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Abstract

Amplification of surface plasmon polaritons in plasmonic systems have been of great
interest for realizing active nanophotonic devices. In this thesis, we present a study about
optical gain of SPPs supported in planar metallo-organic multilayer structures based on the
Kretchmann geometry. First, we present the effect of varying the geometry on behaviours
of surface plasmon propagation, which appear as the change of angular reflectivity. A
theoretical approach explains the characteristics well.

A kind of conjugated polymer material is introduced to the structures for obtaining gain. A
film of this material with nanometer thickness is attached close to a metallic layer, being
optically excited to supply energy. For understanding the interaction between surface
plasmon polaritons and the active films, we experimentally investigate energy transfer
channels from the active material to surface plasmons with an aid of a theoretical analysis.
This result provides a strong evidence of being capable of exciting surface plasmon
polaritons via dipole excitation.

We also report an experimental demonstration of optical gain properties in conventional
waveguide structures where the active material acts as propagating channel by measuring
amplified spontaneous emission phenomena, providing information of achievable optical
gain.

Based on the strong evidences of both the active and passive properties, we demonstrate
plasmonic gain in the structure incorporating the polymer film for the first time. For this, a
double lock-in amplifier system is introduced. Plasmonic modal gain is explained with a
support of theoretical estimates. The achieved modal gain is 9 cm™. This work suggests the
design principle for active nano plasmonic devices.
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1 Introduction
1.1 Historical perspective on Surface Plasmons

Nanophotonics, the study of optical phenomena that arise on subwavelength scales, has
lately been receiving enormous attention by optical scientists due to many interesting
features potentially present. Discoveries that deal with the interaction between light and
matter on the nanoscale have been driven by growing interests of exploring new physics
and supported by current advances in nanotechnology and nanoscience. A prime
motivation of nanophotonics- related research lies in breaking the diffraction limit of light.
New optical techniques capable of probing the sub-wavelength scale have been developed
and employed to understand the characteristics of nanostructures of various kinds of
materials, e.g. semiconductors, dielectrics and metals. Typical examples of methods are
surface-enhanced Raman spectroscopy and near-field optical microscopy. Another
important focus of nanophotonics was inspired by the rapid development of electronic
chips (such as CPUs), which is positioned at the heart of the modern industrial revolution.
This growing advancement, in terms of chip size and data processing speeds, is expected to
face technical limits of fabrications, requiring new strategies in scientific and engineering
viewpoints. Nanophotonic devices enabling to manipulate light signals in nano-engineered
structures may be a potential alternative, which could make it possible to develop practical
on-chip interconnectivity, reconciling the spatial gap with electronic devices.

Surface plasmon polaritons (SPPs), lying at the heart of nanophotonics, are unique
optical phenomena that emerge at the interface between a metal and a dielectric. Metals as
a main ingredient for SPPs support a quantum of plasma oscillation (plasmon). When
plasmons couple with light, which is called polariton, the free electron gas in the metal
oscillates resonantly with optical frequencies, leading to the propagation of an
electromagnetic field on the metal’s surface [1,2]. This resonance allows nanoscale light
confinement and hence strong field enhancement. This gives SPPs unique optical
properties, which stand out as a central part of nanophotonics field. SPPs, together with
localised surface plasmons in three-dimensional metallic nanostructures, provide a physical
background for the implementation of sub-wavelength optical devices. Because of their
intriguing physical properties, the study of surface plasmon optics has been a rapidly
growing field in nano-optics for over a decade. [3-5].

A brief historical perspective of surface plasmon polaritons is presented here. In 1909,



Sommerfeld provided an analytical description of radio frequency “surface waves” that
arise at the boundary of hetero-materials (i.e. a lossy material) [6]. Fano, in
1936, suggested anomalies that appeared in the diffraction spectra of metallic gratings
resulting in the surface’s electromagnetic waves [7]. In 1958, Ferrell was the first to predict
the dispersion relation of electromagnetic waves of metal surfaces [8]. In 1960, Powell and
Swan observed the excitation of surface plasmons at metal interfaces using electrons
injected into aluminum foils [9], as it was theoretically predicted by Ritchie in 1957
[10,11]. These works confirmed the physical reality of surface plasmon waves.

The study of surface waves in the optical frequency region was initiated by Otto in
1968 [12]. Otto invented the attenuated-total-reflection (ATR) method that enables the
direct coupling of bulk electromagnetic waves with surface waves at metallic interfaces. In
the same year, Kretschmann and Raether devised a similar prism-based geometry [13] that
many scientists have employed for SPP-related research. A few years later, Raether (1988)
delivered an insightful review of the SPP studies [1]. The use of prisms for SPP excitation
is a very simple and useful way to probe SPPs and allow their behaviour to be seen in
momentum space. This technique is the main experimental tool in this thesis.

Scanning near-field optical microscopy (SNOM) is also an important tool for the study
of plasmonic fields [14,15]. Since Fischer and Pohl (in 1989) first demonstrated the
plasmonic effect in the near-field region [16], the technique has been extensively utilised to
characterise propagating surface plasmons and localised plasmons, both of which have the
evanescent nature of near fields [17-20]. This technique allows for the direct visualisation
of SPP near-fields and proves the theoretical predictions of field behaviours.

1.2 SPP related research

New knowledge of the physical backgrounds of SPPs enables scientists to control light in
different ways. They have started to discover unusual optical phenomena unobservable in
normal optical materials and environments. Lewis reported the first experimental
demonstration of light transmission through sub-micrometre metal holes in the microwave
region in 1984 [21]. Ebbesen (in 1998) presented extraordinary transmission phenomena
mediated by optical SPPs [22]. His work sparked enormous attention from scientists with
the introduction of new optical materials termed ‘metamaterials’. Pendry in 2000 suggested
a theoretical foundation of ‘superlens’ concept [23]. His work has shown a huge potential
for creating new functional materials and devices before unimaginable, such as cloaking
devices and the superlens with resolution beyond diffraction-limit [24-27].

Plasmonic metallic structures of one to three dimensions have been proven to have the
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ability to sense low-level signal changes, due to enhancements of electromagnetic fields.
This has been beneficial to nano-object and biological imaging, down to single-molecule
level resolution [28,29]. One typical example is surface-enhanced Raman spectroscopy
(SERS) [30, 31]. Raman signals enhanced over 10™° times in metal nanostructures can be
attained [32]. This has led to amazing breakthroughs in sensor and diagnostic applications.

Studies of SPPs also developed applications in light manipulation beyond the
diffraction limit, e.g. nano-waveguides [33-42] and nano-resonators [43-50]. Various
plasmonic devices for telecommunication applications have been developed in
combination with nanostructures, such as optical switches [51-55], polarisation controllers
[56-59], and wavelength filters [60-63]. Improvement of the optical performance of
optoelectronic devices using plasmonic effects also have been intensively studied; for
example, the enhanced absorption and photocurrent generation for light energy harvesting
[64-66] and improved out-coupling properties of light-emitting diodes [67-69].
Furthermore, studies of SPPs have explored quantum optic fields dealing with single
photons that deliver quantum information [70-72].

The science and technology dealing with optical interaction with free electron
oscillation are popularly named plasmonics [33,73]. Research into plasmonics has been
facilitated by the development of nanofabrication technologies and advanced computing
systems for numerical simulations and proven new optical techniques with high sensitivity
and accuracy. As the study of metal optics rapidly extends to various applications by
combining inorganic and organic semiconductors, plasmonics still demands novel
measurement techniques and new concepts of materials.

1.3 Concepts: Towards Active Plasmonic devices

Active control of SPPs is a key issue in nanoplasmonic optics. Study of the dynamic
effects of SPPs, termed ‘active plasmonics’, enables us to demonstrate optical functional
circuits in nanostructures. Dynamic manipulation of optical signals in general lies in the
use of active materials such as fluorescent materials. Photon (optical pumping) and current
injections are typical examples of external energy methods for signal control. When energy
is injected into a structure composed of an active material, the optical or physical
properties of the material (such as electric permittivity) varies so that the signal light
experiences different propagation conditions, thus showing modulation. This project is
concerned with the optical pumping case because of its efficient generation of electron-
hole pairs.

In addition to typical methods for SPP excitation such as prism coupling [74] and
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grating coupling [75,76], dipole excitation can be addressed as an energy injection method
into metallic interfaces [77]. Optical pumping uses an energy transfer process of oscillating
dipoles in active materials. Energy transfer at the nanometre scale has been an important
subject in nano-optic research since Forster addressed the effect of near-field interactions
between closely spaced molecules [78]. Though energy transfer mechanisms between
surface plasmons and electron-hole pairs in an optical gain medium have been investigated
(including SPP enhanced emission [79,80], SPP enhanced absorption [82-83], and SPP
enhanced electromagnetic field confinement), the mechanisms are not yet completely
understood. However, as proven in many optoelectronic devices, it is expected that
adopting the scheme of SPP-supported configuration enables active control of SPPs.
Furthermore, especially for optical gain, the energy transfer process is an important step to
realize amplification of SPPs.

To practically implement the demanding active functions of SPPs, one serious
drawback has to be remedied: the short propagation length of SPP modes due to optical
damping in metals. Since a theoretical background of stimulated emissions of surface
plasmon polaritons was suggested by Stockman in 2003 [84], several experiments have
attempted to compensate for the propagation loss of surface plasmons and to obtain gains
to overcome the loss by using materials with optical gain, e.g., dye or semiconductors [85-
89]. However, systematic studies for elucidating the possible mechanism must still be
conducted in order to design concepts to incorporate the appropriate gain medium.
Additional plasmonics research would provide a sound scientific understanding of optical
interactions in nanostructures and can be directly expanded into a variety of subjects that
deal with light on the nanometre scale.

1.4 Outline of this thesis

This thesis presents a study about optical gain of surface plasmon polaritons supported in
planar metallo-organic multilayer structures. The main experimental approach is based on
the Kretschmann geometry of prism coupling.

Chapter 2 describes the ingredients of the plasmonic multi-layer structures utilised in
this study: the metallic layer and the active polymer layer. Optical characteristic of silver as
a metallic layer is described, and its adaptability as a plasmonic layer is stressed. The
optical properties of SPPs from the viewpoint of SPP mode and propagation loss, and how
they are linked to optical behaviours that appear in the Kretschmann geometry are
demonstrated. Additionally, conjugated polymer as an active gain medium is introduced
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and its optical properties are explained in detail.

Chapter 3 presents a prism coupling system, which produces angular reflectivity
spectra, and its measurement procedure. Passive plasmonic behaviours of the multilayer
structures are investigated experimentally, and theoretical approaches examine the
experimental output. Suggestions are made regarding how surface plasmon propagation
emerging at those structures can be understood with an appropriate theoretical tool, the
transfer matrix method, in terms of angular reflectivity spectra and the wave vector of SPP
modes.

Chapter 4 describes the experimental and theoretical results of the plasmonic behaviour
of silver/polymer multilayers. SPP modes are demonstrated to be strongly influenced and
controlled by varying the dimensions of constituting layers. This layer configuration is a
main platform for studying and proving the active functions of SPPs in combination with
the active polymer.

Chapter 5 includes discussion of the experimental and theoretical investigation of the
energy transfer from an optically excited dipole in the active material to surface plasmons.
It is found that the results provide strong evidence for exciting surface plasmon polaritons
via dipole excitation. An experimental demonstration of amplified spontaneous emission
phenomena in conventional waveguide structures, where the active material acts as a
propagating channel, is also reported.

In Chapter 6, plasmonic gain using a thin active polymer film is demonstrated for the
first time. The experimental challenges of combining a pump-probe measurement scheme
and a double lock-in amplifier technique are identified. The plasmonic gain is described by
theoretical estimates in the SPP modal point of view.

Finally, Chapter 7 will summarise the overall results and discuss how the findings can be
expanded to develop new nanophotonic devices.
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2 Surface Plasmon Polaritons and Conjugated

Polymers
2.1 Introduction

Active plasmonics is an emerging field in nanophotonics. Adding active functions to
plasmonic media has been of immense interest due to its potential to introduce new
applications. Nanolasers are one of those applications. Using surface plasmon polaritons
makes it possible to control light in nanoscale space without occupying micrometre
dimensions that conventional photonic waveguides typically require. The required
ingredients for realising active plasmonics are specially designed plasmonic media and
active materials, such as fluorescent polymers and semiconductor quantum dots.

In this chapter the key features of surface plasmon polaritons and light-emitting
conjugated polymers as an active media are explained. Experimental demonstrations of
active plasmonic behaviour in this thesis are based on the prism-coupling method. This
chapter demonstrates the usefulness of the prism-coupling method to study optical
properties of plasmonic nanostructures, with silver highlighted as a good plasmonic
material as compared to other noble metals (such as gold and aluminum). Lastly, optical
characterisations of conjugated polymers and related measurement methods are presented.

2.2 Characteristics of Surface Plasmon Polariton Propagation

2.2.1 Surface Plasmon Polaritons at a Single Interface

The basic understanding of surface plasmon polaritons (SPPs) comes from the simplest
plasmonic structure, which is a single interface of a metal and a dielectric. Surface plasmon
polaritons can be generated at the interface of two materials with the real values of electric
permittivity of the opposite sign. For example, noble metals such as gold or silver have
negative values of the real part of dielectric constants up to the ultraviolet frequency region,
and dielectrics including glass and air have positive values. The combination of these two
materials showing different optical properties makes light-guiding interfaces for SPP
modes.
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Figure 2.1 Description of the electric field and the charge distribution of surface plasmon
polaritons at the metal/dielectric interface. The spatial period of electron gas oscillation is
Aspp, Which is shorter than the free space wavelength.

To understand the basics of surface plasmon polaritons, we begin with SPPs at a single
metal/dielectric interface as shown in figure 2.1. In that planar interface, only transverse
magnetic (TM) mode is taken into consideration for SPPs because there must be an electric
field component oscillating parallel to the optical plane (x-z plane). Fields of TM
polarization at the planar waveguide geometry (c.f. figure 2.1) can be described as follows.

Ed = (Exd ’O’ Ezd) exp i(kzdX - kde - a)t)

H, = (0, H,,0) expi(k, X —k .z — ) 21)
For z>0 (dielectric space),

Em = (Exm ’01 Ezm) exp i(kzmX + kxmZ - C()t)

H —(0,H, 0)expi(k, x+k_7—af) (22)

For z<0 (metallic space). o is angular frequency of light, and k. and kyy are the in-plane
wavevectors and k,q and k;, are the out-of-plane wavevectors in the dielectric and the metal,
respectively. The wave equation and governing equations derived from Maxwell’s
equations are given as,

d’H,(2)
— 22 kP H,(2) =0 (2.3)
dz

£, ()= (2.4)
we,g, dz
kX

E,i(2) = H i (2) (2.5)
wE ( &;
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where i=d (dielectric) or m (metal).
We apply a boundary conditions that Hy and &E; are continuous at the interface,
yielding

k
B a4 0 (2.6)
kzm gm
Fulfilling equation (2.3) for Hy produces
2
kzi2 = kf — € (gj (2.7)
c

Then combinging equation (2.6) and (2.7) leads to the final dispersion equation.

k =2 [ Eafn g ik (2.8)
c\ey +eé,

where ky (=27/Aspp) is the propagation constant, and Aspp is the spatial period of the SPP
oscillation in metal as described in figure 2.1. SPPs propagate along the surface,
exponentially decaying to both sides with different depths & (=1/[k,]). For instance, a
silver/air interface has a decay depth of 23 nm at the silver side and 470 nm at the air side
for a 675 nm wavelength. The evanescent fields with relative long decay depth at the
dielectric side can be affected by a change in the environment.

The imaginary part of ky, ky determines the propagation length of SPPs, which is given
by equation (2.9), as the intensity of SPPs decreases by internal damping loss due to its
absorption in metal.

Leop = (2k)™ (2.9)

Lspp has a value of about 50 um for a silver/air interface at 675 nm wavelength. In the
lower frequency region, for instance THz [1, 2] and microwaves [3, 4], SPPs have longer
propagation lengths than those in the visible region because fields extend into the dielectric
region more and thus experience less absorption. This property could be useful for
practical applications in this region.

Despite the short propagation length, other extraordinary characteristics of SPPs have
been noticed. As compared to conventional waveguide structures, some important features
of surface plasmon polaritons are pointed out: polarisation property, electric field (out-of-
plane) discontinuity, and strong field confinement. Surface charge oscillations along the
interface direction (x-axis) create the discontinuity of electric field E, the normal
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component to the interface. Transverse Electric (TE) Polarisation waves that have only a E,
component cannot induce the surface in-plane oscillation of electrons, because the E, field
vector and SPP propagation vector are perpendicular each other. Planar multi-layer
structures supporting plasmonic propagation generally show this polarisation dependence
unless comprising materials have optical birefringence, whereas conventional waveguides
can support both TE and TM polarisation modes. This polarisation property will be
presented throughout this thesis.

Conventional waveguide structures relying on total internal reflection need to have at
least one guiding layer, i.e. core layer (the electric permittivity &), with a thickness that is
comparable to or less than the wavelength of light, which is surrounded by a cladding
material with a lower index of refraction [z , as seen in Figure 2.2(b). In those structures,
for any guided fields fulfilling a phase-matching condition, a 2z round-trip phase shift of a
transverse field in the core layer may be excited, but if the thickness of the layer decreases
down to less than a cutoff thickness c.g. ~A/10 in planar silica/polymer waveguide with a
index difference of 0.3, no guided modes can exist. On the other hand, the plasmonic
single interface is not necessary to possess any layer at space. Instead, since metal has a
negative sign of the real part of electric permittivity e, (< 0) and the dielectric has a
positive sign of the real part of electric permittivity &4, the E, field has a © phase-shift
when crossing the interface and thus, a total round-trip phase of 2z around the interface can
be satisfied. Hence plasmonic structures enable intense confinement of the electromagnetic
field at the nanometre scale, thus leading to breaking the spatial limit of conventional
optoelectronics devices.

(@) (b)

E E . ]
I 2 &; Dielectric
i ) . 2T -tr1 3
Dielsctric e, 7 phase -shift z 27 round - trip phase
[~ r N
X ( | £, > & Dielectric layer
\__/
Metal -~ 7 phage - shift ; i
£, <—&; &4 Dielectric

Figure 2.2 Comparison of phase-shift relations and field distributions for guiding
conditions. Transverse field shapes of propagating modes are also depicted. (a) Surface
plasmon polaritons at a single metal/dielectric interface (b) A conventional optical
waveguide consisting of core dielectric region ¢. surrounded by clad dielectrics &g.
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2.2.2 Plasmonic Excitation via Prism Coupling

Prism coupling is a useful technique to excite optical waveguide modes, including normal
waveguide structures and surface plasmon polaritons (SPPs) multi-layer structures, and is
known as the ‘attenuated total internal reflection (ATR)’ technique. The p- or s-polarised
light that is inserted at an angle larger than the critical angle determined by a prism/air
interface creates evanescent fields which can penetrate into a multi-layer structure through
a tunneling gap if momentum matching is satisfied. The prism coupling method can be
categorised by the type of its tunneling gap layer into two kinds of configurations (Figure
2.4). The Otto configuration includes a dielectric layer (e.g. air) as the tunneling layer
[Ch1.12]; and the Kretschmann-Raether configuration includes a metal layer as the
tunneling layer [Ch1.13].

As shown in Figure 2.2, the incoming light wave obtains higher momentum of light in
the prism with electric permittivity . The in-plane momentum (surface propagation
momentum) of the incoming light is controlled by changing the incident angle in a way
that the light line can be positioned to cross the dispersion curve for SPPs and the
momentum of light can be matched to the in-plane momentum of SPP modes. The
condition of equation (2.10) is fulfilled at a certain frequency:

ke =2 Je, sin 0= Re[k ﬂ} =9£gd—‘9m,j (2.10)
C &4 +&n cley +&,

where g4 and e, (=em +ien ) are the electric permittivity of dielectric and metal, respectively
and we assume that ey < |em|. The SPP excitation is recognized as a minimum in the
reflected light intensity. However, SPPs at the metal/prism interface cannot be excited
because the interface mode has higher momentum than in prism.
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Figure 2.3 The dispersion relation for surface plasmon polariton propagation emerged at
the metal/air interface via prism-coupling at certain incidence angle 6. At a given energy
surface, plasmon momentum lies between the light line in air and in the prism with electric
permittivity &o.
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Figure 2.4 Configuration of the ATR method: (a) the Otto configuration (b) the
Kretschmann-Raether configuration

By means of the prism coupler technique, we can precisely investigate the interactions
between complex materials and light at the nanoscale by simply inserting propagating
beam, and can study the control of light signals in a structure containing active layers.

2.2.3 Electric Permittivity of Silver

Materials capable of sustaining plasma-like behaviour of conducting electrons can be used
for surface plasmon polariton media. For instance, various materials as well as noble
metals have been demonstrated to support SPP propagation, including amorphous silicon
[5], indium-tin-oxide (ITO) [6] that is widely used as a transparent electrode, and carbon-
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based materials such as graphene [7].

In particular, the noble metals that behave like ideal plasma, e.g. copper, gold, and
silver, have been preferred for studying surface plasmon polariton propagation, because
noble metals have relatively smaller values of the imaginary part of dielectric constants
than other metals, thus SPPs show less propagation loss. The optical characteristics of
noble metals have often been studied via various experimental methods [8-15], including
typical transmission and reflectance measurement [8, 9], ellipsometry [12] and the ATR
method [13]. Theoretically, a plasma model known as the Drude model (equation (2.5))
can explain the optical properties of metals. This theoretical approach is a classical model
that does not include quantum mechanical effects of the lattice potential and electron-
electron interactions.

en(@)=1-——F——=¢ () +ig, (@) (2.11)
o +iwlt,
o1’
(w)=1—-—2" 2.12
£n (@) 1+ o’ (212
2

&, (o) __ Dt (2.13)

" o+ w°r?)

where 14 is the relaxation time of the electrons in the metal and w, is the plasma frequency,
which is given by
,  Ne?

w? = (2.14)
gome

where N is the electron density, e is the electron charge and m, is the effective electron
mass.

For metals, the interband absorption is associated with transitions from the Fermi
surface to the next higher empty band or with transitions from a lower lying filled band to
the Fermi surface. In the visible region of the spectrum, noble metals show Drude-like
properties and silver is best fitted by the Drude model because its interband transitions are
outside the visible region (at ~4eV).

As explained above, the ATR method has been used for studying dispersion relation of
surface plasmons and also measuring dielectric constants, together with other techniques,
including ellipsometry. Figure 2.5 shows the comparison of the experimental data of the
electric permittivity of several observations and the fitted data from equations (2.12) and
(2.13) of the Drude model with 4 and , taken from [11] as 1.30x10"°s™ and 4.28x10™ s,
respectively. The experimental observations include works of Johnson and Christy

29



(transmission and reflection method) [9], Dujardin & Theyeand (transmission and
reflection method) [9], Nash and Sambles (SPP excitation using a metallic grating) [11]
and U. Schroder [13] (the ATR method). Values are taken from Palik [14]. The Drude
model does not describe the optical response of metals in the region at which electronic
transitions to higher energy levels occur (the interband transitions).

