E
and D, the results H = Hy =0 and E, =0 are obtained for both media. Also, the

following expression for the z-component of H may be derived:

H, =H expli(k x— a)t)]exp(iky1 y) Equation 2.3.10
H_, =H? expli(k,x—an)]exp(ik ) Equation 2.3.11
where

A
H?le;)z:QL)Ef:H? Equation 2.3.12.
c kyl(a))

Thus, the electric field in each medium lies in the xy-plane, with the magnetic field

normal to this plane. Therefore the interface modes are TM in nature.
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2.3.2. Brewster and Fano Modes

By combining Equation 2.3.3, Equation 2.3.4 and Equation 2.3.8, the following

expressions may be obtained:

&(o)

k2 =k>= i

y1 = Ky 82((0) Equation 2.3.13
and

k3, =k &(@) Equation 2.3.14.

These equations illustrate that in frequency regions where &(w) and &, (@) are both
purely real and positive, k,, and k , are also real. Whereas when &(w) and &, (@)
have opposite signs, k, and k , are imaginary. It is therefore not surprising that

different frequency (wave vector) regions support different types of interface modes.

The interface modes that occur when &(@) and &,(w) are purely real and have

opposite signs correspond to surface electromagnetic modes that propagate without
radiation loss along the interface and whose fields decay exponentially to zero in the y-
direction. These modes are known as Fano modes (Section 2.1) and are equivalent to

the propagation of the SPP along a planar, non-lossy metal-dielectric interface.

The interface modes that occur when &(&) and &,(@) are both positive correspond to
Brewster modes, and since k , and k , are both real and have the same signs, it is clear

that the surface mode generated is in fact not bound to the interface. By inspection of
Equation 2.3.13 and Equation 2.3.14, we can appreciate that this mode is generated

when

w & (w 1
tan @ = @) _ 8@ =tan6, Equation 2.3.15
n(@) \é&(w tanf

which occurs when
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6+ [ =90° Equation 2.3.16.

At 8=86, (the Brewster angle) there is no re-radiation of p-polarised radiation from

medium 2 since there is no component of motion of the induced interface charge in this
direction. Note that, although Brewster modes are not bound to the surface (i.e. they do
not attenuate with distance from the interface like the Fano modes discussed above),
they do satisfy the criterion for interface modes that there be only one electromagnetic
wave in each medium (i.e. they involve an incident wave but no reflected wave in one

medium, and a refracted wave in the other).

To demonstrate that the expression derived in Equation 2.3.8 and the Brewster mode
dispersion relation are equivalent, the dispersion relation for the Brewster mode is

derived separately below.

n, (@) { & (@) T

(@) +n2 (@] L&@)+& (@)

sinf, = Equation 2.3.17

1

sk =nk,sinf, =k, m(@)n, (@) = (gj _a@5@) | Equation 2.3.18
(@) +n2 @) \cA&a(@)+& @)

where k, = @/cis the is the wave vector of the incident radiation in free space.

The equivalence of Equation 2.3.8 and Equation 2.3.18 demonstrates that the SPP is a
manifestation of the Brewster mode for which the media have purely real permittivities
of opposite signs (e.g. a non-lossy metal-dielectric system). It is clear that Brewster
modes have values of &, that are smaller than the wave vector of the bulk polaritons in
either medium. However, the opposite is true for Fano modes, which therefore cannot
directly couple to bulk polaritons in the dielectric, i.e. the SPP is described as non-

radiative.

It is also important to note that, in the case of the Brewster modes, the x- and y-
components of the electric fields are in phase with each other and the y-components in

the two media have the same signs. For Fano modes, the x- and y- components are one
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quarter of a cycle out of phase with one another, and the y-components of the field in

the upper and lower media have opposite signs. Furthermore when &,(w) — —¢,(w)
and in the absence of damping, it is clear that k, — o (A, > 0) and E 32 = —E;)l =iE’

(Equations 2.3.5, 2.3.6, 2.3.13 and 2.3.14). Hence, at this frequency, the magnitudes of
the x- and y- electric field components are equal. This frequency corresponds to that of

the uncoupled (or unretarded) surface electric dipole excitation.

Conversely, as &,(w) — —co (i.e. a perfectly conducting metal) we find that Kk — nk,
(Equation 2.3.8), i.e. the mode becomes more photon-like. In addition, from Equations

2.3.5,2.3.6, 2.3.13, and 2.3.14 it is apparent that k7, =0, k, — oo and E(V)z/Ef -0,

i.e. the Fano modes reside entirely in medium 1 and are polarised only in the y-
direction. Therefore the modes are essentially bulk polaritons propagating in the

dielectric (medium 1) along the x-axis.

If one of the media is now allowed to become lossy, then clearly from Equation 2.3.8,

Equation 2.3.13 and Equation 2.3.14, k_, k, and k , all become complex. It can be

shown that in this system, a surface mode may propagate along the interface which has
attenuated fields in both media [Burstein et al (1972)]. These types of modes are
generally referred to as Zenneck modes [Zenneck (1909)], and have phase velocities
greater than that of bulk polaritons at the same frequency in the loss-free medium.

When &, <0, the Zenneck mode corresponds to lossy Fano mode that is equivalent to

the SPP that propagates along the boundary of a real (lossy) metal and a dielectric.

Let us continue with the previous example of the metal-dielectric interface, where the
metallic media is again assumed to be perfectly conducting. Hence, the electron system
in the metal will behave as a free electron gas where the real part of the metal’s

dielectric constant varies as

2

P
2
[0

& (w)=1- Equation 2.3.19

where
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2
2:pee

w,
E,m

Equation 2.3.20

defines its plasma frequency, p, is the free electron density, e is the electronic charge,

m is the electronic mass and &, = £, is the relative permittivity of medium 2.

Substituting the dielectric function for the metal into the dispersion relation (Equation

2.3.18) gives

Equation 2.3.21

where & =¢ is the relative permittivity of medium 1 which is independent of
frequency and k, = @/c. Solving this equation for k_ as a function of @ yields two
solutions, one for the positive root and one for the negative root (Figure 2.3.2). The
positive root leads to mode solutions of the Brewster type, whose dispersion curve is

asymptotic to @=ck_1+¢&'. Since this mode exists within the light-line

(w=ck, / \/8_1 ) they can be coupled to at any frequency, given @ is correctly chosen,

and are hence termed radiative modes. Conversely, the negative solution leads to
solutions of the Fano (SPP) type. This mode is clearly seen to asymptotically approach
the light-line in the limit @ << ®, confirming the previous result. This means that since
k for the Fano mode is always less than the momentum of the incident beam in the

dielectric, at no frequency can it be directly excited by an incident photon, i.e. it is non-

radiative. As predicted by Ferrell (1958), the frequency of the uncoupled electric

dipole oscillation is asymptotic to @ =, / V2 (when £ =&, =1.00006).
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k

X

Figure 2.3.2 The dispersion curve for a non-lossy planar metal-
dielectric interface The radiative (Brewster) and non-radiative
(Fano) branches are depicted along with their asymptotic limits.

Coupling is only possible to modes in the high-frequency side of
the light line, @ =ck, /¢, (shaded).

2.3.3. Spatial Extent of the Surface-plasmon Fields

This section discusses the spatial extent of the surface plasmon polariton (SPP),
illustrating that its field has its maximum at the interface, decaying exponentially

perpendicularly to it (Figure 2.3.3).
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E, o exp(+k.y)
medium 1
€ YYD "
»E, ———Ft+———+t+-—— '
' RANR A
& medium 2 k

E, o exp(-k,y)

\4

Y

Figure 2.3.3. The charges and electromagnetic field of surface plasmons
propagating in the x-direction. The exponential dependence E, away from the

interface is seen on the left.

The skin depth, L, = 1/ kym , (where m is the medium label) at which the amplitude falls

to 1/eof its initial value is derived below.

From Equation 2.3.3 and Equation 2.3.4 we find

kyzm = €mk02 —k; Equation 2.3.22
2 2 2
0] EE w £
k3, = —z[em - l—zj = —2( - j Equation 2.3.23
c £ +E, c” g +E

For a real metal-dielectric interface, the dielectric has a real part of the complex

permittivity, & >0 and the imaginary part, & =0. In the approximation that medium 2

is a good metal, £, << Oand |&;| >> €7, Equation 2.3.23 becomes

k ’2
m :i[ € j Equation 2.3.24

j Equation 2.3.25

where A, is the wavelength of the incident radiation.
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For example, gold at a wavelength of 630 nm gives L =314nm, and L, =29nm,
while silver gives L,=408nm and L,=23nm [g,, =-108+147i,

€y, =—17.6+0.67i, Schroder (1981)].

It is clear that when medium 2 is an ideal metal (€, — —oo), then, as expected there is

no penetration of the electric field into the metal (L,= 0). In addition, perhaps
surprisingly, L, becomes infinite as £, — —oo. However this is sensible because as

g, — —oo, the dispersion relation (Equation 2.3.8) tends to @ = ck and becomes more

light-like. This confirms the result discussed in the previous section (2.3.2) that the
mode is no longer confined to the interface, but behaves more like a bulk polariton

propagating in the dielectric.

The absorption of the metal causes the intensity of the SPP propagating along the

interface to decay as exp(—2k’x), where k is the imaginary part of the wave vector
along the interface. Hence the length L_ at which the intensity decreases by a factor

1/e is given by

L = Equation 2.3.26.

By substituting €, for &, +i€, in Equation 2.3.8, we have

k., =k, M H Equation 2.3.27
& +&, +iE,

where k, =k +ik”and k, = 3.

The imaginary part of k_ is given by
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” 32

» T ELE
ki ="--2 ,12 Equation 2.3.28
10 82
A &
oL =2 Equation 2.3.29
27 €)€)”

Using the values of the permittivity of gold and silver at a wavelength of 630 nm

[determined by Schroder (1981)] we have L, =8 pmand L_ =46 um respectively.

24. Excitation of Surface Plasmons

The excitation and the subsequent possible detection of surface plasmons was first
predicted to occur in the characteristic energy loss experiments of fast electrons
reflecting from the surface of metals [Pines and Bohm (1952)]. Electrons passing
through a solid will transfer some of their momentum and energy to the electrons of the
solid. The component of this momentum along the surface of a metal film may be used
to excite a surface plasmon at the interface if the amplitude of the momentum available
is large enough. As discussed previously, Powell et al. (1958 & 1960) detected the
decay of excited surface plasmons after having bombarded a metal film with high-
energy electrons. Teng and Stern (1967) used a grating to impart additional momentum
to the surface plasmon and mapped the dispersion curve. However, because of the
difficulty in obtaining a sufficiently small aperture of the electron beam, it was only
possible to determine the dispersion curve for high values of k,. However, Ritchie et
al.(1968) successfully managed to obtain a complete map of the dispersion curve by

using a grating surface to couple optically into the surface plasmon mode.
As discussed in Section 2.3.2, a photon cannot transform into a SPP without some form

of momentum enhancement. There are two ways in which this may be achieved and

they as discussed in the following subsections.
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24.1. Prism Coupling

There are two methods of prism coupling light to SPPs. These are the Otfo (1968) and
the Kretschmann-Raether (1968) geometries, both of which take place on smooth
surfaces [Figure 2.4.1]. They use the phenomena of total internal reflection in a high-
index prism that has been brought near to a metal interface. The SPP is excited optically
via the enhanced momentum of an evanescent wave that will penetrate into the rare

medium.

Should light be propagating in a dielectric, and be incident at an angle 8 on a metal
interface, a wave of surface charges will be induced with wave vector nsin 9((0/ c),
which for all 8, is less than n(w/c), where n is the refractive index of the dielectric.

However, as described previously, the SPP has a wave vector greater than n(w/ ¢), and it

is this discrepancy that prevents the SPP from being directly excited. However, a spacer

layer with refractive index n, may be employed between a metal M and a prism (P)
[Figure 2.4.1(a)]. Medium P has refractive index n, > n_ and hence the component of

momentum along the interface between the media can be increased:

k=n,sin Q(Qj Equation 2.4.1
c

(a) (b)

high index
prism (P)

air gap — n

metal substrate (M)

Figure 2.4.1 Two methods of prism-coupling radiation to SPPs; (a) Otto

configuration, and (b) Kretschmann-Raether configuration.
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If the angle of incidence, 6, at the prism/dielectric(air) interface is greater than the
critical angle, such that only an evanescent field penetrates into the spacer layer, the
electromagnetic field will be able to couple to the SPP at the metal interface if the

increased momentum of the evanescent field is equal to kg,,. This is an attenuated total

reflection (ATR) technique and was first utilised by Otro (1968). The coupling strength
is determined by the width of the air gap and optimum coupling is achieved for a gap
width of the order of the incident wavelength. This is difficult to achieve for
experiments at visible wavelengths since the dimensions of dust particles are much
larger than the width of the spacer layer. However, in the infra-red, the optimum gap

width required becomes more practical (Bradberry et al, 1988).

The configuration shown in Figure 2.4.1(b) was first demonstrated by Kretschmann and
Raether (1968) and involves evaporating a thin metal film directly on to the surface of
the prism. The low index gap is now provided by the metal layer itself. The evanescent
fields pass through the film and excite a SPP on the bottom surface of the metal. Since
the metal has a much higher optical impedance than air, optimum coupling at visible

wavelengths may be achieved for a film thickness of approximately 45 nm.

To summarise, the ATR-coupling technique utilises the higher pseudo-momentum
obtainable in a prism, to couple to a SPP on a metal surface via the evanescent wave in a
low-index layer. Coupling to the SPP via the ATR technique is therefore only possible

in the frequency region that lie between lines (a) and (b) in Figure 2.4.2 below.
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Figure 2.4.2 Dispersion of a SPP at a metal-dielectric interface (schematic). Lines
(a) and (b) illustrate the dispersion of plane waves in the spacer layer (S) and the high
index prism (P) respectively where n_ is the refractive index of the medium. Only
photons (polaritons) with momenta that lie between lines (a) and (b) may couple to

SPPs.
2.4.2. Grating Coupling

As discussed previously, SPPs are non-radiative, however coupling between surface and
bulk polaritons can take place when the surface is rough. Since a rough surface
corresponds to a superposition of a number of different gratings, the physics underlying
the coupling of SPPs to bulk polaritons at a rough interface is essentially the same as
that via a single corrugation. Therefore only the phenomenon of grating-induced SPP

coupling will be discussed.

Wood first observed coupled SPPs using the grating configuration in 1902. Incident
radiation at an angle € with respect to the normal of the average plane of the surface can
scatter from the grating, increasing or decreasing the component of its wave vector by
integer multiples of the grating wave vector k, (k, =2m/4,). This gives rise to
diffracted orders. When a diffracted order has a wave vector greater than that of the
incident grazing radiation in medium 1 [nk, = \/;1 (w/c)] it will not propagate and will
become evanescent. It is the enhanced momentum of these evanescent fields that may

couple radiation to the SPP according to the coupling condition
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Ky, =nk,sin6 Nk, Equation 2.4.2

where N is an integer and n, =,/& 1is the refractive index of medium 1. Hence it is

conventional to label the SPP with the diffracted order that provides the coupling
mechanism. When the grating is mounted such that the grating wave vector is parallel
with the plane of incidence, all three vectors are collinear. For this situation, Figure
2.4.3 illustrates schematically the effect that corrugating the surface has on the
dispersion relation. The periodicity of the surface is represented as a 1-D lattice with

spacing k,, the grating wave vector. The lattice points are scattering centres which may
add or subtract momentum from the incident photon in integer multiples of k,.

Radiative coupling using p-polarised (TM) incident light to the SPP can now be
achieved since there exists diffracted regions of the dispersion curve within the light
lines (shaded). (Note that by corrugating the surface, strictly the planar dispersion
relation can no longer be used. However, in the small amplitude limit, Equation 2.3.8 is

a good approximation.)

(O] light line

/ k. =¢""(wlc)

G ) ——
ST (3L A
- (-2.1) (12)
NG
T N S S Tk ko Rk 2k K

Figure 2.4.3 The dispersion curve for grating coupled SPPs which has been
reflected at the Brillouin zone boundaries. Parts of the scattered dispersion curves
that fall between the light lines (shaded) can be radiatively coupled. A number of
the crossing points of the dispersion relations within the shaded area are labelled

in units of k, according to the coupling mechanisms involved.
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If the azimuthal angle, (¢) defined as the angle between the plane of incidence and the

grating wave vector, is not equal to zero, then K ,,,k, and k, are no longer collinear

and the scalar equivalent of Equation 2.4.2 becomes
kgpp =niky sin® @ + Nk’ = 2n Nk k, sin 6 cos ¢ Equation 2.4.3.

The coordinate system used throughout this thesis to describe the orientation of the
grating is illustrated in Figure 2.4.4 below. The polar angle, 6, is used to describe the
angle of incidence measured from the normal to the average plane of the grating; the
azimuthal angle, ¢, describes the rotation of the plane of incidence from the positive x-
axis. The x-axis runs perpendicularly to the direction of the grating grooves (parallel to
the grating wave vector), and ¢ is measured in the x-z plane. The polarisation is defined
with respect to the plane of incidence, i.e. p-polarised radiation (TM: transverse
magnetic) has its electric vector in the plane of incidence, s-polarised radiation (TE:
transverse electric) has its electric vector orthogonal to it.

Incident }

radiation
: | 4 Reflected

A, E Z{' y / radiation

Semi-infinite

dielectric, g,
PaViVAY WL 1}

Semi-infinite Kg
metal, €,

Plane of
incidence

Figure 2.4.4 Grating geometry and coordinate system used
throughout this thesis. The direction of the electric field vector (E) is
illustrated for the situation when p-polarised (TM) radiation is

incident.
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Figure 2.4.5 shows a schematic 2-D k-space diagram illustrating the solutions of
Equation 2.4.3 for a grating surface where A, /n A, =0.68. The dashed circle about the
origin represents the maximum momentum component available from a grazing photon
in the dielectric (n;ko), i.e. coupling is only possible to modes that fall within its area
(shaded). The solid circle about the origin corresponds to the wave vector of the SPP
(kgpp ), which is larger than the incident wave vector (n,k,), preventing incident photons
coupling directly to it. The grating allows the wave vector of the SPP to be changed by
integer multiple of k,, hence we observe diffracted SPP circles about each scattering
centre, the arcs of which occur within the shaded area are shown. A photon incident

with momentum component n,k,sin€ and at an azimuthal angle ¢ may now couple to a

SPP as illustrated.

x

Figure 2.4.5. A k-space representation of a grating with wavelength-to-pitch
ratio, A,/mA, =0.68. The circle with a thick-dashed radius represents the
maximum possible momentum in the plane available from a photon propagating
above the grating. The circle with the thick solid radius represents the
momentum of the zero-order SPP mode; the arcs of the diffracted SPP modes
that fall within the shaded are also shown (thin solid radii). Hence, coupling to
SPPs is only possible in the shaded area. The arrows indicate the coupling
between a photon at angle of incidence 6, to a SPP via a grating vector of 2k, at
an azimuthal angle of ¢, where the mode propagates at an angle ¢ with respect

to the grating grooves.
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2.5. Polarisation Conversion

Since Wood'’s first experimental observations of the dark bands in the reflected spectra
from ruled gratings in 1902, it has been known that the “anomalies” may only be
recorded when the direction of the electric-field vector is perpendicular to the direction
of the grating grooves. However, this is only true when the grating grooves are
perpendicular to the plane of incidence (¢ =0+180°) [Beaglehole (1968)]. Recent
advances in the modelling techniques (to be discussed in the next chapter) have
permitted the exploration of polarisation conversion in geometries where the grating has
been rotated. When orientated in this way, the grating is said to be in the conical

mount.

Unlike other optical coupling mechanisms, diffraction gratings may couple both
orthogonal polarisations to SPPs. Bryan-Brown et al. (1990) demonstrated that for
small amplitude, non-blazed gratings, an increase in the azimuthal angle from ¢ =0° to
@ =90°, results in the coupling efficiency to p-polarised radiation being reduced, while
at the same time producing some s-polarisation component in the reflected beam. When
the grating grooves are at 45° to the plane of incidence, maximum p-to-s conversion is
obtained and if the grating is rotated by a further 45° in azimuth, they observed coupling
to the SPP via only s-polarised radiation. Generally, the coupling of each polarisation
to the SPP follows a sin” ¢ dependence, varying between zero and a maximum over an
azimuthal angle range of 90°. These results have been reproduced theoretically by
Elston et al. (1991a and b). However, the work of Bryan-Brown et al. (1990)
considered only a small amplitude grating. Although it has generally been considered
that coupling to the SPP with p-polarised radiation at ¢ =90° is not possible, a recent
study by Watts et al. (1997¢) has shown this to be untrue for sufficiently deep gratings.
In addition, Chapter 9 illustrates that coupling to a SPP mode using p-polarised
radiation via a grating orientated at ¢ =90° is also possible by using a dielectric grating

on a metal substrate.

Polarisation conversion is achieved as a result of breaking the symmetry of the system
in which the electric fields of the SPP mode supported at the surface of the grating do

not lie in the plane of incidence. In propagating across the grooves, a tilted component
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of the surface plasmon electric vector will exist on rising up or dropping down the side
of a groove. This component cannot be in the incident plane and hence, although the
SPP is always transverse magnetic in character (if excited in isotropic media), we have

created ‘s’ character in its radiation field. Hence, in the conical mount, when K g, is no
longer collinear with k, the out-coupled SPP will consist of both p- and s-polarised

components.

2.6. Photonic Energy Gaps in the Propagation of SPPs on Gratings

In a similar way to the electrons in a crystal, energy gaps open up in the dispersion
relation of surface plasmon polaritons propagating along a corrugated metal-dielectric
interface. Work by Yablonovitch (1987 and 1993) predicted and demonstrated, in the
microwave regime, the existence of photonic band gaps in a three-dimensional structure
with refractive index modulations that are periodic on the scale of the wavelength of the
incident radiation. Such a material is called a photonic crystal. Likewise, the surface of
a diffraction grating may also be regarded as a 1-D (single-grating) or 2-D (bi-grating)
photonic crystal. Grating induced photonic bandgaps were first reported by Ritchie et
al. in 1968, and later by Chen et al. (1983) who recorded their magnitudes. Photonic
crystals are currently attracting much interest due to the potential they offer to control
spontaneous emission, for example in laser diodes and light-emitting diodes. [e.g.

Kitson et al. (1998)].

Consider a SPP propagating perpendicular to the grooves on a metallic grating with

pitch k, =27/, and profile given by

A(x) =a, sin(k, x+ P )+ a, sin(2k, x+P,) +...
. Equation 2.6.1
+ay sin(Nk,x+P,)+...

where a,,a,,...a,are the amplitudes of the harmonic components of the corrugation,
and ® ,P,,... P are the relative phases (this presentation will be discussed in more

detail in Chapter 3). When radiation is incident upon such a distorted grating with a

finite first harmonic component, the 2k, wave vector will result in the forward and
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backward travelling waves [ exp(tik, x) ] interfering constructively to set up a standing

wave. Using simple symmetry arguments, we expect two different standing waves to

arise
W, =exp(ik, x) + exp(—ik ,x) = 2cos(k, x) Equation 2.6.2
W, = exp(ik , x) —exp(—ik ,x) = 2isin(k ,x) Equation 2.6.3.

The nodes for one of these standing waves coincide with the peaks of the grating, the
other has its nodes aligning with the troughs. The field distributions and hence the
energies of the two waves are different and thus an energy gap occurs at the point of
intersection of the —1 and the +1 dispersion curves. Figure 2.6.1 illustrates the R
response (where the subscripts refer to the incident and detected polarisations
respectively) from a grating orientated at ¢ =0° with A, =634 nm, a, =5nm,

a,=2nmm, ® =d,=0, & =-17.5 and &, =0.7.

670

Wavelength (nm)

-1.5 - :ll.(; - -0|5 B 'OTO' B 'OTS' B 'ITO' B 1.5
Angle of incidence, &(°)
Figure 2.6.1 Numerically modelled R, response of a periodically

modulating surface with two Fourier components. The second
grating component allows an energy gap to open up at the
intersection of the two dispersion relation branches (-1,1). The

parameters used in the modelling were ﬂ.g =634 nm, a, =5nm,

a,=2nm, ®, =®, =0, &=-17.5 and £, =0.7.
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By deriving the field distribution around the interface, it can be shown that the extrema
of the normal field component and surface charge distribution for the high energy
standing-wave solution occur at the troughs of the grating profile, whereas for the low
energy solution, they occur at the peaks [Barnes et al. (1996)]. These distributions are
illustrated in Figure 2.6.2. It is clear that due to the relative distortion of the fields
between the two solutions, a different energy will be associated with the two standing
waves. The grating perturbs the field distributions associated with the surface charges
so that when the charges are located at the troughs of the profile, the field lines are

compressed together increasing the stored energy associated with the mode (@, ). The

opposite occurs at the peaks (@_).

Figure 2.6.2 The E-field and surface charge distribution for the two

standing wave solutions. The field lines in the lower sketch are more

distorted hence this is the higher energy mode.

In the absence of a first harmonic in the grating profile, coupling is still possible

between the two counter-propagating modes via two consecutive k, scatters. However,
this second-order process is much less probable than a direct 2k, scatter, and hence the

size of the induced photonic bandgap is comparatively small for small amplitude

gratings. Clearly, the higher harmonics of the grating profile will allow further photonic
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band gaps to open up. For example Chen et al, (1983) studied the gaps that open up at
the crossing of the (-1,2), (-2,2), (-1,3), (-2,3) and (-1,4) diffracted dispersion curves

requiring scatters of up to 5k, .

2.6.1. False Momentum Gaps

Work by Heitmann et al., (1987) and Celli et al. (1988) amongst others suggested the
existence of momentum gaps in addition to the energy gaps described above. However
it has since been established that there are no momentum gaps for the propagation of
SPPs and the false k-gaps are actually due to an over-coupled mode [Weber and Mills
(1996)]. The zeroth order reflected beam from a grating comprises a component due to
specular reflection and one due to re-radiated SPP emission. When the SPP is optimally
coupled, the reflected and re-radiated components are equal in magnitude and exactly in
anti-phase, hence they interfere resulting in a zero in the net reflectivity. Suppose that
an experimental geometry is chosen such that two perfectly coupled modes exist on
either side of a crossing point. As they are brought closer together in frequency the two
100% coupled modes will overlap. Clearly in the region where they coalesce, the
reflectivity minimum cannot become deeper, and instead the re-radiated SPP component
becomes greater than the specularly reflected component, and the reflectivity is seen to
rise. There now appears to be a reflectivity maximum between the two weaker minima

and a “momentum gap” has appeared.