In the visible wavelength range above approximately 500 nm, the experimental data of
em has a wide range of distribution. The &, values are more sensitive than g, values
regarding film deposition conditions and environment according to experimental
conditions during measurement. In addition, the reason for the difference in €., is thought
to be from the fact that the Drude theory deals with an ideal case of pure crystals, not a
case of polycrystalline materials that would have a different 14 [11]. Rasigni and Rouard
[15] found a significant difference in measurement results between experiments conducted
in air and in a vacuum. It is known that silver forms a silver sulphide layer and is more
likely to be contaminated compared to gold. This kind of contamination causes an increase
in |em| and |em | [11].

Interband Transitions
|
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Figure 2.5 Comparison of real and imaginary part of silver permittivities taken from
Johnson and Christy’ [8], Dujardin and Theye’ [9], Nash and Sambles’ [11], U. Schroder’s
works [13], Palik’s book [14], and the fitting data of the Drude model (grey solid line)

In this thesis, silver is mainly used as the metallic material as it presents the lowest
optical loss at the visible range among the noble metals. This feature also appeared in its
angular reflectivity behaviour in the prism-coupling case as the angular linewidth reflects
the optical loss. Figure 2.6 shows the theoretical angular reflectivity curves from 40 nm-
thick single films of silver, gold, and aluminum (in Kretschmann geometry), using the
dielectric constants at 633 nm presented in Table 2.1. The reflectivity curve of the silver
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film with respect to incidence angle in prism is much sharper than those of gold and
aluminum. The sharpness of the dips is advantageous not only to investigate SPP
characteristics against geometrical or environmental changes and excitation frequency, but
also to apply to sensor applications that require high sensitivity.
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Figure 2.6 Theoretical angular reflectivity curves from 40 nm thick single films of silver,
gold, and aluminum in the Kretchmann geometry using dielectric constants at 633 nm in

Table 2.1

&n () & (@)
Ag [8] -18.4 0.48
Au [8] -11.9 1.24
Al [15] -47.0 18.0

Table 2.1 List of electric permittivities of silver, gold and aluminum at 633 nm. The values
of silver and gold were taken from Ref. [8] and aluminum from Ref. [15]
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2.3 Optical Charaterisation of Conjugated Polymers

2.3.1 Introduction

Conjugated polymers have been recognized as promising active elements in organic light-
emitting diodes (OLEDSs) [17,18], photovoltaics (PVs) [19,20] and photo-pumped lasers
[21,22]. Semiconducting conjugated polymers are a combination of repeated units of
conjugated molecules that are based on a backbone of n-bonded carbon atoms. As an
alternative of inorganic materials, conjugated polymers can offer active functions to
current optoelectronic devices with fabrication advantages in terms of mass production and
low cost. Optical properties of conjugated polymer are mainly subject to their electronic
structures. This section will deal with chemical bonds that give rise to electronic and
optical properties to organic materials.

As the essential building block for organic molecules, carbon has the ability to form
long-chain molecules consisting of several repeat units. Semiconducting and metallic
organic polymers are based on sp? hybridized linear carbon chains. The carbon atom has 6
electrons outside the nucleus, of which 4 are valence electrons; i.e. four (the 2s and the 2p
electrons) take part in chemical bonds. By promoting one electron from 2s to 2p and taking
a linear combination of s, py, py, and p, orbitals, carbon can form two primary hybrid
orbital structures in molecules or crystals; tetrahedrally directed covalent bonds (sp
hybridized) as in diamond and saturated polymers (plastic), and hexagonally directed
covalent bonds (spp, hybridized) as in graphite and conjugated polymers. Ethane (C,He)
exhibits the simplest form of carbon-carbon double bonding that consists of three in-plane
o bonds and two zt bonds (Figure 2.7).

In m-conjugated polymer chains, ¢ bonds create the ‘backbone’ while = electrons in «
bonds are delocalized along the polymer chain. Thus, semiconducting and metallic
behaviors of conjugated polymers originate from these overlapping of = bonds between
sp”p, hybridized carbons. On the contrary, saturated polymers, where all of the valence
electrons are bound in ¢ bonds, cannot transport electrons.
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Figure 2.7 The ¢ and © bonding in ethane: the chemical double bonding between sp2pz
hybridized carbons

7 -conjugated molecules are created in a way where the carbon atoms are bonded by
alternating single and double (or triple) bonds. The electronic structure of conjugated
polymers with the bonding (n and o) and antibonding (n* and ¢*) band generated due to
the overlap of orbitals band are sketched in figure 2.8. The = and n* band is split into
subbands according to the number of the carbon atoms in the repeat unit of conjugated
polymers. Since each subband can hold two electron per atom (spin up and down), the
lowest © subbands are filled and the highest n* subband are empty. The highest = band
state in electron-filled = bands is termed the highest occupied molecular orbit (HOMO)
and the first unoccupied orbital (n*) is designated the lowest unoccupied molecular orbit
(LUMO) [23,24].

The energy difference between HOMO and LUMO defines a bandgap Ey and is
determined by the length of conjugated segment. As length of combined molecules
increases, more w states are admitted and the energy gap decreases as analogous to the
guantum potential size effect. The HOMO level corresponds to the valence band in the
inorganic semiconductors. The same analogy exists between the LUMO level and the
conduction band.
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Figure 2.8 The energy band of semiconducting conjugated molecules according to the
number of the carbon atoms involved in a chemical repeat unit in conjugated polymers

A large number of conjugated polymers are composed of different types of units
attached together by chemical covalent bonds in a single repeat unit. They are known as
co-polymers [24], and can comprise just two different units (binary copolymers) or three
(ternary), and so on. It is one of the common strategies used by molecular engineers to
manipulate the properties of polymers to gain the right combination of properties for a
specific application. Figure 2.9 shows the chemical structures of poly(9,9)-dioctylfluorene-
co-benzothiadiazole (F8BT) co-polymer [25] and a red chromophore (contributing to red
emission) included in Lumogen Red (also known as Lumogen Red [21,25,26]) binary co-
polymer incorporating the F8BT chemical unit. Both F8BT and Lumogen Red polymers
are flourene-based conjugated polymers with light-emitting property.
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Figure 2.9 The chemical structures of (a) F8BT polymer and (b) Red chromophore in
Lumogen Red copolymer
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2.3.2 Absorption and Fluorescence

The photophysics and optical properties of conjugated polymers are important for
optoelectronic devices. The part of the molecule containing the electrons involved in the
electronic transition which gives rise to absorption is called chromophore. The conjugated
polymers are molecular solids with localized conjugation units, which behave as
chromophores and have strong interaction between conjugation units, leading to the
dependence of the photophysics on the morphology. Combination of absorption and
photoluminescence measurements are a basic process to understand the photophysics of
conjugated polymers, determined by a number of factors from overall electronic transiton
levels and vibronic subbands to polymer conformation and morphology effects.

In this thesis, absorption measurements on polymer films were conducted using a
transmittance measurement based UV-Vis spectrometer (Shimadzu UV Probe UV-2550)
and photoluminescence was measured by using a spectrometer equipped by two
monochromators (Spex FluoroMax-3 fluorimeter system); one is for selecting a pumping
wavelength light from a white light source and the other is for scanning detection
wavelengths.

In spectroscopy, absorbance (called optical density, OD) defined as A=logio(lo/l) is
often used, where I is the intensity of incoming light at a specific wavelength, and 1 is the
intensity of light after a sample. From observed absorbance values in the UV-Vis
tranmittance measurement, the absorption coefficient o of a material can be estimated by
Beer’s law:

1/1,=10"" =exp(—a - d) (2.15)

where d is film thickness. The absorption coefficient a is a material property regardless of
film geometry. Figure 2.10 shows the measured absorption coefficient and
photoluminescence spectra of 100 nm thick Lumogen Red polymer film on glass. The
absorption spectrum is broadly distributed over the measurement wavelength range and the
spectrum has strong absorption coefficient of ama~10°cm™and as a result, the polymer is
expected to have large stimulated emission section, which is desirable for optical gain
property.

One expects that thicker films have higher OD values. The OD trend at 532 nm over
film thickness is plotted in figure 2.11, which is nearly a linear relation. This relation could
be used to estimate a film thickness for a given sample in case that topological analysis
would be difficult e.g. films on flexible substrates.
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Figure 2.10 (a) Measured absorption (absorption coefficient o) and photoluminescence
spectra of 90 nm thick Lumogen Red polymer film (b) Measured absorbance values from
Lumogen Red films of 50 nm, 90 nm, 150 nm, and 240 nm; The OD trend at 532 nm over
film thickness is nearly linear.

Conjugated polymers typically present 4-level laser system as described in figure 2.11,
which is desirable for laser materials [27]. Optically pumped electrons from the valence
band (x band) to the conduction band (z* band) experience fast relaxation to the band edge
in 7* band by structural relaxation and then radiative transition (fluorescence) occurs in
nanosecond time scale at red-shifted wavelengths, which is known as ‘Stokes shift’,
followed by non-radiative relaxation down to the ground state 0. Despite thermal
distribution of electrons, in a certain pumping condition, the level 1 is more likely to be
empty, resulting in more efficient population inversion process. The absorption spectrum
does not overlap the spontaneous emission spectra due to the large Stokes shift as shown in
figure 2.10. Accordingly, self-absorption at emission wavelengths is very small contrary to
inorganic semiconductors.
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Figure 2.11 Four-level system of luminescent conjugated polymers
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2.3.3 Photoluminescence lifetime

Measurements of photoluminescence (PL) lifetime and PL quantum yield (PLQY) are
essential procedures to characterize the photophysics of luminescent semiconducting
materials. The relaxation process between vibronic levels and energy transfer between
chromophore can be understood via both measurements [27,28]. In this work, PL lifetime
was measured via a streak camera system (Hamamatsu Photonics C4334) in combination
with a spectrometer (Hamamatsu Photonics C5094) (c.f. Figure 2.12(a)). The pump source
for exciting a sample was a 405 nm pulsed laser with 50 ps duration operating at 1 MHz.
Fluorescence photons from an organic sample pass through the monochromator and the
streak camera in sequence, and then photon-counting events were recoded with respect to
both time and emission wavelength during a measurement. Figure 2.12(b) is a schematic of
the operating principle of the streak camera. Incoming photons are converted into photo-
electrons on the photocathode, and the electrons pass through between a pair of the
electrodes applying sweeping voltages in a timing synchronized to the laser light and are
deflected at different angles. The multiplied electrons via the micro-channel plate (MCP)
are imaged on the phosphor screen, which finally maps a two-dimensional data of time and
wavelength.

(a) "
-------- Monochromator |++«=«+«{ Streak camera > lTime
—_—
b Photocathode Sweep MCP
\ Electrodes l
Photons I __
...... I N Photo-electrons
Slit T =3 Phosphore
Accelerating Screen

Electrodes

Figure 2.12 (a) Schematic of a time-resolved photoluminescence system employing the
streak camera. Red dotted line is flows of photons passing through a monochromator and
the streak camera in sequence. A final output data from the system is a two-dimensional
plot of time and wavelength axis. (a) Operation of the streak camera.
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Figure 2.13 shows a typical measurement data of PL dynamics for a Lumogen Red
polymer film with 50 nm thickness coated on a Spectrosil B (synthetic vitreous silica) glass
and cumulative photon-counting numbers over the whole detection wavelength in the time
scale (c.f. normalized PL decay function on right). Experimental PL lifetime <t> is
extracted by taking a statistical calculation as expressed by

[ for()-t-t
<r>=l (2.16)
I fPL(t) -dt

where fp. is normalized PL decay function and T is the time range to be integrated. The
calculated tp_ from the transient photoluminescence curve in Figure 2.13 is 1.84 ns. For
light-emitting conjugated polymers, typical PL lifetimes are on the order of nanoseconds,
reflecting strong transition.
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Figure 2.13 Streak camera measurement data and resulting transient photoluminescence
dynamics from a 50 nm thick Lumogen Red copolymer film on Spec B substrate

Excited excitons in the polymer can depopulate into many possible decay channels
including radiative decay. Total decay rates can be given as I'g@w= I'tag + I'nr @and PL
lifetime reflects the total decay rates as expressed by

1

e 2.17
i 1_‘rad +rnr ( )
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2.3.4 Photoluminescence Quantum yield

PL quantum vyield is defined as a ratio of the number of absorbed photons to the number of
emitted photons, meaning quantum efficiency of the radiative channel, i.e. fluorescence
process. The measurement method is to use an integrating sphere [28-30], which is a
hollow sphere. Its inner surface is coated with a highly reflective and diffuse material such
as BaSO, so that photons emitted over the whole solid angle from a film sample can be
counted. For this method, three spectral measurements are required (c.f. Figure 2.3): (a) a
spectrum of the pump light intensity I,(A) is measured in the absence of sample (b) the
sample in the sphere is hit directly by the pump light and spectra of pump light and
fluorescence lem(A) are collected. (c) the measurement is conducted with the sample that is
diffusely exposed by the pump light.

Spectrometer Spectrometer Spectrometer

Baffle

_/

Measurement (a) Measurement (b) Measurement (c)

Excitation light

Figure 2.14 lllustration of three measurement configuration required for estimating
photoluminescence quantum yield. (a) No sample in the sphere (b) the sample is in the
sphere. scattered light (depicted as dotted lines) from the sphere wall excites the sample (c)
input light directly shine the sample.

For the three measurements, photon numbers of pump light, L, L, and L. and
fluorescence Py and P, (the subscripts a, b, and ¢ are related to the measurement (a),(b) and
(c), respectively.) are obtained by integrating each spectral areas multiplied by A/hc, where
A is the wavelength. Then finally, experimental PL quantum vyield is calculated as the
following equation [28].

_Pc_(l_A)Pb 218

Mo = LA (2.18)

where A=(1-L /L) corresponds to the absorption coefficient at the pump wavelength.
Figure 2.14 is an example of the three measurements of (a), (b) and (c) for 90 nm thick
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Lumogen Red polymer film excited at 532 nm. The measured PLQY for the 90 nm thick
Lumogen Red polymer film was 12+2%, considered quite fluorescent.
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Figure 2.15 The spectra of pump light (532 nm wavelength) and corresponding
fluorescence by three measurement configurations: (a) no sample (black line) (b) the
sample diffusely exposed by the pump light (red line) (c) the sample directly exposed by

the pump light (blue line). These spectra are collected from the sample with 90 nm thick
Lumogen Red polymer film. The fluorescence spectra are enlarged by 300 for clarity.

In terms of the decay channels, PL quantum yield is given as
I d
=_ —rad 2.19
7 1—‘rad +Fnr ( )

Planar waveguide structures or plasmonic structures intrinsically provide additional decay
channels of in-plane propagation modes. The waveguide coupling effect also varies with
geometrical variation, consequently leading to the change of both PL lifetime and PL
guantum vyield. Therefore, it can be stated that the combination of PL lifetime and quantum
yield measurements may give valuable information about energy transfer mechanisms
related to radiative and non-radiative decay for active layer structures and further benefit
us to design optimum optoelectronics devices.
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2.4 Summary

The basic features of surface plasmon polaritons were explained together with prism-
coupling method. SPPs in a single metal/dielectric interface were compared with photonic
mode of conventional waveguide structures. Pros and cons of silver as a plasmonic
medium have been discussed, and the physical and optical characteristics of conjugated
polymers as a optical gain material were introduced together with the explanation of their
electronic structures, suggesting that conjugated polymers is a good laser material.
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3 Surface Plasmon Polaritons in Prism-based Geometry

3.1 Introduction

Optical excitation is essential for the study of complex structures that support any light
propagation modes. Using certain optical excitation methods e.g. prism-couping and
grating coupling, light waves from free space can be transformed into propagating modes.
The prism-coupling method, called the attenuated total reflection (ATR) method, has
typically been used to investigate conventional waveguide modes and has also been
realised as being a powerful tool to study plasmonic structures with subwavelength
confinement. For example, the ATR method has been adopted to demonstrate improved
light-emitting or photovoltaic functions in a specially engineered diode geometry with the
help of surface plasmon polaritons or localised surface plasmons [1,2]; additionally, a
number of studies about active plasmonics [3-8] have been conducted using the ATR
method. It offers simple and efficient optical excitation without the loss of incoming light,
and also it enables the examination of propagation characteristics in momentum space,
which leads to the construction of dispersion relations. Here we mainly adhere to the
Kretschmann-Raether geometry, in which a metal layer acts as a tunnelling channel for
evanescent fields. The main reason for this is that directly attaching the metal layer to the
prism surface does not require an additional apparatus to control the distance between the
prism and a multi-layer sample, eliminating experimental uncertainty.

This chapter will present the prism coupling system based on the Kretschmann-Raether
configuration and related theoretical backgrounds conducted throughout this thesis. We
successfully demonstrate its basic operation for plasmonic multi-layer structures. Both
cavity descriptions, derived from the Fresnel formulae method and the transfer matrix
method (TMM), are used to help understand the behaviour of surface plasmon propagation
thoroughly and to estimate the experimental results precisely.
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3.2 The Attenuated Total Reflection (ATR) Method

3.2.1 Prism Coupling System

A basic prism coupling system was designed to perform reflectivity measurement with
respect to light incidence angles from any multi-layer structures that reside on the
hypotenuse surface of the right-angle prism. Using information including the resonance
angle, minimum reflectivity and angular line width obtained from angular reflectivity
curves, a test structure can be analysed. The following are the key requirements of a prism
coupling system:

e Optical source with narrow spectral line width
e Polarisation selection
e Angular accuracy

In general, waveguide structures show different propagation properties on light
wavelengths. Propagation vector and field distribution are important parameters
determined by any given waveguide structure, showing wavelength dependence [9,10]. In
order to examine light-guiding behaviour in any photonic structure, power stable optical
sources with narrow spectral line width are essential. We can select lasers with selected
wavelengths or monochromator-equipped broadband sources. The preferred sources in this
study are continuous wave (CW) single frequency lasers because of their output stability,
inherent narrow spectrum and good spatial coherence. Accurate selection of the
polarisation of light is important in any optical measurement system. An optical medium
could have anisotropy such as birefringence and polarisation-sensitive absorption and
emission. Most plasmonic structures are also extremely sensitive to the polarisation of light.
Lastly, angular accuracy is an important factor in determining a system’s ability to resolve
angular reflectivity curves. Light beam size, the minimum angle step of rotation stage, and
physical variations of the prism limit angular accuracy.

As shown in Figure 3.1, a prism coupler system consists of many optical components
such as a source part, polarisation part, rotation stage part that includes a photodetector and
operation program. Three laser diodes emitting light at wavelengths of 473 nm, 532 nm
and 675 nm are selected according to the spectral regions at which plasmonic structures
need to be examined. The polarisation part consists of a polariser and a 1/2 wave plate
covering the visible frequency regime. The polariser filters the polarisation direction of
light from the sources and then the A/2 wave plate tunes the polarisation state to
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transverse magnetic (TM) or transverse electric (TE) modes. An optical arm, on which a
silicon photodetector and a focusing lens are positioned, is attached to the rotation stage
controlled by a computer program based on a LabVIEW communication platform.

Light from the laser diodes is polarised by passing through a Glan-Thompson polariser
and enters the sample prism to hit a waveguide layer structure. To excite surface plasmon
polaritons, the prism is rotated on a rotation stage with an angle resolution of 0.05 degree,
thus the incident angle of p-polarised light varies in such a way that the photon momentum
in the prism matches the momentum of the SPP while the photodiode detects the reflected
light, thereby recording the reflectance curve with respect to the incident angle. The
polarisation state of an incident light selected by the Glan-Thompson polariser is adjusted
as TE or TM states by rotating the A/2 wave plate.

If surface plasmon modes are excited, the angular reflectance curve exhibits a dip
whose width is related to total attenuation the excited SPPs exprience and whose angle
position of minimum reflectivity corresponds to the momentum of SPPs. Its behaviour
depends on the refractive indexes of metal and dielectrics, the thicknesses of the materials
and the degree of loss at the interface. By adjusting the rotation stage to the resonance
angle showing minimum reflectivity, surface plasmon polaritons are excited and their
electric fields at the interface are several times more enhanced than incoming fields, which
means that the interaction between light and materials around the plasmonic interface is
enhanced.
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Figure 3.1 Basic configuration of a prism coupler system
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Figure 3.2 LabVIEW program for operation of the prism coupling system; the program
contains rotation stage control, data display and logging and data analysis functions

3.2.2 Operation

The measurement procedure has two steps. First, after a prism sample is loaded on a mount
installed on the rotation stage, a standard angle, which is an incident angle of 45 degrees
with respect to the metal surface (O degree with respect to the entrance surface of a prism),
is determined in order to define the incident angle of light accurately and in a way that the
reflected light spot becomes located at the slit hole through which the incident light passes,
as described in Figure 3.2(b). As light is refracted at the entrance surface of the prism, as
shown in Figure 3.2(a), the rotation angle of the rotation stage must be transformed into the
angle inside a prism using a simple equation (3.1) from the Snell’s law.

Second, the prism is rotated at the centre axis of the metal surface during measurement.
An angle-dependent reflectance is recorded within a certain angle scan range from an
initial angle, and is automatically converted into data with respect to the angle inside the
prism and then analysed in terms of a resonance angle, reflectance and angular line width.
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where nyism is the refractive index of prism material. The following facts bringing
uncertainty to the measurement are taken into consideration: as described in Figure 3.2(b),
the angular tolerance of a BK7 prism (Thorlabs Co., Ltd) of three arcmin and the other spot
from the opposite surface, as well as the entrance surface for defining the reference angle,
create an angle uncertainty of +0.05 degree, and refraction at the entrance face of the prism
makes the light beam profile elliptical, which means there are additional propagation
momentum vectors generated.

3.2.3 Angular Reflectivity Curves

The operation of the prism coupling system gives rise to angle-dependent reflectivity data
that contains physical information regarding plasmonic resonances as well as total internal
reflection between the substrate and superstrate, which are resonance angle 6., angular
line width A@ and critical angle é.. If the superstrate and substrate are given as in our case,
BKY7 prism and air, respectively, the critical angle at which evanescent fields can be created
above is determined by Equation 3.1.

Ny

6, = arcsin[na”j (3.2)
where n, and n,;; are refractive indices of prism and air, respectively. The measured angular
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reflectivity (from a 50 nm thick silver layer) at 675 nm in Figure 3.1 shows that the critical
angle appears at the angle point we expected. It should be noted that the resonance angle of
the angular reflectivity curves is larger than the critical angle. It provides direct evidence
that evanescent fields couple to surface plasmon polaritons with a higher in-plane
momentum than in air. The resonance angle and angular line width may be expressed by
the following equations [Ch1.1]:

0. =sin" ks (3.3)
res konp

A= K (3.4)
kon, cos
where ko=2n/A, A is the wavelength in vacuum and ko(=k, +ik..) is the complex propagation
constants supported by a certain plasmonic layer structure. The resonance angle Oy
increases as k, increases, meaning that the effective index of a propagation mode gets
higher, while the angular line width A# is proportional to k., which determines
propagation attenuation length.
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Figure 3.4 Measured angular reflectivity curve from the 53 nm silver film at the
wavelength of 675 nm; resonance angle Ores, angular line width A6 and critical angle 6c
are indicated in the graph
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3.3 Modeling of Surface Plasmon Propagations

3.3.1 Fresnel Formulae and Cavity Picture

Surface plasmon polaritons can be supported at an interface that includes at least two
media with dielectric constants of opposite sign. The quantitative description of the
reflected intensity R from a multi-layer structure can be predicted by the Fresnel equations
[11]. We start with the simplest plasmonic structure based on Kretschmann geometry in
which only the metal layer has a finite thickness, that is, thickness d;, thus called a ‘one-
layer structure’. Figure 3.3 shows a schematic of a Kretschmann-Raether one-layer
structure configuration, including two infinite regions of prism material (superstrate) and
air (substrate) and one metal layer.
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Figure 3.5 One-layer structure of Kretchmann-Raether configuration

The angle-dependent reflectivity R for p-polarized light, with Ey incoming and E; the
reflected field, is given by [Ch1.1]

2 . 2
_ oy + 15 exp(2ik,,d;) (3.5)
1+ rin; exp(2ik,,d;)

Ep

r

ES

2 .
Where e =(kis, ki) IKqie +rpee) and k=, 8i(§) k(02 , 1=012.

The real part of k., k. is the propagation vector of SPP guiding modes and the
imaginary part of k,, k, corresponds to the inverse of propagation length, while the
parameter K, describes the field distribution along the z direction, which gives the skin

R(0) = ‘roqz‘z =

depth of surface plasmon modes.
Resonances appear in many physical systems. Dipole energy transition and light cavity
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structures are typical examples exhibiting a resonant behaviour of optical fields [12]. The
intensity distribution of resonant oscillations may be described by a Lorentzian function, in
which resonance position (or resonant frequency) and the degree of damping are the main
factors. Prism-coupled surface plasmon polaritons is a form of light confinement at single
or multiple metal/dielectric interfaces. Hence, we could treat a multi-layer structure
supporting the SPP as an optical resonator. Equation 3.6 is the approximated expression of
Equation 3.5 in the vicinity of surface plasmon resonance by the Lorentzian type relation
under the special conditions, |e; | »1, |e1 | »|e1 | and exp(2ik,d;) «1.

R(6) z\fof’\z[l— i j (3.6)

ke =k + (i +7,)°

where k.0 is the propagation constant at resonance and ro°is reflectivity at the interface
between the prism and silver. For a one-layer structure, radiation loss and internal
propagation loss are given by [1-1]

7, = Im(constr} (k?)) (3.7)
P 3/2 “
7i=|m(kf)z3(ﬁJ (8—2} (3.8)
2c\ e +¢, &
1.0
Fresnel
0.84 —— Lorentzian +
>
= FWHM, A0
2 0.6- =2xHWHM — ||~
§ =2Xx(y+y)
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Figure 3.6 Reflectivity curves from the layer structure of BK7 prism/ Silver (55 nm) / Air
by Fresnel equations (3.5) and the Lorentzian function (3.6)
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Figure 3.6 shows the coincidence of the calculated reflection curves of the layer
structure of BK7 prism/silver (55 nm)/Air by both the Fresnel equation and the Lorentzian
equation. The angular line width is defined as the width of a reflectivity curve at which
half the difference of R=1 and Rp, is located. The term vy;+y, corresponds to the half-width
at half-maximum (HWHM) of the Lorentzian function, and we can say that two times
(vityr) is the full-width at half-maximum (FWHM) or angular line width, which implies a
propagation length of,

L =020, + 7)1 (3.9)

Reflectivity is affected by the interference between partial fields E; that are reflected
from incoming fields and the out-coupled fields E; from the enhanced electric fields of SPP
excitation (Figure 3.7). Fulfilling the condition of the equation (3.10) in the Lorentzian
function gives rise to a minimum value of a dip (R=0). This may be viewed as the
destructive interference between both fields that are completely out of phase of each other
(optimum coupling).

vi=7 (3.10)

Air )

Exponentially decaying field

Figure 3.7 Schematic of the ATR process through a metal film

3.3.2 Transfer Matrix Method

The transfer matrix method is a useful tool for planar multi-layer analysis [9,11]. One of
advantages of the TMM is that the basic optical properties of reflectance and transmittance
for complex multi-layer structures can be obtained easily by multiplying each layer’s
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matrices in a straight-forward calculation. Various physical situations such as loss, gain and
birefringence can be handled using the TMM [13,14]. The method can also generate the
dispersion equation of the TE and TM modes supported by multi-layer structures, the
solutions of which are propagation constants of guided or leaky modes, and the
corresponding electric and magnetic field profiles around the layer geometry can be
obtained. It is also possible for active guiding modes to be analysed. Therefore, the transfer
matrix method is essential to the understanding of surface plasmon properties in one-
dimensional metallic multi-layers.

()

° m.
e ¢.d { . 1“}=Hﬂ{g
@

m, My, .

Figure 3.8 An example of a multi-layer structure supporting SPP modes

As taken for the Fresnel equation method, the same coordinate system is used where
the x axis is parallel to the upper boundary of the ATR configuration and whose +z
direction points into the substrate. For a parallel polarised (TM) plane wave, the magnetic
vector has a single component H along the y direction, which is perpendicular to this paper.
Assuming that a plane wave is incident in the prism in the form,

Hi = eXp[i(kxiX - kziz)] (311)

The reflection coefficient r(k, ), defined as the ratio of the amplitude of the reflected field
to that of the incident field at the prism base, is given by

m, — (Zsmzz — ZOmll) B ZOZstl — N (kx)
m,, — (Zsmzz + Zomn) - ZOZsm21 D(kx)

rik,) = (3.12)

where the coefficients m, (q,r = 1,2) are elements of the overall transfer matrix of the

structure.
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m m
{ H 12}=M51M52...M1M0 (3.13)

Here Misa 2 X 2 matrix written for each layer as,

cos(k,z,) —Z;sin(k,z)
i~ Zi-sin( k.z) cos(k,z)
with Zi=k,/(Koei) and k,=+(eiko?- k)2 where kg=27/A, A is the wavelength in vacuum and 0
and s designate the superstrate (prism) and the substrate regions, respectively. The
dispersion equation of SPPs is given by the denominator D(k,) of equation (3.12). For the
TM modes, we get the field distributions of Hy, Ex and E,, around a multi-layer structure
using equations (2.4) and (2.5).

Figure 3.9 shows the calculated angle-dependent reflectivity at 675 nm light from a
structure with a 50 nm thick silver layer by means of the transfer matrix method and the
calculated magnetic field profile with respect to the amplitude of the incident magnetic
field at the resonance angle 6, indicated in Figure 3.9(a). The transfer matrix method is
very advantageous for analysing optical characteristics of the complex multi-layer
structures in terms of various factors of reflectance, transmittance, propagation modes and
electric and magnetic field distributions of the modes.

M (3.14)

(a) 10 (b) BK7 Silver Air
10
0.8
84
£
< 06- —
2 2 6
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40 41 42 43 44 45 46 47 4100 0 100 200 300 400 500 600
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Figure 3.9 (a) The calculated angle-dependent reflectivity from the structure of BK7
Prism/silver (50 nm)/Air at 675 nm by means of the transfer matrix method; (b) The
corresponding magnetic field distribution along the optical axis (z-axis) calculated at the
resonance angle Oy
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3.3.3 Dispersion Relation: Leaky Mode

Here we present the mode behaviour of SPPs that occur in the prism-coupling geometry,
which is directly linked to angular reflectivity curves discussed at the previous sections.
Layer structures attached to prism could have a variety of modes, including guided modes
and leaky modes, in terms of transverse field patterns [15] because a single thin metal film
has two plasmonic interfaces that form coupled propagation modes. Here, only the
asymmetric case in which the refractive indices of surrounding materials of metal layer are
not equal were studied because of the excitation requirement of the phase-matching
condition of the incoming photon through the prism. Figure 3.10 shows the schematic
description of the magnetic field profiles of a leaky mode in the prism and a bound mode,
which could occur in the one-layer structure. The one-layer structure with a single metal
layer could have both leaky modes whose fields in prism or dielectric are radiative and
bound modes whose fields in prism and dielectric are decaying. In the Kretschmann
geometry, however, only leaky modes are observable because they can be decoupled to the
prism in the form of a photon. Thus, we are mainly interested in the behaviour of the
modes. The leaky mode radiating into the prism, fulfilling the condition of Equation 3.18,
is taken into consideration for the plasmonic mode analysis.

V&g <Mieay </ (3.18)

where g4 and g are electric permittivities of prism layer and dielectric layer, respectively.

In order to understand surface plasmon mode behaviours from a more general structure
configuration and under any physical changes, the related dispersion relation must first be
analysed. Generally, surface plasmon propagation constants are complex numbers that
have imaginary term k. determining propagation length Li=1/(2k.) due to lossy metals.
Complex dispersion equations of any metallic multi-layer structure supporting any surface
plasmon modes can be deduced by the TMM and then their complex solutions can be
solved using numerous zero searching algorithms [16] or a rigorous mathematical
technique based on the contour integral in the complex plane [17].

56



Leaky Bound
(Into prism)

Z

Prism & |

Silver &

m

Figure 3.10 Field distribution of bound and leaky modes guided by thin metal films em.
The arrows indicate transverse energy flow in the surrounding dielectrics including prism
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Figure 3.11 Dispersion relationship of leaky (red line) and bound (blue) surface plasmon
polariton modes supported by the layer structure of BK7 Prism/silver (50 nm)/Air, which
was calculated by the Newton-Raphson root searching algorithm. The light lines in vacuo
(labelled c, black line) and in the prism (labelled c/ny, grey line) are also shown.
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In detail, propagation constants k, of SPP modes are numerically calculated from the
denominator D(k,) of Equation 3.12. For the calculation of leaky modes, in particular, a
sign of out-of-plane momentum k; in a prism must be set as negative since the field
diverges into the prism. Figure 3.11 shows the dispersion relation of BK7 Prism/silver (50
nm)/Air layer configuration. Numerical calculation of complex propagation constants
k.(=k, +ik,) was implemented using the Newton-Raphson root searching algorithm of a
Mathematica built-in function called FindRoot [18]. The calculated propagation constants
of the leaky mode lie between the light line in the BK7 prism and in the air throughout
most of the visible region; their propagation losses increase as optical frequency goes
higher, which can be attributed to the increased mode propagation momentum k. that
results from the SPP mode confined more strongly around the silver/air interface.

3.3.4 Mode Behaviour with Geometrical Variation

We discuss the geometrical dependence of a leaky SPP mode in terms of its propagation
vector. In the Kretschmann-Raether configuration, the prism layer not only acts as a
momentum provider for the photon to couple into surface plasmon polaritons (SPPs), but
it also allows SPPs to decouple out in photon form. In a prism/silver/air configuration, the
corresponding complex propagation constants against silver thickness dag are shown in
Figure 3.12. As the silver thickness increases more than the skin depth of SPPs in silver,
e.g. 5~30 nm at 675 nm, k., and k, converge into values that are exactly equal to the real
and imaginary parts of kc=Ko(eageair/(eagteair))">, respectively, where kg=2m/A, L is the
wavelength in the vacuum, which corresponds to the momentum of the SPP mode at the
silver/air interface.
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Figure 3.12 Silver layer thickness dependence of propagation constants of prism/silver
film/air configuration at 675 nm wavelength: (a) Variation of the real part of the
corresponding complex propagation constants; (b) The imaginary part of the corresponding
complex propagation constants containing y; and vy,. Propagation lengths for two extreme
silver thicknesses, 20 nm and 200 nm, are displayed.

The imaginary part of propagation constants k, may be categorised into both radiation
loss yr and internal loss y; according to the concept introduced from the cavity picture in
the previous section. The internal loss can be defined by yi=k, (dag » 8) and relies on only
the metal/dielectric interface (potentially metal/multi-dielectric layer interfaces), excluding
the prism semi-infinite layer, but the radiation loss vy, is strongly dependent on dag.
Therefore, in short, numerically calculated mode propagation momentum k, can be
defined by the total loss of y, and y;, also determining the angular line width of reflectivity
correspondingly.

2k, =2(y, +7,)~AO (3.19)

In practice, angular reflectivity curves from prism-coupling experiments are measured
to evaluate SPP properties in a specific structure. Here we show the correlation of angular
reflectivity curves and the theoretical approaches by examining the trend of internal loss v;
and radiation loss y, with respect to the thickness daq of silver films. Figure 3.13 shows the
trend of minimum reflectivity and angular line width in a function of day and angular
reflectivity curves at three distinctive silver thicknesses of 34 nm, 53 nm and 76 nm around
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optimum thickness (insets in Figure 3.13). For a thinner silver thickness (<~50 nm,
yielding optimum coupling of R=0), radiation loss y, becomes dominant, thus increasing
reflectivity. As dag increases, y, becomes weak because the metal thickness becomes too
thick for SPP fields to escape out, also resulting in increased reflectivity. The thinner silver
thickness leads to the higher total propagation loss. The variations of internal loss y; and
radiation loss y, as a function of dag, Which were numerically calculated, were plotted in
Figure 3.13 (b). It is evident that the Af trend is consistent with the trend of total loss k.’
(blue solid lines in Figures 3.13 (a) and (b)), confirming the nature of the leaky modes in
the prism-based strunctures.

20 30 40 50 60 70 80

d, (nm)

Ag(

Figure 3.13 (a) Reflectivity and angular line width with respect to the thickness of Ag
films. The three insets display angular reflectivity curves at three silver thicknesses of 34
nm, 53 nm and 76 nm, which are indicated in the A6 trend. (b) The trends of internal loss yi
and radiation loss yr with respect to the thickness of Ag films. They were obtained by the
numerical calculation of the dispersion equation.

dag yi(em™) 7, (cm™)
34 nm 104.66 504.87
53 nm 104.66 94.27
76 nm 104.66 1141
200 nm 104.66 0
*A=675 nm

Table 3.1 Calculated internal loss y; and radiation loss vy, for four silver thicknesses 34 nm,
53 nm, 76 nm, and 200 nm with a 38 nm thick Lumogen Red film and without Lumogen
Red
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To evaluate whether the two loss factors obtained from the numerical calculation can
reflect angular reflectivity curves well, a reflectivity curve drawn by inputting y; and v,
values into the equation (3.6), which were calculated as displayed in Table 1, are compared
with the curves by the transfer matrix method for the 76 nm thick silver film. Both curves
have a good agreement with each other.
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Figure 3.14 Comparison of angular reflectivity curves by the Transfer Matrix Method and
a Lorentzian function for the 76 nm thick silver film

3.3.5 Environment Change near Metal Layer

In this section, the theoretical analysis of the effects of environment change near a
metal/dielectric interface on SPP modes is presented. So far, the case that dielectric is air
(e4=1) has been discussed. We move to higher dielectric medium cases (g4>1). Figure 3.15
shows the change of angular reflectivity curves from one-layer structures when the
dielectric is assumed to have a range of dielectric constants from g4=1 to sd=nd2=(l.3)2 (ng:
refractive index). For both the 34 nm and 76 nm thick silver films, reflectivity curves move
to larger resonance angles as their dielectric constants increase because of correspondingly
increased propagation constants; their angular widths also become broader, which means
propagation loss is increased. It is noted that critical angles move to larger positions as can
be expected from Equation 3.2.

Both the 34 nm and 76 nm thick silver films have the same sensitivity on environment
as about 6° per 0.1 of Ang in terms of resonance angle movement; however, propagation
lengths (numerically calculated) for the 76 nm thick silver films are more sensitive than the
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34 nm thick ones.
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Figure 3.15 Angular reflectivity curves from different dielectric constants of the dielectric
semi-infinite layer (a) 34 nm thick silver film case (b) 76 nm thick silver film case
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Figure 3.16 (a) Changes of resonance angles of 34 nm and 76 nm thick silver films
according to a refractive index of the dielectric semi-infinite layer, which were obtained in
figure 3.15 (b) Propagation lengths for 34 nm and 76 nm thick silver films in a function of
refractive index of the dielectric semi-infinite layer

The effect of refractive indexes of the films on SPP modes is more clearly understood
by the observation of the SPP field distributions around layer structures. Figure 3.17 shows
the plasmonic magnetic field distributions of the 34 nm thick silver film cases with ng=1
and ny=1.3. The field in the dielectric layer of ng=1.3 is more tightly confined near the
silver/dielectric interface than the field in air. A high dielectric semi-infinite layer, e.g. SiO,,
LiF and PMMA, in the vicinity of the silver film leads to a higher propagating constant
(slower phase velocity), which means there is more strong confinement near the metal
layer and also results in more propagation loss than the case without a dielectric film.
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Figure 3.17 Comparison of magnetic field profiles of surface plasmon polaritons in the
dielectric layer of ng=1.0 and ng=1.3, being supported by BK7 prism/silver (34
nm)/Dielectric layer configuration

3.4 Summary

In this chapter, the Kretschmann geometry based prism coupling measurement system has
been demonstrated for use in the study of plasmonic multi-layer structures. We provided
evidences of the basic features of surface plasmon polaritons supported by a one-
dimensional layer configuration. To help understand the phenomena, two main theoretical
approaches—cavity picture and propagation mode picture—were suggested. We have
shown how they can describe plasmonic propagation properties related to angular
reflectivity curves and what physical factors exist behind the experimental curves. It was
proven that the plasmonic properties displayed via the prism-coupling method are well
explained by the theoretical approaches. They will be fully used throughout the remaining
chapters. The prism coupling system in conjunction with the analytical backgrounds plays
a main role in examining metallo-organic multi-layer structures thoroughly and can be
used to prove gain effects on the structures, which are the topics of Chapters 6.
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4 Surface Plasmon Polaritons in Metallo-Organic Multi-

layers

4.1 Introduction

In this chapter our interest is to study the surface plasmon polaritons (SPPs) supported in a
planar layer geometry, comprising either one or two layers, e.g. metal and a polymer
material. The SPP mode properties are governed by the optical properties of the materials,
e.g. dielectric permittivity, and the geometry or film thickness, see e.g. [1-4]. While these
planar or one-dimensional structures are very simple in terms of geometry, compared to
three-dimensional confinement structure like metal nanoparticles, they provide us with an
excellent platform from which to study the basic properties of SPPs. A Prism-coupling
method, in conjunction with theoretical analysis, is used extensively to probe SPP
characteristics through angular reflectivity curves. Experimentally obtained reflectivity
curves are analyzed in terms of layer thickness, polarization, and excitation wavelength.
The Prism-coupling method itself is a well-known technique for examining film conditions
such as film thickness and dielectric constants [5,6]. In the later parts of the chapter we
highlight just how sensitive the technique is when we examine the response from
polymer/metal structures where the polymer film has been applied from different solvents.
Theses results highlight the importance and impact that the solvent used has on the SPP
properties and, to our knowledge, are the first time the technique has been applied in this
way.

Overall the chapter demonstrates several key aspects of SPP mode propagation in
metallo-organic structures that is used for the later studies in Chapters 5 and 6. Perhaps
more widely it serves to reaffirm how SPPs can be utilized in a diverse range of fields, for
example, in organic light-emitting devices with metallic contacts [7,8] to quantum control
of single plasmons [9,10].
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4.2 Layer Fabrication

4.2.1 Silver Deposition

Generally forming a silver film on a glass flat substrate or directly onto a prism can be
produced via thermal or sputtering evaporation. However silver deposited by these
methods can have a tendency to develop into islands particularly on substrates such as
glass and silicon. This is especially the case for example at lower evaporation speeds since
the atoms have enough time to arrange themselves on the surface and form rough surfaces.
For thicker films, surface roughness is somewhat reduced because of bigger grain size [11].
Therefore the main approach to obtain a better quality surface (lower roughness) is often to
use a higher evaporation speed.

Clearly the surface quality in our samples will be important, especially in view of the
strong surface confinement of SPPs, therefore a high evaporation speed over 0.5 nm/s was
maintained throughout. Under these conditions fabricated silver films, of around 70 nm in
thickness, show a surface roughness rms value less than 0.7 nm. Prior to the silver
deposition, the flat substrate and prisms were cleaned by ultrasonic treatment in acetone.
The silver films were produced by thermal evaporation, under high vacuum conditions.
Shot-type silver sources of 1-3 mm size with 99.99% purity (purchased from Sigma
Aldrich) were kept in nitrogen environment to maintain purity and prevent contamination.
The evaporation conditions for silver films are summarised in Table 4.1.

Vacuum pressure < 5.0x10"° mbar
Rate > 0.5 nm/s

Ag source 99.99% pure
Table 4.1 The silver film deposition conditions using a thermal evaporator

4.2.2 Polymer Film Formation

Conjugated polymers are soluble in many common solvents and forming polymer films
can easily be produced, from solution, by a spin-coating technique. The resulting quality of
the polymer film produced by the spin-coating method is subject to a number of factors,
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such as crytalline orientation, surface energy of substrate and solubility to name a few (see
e.g. [12,13]). To make the solutions, the polymer is mixed with an adequate solvent to
ensure the solute is well dissolved at a certain concentration ratio. For the Lumogen Red
conjugated polymer, Chlorobenzene or toluene were used as the solvents. The Wettability
of the solution on the substrate is an important factor for arriving at a high quality glassy
film. The Wettability can be straightforward to estimate by observing the contact angle at
which the liquid/vapour interface meets the surface line of the substrate before film
formation. Typically if the contact angle found is less than 40° the solution should spread
well on the surface. Figure 4.1 shows an image of a droplet of Chlorobenzene-based
Lumogen Red polymer solution formed on a silver surface, itself deposited on Spectrosil B
substrate (an arrangement typical of all metallo-dielectric structures investigated in this
thesis). The measured contact angle of the solution was as low as 20° thus the solution is
expected to spread well on the surface and make uniform films. For comparison, a water
droplet on the surface has a contact angle of around 90°.

Red F polymer solution

\ 4=

Ag film on Spec B substrate

Figure 4.1 Contact angle measurement of the Lumogen Red conjugated polymer solution
dissolved in Chlorobenzene. The picture shows a droplet of the solution on silver film
deposited on Spec B glass substrate. The diameter of the droplet is on a milimetre scale.
The measured contact angle is 6.=20° indicating the solution is fairly wet on the surface.

Two main factors largely determine the film thickness, they are the concentration of the
solutions and the spin speed. In Figure 4.2, the resulting thickness of Lumogen Red films,
determined using a stylus profiler, are shown according to different spin speeds (rpm) and
different solution concentrations. The four concentrations comprised 12.5 mg/ml, 16.5
mg/ml, 20 mg/ml, 24 mg/ml in Chlorobenzene and the spin speed ranged from 1000 rpm to
7000 rpm (Figure 4.2).  As expected, higher concentrations produced thicker films for the
same spin-speed, while for the same concentration a lower spin speed tended to produce
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thicker film. We also noticed that for spin speeds less than 2000 rpm the resulting surface
appeared quite rough therefore, to produce the high quality glassy films required for our
studies spin speeds >2000 rpm were used.
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Figure 4.2 The thickness dependence of spin-casted Lumogen Red films as a function of

spin speed from Chlorobenzene-based solutions of 12.5 mg/ml, 16.5 mg/ml, 20 mg/ml and
24 mg/ml concentrations

In Figure 4.3 we show optical constants of a Lumogen Red film obtained via
ellipsometry. The value ke, the extinction coefficient indicates the amount of absorption
loss and has similar spectrum with the absorption spectrum of Figure 2.9. For the modeling
of multi-layer structures, the values of n and ke are converted into the dielectric functions
used by the equations (3.9-3.15) using & =N’ Kexc> and &' =2nkKexc.
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Figure 4.3 Optical constants of a Lumogen Red polymer film measured by ellipsometry
(Courtesy of Dr. Mariano Campoy-Quiles, Imperial College London)
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4.3 Surface Plasmon Polaritons in One-layer Structure

4.3.1 Geometric Dependence

To first understand and demonstrate surface plasmon propagation in the Kretchman
geometry, a one-layer structure was examined. Thin silver films with a thicknesses
typically between 30-70 nm were deposited via thermal evaporation directly onto the
surface (hypotenuse) of a right angle prism. In this respect the one layer structure possesses
two interfaces of silver/prism and silver/air, but only the SPP localised at the silver/air
interface is accessible in the Kretchman geometry as the mode behaviour of leaky SPP
modes whose in-plane momentum is in the momentum in prism was discussed in chapter 3
(see e.g. §3.3.3).