2.6.2. Coupling to the high and low energy branches

The strength of coupling to the SPP modes at the centre of the band gap (i.e. at the
Brillouin zone edge) is determined by the relative phase, compared with the
fundamental, of the Fourier coefficient involved in setting up the standing wave. For
example, in the region of the (1,-1) gap, the relative phase of the first harmonic
component (P, ) is important. When the surface is blazed (i.e. &, =0) there is equal
coupling between the two SPP branches. However when the surface profile is non-
blazed (P, =190°) the coupling strengths of one of the branches is reduced to zero in

the proximity of the centre of the gap (Weber and Mills, 1985; Nash et al., 1995; Barnes
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et al., 1996.) This is illustrated in Figure 2.6.3 below for &, =-90°(top) and
®, =490° (bottom).
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Figure 2.6.3 Numerically modelled reflectivity plots showing

the influence of the phase component &, between the

fundamental and first harmonic.
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In order to experimentally demonstrate these results, Nash et al., (1995) manufactured a
non-blazed, distorted sinusoid, 800 nm pitch, gold coated grating and recorded angle
dependent data at a number of different wavelengths. The symmetry of the surface
(P, =+90°) resulted in the high-energy branch of the dispersion curve exhibiting zero
coupling in the gap region. A replica of this grating was made by pressing the warmed
original substrate into Perspex, producing a profile with &, =-90°. The replica was
shown to have the opposite response, showing no coupling to the low energy branch of

the split dispersion curve.

For coupling to occur at the (1,-1) crossing point between incident photons at 8 = 0°,
and the standing wave, there must be a component of the incident E-field normal to the
surface at the required points of the profile to generate the necessary surface charge.
When &, =-90°, [Figure 2.6.4(a)] the peaks of the 2k, component (dashed line) of
the Fourier series correspond to flat regions of the grating profile and hence coupling to
the branch whose field maxima occur at the peaks of the profile of the first harmonic is
impossible. Similarly, when &, =+90°, it will be the branch with field maxima at the
troughs that is uncoupled [Figure 2.6.4(b)]. However, when ¢, =0° the peaks and

troughs of the 2k, component occur at equivalent points with respect to the grating

profile and hence the coupling is the same for both branches [Figure 2.6.4(c)]

“ ®,=-90°

(b) ®,=+90°

(©)

Figure 2.6.4 The k,(solid) and 2k, (dotted) components of a distorted sinusoidal

grating with relative phases ®, =-90°,+90° and 0°.
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2.77. Summary

The work presented in this chapter has introduced the surface plasmon polariton (SPP)
as a longitudinal oscillation of surface charge density at the interface of a metal and a
dielectric. By deriving the dispersion of the mode on a planar interface, it is shown that
the mode is non-radiative with exponentially decaying fields into the surrounding
media. Methods of enhancing the momentum of the incident field in order to achieve
radiative coupling to the SPP have been discussed, with particular attention to grating
coupling. This strong confinement of the mode at the interface results in the dispersion
of the mode being extremely sensitive to the boundary along which it propagates and
the media surrounding it; this characteristic will be discussed in the following chapter.
Finally, the phenomenon of SPP induced polarisation conversion has been briefly
discussed and the existence of energy gaps in the dispersion of grating coupled SPPs

has been explained.
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CHAPTER 3
The influence of the interface profile and

properties of the surrounding media on the
reflectivity from a grating sample.

3.1. Introduction

The strong confinement of the SPP at the interface of a metal and a dielectric has been
discussed in the previous chapter. The propagation of the mode, and therefore the
shape and position of its resonance, are extremely sensitive to the properties of the
interface and its surroundings, and it is for this reason that over the last 30 years this has
been exploited for uses in many applications. These have included gas and bio-sensing
le.g. Nylander et al. (1982) and Jory et al. (1994)], optical switching and more
generally, the characterisation of media, overlayers and the functional form of the
grating profile [e.g. Rosengart and Pockrand (1977), Bryan Brown et al. (1993) and
Watts et al. (1997a)]. In general, these parameters may be obtained by recording the
reflectivity from the sample as a function of angle of incidence and/or wavelength, and

“fitting” the data to a suitable modelling theory.

The work presented in this thesis describes experiments undertaken both at visible
frequencies and in the microwave regime. Surface relief gratings for use at visible
frequencies (including those used in the studies presented in Chapters 4, 5 and 6) are
commonly manufactured by the interferographic exposure of photoresist [Hutley
(1982)]. The chemical is spun down onto a glass substrate and the grating is written by
exposing the layer to two expanded, collimated beams of coherent ultra-violet radiation.
As a result of the exposure, the chemical composition of the photoactive compound
changes. Regions of the layer illuminated by the beam are rendered more soluble in a
developer and hence the variation may be converted into a spatial profile on the
substrate. Exposing the developed sample to 254 nm radiation cross-links the polymer,
and baking of the substrate completes the hardening process. A more robust sample

may then be prepared by ion- or atom-beam etching the profile through from the
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photoresist into the silica-glass beneath. Finally, in order to actually excite the SPP
with incident electromagnetic radiation, and observe its resonance, it is necessary to

coat the grating with a metal.

Although the interfering beams create a perfect sinusoidal image in the photoresist, the
final gratings are significantly distorted from this ideal profile. This is associated with
the non-linear response of photoresist to exposure as a function of time, and the
difficulty in fully removing the exposed photoresist at the bottom and sides of the
grooves in the development process. In addition, the etching rate of photoresist is
known to vary with the angle of incidence and therefore the grating’s profile, and the
sputtering or thermal evaporation of metal onto the grating will introduce further
deviations. It is therefore vital, that in order to accurately predict the reflectivity from a
grating, any modelling theory must be able to represent the deviation from the purely
sinusoidal case. A significant part of this chapter is therefore dedicated to the

discussion of such distortions of the surface profile.

The experiments described in this thesis are not only undertaken at visible wavelengths,
but also in the microwave regime. For these wavelengths, it is much easier to
manufacture a perfect sample via computer-aided design techniques. However, metals
become much more ideal in the microwave regime, and hence the response from a near-
perfectly-conducting sample is considered. Such modelling experiments illustrate the
need to increase the depth-to-pitch ratio of the grating to observe the resonance of the
SPP, and hence the effects of increasing the fundamental amplitude of the corrugation

are described. In addition the use of dielectric overlayers are discussed.

3.2. Grating modelling theories

In Chapter 2, a historical overview of experimental observations of the SPP is provided.
Here, we briefly discuss some of the developments made in theoretically reproducing
these “anomalous” results. However, it should be appreciated that, even today,
predicting the reflectivity from gratings often requires much computing time. Hence the
rigorous fitting of the theory to the experimental data in order to obtain the surface

parameters has only really become practical within the last ten years.
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In order to rigorously model the electromagnetic response of an interface Maxwell’s
equations must be solved in both the upper and lower media, and the appropriate

boundary conditions must be satisfied. These are:

1. The continuity of the tangential E- and H-fields at any interface.

2. The outgoing wave equation, i.e. all fields remain finite as y — oo.

The modelling theory used to predict the electromagnetic response from the sample in
this work is based on an approach developed by Chandezon et al. in 1982. However it
was Lord Rayleigh (1907) who proposed the first rigorous approach. He assumed that
the various diffracted orders were coupled together by a boundary condition on the
surface of a perfectly conducting grating. Rayleigh expresses the field far away from
the grating as a series of outgoing plane waves of constant amplitude, while close to the
surface he also takes account of evanescent waves whose amplitudes decrease

exponentially with distance away from the interface.

Rayleigh’s theory was able to correctly predict the point at which a diffracted order
passes from being real and propagating in the dielectric, to being evanescent in the
metal. However, it fails to predict the surface plasmon resonances observed by Wood
and the Rayleigh anomalies observed in the reflected TE-spectra from deep metallic
diffraction gratings by Palmer (1952). This is because his method is only valid for
shallow gratings with pitch-to-depth ratios of up to 0.07 [Petit and Cadilhac (1966)].
His theory does not take into account the effect of the incident field in the space within
the grating grooves. This will act as to induce circulating currents at the surface of the
grating and these in turn generate travelling electromagnetic waves. Clearly this
problem becomes more significant as the grating grooves are made deeper. In addition,
since his theory makes the assumption that the metal is perfectly conducting, the surface
plasmon resonances would have been very difficult to observe since they will occur at
the same angular position as the Rayleigh anomaly (Section 3.7). Restricting the system
to shallow grooves will result in modes that are under-coupled and extremely narrow. It
was perhaps for this reason that the two anomalies were often considered to be artefacts

of the same physical phenomenon at this time.
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In fact, up until the mid-1960s all grating theories generally assumed the metal to be
perfectly conducting. In order to correct the results for the effects of finite conductivity,
the theoretical results were simply multiplied by the reflectance from a planar slab of
the same material. Of course, this assumption is not always valid, as indicated by
Hdglund and Sellberg in 1966 who showed that in the region of the resonance of a SPP,
a significant proportion of the radiation incident upon a metallic grating does not leave
the surface. Hence the dark bands, similar to those first observed in the TM reflectivity
spectrum from ruled speculum metal gratings by Wood in 1902, were not obviously

apparent in theories up to this time.

However, in 1965 Hessel and Oliner presented the first theory that confirmed that there
are in fact two distinct types of anomaly. They successfully predicted the Wood’s
anomaly by describing it as a resonance effect where a guided wave propagates along
the surface. In addition, their theory predicted the existence of the Rayleigh anomaly
(pseudo-critical edge - due to the passing off of higher diffracted orders) for both
incident polarisations. Since it employs a surface reactance boundary condition that
takes into account the standing waves within the grooves, it is valid for all types of

media, and for shallow and deep gratings alike.

The results of Hiaglund and Sellberg described above were later reproduced in a new
integral formalism developed by Maystre (1973), based on the Rayleigh expansion and
also taking into account forward scattering within the grooves and the finite
conductivity of the metal. In addition, Hutley and Bird (1973) and McPhedran and
Maystre (1974) confirmed the results in comprehensive experimental and theoretical
studies. However, in the microwave regime, it is adequate to assume the metal is ideal
and a discussion of the propagation of SPPs on perfectly conducting gratings and the
possible observation of the surface plasmon resonance will be presented later in this
chapter. Regardless of whether lossy, or perfectly conducting gratings are being
considered, a theory based on the formalism of Chandezon et al. (1982) is utilised

throughout this thesis, and is outlined in the section below.
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3.3. The Differential Formalism of Chandezon et al.

The limitation imposed by Rayleigh’s theory is not encountered in the Chandezon
method as this approach uses a co-ordinate transformation to effectively flatten the
surface, thus allowing the exact matching of the boundary conditions at the interface.

The translation used is

V=X
u=y—A(x)
w=z.

where A(x) represents the interface profile. Despite easing the application of the
boundary conditions, the expression of Maxwell’s equations in this non-orthogonal co-
ordinate system (u, v, w) is more complex. Hence Fourier expansions are used to
describe Maxwell’s equations and the incident and scattered fields. Clearly, in order to
solve the problem numerically, it is necessary that these infinite series are truncated and
therefore a limit must be placed on the number of scattered orders in the system. Hence
a compromise must be reached between adequately describing the system and obtaining
convergence in the routine, and minimising the necessary computation time. For most
of the modelling work undertaken in this thesis, the number of scattered orders was
limited to 6, however an increase in the pitch-to-depth ratio would require this

truncation parameter to be suitably increased.

Chandezon’s original theory is able to model several interfaces each of the same
singularly periodic relief profile, with the plane of incidence parallel to the grating

vector (¢ =0°). However there have been a number of recent advances made which

permit the modelling of:

e Gratings in the conical mount (¢ # 0 i.e. the plane of incidence is not parallel to the
grating wave vector, k,.) [Elston et al. (1991a,b)].

e Conical diffraction from corrugated multilayered isotropic media [Li (1994)].

e Multlilayer gratings of arbitrary shape. [Preist et al. (1995) and Granet et al.
(1995a)].

e Improvement of numerical stability (Scattering matrix technique) [Cotter et al.

(1995)].
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e Conical diffraction from corrugated multilayered uniaxial media [Harris et al
(1996a)].

e Response of bi-grating structures (an interface corrugated in two different
directions) [Granet et al. (1995b), Harris et al (1996b)]

e Response of blazed (non-symmetric) and overhanging gratings by using an oblique

transformation. [Granet et al. (1997) and Preist et al. (1997)].

A useful overview of the original formalism of Chandezon et al. and its recent

developments is provided in the PhD thesis of Wantall (1999).

As discussed above, all calculations based on the differential formalism of Chandezon
et al. give only approximate solutions to the problem as they rely on an infinite Fourier
series that must be truncated. However the most rigorous method for modelling
gratings is perhaps that of Maystre (1978) who uses an integral technique and which
permits the modelling of multi-layered and multi-shaped gratings of any depth-to-pitch
ratio. The downfall of this technique is its numerical and conceptual complexity

compared to the differential formalism described above.

3.4. Representation of the surface profile

As previously discussed, the excitation of the SPP on a metal-dielectric interface allows
one to characterise the surrounding media. However to achieve this accurately, the
profile of the surface must first be correctly quantified since it is usually impossible to
manufacture a purely sinusoidal interface. Many workers have approached this
representation in a number of different ways. For example, Bryan Brown et al. (1993)

proposed to distort the sine wave by raising it to a power:

sin(k, x)+1]" 1
A(x)=h — | 73 Equation 3.4.1

where k, is the grating wave vector and £ is the grating groove depth.
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Wood et al. (1995) demonstrated the failure of Bryan-Brown’s model (Equation 3.4.1)
in its inability to accurately represent a grating profile manufactured by interferometry
and fast-atom etching. Instead they illustrated that their experimentally derived data
could be fitted to a model based on a Fourier series representation of the surface. The
amount of distortion was small and was consistent across a number of different
wavelengths in the visible regime. This Fourier Series approach was suggested by
Rosengart and Pockrand (1977), and later used by Pipino and Schatz (1994) to model
angle-dependent reflectivities from distorted-sinusoidal metallic gratings. This is a
sensible parameterisation to use as the individual Fourier amplitudes a;, a,...,ay
govern the strength of the direct coupling mechanisms to the *1, £2,..., N diffracted
orders and associated SPPs respectively. Hence, throughout this work, a truncated

Fourier series representation of the surface profile, A(x), is also used:

A(x) = a;sin(k,x + @) + a,sin(2k, x + D)) + ... Equation 3.4.2
+ay sin(Nk,x+P )

For non-blazed (symmetric) profiles the phases @, ®,,..., &y are each set to /2 and

Equation 3.4.2 reduces to a simple cosine series

A(x) = a,cos(k,) + a, cos(2k,x) +...+ a, cos(Nk,x) Equation 3.4.3

However, unlike Rosengart and Pockrand who expressed the grating distortion using

only the 2k, (a,) term, Wood et al. found it necessary to include a term in 3k, (a,).

The pitch of the grating was chosen to allow the excitation of the 1, 2 and %3 real
diffracted orders and associated SPPs, and hence higher Fourier amplitudes could be
ignored. As an example, Figure 3.4.1 illustrates the distortion arising from the
introduction of a first and second harmonic (a; and a3). Similarly, Figure 3.4.2 shows
the effects of changing the relative phase of the first harmonic (®;). The
electromagnetic response from all of the profiles shown can quickly and easily be

modelled using the Chandezon method.
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Figure 3.4.1 The distortion arising from the introduction of a first
harmonic, a, (- - -) compared to an undistorted sinusoid (—). The
distortion caused by the addition of a further harmonic, a3, is also shown
(0oe), The relative amplitudes of the Fourier coefficients are

0.1a, =0.5a, = a,, with & =&, =P, =% (using Equation 3.4.2).

(a)
(b)
(¢)
: (d)

|

e —

x=0
Figure 3.4.2 Tllustration of the effect of changing the relative phases of
the fundamental and first harmonic with a, =0.2a,, a, and higher
harmonics set to zero, ®, =0 and (a) ¢, =0 (b) ®,=7F (¢c) ¢,=7x

and (d) ®, =2£ (using Equation 3.4.2).
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The addition of a first harmonic, a, with a suitable phase with respect to the
fundamental (i.e. either use &, =®,=7x/2 [Figure 3.4.1], or ¥, =0,P,=37/2
[Figure 3.4.2]) clearly flattens the bottom of the trough and sharpens the peaks
compared to the undistorted sinusoidal profile. Gratings manufactured using the
interferographic technique often demonstrate profiles of this form due to the non-linear

response of the exposed photoresist.

Note the symmetry of the profiles in Figure 3.4.2. Profiles (b) and (d) with &, =0 and
®, = pz/2 (where p is an integer) possess the symmetry A(x)=—A(x). On the other
hand, profiles (b) and (d) with &, = px are not symmetric about x =0 and are said to

be blazed and begin to resemble a sawtooth structure.

By increasing the number of Fourier coefficients, it is possible to accurately represent
more complicated profiles. For example the profile shown in Figure 3.4.3 has been
represented using fourteen Fourier coefficients. Figure 3.4.4 shows a square grating
represented with the same number of Fourier coefficients and the undesirable oscillation

illustrates the difficulty in modelling a profile with vertical edges using this technique.

(a)

(b)
Figure 3.4.3 (a): Fourier series representation using fourteen coefficients of the profile

shown in (b).
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Figure 3.4.4 (a): Fourier representation using fourteen coefficients of a square wave

grating (b).

3.5. The reflectivity features and the Littrow angle

It is often helpful to use the concept of k-space to predict the number and position of
reflectivity features in an angle scan. This representation is particularly useful when
choosing the optimum angle of incidence and wavelength at which to carry out an
experiment. Clearly, before attempting to construct a k-space diagram, or produce fits
to experimental data, the pitch of the grating (4, ) must be accurately determined. The
point at which Equation 3.5.1 is satisfied provides an excellent method for doing this.
A Rayleigh anomaly is observed when a real diffracted order ceases to propagate in the
dielectric and becomes evanescent in the metallic media (or vice-versa). The resulting

redistribution of energy is experimentally observed as a sharp step in the detected

reflectivity.
k,=nk;sind Nk, Equation 3.5.1

The height of the step depends only on the amount of radiation diffracted into the order

in question, and hence the shape of the feature is dependent on the grating depth.
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However there is a large degree of degeneracy associated with fitting only to this
feature, and no information about the dielectric properties of the media surrounding the

interface can be extracted.

As described in Section 2.4.2, it is possible to resonantly excite SPPs at a metal-
dielectric interface for a number of different angles of incidence and wavelengths when

the following coupling condition is satisfied,

Kgpp =n K, sin@ £ Nk, Equation 3.5.2.

Since kg, is strongly dependent on the interface profile and the media surrounding the

boundary, one may successfully parameterise the profile and dielectric properties by
fitting the theoretical model to the shape and position of the surface plasmon resonances
(SPRs). However, more than one resonance condition is often observed in a typical
momentum scan, therefore it is convenient to label the SPRs with the sign and number

of the diffracted order which is providing the coupling via its evanescent field.

Figure 3.5.1 (top) illustrates the reciprocal space for a non-blazed metallic grating
(e=-17.54+0.7i) with al//ig =0.050, a, =0.1a,, a;=0.02q, and 4,/1, =0.575.
The light circles have radius k, and are spaced by the grating wave vector k, = 2%/ A,
For clarity, the SPP circles have not been shown, but as discussed in Section 2.4.2, they

exist at a slightly higher momentum than the incident photon (for example, Equation

2.3.8 gives kg, =1.03k,for a planar silver interface at 632.8 nm). The white arrow

represents a momentum scan along the direction perpendicular to the orientation of the

grating grooves (¢=0), and hence one may predict the order of features that may be

observed in the specular beam (zeroth order): +2 SPP, +2 Rayleigh anomaly, -1 SPP, -1
Rayleigh anomaly, +3 SPP, +3 Rayleigh anomaly.
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Figure 3.5.1 (top) The k-space diagram for a grating with k, /k . =0.575. The white

arrow corresponds to a momenta scan 0 < ,f—o <1 in the direction of k , (¢ =0). The

theoretically modelled Rpp response of the zeroth, minus 1, plus 2 and plus 3 orders

are shown beneath the k-space diagram. The respective Littrow angles (black dashed

lines) and Rayleigh anomalies (white dashed lines) are also illustrated.

Below the reciprocal space diagram are the theoretically modelled R responses of the

zeroth, minus 1, plus 2 and plus 3 orders (where the subscripts refer to the incident and
detected polarisations respectively. The reflectivities are plotted on a logarithmic scale

and as a function of scaled in-plane momentum (k _/k, ). These traces are best realised

experimentally by scanning the polar angle of incidence () where k =k,sinf. The
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white dashed lines indicate the positions of the Rayleigh anomalies, and the black
dashed lines show the symmetry lines for each of the orders illustrated. These
symmetry points correspond to their Litfrow mounting angle, defined as the angle of
incidence that coincides with the relevant diffracted order having exactly the reversed

momentum of the incident beam. Hence, the Littrow condition is satisfied when

k,=k,sin8, = Nk, —k,sin6,’ Equation 3.5.3
and so
. k. Nk
sing,) =—* =1 Equation 3.5.4
k, 2k,

where k, is the momentum of the incident photon, k, is the grating wave vector and

) is the Littrow mounting angle for the Nth diffracted order. Hence, for the system

described above, sin@, =0, sinf;' =-0.288, sin@,”> =0.575 and sinf,” =0.863.
Notice how the two SPRs in the +2 order trace (i.e. the resonances associated with the —
1 and +3 diffracted orders) are symmetric in both position and coupling strength about
their Littrow angle. Note that the —1 and +3 SPRs do not share the same symmetry in
the zeroth order trace, since this order must be symmetric about sin 92 =0. These and

other similar symmetries must be present in order for reciprocity to be satisfied.

The theoretically predicted response from the grating shown in Figure 3.5.1 is
illustrated as a function of in-plane scaled momentum. Clearly it is not possible to
experimentally record data in this way directly, instead the reflectivity from the grating
may be recorded as a function of angle of incidence (polar, @ or azimuthal, ¢) or
incident wavelength. If the data in Figure 3.5.1 is instead plotted as a function of angle
of incidence, the width of the resonances would vary depending on the angle at which
they occur. Hence, it is often useful to plot the predicted reflectivities as a function of
incident momentum so that the symmetry of the diffracted orders about their respective

Littrow angles may be observed.
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Generally all metals behave as near-perfect conductors in the microwave regime since
the electrons in the metal may respond almost perfectly to the incident-oscillating field.
Therefore the effect of any small variation in the frequency-dependent dielectric
function of the metal is insignificant. An apparatus has been developed that allows the
response of such a sample to be recorded as a function of both wavelength and azimuth
angle-of-incidence simultaneously. This is achieved in the microwave regime using a
rotating table and continuous-wave source (Chapter 7). However when the reflectivity
is recorded from a similar, scaled-down sample in the visible regime, the dielectric
response of the metal is no longer wavelength-independent and hence it becomes more
difficult to characterise the profile. In addition, only at the frequency of SPP resonance
is it possible to gather enough information to determine the dielectric response of the
substrate and hence the accurate measurement of a metal’s dielectric function across a
range of wavelengths is very difficult. Therefore, the dielectric functions of metals in
the visible regime are normally determined by fitting to a number of angle-scans (6 or
@) each at a different incident wavelength. Traditionally scans are carried out as a
function of the polar angle () (Chapters 4 and 5), however an azimuthal angle (¢) scan
has a number of advantages, principally that it involves no moving detectors (Chapter

6).

3.6. The profile of the grating

The grating modelled in the previous section has a distorted profile of the form of
Equation 3.4.2. For the remainder of this chapter, the studies are limited to similar non-

blazed surfaces, where the cosine series may be used to represent the profile.

As was briefly discussed earlier in this chapter, the use of a Fourier Series
representation of the interface is convenient since it effectively allows one to introduce
extra low amplitude periodicities into the grating profile. This introduces the grating

wave vectors 2 kg , 3k . elc into the system, where the wave vector, Nk o is responsible

for the direct coupling mechanism to the £N SPP. Thus the size and relative phase of
each of the Fourier amplitudes has a profound effect on the width, depth and position of

the associated SPR. It is this sensitivity that allows the functional form of the grating
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profile to be accurately determined by fitting the predictions from the grating modelling

theory to the experimental results.

3.6.1. Variation of a,, the fundamental amplitude

Figure 3.6.1 shows the effect on the R, specular response of the grating similar to that

studied in Section 3.5, in the region of the +1 SPR of varying the fundamental amplitude
of the profile. The off-resonance signal decreases as the fundamental amplitude is
increased and more energy is channelled into diffracted orders. Notice also that the
depth of the resonance initially increases with increasing amplitude and reaches a

maximum, where the reflectivity falls to zero, at approximately a, =0.024,. At this

point, the radiation reflected directly from the surface (the zeroth diffracted order) and
the radiation out-coupled from the SPP are equal and exactly out of phase. With values

of a, less than approximately 0.024 . » the two components do not sum to zero, and the

resonance is said to be under-coupled. As a, is increased above the optimal coupling
condition, again the phase and magnitude of the components will vary, and the depth of
the resonance will decrease. Eventually the resonance minimum becomes a peak for

a, > 0.064, (approximately) since the sum of the two components of the specular beam

is now greater than the fraction of energy remaining in the specular order. It is also
clear that the width of the resonance and the distance of the SPR from its corresponding
Rayleigh anomaly both increase as the grating grooves are deepened. This perturbation
of the SPR dispersion has been discussed by McPhedran and Waterworth (1972),
Pockrand (1976) and Raether (1988). They illustrated that the half-width and distance
of the resonance from its associated Rayleigh anomaly both increase linearly, to a first-
order approximation, with the square of the grating amplitude. Similar phenomena can
be observed in the region of the —2 SPR (Figure 3.6.2), where the mode is excited via

two successive k, scatters. These relationships are illustrated in Figure 3.6.3 for the

theoretical data presented here.
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Figure 3.6.2 The effect of varying the fundamental amplitude on the R, specular

response from the same grating as studied in Figure 3.6.1 in the region of the —2

SPR.
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Figure 3.6.3 Graphs illustrating the linear relationship between the square of the

fundamental grating amplitude, and (a) the distance of the —2 SPR from its associated
Rayleigh anomaly, and (b) the resonance half-width. The data has been extracted from

Figure 3.6.2, and the best fit line plotted.

3.6.2. Variation of a,, the first harmonic

Consider once again the grating represented in Figure 3.5.1 and in particular the

predicted zero order response. As the in-plane momentum is increased from k_/k, =0

a SPR associated with the +2 diffracted order is observed, followed by its Rayleigh
anomaly, and then a Rayleigh anomaly associated with the —1 diffracted order and its

SPR. The third order SPP at higher values of k_/k, is only weakly coupled by the

purely sinusoidal profile and hence its resonance is difficult to observe in Figure 3.5.1.
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Figure 3.6.4 The effect on the specular R, response from the grating
(.5‘2 =—17.8+0.7i) of increasing the magnitude of the first harmonic (a,) of the
surface profile.  The solid line illustrates the undistorted sinusoidal profile
(a1 [A, = 0.050) where A,/A4, =0.575. The dashed line is the predicted response from
a profile with the addition of a, =0.la, and the dotted line shows the modelled

reflectivity when a, =0.2q,.

Figure 3.6.4 illustrates that a change in shape and a deepening of all these resonances

may be observed as the magnitude of a, is increased.

The distortion of a purely sinusoidal interface by a first harmonic introduces the
possibility of scattering of radiation by the wave vector +2k, in addition to *k,
provided by the fundamental component. Therefore the first harmonic and its
associated wave vector now provide a direct coupling mechanism into the second
diffracted orders and excite the associated SPP by an alternative and more probable
process than the double k, process from the fundamental. As this alternative

mechanism begins to dominate, rapid changes in the diffracted efficiencies and the

shape of the SPR are observed. However, as Figure 3.6.4 illustrates, the 2" order SPP
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is not the only feature affected, as a substantial change in the shape of the 1* order

resonance is also observed. This is because the first-order SPR may now be excited by

a (i 2k . Tk . ) scattering process, in addition to the direct +k . mechanism.

It is clear that the third-order SPP is not well manifested in the specular reflectivity from
an undistorted grating (solid line). The lack of harmonics distorting the profile from a
sinusoid, in addition to the small depth to pitch ratio means that the percentage of
radiation being scattered into the +3 diffracted order is not great enough to easily
observe the resonance experimentally. However, as demonstrated in Figure 3.6.4, the
introduction of a first harmonic into the gating profile increases the coupling of incident

radiation to the third order SPP since radiation may now be diffracted by the more

probable double scattering event (ir 2k, . tk, )

3.6.3. Variation of a,,the second harmonic

Figure 3.6.5 illustrates the effect of increasing the magnitude of the second harmonic

(a3) on the +3 SPP observed in the specular reflectivity from a metallic grating
(e, =-17.8,0.7i) with a,/4, =0.050 and a, =0.1a,, where 4,/4, =0.575. Similarly,
Figure 3.6.6 shows the effect on the specular R response of the grating in the regions

of the +1 and -2 SPRs. It is important to note that the +3 SPP excited by radiation
incident on a profile that contains only the fundamental and first harmonic components
is manifested as a maximum in reflectivity rather than a minimum (Figure 3.6.4). The

+3 SPP is coupled to by radiation diffracted by either the (i k,.tk, ,J_rkg) or
(i 2k . Tk g) scattering events, where the latter is the more probable. A maximum

reflectivity is observed because the dominant scattering event introduces a phase
difference between the radiation out-coupled from the SPP and that specularly reflected
from the interface such that they add, rather than interfere destructively as observed
with the +2 and —1 resonances. However, on the introduction of a second harmonic and

the associated 3k, wave vector, the +3 SPP may be excited directly by a single 3k,

scattering event. This direct coupling mechanism will dominate over the other two

alternative events, and results in a phase difference such that a minimum reflectivity is
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Figure 3.6.5 The effect on the specular R, response from the metallic
grating (82 =—17.8,0.7i) in the region of the —3 SPR of varying the
magnitude of the second harmonic (a3) of the grating profile. The solid line
illustrates the profile with a /4, =0.050,

A |2, =0.575.

a, =0.1a;,, a,=0 where
The other lines show the predicted responses when

a, =0.02a, (dashed), a, =0.04q,(dotted), a, =0.06q, (dot-dash) and

a, = 0.08a, (dot-dot-dash).

observed. Therefore as the magnitude of a, is increased, the resonance anomaly

changes from a maximum to a minimum (Figure 3.6.5).

The significant change in shape and position of the SPRs in Figure 3.6.4, Figure 3.6.5
and Figure 3.6.6 clearly illustrates the serious problems that may be encountered in the
fitting of experimental data to the theoretical model if the grating profile is not

represented by a sufficient number of Fourier components. Clearly, such a restriction

on the surface parameters may lead to an incorrect characterisation of the dielectric
functions of the surrounding media. However the flexibility of the grating modelling
procedure used in this thesis allows, in theory, for an infinite number of Fourier profile
components to be introduced. Since it is sensible to keep computation times to a

minimum, the series is truncated at the point at which the reflectivity from the sample
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Figure 3.6.6 The effect on the specular R response from the grating
(82 =-17.8,0.7i) in the region of the —2 and +1 SPRs of varying the
magnitude of the second harmonic (a3) of the grating profile. The solid line
illustrates the profile with /4, =0.050, a,=0.la,, a,=0 where
A, /ﬂg =0.575. The other lines show the predicted responses when

a, = 0.04a, (dotted) and a, = 0.08q, (dot-dot-dash).

does not significantly change. In this way, one may accurately determine the

permittivities of the media surrounding the interface.

3.7.  The permittivity of the grating substrate

The work described in this thesis may be divided in to two sections. The first three
experimental chapters are concerned with the characterisation of the interface and the
dielectric properties of the metallic substrate at visible frequencies. The remaining
chapters investigate the response of periodic and corrugated structures at much longer
wavelengths when real metals generally become near-perfectly conducting. However in
order to observe the resonance of the surface mode at microwave frequencies, it will be
demonstrated that the pitch-to-depth ratio of the grating must often be greater than that

normally used in the visible regime. This increase in perturbation results in reflectivity
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features that are quite different to those normally associated with SPPs. Therefore this
section considers a series of gratings of varying depth and illustrates the change in
reflectivity as the metal is made near-perfectly conducting. Hence, by using a rigorous
grating modelling theory, it is possible to design a surface from which the resonance of

a SPP may be observed in the reflected intensity.

First consider a diffraction grating that is able to diffract radiation into the +1 and +2
orders, and excite the corresponding SPPs. For the sake of simplicity, only purely
sinusoidal gratings will be considered in this section, however it is important to realise
that it is generally difficult to manufacture such an ideal profile. In addition, the
predicted responses are plotted as a function of angle of azimuth since such a study is
easily undertaken at microwave frequencies. Clearly there is no need to examine more
than 90° of azimuthal dependent data unless the grating is non-symmetric (blazed).
Each of the reflectivity scans has been modelled at a fixed polar angle of incidence

6 =30°, with a wavelength-to-pitch ratio, A, / A, =0.707. The white arrow on the k-

space diagram below (Figure 3.7.1) represents this system, and hence first- and second-

order Rayleigh anomalies and SPRs are expected.

LY ™ sEBEEEy, LY ™ mEBEEE g,
. . 2 . D . :.‘- “,
Y . . L] ]
. . . * *
* * 3 .
- . - -
R o * -

° o * .

o o * *
. o - .
» » . .

. A . .

. . . .
a a . -
» » . .
™ » - L
L L . -
L L] = =

L] L
L L}
. . L ) . .
- L] » »
% % " .
. . - L ] L]
. . a »
. . v g
. . & L4
. . g g
. . Q Q
. ' g 0
. . o o
* * K3 o
* * . .
. . . PS4 **
‘e T Ya et .

. L .
"taypnnus*® Tagypaaws® "saymanus*® t"-----l"

Figure 3.7.1 k-space diagram of the grating modelled in this study (/10 / A, :0.707).
The white arrow represents an azimuthal angle scan (¢ =0—90°) at a fixed polar

angle of incidence 6 =30°.
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Figure 3.7.2 (a) shows the R, response from this grating with q /ﬂg =0.033 and a
metal permittivity typical of silver at A, =632.8nm(where ¢&,,, =-17.8+0.7i).

Notice how the +2 SPP is inverted in nature. As previously discussed, this is because a

second order feature can only be excited by two successive k, scattering events. The

phase change associated with this double scatter causes the out-coupled beam to
constructively interfere with the specularly reflected beam and a maximum in intensity
results. Figure 3.7.2 (b) shows a similar system, but the silver grating is now replaced

with a near-perfectly conducting one of the same surface profile.

1.0 prrr
09E
08E

207

06

D 05 .

= 04F ; : 3

& 03 : : 1

: : 0.2F ; 5 3

. i . 1 (a) 0.0 ] . 3 . o (b)

0 15 30 45 60 75 90 0 15 30 45 60 75 90

Azimuthal angle (°) Azimuthal angle (%)

Figure 3.7.2 The predicted R, reflectivity as a function of azimuthal angle (¢) from a
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grating with the following parameters: 4,/4, =0.707, a, /A, =0.033, 6 =30°, and (a)

£, =-17.8+0.7i, (b) & =-10°+10%i. The dotted lines show the angular positions of

the Rayleigh anomalies.

It is immediately obvious that in effectively making the substrate more metallic the
resonances have become much narrower and have moved in angular position towards
their respective Rayleigh anomaly, to such an extent that the two features are difficult to
distinguish from each other. The SPP dispersion relation for a planar interface (Chapter
2) provides an estimate of the difference in momentum between that of the Rayleigh

anomaly and the SPP:

ee,
kgpp = ko | Equation 3.7.1
SPP 0 £+€ q
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where k, and kg, are the momenta of the incident photon and SPP, and & and &, are
the real parts of the permittivity of the dielectric and metal respectively. Hence, it is

clear that (kg,, —k,) — 0 as & — —oo.

Clearly, it would be difficult to experimentally observe the reflectivity features shown
in Figure 3.7.2(b), particularly at microwave frequencies where at least a 1° beam
spread is inherent in the system. Therefore it is necessary to manufacture a grating
profile that supports the SPP over a wider range of momentum. As previously
discussed (Section 3.6) this may be achieved by increasing the amplitude of the grating,
the effects of which are illustrated for this near-perfectly-conducting substrate in Figure

3.7.3
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Figure 3.7.3 The effect on the specular R response of the sample of increasing the

amplitude of the profile formed in a near-perfectly-conducting substrate where

Ao /A, =0.707, 6=30° and &, = —10° +10°i.
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It will be discussed in Chapter 7 that the width of the SPP is governed by two damping
parameters [Pockrand (1976) and Raether (1988)]: the imaginary part of the dielectric

functions of the media surrounding the interface (¢”), and the depth of the grating

profile (2a, for a purely sinusoidal profile). For relatively shallow gratings, such as the
one modelled in Figure 3.7.2, it is the primarily the imaginary part of the dielectric
function of the metal substrate that determines the width of the SPR. Clearly the
penetration of the field in to a near-perfectly-conducting material with such a large,
negative, real part of the permittivity will be very small compared to, for example, the
skin depth of silver at 632.8 nm. Hence direct Joule heating of the substrate is largely
insignificant and therefore the choice of &” has very little effect on the response from

the grating. This insensitivity is illustrated in Figure 3.7.4.
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Figure 3.7.4 Theoretically modelled reflectivity data from the grating discussed in

Figure 3.7.1 with a, /A, =0.033 and &, =—-10° around the (a) +2 and (b) —1 SPR. The

solid line represents the electromagnetic response of the surface when &) =10 (also
shown in Figure 3.7.2(b)). Similarly, the squares represent the response when &, =10°

and the triangles when &] =10".
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3.8. The use of overlayers

Since SPPs are surface modes, their fields are strongly localised at the surface of the
metal, and therefore they are sensitive to any changes that may occur around the
interface. Hence deposition of a dielectric overlayer increases the momentum of the
surface mode and shifts the position of the resonant angle, where the size of the shift
depends on the thickness and refractive index of the overlayer [Raether (1988)]. In
addition, if the overlayer is lossy, then the width of the resonance is also increased. The
sensitivity of the SPP to changes in its surrounding environment can therefore be used
to characterise the properties of an overlayer. An obvious application of this sensitivity
is to employ SPPs as sensors. Molecules can be designed that absorb a particular
chemical species from their environment and as they do so, their optical constants
change. If a thin layer of such a molecule is deposited on to the surface of a metallic
grating, then the SPP resonance position can be used to monitor these small changes

[e.g. Jory et al. (1994)]

Figure 3.7.2(b) illustrates the specular R response from a grating with a, / 4, =0.033

formed in a near-perfectly-conducing substrate. This resonance of the SPP may be
widened by either increasing the corrugation amplitude (as previously discussed), or by
depositing an absorbing overlayer. Figure 3.8.1 illustrates the effect on the —1 SPR of
depositing a slightly absorbing dielectric overlayer (&, =2.29+0.05i ) on top of a near-
perfectly-conducting grating such that both the air-dielectric and dielectric-metal
interfaces have the same profiles. As expected, the half-width of the resonance
increases, and the resonant condition moves away from its associated Rayleigh

anomaly.
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Figure 3.8.1 Graphs showing the effect on the specular R, response of depositing a

1 t=0.5a,

Reflectivity

series of lossy overlayers of different thicknesses on top of a grating formed in a near-
perfectly-conducing substrate. Both interfaces have the same profile, q, /ﬂg =0.033,

where 4,/4, =0.707, 6 =30° €, =229+0.05/ and &, =—10°+10i. The vertical

grey line corresponds to the position of the —1 Rayleigh anomaly.

The use of overlayers in this thesis is restricted to the microwave regime (Chapters 7, 8
and 9), where a corrugated dielectric overlayer is deposited on top of a planar metal
substrate (Figure 3.8.2). Figure 3.8.3 illustrates the predicted response from a similar
sample for each of the cases where the average thickness of the dielectric overlayer is

varied between a, <t < 2.5a, in steps of 0.25a,. The corrugation amplitude used is

a, =0.0334, where A,/A, =0.707 (i.e. the same profile as used in the previous
figures), the dielectric and metal permittivities are &,=2.29+0.05/ and

£, =-10°+10% respectively. Also shown for comparison purposes is the predicted

response from a grating formed directly into a near-perfectly conducting metal substrate

of the same surface profile.
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Figure 3.8.2 Schematic diagram illustrating the sample used in the modelling to
demonstrate the change in response with varying dielectric thickness (¢). Clearly the

corrugation amplitude, a,, must be less than the dielectric thickness, .
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Figure 3.8.3 The predicted specular R response from the sample shown in Figure
3.8.2 (planar substrate) at a number of different dielectric thicknesses (¢) in the region
of the —1 SPR. The parameters used are /10//18 =0.707, a, = 0.033/18 , 8=30°,
£,=2.29+0.05 and & =-10°+10%i. Also shown for comparison is the response

from a sample where the corrugation is produced directly into the near-perfectly
conducting substrate (i.e. no overlayer). The vertical grey line corresponds to the

position of the —1 Rayleigh anomaly.
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Again, the resonance widens and moves away from its associated Rayleigh anomaly as
the average thickness of the overlayer is increased. Clearly, the minimum average
thickness of the dielectric obtainable is when it is equal to the grating amplitude

(t=a,), however even with these parameters, the resonance has shifted by 3° of

azimuth, deepened and significantly widened compared to the predicted results with no

overlayer.

3.9. Summary

The work presented in this chapter has introduced the rigorous grating modelling theory
that is used throughout this thesis, which is based on the formalism of Chandezon et al..
An examination of the effect on the reflectivity from a metallic diffraction grating of
varying its depth and degree of distortion has been undertaken. Such distortions from
the sinusoidal case are often introduced in the manufacturing processes, particularly in
the production of gratings for use at visible frequencies via interferographic techniques.
These distortions are seen to dramatically affect the response from a grating in the
region of SPP excitation, hence highlighting the need to accurately determine the profile
before attempting to characterise the permittivities of the surrounding media. It has
been demonstrated that it is useful to describe the distorted profile as a truncated Fourier
Series since each harmonic has a wave vector associated with it which provides the
direct scattering mechanism to a corresponding diffracted order. For example, the

amplitude of the first harmonic (a,) provides the direct scattering mechanism to the

second diffracted order, which in turn provides the necessary enhanced momentum to
directly excite the second-order SPP. Consequently, distortion alters the distribution of
the incident energy among the diffracted orders and hence changes the coupling
conditions to the SPPs. Hence the effect on the reflectivity of the grating of varying the

first three terms of the Fourier Series is closely examined.

The effect of changing the permittivity of the substrate is also investigated, and in
particular, the response from a near-perfectly-conducting metal is compared to a lossy
one. The problems associated with observing SPRs on such metals at microwave
frequencies are highlighted and the solutions discussed. These involve a deepening of

the grating grooves and/or the use of an absorbing overlayer.
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CHAPTER 4
Surface plasmon polariton study of the optical

dielectric function of titanium nitride.

4.1. Introduction

The first experimental study in this thesis provides a practical example of the way in
which grating-coupled surface plasmon polaritons (SPP) may be used to characterise the
dielectric properties of metallic materials. It presents the first detailed study of the
coupling of incident visible radiation to the SPP that propagates along a corrugated air-
TiN, interface. Some of the useful properties of TiN, are initially listed, and a few of its
many potential applications are described. It is for this reason that many previous
workers have already determined its optical properties using other characterisation
techniques (e.g. ellipsometry), and these are discussed in Section 4.3. The grating-
coupled SPP technique provides an alternative to traditional characterisation techniques
(e.g. Kramers—Kronig analysis) that may require additional information about film
thickness, or the sample’s optical properties in other parts of the electromagnetic
spectrum. The experimental apparatus required to record the angle-dependent
reflectivities from a diffraction grating at visible frequencies, and hence observe the
resonances, is introduced in Section 4.4. Angle-dependent reflectivities are obtained in
the wavelength range 500-875 nm and by comparison with the grating modelling
theory, both the imaginary and real parts of the dielectric function have been
determined. The dielectric function derived is fitted to a model based on a combination
of interband absorptions and free-electron response evaluating both the plasma energy

and relaxation time (Section 4.6).
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4.2. TiN, properties and applications

Titanium nitride (TiN,) belongs to a group of transition metal compounds that are of
considerable interest because they have a variety of properties that lend themselves to
many potential applications. For example, TiN, has become widely used as a wear-
resistant coating on tools because of its mechanical resistance, low friction coefficient
and high melting point [Munz et al. (1986)]. Its high chemical stability and low
resistivity also make it a good candidate as a diffusion barrier in semiconductor
metallization systems [Kanamori (1986), and Gagnon et al. (1996)]. TiN, is also
fascinating in that it appears gold in colour owing to the displacement of the plasma
edge into the visible range by the onset of interband transitions [Karlsson et al. (1982),
and Schlegel et al. (1977)]. Hence it is often used as a scratch-resistant alternative to
gold on decorative jewellery. Its high Drude-like reflectance in the infra-red and high
absorptivity in the visible and near infra-red have encouraged its use as a selective
absorber and heat mirror. Unfortunately the plasma edge is located at too high an
energy to make it an efficient solar absorber in its stoichiometric form [Karlsson et al.
(1982), Rivory et al. (1981), and Francois et al. (1985)]. However it is well known that
the plasma energy and the optical and electrical properties of TiN, films are strongly
dependent on the deposition conditions, film thickness and titanium-nitrogen ratio
[Rivory et al. (1981), Francois et al. (1985), Bohm et al. (1972), Kurtz et al. (1986),
Szczyrbowski et al. (1988), Pascual et al. (1991) and Valkonen et al. (1986)]. This
present study is concerned with exploring these interesting optical characteristics in the

visible part of the spectrum using the optical excitation of surface plasmons.

4.3.  Previous measurements of £(w) of TiN,.

The first multi-wavelength study of the optical constants of TiN, appears to have been
carried out by Bohm et al. (1972). They calculated the optical dispersion and absorption
parameters of Ti(C,N) solid solutions by means of ellipsometric measurements between
energies of 0.6 and 5.5 eV. Their results illustrate the Drude-like response of TiNgo4 at
low energies and its disturbance by the onset of interband transitions as the photon
energy is increased. Schlegel et al. (1977) characterised TiN, samples using Kramers-

Kronig analysis [Wooten (1972)] of reflectivity measurements carried out between 0.3
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and 12 eV. Their samples were prepared by chemical vapour deposition (CVD) on to
heated crystals of TiN,. Karlsson et al. (1982) and Rivory et al. (1981) both obtained
the dielectric function of opaque (thickness, d >100nm), stoichiometric TiN, samples
prepared by reactive sputtering on to fused-silica and glass substrates respectively.
Kramers-Kronig analysis was again used to determine the optical permittivities between
0.02 and 6.2 eV (Karlsson) and 0.5 and 6 eV (Rivory). Szczyrbowski et al. (1988) and
Valkonen et al. (1986) determined the optical constants of sputtered TiN, films in the
visible and near infrared spectral regions from measurements of transmission,
reflectance and film thickness (d < 31 nm). Pascual et al. (1991) deposited opaque
TiN, films by plasma-assisted chemical vapour deposition (PACVD) and determined its

dielectric function by means of spectroscopic ellipsometry in the UV—visible range.

The use of grating-coupled surface plasmon polaritons (SPP) in the study of the profile
and permittivity of metal surfaces provides an alternative method to the techniques
described above. As described in Chapter 2, the reversal of the normal component of
the electric field at the surface results in the SPP being very strongly localised at the
interface and so it is extremely sensitive to the dielectric properties of the media either
side of the boundary. However, on a flat surface the SPP can neither be directly
coupled to, nor can it radiate. The enhanced wave vector required to couple into the
mode may be provided by using an optical diffraction grating, where the in-plane wave

vector enhancement is in multiples of the grating wave vector k,. By varying the

magnitude of the incident wave vector in the plane of the grating, wave vector values
are found at which incident radiation may couple resonantly to the SPP mode.
Experimentally, the excitation of a SPP is observed as a dip in the angle-dependent

reflectivity.

Previously, the grating-coupled SPP method has successfully been used to characterise
metals including copper [Nash et al. (1995)] and silver [Nash et al. (1996)], and
Steinmiiller—Nethl et al. (1994) have reported the excitation of SPPs on a thin TiN, film
sputtered onto an approximately sinusoidally-modulated substrate. They recorded
angle-dependent reflectivities at four incident wavelengths in the visible regime and
compared them with those predicted from a rather simplistic treatment of the interaction

of radiation with the surface. This allowed them to estimate the dielectric function of
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TiN, at these discrete wavelengths. The grating-coupled SPP method presents many
advantages over the other techniques described previously. For example, it does not
require transmittivity data or the determination of film thickness, hence permitting the
use of optically opaque metallic films. It can also be used to calculate the permittivity
of a material over a limited wavelength range without the knowledge of its optical
response elsewhere in the electromagnetic spectrum - there is no Kramers-Kronig based

interpretation.

This present study uses grating coupling of radiation to SPPs on a TiN, surface to obtain
the dispersion relation of the TiN, film. Values of the complex dielectric function are
determined at visible wavelengths by comparison of the in-plane reflectance from the
corrugated TiN,-air interface as a function of the angle of incidence, to the predictions
from a rigorous grating theory model which uses the differential formalism of
Chandezon et al. (1982). By varying the grating parameters used to generate a
theoretical reflectivity trace in the way demonstrated in the previous chapter, it is
possible to obtain a good quality fit to the experimental data and hence determine the
shape [Wood et al. (1995)] and optical permittivity [Nash et al. (1995 and 1996)] of the
TiN, surface.

4.4. Experimental

4.4.1. Sample preparation

The corrugated surface used in this work was prepared in silica by standard
interferographic techniques [Hutley (1982)]. The method of preparation involves the
exposure of spin-coated photoresist on a silica disc to the interference pattern produced
by first splitting and then recombining an argon-ion laser beam. After exposure, the
photoresist is chemically developed and the resulting profile transferred into the silica
by fast atom etching. This produces a robust and large area diffraction grating with a

well-defined pitch (in this case /7.8 =930 nm) and a uniform surface profile that is

somewhat distorted from a pure sinusoid. Subsequent deposition of an optically thick
(d = 600 nm) layer of titanium nitride produces a metallic-air interface that may

support SPPs (Figure 4.4.1).
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Figure 4.4.1 SEM image the of TiN,-coated diffraction grating used in this study.
The contrast of the image is not as high as one would expect from a similar gold-

coated sample due to the lower electrical conductivity of TiN,.

The TiN, film was deposited by TEER Coatings Ltd (Kidderminster, UK) using the
closed field unbalanced magnetron sputter ion plating system [Monaghan et al. (1993)].
The substrate is ion-cleaned before deposition that ensures a high degree of adherence
to the silica surface. Initial sputtering is from a pure titanium target which is
“poisoned” by bleeding nitrogen into the coating chamber. In order to attempt to
control the titanium/nitrogen ratio of the sputtered sample, the intensity of 501 nm
radiation emitted from the target is monitored. From past experience, it is thought that
approximately stoichiometric TiN, may be deposited on the substrate when the intensity

of radiation falls to 60% of the original value. The coating pressure in the chamber,
back filled with Ar gas, was 4X 107 Torr and the substrate bias voltage and

temperature were 30 V and approximately 150 °C respectively.
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4.4.2. Reflectivity Measurements

Previous workers, for example Pascual et al. (1991), have shown the real part of the
dielectric function of TiN, to be negative, and therefore able to support interface modes,
at wavelengths in excess of approximately 500 nm. The wave vector of the incident
radiation in the dielectric is nk, (where k,=a/c=2x/4, and n, =1.0003 is the
refractive index of air) and it is only possible to couple to the SPP when the in-plane
component of this has been suitably enhanced. As previously discussed in Chapter 2,
this mechanism is provided by the grating’s periodicity, which may increase or decrease

the in-plane component of nk, by integer multiples of the grating wave vector, k,
(k, = 271:/ ﬂg ). Hence, the enhanced wave vector of evanescent fields associated with

non-propagating diffracted orders allows incident radiation to couple to the SPP when

the following condition is satisfied

Kgp =nk,sind* Nk, Equation 4.4.1.

Here N is an integer, K,, is the wave vector of the SPP and n,k, sin@ is the projection

of the wave vector of the incident radiation parallel to k.