Experimentally obtained angular reflectivity curves (solid lines), along with theoretical
curves (dotted lines), are displayed in Figure 4.4(a). For the case with a Ag thickness of 53
nm the reflectivity minimum is almost zero and indicates near perfect optimum coupling to
the SPP. All measured curves are seen to be in excellent agreement with the theoretical
curves. To further analyze the film thickness dependence, information on the resonance
angle, minimum reflectivity and angular linewidth is extracted from the angular reflectivity
curves of Figure 4.4(a) and are plotted as a function of silver film thickness dag in Figures
4.4 (b), (c) and (d) respectively. For all Figures (a-d) the dotted lines are from the TMM
calculation using a silver dielectric constant of eag= -19.6+i0.8. We see that all the
properties (i.e. resonance angle, reflectivity minimum and linewidth) are very well
reproduced using our theoretical (TMM) approach. Considering now the overall trends, we
find as the silver thickness increases from 20 nm to 90 nm, the resonance angle decreases
and converges to an angle 42.7° (Fig. 4.3(b)). In other words, the propagation momentum
approaches that of a single silver/air interface. The angular linewidth reflects the
propagation loss of SPPs as was previously mentioned (see eqn (3.19)). Our results show
as the silver thickness increases, the angular linewidth dramatically decreases (Fig. 4.3(d)).
For example for a 70 nm thick film the angular linewidth is seven times as small as that
found for a 30 nm thick film, implying a much lower propagation loss. These observations
reaffirm that even for these simple structures the key properties of SPP (such as
propagation loss) can be very effectively tuned and controlled through the geometry (i.e.
thickness).
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Figure 4.4 Silver thickness dependence of angular reflectivity curves in the one-layer
structures: (a) experimentally measured angular reflectivity curves (solid lines) from
different silver films of 34 nm, 53 nm, and 76 nm thickness, which are fitted with
theoretical curves (dotted lines). Each silver thickness is indicated as different colours of
black, gray, and blue, respectively. From a number of silver thicknesses the (b) Resonance
angle (c) Minimum angular reflectivity and (d) Angular line width are extracted from the
reflectivity spectra. The experimental data (square dots) were taken from the angular
reflectivity curves in figure (a) and the dotted lines describe theoretical trends using a
silver dielectric constant eag= -19.6+0.8i.

4.3.2 Polarization Property

A distinguishing feature of SPPs in general, and particularly for a planar structure, is the
sensitivity to polarization that can be used to provide unambiguous evidence of SPP
excitation. As explained in chapter 2, only p-polarized light (or TM mode) can excite the
SPP modes in planar metallic structures, with the SPP excitation clearly identified by a dip
observed in the reflection curves (cf. Fig.4.3(a)). This unique feature of SPPs can be
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demonstrated for a 34 nm thick silver film shown in Figure 4.5, where the polarization
state of an incident light is selected using a A/2 wave plate in the prism coupling system.
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Figure 4.5 Angular reflectance curves from a 34 nm thick silver film in the Kretchmann
geometry at TE-polarized and TM-polarized light (a) TMM calculation (b) Experiment

Figure 4.5 displays both modeling and the measurement of angular reflectivity curves
for TE (s-polarised) and TM mode (p-polarised) incident light corresponding to an incident
wavelength of 675 nm. Both the calculated and experimental reflectance curves show no
resonance dip when incident light is TE polarized, in contrast to the case for TM
polarization that clearly shows the SPP induced dip.

4.3.3 Spectral Dispersion

The spectral dispersion behavior of angular reflectivity curves in planar structures can be
attributed to the underlying dispersion of the SPPs supported by the structure. (Also
associated with the plasmonic mode behaviour analyzed in chapter 3.) Experimental
investigations into the spectral dispersion were conducted by using three different laser
sources of 473 nm, 532 nm and 675 nm, which usefully span the visible frequency region.
The two samples chosen for the study used silver thickness layers of 33 nm and 70 nm.
Figure 4.6 (a) and (b) displays the measured angle-dependent reflectance curves recorded
under the three separate incident wavelengths. In both structures, the reflectivity dip is seen
to move to larger angles with the linewidths becoming wider for shorter incident
wavelengths. Both of these observations may be understood from the characteristic
dispersion of the SPP (Figure 4.7) where the SPP exhibits a higher propagating momentum
(larger angle) for higher optical frequencies (shorter wavelengths) and a corresponding
higher propagation loss (i.e. larger angular linewidth) due to increased confinement in the
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silver layer.
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Figure 4.6 (a) Experimental data of reflectance curves from 33 nm thick silver layer at
three wavelengths of 473 nm, 532 nm and 675 nm (b) Experimental data of reflectance
curves from 70 nm thick silver layer at three wavelengths of 473 nm, 532 nm and 675 nm

Figure 4.7 shows an angular reflectivity map for the structure comprising a 33 nm thick
silver layer calculated for a range of incident frequencies and angle of incidence. The map,
or specifically the dark region represent the reflectance dip and essentially describes the
underlying dispersion of the SPP supported in the structure. Experimental data from the
curves in Figure 4.6(a) for the three different wavelengths are also plotted on the map and
can be seen to match with the expected positions.
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Figure 4.7 Angular reflectivity map in a function of angle of incidence and frequency of
light for the one-layer structure with a 33 nm thick silver layer. Dark regions indicate the
reflectivity minima and essentially represent coupling to the SPP.
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4.4 Surface Plasmon Polaritons in the Two-Layer Structures

4.4.1 Propagation Modes

In this section we turn to a two-layer structure, which comprises a silver layer and a thin
dielectric layer (a fluorescent conjugated polymer namely the Lumogen Red copolymer).
Many of the properties identified in the previous section concerning the spectral response
will also be investigated here but with the added emphasis on the possibility of using the
polymer layer as an active material; a subject further developed in chapters 5 and 6. Our
initial investigations here will focus on the passive properties, i.e. the role of the polymer
as an additional dielectric layer in the Kretschmann arrangement.

A schematic illustration of the resulting samples under study and the relation to a two-
layer configuration is show in Figure 4.8. The polymer layer is situated (deposited) directly
onto the silver layer. The thickness of polymer layer will be examined in relation to the
modes that are supported but typically, for the experimental investigations, is on the order
of 50 nm. In the two-layer structure, SPPs can still be excited at the silver/dielectric (herein,
polymer film) interface. However, we will show there can be some subtle (and not so
subtle) differences in the SPP properties compared to the one-layer structure, particularly
in relation to the propagation momentum of a SPP mode and its field distribution.

To first examine the SPP propagation behaviour for the two-layer structure we turn to
the numerical approach, solving for a complex propagation wavevector, as discussed in the
chapter 3. We first start with a 50 nm thick silver film and display the real and imaginary
components of the calculated complex propagation wavevector as the incident optical
frequency is varied (the black curves in Figure 4.9). The real part of the propagation
wavevector is in phase with the incoming light and represents the dispersion relation of the
SPP mode. The imaginary part, shown in the right plot of Fig. 4.4, is directly related to
propagation loss of the mode.

To clarify the effect of including a polymer layer, two different polymer thicknesses
were then considered; specifically a 20 nm and 38 nm layers shown as green- and blue-
lines in Figure 4.9. The results indicate that the addition of a polymer layer increases the
propagation constant and results in a higher propagation loss, presumably due to the higher
overall refractive index of the structure and subsequently a tighter confinement of the SPP
mode within the metal. Significantly we find that for frequencies over 500 THz (600 nm),
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the propagation wavevector of the SPP mode in the structures appears outside the region of
the vacuum light-line and the prism light-line. Thus for these incident wavelengths, the
SPP mode cannot be excited by the prism configuration and no reflectivity dips would
appear. This shows the choice of film thickness (and overall thickness of the structure)
must be carefully considered for experimental studies.
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Figure 4.8 The schematic of layer configuration of the two-layer structure: prism/silver
film/polymer film/air configuration

In Figure 4.10 we examine the silver thickness dependence on the modal properties for
structures with and without a polymer layer. Some common trends can be identified; the
real and imaginary parts of the propagation constant are seen to converge to fixed values as
the silver thickness increases. As noted earlier, the main effect of adding the polymer layer
is to increase both the propagation constant (real part) and the propagation loss (imaginary
part) as the fields are increasingly confined fields near the interface. Propagation lengths
for two extreme silver thicknesses are indicated in the right hand plot of Figure 4.10. For
thicknesses of 20 nm and 200 nm we find propagation lengths of 0.5 um and 8.5 um.
These results may be understood by noting that thinner silver films will tend to exacerbate
the propagation length because of the dominant contribution of the radiation loss y, (see
e.g. Fig. 3.12). Whereas when the silver thickness is larger than the skin depth of SPPs, the
radiation loss vy, is suppressed and only the intrinsic propagation loss y; contributes to total
propagation loss resulting in a lower overall propagation loss (and longer propagation
length).
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Figure 4.9 Calculated dispersion relations of the surface plasmon propagation mode
supported by a two-layer structure of BK7 Prism/50 nm thick silver film/ thin polymer
(Lumogen Red) film /air structure, calculated by a Newton-Raphson root searching
algorithm. The inset shows the close-up view of the rectangle section shown in the real part
of propagation momentum for a wavelength 675 nm.
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Figure 4.10 Silver layer thickness dependence of propagation constants of prism/silver
film/polymer film/air configuration at 675 nm wavelength: (Left panel) Variation of the
real part of corresponding complex propagation constants. (Right panel) the imaginary part
of corresponding complex propagation constants containing y; and vy,. Propagation lengths
for two extreme silver thickness 20 nm and 200 nm are displayed.
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4.4.2 Layer Thickness Dependence

Ahead of the later studies (Chapters 5 and 6) where the interest will be on the active
(emissive properties) of SPPs, we first turn to some preliminary experimental studies on
the two-layer structure consisting of a BK7 prism, a silver film, a Lumogen Red polymer
layer (the active layer). Lumogen Red films were fabricated by spin-coating from solution
onto silver surfaces, which were already deposited onto the prism. Our initial interest is
with the changes to the reflectivity response as the silver layer is varied. Comparisons with
the single-layer structure examined in 84.3 will also be made.

To begin the investigations on the thickness of the silver layer, three structures with
silver thicknesses of 33nm, 53 nm, and 76 nm were fabricated. The thickness of spin-
coated Lumogen Red film was nominally 38 nm. As with the previous studies, angular
reflectivity spectra were taken from each sample for 675 nm incident wavelength and the
resonance angle position, angular linewidth, minimum reflectivity were extracted. The
results are shown in Figure 4.11 along with theoretical spectra obtained from the transfer
matrix method. For the calculations we took the dielectric permittivity of the Lumogen Red
film at 675 nm, from Figure 4.3, to be eag=(n,)’=(1.8618), and (as before) used eag= -
19.8+0.8i for the silver dielectric constants.

Compared to the results from the one-layer structures in Figure 4.4, the resonance
angles appear larger and the linewidths have become broader; entirely consistent with the
conclusions drawn from Figures 4.9 and 4.10. Nevertheless, the overall trends, in terms of
varying the silver thickness, are broadly similar to those found for the one-layer structure;
as the silver thickness increases, resonance angle and linewidth converge to smaller values.
The other point worth mentioning is that all the two-layer results are extremely well
described by the TMM calculations, as was also found for the one-layer case. As well as
validating our model and, to a certain extent, the input parameters we are using, it also
highlights how the mode behavour of surface plasmon polartions in the one and two layer
structure are closely linked to the angular reflectivity curves appeared in the Kretchmann
geometry.
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Figure 4.11 Silver thickness dependence of angular reflectivity curves from three silver in
the two-layer structures comprising a Lumogen Red film of 38 nm (a) experimentally
measured angular reflectivity curves (solid lines) from different silver films of 34 nm, 53
nm, and 76 nm thickness, which are fitted with theoretical curves (dotted lines). Each
silver thickness is indicated as different colours of black, gray, and blue, respectively. (b)
Resonance angle trend (c) Minimum angular reflectivity trend (d) Angular line width trend.
The experimental data (square dots) were taken from the angular reflectivity curves in
figure (a) and the dotted lines describe theoretical trends using a silver dielectric constant
eag= -19.8+0.8i.

The results in Figure 4.11 are for a fixed thickness (38 nm) of Lumogen Red layer. For
two silver thicknesses, we also studied the situation when the polymer thickness d, was
varied. In these cases Lumogen Red films of 30 nm and 45 nm were controlled by the spin
speed of the spin-coater. As shown in Figure 4.12, as the thickness of the polymer film
increases the resonance positions move to larger angles and the angular line width becomes
broader. It is noteworthy that the reflectivity at the resonance angles does not change much
with polymer thickness and suggests that the matching condition (the relation between
internal loss y;and radiation loss v;) is preserved irrespective of the polymer thickness. The
experimental trend of resonance angle is in very good agreement with the theory as can be
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seen in Figure 4.13 (a).

The reasoning behind the increase of the resonance angle with the addition of a
polymer film may be appreciated by noting that the overall effective index of the structure
has increased, certainly compared to not having the polymer layer; thus the resulting
wavevctor of the SPP supported would be expected to occur at larger value (larger angle).
This sensitivity to optical environment is of course one of the well known attributes of
SPPs, as discussed in §3.3.5, and seen directly from the simple SPP wavevector expression
for a single interface (between two semi-finite metal and dielectric) where k,=Ko(em/(em
+1)) for metal/air now becomes k.=Ko(emep /(em + €p)) for metal/polymer and e, and ¢, are
dielectric constants of silver and polymer, respectively.
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Figure 4.12 Change of angular reflectance curves from the two layer structures with 38 nm
and 71 nm silver films according to the thickness variation of the Lumogen Red polymer

films

The Hy field distributions shown in Figure 4.13(b) highlight the change of field patterns
according to the polymer film thickness. It is seen that as the polymer thickness increases,
the SPP field is more tightly confined near the silver/polymer interface, resulting in
increased propagation constants (i.e. both real and imaginary parts, cf. Figure 4.9).
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Figure 4.13 (a) Resonance angle positions for 38 nm (black colour) and 71 nm (red colour)
thick silver film cases in a function of the Lumogen Red polymer thickness d,. Dots in the
graph indicate experimental data and solid lines are the TMM calculation results. (b) The
calculated Hy field patterns in the two-layer structure that is BK7 prism/Ag film(38
nm)/Lumogen Red film(d,) /Air for Lumogen Red films with 0, 30, and 45 nm. The
distributions highlight the tighter confinement of the field to the interface when the
polymer film is in place.

4.4.3 SPP mode versus Photonic mode

The two-layer structure we have discussed so far includes the polymer layer that has a high
refractive index, considerably higher than the refractive index of the BK7 prism material.
As a consequence the polymer layer can potentially support total-internal-reflection based
waveguide modes. The ability of the structure to support additional modes will depend on
the thickness of the polymer layer and the overall thickness of the structure and so our first
study in this section will look at the layer dimensions.

A waveguide mode is classified by its effective index, for the present two-layer
structure and a wavelength of 675 nm, propagation modes (effective indices) of either TE
or TM polarization were calculated as the polymer thickness was varied (Figure 4.14).
Only those modes that exhibited an effective index lower than the prism, and could
therefore be excited in the Kretchmann geometry, were considered in the study. In Figure
4.14 we can see the SPP leaky mode (TM-polarised), excited in the thickness range below
65 nm, which we have dealt with so far. Another TM-polarised waveguide mode (TMy)
starts to appear above thicknesses of 200 nm while the equivalent TE-polarised mode
(TEp) can be excited for a thickness between 90 nm and 200 nm. The figure clearly shows
that any of the photonic modes (waveguide modes) are not supported for a thickness less
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than 90 nm, which can be regarded as a cut-off thickness d..
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Figure 4.14 The calculated effective indices of modes supported in a prism/ silver (50
nm)/RedF film (dp)/air layer configuration, as a function of the Lumogen Red film
thickness (d,). Three modes, at thicknesses of 50 nm, 150 nm and 300, representing TM
SPP leaky mode, TE photonic mode, and TM photonic mode are marked for the later
depiction of their field distributions (shown in Figure 4.15).

It is worth looking more closely at the different types of modes that may be supported
in the two-layer structure, namely the TM SPP leaky mode, TE photonic mode, and TM
photonic mode. To compare the field distributions of the modes, three polymer film
thicknesses of 50 nm, 150 nm and 300 nm were selected (as marked in Figure 4.14). Figure
4.15 displays the calculated field distributions throughout the structure. As expected the
SPP mode shows the field concentrated at the silver/polymer interface, decaying in both
the silver and polymer films. In contrast, the fields of both TE or TM photonic modes are
more distributed in the Lumogen Red films rather than at any interfaces. It is worth
reiterating that it is through the polymer layer thickness we can excite a distinctive
propagation mode. The work in later chapters is primarily concerned with studying the SPP
mode and therefore, as Figure 4.14 demonstrates, we shall restrict our investigations to
structures with a thin polymer layer of less than 50 nm.
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Figure 4.15 The calculated H, field distributions
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50 nm (b) TE photonic mode for d,= 150 nm (c) TM photonic mode for d,= 300 nm

82



4.5 Film Morphology Effect on SPPs

The work to date has explained and highlighted the sensitivity of the SPP to the
surrounding environment that reveals itself in the angular reflectivity curves, e.g. the
dependence of metal thickness of reflectivity minimum and angular width. In this section
we further demonstrate and reaffirm the high reputation in terms of sensitivity that SPP
spectroscopy can bring. We focus on the SPP response for the two-layer configuration, and
show how the prism-technique allows us to comment on the morphology of thin polymer
films. This is very important, not only for the later chapters, but is a clear demonstration of
an optical-based technique probing morphology; to our knowledge this is the first reports
of experiments and observations of this type.

The polymer films used in the study are prepared from two different solutions, namely
Chlorobenzene and Toluene, where both solvents have been widely used for fluorine-based
conjugated polymers. Solution-based deposition eases fabrication process and can show
film thickness controllability with less than 5 nm resolution. However, proper selection of
solvents for a particular polymer material in terms of solubility and wettability on substrate
is necessary to form smooth film surface. Figure 4.16 shows the microscopic views of
surfaces of polymer films from Toluene (a,c) and Chlorobenzene (b,d) based solutions.
Film surface conditions were tested on silver film deposited on glass substrate (Figures (a)
and (b) ) as well as on a glass substrate (Figures (c) and (d)). Film thicknesses were kept at
around 40 nm in order to meet our requirements of only supporting the SPP mode.
Irrespective of whether surfaces are glass or metal for polymer film, Chlorobenzene-based
polymer films do not show any regular or irregular patterns. However from Figure 4.16(c)
it is possible to make out some line patterns, of about 20 um spacing, from the toluene-
based polymer films. The line patterns were clearly revealed to be geometrical corrugation
since the film surface was scanned by a stylus profiler. It is speculated that the solvent
effect comes from slightly difference of boiling points and solubility according to the
physical and chemical properties of both solvents (listed in Table 4.2). It is worth pointing
out the line pattern from the Toluene based solution could not be detected by usual visual
inspection and at first glance appeared as a good glassy film.

In view of the renowned sensitivity of SPP spectroscopy one question was whether this
surface quality could be detectable using our SPP excitation in the Kretchmann geometry,
potentially demonstrating a new type of assessment method in morphological studies. (The
majority of studies into the morphology of polymer films are almost exclusively carried
out using AFM or Raman spectroscopy, see e.g. [14,15]. To examine these points, and to
demonstrate how ineffective many of the standard assessment techniques can be at probing
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film morphology or roughness, we consider a number of typical optical measurements
along with our SPP prism-coupling measurement. In the first instance, Figure 4.17 shows
the response from polymer films on a glass substrate, measured using typical absorption
and fluorescence lifetime methods. The absorption measurements (using a UV-VIS) show
little significant difference between the two samples (formed from different solvents). If
the line-patterning were significant we may have expected some increase in the amount of
scattering from the films (indicated as Absorbance) but clearly any such scattering appears
to be quite small — at least for the UV-VIS experimental arrangement.

(Toluene) (Chlorobenzene)

©)

Figure 4.16 Microscopic views of film surfaces formed from Toluene (a,c) and
Chlorobenzene (b, d) based solutions. (a) and (b) show polymer films on a normal glass
and (c) and (d) on silver deposited on the glass.

Properties Toluene Chlorobenzene
Molecular formula C;Hg or CsHsCH3 CsHsClI

Molar mass 92.14 g/mol 112.56 g/mol
Appearance colorless liquid colorless liquid
Density 0.8669 g/mL 1.11 g/cms3 liquid
Melting point -93 °C -45 °C

Boiling point 110.6 °C 131 °C

Solubility in water 0.47 g/l (20-25°C) low

Viscosity 0.590 cP at 20°C

Table 4.2 Physical properties of two solvents of Toluene and Chlorobenzene.
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Figure 4.17 Optical properties of 40 nm thick polymer films formed by Toluene and
Chlorobenzene (a) Transmission spectra using a UV-Visible spectrometer. The dotted line
is a bulk glass substrate case without any films (b) Fluorescence decay curves using a
streak camera system. Excitation light was 405 nm. Insets depict the film configuration,
and directions of light input and detection.

In Figure 4.18 we show the angular reflectivity spectra from the prism-coupling method,
recalling this is a technique deeply associated with the near field coupling to a surface
wave. Two silver film thicknesses were used in the study, dag=30 nm and dag= 70 nm, and
both show clear differences of reflectivity dip depending on solvent used. The differences
between the solvents are less visible for the dag=30 nm case, recalling that as this thickness
is thinner than the optimum coupling thickness coupling to the SPP is not as effective (cf.
chapter 3). The situation in the case of the 70 nm film is much more dramatic (Figure
4.18(b)); the experimental curves for the Chlorobenzene case are extremely well predicted
by the theoretical modeling (dotted line), while in the case for Toluene derived films the
agreement is less impressive.

A point we should perhaps stress is that, regardless of the solvent used, the resonance
angle for both thicknesses does not change (Figure 4.18) and suggests the effective indices
of supported SPPs are the same; the key differences are instead found in the angular
linewidth and reflectivity minima. Considering the angular linewidth, this is known to be a
measure of the propagation loss of the SPP thus we can speculate the solvent/morphology
effect shows up as a loss (scattering) mechanism of the propagating SPP modes in the
structure (cf. Figure 4.10). In the dag=30 nm case radiation loss v, is the dominant loss
component, as opposed to the internal SPP propagation loss, and that is chiefly determined
by the silver thickness rather than the morphology of the polymer film. Films thicker than
optimum thickness (~50 nm) have a radiation loss of nearly zero and hence the internal
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propagation loss is dominant. These results demonstrating the sensitivity of the SPP prism-
coupling technique have proved to be very useful, not least for preparing the high quality
polymer films on silver surfaces, but also to highlight (yet again!) the remarkable
sensitivity achieved by SPP-based structures.
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Figure 4.18 Variation of angular reflectivity curves depending on the solvents (a) dag= 30
nm (b) dag= 70 nm. Black and red solid lines are experimentally measured angular
reflectivity curves for Toluene and Chlorobenzene, respectively. Dotted lines are modeling
from the TMM approach.

4.6 Summary

One- and two-layer structures based on the Kretchmann geometry have been studied
experimentally and theoretically. The results have demonstrated the effect of film variation
on the order of nanometer length scale can be easily recognizable thanks to surface nature
of surface plasmon polaritons supported in the multi-layer structures. With the help of
hetero-material fabrication techniques we have produced precisely controlled metallo-
organic multi-layer structures from which a number of the features of SPP excitation and
propagation have been explored.

The overriding conclusions are that we can evaluate material properties of metals and
their geometrical information such as thickness by investigating angular reflectivity curves
for the multi-layer structures. Our modeling techniques and material parameters all appear
to be working very well and very good agreement with a number of the SPP features are
found. Two main theoretical approaches have been applied, that is modal analysis and
TMM approach and we have shown how they can explain plasmonic propagation
properties and what information can be extracted. The broad insight accrued from the
present chapter will be fully utilized throughout the rest thesis as we turn towards
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plasmonic energy transfer (chapter 5) and plasmonic gain (chapter 6).
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5 Dipole Energy Transfer to Multi-layer Structures

5.1 Introduction

Energy transfer through dipole excitation is a basic mechanism to create light-guided
modes in photonic structures including conventional waveguides and plasmonic
waveguides, see e.g. [1-3]. Excited dipoles with a wide momentum spectrum can transfer
their energy to the various (energy) channels supported by a structure. For instance, an
oscillating dipole near metal contacts excites surface plasmon polariton modes as well as
electron-hole excitation. Such energy transfer channels can be controlled through the
geometry of the structure, promoting or suppressing energy transfer into a particular decay
channel to, for example, increase out-coupling efficiency in light-emitting devices [4-6].
This approach has been well utilized in many kinds of optoelectronic device, e.g., light-
emitting diodes [7,8] and photovoltaics [9]. Understanding the role of the energy transfer
in active metallic structures is of great importance not only for optimizing conventional
devices, but also for the development of new nanophotonic applications such as
superlenses [10,11] and nanoplasmonic lasers [12].

In the first part of this chapter we will be interested in one such channel which may be
described as a surface plasmon-mediated emissive channel. The emission of light
through thin metal films is of great interest from a variety of applied perspectives,
including organic light-emitting diodes, solar cells and fluorescence biosensors using
surface plasmon polaritons [7-9,13]. Energy from the active medium can be manipulated
and routed via the energy transfer between the excitons and surface plasmon polaritons,
and optical properties of the devices to fit a desired application. In this respect
investigating surface plasmon coupled fluorescence (SPCE) using the Kretchmann
configuration serves to understand not only the energy transfer mechanism, but also
demonstrate the unique optical properties of SPPs, e.g. polarization-selected emission and
highly directional emission.

In the second part of the chapter, our interest turns towards the photonic mode
generation in one-dimensional polymeric waveguide structures through the stimulated
emission process, namely ‘amplified spontaneous emission’ (ASE). This work will first
establish the credentials of conjugated polymers as excellent waveguide materials capable
of supporting optical gain. Along with the SPCE, the ASE properties available form
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polymer films will be both be utilized in the following chapter when we consider
plasmonic gain environments.

5.2 Surface Plasmon Coupled Emission (SPCE)

Surface plasmon mediated emission through a thin metal film has been well known as a
unique plasmonic energy transfer phenomenon [14-17]. This effect originates from strong
near-field interactions between the oscillating dipole and the plasmonic media. Surface
plasmon coupled emission (SPCE) has been studied using the prism-based Kretschmann
configuration. The SPP fields excited by the near-field interaction are decoupled to the
photon continuum via a prism. SPCE has been demonstrated using various metals
including aluminum, gold, silver, and platinum [18-24], in combination with several active
materials, for instance, dye molecules [22-24], inorganic quantum dots [25],
chemiluminescent molecules [26], biomaterials [27], and photo-switching materials [28].
Also the effect of the specific multilayer geometry has been found to be crucial in
determining the efficiency of SPCE [21-23].

There has been a growing interest in the use of organic materials as active media in the
context of organic photonics, due to advantages of cost effectiveness, and excellent optical
properties [29-31]. By adopting a concept of combining the organic polymer and
nanoplasmonic systems, the possibility of a new optical plasmonic source has been
suggested [32]. In the first part of this chapter we report on a study of surface plasmon
coupled emission using optically excited fluorescent organic polymer films by means of
de-coupling via a prism. The polymer used is Lumogen Red conjugated copolymer (from
the previous chapter), showing a broadband red emission. Taking into account this
broadband emission, we study the optimization of SPCE via a comparison of experimental
results and theoretical modeling for various multilayer configurations. Our results point to
the possibility of using conjugated polymers as active materials in plasmonic nanodevices.

5.2.1 Energy Transfer to Surface Plasmon Polaritons

Bound electron—hole pairs (excitons) in an active medium are generated by optical or
electrical pumping and their energy can be transferred to collective electron oscillations at
the metal/dielectric interface through resonant coupled transitions. In the first step, we
present a theoretical description of SPCE in terms of dipole energy dissipation using Ford
and Weber’s model [1] (Appendix A). Figure 5.1 shows the calculated dissipated power
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density spectrum of a dipole parallel and perpendicular to a Lumogen Red polymer film /
Ag / BK7 prism multilayer system, depicted in the inset, for a free-space emission
wavelength of 675 nm, which resides within the Lumogen Red polymer film emission
bandwidth. In this particular configuration, the thickness of the polymer film is 40 nm, and
of the Ag film 50 nm. Such a power dissipation spectrum, plotted against the normalized
in-plane wavevector with respect to in vacuo, ko, allows identification of the various energy
transfer channels of the systems, including SPPs [2]

SPP1 (leaky mode)
i

10° 3
v/ — Parallel
Perpendicular Glass

‘ 50 nm Ag

"I“ I 38 nm Polymer

Air

« SPP2

Normalised dissipated power

1 . 10
o

Figure 5.1 Normalized dissipated power density spectrum of a point dipole located in the
middle of a Lumogen Red (38 nm) film atop a silver (50 nm) coated BK7 prism (c.f.
schematic on right). The dissipated power is plotted as a function of the normalized in-
plane momentum at 675 nm (c.f. Figure 5.2 for Lumogen Red emission spectrum). The
black curve and red curve correspond to perpendicular and parallel dipole orientation (c.f.
schematic), respectively. The peak (indicated as SPP1) in the grey colored region in
momentum space corresponds to surface plasmon polaritons excited at the silver/polymer
interface, which can be coupled to the prism. The higher-momentum peak (SPP2)
corresponds to SPPs at the silver/prism interface, which are dissipated as heat. kg is light
momentum in vacuum. The dissipated power density spectrum was obtained using a silver
electric permittivity eag= -20.5+0.8i and a Lumogen Red polymer refractive index of 1.86.

Two distinct peaks in the region where the normalized in-plane momentum exceeds 1,
correspond to SPP modes. Of the two SPP modes, only the SPP mode in the gray window,
which is a leaky mode located at the silver/polymer interface, can be coupled through the
thin metal film to a propagating field, since the momentum of the SPP is less than the

momentum of photons propagating through the prism g -k

prism prism

/k,). This process is
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known as SPCE, and results from a competition between the SPP field generation and the
coupling process, with a strong dependence on geometrical parameters, such as metal film
thickness [21].

5.2.2 Setup

The experimental set-up used to measure the angle-dependent emission properties from a
prism-based structure is shown in Fig. 2(a). The layer structure was fabricated directly onto
a BK7 prism. Each sample comprised a thin silver layer that was thermally evaporated
directly onto the BK7 prism. The light-emitting polymer material was then spin-coated
onto the silver layer to a thickness of nominally 38 nm for all structures studied. All
fabrication stages were carried out inside a glove-box under a nitrogen atmosphere
(actively purged of oxygen and water) with additional structures, on flat BK7 substrates,
fabricated at the same time to confirm thicknesses. To record the angular radiation profiles
from the structures, a rotating detection unit was used to collect emission from both the
prism side (0°~90°) and the air-side (90°~180°); the prism being fixed at the axis of
rotation. At the heart of the detection unit lay either a silicon photodiode or a fibre-coupled
spectrometer, selected according to the nature of the measurement. A set of additional
elements were also positioned in the rotation unit and comprised a polarizer and a long-
pass filter to block any direct radiation from the pump beam and a 10 nm band-pass filter
centered around the peak of the polymer emission. The polymer film was excited, at
normal incidence from the air-side, by a solid-state laser diode operating at 532 nm.
Standard lock-in techniques were used to improve the signal to noise ratio in the
measurement, with the signals driving the (modulated) pump laser and those from the
corresponding modulated fluorescence both fed into a lock-in amplifier.
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Figure 5.2 (a) Schematic of the prism structure and configuration for obtaining the angular
distribution of the fluorescence from the polymer (Lumogen Red) layer. (b) Normalised
fluorescence spectrum of the Lumogen Red polymer (red line) formed on a plain glass
substrate. The spectral width of the bandpass filter is marked by the blue hatching and
labeled BPF. The chemical structure of the thiophene-benzothiadiazole-thiophene red-
emitting chromophore unit of Lumogen Red - present at a 5% fraction in the polymer - is
also shown above the spectral data.

5.2.3 Modeling of Angular Emission Distribution

Numerous approaches for describing the angular distribution of emission in multi-layer
structures have been proposed and employed over the years, see e.g. [33-35]. We
implemented a technique, successfully used for previous SPCE investigations by Luan et al
[22], based on the Lorentz reciprocity theory [33] (Appendix B). The basic approach
assumes that the normalized angular emission distribution, from a dipole within a multi-
layer, can be calculated from the incoming fields E;j,, propagating from infinity and
experiencing interference within the multiple layers. For each polarization, the resultant
field at the dipole position, £, (z,), may be found and a normalized emitted power

distribution may be obtained, as follows,

2

P, (6)o %@ (5.1)

in

The subscripts stand for the dipole orientation, perpendicular and parallel to the interface,
respectively. Since a realistic emitter has a finite emission bandwidth the effects of spectral
bandwidth on the overall emission distribution need to be considered. In view of this we
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describe an overall power distribution as comprising all spectral components within a
specified bandwidth, i.e.

Py(0)= a(2) Ry P(20) (5.2)

where P(A,0) is a calculated angular emission distribution at a specific A, a(l) is a
weighting factor reflecting a normalized fluorescence spectrum of a molecule, and g is
the responsivity of the detector that may also be wavelength dependent. Radiation patterns
of a dipole are analyzed for transverse magnetic (TM) and transverse electric (TE)
polarization, where TM polarized light is defined by its electric field being parallel to the
propagation plane (x-z plane as depicted in Figure 5.2 (a)). In the case of a dipole oriented
parallel to the interface, both TM and TE polarized radiation can be excited.

In Figure 5.3 we show the calculated angular radiation distributions for both TE- and
TM-polarizations along with the calculated angular reflectivity curve for a structure
comprising a 40 nm silver film and 40 nm layer of polymer material; the calculations
shown here are only for a single wavelength (675 nm). These spectra exemplify the
emission properties we have access to in the later experimental studies and highlight the
rather unique characteristics the SPCE process yields; Strongly polarized and directed
emission is clearly seen for observation from the prism side, matched in angle to the
characteristic reflectivity response associated with excitation of a SPP. At each polarization,
angular radiation distrubtion is governed by energy allocation of a dipole to SPP and
outcoupling to air, determined by photon mode density in the given layer structure.
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Figure 5.3 (a) Calculated TM-polarized angular reflectivity curve and the TM-polarised
angular radiation patterns for a wavelength of 675 nm. The structure comprises a 40 nm
thick silver film in the geometry depicted in Fig. 2. (b) The radiation profiles for both TE-
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and TM-polarized emission from the structure, displayed in a polar diagram. Both the
reflectivity curve and radiation curves were calculated using a silver electric permittivity
eag= -20.5+0.8i and a Lumogen Red polymer index of 1.86.

5.2.4 Directional Emission

The expected angular radiation profile, shown in Figure 5.3, clearly illustrates the unique
angular emission properties characteristic of SPCE phenomena, particularly the directed
TM-polarised emission exiting the prism side of the structure. Our experimental results,
collecting the radiation over the full spectral range of Lumogen Red emission with a Si-
photodiode, are shown in Figure 5.4 and found to be entirely consistent with the
expectations of SPCE. Specifically both Figures 4(a) and 4(b) show virtually complete
suppression of any TE-polarised emission from the prism side, in contrast to the TM-
polarised emission that clearly shows the increased out-coupling due to SPPs supported
within each structure. From the air side (i.e. 90° to 180°) both TE- and TM-components are
present and broadly follow a Lambertian (i.e. radially uniform) distribution. In Figure
5.4(d) the data for the 53 nm Ag film is displayed in a polar diagram and perhaps more
visually confirms the unique angular emission profile arising from SPCE. As with earlier
studies [14,18-24], the results present a clear example of SPP-mediated energy-transfer
from an active source (polymer film) and effectively through a metal film to an overlying
higher index medium. One can speculate, as others have commented [21-23], that such
directed and polarized emission may find use in several applications, not least as a basic
out-coupling arrangement. In view of this it is useful to question how efficient the out-
coupling process is, and how it depends on (say) the metal thickness? To address this, one
option is to simply find the ratio of emission component in the prism side compared to the
total emission into both the prism and air (rpism); this quantity has been recorded for a
series of structures where the silver film thickness has been varied from 30 - 75 nm and the
results are shown in Figure 5.4(c). We find for silver film thicknesses up to 45 nm, at least
half the emitted radiation is coupled into the prism side, this fraction declines somewhat as
the silver thickness increases above 45 nm. These observations are well described by the
method outlined in the previous section and represented here by the solid curve in Figure
5.4(c). Indeed the trend of ryism with silver film thickness closely follows the shape of the
integrated power into the prism suggesting that the total emission, i.e. prism and air, is
largely constant and the decline in power into the prism for increasing silver thickness is
somewhat matched by an attendant increase of power emitted to the air side. The reduced
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SPCE with silver thickness may also be understood from the observations of coupling to
SPPs using conventional prism-coupling techniques (see e.g. [Ch1.1]) where coupling to
the SPP from the prism side reduces with increasing metal thickness; in the case of SPCE
we are operating in reverse i.e. coupling to the prism from the SPP.
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Figure 5.4 Measured angular emission profiles for both TE- and TM-polarized emission
for (a) 30 nm and (b) 53 nm thick silver films; the out-coupling angle range of 30° to 90°
and 90° to 165° corresponds to prism and air-side, respectively. (c) The fraction of
integrated intensity emitted to the prism side rprism as a function of silver thickness. Filled
squares are experimental data and line is calculated. (d) The experimental angular spectra
data from (b) replotted on a polar diagram.

96



5.2.5 Spectral Properties: SPP Dispersion

Our structures in Figure 5.2(a) are based around planar layers and as such support a
continuous band of SPP modes that spans the bandwidth of the polymer emission. The
results presented in Figure 5.4, carried out using a Si-photodiode, thus record an integrated
SPCE process that comprises a series of different SPP contributions spectrally weighted by
the underlying intensity of the polymer emission. Replacing the Si-photodiode with a fibre-
fed spectrograph and charge coupled device (CCD) spectrometer, enables us to record
spectrally resolved angular radiation and thereby reveal the underlying individual spectral
contributions (Figure 5.5). In essence, using the broad emission from the polymer as a
local source we may probe the SPP dispersion that is chiefly responsible for the SPCE
(Figure 5.6). Data were recorded for a number of structures with different silver
thicknesses. A typical set of spectra, for dag = 63 nm, are displayed in Figure 5.5. The peak
response observed in each spectrum indicates the optimum coupling wavelength
(momentum) for SPCE at each selected collection angle. Superimposing the spectra taken
for the different observation angles, the envelope of the peak responses is seen to largely
follow the underlying intensity distribution from the polymer emission (cf. Figure 5.2(b)).
The connection between the spectrally resolved profiles shown in Figure 5.5 and the
underlying SPP modal structure may be further appreciated through mapping to the SPP
dispersion diagram for the structure. As anticipated in the discussions around Figure 5.1,
while two SPPs are supported and able to couple with the emitting dipoles in the polymer
layer, only one responsible for the strongly polarized and directional emission is associated
with the SPCE process, i.e. the leaky-mode appearing in the shaded region in Figure 5.1.
Computing the dispersion diagram for both modes, i.e. the leaky- and bound-modes,
[36,37] and transferring the wavelength at which the peak response occurs for each angular

spectrum to this diagram, using the corresponding wave Vectork, =(2z/4,)-\/&sin@, it

becomes immediately clear that the leaky-mode is responsible for SPCE (Figure 5.6).
Overlaying the results on the dispersion curves also clearly shows why the peak of the
spectral response occurs at shorter wavelengths for larger observation angles (c.f. Figure
5.5). A larger wavevector component (larger angle) is required to excite the higher energy
(shorter wavelength) SPPs.
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Figure 5.5 Measured emission spectra at different out-coupling angles in the range 48.3°
(black solid line) to 62.7° (blue solid line) for dag= 63 nm. The 56.4° spectrum is
highlighted in red.
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Figure 5.6 Wave vector (real part) dispersions for leaky (red line) and bound (blue) modes
for dag= 63 nm. Transfer matrix calculations (solid lines) are plotted together with
experimental data (symbols). The light lines in vacuo (labeled c, black line) and in the
prism (labeled c/ng, grey line) are also shown. The schematics in the lower half of the
Figure show the transverse field patterns for the leaky and bound modes (the arrows
indicate transverse energy flow).
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5.2.6 Sensitivity to Emission Spectrum

We now examine in greater detail some of the properties of SPCE that may be useful for
application. Particular attention is given to the spectral bandwidth of the local source and
how this may influence the search for optimum performance using SPCE extraction. In
Figure 5.7(a) we show the measured SPCE angular radiation profiles along with the
reflectivity spectra recorded at 675 nm, for a structure containing a 37 nm thick silver film;
the two radiation profiles shown are recorded in the absence (red trace) and presence (blue
trace) of a 10 nm bandpass filter in front of the detector. As expected from the earlier
results in Figures 5.5 and 5.6, there is a broader angular profile when the emission is
unfiltered. This arises because more leaky-mode SPPs contribute to the SPCE signal if a
larger range of wavelengths (wave vectors) is collected. In this respect filtering the output
using a bandpass filter also mimics the performance that would be expected from an
emissive layer with a narrower spectral content. The directional quality of the SPCE
emission, i.e. the FWHM in degrees, is therefore firmly linked to the spectral content of the
active layer. Another contributing factor, albeit to a lesser extent, is the thickness of the
silver film. Figure 5.7(b) tracks the FWHM (°) of the angular emission profile as a function
of the silver film thickness. Regardless of the spectral content, structures with thinner
silver films tend to exhibit broader angular emission profiles. This observation appears
consistent with the trend found in conventional SPP prism-coupling studies where the
resonance width of reflectivity spectra appears broader for thinner films, behaviour often
rationalised in terms of a greater radiation loss, see e.g. [Ch1.1].
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Figure 5.7 (a) Experimental angular reflectivity (black dashed line, 675 nm light) and
prism side radiation profiles (red and blue lines) for a 37 nm thick silver film. The red and
blue lines are angular radiation distributions for the unfiltered Lumogen Red fluorescence
spectrum and for the 10 nm band-pass filtered emission as shown in Figure 5.2(b). (b)
Angular full-width half-maximum values as a function of silver film thickness. The red
square and blue circle data points are experimental data in the absence and presence,
respectively, of the band-pass filter. The black and gray solid lines are corresponding
results from modeling.

As a potentially useful out-coupling element it is instructive to examine the dependence
of the SPCE peak emission intensity on silver film thickness, again particularly from the
point of view of the spectral content of the polymer emission. Figure 5.8 shows this
dependence, normalized to the maximum measured intensity. With the 10 nm bandpass
filter in place, the SPCE has maximum intensity at around 50 nm silver thickness, a value
that is close to that required to maximally couple incident radiation to SPPs in conventional
prism-coupling experiments [Ch1.1]. When, however, the full (unfiltered) polymer spectral
bandwidth is considered, the maximum peak intensity now appears for a slightly thinner
silver thickness (~40 nm). In both cases, away from the optimized thickness, intensity
drops, reflecting less efficient SPP coupling. This again mirrors the situation for the
reflectivity minimum observed in SPP prism coupling. Modeling (solid lines in Figure 5.8)
faithfully reproduces the experimental observations.
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Figure 5.8 Silver film thickness dependence of the prism side emission peak intensity. The
two cases shown are without (upper plot, red square data) and with (lower plot, blue circle
data) 10 nm band-pass filtering. The solid lines are the calculated dependences.
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5.3 Excitation of Photonic Guided Modes

Leaving behind the SPCE studies, we now turn to the characteristics of guided light from
photonic modes excited in conventional waveguide structures. Planar slab waveguides can
of course support the photonic modes of TE or TM polarization, even in the simplest
structure where a single polymeric film (Lumogen Red conjugated polymer herein) on
glass substrate can act as a guiding layer as seen in the Figure 5.9. In order to identify
where dipole energy flows in such a structure and check how the energy couples to the
photonic modes, the related power dissipation spectrum is presented, representing the
density of photon states in a given optical structure.