The SPP resonances were monitored by recording the specularly reflected intensity
from the TiN,—air interface as a function of the angle of incidence using the apparatus

shown in Figure 4.4.2.
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Figure 4.4.2 Schematic representation of the experimental set up used to
record angle dependent reflectivity data from a diffraction grating. In order
for the signal detector to track the specularly reflected beam, the signal

detector rotates at twice the rate of the grating mounted on the table.

A monochromator is used to illuminate the sample, which has a working range of

approximately 450 < 4, <900nm. Passing the beam through two apertures produces a

well collimated beam with an area of ~1 mm®. The incident light is mechanically

chopped with a frequency of approximately 1200 Hz and a graduated polariser sets the
polarisation of the beam to an accuracy of =0.1°. The beam splitter is used to reflect
about 4% of the incident radiation into a reference detector, the output from which is
later used to normalise the main signal to correct for small changes in beam intensity.
The detectors are large area silicon photomultipliers that have had their casings removed
so that the beam is incident directly on the silicon wafer. This minimises the problems
associated with detector function should the beam move a small distance across the

detector during an experiment.

The sample is mounted on a x-z stage that is fixed to a rotating table, allowing the
accurate positioning of the grating over the centre of rotation. The signal detector is

mounted on the table such that it rotates at twice the speed of the sample allowing it to
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accurately track the zeroth-order-reflected beam. The outputs from both the signal and
reference detectors are fed into individual phase sensitive detectors (PSDs) which
extract the component of the signal that is modulated at the chopper frequency. The
outputs from the PSDs are connected to a computer that also controls the rotating table.
It divides the main signal by the reference signal and stores the result as a function of
angle on the hard disk. The angular scan rate is carefully set so that it is always

significantly slower than the PSD time constant.

In order to obtain absolute reflectivity data, a normalisation scan is taken by removing
the sample and directly measuring the signal from the light source (with appropriate
filters added in its path). When the signal is divided by the reference, this yields the

normalisation constant by which the reflectivity data from the grating is divided.

In order to calibrate the angular position of the table, the zero angle is set by sending the
reflected beam from the grating back down the incident beam path and through both
apertures. Although the table may be rotated with a precision of +0.01°, normal
incidence can be set to an accuracy of £0.03°. The azimuthal angle (¢) of the grating
is set to zero with an accuracy of = 0.05° by ensuring all the diffracted orders lie in the
plane of incidence. This may be achieved by ensuring that at the Littrow angles, the
respective diffracted beams pass back down the incident path and through both the

apertures.

In this study, a number of angle-dependent scans have been undertaken using
monochromatic, p-polarised (TM) radiation. The incident wavelengths range from 500

to 875 nm in 25 nm steps and are incident upon the sample in a plane parallel to the

grating wave vector (q) = O°) .
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4.4.3. Using the grating modelling theory

Each of the normalised experimental angle-dependent reflectivity scans were fitted by a
least-squares procedure using the scattering matrix [Cotter et al. (1995)] technique
based on the differential formalism of Chandezon et al. (1982) which was discussed in

Chapter 3. The grating profile is described by a Fourier series

A(x) =a, COS(kgx) +a, COS(Zkgx)+. Aay cos(ngx)+. .. Equation 4.4.2

Hence by fitting the reflectivity data to the modelling theory, it is possible to
parameterise the grating profile and characterise the dielectric function of the metallic

material.

In order to provide an accurate description of the complex dielectric function of TiN,, it
is first necessary to be confident of the surface profile. In the visible regime, it is well
documented [for example, Nash et al. (1996)] that the real part of the dielectric function
of silver is more negative, and the imaginary part much smaller than the corresponding
values for TiN,. Hence the surface plasmon resonances on a silver/air interface are far
better defined, consequently giving more sensitivity to the grating profile. Therefore, in
order to obtain a good first approximation to the profile of the TiN,-coated surface, an
optically thick layer of silver is thermally evaporated on top of the TiN,. The pitch of
the grating was chosen so that when ¢ = 0°, incident light of wavelength, 4, =590 nm
will excite first, second and third order SPP resonances (N = 1,2,3) which may be
observed as resonant features in an angle of incidence scan. By fitting the optical data
from the silver surface to the predicted optical response using the theory described
previously, it is possible to obtain a good estimate of the three Fourier amplitudes of the
corrugated surface that provide the direct coupling mechanism for the three SPP
resonances. This truncated Fourier series can then be used in the fitting of data obtained
from the TiN,-coated surface over the whole spectral regime. Subsequently, after
further fitting, allowing all the surface parameters to vary, a new profile for the TiN,
surface is obtained by averaging the Fourier components over all wavelengths. This
new average profile is then held constant at all wavelengths and the data finally refitted

in order to obtain the complex dielectric constant at each of the wavelengths studied.
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4.5. Results

Figure 4.5.1 shows three sets of typical reflectivity data at incident wavelengths of
650 nm, 725nm and 800 nm. The solid lines are the theoretical fits, which are in very
good agreement with the data (circles). The optical properties of TiN, are often likened
to those of gold, but the off-resonance reflectivity of less than 50% is clearly less than
the ~90% to be expected from gold [Watts et al. (1997a)]. In addition, the resonances
themselves are broad and shallow. This indicates that TiN,, compared to gold, has an

increased £” and probably a less negative &”.

As indicated above, the profile of the grating is initially estimated from the optical
characterisation of the silver surface, and then improved by fitting to the TiN, data. The
pitch, as defined by the angular positions of the Rayleigh anomalies in the experimental

reflectivity data was calculated to be /18 =9301£05 nm with the permittivity of the

dielectric (air) set as & =n=1.0006. The grating profile used in the final fits to
determine the dielectric function of TiN, at each of the wavelengths studied is
a,=344nm, a, =9.2nm and a, =1.0nm, and the values of the complex dielectric

constants of the TiNy determined from these fits are listed in Table

4.5.1 (8TiN =& +ig”). The errors in these values are dominated by an uncertainty in the

Fourier coefficients of the grating profile. This is attributed to the low sensitivity of the
broad and shallow resonance features to the various Fourier coefficients. There is also a
variation in the uncertainty over the wavelength range due to a change in the number of
SPP resonances observable at different wavelengths in the angle of incidence scans. In
addition, there is an increase in the uncertainty when two reflectivity minima overlap,
and also as the coupling strength to the resonances decrease as the limit £ =0 is
approached . The results presented in this work, along with those of Karlsson et al.
(1982), Rivory et al. (1981), Szczyrbowski et al. (1988), Pascual et al. (1981), Valkonen
et al. (1986) and Steinmiiller-Nethl et al. (1994) are illustrated in Figure 4.5.2.
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Figure 4.5.1 The experimental angle-dependent reflectivities (O, one point in five
plotted for clarity) compared with the theoretically-modelled reflectivities (—)
created from a single set of parameters describing the grating profile. (a), (b) and
(c) show Ry, reflectivity measurements (i.e. p-polarised (TM) radiation was incident
and detected) at incident wavelengths of 650 nm, 725 nm and 800 nm respectively.
The values of the dielectric constants at these wavelengths that were obtained by

fitting the model to the experimental data are shown in Table 4.5.1 below.
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2 (nm) 6‘r 5gr gt 581 Ay (nm) 6‘r 6£r 81 581
500 -0.20 +0.05 2.41 +0.15 700 -3.58 +0.10 5.36 +0.10
525 -0.64 +0.10 3.12 +0.25 725 -4.23 +0.10 5.74 +0.20
550 -1.07 +0.10 3.37 +0.10 750 -4.84 +0.10 6.07 +0.20
575 -1.43 +0.10 3.79 +0.10 775 -5.19 +0.05 6.24 +0.20
600 -1.91 +0.10 4.17 +0.10 800 -5.89 +0.05 6.64 +0.20
625 -2.35 +0.05 4.30 +0.30 825 -6.03 +0.10 6.96 +0.25
632.8 -2.61 +0.05 4.36 +0.30 850 -6.67 +0.10 7.60 +0.25
650 -2.88 +0.25 4.75 +0.30 875 -7.51 +0.20 8.15 +0.30
675 -3.02 +0.15 5.18 +0.10

Table 4.5.1 The optical dielectric function of titanium nitride experimentally determined

in this work, together with estimated errors.
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Figure 4.5.2 A comparison of the values of the dielectric function of TiN, determined

in this work (o), with the results of Karisson et al. (1982) (+), Rivory et al. (1981)
(+++), Szczyrbowski et al. (1988) (- - -), Pascual et al. (1991) (0), Valkonen et al.

(1986) (x) and Steinmiiller-Nethl et al. (1994) (—).
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4.6. Discussion

It is well known that the optical properties of TiN, films are strongly dependent on the
deposition conditions, film thickness and the titanium-to-nitrogen ratio. Therefore, the
variation in the values of € and &”, as illustrated in Figure 4.5.2 is not surprising. The
works of Karlsson et al. (1982) and Rivory et al. (1981) both consider opaque samples

(d >100 nm) of similar stoichiometries (x =1), and use identical characterisation

techniques in order to obtain the optical constants. As a result, the dielectric function of
their respective samples compare favourably. Szczyrbowski et al. (1988) and Valkonen

et al. (1986) have both sputtered much thinner films (d <31 nm)and although their

values of &  are comparable to those of other workers, their values of &” are
considerably higher due to increased electron scattering. The “thin” films obtained by
PACVD and investigated over visible wavelengths by Pascual et al. (1981) show the
most anomalous results. It is not clear why their results give values for both parts of the
complex dielectric function which are smaller in magnitude than other studies.
Steinmiiller-Nethl et al. (1994) used a grating-coupled SPP technique to characterise the
optical properties of their magnetron-sputtered film at four wavelengths. They appear
to have been the first to record SPP excitation on TiN,. Their films were of comparable

thickness to those of Szczyrbowski et al. (1988) and Valkonen et al. (1986) [d =50 nm],

however they do not show the associated increase in €”. It should be noted that their
data fitting technique is based on a pertubative approach to Fresnel equations, and they
assume shallow (depth/pitch <0.07), purely sinusoidal gratings. In view of the fact
that their grating is produced by interferographic exposure, followed by ion-etching,
then the profile is likely to be distorted significantly from the assumed shape. This
results in poor quality fits and the errors associated with their deduced values of £” and

£” will be large.

To summarise, this chapter has provided a comprehensive study of the SPP on a TiN;,
sample using a rigorous model of the optical response of metallic gratings to fit the
experimental reflectivity data from an optically thick (d = 600 nm) sputtered film. The
grating profile is accurately modelled as a distorted sinusoidal surface by representing it
as a truncated Fourier Series and using the theoretical model described previously.

From this, fits may be produced that show excellent agreement with the experimental
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reflectivities (Figure 4.5.1). The experimentally determined dielectric function (Figure
4.5.2) illustrates that £ is slightly smaller in magnitude than deduced by other workers
for similar films [Karlsson et al. (1982) and Rivory et al. (1981)] however & shows

good agreement with these other studies.

4.6.1. The free-electron behaviour of TiN, and its interband transitions

If the dielectric function of TiN, is dominated by a free-electron behaviour at the
wavelengths studied in this work, the data presented here would be expected to conform

to the Drude model, i.e.

272 Equation 4.6.1
w.T qua
&w)=¢gleo)——2L
(@)=&(e=) 1+ w’t?
@'t Equation 4.6.2

where 7 is the relaxation time, @), is the plasma frequency and e(oo) is the residual
dielectric constant (conventionally assumed to be unity). Therefore, as a first-order
approximation, linear relationships should be expected by plotting & against A* and &”

against 4. Plotting the data in this way gives the curves of Figure 4.6.1(a) and (b)

respectively.

Figure 4.6.1 (a) shows a high degree of linearity, the y-intercept indicating a residual
dielectric constant greater than unity. This can be attributed to a positive contribution to
& from the occurrence of interband transitions as predicted by a number of previous
workers [Karlsson et al. (1982), Schlegel et al. (1977), Rivory et al. (1981), Francois et
al. (1985) and Béhm et al. (1972)). The linear fit to&” is less convincing and hence also
suggests that the optical response of TiN, is not purely Drude-like in nature. In
addition, previous workers have illustrated that the point at which & =0 is situated at a
much lower energy than the predicted plasma resonance. The crossing of the £ =0
axis is associated with a screened plasma resonance which has been shifted to lower

energies by the onset of interband transitions at photon energies above 2.5 eV
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[Karlsson et al. (1982)]. Consequently, any treatment of the complex dielectric
constant close to this region must involve splitting it into two parts, one part
corresponding to intraband excitations described by the Drude model, and an interband

part corresponding to resonant absorptions based on a Lorentz oscillator model, i.e.

gw)=¢,(w)+e (w) Equation 4.6.3

and

&(w)=¢)(w)+ € (@) Equation 4.6.4
0
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Figure 4.6.1 A plot of (a)&” against A, and (b) £” against A for the data presented in
this work. A high degree of linearity suggests that the TiN, sample is free-electron like.
However the y-intercept of (a) is greater than &(eo)=1, attributable to a positive
contribution to€” from the occurrence of interband transitions. The errors illustrated in

the values of the dielectric constants are dominated by an uncertainty in the grating

profile.
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4.6.2. The Drude-Lorentz model

The experimental data is fitted to a model that assumes only one resonant interband
transition. This is a reasonable assumption to make since peaks in £”(w) are expected
corresponding to strong interband transitions at approximately 3.7 eV and 5.2 eV
[Karlsson et al. (1982), Rivory et al. (1981), and Karlsson et al. (1983)], but the
dielectric function has only been determined at energies up to 2.5 eV. Hence only the
effects of the wing of the lower energy resonance will be experienced. The two parts of

the complex dielectric function are therefore

o'’ 0’ (0} - o)
8, @)= E\loco)— P p \770 .
(@)= l+w’t® 72 (a)(f — )2 e Equation 4.6.5
and
T W or
g”(a)) p - Equation 4.6.6

By rearranging these equations and putting &(eo)=1, @, may be eliminated such that

£(w)-1 o (07 +1) .
= =uwr 5 -1 Equation 4.6.7
&'(@ 0 (@7 +1)+ 22 (@) - 0*) + @

From this it is possible to obtain the constants 7w, =3.9eV and /7 =11¢eV by fitting

the functional form of Equation 4.6.7 to experimentally derived data (Figure 4.6.2).
The fit to the experimental data illustrated in Figure 4.6.2 is rather poor, but it is
important to note that reflectivity measurements were carried out over a very limited
frequency range. However the general upward trend in the experimental data is

apparent in the model, and the value of @, compares favourably with the energy of the
first peak in £”(w) determined by previous workers (3.8 + 0.1 eV [Karlsson et al. (1982
and 1983) and Rivory et al. (1981)]). It is then possible to fit to @, by using Equation
4.6.5 and Equation 4.6.6 [Figure 4.6.3 (a) and (b)]. A comparison of the values of @,

and 7 determined here to those of previous workers is shown in Table 4.6.1.
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Figure 4.6.2 By assuming a one-resonance Drude-Lorentz model, a function
relating the two parts of the complex dielectric function is obtained, dependent
only on w,w, and 7 (Equation 4.6.7). Values of this function calculated using
the experimentally determined dielectric constants and uncertainties (error
bars) are compared with the fitted theoretical function (solid line). Thus, it is

possible to determine the values of @, and .

Study Sample preparation method  x ha, (eV) h/t (eV)
Karlsson et al. (1982) CVD 1 6.29 0.30
Schlegel et al. (1977) CVD - 6.9-7.0 0.6-0.8
Rivory et al. (1981) Reactive sputtering =1 8.7 1.3
Bohm et al. (1972) Solid solution 0.94 8.9 1.22
Kurtz et al. (1986) CVD - 5.62-6.25 0.93-1.27
Szczyrbowski et al. (1988)  Reactive sputtering 1.16 7.5 1.1
Valkonen et al. (1986) Reactive sputtering - 7.0-7.1 0.4-0.6
Present Reactive sputtering >1 5.8 1.1

Table 4.6.1 A comparison of the values of h(o‘p and 7/t of TiN,

experimentally determined in this work, along with the values obtained by a
number of previous workers. The nitrogen/titanium ratio (x) and deposition

method is also listed for comparison.
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Figure 4.6.3 The (a) real part, (b) imaginary part, and the associated
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uncertainties in the dielectric function of TiN, determined in the
present work. The experimental data (error bars) has been modelled
using Equation 4.6.5 and Equation 4.6.6 in order to obtain the

plasma frequency, @,. The resulting fit is shown as a solid line.

On examination of Table 4.6.1, it is apparent that there is a large spread of values of

both @, and 7, dependent on the deposition conditions and stoichiometry of the sample.

The plasma frequency and relaxation time calculated in the present study are among the
lowest observed, indicating a sample of reduced metallic nature which can at least in
part be attributed to a large nitrogen/titanium ratio (x). Indeed, this is confirmed by
electron energy dispersive spectroscopy measurements which indicate that x is well in

excess of unity.
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4.7. Summary

In this chapter the dielectric function of TiN, has been determined throughout the
visible regime using a grating-coupled SPP resonance technique. This technique
presents a number of advantages over more conventional characterisation methods. For
it is only necessary to take reflectivity data at the individual wavelengths at which one
wishes to calculate the dielectric function, and no measurement of the film thickness is
required. An excellent agreement between the differential formalism of Chandezon et
al. (1982) and experimental reflectivities has been obtained, and the resulting dielectric
function compares favourably with that determined by previous workers. By making
the assumption that TiN, is only free-electron like in its optical response, it has been
demonstrated that the Drude model alone is too simplistic. Instead, a Drude-Lorentz
model is more appropriate that assumes a single resonant interband transition, in order
to obtain the plasma frequency and relaxation time. A comparison of constants
determined from this work and previous studies shows a large spread of results,
illustrating the dependence on the stoichiometry and deposition conditions of the

sample.
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CHAPTER 5
The plasmon study of the optical dielectric

function of indium

5.1. Introduction

The last chapter demonstrated how the optical excitation of SPPs may be used to
characterise the complex dielectric function of titanium nitride. In this chapter, a
similar technique is used to optically characterise indium for a range of wavelengths in
the visible region of the spectrum. By exciting the SPPs at a buried indium/grating
interface, the indium surface that supports the SPP is kept free from oxidation.
Comparison of angle-dependent reflectivities with a grating modelling theory gives both
the real and imaginary parts of the dielectric function of indium. These results are
compared with free-electron models to obtain an estimate of the plasma frequency and

relaxation time.

5.2.  Background

Metals that have negative real parts to their dielectric response function in the visible
region of the spectrum are able to support optically excited surface plasmon polaritons
(SPPs). The best known, and most commonly utilised, are silver [e.g. Pockrand (1974)
and Nash et al. (1996)] and gold [e.g. Ritchie et al. (1968) and Nash et al. (1995)] with
which a variety of experimental studies have been undertaken. These two metals have
received considerable attention for three primary reasons. Firstly they are considered
relatively inert and so are not rapidly contaminated allowing 'free' surfaces to be
explored in air. Secondly they are quite readily deposited by vacuum evaporation as thin
films, which is advantageous for many studies. Thirdly, they have optical permittivities

(e = &' +ig”) that for silver for the whole visible spectrum, and for gold above 550 nm,

satisfy |¢]>>¢” and & <<1. This leads to relatively narrow surface plasmon

107



CHAPTER 5  The plasmon study of the optical dielectric function of indium

resonances that may be readily observed optically. Other materials that are more easily
oxidised have been studied using SPPs at buried interfaces using prism coupling. These
include aluminium [7illin and Sambles (1988)], magnesium [7illin and Sambles (1989)]
and recently zinc [Nash and Sambles (1998)]. This last study also employs grating
coupling to a buried interface, a technique previously used by Nash and Sambles to
characterise silver (1996). Here this optical excitation of SPPs at a buried grating

interface is extended to an exploration of the dielectric response function of indium.

There are good reasons for supposing that indium will support SPRs since its optical

response function, as deduced from Théye and Devant's work (1969), is such as to

satisfy £ << 1 although |8'| is only just larger than £”. This latter fact suggests rather

broad resonances. In addition Kovacs (1969) recorded surface plasmon resonances
from indium films encapsulated by MgF, layers. He explored 19nm, 27 nm and
42nm thick indium layers and obtained data with 540 nm light, which gave results
consistent with the permittivity given by Théye and Devant (& =-29.011+9.773i).
Examination of the literature reveals that the values given by Théye and Devant,
deduced from optical reflectance and transmittance of thin films of indium, are probably
the most reliable since they have carefully taken into account the oxide layer which
inevitably forms when the films are exposed to air. Other results [Ageev and
Shklyarevskii (1968), Golvashkim et al. (1967) and Burtin (1964)], presented also by
Théye and Devant for the real, n, and imaginary, k, parts of the refractive index of
thicker indium, are substantially different. For example, at 2eV, while Théye and
Devant give €=-38.4+14.3i, Ageev and Shklyarevskii find €=-20.4+5.0i and
Glovashkia et al. find € =-27.2+9.0i [A further study by Oker et al. (1982) on thin
films shows disturbing variations of & with wavelength, having unreasonably small
values of |€'|, and should be discounted]. It is in view of these differences, which may
in part be due to the lack of correct treatment of the indium oxidation, but may also be
associated with the difference in film character, that this study has been undertaken. It
presents an exploration of the dielectric response function of indium over the visible
spectrum by resonant excitation of the SPP at a buried grating interface of a very thick,

effectively bulk film.
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5.3. Experimental

There are two essential requirements for optically exciting SPPs at a clean indium
interface. Firstly the interface needs to be protected from oxidation - it needs to be a
buried interface. Secondly, and as described in Chapter 2, there has to be a method for
providing sufficient in-plane additional momentum to allow coupling of incident
photons to the SPP. Both of these requirements are met by depositing, in vacuum, the

indium film on to a silica grating.

A grating of pitch of order 800 nm is fabricated in silica by interferographic exposure of
a suitable photoresist on a flat silica substrate, followed by chemical development and
atom etching. This produces a high quality grating with well-defined, uniform, pitch

having a profile which is slightly distorted from a pure sinusoid. On this cleaned silica

grating was deposited, by thermal evaporation in a vacuum of <107~ Pa, a layer of
99.99% pure indium, to a thickness of order 500 nm (fully optically opaque). On
removal from the vacuum this layer was overcoated with a thin lacquer layer to limit

progressive oxidation of the indium.

The excitation of the SPPs were recorded as minima in the angle dependent reflectivity
of p-polarised (transverse magnetic) light incident in a plane normal to the grating
groove direction. To allow access to a wide range of in-plane momenta, a 459, 450, 90°
silica prism was attached to the flat face of the silica grating substrate by means of a
fluid of matching index (Figure 5.3.1). Light incident upon the prism passes through
the matching fluid and silica substrate arriving undeflected at the silica/indium grating
interface. Angle dependent reflectivities were corrected for reflections at the air/prism
entrance face and the prism/air exit face, and normalised to the incident beam intensity

before being fitted by modelling theory.
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Figure 5.3.1 Schematic diagram illustrating the sample used in this study. To allow
access to a wide range of in-plane momenta a 45°, 459, 90° silica prism is attached to
the flat face of the silica grating substrate by means of a fluid of matching index. Light
incident upon the prism passes through the matching fluid and silica substrate and
arrives undeflected at the buried silica/indium grating interface. A thin lacquer layer

deposited on top of the indium prevents progressive oxidisation through the film.

Data, which were recorded over the wavelength range 400 to 900 nm, in 25 nm steps
were fitted by an iterative least-squares minimisation procedure using rigorous grating
modelling theory based on the formalism of Chandezon et al. (1982) described in
Chapter 3. By use of the most noise-free data taken at the centre of the wavelength
range studied it is possible to obtain in detail the grating pitch and the first three Fourier
coefficients of its amplitude profile. With this information established, all the remaining
data is fitted using these profile parameters to yield £ and & of the indium layer.

Typical fitted data are shown in Figure 5.3.2.
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Figure 5.3.2 Typical experimental angle-dependent reflectivities (O, only one point in
five plotted for clarity) compared with the theoretically-modelled reflectivities (—)
created from a single set of grating profile parameters. (a), (b) and (c) show the R
reflectivity measurements (i.e. p-polarised [TM] radiation was incident and detected) at
incident wavelengths of 500 nm, 700 nm and 900 nm respectively. The values of the

dielectric constants that were obtained by fitting the model to the experimental data for

each wavelength studied are shown in Table 5.4.1.
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54. Results

The optical permittivity values found from the fits to the angle-dependent reflectivity
data are listed in Table 5.4.1 and presented graphically in Figure 5.4.1. Also given for
comparison are some of the results of Théye and Devant over the same region of the
spectrum. There are clearly systematic discrepancies between the two sets of data with
the real permittivities deduced here being less negative and the imaginary permittivities
being less positive. However the data show similar overall trends with & becoming
more negative in an almost linear fashion with wavelength while £” rises more rapidly.
The simplest explanation for the differences between the data rests with the form of the
sample. The sample used here is much thicker, it is protected from oxidation and will

correspondingly have a different grain structure and a different relaxation time.

Wavelength & g” Reference | Wavelength &’ &”  Reference
(nm) (nm)
400 -159 4.3  Théye & Devant 600 -26.8 9.4 this work
400 -11.8 3.6 this work 625 -30.0 10.5  this work
420 174 4.9  Théye & Devant 650 -39.0 157  Théye & Devant
425 -13.4 4.1 this work 650 -31.1 11.3  this work
440 -19.1 5.6  Théye & Devant 675 -33.2 12.3  this work
450 -159 4.8 this work 700 -45.7 184  Théye & Devant
460 -21.1 6.3  Théye & Devant 700 -35.6 13.2  this work
475 -17.6 5.6 this work 725 -36.7 14.3  this work
480 229 7.1 Théye & Devant 750 -51.8 226 Théye & Devant
500 -25.5 8.2  Théye & Devant 750 -39.2 154  this work
500 -196 6.7 this work 775 -41.0 169  this work
520 -26.7 8.8  Théye & Devant 800 -56.2  26.8  Théye & Devant
525 -21.9 7.1 this work 800 -41.7 17.6  this work
540 -28.8  10.0  Théye & Devant 825 -4377 19.4  this work
550 -23.3 7.9 this work 850 -62.8  31.6  Théye & Devant
560 -30.4  10.8  Théye & Devant 850 -45.3 20.7  this work
575 -24.8 8.3 this work 875 -46.9 219  this work
580 325 11.7  Théye & Devant 900 -64.6 35.2 Théye & Devant
600 -34.0 12.6  Théye & Devant 900 -47.5 23.8  this work

Table 5.4.1 The optical dielectric function of indium experimentally determined in this

work, together with the results determined by Théye and Devant (1969).
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Figure 5.4.1 A comparison of the values of the dielectric function of indium

determined in this work (m) , compared with those determined by Théye and Devant

(O). Top: real component (£”). Bottom: imaginary component (&”).
5.5. Discussion

Because of the simple functional dependence of & on wavelength seen in Figure

5.4.1(a), it is tempting to use a Drude model to interpret the data. From Equations 4.6.1

and 4.6.2, note that — "/ (¢'=1) should vary linearly with A, , with a slope of 1/27c7.