A dipole oscillating at the wavelength of 675 nm is assumed to reside in the middle of
the polymer film. In the Figure, the gray and yellow colour-regions represent out-coupling
of photons to air and the substrate, respectively and, two sharp peaks possessing larger in-
plane momentum than in the substrate indicate the photonic mode excitation of TE and TM
modes. In case of parallel orientation of a dipole, TE mode is more dominant. It can also be
noted that the in-momentum of the photonic modes is lower than the momentum in the
bulk polymer (i.e. 1.86ko) inicated by the dotted line. Excited dipoles located throughout a
film area emit photons spontaneously into any of the channels (i.e. air, substrate, photonic
modes etc. shown) and with the help of one-dimensional guiding structure, stimulated
emission along the waveguide direction can be favourably induced.
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Figure 5.9 The corresponding dissipated power density spectrum of a dipole located in the
middle of the Lumogen Red film (280 nm) on Spec B substrate in a function of the
normalized in-plane momentum. For the calculation, a point dipole was assumed to
oscillate parallel to the layer interfaces. ko is light momentum in vacuum. The dotted line
indicates the refractive index of the core layer made of Lumogen Red co-polymer. The
right plot shows the planar asymmetric waveguide structure understudy.
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5.3.1 Photonic Modes in Asymmetric Slab Waveguides

As explained previously, the planar asymmetric slab waveguides can support both TE and
TM polarization modes. Before examining active functions of the structures, their passive
functions in terms of propagation mode behaviours will be analyzed. Figure 5.10 shows the
variation in effective index of propagation modes supported in the polymer films on glass
substrate (Spectrosil B) with respect to film thickness d.. One of important characteristics
that photonic modes have is the existence of cut-off thicknesses below which there are no
specific guided modes. From the Figure, for thicknesses less than 70 nm, none of the
modes are supported, while for films with a thickness ranging from 70 nm to 350 nm
support only the fundamental TE, and TM, modes. To demonstrate amplified spontaneous
emission, a structure supporting only the fundamental modes is often preferred in an
attempt to maximize the dipole energy distributed into the ASE propagation mode. For this
reason our experimental structures used a 280 nm thick Lumogen Red film, supporting
only the fundamental modes, its position is marked in the Figure. The calculated field
distributions of TE, and TM, fundamental modes for the 280 nm thick Lumogen Red film
are displayed in Figure 5.11.
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Figure 5.10 Effective index of propagation modes of TE and TM polarizations as a
function of the polymer film thickness dc, which can be excited in the asymmetric slab
waveguide structure consisting of substrate (Spectrosil B glass), core layer (Lumogen Red
polymer film) and cover layer (air): TEy; and TMy is fundamental transverse modes, and
TE; and TM; is first-order propagation modes.
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Figure 5.11 Field distributions of TEy and TM, fundamental mode in the case of polymer
film with a thickness d, =280nmat 675 nm wavelength (a) Normalized Ey field pattern of

TE, fundamental mode (b) Normalized Hy field pattern of the TM, fundamental mode

The distributions shown in Figure 5.11 illustrate and are a helpful way to appreciate the
factors behind maximizing optical gain in structures. To estimate optical gain in a specific
guided mode we look at the power confinement factor, which indicates how much of the
modal field overlaps with the active region. Here, we adopt the concept of the gain factors
for TE and TM mode, which define the ratio of modal gain to material gain (gmod=Y Omat)-
Material gain is defined as optical gain in free active medium while modal gain is the
propagation gain of an optical mode excited in light-guiding structures. The gain factors
may be expressed by [38-40].

Ve = 0, J:jEy‘zdz and

where n; is the refractive index of the active layer indexed to i and ne is an effective index
of the propagation mode. In a normal weak-guiding waveguide structure where the index
difference of core and clad materials is rather small (An<10?) and E, field amplitude is

negligible to E;, the gain factors become approximated to the confinement factors [39] as

Ey‘z dz ) neffjini 'hEX|2 +|EZ|2J dz
Y = [:ni2|Ez|2dz (5.3)

given by

2 2
TE :w and I’y :M (5.4)
_[jEy‘ dz J:w|EZ|2dz

Note that under a weak guiding approximation we would have ny = ne, y1e7m = I'te M-
However, both polymeric waveguides and especially plasmonic structures tend to show
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strong guiding properties. To compare the relationship between the gain factors in Eqn.
(5.3) and the confinement factors in Eqn. (5.4), values for TE and TM fundamental modes
are plotted in Figure 5.12. For the dominant TE mode, the gain factor is around 10% higher
than the confinement factor with the gain factor for a 280 nm thick Lumogen Red films
estimated to be 93%. Thus the potential gain the TE ASE mode experiences is close to
material gain of the polymer material. This concept of identifying gain factors based
around field distributions will be useful for the planar active plasmonic structures studied
in the following chapter.
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Figure 5.12 Gain factors of TEy; and TMg modes as a function of the polymer film

thickness d.. For d.=280 nm (the vertical dotted line), the gain factors of the TEy and TMy

modes is 0.93 and 0.83, respectively. (The confinement factors for the TEy and TMy modes

are 0.86 and 0.68, respectively).
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5.3.2 Amplified Spontaneous Emission (ASE): Mirrorless Lasing

Amplified spontaneous emission (ASE) is a stimulated emission process in a way that
spontaneous emitted photons are amplified [Ch2.21,31,41-43]. ASE can occur in
waveguide structures even without any optical feedback and for that reason, it is often
called ‘Mirrorless lasing’.

To study the ASE properties planar asymmetric waveguide samples were prepared
comprising a Lumogen Red conjugated film formed on Spec B substrate. Despite the
absence of any optical feedback, the asymmetric waveguides still act as an excellent spatial
filter that is enough to lead to stimulated emission and, as we have shown, they also have
relatively high optical gain/confinement factors. Figure 5.13 depicts the basic ASE
measurement scheme. A pump beam passes through geometrical optics to spatially define
an active gain-guided region with an area of L x W on the film surface. ASE light generated
by the pump beam is collected at the edge of the film using a microscope objective lens
then passed via a fibre to a CCD spectrometer. For that measurent, filtering photon
polarization was not necessary. The reason is that conjugated polymers formed by spin-
coating are known to be oriented mostly parallel to the substrate, thereby resulting in
horizontal dipole orientation [Ch4.14] and in that condition mainly TE mode is an
dominant waveguide mode as shown in Figure 5.9. And as an experimental factor,
polarization of a pump beam does not affect fluorescence intensity because molecule
chains are isotropically distrubuted on a surface. The resulting spectrum depends on a
number of conditions such as stripe length or pump energy density, which may be analyzed
using a “travelling-wave’ governing equation.

In the small signal regime, i.e. where the ASE signal output Iase is much smaller than
saturation intensity ls, the governing equation [44] may be expressed by

|pee(L) = % (e -1) (5.5)

where L is the stripe length, Q is the spontaneous emission (SE) parameter that relies on
mainly the population inversion density, g is the net modal gain, which is the gain
coefficient y minus the absorption coefficient a. Using experimental data and a fitting
procedure equation (5.5) extracts the net modal gain from the sample. When the pump
length is short or pump energy is fairly low, fluorescence dominates over ASE, i.e. gL«1,
and equation (5.5) may be approximated by
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I.(L)~ QL (5.6)

Here, in the spontaneous emission dominance region, output intensity increases linearly
with stripe length. At the threshold condition of Ly, the ASE output intensity becomes
twice the fluorescence intensity since the photon flux of the fluorescence and ASE are
equal allowing us to write [44],

IASE(Lm) = 2|F(L[h) (5-7)

Hence using equations (5.5-5.7) the net modal gain from planar structures can be extracted.

w Stripe Length, L

Object Lens

(2

Pump Beam

Polymer Film

Substrate

Figure 5.13 A Schematic showing the amplified spontaneous emission (ASE)
measurement method for planar asymmetric slab waveguide structures. The stripe length L
and pump energy density vary to investigate gain properties.

In the following section two common experimental approaches have been applied to study
the ASE properties of Lumogen Red films: Variable pump intensity (VPI) method and
Variable stripe length (VSL) method. Among the many parameters available it is primarily
the pump intensity and pump stripe length that determine the ASE output. We use both
these variables and apply both methods, as a self-consistent check, to identify and
characterize ASE phenomena.

5.3.3 Variable Pump Intensity (VPI) Method

The variable pump intensity (VPI) measurement method examines ASE spectra Iase as a
function of Epump in @ given pump beam stripe length. The 532 nm pump beam is from a
pulsed source with a 10 ns duration and 20 Hz repetition rate. The beam stripe width was
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fixed at 84 um and the stripe length varied from 1 mm to 3 mm. Pump energy density
dependence from the peak of the ASE spectrum were collected for stripe lengths of 1.0mm,
1.5mm, 2.0mm, 2.5mm, and 3.0mm and shown in Figure 5.14 (a). All the stripe lengths
considered showed spectral output featuring ASE; for example the 3 mm stripe, the
threshold energy density Ey, at which ASE begin to arise can be easily identified from the
raid change in slope giving Ey, around 130 pd/cm?.

For energy densities less than Ey, it is the fluorescence that dominates while above Eg
two distinctive features of ASE behavior are seen, i.e. superliner behavior of the peak
intensity (Figure 5.14(a)) and spectral narrowing (Figure 5.14(b)). Output spectra obtained
from four energy densities are shown in Figure 5.14(b). In Figure 5.15 we focus on the
ASE evolution for 3 mm case in terms of the spectrum FWHM changes and the peak
intensity. It is noticeable that FWHMs collapsed from 75 nm down to 14 nm around Eg,.
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Figure 5.14 (a) ASE signal intensity as a function of pump incident energy density for the
five stripe length cases of 1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm, and 3.0 mm (b) ASE spectra
at four incident energy densities (a, b, ¢ and d) of the unit of LLJ/cm2 from the 3 mm stripe
length in Figure 5.7(a). Inset: Normalized spectra of the corresponding ASE signals are
shown for visual clarity of the collapse of the FWHM.
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Figure 5.15 ASE signal intensity as a function of pump incident energy density and the

corresponding full-width half-maximum (FWHM) of the spectra. Both measures can be
used to idenfity the ASE threshold which is marked by Eg, = 130 pd/cm?.

In order to extract gain values from the ASE signal data in Figure 5.14(a), a set of data
points are selected at particular pump energy densities and then the ASE signal data are re-
plotted against the stripe length as shown in Figure 5.16(a). Two shaded areas, A and B for
Epump= 300 nJ/cm? and Epump= 1000 wJ/cm? in Figure 5.16(a) are in the small-signal regime
identified in VSL data analysis. Equation (5.5) governing the small-signal region was
applied to fit the data in the shaded area and then gain values were extracted. At Epymp=
1000 uJ/cmZ, with the two data point fitting giving around 22.4 cm™ while the three data
point fitting producing 17.1 cm™. Thus the net gain can be estimated to lie between 17.1
cm™ and 22.4 cm™. Following a similar procedure, the net gain value for Epump= 300
ul/icm? case is found to be 12.4 cm™, which as expected is smaller than that found for
Epump= 1000 pJ/cmz. While the gain values seem reasonable [31], the main advantage of
the VPI method has been the clear evaluation of threshold energy density and the spectral
behaviour. In the following section we will apply the VSL method that is shown to be more
reliable method from which to extract the net gain values.
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Figure 5.16 (a) ASE signal intensity dependence on the stripe length at four particular
incident energy densities of the unit of pJ/cm? Two shaded areas, A and B for Epump= 300
wl/em? and Epump= 1000 wl/cm? cases are considered as the small signal length region (b)
The selected ASE signal data for Eyymp= 300 wl/cm? in the shaded area B from Figure

5.16(a) and the corresponding fitted line of equation (5.5).
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Figure 5.17 Extraction of photonic modal gain (a) The selected ASE signal data (two data
points) for Epump= 1000 uJ/cm2 in the shaded area A from Figure 5.16(a) and the
corresponding fitted line of equation (5.5) (b) the selected ASE signal data (three data
points) in the shaded area A for Egump= 1000 uJ/cm2 from Figure 5.7(a) and the

corresponding fitting line of equation (5.5).

5.3.4 Variable Stripe Length (VSL) Method

The variable stripe length (VSL) method has been used by many researchers to evaluate a
number of active polymeric materials [31,44]. The VSL method produces ASE spectra Iase
as a function of L for a given pump beam energy density (fluence). After collecting data
using the VSL method, two analysis steps are executed to extract gain values. Linear fitting
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of equation (5.6) into an initial length range of the full data set representing fluorescence
dominance regime is performed in order to determine Q values first, consequently giving
rise to a threshold length Ly, from the criterion of equation (5.7), and then equation (5.5)
using the obtained Q value is fitted into data at longer stripe lengths than Ly, which finally
produces an optical gain value. Here, the ASE characteristics at two pump energy densities
of Epump= 300 wl/em? and 1000 pd/cm? were examined. Data fitting was carried out on
consecutive data sets that included at least five data points among the small-signal length
regime from 0.9 mm to 2.1 mm. The reason taking this strategy is to validate the fitting
process to get more accurate gain values.

Table 5.1 lists the nine selected data sets used for Epume= 1000 pJ/cm?® case with the
peak intensity data is shown in Figure 5.18(a). The blue straight line drawn in Figure
5.18(a) is the linear plot whose gradient corresponds to Q from fitting of equation (5.6) for
the data set of 0.2~0.5 mm (3 data points) in the short stripe length range. In Figure 5.11(b),
the extracted net gain g(Q2) and R-squared values for each data set are plotted. The shaded
data set region in these Figures indicate when R-squared values are close to 1, indicating
more reliable ectracted gain values. The net gain value found using the pre-obtained
01(=15053) was 21.7 0.2 cm™.

Data
Set | Length Range | points | g [cm™] RA2
1| 0.9~1.3mm 5 20.90 0.920
2| 1.0~1.4mm 5 21.60 0.960
3| 1.1~1.5mm 5 21.90 0.986
4| 1.2~1.6 mm 5 21.90 0.996
5| 1.3~1.7mm 5 21.80 0.994
6| 1.4~1.8 mm 5 21.50 0.960
7| 1.5~1.9mm 5 21.00 0.900
8| 1.6~2.0 mm 5 20.60 0.810
9| 1.7-2.1mm 5 20.00 0.640

Table 5.1 Selected data sets and calculated net gain values and R-squared values by using
the fixed ©1(=15053) value for Epymp= 1000 nl/cm? case.
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Figure 5.18 (a) Measured ASE signals in a function of the stripe length L at Epymp= 1000
wl/cm?. Blue line: The linear fitting line for the data set of 0.2~0.5 mm (3 data points) to
determine Q; value. (b) Extracted gain values and R-squared values produced by fitting
equation (5.4) into the selected data sets for the determined Q; value. The shaded region
from set 2 to 6 has R-sq values over 0.95.

A similar procedure was also attempted for ASE signal data corresponding to Eyymp= 300
ul/icm? (Figure 5.12) and an extracted net gain value of 12.3 +0.1 cm™ was found. The
ratio of output intensities in the fluorescence regime at the two energy densities can be
approximately expressed as the ratio of Q values. The measured ratio was about
2.8(=11000/1300= Q1/ Q). The obtained ratios from the VPl method were 3.9 and 6.7 for two
length and three length data point cases, respectively. Thus, it can be speculated that the
two data point fitting case is more appropriate selection of a length range to estimate gain
values. This cross-checking procedure adds further confidence to the reliability of the
overall analysis.

Set | Length Range | Data points | g [cm™] | R"2
1 1.5~1.9 mm 5 11.6 0.948
2 1.6~2.0 mm 5 11.9 0.956
3 1.7~2.1 mm 5 12.2 0.952
4 1.8~2.2 mm 5 12.3 0.967
5 1.9~2.3 mm 5 12.4 0.978
6 2.0~2.4 mm 5 12.4 0.980
7 2.1~2.5 mm 5 12.4 0.984
8 2.2~2.6 mm 5 12.3 0.992
9 1.6~2.7 mm 12 12.2 0.992
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Table 5.2 Selected data sets from the measured and corresponding net gain values and R-
squared values by using fixed Q,=5356 values for Epymp= 300 wl/cm? case.
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Figure 5.19 (a) Measured ASE signals in a function of the stripe length L at Epump= 300
wl/cm?. Blue line: The linear fitting line for the data set of 0.2~0.5mm (3 data points) to
determine Q, value. (b) Extracted gain values and R-squared values for the determined

Q, value. The shaded region from set 4 to 9 has R-sq values over 0.95.

To summarize the gain measurements, the ASE characteristics from Lumogen Red films on
Spec B substrate have been investigated using both the variable stripe length (VSL)
method and the variable pump intensity (VPI) method. In general the VSL method has
provided far more reliable method to extract the gain, although the VPI method is very
useful approach to help extract the threshold energy density. The cross-examination of data
from both measurement methods has led to a reasonable accurate assessment of net gain.
Table 5.3 summarizes the obtained net gain values at 300 pJ/cm?and 1000 pJ/cm? from
both methods. Our values are found to be in very good agreement with ealier studies on the
material Ruidong’s work [31]. That the Lumogen Red polymer exhibitis optical net gain
around 675 nm will be important for the studies in the following chapter, where the interest
will turn towards measuring gain in plasmonic systems.

Measurement method E pump = 300 24 / cm? E pump =1000 £ /cm?
VSL method 12.3+0.1cm™ 21.7+0.2cm™
VPI method 12.4+0.1cm™ 17.1~22.4cm™

Table 5.3 Obtained net gain at 300 pJ/cm®and 1000 pJ/cm? pump energy condition from
both variable stripe length (VSL) method and variable pump intensity (VPI) method
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5.4 Summary

Energy transfer from an excited dipole is a prerequisite process to enable light
amplification in nanoscale structures. This chapter has been concerned with verifying and
investigating some of the underlying energy transfer properties using the Lumogen Red
poymer, although the main conclusions should be applicable to any active material. We
have investigated two representative planar structures that contain the same gain material,
Lumogen Red: conventional planar photonic waveguide structures and plasmonic multi-
layer structures.

In the first part of the chapter, the SPCE process was studied using thin conjugated
polymer films as emission layers deposited atop silver coated glass prisms. Our clear
demonstration of SPCE for these layers allowed us to explore the sensitivity of the SPCE
process to the parameters of the structure (silver film thickness) and to the bandwidth of
the emission layer (10 nm bandpass filtering versus full polymer bandwidth). This
plamonic mediated light extraction scheme was found to efficiently deal with the
broadband emission from the underlying source. This is significant and points towards a
method for improving extraction efficiency without the need for potentially complex
resonant structures such as periodic corrugation or resonant cavities. In addition to this, the
SPCE investigations have provided a good platform to better understand SPP-mediated
energy-transfer mechanisms and help identify optimal geometries for a range of out-
coupling and fluorescence sensing applications.

In the second part of the chapter our interest turned towards the stimulated emission
properties from the Lumogen Red films. The amplified spontaneous emission (ASE)
experiment was based on the planar asymmetric waveguide and demonstrated that
Lumogen Red conjugated polymer is an excellent optical gain material. The experiment,
which utilized conventional photonic modes (TE and TM) has provided us with optical
gain values for the material, and will form the basis for the helping estimate the potential
gain that the material can deliver for the new plasmonic system we will discuss in the next
chapter.
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6 Plasmonic Gain

6.1 Introduction: Amplification of Surface Plasmon Polaritons

Rather short propagation length of surface plasmon polariton modes is one of the main
drawbacks, prohibiting nano-scale functional devices being developed into feasible
applications as described in earlier chapters. It brings strong demands to develop new
concepts for possessing long enough propagation lengths to deliver optical information
over a long distance. Compensating SPP propagation loss is one of great challenges not
only to realize nano-optic devices, but also to understand related physics on the nanoscale,
requiring the introduction of new plasmonic architectures. There may be two approaches
for increasing the propagation length of SPPs: one method is to create coupled plasmonic
structures such metal/dielectric/metal (MIM) [1,2] or dielectric/metal/dielectric (IMI) [3],
which can support coupled modes from multiple metal/dielectric interfaces, so that their
electric fields can be distributed mostly in dielectric layers rather than in metal layers,
resulting in reduced propagation loss. Using such structures, we also can modify the light-
matter interaction properties that SPPs give rise to, in addition to the increased propagation
length. The other is to incorporate active materials providing optical gain in a plasmonic
waveguide in order to amplify the plasmonic signal. Furthermore, we can come up with
approaches combing both methods.

David Bergman and Mark Stockman [Ch1.85] provided a theoretical background to
demonstrate the possibility of surface plasmon amplification of stimulated emission of
radiation, abbreviated to ‘SPASER’. Recently, the amplification of SPP signals has been
demonstrated experimentally in various platform; the attenuated total internal reflection
[4,5], stripe plasmonic channel waveguides [6-8], and the lasing concept via nano-cavity
has been suggested using organic dye [9,10], semiconductor nanostructures [11]. However,
amplification of propagating SPP using thin active polymer films has never been
demonstrated experimentally. Plasmonic excitation by excitonic dipoles discussed in
chapter 5 do not necessarily require bulky gain medium because only dipoles located at up
to around 100 nm from a metallic interface can deliver their energy into surface plasmon
propagation [Ch5.1]. In practical viewpoint, geometrically thinner active elements are
more advantageous for various device applications. The works shown in previous chapters
(particularly Ch. 4 and Ch 5) are preliminary studies for supporting that plasmonic gain via
optically excited dipoles may be possible.
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Figure 6.1 Three aspects of SPP modes that arise in the active ‘two-layer’ configuration
with dag=50 nm and d,=38 nm. The upper figure is the power dissipation spectra for
parallel and perpendicular dipole orientation in the in-plane momentum range from ky" =5
to 20 pm™ (c.f. figure 5.1) at 675 nm. The figure at the middle shows the dispersion
relation of the leaky SPP mode. The in-plane momentum at 675 nm in the dispersion curve
is pointed out as a green circle. The corresponding configuration shows the reflectivity
curve with respect to the in-plane momentum, ky'=(2m/As) nosin 6, where 0 is the incidence
angle and ng(=1.5139) is refractive index of the prism (the lower figure). In the grey widow,
the peak position of the power dissipation spectra and the minimum reflectivity position
are identical to the green circle position.

In figure 6.1 theoretical calculations of power dissipation spectra, SPP dispersion and
angular reflectivity in the two-layer configuration are displayed with respect to in-plane
momentum vector in order to give an insightful view of SPPs that arise in the structures as
far as in-plane momentum matching is concerned. The common grey window from k, =5
to 20 um™ of the three graphs at 675 nm is the momentum window where there is the SPP
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mode concerned, which appears as a reflectivity form via prism coupling (the graph at the
bottom). The graph at the top shows the possible excited SPP modes (two sharp peaks) via
dipole oscillation, one of which within the window may be able to create stimulated
emission of the SPP mode (see section 5.2). It is found that the in-plane momentum of the
SPP mode via both the prism coupling and the dipole coupling is identical each other to the
calculated momentum from the dispersion relation at the wavelength (as pointed as a green
circle in the middle graph), suggesting that the combination of the both approaches may
enable SPP amplification.

This chapter will explain the basic mechanism of plasmonic gain and how it appears in
the reflectivity curves. We then go on to show experimental demonstration of SPP
amplification via the ATR method using the two-layer structure incorporating thin polymer
film, which is the same structure used in Chapter 5. The verification of the modified
double modulation technique for detecting gain signals are presented and theoretical
estimation of plasmonic modal gain in the layer configuration is suggested. This work will
facilitate developing efficient light-plasmon interaction, which could lead to nano-lasers
and nanoscale modulators.

6.2 Experimental Realization

6.2.1 Gain Effects in the ATR configuration

The change in angular reflectivity by optical gain effects in the Kretchmann
configuration based on the metallo-organic multi-layers (the two-layer structures) will be
described in this section. We found that the leaky modes of SPPs emerged in the layer
configuration show different loss behavior in angular reflectivity according to the metal
film thickness (see section 4.3). Consequently the gain effects on the modes are expected
to be strongly dependent on the metal film thickness. In this respect, first, we intend to
explain the plasmonic gain effect on the Kretchmann-Reather configuration in terms of the
two loss components, both internal loss y; and radiation loss v, that were catergorised from
the calculated imaginary part of a propagation vector k, as discussed in Section 3.3.3.
This could lead to a better understanding of plasmonic modal gain behind angular
reflectivity changes that experimentally arise because the prism-coupling method is an
indirect way to probe the optical characteristics of the SPP near fields. We present how
both internal loss y; and radiation loss y, change when silver thickness varies and both the
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loss factors link to angular reflectivity behaviors. We divide metal thickness into two
regions with respect to the silver thickness away from optimum thickness Ty (~50 nm)
giving zero minimum reflectivity, T<Tyand T>T, because each region has distinctively
different behaviour of angular reflectivity change. Here we define the differential angular
reflectivity as reflectivity changes between with gain and without gain.