Such a plot is shown in Figure 5.5.1 giving a straight line from 625 to 900 nm,

indicating that indium illustrates free-electron-like behaviour in this range. The gradient

from this figure gives a relaxation time of (1.01£0.04)x10" s. In addition, Figure
5.5.2 shows a graph of (1—&")™" plotted against 4™ (from Equation 4.6.1) - the gradient
of such a plot yields a 7@, value of 12.8£1.0eV . The errors in all of the above values

have been calculated by making a comparison between a straight-line fit to all the data
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available, and the reduced set of points that form the linear part of the curves. The large
error in the value of the plasma frequency is attributable to the deviation away from a
linear relationship at low wavelengths. It is therefore clear that the optical response of
indium over the wavelength range studied in this work is not purely Drude-like in
nature. In fact, such behaviour is not unexpected since previous workers have shown
there to be a number of absorption peaks associated with interband transitions [e.g.

Théye and Devant (1969), Oker et al. (1982)].

0.5 ———mr————T 71—
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W
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I ———————
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Wavelength (nm)

Figure 5.5.1 A plot of —£”/(¢’—1) against A, for the values of the dielectric

function determined in this work. A high degree of linearity suggests that the
indium film is free-electron like. The relaxation time, 7, is determined from the
gradient of the line of best-fit which also passes through the origin. However, since
the sample only appears free-electron like at wavelengths in excess of
approximately 600 nm, the straight-line plotted is a best-fit to just the high

wavelength data.
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Figure 5.5.2 A plot of (1-¢&")™" against A, for the values of the dielectric function
determined in this work. The plasma energy, @,, is determined from the gradient of
the line of best-fit and using the value of 7 previously determined. Once again, since
the sample appears free-electron like at wavelengths only in excess of approximately

600 nm [A;” >2.8(um)™], the straight-line plotted is a best-fit to only the high

wavelength data.

Consequently, any accurate representation of the complex dielectric function of indium
must involve splitting it into two parts: one part corresponding to the intraband
excitations described by the Drude model, and an interband part corresponding to
resonant absorptions based on a Lorentz-oscillator model. In order to provide a more
satisfactory fit to the dielectric function of indium than provided by a simple Drude
theory, the experimental data are compared to a model that assumes one absorption peak

at frequency @,. The two parts of the complex dielectric function based on such a

Drude-Lorentz model are given in Chapter 4 (Equations 4.6.5 and 4.6.6). By

rearranging these equations, and setting e(oo)zl, a function is obtained which is

independent of @, (Equation 4.6.7). By fitting the functional form of this equation to
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Figure 5.5.3 By assuming a one-resonance Drude-Lorentz model, a function relating
the real and imaginary parts of the dielectric function may be obtained. By fitting

this function to the experimental data, values of 7and @, are obtained.

the experimental data, the constants 7 = (1.08 £0.02)x10™"s and @, =6.82+0.14eV
are obtained (Figure 5.5.3). Both the real and imaginary parts of the experimentally
determined dielectric function may then be fitted to Equations 4.6.5 and 4.6.6, and by

using the values of 7and @, determined above to give hw, =11.4£0.2eV (Figure

5.5.4).

There are clear systematic discrepancies between the theoretical fits and the
experimental data shown in Figure 5.5.4. It should be noted that even though the
reflectivity measurements were carried out over a very limited frequency range, the
general trends in the model are clear in the experimentally determined results.

Furthermore, the two values of 7@, determined by fitting the real and imaginary parts

of the dielectric function individually differ only by 0.1eV. The discrepancy at low
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Figure 5.5.4 The results of fitting Equations 4.6.5 and 4.6.6 to the complex dielectric
function of indium determined in this study. The solid lines represent the theoretical
fits, and the squares and circles represent the experimentally determined values of &
and &” respectively. Hence, the Drude-Lorentz model may be used as an

approximation to obtain a value of @, .

frequencies, particularly in the &” data, may be due to the effect of a second absorption
band. In fact, an interband transition in the region of 2.0x10" rads™(1.3eV) has been

previously experimentally observed [Théye and Devant (1969)], and would agree with

the results presented here.

However, it is clear, that neither the simple Drude model, nor the one-resonance Drude-
Lorentz model describe indium accurately over the frequency range studied. A more
sophisticated model is therefore required, but such a multiple-resonance model would
have many degenerate solutions to the limited range of experimental data presented

here.
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5.6. Summary

The complex dielectric function of non-oxidised indium has been experimentally
determined throughout the visible regime using a grating-coupled SPP technique. This
has been achieved by fitting the reflectivity measurements from a metal-dielectric
interface to the predictions from a rigorous grating-modelling theory, using the grating
profile, and the complex dielectric constants of indium as fitting parameters. A
comparison of the constants determined from this work, with those from a previous
study suggests a strong dependence of the dielectric function on the film thickness and

deposition conditions.

The plasma frequency and relaxation time have been calculated by fitting the measured
dielectric function to a simple Drude model. However, the free-electron model has been
demonstrated to be inadequate, and a more sophisticated one-resonance model has also
been used. Systematic discrepancies between the modelled and measured dielectric
functions illustrate that this model is also mostly too simplistic. However, the values of
the relaxation time determined from both models are consistent, and the values of the
plasma frequency obtained by fitting the second model to both & and &” show

excellent agreement.
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CHAPTER 6
Azimuthal dependent reflectivity data from
metallic gratings

6.1. Introduction

In the previous two chapters, the reflectivity from corrugated metal interfaces were
recorded as a function of the polar angle of incidence (). The complex dielectric
functions of the metallic films were derived by making a comparison between the
predictions of the theoretical model, and the response of the sample in the regions of
coupling to surface plasmon polaritons (SPPs). However, one does not have to be
constrained to this in-plane geometry that is often used. Recent developments to
Chandezon’s original theory have permitted the modelling of systems in the conical

mount, when the Bragg vector of the grating (k,) is not in the plane of incidence

(9 #0) [Elston et al. (1991a,b)]. In this geometry, polarisation conversion is induced
[Bryan-Brown et al. (1990)] and as a result, the reflectivity features have an increased
sensitivity to the profile of the grating surface. Watts et al. (1997a) have successfully
demonstrated that a surface may be confidently characterised using polar angle-
dependent fits to reflectivity recorded for different azimuths. Therefore, in this chapter
a new technique is presented that instead involves the measurement of the azimuthal-
dependent specular reflectivity to optically characterise a periodically modulated metal-
dielectric interface. This method presents advantages over the conventional polar angle
scan experiment since it requires no moving signal detector. The data recorded has
been fitted to a conical version of Chandezon’s differential formalism using a single set

of parameters describing the grating profile and metal permittivity.

The system chosen to study this new technique and to test the conical diffraction model
is a periodically modulated gold-air interface. Experimental reflectivities have been

recorded from the same grating surface for both s- (TE) and p- (TM) polarised incident
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light, and for in-plane and conical geometries. We test the conical diffraction theory by
showing that one set of parameters representing the grating profile and dielectric
function of the two media at a constant wavelength may produce theoretically modelled
reflectivities which agree with all the experimental data sets. In addition, the surface
profile obtained by this optical characterisation method is verified by comparison with

the profile obtained from an atomic force microscope (AFM) scan of the surface.

6.2. Experimental

6.2.1. Experimental Geometry

Figure 2.4.4 illustrates the experimental geometry and the co-ordinate system being

considered in this chapter.

As previously discussed, the grating’s periodicity provides a mechanism via which the

incident radiation may increase or decrease the component of its wave vector by integer
multiples of the grating wave vector, k,. This gives rise to diffracted orders that
become evanescent when their in-plane momentum is increased such that the magnitude
of their wave vector, k, becomes greater than that of the wave vector of the incident

radiation, nk,. It is the enhanced wave vector of these evanescent fields that allows

incident radiation to couple to the SPP according to the condition

Kp =nk,sind £ Nk, Equation 6.2.1

If the azimuthal angle is equal to zero then all the diffracted beams lie in the plane of

measurement and Equation 6.2.1 reduces to a scalar equation.

However, it was shown in Section 2.4.2, that for a particular grating, all the solutions of
Equation 6.2.1 can be illustrated using a reciprocal space map and the schematic
diagram presented there (Figure 2.4.5) also represents the grating studied here. The
dashed circle about the origin represents the maximum wave vector available to the

incident photon (n,k,) and the fainter dashed circles within this radius represent the
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positions of the observable Rayleigh anomalies that have been scattered by the grating.
This illustrates that coupling to the SPPs (solid lines) that exist at a slightly higher
momentum is only possible via scattering by =1, £2 or £3 grating wave vectors. The

diagram also shows that a photon with wave vector component nk,sin€ at an

azimuthal angle @ may couple directly to a SPP, and that & must vary as ¢ changes for
coupling to be maintained. When ¢ #0, by simple geometry, we find the scalar

equivalent of Equation 6.2.1 is

kipp =nko sin’ 6+ N2k§ +2n, Nk k, sin@cos ¢ Equation 6.2.2.

6.2.2. Experimental Procedure

The grating studied in this work was prepared in a silica substrate by standard
interferographic techniques discussed in Section 3.1, which resulted in a grating of

pitch, 4, =930 nm. An optically thick gold layer was evaporated onto the surface to

produce an interface that supports SPPs in the visible region of the spectrum. Gold was
chosen in preference to silver because its optical properties will not vary over the time
scale of the experiment. Incident radiation of wavelength 632.8 nm on a grating of this
pitch permits momentum enhancement such that coupling to six surface plasmon
resonances (SPRs) is possible. These are the +1, 2 and 13 resonances (Figure 2.4.5),
where the number and sign refer to the diffracted order that provides the resonant

coupling to the SPP.

With conventional studies previously undertaken (e.g. Chapters 4 and 5), the intensity
of the specularly reflected beam from the grating is recorded as a function of the polar
angle of incidence, generally at fixed wavelength. A schematic diagram illustrating the
apparatus required to record such data is shown in Figure 4.4.2. The grating is rotated
about the z-axis and the signal detector moves such that it tracks the specularly-reflected
beam. If the grating grooves are orientated at the azimuthal angle ¢ depicted in Figure

2.4.5, the order of features for the 930 nm grating with increasing @ (black dotted line)
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would be: Rayleigh anomaly associated with the point at which the -1 diffracted order

becomes evanescent, SPP (+1), SPP (¥2) and Rayleigh anomaly (F2).

Previous workers have also recorded reflectivity scans as a function of the incident
wavelength 4y. This method has been used to directly observe the SPP dispersion curve
both on a planar metal-air interface [Swalen et al. (1980)], and on a corrugated interface
where an energy gap may open up [Weber et al. (1986) and Kitson et al. (1996)]. This
method is not particularly suitable for the characterisation of metallic gratings since the
optical properties of metallic films vary strongly with wavelength, which makes the

fitting of data increasingly difficult.

In the present work, the majority of experimental data is recorded as a function of the
azimuthal angle, @. Figure 6.2.1 illustrates the experimental arrangement used to record
the azimuthal-dependent data. Unlike the apparatus shown in Figure 4.4.2 for deriving
the polar-dependent data, this method does not require a moving detector. The polar
angle, @, is set using the mirror and the grating placed directly on the rotating table. It is
apparent from Equation 6.2.2 and Figure 6.2.2 that if @1is fixed and ¢ varied, a circle in
k-space inside the light circle will be mapped out which will cut the SPP and Rayleigh
anomaly arcs that are associated with the diffracted orders. Clearly from Figure 6.2.2,
if @1is too small then there will be no reflectivity features, and hence a suitable choice of

@1is required to produce useful data. With the polar angle of incidence chosen in Figure

6.2.2, the order of reflectivity features will be SPP (1), Rayleigh anomaly (¥2), SPP

(¥2) and Rayleigh anomaly (+1).
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Figure 6.2.1 Schematic representation of the experimental set up used to
record azimuthal-angle dependent reflectivity data from a diffraction
grating. The grating is placed on the rotating table with the radiation

incident at a fixed polar angle.

In both polar- and azimuthal-angle scans undertaken in this study, polarisers are used to
set the polarisation of the incident and detected beams. This permits the measurement

of the R_, R

we Re» R, and R reflectivities, where the subscripts refer to the setting of
the incident and detector polarisers respectively. The latter two reflectivities allow the
polarisation conversion signal found when the grating is in the conical mount to be
monitored. However, it should be noted that they are identical for non-blazed profiles.
It is critically important to ensure that the polarisers are set correctly with respect to the
true plane of incidence as p-to-s conversion is acutely sensitive to errors in this

alignment.

Polar-angle scans are undertaken with ¢ =0° and ¢ =50°, and azimuthal-dependent
data are recorded at € =20, 30, 45, 60 and 75°. For each scan, 632.8 nm He-Ne

radiation is incident on the sample and the R, and R responses are measured. In

addition, the polarisation signal (R or R_) is also recorded.
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Figure 6.2.2 Reciprocal space map of the grating studied in this
work with 632.8 nm radiation incident. The dotted arc represents

the locus of momentum values traversed during a 0° to 90°

azimuthal scan at a fixed polar angle. The points labelled " and

“ correspond to the —1 and +2 SPRs respectively that will be

observed in the azimuthal-angle scan illustrated (dotted line).

It is clear that the choice of an azimuthal-angle scan and the more traditional polar-angle
scan allows the experimentalist to sample different widths of the reflectivity features.

For example, at the crossing point of the azimuthal scan and the -1 SPP coupling

condition shown in Figure 6.2.2 ("), the angle between the two curves is much smaller

than the angle between the trajectory of the polar-angle scan (not shown) and the -1 SPP
coupling condition curve at the same point. Hence, the “width” of the mode recorded in
an azimuthal-angle scan will be significantly larger than that perceived in a polar angle
scan. This effective widening of the resonances may be useful especially when
experimenting with metals with £” << 0 (e.g. aluminium), whose modes may otherwise

be too narrow from which to deduce the optical parameters of the media.
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6.3. Results

In order to deduce the grating profile and optical properties of the metal-dielectric
interface, the reflectivities obtained from a conical version of Chandezon’s original
differential formalism [Elston et al. (1991b)] have been matched with those recorded
experimentally. The theoretical model, described in Chapter 3, uses a truncated Fourier

sum of sine waves to represent the shape of the interface,

A(x) = a,cosk,x+a,cos2k, x + a; cos3k,x Equation 6.3.1

where a,, a, and a, are the fundamental, first and second Fourier harmonics which
provide the first order scattering mechanisms to the *1, +2 and £3 SPPs respectively.
The series is truncated at the second harmonic because the components that provide the

4k, and higher scattering vectors are found to be insignificant and have little effect on

the reflectivity from the grating used in this study.

Experimental reflectivities were recorded as functions of both the polar and azimuthal
incident angles. The predictions from the theoretical model were then fitted to the
experimental data by using an iterative least squares fitting routine which used the
functional form of the grating profile (Equation 6.3.1) and the optical permittivity of the
metal layer as fitting parameters. The parameters obtained from the optical
characterisation were: a, =31.0£04 nm, a, =80£05nm, and a; =30%04 nm.
The pitch, as defined by the angular position of the Rayleigh anomalies in the

experimental reflectivity data, was calculated to be A, =9301£05nm with the

permittivity of the dielectric (air) set as & =n =1.0006. The permittivity of the metal
(gold) which provided the most accurate fits was &, =—-9.62+1.25i. Figure 6.3.1(a), (b)

and (c) show a selection of fits to the experimental azimuthal angle-dependent
reflectivities, and for comparison, Figure 6.3.1(d) shows a fit to the conventional polar
angle-dependent reflectivity. Figure 6.3.1(a) illustrates the polarisation conversion that
is induced when the grating is in the conical mount. Clearly, the above parameters

provide good fits to the experimental data, although the real part of &, is slightly

smaller in magnitude than expected for gold at this wavelength
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Figure 6.3.1 The experimental angle-dependent reflectivities (—) compared with the

theoretically-modelled reflectivities (+) created from a single set of fitting

parameters. (a), (b) and (c) illustrate the fits to azimuthal angle-dependent scans at

0=30°,0=45° and 6=75 for Ry, (polarisation conversion), Ry and Ry,

reflectivities respectively. (d) shows a fit to a polar angle-dependent R, reflectivity

at a fixed azimuthal angle of ¢ =50°.

(&,, =—10.77+1.07i [Bryan-Brown et al. (1991)]).

To confirm that the fitted parameters are indeed a true representation of the grating’s
profile, an atomic force microscope (AFM) was employed to verify the optical
characterisation technique. The profile was determined by scanning an AFM stylus over
a?20 um2 area of the grating. A quarter of this scan has been reconstructed from the raw
data recorded by the AFM and is shown in Figure 6.3.2(a). Fourier analysis of the data

gives the functional form of the surface to be a, =30.0+05 nm, a, =80£05 nm and

a, =28%104 nm. Figure 6.3.2(b) compares this form with the profile obtained by

fitting the optical data.
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Figure 6.3.2 (a) 10 um> AFM image (computer-reconstructed) of the surface of the
grating. (b) Fourier analysis of this data yields an average grating profile profile (eee)

and a comparison is made with that deduced from the fitting of optical data (—).

The profile recorded by the AFM stylus shows an apparent reduction in the grating
depth. This may be attributed to the stylus being unable to probe the bottom of the
troughs due to its finite width, however with this relatively shallow grating this is
unlikely. More simply the difference is due to a calibration error in the height scale of

the AFM since scaling by a factor of 1.05 gives an almost perfect agreement.
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6.4. Summary

This chapter has illustrated that the new technique of experimentally recording the
azimuthally-dependent reflectivities can be successfully used for the characterisation of

the surface profile and optical permittivities of metallic diffraction gratings.

The experimental procedure to monitor azimuthally-dependent reflectivity data presents
a number of advantages over the conventional method of monitoring polar angle-
dependent reflectivities, primarily because the technique does not involve a moving
signal detector. This simplifies the apparatus required for such an experiment (Figure
6.2.1), and eliminates the possibility of experimental errors arising from detector
function. In addition, the azimuth scanning method is more favourable for studying
gratings at longer incident wavelengths when the conventional polar angle scans
become cumbersome due to the large area swept out by the signal detector. Hence, we
employ this technique for use in the experiments carried out in the microwave regime
detailed in the next three chapters. Furthermore the level of background noise remains
constant throughout the experimental scan since only the sample is moving and hence
the use of this technique improves the quality of the resulting fits. An azimuthal-angle
dependent scan will also allow the experimentalist to record resonance widths that are
different to those perceived in a polar-angle scan. This may be useful, for example,
when studying a metal with an & which is highly negative so that the SPR may be
prohibitively narrow to allow accurate parameterisation of the optical constants of the

media either side of the interface.

In addition, this work provides a convincing test of conical diffraction theory producing
excellent agreement between the differential formalism of Chandezon and azimuthal
angle-dependent reflectivity experiments (Figure 6.3.1). The shape of the surface
derived from the fitting process has been shown to be representative of the true profile

by comparison with that determined from AFM measurements (Figure 6.3.2)
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CHAPTER 7

An experimental study of grating-coupled
surface plasmon polaritons at
microwave frequencies.

7.1. Introduction

Microwaves belong to the intermediate range of the electromagnetic spectrum that have
frequencies lying between 1 GHz and 300 GHz with corresponding free-space
wavelengths ranging between 300 mm and 1 mm. It is interesting to note that the initial
search for the electromagnetic waves predicted from Maxwell’s equations were carried

out using waves of these wavelengths.

The development of microwaves during the war for communications and radar uses led
to resurgence in their popularity during the 1950s and 1960s. Radar was initially
developed as a passive sensor (i.e. it emits its own energy and does not rely on the
illumination of the target by other sources) to replace visual target detection. Work at
these frequencies was particularly popular as a number of the experimental problems of
optical diffraction could be investigated more easily at much longer wavelengths.
Tremblay and Boivin (1966), or more recently the book by Knott, Scheffer and Tuley
(1993) provide a useful summary of the concepts and techniques used in radar

applications and experiments undertaken in the microwave regime.

Much work in the literature is concerned with structures that reduce reflections from an
interface. The earliest form of absorber was the Salisbury screen, a narrow-band device

which consists of a sheet of porous material impregnated with graphite and spaced a
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quarter of a wavelength from a metallic backing plate. This effectively creates an “open
circuit”, and the incident wave “sees” free space and there is no reflection (all the power
is delivered to the resistive sheet). An anti-reflection surface may also be achieved by
producing a material that avoids any sudden changes in the refractive index of the media
surrounding the interface. Such an impedance transformer was discovered in parts of
the eyes of nocturnal insects and was investigated in a much scaled-up system by
Bernhard in 1967. These anti-reflection surfaces are further discussed by Raguin et al.
(1993). Research into radar absorbing materials has also been very active over the last

40 years, and it is summarised by Vinoy and Jha (1994).

Another way in which incident radiation on a surface may be absorbed is by coupling it
into a wave that propagates along an interface, and dissipates its energy via Joule
heating of the surrounding media. A surface plasmon polariton (SPP) is an example of
such a mode and a detailed investigation of electromagnetic coupling to it at microwave

frequencies is discussed in this and the following two chapters.

The work undertaken in this chapter illustrates the resonant coupling to the SPP on
metallic diffraction gratings using wavelengths of the order of 10 mm. The wavelength-
and angle-dependent reflectivities have been recorded from purely sinusoidal mono- and
bi-gratings each of pitch 15 mm where the periodicity of the corrugation provides the
necessary momentum enhancement to couple to the surface mode. In order to minimise
the problems associated with non-planar incident wavefronts, an apparatus that
collimates the incident beam has been developed. The experimentally recorded
reflectivities have been successfully fitted to the predictions from the grating modelling
theory described in Chapter 3 with a single set of grating parameters describing the

grating profile and metal permittivity.
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7.2. Background

Many workers have studied extensively the grating-coupled SPP mode at visible [e.g.
Raether (1988), Watts et al. (1997a) and Nash et al. (1996)] and infra-red (e.g. Zhizhin
et al. (1982)] wavelengths on corrugated surfaces produced by standard interferographic
techniques [Hutley (1982)]. Before this method of grating manufacture was established,
gratings had to be manufactured by ruling [Wood (1902)], hence experimentalists often
made use of the larger scale of systems available in the microwave regime. For
example, Meecham and Peters (1957) studied the reflection of radiation of wavelength

A, =32 mm from a grating with the electric field of the radiation parallel to the

grooves. As they scanned the angle of incidence, they observed a redistribution of
energy among the diffracted beams at the point at which an order begins, or ceases to
propagate - the Rayleigh anomaly. They compared their experimental reflectivities
from a finite grating (15 grooves) to a theory based on a formalism which, like many
other diffraction theories developed around this time, assumed the surface to be of

infinite extent and perfectly conducting (6‘; = —o0). As discussed in Chapter 3, this is a

reasonably valid assumption to make since the frequency of the impinging microwave
radiation is many orders of magnitude less than the plasma frequency, and the effect of
any absorption in the metal will be insignificant due to the negligible skin-depth. Hence

at these wavelengths, all metals may be treated as near-perfectly conducting.

It is well known that the propagation length of the SPP along the interface, and hence
the width of the resonance is governed by two damping processes [Raether (1988) and
Pockrand (1976)]: the absorption of energy in the metal substrate (which is
proportional to the imaginary part of the dielectric function of the metal, £” for a given
&, and therefore frequency) and scattered radiative losses into the dielectric media
(which is proportional to a’ to first order, where a is the amplitude of the grating
[McPhedran et al. (1972)]). Note that the existence of this radiation loss does not
invalidate the previous definition of the surface wave (Section 2.2) since it is dependent
only on the surface profile and not the properties of the adjacent media. Hence, for
shallow gratings with almost no scattering of radiation into diffracted orders,

experimental observation of the SPR is only possible if the metallic medium is lossy
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(e.g. a corrugated gold surface [Warts et al. (1997a)], a/ 4, =005,
& —en8nm = —10.8+1.3i). As previously discussed, at microwave freqencies, all metals

behave as near-perfect conductors and hence the direct Joule-heating loss is
insignificant. However, as the amplitude of the corrugation is increased, the probability
of the surface wave being scattered into a diffracted order also grows. In other words,
the propagation length of the SPP on a highly corrugated surface will be less than that
on a shallow grating. Hence, a propagating surface wave on a highly perturbed surface
will not sample an infinite number of grooves, instead it will be scattered by a range of
grating wave vectors determined by the Fourier transform of such a finite set of
corrugations. This will introduce a range of angles over which the SPP may reradiate
into the specular or one of the diffracted orders, and hence an angular width will be
associated with the resonance as measured by the loss of reflectivity in the zero order
beam. In addition to the widening of the SPR, one also expects the momentum of the
resonance to increase due to perturbation of the surface away from the planar case
[Raether (1988), Pockrand (1974 and 1976) and McPhedran et al. (1972 and 1973)].
The work of Palmer et al. (1965) shows such a change in the shape of a resonance, and
we believe that that work provided the first experimental evidence of the propagation of
an electromagnetic surface mode, the SPP, on a near-perfectly conducting surface. They
reported measurements for the spectral distribution of radiation of wavelength 4 mm
from metal gratings of rectangular profile. When the wave propagation vector is lying
in a plane normal to the grating grooves, with the electric field vector perpendicular to
the grooves, they observe dark anomalies that become wider as the groove depth is
increased. An attempt is made to explain this phenomenon using a theory based on
“surface wave modes which are supported by the rectangular periodic structure of the

grating”, however no illustration of these results is presented.

It is important to note, however, that the resonance of the mode may only be observed
when there is another channel into which energy may be transferred. There are up to
three ways in which this may occur. Firstly, Joule heating of any absorbing media in
the system will take place. Secondly, energy from the mode may be re-radiated into any
propagating diffracted orders in the system. This is a similar effect to that modelled by
Kitson et al. (1995) who observed an increase in the width of the resonance when the

SPP mode is able to couple to a propagating diffracted order. The diffracted order
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provides a strong radiative decay channel for the mode which contributes to its
damping, and hence width. Finally, re-radiation of energy from the mode back into the
specular beam may occur. If the grating grooves are neither parallel nor perpendicular
to the plane of incidence (¢ #0,90°), the polarisation of this radiation will be rotated
with respect to the incident beam and a polarisation conversion signal may be detected

[Bryan-Brown et al. (1990) and Watts et al. (1997b)].

7.3.  Experimental

The two gratings studied in this work have been manufactured from approximately 500
mm square aluminium alloy sheets, using a computer-aided design and manufacture
technique with a 6 mm diameter ball-ended slot drill. The mill was programmed to

produce a purely sinusoidal profile, with a pitch of 4, =15mm. The first grating

(sample #1) has an amplitude of @, =2 mm and is shown in Figure 7.3.1 below.

Figure 7.3.1 Photograph of sample #1 studied in this chapter where ﬂg =15mm

and a=2.0mm.
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The second grating studied is corrugated in both the x- and z-directions (Figure 7.3.2)

and its surface profile is represented by the following Fourier Series:

A(x,2)=a, cosk;‘x+a;‘ cos2k;‘x+...+a,’f, cost;‘x+...
Equation 7.3.1.
a; cosk,z+a, cos2k,z+...a,, cosMk z+...

where g =af =1.5mm and k; =k =27/15mm" .
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studied in this chapter.

Figure 7.3.2 Photograph of sample #2 (bi-grating)
(4, =15.0mm, a =af =1.5mm)

Undertaking reflectivity measurements in the microwave regime clearly requires a
completely different apparatus to the experiments carried out at visible frequencies that

were discussed in previous chapters. The equipment used in this, and the following two

chapters for use in the 26.5 — 40 GHz frequency range is illustrated schematically in
Figure 7.3.3 below.

Originally, the experimental technique used to record the reflectivity from the samples
was based on the NRL arch method of absorber testing. It is a vertical semicircular

framework that allows the transmitting and receiving antennae to be aimed at a test
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panel at constant distance (Figure 7.3.4). This allows the reflectivity from the test panel

to be measured at virtually any angle of incidence. The addition of a rotating grating

(@) allows the measurement of any non-isotropic response of the sample.

Flexible
Waveguide.

HP8350B Sweep Oscillator
and HP83572A RF Plug in
(microwave source).

HP System Interface. HP11664C detector

adapter and
HP8757D Scalar HP422A crystal Directional coupler
Network Analyzer. detector (reference). (matched to 83572A).
- ,.k\_i\\‘ e
HP Interface Bus. ¥ :
N Narda Standard gain

horns (V637)

Sample reflectivity
HP11664C detector

Pt naloge measurements.
/O card :
adapter and

Hy
gl HP422A crystal
detector (signal).

Figure 7.3.3 Schematic representation of the interconnecting components used to record

reflectivitites in the 26.5 — 40 GHz frequency range.

Metallic
dagger board. Source and
) reference
Signal detector.
Detector.
S
@QQ Arch.
Microwave 6 \&
absorber.
Sample.

Computer-controlled
Rotating table.
Lab jack.

500 mm
Figure 7.3.4 Diagram of original apparatus based on the NRL arch that was used to

record the wavelength- and azimuthal-angle-dependent reflectivities from the

sample.
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However, after a number of initial experiments were carried out, it became clear that the
NRL arrangement is not suitable for the measurement of reflectivities from diffraction
gratings. This is due to a number of reasons. Firstly, the standard gain horns emit
spherical wavefronts that will introduce the possibility of excitation of the SPP even
without the grating. In addition, since the beam divergence of the horns is some 20°, the
incident beam will be larger than the sample and the system will suffer from a degree of
cross talk between the transmitting and receiving antennae. The introduction of metallic
apertures and a dagger board may improve the situation, but these create further
spurious artefacts in the measured signal due to diffraction effects at their edges. It is
not convenient to use dagger boards or apertures made from microwave absorbing

materials since these are typically 9 cm thick, and are therefore cumbersome to use.

The arrangement shown in Figure 7.3.5 is similar to that of the Czerny-Turner
spectrometer [James et al. (1969)] and has been developed in order to reduce the
aforementioned beam spread and the associated effects of spherical wavefronts and
cross talk. By placing the transmitting horn at the focus of a 2 m focal length mirror
(with a diameter greater than that of the beam incident upon it), the beam is well
collimated. An identical mirror is positioned to collect the specularly reflected beam
from the grating and focus it into the detector. In addition, a circular, metallic aperture
may also be used to align, and reduce the width of the beam. Clearly, in order to avoid
the introduction of aberrations in to the reflected beam, these mirrors should be
parabolic, but these are difficult to manufacture. However, spherical mirrors can be
manufactured relatively easily, and provide a good approximation to a parabolic mirror

for beams of radius much less than the mirror’s radius of curvature.

The spherical mirrors are manufactured by mounting the slab of metal to be worked on
a rotary table in a vertical mill (Figure 7.3.6). A flycutter of diameter D, which must be

larger than that of the work diameter, and tip radius r are mounted on the head of the

mill tilted at an angle, ®, determined by the formula

sin®@ =———— Equation 7.3.2.
2R+1) quation
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Detector Grating which
rotates on spindle
to set @

Source
Antenna

Mirror(2) I

Mirror(1)

Figure 7.3.5 Schematic diagram illustrating the apparatus used to measure the
wavelength-dependent response from a sample at fixed polar (6) and azimuthal (¢)

angles of incidence.

Figure 7.3.6 Diagram illustrating the manufacture of the spherical mirrors used

throughout the microwave work presented in this thesis.

The arrangement shown in Figure 7.3.5 was used to record the specular reflectivity
from sample #1 as a function of wavelength between 7.5 and 11.3 mm at a polar angle
of incidence of approximately 8= 31°, and a series of azimuthal angles (¢) every 1w5°

between 0 and 90°. These angles are set to a precision of +1°. The apparatus is
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arranged in a horizontal plane on a series of laboratory benches, with the mirrors and
sample held in position with clamp stands. Unfortunately, mounting the sample on the
rotating table is difficult in this geometry making azimuthal-angle-dependent data
impossible to record. In addition, the alignment of the apparatus is susceptible to
disturbance. Therefore, the apparatus was reconstructed in a vertical plane, built on
concrete benches, where the sample is placed on the rotating table underneath the two
mirrors (Figure 7.3.7). The reflectivity data from sample #2 (bi-grating) and all

subsequent microwave data were recorded using this apparatus.

Mirror (1)
Mirror (2)
Source
antenna
Detector

(not visible)

Test sample
on rotating

table (@)

Figure 7.3.7 Photograph of experimental apparatus used to measure the specular
reflectivity from grating #2 (bi-grating), and all subsequent samples studied in this

thesis.

The mirrors are bolted on to structures that are able to slide on rails along the concrete
bench and, in order to avoid the undesirable effects of diffraction and scattering, they
have been manufactured from wood. The mirrors may be twisted to change the angle of
incidence (6), and their height may be changed in order to maintain a source-mirror(1),
and mirror(2)-detector distance of 2 m. In addition, the source antenna and detector

may also be moved along the bench, rotated, and raised or lowered in height.
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For both experimental arrangements described above, the source antenna and detector
may be set to pass either p- (transverse magnetic, TM), or s- (transverse electric, TE)
polarisations, defined with respect to the plane of incidence. This enables the
measurement of Rp,, and Ry, and polarisation conversion Ry, and Ry reflectivities
where the subscripts refer to the incident and detected polarisations in that order. To
account for any fluctuations in the power of the source, the output from the signal
detector is divided by that of the reference, and the resulting wavelength- and azimuthal
angle-dependent data were normalised by comparison with the reflected intensity from a

flat metal plate.

Variation of the magnitude of the incident wave vector in the plane of the grating may

generally be achieved by scanning either wavelength ( 4,), or angle of incidence (8 or

¢). The technique described above keeps the polar angle of incidence constant, in
contrast to the conventional method of polar angle scans that are often used for
experiments at visible and infra-red wavelengths. It therefore avoids the difficulty of
scanning the detector and focusing mirror. In addition, by keeping the system fixed,
and only rotating the sample, the possibility of experimental errors arising from detector

function is eliminated.

7.4. Results

7.4.1. Sample #1 (mono-grating)

Figure 7.4.1 shows four typical sets of experimental data (+) at azimuthal angles of
¢ =30°, 45°, 60° and 75° showing the selected reflectivities Ryp, Rsp, Rps and Ry
respectively. The solid curves are the theoretical fits, which are in excellent agreement

with the experimental data.

In an ideal system the wavefronts incident on the sample using the collimated beam
apparatus would be completely planar. However, the radiation source is finite and the
source antenna and aperture diffract the beam. Hence, in order to achieve this quality of

fits, a degree of Gaussian beam spread has to be introduced into the theoretical
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modelling. A simple linear relationship is assumed between wavelength and incident-
angle spread since the diffraction effects will clearly increase with wavelength. It is
also found that the angle spread is dependent on the orientation, (i.e. polarisation) of the
rectangular transmitting and receiving antennae. Typically, at the centre of the
wavelength range, the standard deviation of Gaussian angle spread is () = 0.9°. This
represents a dramatic improvement over the uncollimated system A@ ~ 20°, but it is

still large enough to significantly affect the measured reflectivities.

0.5 0.5
04fF R, 0.4F R,
z Z
203 203
0.2 0.2
d‘a’ 2

=
—

e T T Y8 9 10 1
Wavelength, 4, (mm) Wavelength, A (mm)
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0.2 0.2

& &

0.1 0.1

e 8 9 10 11 0.4 8 9 10 11
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Figure 7.4.1 The normalised (a) R, , (b) R, (¢c) R, and (d) R, experimental

wavelength-dependent signals (+) compared with the theoretically modelled results (—)
created from a single set of profile and metal-permittivity parameters. Radiation is

incident on the test sample at a polar angle, € =31°, and at azimuth angles of (a)
@ =30°(b) ¢=45° (c) ¢=060° and (d) ¢ =75°. The angles quoted are approximate

(x1°), and only one point in four is shown for clarity.
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The theoretically modelled data were fitted to the experimental reflectivities using the
angles of incidence (@ and @), the above linear variation of beam spread ( 6(6) ), and the
grating profile (a,, a,, a, and a,) as fitting parameters. The profile of the grating is
initially assumed to be purely sinusoidal, and the angles of incidence are allowed to
vary in each scan by up to 1° from their measured values. A small amount of distortion
is introduced in the profile to further improve the fits, finally adjusting the degree of
beam spread to account for the finite source size and diffraction in the system. The
grating profiles determined for each wavelength scan are averaged and the error about
the mean calculated. The final fits shown are then all generated from this averaged set
of profile parameters: a, =2.01£0.01 mm, a, =-0.02£0.02 mm,

a; =002%+001 mm, and a, =-0.01+0.01 mm with a grating pitch of 4, =14.95 mm.

The permittivities were assumed to be & =n =1.0 and &, = &, +ig; =-10° +10° for

the air and metal respectively.

7.4.2. Sample #2 (bi-grating)

Figure 7.4.2 shows the specular R, R, and R signals (LJ) from sample #2 (Figure

pp°
7.3.2) recorded using the apparatus illustrated in Figure 7.3.7. They have been
measured as a function of azimuthal angle of incidence (¢) between 0° and 90°. The

wavelength and polar angle of incidence have been fixed at A, =10.0mm and

6 =46.5° respectively. The solid lines illustrate the predictions from a bi-grating
version of Chandezon’s theory [Harris et al. (1996b)], the predictions from which were
first experimentally verified in a study partly undertaken by the author, and published
by Watts et al. (1996). In order to represent the periodicity in two directions, the
surface profile is parameterised by using a sum of two Fourier Series, one in the x-
direction and the other in the z-direction (Equation 7.3.1). The theoretical predictions

shown in Figure 7.4.2, have been calculated using the following parameters:

a; =a; =1.5mm (with all higher Fourier coefficients set to zero), k; = k; = 27[/ /lg

where 4, =15.0mm, & =1.0 and ¢, = &, +ig) =—10° +10’i.
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Figure 7.4.2 The normalised (a) R, (b) R and (c) RSp experimental azimuthal-angle-

pp’

dependent signals ([J) from the bi-grating (sample #2) compared with the theoretically

modelled results (—). Radiation of wavelength A, =10.0 mmis incident on the sample

at @ =46.5°. Only one experimental data point in five is shown for clarity.
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Each corrugation is assumed to be purely sinusoidal since computation times are at least
an order of magnitude longer for a doubly corrugated interface, and become longer still
on the introduction of higher harmonics. For the same reason, beam spread is not

accounted for in the modelled data due to the multiple calculations this requires.

7.5. Discussion

7.5.1. Sample #1 (mono-grating)

Figure 7.4.1 illustrates that by using the rigorous diffraction modelling theory it is
possible to produce high-quality fits to the experimental data allowing the grating
profile to be characterised. The grating profile is also determined by scanning a dial-
gauge, sensitive to 0.025 mm, across the metallic surface. The profile is fitted to the

function A(x) =aq, sin(27[/ﬂg), where 4, =14.99mm and g, =2.01mm provided the

best fit. Clearly these values compare favourably with those determined via reflectivity

measurements (a, =2.01£0.01 mm, a, =-0.02£0.02 mm, a,=0.02%£0.01 mm, and
a, =-001+£001 mm, A, =14.95mm.). During the process of fitting the reflectivity

measurements, in addition to the surface profile parameters, both the grating pitch and
incident polar angle were used as fitting parameters. Since degeneracy exists between &

and /1g , the small deviation between the values of the pitch is not surprising.

Virtually all of the previous experimental studies of SPPs propagating along metal—
dielectric interfaces have been undertaken at visible or infrared wavelengths [e.g.
Raether (1988) and Watts et al. (1997a)]. At these frequencies the electromagnetic
response of the metallic sample is dependent on both the real and imaginary parts of the
dielectric function of the substrate, in addition to the interface profile. However, at
microwave wavelengths, all metals behave as near-perfect conductors and hence the
penetration of the electric field into the substrate is small compared to the radiation
wavelength. In effect, the electromagnetic response of metal gratings at microwave

frequencies is largely independent of the imaginary part of their permittivities (&, ).
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The reflectivity is only dependent on the surface profile of the sample, defined in the

modelling theory as the sum of a truncated Fourier series, A(x) (Equation 6.3.1)

The resonant coupling to the SPP is clearly illustrated in Figure 7.4.1. Consider, for
example, graph (a). The two peaks correspond to two different coupling mechanisms to
the surface mode. The peak at just over 10.5 mm corresponds to a first order coupling to

the -1 SPP (via one grating wave vector, k,), whilst the peak at around 8 mm
represents a second order coupling to the +2 SPP via two successive k, scatterings.
Coupling to the +2 SPP is also possible via a single +2 k, interaction. However since

the profile of the interface has been milled, and shown above, to be very closely
sinusoidal, (i.e. the magnitude of the surface profile Fourier coefficients a, and higher,
are small compared to the fundamental amplitude, a, ), the aforementioned second order
interaction dominates. As the azimuthal angle is increased the resonances move
towards each other and coalesce at ¢ = 60°, having separated again at ¢ = 75°. Note
also the corresponding Rayleigh anomalies, normally visible in momentum scans
undertaken on real metals at visible frequencies (-0 « & < 0), are not visible in these
results. This is attributed to two differences between these microwave experiments and
those conducted in the visible regime. Firstly, as the frequency is reduced, the SPP
dispersion approaches the light-line (Figure 2.3.2) and hence the momentum difference
between the critical edge and the resonance condition is much less than for the visible,
making the critical edge difficult to experimentally separate from the SPR. One also
suffers from a reduced resolution in momentum due the angle of incidence spread that is

associated with the nature of the source and distances involved in the experiment.

It is important to verify that the resonances shown in Figure 7.4.1 are indeed those
associated with the SPP. It has been demonstrated in the modelling presented in
Chapter 3 that the SPR position moves away from its associated Rayleigh anomaly with
increasing grating depth (Figures 3.6.1-3.6.3). A similar behaviour is exhibited when

the R, signal from a grating similar to sample #1 is modelled with radiation incident at
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@ =31° and ¢=30°. As expected, the two resonances widen, and move away from

their associated Rayleigh anomalies with increasing depth of the grooves (Figure 7.5.1).

18— —r—t—t—t— —
0.9—_ ..........................
0.81.._.. !

0.7 LY — |
0.6- el j :
_ :

0.57 il
0.4 L//
0.2
0.1

0.0 — — —
{0 8.0 8.5 10.5 11.0 11.5

Wavelength, 4 (mm)

Reflectivity

Figure 7.5.1 The effect on the R, modelled response from a purely-sinusoidal
sample of varying its corrugation amplitude between a, =0.4mm and 2.0mm. It
has a pitch, 4, = 15.0 mm, with radiation incident upon in at & =31° and ¢ =30°.
The modelled response with g, =2.0mm corresponds to the predicted reflectivity in

the absence of beam spread from sample #1 studied in this chapter. The vertical lines
correspond to the point at which a diffracted order (labelled) ceases to propagate and

becomes evanescent (Rayleigh anomaly).

As the azimuthal angle is increased the two resonances visible in Figure 7.4.1(a) move
together, coalesce, and then move apart. Clearly, the resonances will move in the

opposite sense when the azimuthal angle is decreased, and at ¢ =0° the SPPs are
resonant at, or just outside the experimental wavelength range (7.5< 4, <11.3mm). At

@ =0°, the grating grooves are perpendicular to the plane of incidence, and it is well
known that in this orientation, coupling to the SPP is possible only with incident

radiation with a TM component (p-polarised). The theoretically modelled R, response

from sample #1 in this orientation is illustrated in Figure 7.5.2 and now a third SPR
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associated with the +3 diffracted order is also visible. In comparison to Figure 7.4.1(a),
the —1 and +2 SPRs have moved to lower and higher resonant wavelengths respectively.
In addition, the resonance associated with the +3 diffracted order actually exists at a
higher wavelength than the —1 SPR. As expected, the resonances have finite width, and

each occur at a slightly higher wavelength than their corresponding Rayleigh anomaly.

1-0-"‘"'I"""'I'"""'I""'"I"'"'I' "'I""'l"'"'-

Reflectivity

+3

8 9 10 11 12 13 14
Wavelength, A, (mm)

Figure 7.5.2 Graph illustrating the theoretical R, (solid line) and R (dotted line)

response of grating #1 orientated at ¢ =0°. The vertical lines correspond to the point

at which a diffracted order (labelled) becomes evanescent (Rayleigh anomaly).

In contrast to the R, response, the R signal from the same sample shows no such

resonances. This provides further verification that the experimentally and theoretically
observed reflectivity features are indeed those associated with the coupling of incident
radiation to the SPP. A final confirmation of the above results may be obtained by
modelling the electric field above the metal surface. On resonance of a SPP, there must
be a component of the electric field normal to the interface to create the necessary
surface charge. The modelling theory described in Chapter 3 has been used to predict

these fields on resonance of the +2 SPP at (a) ¢ =0° and (b) ¢ =30°, and also the off-
resonance fields are shown for comparison purposes (¢) [¢=30°, A, =9.4mm].

These field plots which are shown in Figure 7.5.3 clearly demonstrate the enhancement
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frequencies.
of the electric field close to the interface on resonance of the SPP (a and b) compared to

the off-resonance system (c). Note that the fields are not symmetric with the grating
surface since the SPP is a travelling wave propagating at an angle of ¢ with respect to

k, (Figure 2.4.5).
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7.5.2. Sample #2 (bi-grating)

The work of Watts et al. (1996) describes a study that is concerned with the
experimental and theoretical response of bi-gratings at visible frequencies. It
demonstrates that a doubly-periodic grating structure may be illustrated as a two-

dimensional k-space diagram. Figure 7.5.4 illustrates such a diagram for the bi-grating

(sample #2) of pitch A, =4, =15.0mm studied in this chapter, with radiation of

wavelength 4, =10.0mm incident upon it at a polar angle of incidence of 8 =46.5°.

.
Figure 7.5.4 k-space diagram of the bi-grating studied in this chapter. The shaded

circle represents the incident light circle of radius k,. The diffracted light circles

that fall within this shaded area represent the positions of the Rayleigh anomalies.
Only SPPs, which may be represented by similar circles of slightly greater radius
(not shown) that fall within this area, may be coupled to with incident radiation.
The dashed arc represents the azimuthal angle scan at a fixed polar angle of

incidence (€ =46.5°) undertaken here.
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A comparison of Figure 7.5.4 with Figure 7.4.2 allows one to label the reflectivity
features observed in the azimuthal-angle scan (dotted line) shown. The order of the

features expected in the reflectivity scan as ¢@is increased from O to 45° is therefore:

(0,-1), (2,-1), (1,-1), (L,2), (0,2), (2,0), (2,1), (-1,1), (-1,2), (-1,0).

Here, the Rayleigh anomalies, and associated SPRs, are labelled according to the
scattering event(s) they experience, i.e. the (1,-2) diffracted order has been scattered by

k . in the x-direction and -2 k . in the z-direction.

Since the grating possesses four-fold rotation symmetry, the reflectivity scans are
expected to be symmetrical about ¢ =45°. This is clearly illustrated in the experimental
data shown in Figure 7.4.2 above. However, it is important to not that since there are so
many diffracted orders propagating in the system at any chosen angle, only a small
proportion of the incident energy is available to be transferred between the orders. It is
for this reason that the reflectivity features are much less pronounced in the response

from this grating compared to the mono-grating studied above.

Note that the theoretical predictions shown in Figure 7.4.2 have not been “fitted” to the
experimental data since this would require unreasonable periods of computation time.
Instead, the predicted reflectivities have been calculated by using the pitch and
amplitude parameters stated in the original design of the sample. For the same reason,
beam spread has not been included in the model. However, the theoretical model agrees
well with the experimental data, although the result of neglecting beam spread in the

region of sharp features leads to obvious discrepancies.
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7.6. Summary

In this chapter, a thorough experimental investigation of the coupling of microwave
energy to a surface mode propagating on a corrugated metal-dielectric interface has
been presented. This surface wave has been identified as the surface plasmon polariton,
the dispersion of which is determined by the surface profile and the dielectric
characteristics of the media either side of the interface. Many previous workers have
investigated the experimental excitation of the mode on lossy-metallic gratings at
visible and infrared wavelengths. However there is little experimental evidence in the
literature regarding the resonant coupling to the SPPs that propagate on near-perfectly
conducting metals using radiation of microwave wavelengths. At these frequencies, it
is only possible to experimentally observe the resonance of the mode if the corrugation

is made sufficiently deep such that the mode’s propagation length is reduced.

Experiments at microwave frequencies often suffer from a large amount of beam spread
[Khan et al. (1993)]. Here an experimental arrangement has been devised that reduces
this problem by collimating the incident beam. By placing the sample on a rotating
table, data may be recorded as a function of azimuthal angle of incidence and
wavelength. Reflectivities from both a mono- and a bi-grating have been recorded, and
a comparison of the experimental results with the predictions from the grating
modelling theory shows very good agreement. However, it is clear that a degree of

beam spread is still present even in a collimated beam system.
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CHAPTER 8
The coupling of microwave radiation to surface
plasmon polaritons and guided modes via

dielectric gratings.

8.1. Introduction

In the previous chapter, the coupling of incident microwave radiation to a SPP that
propagates along the surface of a near-perfectly conducting corrugated metal substrate
was demonstrated. In such a system, the incident energy is simply redistributed into
propagating diffracted orders, or undergoes polarisation conversion, i.e. no power is
absorbed by the sample. However, in the work presented in this chapter, it is shown that
excitation of the SPP is also possible by depositing an absorbing dielectric layer,
sinusoidally-modulated in height, on top of a planar metal substrate. The study is
carried out using paraffin wax as the dielectric material on an aluminium-alloy plate, the
wax being sufficiently thick to also support a guided mode. Once again, the
redistribution of energy is recorded by monitoring the specular beam reflectivity as a

function of wavelength (7.5< 4, <11.3mm) and azimuthal angle of incidence
(0°< @ <90°). The azimuthal-angle-dependent reflectivity scans are fitted to the

grating modelling theory described in Section 3.3, with a single set of parameters

describing the grating profile, and the permittivity and thickness of the wax layer.

8.2. Background

In previous chapters the coupling of incident energy into SPPs by using corrugated

metal surfaces has been discussed, where the grating periodicity provides the required
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in-plane wave vector enhancement. This “classical” grating coupling geometry uses a
single corrugated interface, and when grating-coupled in this way, the SPP propagates
along the corrugated boundary. Since the periodic surface may diffract energy
associated with the mode into diffracted orders, the propagation length of the mode is
reduced. Other workers have shown that the radiative damping of the mode is
proportional to the square of the grating amplitude [McPhedran and Waterworth (1972),
Pockrand (1976) and Raether (1988)].

In this, and the following chapter, an alternative grating geometry is utilised (Figure
8.2.1), where the metallic surface is planar. Deposited on top of the metallic substrate is
a corrugated dielectric overlayer of mean thickness, . The dielectric overlayer used is
petroleum wax, which has a refractive index at the microwave wavelengths studied here
similar to that of glass at visible frequencies (~ 1.5). The upper, semi-infinite dielectric
is air and it is the corrugated air-dielectric boundary that excites diffracted orders and
provides the required enhanced momentum to couple the incident radiation to the
surface mode. This geometry is similar in some respects to the Otto (1968) arrangement
(Section 2.4.1) that uses a high-index prism to create an evanescent field across an air
gap and couple the field to a SPP on the planar metal-air interface. Here, the prism is
replaced by a corrugated overlayer. This coupling geometry for the excitation of SPPs
appears to have been first utilised by Miiller et al.(1997) who successfully coupled
632.8 nm radiation to the SPP mode. Their sample consisted of an evaporated silver
substrate, on top of which was a 5 nm layer of gold and a photoresist layer containing an

interferographically produced grating.
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Figure 8.2.1 Schematic diagram illustrating the sample, co-ordinate system

and experimental geometry used in this study. The direction of the electric

field vector E is illustrated for the situation when p-polarised (transverse

magnetic, TM) radiation is incident. Here, 7 is the average thickness of the

wax overlayer, 4, is the wavelength of the incident radiation, ﬂg is the

grating pitch, and a is the grating amplitude.

It is important to note that if the thickness of the overlayer is great enough, the film may

support TM and TE-polarised “leaky” guided modes in addition to the SPP. Consider,

for example, the planar asymmetrically clad waveguide shown in Figure 8.2.2. The

sample may support a series of guided modes, where the minimum thickness, #, required

to support the mth order mode is given by the following inequalities [Yariv (1991)].
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For TE,, modes,

2m+1 4,

t, 22— Equation 8.2.1
W 4 qua mon

and for TM,,, modes,

;> m A

- 0 .
m \/ﬂ > Equation 8.2.2.