AR=R, - R, (6.1)

where Ry is a reflectivity curve in the presence of gain and Ry is a normal reflectivity curve
in the absence of gain. This value is what we measure experimentally. It is assumed that
when there is optical gain in the active layer, a negative, imaginary value of the electric
permittivity of the layer, Ag,” may be created. The calculation of AR curves is performed
by inserting Ag,” values into the TMM calculation.

To understand why the two thickness regions show different behavior under optical
gain, the change of the modal loss components from k, should be analyzed. Figure 6.2 (a)
describes the change of total modal loss yi+y, ,which corresponds to the imaginary part of
complex propagation vector, k  and radiation loss v, with respect to the thickness of Ag
films. The white straight line corresponds to internal loss vy;. If there is optical gain, the
total loss y decreases (the dotted line). To visually confirm the gain effect, a relatively large
gain of 10* cm™ was applied to the k. calculation, however, the overall trends do not
change for much smaller values (< 10° cm™) that in general fluorescent conjugated
polymers possess. It is found that an amount of decreased loss is uniform irrespective of
the silver film thickness (the dotted line), that basically means that any silver thicknesses
can experience a same amount of loss compensation, reflecting the decrease of angular
linewidth AO over all the thickness range, however only the internal loss is affected by gain
and the radiation loss is determined only by the geometry, mainly the metal thickness.

A

Here, we introduce a factor 7 =(y, —y,)/7%" to explain the gain effect on AR as
presented in figure 6.2(b). As discussed previously, the optimum coupling thickness have
equal values of y, and vy;, i.e. 7=0, see . For the thinner metal films (T<T, blue circle
region) having 7 >O0where the radiation loss is dominant, 7 increases, moving away
from the optimum condition and accordingly R increases around resonance angles (ARmin
> 0) as gain is present, while the thicker films (T>T, , red circle region) where
y <0 present ARmin < 0 because y approaches to the optimum coupling condition (R=0).
The calculated angular reflectivity curves of two regions are clearly exemplified for 34 nm
(blue line) and 76 nm (red line) thick film cases (figure 6.2(c)). The common effect for
both cases is decreased A@, implying decreased propagation loss ky . However, AR curves
show different behaviour. As the thinner thickness present increased AR (AR>0), while the
thicker thickness shows decreased AR (AR<O0). It should be reiterated that the two
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thickness regions obtain the same amount of gain despite the different differential angular
reflectivity curves. In summary, thinner and thicker metal films than optimum thickness
(about nominal 50 nm) exhibit different sign of maximum changes in angular reflectivity
while commonly experiencing narrowing of angular reflectivity curves, directly implying
reduced propagation loss due to an obtained gain.
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Figure 6.2 (a) The trend of internal loss 71 and radiation loss 7+ with respect to the

thickness of Ag films. The dotted line indicates decreased total loss ky” (=yityr) due to
optical gain (a gain value of 10* cm™ is applied to the calculation for visually clarifying the
gain effect). The grey window region is dag<To. (b) The parameter

A d—oo

7=0e =717 related to the difference of both the loss factors with respect to the
thickness of Ag films. The blue circle region (dag < To) is 7203nd the red circle region is
y <0 (c) Calculated differential angular reflectivity curves for dag= 34 nm (blue line) in

the blue circle region and 76 nm (red line) in the red circle region using Ag,” = -1x10™.

124



6.2.2 Optical Pumping Conditions

The experimental realization of plasmonic gain in the two layer structure will be discussed
in this section. Our experimental conditions and an expected gain value are compared with
other groups” works in Table 6.1. Seidel [4] and Noginov [5] used the dye molecules as a
gain medium with semi-infinite thickness, but we will use thin Lumogen Red conjugated
polymer films as the gain medium, which has about 40 nm thickness. This geometrical
condition is more applicable to practical devices such as organic light-emitting diodes with
tens of nm thick active layer [Ch2.12,Ch2.17] and the value of imaginary part of electric
permittivity Ag,"of the Lumogen Red polymer due to gain is inferred from the measured
maximum value of reflectivity changes. Optical gain of bulk medium under a given pump
energy termed ‘material gain’ can be calculated by the following equation based on the
classical approach [13].

g, =Ko — (6.2)

where Ko is light momentum in vacuum and ny is the index of refraction of the polymer
material. From the quantum mechanical viewpoint, material optical gain at a transition
frequency may be described by

gm = Ne c 0, (63)

where N¢ is the number density of excited molecules and o, is the emission cross section at
an emission frequency.

Since steady state condition at an energy level system for conjugated molecules is
considered (the pump pulse width is approximately five times longer than the fluorescence
decay time), the population of excited molecules can be expressed by the ratio of the pump
rate and the spontaneous transition rate considering quantum efficiency of an active
medium, n [14].

7

N, =N.—"Te
77'7/p+7s

(6.4)

The spontaneous transition rate ys is inversely proportional to fluorescence decay time t
that may be measured via streak camera method. The pump transition rate in molecules
under the pump energy is given by
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where | is the optical pump intensity, hv, is the photon energy, Pp(=Ep/touise) IS pump peak
power, A, is the pump beam area and o, is the absorption cross section at the pump
frequency. As experimental conditions listed in table 6.1, 40 nm thick Lumogen Red
polymer has the fluorescence decay time of about 1.8 ns that corresponds to the
spontaneous transition rate of 5.56x10°s™. From input pump beam size A, of 0.25 cm x
0.038 cm (the stripe beam shape for the reason that the probe beam on the prism surface
slightly shifts as the incidence angle varies). . =7.73x10™® cm? [Ch5.30], the obtainable
maximum material gain may be estimated to be about 50 cm™. For the input conditions

mentioned previously, the population density is estimated to be N =N 0.1.

J. Seidel [4] M. A. Noginov [5] This work
Pump Source CW dye laser Nd:YAG laser Nd:YAG laser
Pump 2, 632.8 nm 594 nm 532 nm
Emission A, 580 nm 532 nm 675 nm
Energy per pulse (Power=10mw) 18 mJ 1 mifem?
7 (duration) continuous wave 10 ns 10 ns
Peak pump density P/S ~12 W/cm? ~1.7x10" W/cm? ~2x10* W/cm?

N, (active medium)

1.3 (Dye solutions)

1.5 (R6G+PMMA)

1.8618 (Lumogen Red)

n, (prism)

1.5152 (BK7)

1.784

15139 (BK7)

Concentr. of moleculesN | 7x10* cm™® 1.2x10% cm™ N, ~ 10%" cm®
Emiss. cross sec. o, 3x10™® cm? 2.7x10™° cm? 7.73x10™° cm?
Absorp. cross sec. o, 3x107™% cm? 2.7x10% cm? ~10% cm?

n (emiss.life time) 3ns 3ns 2.5ns

N, (density of higher states) | 3x10° N >0.95 N 0.1N

¢" (gain medium) -9x10°® -6x10 <-0.001

AR (max. differential R) 5x107 0.1 <1x107
Material gain 0.8cm™ 420 cm™ 50 cm™

1. Data for Lumogen Red polymer were given in [Ch2.25,5.30]

2. All equations in the Table 2 were taken in [4]

Table 6.1 Comparison of experimental conditions with Seidel’s and Noginov’s works
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6.3 Setup

In our experiments the expected signal change of reflectivity due to gain is of the order of
107 or less than that. To detect such a small signal variation, we need to increase detection
sensitivity and to discriminate SPP amplification against spontaneous emission by using
appropriate measurement techniques such as dual-cascaded lock-in amplifier methodology
that has often been exploited in a number of spectroscopic fields [15-17]. Lock-in
amplifiers are generally used to attain a high detection sensitivity by selecting a Fourier
frequency component of modulated signals [18]. Thus, modulating light signals at
particular frequencies (in this instance, both pump and probe beam) is essential for
implementing the lock-in detection.

(a) l Dual lock-in detection ‘ (b)
f‘ SiPD «
S
[feimmz| | f20m |
Prism . SiPD G (64
A L [?——4 Lock-in 1 |——>| Lockin2 |
Ag dAg X l l
Red F d,=38nm Prism R AR
Air 1

Figure 6.3 Schematic of pump-probe measurement system for plasmonic gain (a) The
pump-probe experimental setup in the Kretchmann-Raether configuration in conjunction
with the double-cascaded lock-in amplifiers. Probe light of 675 nm wavelength is
modulated at f;= 1 MHz, while pulsed pump light of 532 nm wavelength have a repetition
rate of f,= 20 Hz. (b) Double cascaded lock-in detection system. The system comprises the
lock-in amplifier 1 locking signals at fs and the lock-in amplifier 2 at f,, producing signals
related to reflectivity R and differential reflectivity AR, respectively. The calibration
factors C; and C, that result from short pump pulses will be explained at following sections
in more detail.

Figure 6.3 depicts the schematic of our detection setup. The double modulation
detection part containing two cascaded lock-in amplifiers working at different detection
frequencies, which will be explained in the next section, is added to the prism coupling
system. The probe beam at 675 nm that excites SPPs on the nano layer structures discussed
so far was modulated by an electro-optic modulator at about 1 MHz, while the pump beam
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from a diode-pumped Nd:YAG laser at 532 nm is the pulsed output at 20 Hz repetition rate
with about 10 ns time duration. While the prism sample rotates under the exposure of the
pump beam normal to the active film, a silicon photodetector records intensity variation of
the probe beam.

6.3.1 Double Modulation Technique

This section explains the double modulation technique for signal detection and its
feasibility in more detail. Our pump-probe experiment uses cascaded lock-in amplifiers for
two reasons. First fluorescence light contains light of the same wavelength as the probe
beam. So we have to discriminate the amplified probe signals against fluorescence
background. The second reason is to single out the weak signals and to improve the signal
to noise ratio (SNR). Both pump and probe beam are modulated at different frequencies
and each corresponding reference modulation signal is fed into each corresponding lock-in
amplifier.

Here, the signal process of dual-cascaded lock-in amplifiers for pump-probe

experiment is explained in the Fourier domain as seen in Fig 6.4. It is assumed that a pump
beam is modulated at a frequency f, and a probe beam is at a frequency fs. The probe beam
experiences additional amplitude modulation at a beat frequency between the probe and
pump modulation frequencies, induced by stimulated emission.
The basic functions of a lock-in amplifier comprise a signal multiplier and a low-pass filter
with time constant T, that plays an important role in performing the double modulation
scheme. The pump beam induces a modulation of the probe beam at f,+f; and fy-fs (beat
frequencies) (c.f. Fig 6.4(a)). In the lock-in amplifier 1, signals related to reflectivity R are
filtered out while the beat signal pass over to the lock-in amplifier 2 by opening a passband
of the low-pass filter in lock-in amplifier 1,finally detected at the lock-in amplifier 2,
which directly corresponds to AR due to gain (see eqn (6.6)). The time constant T,
(L/fp<Te<l/fs) is set to be small enough for the beat signal to be able to pass (not averaged
out), e.g. T, =1 ms gives 250 Hz passband (RC slope: 6 dB/oct).

C is a total calibration factor, the multiplication of C; and C, that arise due to the short
duty cycle of signals at the lock-in amplifier 1 and 2, respectively, which will be described
in Section 6.3.3. The mathematical description of the total signal processes were presented
in detail in Appendix C.

Vlocld oC R

(6.6)
Voo €1/C - AR
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Figure 6.4 (a) Role of the lock-in amplifier 1: signals related to reflectivity R are filtered
out, while the beat signals associated with both the pump and probe modulation pass
through opened frequency window determined by a time constant setting T. (b) Role of the
lock-in amplifier 2: signals related to reflectivity AR are filtered out. Adopted from Ref.
[17]

6.3.2 Photodetector Setting

In the double modulation detection, signals that get involved in amplification of surface
plasmon propagation are modulated at certain frequencies. Detectors must handle those
signal components with different modulation frequencies. Here, we describe photodetector
setting in terms of a terminating resistor for supporting pump conditions with short duty
time (short duration time compared to pulse repetition period). 50% duty cycle of
modulated signal is ideal for signal detection in lock-in amplifiers. In our experiment,
however, pulsed pump light with short duration time is used for efficient pumping as well
as lessening photobleaching of conjugated polymers, correspondingly output signals have
short duty time. Lock-in amplifiers can detect a weak signal even with strong noise
background thank to the phase-sensitive technique. Also the instruments make it possible
to even detect single photons (a delta function in time) by setting proper terminating
resistors of photodetectors [19].

Output signals from the Si photodiode (Thorlabs, DET 36A) with different output
resistor setting were examined as depicted in figure 6.5(a). The 532 nm pulsed light with
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20 Hz repetition rate was injected into the detector and Fourier amplitudes of the output
signals were detected in the lock-in amplifier and the falling time of the signals were
measured using an oscilloscope. The relation between the resistor R ¢ and signal falling
time that determines corresponding signal bandwidth fgyy is expressed by [20]

tocl/ foy ¢ Rigaq (6.7)

The output from the lock-in amplifier increases as Riqqg increases, which is due to
increased pulse length, but the peak amplitude of signals were not affected much as can be
seen in figure 6.5(b). For the lock-in detection, hence, R g Was set to maximum resistance,
50 kQ.

0 30
@) () i
s g 4125
20 Hz [} 0 8V g Vs (50 k) i 2 Ty
: 8 102] —e—v__ 1V z 3
SiPD L = 1074 Lock-IN 'V Peak (50 ka) e . 120 =
—— Yook B 3 -
f <t [l
: o
532 nm laser pulse _ v g 110 £
(20 Hz rep. rate) Oscilloscope Peak Z 15 B
10 19

0 10 20 30 40 50
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Figure 6.5 (a) Sketch of the experiment to evaluate the change of output signal from the Si
photodiode with different output resistor setting (b) Normalized output amplitude variation
obtained from the oscilloscope (red dots) and the lock-in amplifier (black dots) with
respect to the output resistor, and the change of the falling times of the output pulse signals
measured using the oscilloscope (grey dotted line)

6.3.3 Calibration Factors

The signal amplitude of an input signal, which depends on the duty cycle of the signals can
be underestimated in the lock-in detection process due to decreased Fourier amplitude. We
explain two calibration factors C; and C, that must be taken into consideration for
precisely quantifying signal amplitude, which arise in the signal process of lock-amplifier
1 and 2, respectively.
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Figure 6.6 Schematic of basic functions of a lock-in amplifier [21] and depiction of a low-
pass filter in the lock-in amplifier, which is an equivalent of analog resistor-capacitor filters
with a time constant t(=RC).

Signal multiplier and low-pass filter are essential components in lock-in amplifiers.
Low-pass filters in digital lock-in amplifiers are digital counterpart of analog RC (Resistor-
Capacitor) electrical filters with a time constant 1(=RC), that is, integration time (figure
6.6). Temporal shape and amplitude of input pulse signals are determined by the time
constant. When the input pulse width is shorter than the time constant, resultant output
pulses have the pulse width comparable to the selected time constant and a decreased
amplitude because the pulses spread in time as depicted in figure 6.7. The ratio of output
amplitude to input amplitude may be given by the following equation, which becomes the
calibration factor C, [22].

V,/V,=1-¢""" =C, (6.8)

As mentioned at the previous section, what we need to know is the input original amplitude.
Therefore, from input pulse width, single amplitude can be obtained by taking a calibration
factor C; that is inversely proportional to the ratio.
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Figure 6.7 Description of pulse signal behaviour after passing through a low pass filter
(RC filter): the case of input signal pulse whose time width T is shorter than the integration

time 7 of the low pass filter

Figure 6.8 shows output signals from the lock-in amplifier 1 where various time
constants are set. Input pulse width was 25 ps. As expected from equation 6.7, longer time
constant setting produces longer output pulses with decreased amplitudes. At a long time
constant such as 1 ms, the input pulses were almost averaged out to zero. For the feasible
detection application, shortest time constant setting, which is no filter setting at the SR844
RF lock-in amplifier gives a smallest time constant [23], is more favorable because shortest
time constant setting can have broadest frequency pass-window around the locking
frequency. Therefore, we obtain C, ~1/(1—-e****%¢)~2.15 for the setting condition.
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: —— 100 us (6dB /octave)
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Figure 6.8 Measured output pulse signals from the RF lock-in amplifier (Stanford
Research: SR 844) via the fast oscilloscope against the time constant setting in the lock-in

amplifier
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Calibration Factors C,

The calibration factor C, is considered to occur in the signal process of the lock-in
amplifier 2. As the duty cycle decreases while the signal amplitude is maintained, the
output signal from the lock-in amplifier decreases accordingly due to decreased amplitude
of first-order Fourier component of original signal. To quantify the C, according to the
duty time, the output performance of the lock-in amplifier was tested by selecting the duty
time via a pulse generator, shown in Figure 6.9. A ratio of output amplitude for a certain
duty time to the output amplitude for full 50% duty cycle time, rq (rg is 1 for the full duty
time of 25 ms at 20 Hz modulation frequency) was measured with respect to the duty time,
from which Cy(=1/rq ) is obtained. The measurement data from the lock-in amplifier
perfectly agree with the Fast Fourier transform (FFT) modeling, which indicates than C,
can be precisely predicted at a given duty cycle of any modulation frequency. In our case,
input pulses with about 90 ps duration time at 20 Hz repetition rate produce C,~178.

Many pump-probe spectroscopic experiments using a short pulse pump laser have
employed a tactic to improve signal-to-noise ratio, which is a modification of patterns of
pump pulses [15]. The method is to use multiple pulses rather than a single pulse in a given
repetition time, mimicking continuous beam modulation (quasi-continuous wave (CW)).
For instance, if pulse light with 1 kHz repetition rate is additionally modulated at 20 Hz by
means of an mechanical chopper, 25 pulses become equally distributed in time in the full
duty time of 25 ms for the 20 Hz. Hence this scheme help relieve detection difficulty by
pulling up ryq (C, becomes around 10) as predicted in figure 6.9 (black dashed line), but we
used this scheme only for proving the overall trends of AR curves for the reason that high
energy multiple pulses accelerate photodegradation of a polymer film.
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Figure 6.9 Measured normalized output amplitudes (blue dots) of input pulse signals
modulating at 20 Hz at the lock-in amplifier 2 (Stanford Research: SR 830) against varying
pulse duty time (50% full duty time: 25 ms) along with the Fast Fourier transform (FFT)
modeling (blue dashed line). Black dashed line corresponds to the modeling of the quasi-

CW case with 25 pulses in the full duty time.

6.3.4 \Verification of the Detection Scheme

~1MHz ~20 Hz
SiPD C E C,
[ 1] Lock-in 1 Lock-in 2
f ! 7
Prism Vy Var_x =Var_r€0s6;

Figure 6.10 Schematic of signal outputs and calibration factors (C; and C,) from the series
of lock-in amplifiers locked at 1 MHz and 20 Hz. The output signal from the lock-in
amplifier 1 corresponds to reflectivity and one from the lock-in amplifier 2 corresponds to

differential reflectivity
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The differential reflectivity from the double lock-in system (Figure 6.10) is expressed by
AR = (\/AR_X IVgo19:)-C; -G, (6.9)

,which includes a gain factor, g; in the lock-in amplifier 1, and the two calibration factors,
Ciand Cy, Var « is an in-phase term considering output phase term 6+. To verify that this
measurement scheme works, the signal Var x were measured in time scale according to the
presence of pump and probe beam on the prism surface (Figure 6.11). When only both the
pump and the probe beam were present together, the output signal existed, confirming that
the signal results from the interaction between the pump and the probe beam. In addition,
the signals were produced when both the beams were spatially overlapped on the prism
surface. If both beam does not overlap each other, no signals come out because the probe
beam experiences no change.
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Figure 6.11 Presence of signals from first lock-in amplifier 2 locking at low frequency %s

from a prism sample with 30 nm thick silver and 38 nm thick Lumogen Red polymer film
with optical gain according to presence of pump and probe beam on the prism surface.
Time constant was set to 3 s (18 dB/oct)
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6.4 Results

6.4.1 Differential Angular Reflectivity

With the measurement scheme, the differential angular reflectivity curves were examined
and its trends were analysed with the support of the theoretical approaches we discussed.
First, we employed the quasi-CW pump scheme to prove the expected behaviour of AR
from the two silver thicknesses, 34 nm and 76 nm in the regions of interest we want to
identify and compare. The distinctively different behaviour of differential angular
reflectivity curves for the two silver thickness cases are shown in figure 6.12. The
measured values were calibrated using C, (~11.5) as discussed previously. The thinner
silver film (blue dots) presented positive AR values over whole observation angles and the
thicker film had a negative AR values especially around the resonant coupling angle. These
AR trends are closely same as the expectation (c.f. figure 6.1).

4
34
2 | //./ -\-\'\
-\
o 1 T
O ] ./ -/.,l) \- .\I -\.\
T 04 s=—u—u"¥ / B
& .
X -1-
< |
-21 . —-—dA=34 nm
J g
-3 —s—d, =76 nm
J g
-4 T v T ) T T Y T
45 50 55 60 65

Angle (°)

Figure 6.12 Measured differential reflectivity curves for silver thicknesses of 34 nm (blue
dots) and 76 nm (red dots) using the quasi-CW pumping scheme.

Experimental investigation of differential angular reflectivity curves AR were moved to
the single pulse pumping condition that gives better stability for the polymers. AR curves
were measured for three different silver thicknesses of 34 nm, 53 nm and 76 nm and then
material gains g, were extracted by comparing the theoretical estimate of AR. Figure 6.11
shows experimentally measured angular reflectivity and differential reflectivity curves for
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three silver thicknesses of 34 nm, 53 nm, and 76 nm in the two-layer structures along with
their theoretical estimations under the pump energy density of 1 mJ/cm?. In the presence of
optical gain in the polymer layer, the negative imaginary part of its dielectric constant Ae,”
are assumed to be generated. In essence, polymer permittivity, np2 + 1 Agy,” were used for
the calculation (n,=1.862).
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Figure 6.13 Measured angular reflectivity and differential reflectivity curves for three
silver thicknesses of 34 nm, 53 nm, and 76 nm in the two-layer structures, which are fitted
with theoretical curves (dotted lines). 34 nm, 53 nm, and 76 nm thicknesses are indicated
as different colours of blue, grey, and red, respectively. For the AR calculation for each
silver thickness, Ag,"=-5.5x10™ is used.

The experimental curves are in good agreement with the theoretical ones. The
theoretical curves of AR for all the three silver thicknesses, were produced using Ag,"= -
5.0x10™. As expected through the analysis using loss components (c.f. section 6.2.1), the
two cases of 37 nm and 76 nm thicknesses exhibit distinctively different signs of AR over
the observed angle range. 37 nm thick silver have only positive values over the entire angle
range, while AR for 76 nm thick silver become negative at around the resonance angle. AR
for 53 nm (close to the optimum thickness) is shown to have a little complicated pattern of
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AR in angle, fluctuating around 0. Figure 6.14 shows theoretical angular reflectivity and
differential reflectivity according to Ae,” values of -4x10™, -7x10™* and -10x10™. It is noted
that absolute values of AR increases linearly with respect to Ag,” at any angle of incidence.
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Figure 6.14 Theoretical angular reflectivity and differential reflectivity according to Ag,”
(x10) values (a) 34 nm thick silver film (b) 76 nm thick silver film (c) 53 nm thick silver

film.