Here, the integer m is known as the order of the mode, and denotes the number of nodes
in the E; or H, field profiles within the guide for the TE,, or TM,, modes respectively.

Also A, is the vacuum wavelength of the radiation impinging from the air side and, nq

and n; are the refractive indices of the guiding material and air respectively.

high index

4 dielectric
overlayer, n,

metal, n,

Figure 8.2.2 A planar dielectric slab waveguide, clad asymmetrically with air and

metal. The metal and air regions are considered to extend to infinity away from the

slab in the y-direction.
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From Egquation 8.2.1, it is clear that every TE,, mode has a thickness cut-off below
which it cannot propagate. Furthermore, in the limit ¢t — 0, the structure will support
no TE guided modes at all. In contrast, the asymmetric waveguide will always support
the zero-order TM,, mode even with vanishing thickness of the high index overlayer.
The TM, mode is in fact identical to the SPP that is guided along the interface of a
metal and a dielectric. Hence, the SPP may also be considered as the lowest order mode
of a metal-clad waveguide. It has no nodes in its H,-field within the high index
dielectric and, as described in Chapter 2, its fields decay exponentially away into the
metal and air semi-infinite media. Figure 8.2.3 schematically illustrates the fields
associated with the SPP (TMy mode) associated with a free-electron metal surface at
three different frequencies, together with those associated with the first truly guided
mode (TEj). In the low frequency limit the metal behaves like a perfect conductor and
the optical electric field is excluded from the substrate with an infinite decay length into
the media above (Equation 2.3.25). Effectively, the mode is a grazing photon, “guided”
along the boundary between the air and overlayer. As the frequency of the mode is
increased the mode becomes less photon like with exponentially decaying fields both
into the metal and air [Figure 8.2.3(a,b)]. Eventually, the mode becomes localised at the
overlayer-metal interface, with exponentially decaying fields into each medium (c¢) and
the system effectively reduces to a one-interface problem (i.e semi-infinite metal and
dielectric, nq). However, regardless of frequency, the TMy mode is always associated
with the resonant excitation of the polarisation charge induced at the surface of a metal.
Therefore, in this thesis, the mode will continue to be referred to as the surface plasmon

polariton (SPP) — even in the two-interface geometry.

The simple description of the system provided above assumes that the waveguide is
planar, however in the work presented in this chapter the upper interface of the sample
is sinusoidally modulated in height. A demonstration of the change in the dispersion of
the modes propagating in a similar sample at visible frequencies on corrugating the top

interface is provided by Salt and Barnes (1999).
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Figure 8.2.3 (a)-(c) Schematic representation of the electric field (H;) profiles of the

SPP (TM, mode) propagating in a asymmetric, free-electron-metal clad waveguide
with increasing frequency. The frequency of the mode shown in (c) is so great that
the system behaves effectively like a one-interface system. Also shown for
comparison, is the field profile (E;) of the lowest order TE guided mode (TEy)

supported by a system with a perfectly-conducting metal substrate (d).

It has previously been discussed that, in contrast to the optical wavelengths where
absorption in the metal damps the SPP, metals at microwave frequencies behave as
near-perfect conductors. Hence the surface mode that is launched directly along a
simple planar interface between semi-infinite air and a metal substrate will have an
almost infinite propagation distance. However in the grating geometry studied in this
chapter, there are two independent damping processes that may act on the SPP. Firstly,
the mechanism that allows radiation to couple into the SPP (i.e. the grating) will also
allow the mode to radiatively decay. This damping process was exploited in Chapter 7
to sufficiently widen the resonances so that they may be experimentally observed.
Secondly, although the top and bottom semi-infinite media (air and metal respectively)
are effectively non-absorbing at these frequencies, this may not be true for the wax.
Since the fields associated with the SPP mode penetrate the overlayer, any loss

mechanisms within it (&) will contribute a term to the damping of the mode. Both of

these damping terms will contribute to the width of the surface plasmon resonance
(SPR) and will also have a similar effect on any guided modes propagating in the

system.
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However, it should be appreciated that a grating may be effectively “zero-order” at
certain wavelengths and angles of incidence, i.e. there are no propagating diffracted
orders in the system. For example, the shaded areas in the reciprocal space diagram

representing a grating with A,/4, =0.733 shown in Figure 8.2.4 highlight the

momentum space in which the only order propagating is the zero-order beam. Hence,
the energy associated with surface or guided modes that exist at values of momentum
within these regions can only be radiated back into the specular beam, or absorbed by
the wax. In the absence of the latter loss mechanism, re-radiation of energy from the
mode back into the specular beam will not give an observable resonance in the reflected
signal, unless the grating is orientated such that the grooves are neither parallel nor
perpendicular to the plane of incidence (¢ # 0,+90,180°). In this twisted geometry, the
polarisation of the reradiated signal will be different to that of the incident beam, and a
polarisation conversion signal may be detected [Bryan-Brown et al. (1990)]. A dip

(peak) in the specular R, and R reflectivities will be observed around the resonance
condition, together with an associated peak (dip) in the R, and R, responses. Clearly,

if a non-absorbing grating sample is orientated at @ =0, +90° or 180° modes
propagating in the “zero-order” region, although having a finite width (associated with

their radiative decay o a®), will not be experimentally observed in the reflected signal.

P

<>

Figure 8.2.4 Reciprocal space map of a grating of pitch A , =15mm with radiation
incident of wavelength A4, =11mm. The shaded region indicates the values of

momentum accessible to incident photons for which no diffracted orders propagate in

the system.
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8.3. Experimental

By utilising the grating modelling theory introduced in Chapter 3, it is possible to
design a sample with wax-grating pitch, amplitude, and thickness to give easily
identified and experimentally observed SPRs in the available wavelength range

(7.5< A, <113 mm). The system chosen for this study has a purely sinusoidal top
interface  profile  A(x)=a, cos 27Zx/ /lg , where (=26mm, g ,=15mm and

A, =15mm (Figure 8.2.1).

First it is necessary to determine the permittivity of petroleum wax in the 26.5-40.0 GHz
frequency range. This is achieved by completely filling a metallic tray of depth /4 with
wax and recording its wavelength-dependent response at a fixed angle of incidence
(Figure 8.3.1). Since the dimensions of the tray are of the same order as the diameter of
the incident beam, reflections may take place from the top of the metallic sides of the
tray, in addition to the metallic base. The position of the resulting interference fringes

allow the permittivity of the wax to be calculated according to the equation

m ﬂ(m

‘min

= 2h(¢) —sin® 0)"° Equation 8.3.1.

where A7, is the wavelength corresponding to the mth order interference maximum.

The permittivity of the petroleum wax was determined to be &, =2.29 and constant

over the wavelength range studied in this chapter. However the imaginary (damping)
term is difficult to determine accurately by this method and is therefore used as a fitting

parameter in the subsequent theoretical modelling.
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wax, €, h

\metal tray

Figure 8.3.1 Production of interference fringes used to determine the permittivity

of the petroleum wax used in this study

The grating sample itself is prepared by filling a metallic, square tray of side
approximately 400 mm and depth 5 mm with hot wax and allowing it to cool. A
metallic “comb” of the desired sinusoidal interface profile is manufactured using a
computer-aided design and manufacture technique. It is used to remove unwanted wax
from the sample by carefully dragging it across the surface until the required grating

profile is obtained. The sides of the tray are then removed.

Figure 8.3.2 illustrates schematically the experimental arrangement used to record the
reflectivity from the sample, which is identical to that used to measure the response of
the bi-grating in the last chapter. The reflectivity data are recorded as a function of
wavelength between 7.5 and 11.3 mm, over the azimuthal angle (¢) range from O to
90° at a fixed polar angle of incidence, 8 =47°. The source and receiving horn
antennae are set to pass either p- (transverse magnetic, TM), or s- (transverse electric,

TE) polarisations, defined with respect to the plane of incidence. This enables the
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measurement of Ry, Ry, Ry and Ry, reflectivities. To account for any fluctuations in
the emitted power from the source, the output from the signal detector is divided by that
from the reference. The normalised reflectivities over the entire frequency range are
downloaded from a scalar network analyser to a computer and are saved to disk. The
resulting wavelength- and angle-dependent reflectivities from the sample are normalised

by comparison with the reflected signal from a flat metal plate.
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Figure 8.3.2 Schematic diagram illustrating the apparatus used to measure the
wavelength- and azimuthal-angle-dependent response from the sample studied in this

work.

8.4. Results

Figure 8.4.1 illustrates a series of polar grey-scale maps of the normalised R, Rps and
Ry signals from the sample as a function of frequency and azimuthal angle of incidence.
Since the profile of the grating is non-blazed, the Ry, response (which will be identical

to the R, response) is not illustrated.
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Figure 8.4.1 Normalised (a) R,,, (b) R and (c) R, response of the sample as a

function of frequency between 26.5 and 40 GHz (11.3 and 7.5 mm), and azimuthal

angle of incidence with 6 =47°. Data has been recorded between ¢ =0° and

@ =90°, and reflected to produce full 360° polar maps.
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In Chapter 2 a planar air-metal interface, with photons incident from the air side, was
shown to be represented as a single lattice point in k-space, based upon which is a light

circle of radius nk,. The area bounded by this circle represents the range of wave

vectors that may be accessed by an incident photon. SPPs and guided modes supported
by a high-index dielectric (wax) layer deposited on top of a metal substrate both exist at

higher wave vectors than that available from an incident photon (kgp > kgy > 1k,),

hence it is impossible to couple directly to either mode via a planar interface. However,
the periodic modulation of the wax overlayer may scatter the incident radiation by

integer multiples of k. This results in a series of diffracted light, SPP and guided-

mode circles about each reciprocal lattice point. The sections of these diffracted SPP
and guided-mode circles that fall within the light circle based upon the origin
corresponding to a photon incident from the air side may now be coupled to by the
incident radiation (Figure 8.4.2). However, the work presented in this chapter is a
multi-wavelength study and so the idea has to be extended by considering a series of
light cones about each grating lattice point, as illustrated in Figure 8.4.3. However for
clarity, only the specular light cone is illustrated together with cross-sections through the

cones for frequencies 26.5 GHz and 40.0 GHz (A4,=113mm and 7.5mm

respectively). Incident radiation on the sample may be represented by a cone of radius

n,k,sin@ (dashed line). By viewing from a location above the cones, one may

visualise the ellipses mapped out by the intersections of the experimental angle scan
with the diffracted light cones, where the points on these curves correspond to the
occurrence of a Rayleigh anomaly. These are difficult to observe in the reflectivity data
due to the angle spread associated with the experiment. However the ellipses of greater
radius corresponding to the coupling of radiation to SPPs and guided modes are clearly

evident.
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Figure 8.4.2 A schematic reciprocal space map of a sample similar to
that studied in this work, but with t=3.6mm and with incident
radiation of wavelength 11.0 mm [corresponding to Figure 8.4.4 (d)].

The solid circle centred upon the origin (of radius n,k ) is the incident

light circle where the area it bounds contains all the modes accessible
to a photon incident on the grating. Also centred upon the origin are
dashed and dot-dot-dashed circles representing the momenta of the
undiffracted guided mode and SPP respectively. The sections of these
that fall with the incident light circle and hence which may be coupled
to, together with the positions of the Rayleigh anomalies are also

shown.

During the fitting process, it is useful to be able to differentiate SPPs from guided
modes, and recognise which diffracted order provides the coupling mechanism to each
mode. However, from the data illustrated in this study so far, this is not immediately
obvious. One way in which each of the modes may be identified is to use the rigorous
grating theory described in Chapter 3 to model their dependence on the thickness of the

wax overlayer.
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Figure 8.4.3 Schematic diagram illustrating the diffraction grating considered in this

multi-wavelength study. For clarity, only the incident light cone, of radius nk, is

shown (thick lines); the cones representing the guided mode and SPP exist at a
greater radius. Also shown is the light cone representing the experimental multi-
wavelength, azimuthal-angle scan at @ = 47° (dotted lines). The series of light circles
labelled (a) and (b) are cross-sections through the series of scattered incident light
cones with radiation of wavelength 11.3 mm (26.5 GHz) and 7.5 mm (40.0 GHz)
incident respectively. The numbered points at the bottom of the diagram illustrate

the lattice points about which each light cone is centred.

Figure 8.4.4 illustrates, at A4, =11mm, the predicted Ry reflectivities from samples
with wax thicknesses (a) r=2.1mm, (b) r=2.6mm, (c) t=3.Imm and (d)
t=3.6mm, and a=1.5mm, A, =15mm, &, =229+0.00i and ¢, = -10° +10%i.
The theoretical data is plotted in the form of a series of reciprocal space maps where
k., =kysinfcos¢ and k, =k,sin@sin@. The imaginary component of permittivity of
the wax overlayer (&, ) has been set to zero in order to provide maximum contrast in the
diagrams. (An illustration that a variation of &, does not affect the position of the

modes in k-space will be provided later.)
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Figure 8.4.4 Reciprocal space maps of the theoretically modelled R signals
from samples with 11 mm radiation incident and wax thicknesses (a)
t=2.1mm, (b) r=2.6mm, (¢) t=3.1mm and (d) ¢t=3.6mm (where
k,=kysinfcos¢ and k, =k, sinfsing). The reflectivities have only been

plotted for wave vector values that are accessible to the incident photon, i.e.

(k 4k )“2 <n,k,. The Rayleigh anomalies are labelled and highlighted with
dotted lines, and the SPP and guided mode (GM) are also identified and

labelled with the diffracted order that provides the coupling mechanism. The
equivalent experimental momentum scan undertaken at this wavelength is also

shown (white, dashed circle).

It is interesting to note that the coupling strengths of all the modes appear to fall to zero
as @ —90°. This is because there are no diffracted orders propagating, polarisation
conversion is not possible and there is no absorption in the system (Section 8.2). Hence,
although coupling to the mode is still possible and its resonance has finite wide, it
cannot be experimentally observed, as there is no channel into which energy may be

transferred.
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The modes visible in Figure 8.4.4(a) are the diffracted SPP (TM;) modes which
propagate along the metal-wax interface. Note that the coupling strength to the SPP

also decreases to zero as @ =0° is approached. This is because the incident TE field

has no component perpendicular to the grating surface and hence cannot create the
necessary surface charge. Clearly, the fields associated with the SPP will sample the
wax layer and will penetrate into the air half-space, as shown in Figure 8.2.3.

Therefore, the dispersion of the SPP will be dependent on an effective refractive index
(ngﬁ‘ ) since the degree of penetration into the air is governed by the thickness of the wax
overlayer. Hence kg, >n(t)¥ k,, where n, <n(t)$ <n, with the SPP moving to
higher momentum values with increasing thickness, as is clear in Figure 8.4.4. In
addition the excitation of guided modes also becomes possible if the dielectric overlayer
is sufficiently thick (Equation 8.2.1 and Equation 8.2.2). The lowest order guided mode
may be observed in Figure 8.4.4 (b), (c) and (d), however at t =2.6 mm the mode is
almost coincident with the Rayleigh anomaly. In a similar manner to the SPP, the

guided mode also moves away from the Rayleigh anomaly as the wax thickness is

increased.

The white dashed circle superimposed on Figure 8.4.4(b) illustrates the equivalent

momentum scan undertaken in this study with radiation of wavelength 4, =11.0 mm

incident at & =47°. Hence, by comparison of Figure 8.4.4(b) with the experimental
study at this fixed wavelength it is possible to identify the guided mode (GM) and SPP,
and label the modes according to the diffracted order which provides the coupling
mechanism (Figure 8.4.5). Having identified the modes supported by the sample, the
reflectivity data are fitted to the grating modelling theory for a series of different
wavelengths. By fitting the reflectivity data using a single set of parameters, it is
possible to accurately parameterise the grating profile, thickness and permittivity of
the wax overlayer. Figure 8.4.6 shows a series of experimental data sets (O) at
wavelengths of (a) 7.5 mm, (b) 8.5 mm, (c) 9.5 mm and (d) 10.5 mm, showing the
R _, R

w Reo R, and R signals respectively. The solid curves are the theoretical fits,

which are in good agreement with the experimental data. During the fitting process,
the amplitude of the corrugation, thickness and real part of the permittivity of the wax,

and the polar angle of incidence are all allowed to vary within uncertainty bounds
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from their measured values. The imaginary part of the permittivity of the wax is

initially assumed to be zero, the pitch of the grating is A, =15mmand the
permittivities of the air and metal are assumed to be & =1.0+0.0/ and
£, =—10°+10°i respectively. Distortion of the grating profile (a,,a,) is also

introduced, however it does not improve the average quality of the fits. It was shown

in Chapter 7 that a beam spread of approximately 6,, =1° is required to account for

finite source size and diffraction in the system, therefore a small amount of beam
spread is introduced into the theoretical modelling illustrated here. The grating
profile, polar angle of incidence and properties of the wax overlayer determined for
each azimuthal scan are averaged, and the error about the mean calculated. The final
fits shown are then each generated from this averaged set: a, =1.50%£0.02 mm,
t=2.62%10.01mm, & =2.29+0.01, £ =0.04£0.01 and #=46.8+0.1°. To confirm
the validity of the theoretical model, it is necessary to independently measure the
profile of the grating. By scanning a dial-gauge across the wax surface, the grating
amplitude and the thickness of the wax layer are determined to be a, =1.48£0.01 mm

and r=2.63+0.08 mm respectively. Clearly, these values are within the uncertainties

of those determined via the fitting process.
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Figure 8.4.5 The experimental R azimuth-angle scan corresponding to the white,

dashed line shown in Figure 8.4.4(b)(4, =11 mm). The resonances are identified

and labelled according to the diffracted order that provides the coupling mechanism.
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Figure 8.4.6 Typical normalised azimuthal-angle dependent reflectivities ()
compared with the theoretically modelled results (—) created from a single set of
fitting parameters. Radiation is incident on the sample at fixed polar angle of

incidence of @ =47° with wavelengths of (a) 4, =7.5mm, (b) 4, =8.5mm, (c)
A, =9.5mm and (d) 4, =10.5mm impinging on the sample. The signals recorded

are (a) R_, (b) R, (c) RpS and (d) R . The azimuthal-angle scans shown have

pp’

been extracted from the experimental data sets illustrated in Figure 8.4.1

8.5. Discussion

This work has demonstrated that it is possible to couple incident microwave radiation to
guided and SPP modes via an alternative geometry that does not require forming the
grating profile directly in to the metal substrate. Coupling to the SPP in this way is
advantageous over the “classical” one-interface grating-coupling geometry since
complicated shapes can easily be carved into a wax layer, rather than using expensive
machine time to mill the shape directly into a metal. In addition, the SPP that
propagates in the single-interface system may only be radiatively damped since the

media either side of the boundary are usually non-absorbing. Therefore, a sufficiently
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large grating depth is required to shorten the lifetime of the mode and sufficiently widen
the resonance so that it may be easily experimentally observed. However by using a
corrugated dielectric overlayer with non-zero €, deposited on a planar metal surface, a
second damping mechanism is introduced by which the SPP may decay. Hence the need

for such large corrugation amplitudes is decreased.

Figure 8.5.1 and Figure 8.5.2 illustrate at A =11mm, the effect on the modelled R

response and degree of absorption of the sample, of increasing the imaginary part of the

permittivity of the dielectric layer (&) ). The diagrams demonstrate that the position of

the modes in momentum-space do not change, but the width of these resonances is
increased. In addition, an absorbing overlayer will decrease the coupling strength to the
SPP since the magnitude of the fields at the metal surface will be reduced. Clearly, the
introduction of a non-zero &, decreases the background reflectivity level, however the
degree of absorption on-resonance of a well-coupled mode is greatly enhanced. For

comparison, Figure 8.5.2 also illustrates the degree of absorption of a planar sample of

the same mean thickness.
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Figure 8.5.1 Graph illustrating the effects of increasing &, (absorption in the wax

layer) on the predicted R signal with radiation of wavelength A, =11 mm incident at a

polar angle of 47°, with wax thickness # = 2.6 mm and grating amplitude a, =1.5 mm.
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Figure 8.5.2 Graph illustrating the effects of increasing &, of the corrugated wax
layer on the absorption due to Joule heating in the sample. The sample is
illuminated with incident s-polarised radiation of wavelength 11 mm at a polar
incident angle of 47° with wax thickness #=2.6mm and grating amplitude

a, =1.5mm. Illustrated are the theoretically modelled results with &; =0.00 (thick
solid line), €] =0.04 (dashed line) and &, =0.08 (dotted line). Also shown is the

absorption due to a planar wax layer of the same mean thickness (fine solid line).

The solid, dashed and dotted lines correspond to &; =0.00, & =0.04 and &, =0.08

respectively.

8.6. Summary

In this chapter, the coupling of microwave radiation via a dielectric grating to a SPP that
propagates on a planar near-perfectly conducting metal surface has been illustrated. The
dielectric material used in this study is petroleum wax and is sufficiently thick such that
it is also able to support the lowest order “leaky” guided mode. Due to the ease with
which the required grating profile may be shaped from the wax compared to milling the
profile directly into a metal substrate, this coupling mechanism may be advantageous
over the “classical” geometry. The technique of recording the response of the sample as
a function of the azimuthal-angle of incidence has been demonstrated. It is particularly

useful at these wavelengths because by simply rotating the sample, it is possible to
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quickly gather large amounts of data by simultaneously scanning the incident
wavelength.  Futhermore, the incident beam has been collimated to reduce the
undesirable effects of beam spread. Hence good agreement theoretical models based on
the differential formalism of Chandezon et al. and the experimental reflectivities have
been obtained. The fitting process has enabled the characterisation of the dielectric
constants of the wax, which has shown it to be slightly absorbing at these frequencies

(8;' =0.04i). In addition, the real part of the wax permittivity derived in the fitting

process agrees with the value obtained via interferographic measurements. The effect of
a non-zero €&, is to change the coupling strengths of the diffracted SPP and guided
mode resonances, and increase the range of momentum values over which energy may
be coupled into the modes. The degree of absorption of the sample is also greatly

enhanced on resonance of a well-coupled mode.
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CHAPTER 9
The coupling of near-grazing microwave photons
to surface plasmon polaritons via a dielectric
grating.

9.1. Introduction

In this study, a dielectric grating, similar to that discussed in the last chapter, is used to
couple near-grazing microwave photons to surface plasmon polaritons (SPPs). The
novel result presented here is that when the grating grooves are orientated such that they
are parallel to the plane of incidence (¢ = £90°), coupling to SPPs with both s- and p-
polarised photons is possible at three different energies. It is demonstrated that one
mode is coupled to via p-polarised radiation, the other two modes are both coupled to
via s-polarised radiation. The multi-layer, multi-shape differential grating theory
discussed in Chapter 3 allows the identities of each of the modes to be confirmed by
modelling the electromagnetic fields above the metal substrate. In addition, a
comparison between the experimentally derived reflectivity scans and the theoretical

model is made.

9.2. Background

Of the two orthogonal linear polarisations, it has generally been considered possible to
couple only incident s-polarised (TE) radiation to the SPP when the grating grooves are
orientated such that they are parallel to the plane of incidence (¢ =190°). However
recent work [Watts et al. (1997)] has shown that for sufficiently deep grooves, coupling
is also possible with incident p-polarised (TM) radiation. Here, a similar mechanism for
coupling p-polarised radiation to the SPP when the grating grooves are orientated in this
way is established. A two-interface geometry is utilised where the corrugated boundary,

which provides the coupling mechanism to the SPP, is separated from the planar one
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along which the mode propagates. A similar geometry appears to have been first used
by Miiller et al. (1997) who successfully coupled visible (632.8 nm) radiation to the
SPP mode. Their sample consisted of an evaporated silver substrate, overcoated with a
5 nm layer of gold and a photoresist layer containing an interferographically produced
grating. Other recent studies involving dielectric grating samples include that of
Salakhutdinov et al. (1998). They provided a theoretical and experimental study of a
metal-dielectric grating that shows increased diffraction efficiency over a conventional
metallic grating due to the excitation of “leaky” guided modes in the dielectric layer. In
addition, Seshadri (1999) have theoretically investigated the reflection of radiation from
a dielectric grating sample with a metallic substrate as a function of the angle of
incidence. On excitation of SPPs and guided modes in the dielectric film, they observe
peaks in the calculated absorption spectra, and they illustrate that the angular response
of the experimentally-determined reflection coefficient may be used to obtain estimates

of the average thickness of the film and amplitude of the grating.

In previous chapters, it has been shown that one may couple incident microwave
radiation into a SPP (TMy mode) propagating along a metal-dielectric interface by using
a diffraction grating of suitable pitch. If this grating profile is formed in the metal
substrate (Chapter 7) then the width of the observed resonances will depend only on the
radiative decay of the mode and hence the amplitude of the grating [McPhedran and
Waterworth (1972), and Pockrand (1976)]. This is because no energy may be
dissipated into the substrate since metals behave as near-perfect conductors at
microwave frequencies. However it has been shown in Chapter § that it is also possible
to couple radiation into the SPP by depositing a corrugated wax overlayer on top of a
planar metal substrate. The grating again provides the mechanism for radiative decay,
but as the wax is slightly absorbing, the SPP may also decay via loss into the wax. In
this situation, both damping terms will contribute to the width of the surface plasmon
resonance (SPR). In addition, if the grating grooves are neither parallel nor

perpendicular to the plane of incidence (¢ # 0, £90,180°), then the polarisation of the

reradiated signal will be different to that of the incident beam and a polarisation
conversion [Bryan-Brown and Sambles (1990)] signal may be detected. If one chooses

to detect linearly polarised radiation, then this mechanism provides a third channel into
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which energy may be transferred from the detected beam — it is “absorbed” by the

polarisation setting of the detector.

In this study, the reflectivity of near-grazing microwave radiation is recorded as a
function of wavelength and azimuthal angle of incidence from a sample consisting of a
slightly absorbing, thin dielectric (wax) grating on top of a near-perfectly conducting
metallic (aluminium-alloy) substrate. Such a sample enables the coupling of both p-
(TM) and s- (TE) polarised incident photons to the SPP at all orientations other than

@ = 0°, and according to the condition

k2, = €7k sin® 60+ N7k +2(e7 ) Nk k, sin O cos ¢ Equation 9.2.1

(With incident s-polarised radiation at ¢ =0° there is no local normal component of
electric field at either the flat or corrugated interfaces to create the necessary surface

charge). In Equation 9.2.1, € (¢) is an effective complex permittivity of the dielectric

that is dependent on the thickness of the overlayer (£ — &, as t — ). The grating
pitch and wavelength-range are chosen so that at ¢ =*90° the grating is effectively
“zero-order”, i.e. the only order propagating is the specularly reflected beam (see
Section 8.2). Hence any detected losses on excitation of any modes propagating in the
system recorded at @ =290° are solely due to absorption of energy into the dielectric
layer (since there is no polarisation conversion at this angle). Wavelength dependent
reflectivity scans are fitted to the rigorous grating modelling theory using the
corrugation amplitude, wax thickness, polar angle of incidence and the absorption of the
wax (&;) as fitting parameters. As grazing incidence is approached, one observes an
evolution of the s-coupled SPP into two different modes. Utilisation of the modelling
theory to predict the field distribution throughout the sample provides an explanation of

this phenomenon.
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9.3. Experimental

It is necessary to design a sample whose grating pitch (4, ), amplitude (a,) and wax

thickness () will permit the resonant coupling to the SPP using near-grazing photons
within the available wavelength range (7.5 mm< A4, <11.3 mm). By utilising the
grating modelling theory, the optimum parameters required in order to achieve these
results are deduced. The sample chosen has a purely sinusoidal top interface profile,
A(x) = a, cos 2/ A, where @, =1.50mm and A4, =15.00 mm, with mean thickness of
wax, t=1.60mm. The real part of the complex permittivity of the wax has been
determined in the last chapter via interferographic reflectivity measurements from a

planar slab of known thickness, and the imaginary part has been measured by fitting the

predictions from the grating modelling theory to reflectivity measurements.

The sample is prepared by filling a metallic, square tray of side approximately 400 mm
and depth 5 mm with hot wax and allowing it to cool. A sinusoidal template is

manufactured with a pitch of /18 =15.00mm and fundamental amplitude of

a, =1.50mm. It is used to remove unwanted wax from the sample by carefully

dragging it across the surface until the required grating profile is obtained (Figure

9.3.1).

The experimental arrangement described in the last chapter was again used to record the
reflectivity from the sample in order to reduce the undesirable effects of spherical
wavefronts (Figure 8.3.2). Variation of the magnitude of the incident wave-vector in
the plane of the grating may be achieved by scanning either wavelength ( 4,), or angle
of incidence (@ or ¢). In this study the reflectivity data are taken both as a function of
wavelength (7.5 mm < A, <113 mm) and azimuthal angle of incidence (0 < ¢ <90°),

fixing the polar angle of incidence at @ = 80°. Figure 9.3.1 illustrates the co-ordinate

system used to describe the geometry of the sample.
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Figure 9.3.1 Photograph of sample used in this chapter, also illustrating the co-

ordinate system and experimental geometry, where A, is the grating pitch. The

direction of the electric field vector E is illustrated for the situation when p-
polarised (transverse magnetic, TM) radiation is incident. The two lower corners of

the sample were damaged after the experimental results had been obtained.

The source and receiving horn antennae are set to pass either p- (TM), or s- (TE)
polarisations which enables the measurement of R, Ry, Ry and Ry, reflectivities, where
the subscripts refer to the incident and detected polarisations in that order. To account
for any fluctuations in the emitted power from the source, the analyser divides the
output from the signal detector by that from the reference. The normalised reflectivities
over the entire frequency range are downloaded from a scalar network analyser to a
computer and are saved to disk. The resulting wavelength- and angle-dependent
reflectivities from the sample are normalised by comparison with the reflected signal

from a flat metal plate.

The high polar angle of incidence introduces a problem associated with the effective
beam spot size on the sample. A beam spot that is larger than the sample itself will
clearly diffract from its edges and surrounding obstacles and results in interference

oscillations in the detected signal. By aperturing the two mirrors with microwave
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absorbing material, it is possible to restrict the size of the incident beam on the grating
and remove these artefacts. In addition, placing randomly angled reflecting material on
the exposed areas of the metal base ensures that only radiation striking the wax surface

will reach the collecting mirror and detector.

94. Results

Figure 9.4.1 illustrates two polar grey-scale maps of the normalised experimental R
and R, signals from the sample. These are illustrated as a function of frequency

between 26.5 and 40 GHz (/1O =11.3and 7.5 mm) and azimuthal angle, at 8 =~ 80°. The

azimuth-angle dependent data has been recorded between 0 and 90° and simply
reflected about the axes to produce a full 360° plot. Similar figures were produced in
the previous chapter and an explanation is provided there of the dispersion of the

reflectivity features they illustrate.

The band labelled * corresponds to the SPP which is coupled to via the second order
diffracted beam (N =12) and is observed as a slight dip in the R, signal, and a peak in
the Ry response. The Rayleigh anomaly that corresponds to this diffracted order occurs
at a slightly lower angle of azimuth than the SPP, but is not visible in the experimental
data. However, the Rayleigh anomaly corresponding to the point at which the 1** order
diffracted beam ceases to propagate is clearly visible in the R, data as a dramatic
change in reflected intensity in the specular order response (indicated by the arrow).
The bands labelled +, ¢ and <  all correspond to the SPP excited by the evanescent

fields associated with this diffracted order (N = *1).
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Figure 9.4.1 Normalised R and R, response of the sample as a function of
frequency and azimuthal angle of incidence. Data has been recorded between
@ =0° and @ =90°, and reflected about the axes to produce full 360° polar maps.

The band labelled * corresponds to the £2 SPP, and the bands labelled ¢, ¢ and
< all correspond to the 1 SPP. The arrow on the upper diagram identifies the

corresponding +1 Rayleigh anomaly.
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Figure 9.4.2 illustrates the R and R, response of the sample with the grating

orientated so that ¢ =90°, which is equivalent to taking a slice through the respective
plots shown in Figure 9.4.1. 1t is important to note that at this azimuthal angle of
incidence, the grating wave vector, k,, is perpendicular to the plane of incidence, and
hence no polarisation conversion may occur. The reflectivity data recorded at ¢ =90°

were fitted to the grating modelling theory using the same parameters for both R and

R, scans. During the fitting process, the amplitude of the corrugation, thickness of the

wax and the polar angle of incidence are all allowed to vary from their estimated values.
The permittivity of the wax is initially assumed to be identical to that determined in the

previous study (5d =2.29+0.04i), however the imaginary part is allowed to vary in the
fitting procedure. The azimuthal angle is set to ¢ =90° and the permittivities of the
metal and air are assumed to be & =—10°+10"i and & =1.0+0.0i respectively. In
addition, the pitch of the grating is independently measured to be
ﬂg =15.01£0.03 mm. Distortion of the grating profile (az,a3) is also introduced,

however it does not improve the average quality of the fits confirming the sinusoidal

nature of the corrugation.

The best comparison between the model and the experimentally derived reflectivities is

achieved when the following fitting parameters are used: a, =1.49%0.01mm,
t=1.59£0.0lmm, € =80.0%£0.5° and 8;’ =0.061£0.004. Comparisons between the

predictions using these parameters (solid line) and the experimental data (squares) are

shown in Figure 9.4.2.
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Figure 9.4.2 The normalised R and R frequency-dependent response (O) of the

sample orientated at ¢ =90°. The solid lines on each of the graphs correspond to

the theoretically modelled results that have been created from the same set of fitting
parameters. The two experimental data sets shown have been extracted from the

data shown in Figure 9.4.1.
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9.5. Discussion

The fitted R, and R reflectivity data recorded at ¢ =90° and shown above illustrates

good agreement between the theory and the experimental results. The reflectivity data
appears more “noisy” than the microwave data presented in earlier chapters at least in
part due the large beam spot size associated with the high polar angle used in this study.
Clearly the known amplitude of the grating template agrees with the amplitude
determined via the fitting procedure. However, the value of the imaginary part of the

dielectric constant of the wax determined here (&; =0.061+£0.004 ) is slightly greater
than that measured in the previous chapter (&, = 0.04+0.01) when a thicker layer was

used. The may be attributed to a difference in deposition conditions of the wax and

impurities on the surface of the metal.

Figure 9.4.1 illustrates the dispersion of modes that are supported by the sample and are
excited using near-grazing microwave radiation in the 26.5 to 40 GHz frequency range

(11.3mm > 4, >7.5mm). This section will demonstrate that these modes correspond

to the resonance condition of the SPP.

The experimentally measured response of the sample in the special case when the
grooves are orientated so that they are parallel to the plane of incidence (¢ = £90°) is

shown in Figure 9.4.2. In this situation, polarisation conversion is not possible, and
since no orders are propagating in the system other than the specular beam, any energy
loss in the reflected signal on resonance of the SPP can only be lost into the media
surrounding the interface. It is possible to verify the resonance condition of the SPP by
using the grating modelling theory to plot the vector electric fields in the xy-plane. A
strong local component of the electric field vector normal to the metal-wax interface
(Ey) induces a periodic oscillation of polarisation charge along the boundary showing
the coupling of incident radiation to a surface mode. Figure 9.5.1 illustrates the

predicted E,, instantaneous vector fields at ¢ =190° for the three resonance
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wavelengths (calculated using the grating theory described in Section 3.3) and it is clear
in each case that there is a strong normal component. These graphs have been
calculated at an instant in time at which the coupling strength to the SPP is strongest

(maximum E)).
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Figure 9.5.1 The predicted E,, vector fields corresponding to each of the three
resonances shown in Figure 9.4.2 at the instant in time of strongest coupling.
Diagram (a) corresponds to the low frequency s-coupled mode, *; (b) the high energy

s-coupled mode; #, and (c) the p-coupled mode, <.
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It is important to consider how the SPP is created along the metal boundary in each of
the resonance conditions described above, remembering that it is only the local normal
component of the electric field which induces surface charge and thus couples to a SPP.
When s-polarised radiation at near-grazing incidence impinges on the sample, there is
no component of the electric field vector normal to the metal interface to directly create
the required surface charge. However, there is always a component of E normal to the
profile of the dielectric grating, which is at a maximum at the point of steepest gradient.
Hence polarisation charge is induced at these points on the wax-air boundary, which in
turn induces charge at points on the metal surface below (approximately at

k,x= Vx(2p+1), where p is an integer). In the p-polarised case, there is clearly a

component of E normal to the metal-wax interface. However since it is a plane wave,
one may initially think that all the charges induced should be in phase, yet a surface
charge density oscillation at the metal boundary is induced. This is because of the
difference in path length experienced by a photon striking the top of the high-index wax
groove compared with one impinging near the trough. Hence we find that the charge
centres are located symmetrically along the metal boundary with respect to the grating

profile (at k,x= px), immediately below the peaks and troughs of the dielectric

grating.

Of course at @ =190°, and on excitation of the SPP, there will be two surface waves

propagating in opposite directions along the metal surface. These two counter-

propagating eigenmodes may be coupled together via two successive k, scattering

events, setting up a standing wave in the x-direction, where the period of the standing

wave is the same as the grating pitch (ﬂSPP =1, ) The standing wave associated with

the p-coupled mode will have a different charge distribution on the surface of the metal
to the charge distribution associated with the s-coupled mode, and hence two quite
distinct field profiles will result. One field profile has maxima in E, below the peaks
and troughs of the grating surface (coupled to via p-polarised incident radiation), the
other with its extrema underneath the points of steepest gradient (coupled to via s-
polarised radiation). These correspond to a low and a high energy mode respectively,

and hence an energy gap is seen to open up at ¢ = £90°.
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The situation described above is further complicated since at the polar angle of
incidence studied in this work (8 = 80°), there may be coupling to the s-coupled SPP at
two different energies (Figure 9.4.1), both of which exist at lower energies than that
needed to coupled to the p-mode. Therefore, it is interesting to theoretically model the
dispersion of the SPP mode as a function of frequency and polar angle of incidence
(Figure 9.5.2). The boundary between the areas of low and high reflectivity which
forms an arc in the top left corner of Figure 9.5.2 is associated with the £2 Rayleigh
anomaly, and the dark band that extends from the bottom left corner of both the graphs
corresponds to the excitation of the +2 SPP. This figure illustrates that one may only
couple s-polarised radiation to SPP mode at two different energies when

sin@ =k_/k,>0.9 (approximately). Notice also that an equivalent “splitting” of the p-

coupled mode at high polar angles does not occur. To explain this result, it is useful to

refer back to the vector field illustrations of Figure 9.5.1.

First consider the p-coupled mode, where the standing wave in the x-direction has its
charge centres on the metal surface beneath the peaks and troughs of the dielectric
grating. For 6 #0°, there are two loops of E,, within each grating period where
neighbouring loops are in anti-phase. Now consider the s-polarised case. When
sin@ = 0.75, there is only one coupling condition to the SPP and again two loops of E,,
are seen in Figure 9.5.1(c). However since the standing wave at the metal interface is

out of phase by A . / 4 with respect to the grating profile, one loop exists primarily

within the wax, the other samples the air. As grazing incidence is approached
(kz —>k0), one of the field loops becomes dominant at the expense of the other.

Eventually one of the loops almost disappears and now neighbouring loops of E are in
phase with each other and two quite distinct bands are observed. Band + corresponds to
the mode whose loops of E,, are almost entirely contained within the wax of the grating,
and by contrast the field loops associated with band ¢ are concentrated within the air.
Since a mode whose field loops are concentrated in the wax samples a higher effective
refractive index than one whose fields may penetrate into the air, modes associated with
band ¢ exist at a lower energy than those of band ®. This is also clear from the
experimental scan shown in Figure 9.4.2 which corresponds to the black dashed line

superimposed on Figure 9.5.2. Also evident from these figures is that band ¢+ appears
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to be the dominant one, and modes associated with it are more strongly coupled to than
modes associated with band ¢. However one may change the relative coupling
strengths of the two modes by varying the thickness of the corrugated overlayer. Figure
9.5.3 illustrates the dispersion of the modes with 8 and frequency when, (a) each of the

two bands are equally well coupled (# =2.10 mm ), and (b) band ¢ becomes dominant

(r=2.50mm)
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Figure 9.5.2 Theoretical prediction of the R, and R response of the sample
illustrating the dispersion of the SPP mode as a function of incident momentum
(k,/k,=sin@) and frequency. The data has been calculated using the fitting

parameters derived earlier in the work where the vertical black dashed lines

represents the experimental scans undertaken.
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Figure 9.5.3 Theoretical predictions of the R response of a similar sample

to that used in this study but with thicker wax overlayers: (a)

t=2.10mmand (b) r =2.50 mm.

It is important to note that although s-polarised radiation is able to induce surface

charge beneath the points of greatest gradient of the air-wax interface at ¢ = £90° and
hence couple strongly to modes ¢ and #, there is no coupling in the R, response and
only weak coupling away from this orientation (Figure 9.4.1). This is because incident

p-polarised radiation is not able to induce the necessary surface charge when the grating

is at ¢ =190°. In a similar manner, but for all grating orientations, it is impossible for

s-polarised radiation to create surface charge beneath the peaks and troughs of the wax-

air interface; hence mode <> may only be excited with p-polarised radiation.
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9.6. Summary

In this work near-grazing microwave radiation has been coupled via a dielectric grating,
to SPPs that propagate along a planar metal surface. The reflectivity of the sample is
recorded as a function of azimuthal angle and incident wavelength in the microwave
regime, using petroleum wax as the high-index dielectric. Good agreement between the
predictions from a rigorous grating modelling theory and the experimental reflectivities
has been obtained, and the fitting process enables the verification of the profile of the

grating and the dielectric constants of the wax at these frequencies.

It is shown that when the grating is orientated with its grooves parallel to the plane of
incidence, coupling to a SPP via both incident p- and s-polarised radiation is observed
with an energy gap appearing between the two modes. Furthermore, at high polar
angles of incidence, the s-coupled mode splits into two bands with different energies.
The identity of each of the modes is confirmed as the excitation of the SPP, and an
explanation is provided for their coupling conditions by modelling their resonant

electric field profiles and their dispersion with frequency and in-plane momentum.
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CHAPTER 10
Conclusions

10.1. Summary of Thesis

The work presented in this thesis concerns the coupling of incident radiation to the
surface plasmon polariton (SPP) at visible and microwave frequencies. In Chapters 2
and 3, an introduction to the SPP is presented. Chapter 2 provides a brief historical
overview of the principal developments in the understanding of the physics of the mode
over the past 100 years. By deriving its dispersion relation and exploring the spatial
extent of its electric fields, the properties of the SPP are described. In addition, the
methods for coupling radiation into the mode are discussed, with particular emphasis on

the technique of corrugating a metal-dielectric interface.

Chapter 3 concerns the grating modelling theory used throughout the thesis.
Considerations are presented of the effects on the specular reflectivity from the sample
of changing the profile of the metal-dielectric interface. The influence of lossy

overlayers deposited on top of the metal substrate is also theoretically studied.

The experimental section of this thesis may be divided into two subsections. Chapters
4,5 and 6 are concerned with work conducted in the visible regime, while Chapters 7,8
and 9 present studies undertaken at microwave frequencies. More specifically,
Chapters 4 and 5 show how the surface plasmon resonance (SPR) technique may be
used to characterise the complex dielectric function of metallic materials at visible
wavelengths by depositing the metal onto a sinusoidally height-modulated substrate.
Chapter 4 provides an optical characterisation of titanium nitride — an extremely hard-
wearing material that appears gold-like in colour. Similarly, Chapter 5 presents a study
of the optical dielectric function of pure indium. Since indium is easily oxidised in air,
the interface along which the surface modes are excited is protected from the
atmosphere. In both experiments, excellent agreements are obtained between the results
from the grating modelling theory and the experimental reflectivities. In addition, the

experimentally determined dielectric functions are compared with a simple Drude, free-
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electron model, and then a more sophisticated Drude-Lorentz model, in order to obtain

an approximate value of each of the metal’s relaxation times and plasma frequencies.

Chapter 6 illustrates a new technique for recording the angle-dependent reflectivities
from grating samples at visible frequencies. The response from a silver-coated grating
is recorded as a function of the angle of azimuth, at a number of different polar angles.
The data is then successfully fitted to the grating modelling theory in order to
characterise the optical permittivities of the silver and accurately determine the profile
of the surface. It is shown that this is generally a useful technique since, unlike the

more conventional polar angle of incidence scans, it involves no moving signal detector.

The apparatus described in Chapter 6 is scaled up and developed for use at microwave
frequencies. In Chapter 7 it is shown how this technique is particularly advantageous
since polar-angle scans become cumbersome at these longer wavelengths. It presents a
thorough investigation of the coupling of microwave radiation to the SPP that
propagates along a corrugated, near-perfectly conducting metal substrate. Both
singularly and doubly corrugated (bi-grating) substrates are considered, and the
experimental reflectivities show excellent agreement with the predictions from the
grating modelling theory. However, it is clearly shown that high quality fits could only

be achieved by collimating the incident beam to reduce the effects of beam-spread.

Chapters 8 and 9 are concerned with dielectric gratings that are deposited on near-
perfectly conducting, planar metal substrates. With such samples, the interface that
provides the coupling mechanism, and the interface along which the SPP propagates are
separated. The dielectric material used is petroleum wax, which in the available
frequency range, is found to have a similar refractive index to glass at visible
frequencies. Due to the ease in which the profiles can be shaped into the wax,
compared to milling them directly into the metal substrate, this coupling technique
presents an advantage over the more conventional geometry. While the average
thickness of the dielectric layer studied in Chapter 9 is always less than one-fifth of the
wavelength, the sample studied in Chapter § is thick enough to be able to support not
just SPPs, but also the first guided mode. The effects of non-zero £” in the dielectric
are theoretically investigated for the sample used in Chapter 8, and the degree of

absorption is shown to be greatly enhanced on resonance of a well-coupled mode.
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Chapter 9 presents the novel result that when a near-grazing beam is incident on the
sample with its grooves orientated such that they are parallel to the plane of incidence,
coupling to the SPP is possible with both p- and s-polarised radiation at three different
energies. The identity of each of the modes are confirmed as the resonant excitation of
the SPP and an explanation is provided for their coupling conditions by modelling their
electric field profiles and their dispersion with frequency and in-plane momentum. In
both these chapters, good agreement is obtained between the experimentally recorded

reflectivities, and the theoretically modelled results.

10.2. Future Work

The Thin Film Photonics research group, of which the author is a member, has amassed
over 15 years of scientific experience in the area of diffractive optics. Without such a
knowledge base, many of the results presented here would have been very difficult to
achieve. The microwave studies carried out as part of this thesis represent the group’s
first steps into a completely different region of the electromagnetic spectrum. The
possibility of undertaking experiments at much longer wavelengths has allowed us to
consider an enormous range of studies that are impractical, or simply much harder to
investigate in the visible regime. Hence the list of potentially interesting future work is

huge, and just a small selection of ideas are listed here.

In Chapters 7 and 8, a dielectric grating was deposited on top of a planar metal
substrate, which at microwave frequencies, behaves like a near-perfect conductor. On
excitation of SPPs that propagate along the dielectric-metal interface, energy is lost into
the dielectric if it is lossy (i.e. €”>0). A thorough investigation of lossy dielectrics
should be undertaken, with the aim of finding a material, which, when combined with a
suitably shaped grating, will absorb a large proportion of the microwave radiation
incident upon it. It may be advantageous, certainly for practical applications, to form
the diffraction grating in the metallic substrate, and fill the grooves with the dielectric,

so that the upper surface is planar (Figure 10.2.1).
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Figure 10.2.1 A dielectric filled grating sample.

The spectral response of such samples will be sensitive to the polar and azimuthal
angles of incidence. However, Sobnack et al. (1998) and Tan et al. (1999) have
recently theoretically calculated the dispersion curves of SPPs on short-pitch metal
gratings consisting of narrow grooves. Such structures establish very large band gaps
in the dispersion of the mode, so much so that the SPP bands become almost flat.
Hence the resonance positions of the modes are effectively insensitive to the polar angle
of incidence (6) of the radiation. In addition, the shape and separation of the grooves
control the frequency and width of these modes. The resonances are the result of the
excitation of a standing SPP mode in the grooves, and the excitation of the mode may
result in strong resonant absorption of incident p-polarised radiation. Clearly such a
deep structure is difficult to manufacture for use at visible wavelengths via traditional
interferographic techniques, but it is relatively simple to produce on the microwave
scale. However metals at microwave frequencies are normally considered to be perfect
conductors and hence the resonances observed on zero-order structures may be
infinitely sharp since there is no loss mechanism available in to which the mode may
decay. In the visible regime, Sobnack et al. calculated field enhancements on resonance
of the SPP of up to a factor of 50 within the grooves. However, at microwave
frequencies this enhancement is likely to be at least an order of magnitude higher,
which, with a finite i€¢” in the metal may cause widening of the modes so that they
become experimentally observable. Alternatively, filling the grooves with a slightly

lossy dielectric (e.g. petroleum wax) should provide a much greater loss mechanism.

The SPPs described above are extremely localised in the grating grooves of deep, zero-
order gratings. However similar flat banded modes should also be apparent on
corrugated surfaces that are represented by a Fourier Series with only a fundamental and
one high harmonic component. The two corrugations may be formed in the same

surface, which may be the dielectric overlayer (Figure 10.2.2) or the substrate, or one
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may be formed at each interface (Figure 10.2.3). The fundamental (long pitch)
component provides the coupling mechanism to the SPP that propagates along the
dielectric-metal interface. The high harmonic (zero-order) component repeatedly folds
the dispersion curve and induces the band gaps at the Bruilloin zone edges. Hence with
a sufficiently short-pitch grating, the bands will become almost flat within the incident

light cone.

W Lossy

dielectric
Perfectly
conducting —s ||
substrate

Figure 10.2.2 Example of a doubly-corrugated grating formed in the dielectric

overlayer.
Lossy
«— .
Perfectly dielectric
conducting —
substrate

Figure 10.2.3 Example of a double-corrugated sample where the two corrugations are

separated.

As discussed in Section 2.5 and illustrated in Chapter 8, a sample corrugated in just one
direction is unable to support modes for all angles of azimuth and incident polarisations.
However, bigrating structures [where a second corrugation is formed either at 60° or 90°
to the original, see Chapter 6 and Watts et al. (1996)] could yield samples that support
modes that are insensitive to both the polar (6) and azimuthal (¢) angles of incidence.
Additionally, the use of random, pseudo-random or mosaic grating structures should be
investigated, perhaps combined with a zero order corrugation in the way described
above. Such “random” profiles may permit the coupling of incident radiation to SPP
modes over a large range of angles and wavelengths due to the range of scattering wave

vectors available.

Another structure that should be investigated is one similar to that shown in Figure

10.2.1, but with an additional corrugation formed in the upper interface which is in a
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different direction to the original. If the dielectric is sufficiently thick, then one of the
corrugations will permit coupling to guided modes within the layer. Due to the effect of
the second corrugation, these modes will sample a range of dielectric thicknesses and if

the dielectric is slightly lossy, multi-frequency absorption may result.

Another area of interest is the enhanced transmission of microwave radiation through
non-diffracting hole arrays, similar to the very recent work presented by Ebbesen et al.
(1999) and Porto et al. (1999). The explanation of the response of such structures is
still not fully developed. However, it is thought to be similar to that previously
discussed for the zero-order narrow-groove gratings [Sobnack et al. (1998) and Tan et

al. (1999)], with the SPP standing waves now established within the holes.

A series of new experiments could be undertaken to monitor the phase change of the
reflected radiation in the region of the resonance of the SPP. Figure 10.2.4 shows a
modified experimental set up that could be used to study this effect, where the reflected
signal from the sample is combined with the reflection from a perfect mirror. Other
areas of interesting research include the use of focussed incident beams, whereby the
SPP will be excited on a planar interface without the need of a corrugation at all, and the
use of samples that contain defects [e.g. Figure 10.3.1(a)], or consist of only a finite
number of grooves [e.g Figure 10.3.1(b)]. Finally, the possibility of excitation of

surface magneto-plasmons in the microwave regime should be considered.

Planar

. mirror
IIlCl'df:Ilt Detected beam
collimated ini
; containing phase

cam i i
information.

Beam Beam
splitter splitter

) Sample

Figure 10.2.4 Modified microwave-experiment apparatus to record the change in phase

of the reflected signal from the sample in the region of surface plasmon resonances.
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Figure 10.3.1 Examples of (a) an interface profile with a defect, and (b) an interface

profile with a finite number of grooves.
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