6.4.2 Other Effects

In this experiment, two effects on the differential reflectivity need to be addressed: thermal
effect [24] and real value change of electric permittivity of the polymer via Kramers-
Kronig relations [4]. Firstly, the high energy pump beam may possibly generate heat on the
metal, thus creating the reflectivity change. To evaluate the possibility, a 53 nm thick single
silver film on prism without a polymer film was examined as shown in figure 6.15. At
three angle positions 6, 6; and 6, of the measured reflectivity curve data in the figure 6.15
(a), The existence of the output signals at the lock-in amplifier 2 that corresponds to AR
were recorded in time scale. As shown in the figure 6.15(b), there are no signals occurred
under the pump beam exposure of the maximum energy density (1 mJ/cm?) we were
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capable of using.
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Figure 6.15 (a) Measured angular reflectivity curve from 53 nm thick silver films without
Lumogen Red polymer film. Three incident angle positions of 6y, 6; and 6, are pointed out
in the graph. (b) Time evolution of voltage signals at the lock-in amplifier 2 at three
incident angles selected from the graph, which are associated with the AR.

Secondly, the Ae,” causes Ag," which is main reason of shifting a resonance angle in
AR(A) and R(#). The angular shift from the transfer matrix calculations is predicted to
be less than 0.25 degrees that comes from an assumed extreme condition, Ag,”/ Agy"=1
(Figure 6.16). Such a shift was not detected in our experiments. However, if the angular
shape is more concerned, those situations need to be identified.
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Figure 6.16 (a) Schematic of angular shift of a reflectivity curve due to variation of the
real part of polymer permittivity, Agy’ (b) Calculated angular shift of R and AR curves for

34 nm and 76 nm silver thicknesses.
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6.5 Extraction of Plasmonic Gain

Experimentally we can obtain the Ae,” value, which is inferred by comparing the
experimental AR with theoretical AR, which produces a material gain gn, (c.f. equation 6.3).
To precisely estimate the change of SPP modal propagation, however, an additional
calculation needs to be performed. The calculation of the relevant propagation vector for
each silver thickness is executed by inserting Ag,” into the numerical calculation of the
transfer matrix method (c.f. Chapter 3). Thus, compensated modal gain in cm™ can be
obtained by subtracting the propagation loss in the absence of Agy” from one in the
presence of Agy” as is made for AR calculation.

O = 2(Kg —ko) (6.10)

where ky and ko are the imaginary parts of propagation vectors in the presence and
absence of a gain, respectively. The figure 6.18 is a diagram of the process for estimating
plasmonic modal gain. Using the TMM as we did for AR estimates, the change of the
imaginary part of the complex propagation vector of SPP mode due to the Agy” value is
calculated, finally yielding a compensated modal gain gmoq (C.f. equation 6.2).
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~ - o
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Figure 6.17 Extraction process of plasmonic modal gain gmod from the factor AR
observed in the Kretschmann configuration, which is based on the transfer matrix method
theoretically estimating angular reflectivity changes and modal dispersion equation.

Figure 6.18(a) shows the calculated material gain gn and modal gain gmeg as a function
of Agy”. It was assumed that there is no change of real part of electric permittivity Ae,’ of
Lumogen Red polymer. Both gm and gmod increase linearly as the absolute value of Ae,”
increases. An interesting observation is that gmos does not depend on the silver thickness
even though each thickness presents completely different AR shape. This indicates that
different thicknesses experience virtually the same level of loss compensation. The reason
of varying AR shapes can be attributed as the characteristic of leaky modes appeared in the
Kretschmann geometry as discussed in the viewpoint of loss components. It may be
speculated that if the near fields of the modes is observed directly via SNOM technique,
we might get the same conclusion. In the figure, it is noted that the ratio of the material
gain to the modal gain is about 31 %. In other words, actual gain of SPP modes emerged in
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the multi-layer configuration is about 30% lower than the material gain from the
configuration with around 40 nm thick polymer films irrespective of the metal film
thickness.

To quantify the gain values under our pumping condition, measured material gains and
corresponding modal gains for 34 nm, 53 nm and 76 nm thick silver film cases is plotted in
Figure 6.17 (b). The measured value of Ag,"= -5.7x10™* under the energy fluence of 1
mJ/cm? is indicated in figure 6.18(a). Average material gain gn and modal gain gmeq are
29.4 cm™ and 9 cm™ respectively. The observed modal gain is a very small level of loss
compensation compared to the propagation loss of the modes in the ‘two-layer’ structures
(>10% cm™).
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Figure 6.18 (a) Comparison of material gain gm (grey dashed line) and modal gain gmod
for Ag thicknesses of 34 nm (black solid line), 53 nm (red solid line) and 76 nm (blue solid
line). The gmog lines for each thickness are overlapped among each others, which means
that modal gains for any thickness are virtually same. The vertical dot-dashed line indicates
the measured value of Ag,"= -5.7x10* under the energy fluence of 1 ml/cm? (b) Measured
material gain, gm and plasmonic modal gain gmeg for 34 nm, 53 nm and 76 nm thick silver
film cases under the energy fluence of 1 mJ/cm? Dotted lines are average values for g

and gmog.

The another point to be stressed is that the ratio is almost same as the calculated gain
factors vy, related to optical confinement factors for strongly confined TM modes at the
same layer structure (see Section 5.3.1), confirming that the modal analysis is reliable for
estimating propagation gain. For an example, Table 6.1 compares obtained modal gain g
from calculated gain factors y, with the modal gain gmes from the TMM. This implies that
the gain factor approach gives quick and reasonable estimate of gmog.
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dag Yy Ime M1 | 9. (=7, -9,)[cm™]
34 nm 0.297 7.69 7.27
53 nm 0.302 7.67 7.39
67 nm 0.280 7.63 6.86

Table 6.2 Calculated gain factors y, in the active polymer films for three silver thicknesses
34 nm, 53 nm, 76 nm, and comparison of the modal gains: g using y, and gmod (from
figure 6.16). This data are from the case of Ag,"= -5.0x10™ (g =24.5 cm™). vp 1S calculated
by using equation (5.2).

6.6 Effect of Spacer Layer

We have seen the evidence of interactions between excitons and plasmonic media and have
successfully demonstrated optical gain in the plasmonic structures by introducing a thin
gain medium. We now look to the optimization of plasmonic gain via structural
modification. Studies to date have shown that the plasmonic interaction can be
manipulated by changing the supporting geometry [Ch5.12]. Here, we also adopt the
scheme to the two-layer structures we studied and show experimental demonstration of the
improvement of modal gain.

Our key strategy is to insert a thin spacer layer (inert material) between a metal film
and an active film, building on earlier studies within the group [25]. This preliminary work
demonstrated a substantial decrease in the quenching of dipole energy [Ch5.1]. In our
measurements the experiments were performed using the Kretschmann geometry, still
maintaining the thickness of the polymer film as illustrated in figure 6.21. Lithium fluoride
(LiF) was used as the spacer layer, which is known to be chemically strong. LiF films of
nominal thickness of 11 nm were evaporated on silver films with varying thickness,
followed by the polymer film deposition. LiF has relatively low refractive index of 1.39 at
675 nm. The thin films, nevertheless, affected angular reflectivity curves significantly
(Figure 6.22). For both dag= 34 nm and 76 nm, the resonance angles moved by around 2°,
implying increased the effective indexes of the related modes, while the angular shapes did
not change at all. The movement is exactly explained by the theoretical calculations (dotted
lines).
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Figure 6.19 Layer configuration for improving the plasmonic gain by inserting the spacer
layer of a LiF film between the silver (dag) and the polymer film (38 nm). The thickness of
the spacer layer dijr was nominally 11 nm.
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Figure 6.20 Measured angular reflectivity curves for three silver thicknesses of (a) 34 nm
and (b) 76 nm in the two-layer structures, which are fitted with theoretical curves (dotted
lines). Each silver thickness is indicated as different colours of blue, grey, and red,

respectively.

To study the effect of LiF films on plasmonic gain, the differential angular reflectivity
curves were measured using the same detection scheme (single pulse pumping condition)
as shown in figure 6.23. For the presence of the LiF films, angular positions where
maximum AR occur also moved to larger positions than the case without the LiF films as
appeared in R curves, and overall trends of AR depending on dag Were same except that
maximum AR values were increased, meaning that higher Ag,” were obtained. Inferred
Agp"values were -7.0x10™ that corresponds to a modal gain gmeq Of 11 cm™. This is about
30% improvement and clearly demonstrates the spacer layer, reduces the quenching and
helps to improve plasmonic gain.

Further evidence of the role the spacer layer plays in terms of the energy dissipation
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can be found from the fluorescence lifetime measurement and photoluminescence quantum
yield measurement. The fluorescence lifetimes were found to increase for both dag =34 nm
and 76 nm (c.f. figure 6.24), implying that total dissipation rate is substantially reduced,
presumably because dipoles are now positioned further from the metal layer experience
less quenching. For Ag 70 nm case, it is observed that the LiF film improves PLQE by

30 %.
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Figure 6.21 Measured differential reflectivity curves for two silver thicknesses of (a) 34
nm and (b) 76 nm in the two-layer structures. Each silver thickness is indicated as different

colours of blue, grey, and red, respectively. For the AR calculation of each silver thickness,

Ag,"=-7.0x10" is used.
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Figure 6.22 Effect of the LiF spacer layer on fluorescence lifetime (normalized) from BK7
plain glass / silver (dag) / LiF / Lumogen Red (38 nm) / air multilayer configuration (a) for
dag= 34 nm, Inserting LiF layer leads to a variation of fluorescence decay time <t> from
1.20 ns to 1.44 ns (20% increase) (b) for dag= 76 nm, LiF layer changes fluorescence
lifetime <t> from 1.28 ns to 1.68 ns (30% increase)
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6.7 Towards Active Plasmonic Devices

To achieve the gain function in plasmonic waveguides, there are three key factors we must
take into account; waveguide structure with lower loss, efficient coupling of dipole energy
to plasmonic modes and smaller design with sub-micrometre scale. Here, we focus on
more low-loss waveguide cross-section design. As we discussed, the one-dimensional
Kretschmann geometry is not ideally suited for practical application except possibly for
applications based around sensing and imaging applications. For information processing
perspectives, two-dimensional or three-dimensional structures with design flexibility may
be more suitable and essential as many kinds of structure have been suggested, for instance,
dielectric loaded surface plasmon polaritons waveguides (DLSPPW) [26], long-range
surface plasmon waveguides (LRSPP) [27,28] and hybrid plasmonic waveguides [29,30].
Such the structures manage their electric field to distribute more in dielectric than metallic
layer, which yield less propagation loss. This strategy gives not only efficient use of active
materials incorporated into the structures, but also could lead to realistic devices with high
practicality.

We examine the possibility of loss management by introducing plasmonic waveguides
with a metallic stripe surrounded by the active polymer material we employed in this thesis.
It is known that a metallic element in as close as symmetric environment has better
performance in terms of propagation loss [27,31]. An investigated structures (figure 6.23)
has a finite thick polymer slab film (Hy,= 100 nm) that symmetrically surround a metal
stripe of a thickness dag and a width W. Specifically it is noted that the polymer film in
combination with the metal stripe support no waveguide modes, reflecting our intention to
support only plasmonic modes. An infinite W case corresponds to a one-dimensional
structure (slab waveguide). Using the cross-section design, the conceptual schematic of an
all-optical functional waveguide for a signal light (Aprone), driven by the pump light (Apump)
is shown on left in figure 6.23. By externally supplying energy into the structures, the input
signal can be modulated or amplified. To estimate the potential active function, we
employed a numerical method as mode solver.
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Figure 6.23 A possible design of cross-section of active plasmonic waveguides based on a
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metal (silver) stripe with a thin thickness incorporating a finite thick active polymer
medium. The specific design parameters including stripe thickness (dag), polymer film
thickness (Hp) and varying metal stripe width, W are used as depicted. The cross-section
geometry lies in the z-y plane (mode propagation direction is x-axis). Polymer permittivity
gp 1S usually higher than glass materials’ gy. Using the cross-section geometry, input signal
(Mprobe) modulation concept via optical pumping at Aqump is described. (c.f. on left figure)

For the numerical investigation of supported mode behaviour, finite element
calculation was performed using a commercial tool (COMSOL, Co. Ltd.). For the
calculation, a defined area is divided into sub-elements with triangular shape, which is
‘meshing’ procedure (figure 6.24), and then the relevant partial differential equations are
solved for propagation constants and corresponding field distributions. The size of the
mesh is usually non-uniform, which should be smaller for sections of interest (c.f. the
metal stripe and the polymer region, where most of energy of supported modes is expected
to reside, have more fine meshing elements than the glass region.). The boundary condition
along the outside of the whole structure is perfect magnetic conductor setting magnetic
field to be zero. The mode calculation is made in the y-z plane and the wave propagation is
in the x direction. The mode wave (e.g. magnetic field) has the form of

2 (g ik ) x
H(y,z)=f(y,z)-e * (6.11)
Where f(y,z) is a transverse field distribution at A=Aprope, @and nesr and Kegr are the real and
imaginary part of an effective propagation vector of a supported mode. The Helmholtz
equation is solved for the effective propagation vectors and the corresponding fields.
Propagation loss of the modes L is determined by Loss = (47 / X) Kess -
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For the given structures, supporting modes are in general hybrid modes comprised of
both TE and TM modes, and among electric and magnetic field components, E, component
is most dominant [27]. In figure 6.25, the calculated fundamental transverse modes with
symmetric and asymmetric E, field distribution across the y-axis (for W= 2 um) are
displayed in terms of power distribution Py and the line distribution of E; field. The visual
comparison between both modes helps understand their propagating behaviour. It is clear
that compared to the asymmetric mode, the symmetric mode has larger field size and its
field distribution lies more in the lossless glass areas, implying less propagation loss.

Glass

Polymer —» : .

L .

A
Metal stripe

Figure 6.24 An example of meshing for the structure (W= 2 um) we concern for finite
element calculation in COMSOL commercial tool. The non-uniform meshing is distributed
in the two-dimensional plane for calculating the modal propagation vectors and the
distributions of electric and magnetic field components across the cross-section. Each
meshing segment is a triangular shape, getting smaller (finer) around the area particularly
concerned, where propagating modes of interest is excited (around the metal stripe).
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Figure 6.25 Normalised power P, and electric field E, distributions of transversely
symmetric and asymmetric modes that the structure (W= 2 pum) supports. E, distributions
were taken along z-axis at y=0 (white dashed lines).

Furthermore, systematic analysis of both modes against the varying W strongly
indicates strategic direction about the loss management. Figure 6.26 shows effective index
and propagation loss of both modes as a function of W. The index difference between the
polymer (n,=1.86, Lumogen Red polymer) and glass (no=1.514) as indicated in the figure
is set to An~0.35, which is an another important factor in determining mode behaviour. The
symmetric modes have much lower effective indexes whose indices are close to the glass
index, which also means their fields are more in glass (c.f. figure 6.27). It is noteworthy
that the trend shows a big difference of the loss factor by more than a factor of 10. The
other finding is that as W decrease, the effective indexes of both are steadily reduced, and
at less than W= 1 um, the loss of asymmetric modes begin to rise while the symmetric
modes become less lossy. Therefore, one can expect that the symmetric modes with lower
propagation losses are desirable for signal processing if the selective excitation of the
modes may be possible [27]. As a next step, to estimate how optical gain affects on the
modes, related quantitative analysis is necessary. For this, we also examine the change of
propagation loss under optical gain by inserting a realistic value of the imaginary part of
polymer permittivity Agy" into the numerical calculation (c.f. dotted lines for each modes in
the loss trend of figure 6.28). The used Ag," was -1x10°, which corresponds to a material
gain of about 50 cm™. This material gain value is easily achievable for conjugated polymer
materials. The gain value basically leads to reduced propagation loss for both the modes.
However the asymmetric mode case looks negligible, while the symmetric mode gets
bigger impact.
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Figure 6.26 Stripe width dependence of plasmonic modes. (a) calculated effective indexes,
neff and (b) propagation losses of symmetric (red color) and asymmetric (black color)
plasmonic modes for the case of An~0.35 as a function of the stripe width, W. In the ‘loss’
graph, the dotted lines are for the polymer layer that has a material gain of 50 cm™. The
calculated loss is the unit of cm™.

It is certain that the metal stripe thickness is a factor in determining mode properties
(Figure 6.27). In particular decreasing the thickness improves propagation loss property for
the symmetric mode. For instance, a stripe of dag= 10 nm has a reduced loss of 30 cm™,
which is an order of magnitude lower than for dag= 30 nm (the vertical dotted line indicate
the thickness position). Our concern is to design efficient waveguides with lower
propagation loss, which potentially give higher signal control capability (extinction ratio)
under a given optical gain. To assess the capability, the fractional change ratio of
propagation loss due to gain were introduced and analyzed, which is given as r(%)= (Lo-
Lg)/Lo where Lo and Ly is propagation losses in the presence and absence of gain,
respectively. Reduced propagation losses for each modes (the dotted lines in figure 6.27)
were calculated by applying the same material gain of 50 cm™ and then the fractional
change ratio r(%) were analyzed as can be seen in figure 6.27 (b). the asymmetrical can
hardly obtain more than 1% ratio. In contrast, the symmetric modes are shown to possess
up to 40 %. This is because of decreased proportion of field distribution in metal.
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Figure 6.27 Effect of stripe metal thickness dag on propagation loss (a) propagation losse
of symmetric (red color) and asymmetric (black color) plasmonic modes for the case of
An~0.35 as a function of the stripe silver thickness dag. The dotted line indicate the
investigated condition dag= 30 nm (c.f. figure 6.26) (b) Fractional change ratio (r ) of
propagation losses of symmetric and asymmetric plasmonic modes due to the polymer gain
as a function of the stripe silver thickness dag. The dotted lines are for the polymer layer
that has a material gain of 50 cm™. The calculated loss is the unit of cm™.

In addition, the influence of the refractive index difference An(=ny-no) between the
active polymer material and the surroundings (SiO;) on the propagation loss were
examined because refractive index distribution determines photon mode density (density of
photon states) and field distribution. It is shown in figure 6.28 (a) that propagation losses
are clearly reduced as An decreases, and at the same gain condition of 50 cm™, the degree
of loss compensation is correspondingly improved (c.f. figure 6.28(b)), showing up to 90%
signal change (An~0.35, dag= 10 nm). Hence, it is suggested that index difference must be
taken into consideration as a design parameter. In practice, one may be able to control An
by mixing gain materials with an inert material in a certain ratio [5,8], for our case,
conjugated polymers in Poly(methyl methacrylate) (PMMA) matrix. r value has a very
practical meaning for active function. For instance, r=100% means that an active device
can switch an input signal on and off completely, and in other words, the input signal can
be recovered without degradation as it were. The loss compensation value obtained in our
one-dimensional asymmetric layer configuration (grey dotted line) gives only 0.1% signal
compensation (for the case, dag= 30 nm). However, the symmetric structure, despite the
fact that the mode selection process is necessary, could achieve more than 90 % signal
variation under the same gain. If one of high gain polymeric materials currently available
[32,33] is introduced into the guiding structure, we could easily accomplish more than
100% signal compensation, giving rise to plasmonic lasing.
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Figure 6.28 Improvement of plasmonic waveguides in terms of propagation loss by tuning
the refractive index difference An(=np-no) (a) propagation losses of symmetric (red color)
and asymmetric (black color) plasmonic modes for dag= 10 nm as a function of the
refractive index difference, An. (b) Fractional change ratio (r) of propagation losses of
symmetric and asymmetric plasmonic modes due to the polymer gain as a function of the
refractive index difference, An.

6.8 Summary

Thin organic film-based plasmonic gain was investigated experimentally using the prism
coupling technique and was carefully analyzed via the transfer matrix method. Angular
reflectivity and differential angular reflectivity curves were measured using the ATR
configuration in association with the double cascaded lock-in detection technique using
short pulsed pump beams. Verification of the technique was presented as far as its signal
process is concerned. We found that the thickness of silver film in the ATR geometry
governs the plasmonic mode behaviour with gain, which is clearly identified shape of the
reflectivity change curves and the related theoretical estimation.

We clearly identified that the propagation gain in a plasmonic waveguide can be
created using optically excited thin light emitting polymers, and the achieved plasmonic
modal gain from the configuration was 9 cm™. From the experimental observation, and
with support from the modeling, it is suggested that the actual gain for different silver
thicknesses are the same despite the fact that the angular differential reflectivity curves
have different shapes. In addition, we showed that plasmonic gain may be improved (by
around 30%) through the introduction of a thin optically inert spacer layer.

Based on our knowledge we learned from the one-dimensional structure, we also
investigated the possibility of practical active plasmonic waveguides with two-dimensional
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cross-section geometry of a metal stripe embedded in a thin polymer film, capable of
signal processing with high extinction ratio (close to 100%). This design could form the
basis of a range of guided-wave plasmonic devices, e.g. applied to filter or resonator
designs.
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7 Conclusion

In this chapter, we summarise this work and suggest future research and applications. The
key results of each chapter are restated. One of the main goals of this research is to
demonstrate stimulated emission of SPPs using an active material on the sub-wavelength
scale. To do this, both theoretical and experimental approaches were conducted. To initiate
this work, the objectives listed below were addressed.

e To demonstrate the optical characteristics of the SPP modes in planar asymmetric
metal/dielectric layer configurations using the prism-coupling method.

e To elucidate how a thin polymer film adjacent to a metallic layer determines the
SPP modes.

e To show the optical properties of conjugated polymer films as optical gain.

e To describe how the SPP modes in the Kretschmann geometry interact with the
active medium.

e To experimentally demonstrate plasmonic gain in metallo-organic multilayer
structures incorporating the thin polymer film.

As a first step, the main materials comprising the planar SPP waveguides were introduced
and their physical properties were shown along with the experimental methods for
characterisation.

Metal/organic materials for plasmonic layer configurations (Chapter 2)
e To characterise plasmonic ingredients: silver as a metallic material and fullerene-
based conjugated polymer as an active material.
e To show the basic optical properties of silver and conjugated polymers and
highlight their pros and cons for plasmonic waveguides.

We clarified the role of multiple layers for SPP propagation, determining the propagation
vector, propagation loss and their field distribution. It was clearly shown that varying silver
films in a prism-based configuration sensitively determines the quantity of the propagation
loss of the supported leaky modes, changing radiation loss. The loss components were also
closely linked to the angular reflectivity curves that were experimentally observed. In
addition, it was found that the physical variations of polymer films, e.g., specifically
refractive index and thickness, play a great role in SPP behaviours.
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Passive functions of SPP waveguides (Chapter 3 and 4)

e To implement the prism-coupling system and establish the fabrication of SPP
structures.

e To obtain knowledge related to designing multilayer structures for plasmonic
propagations by exploiting modal analysis and angular reflectivity curves.

e To probe and manipulate SPP characteristics by varying the geometrical dimension
on a nanometre scale

e To establish the prediction of SPP properties using three theoretical approaches in
terms of angular reflectivity curves and the propagation vectors of guided SPP
modes.

Based on the establishment of passive functions of SPP modes, we moved to the active
functions of SPPs in the metal/polymer layer structures. For this, we conducted direct
measurement of optical gain using amplified spontaneous emission, giving clear evidence
that thin active polymer films can possess strong optical gain by stimulated emission. It has
been proven that oscillating dipoles via optical pumping can supply external energy to SPP
modes through surface plasmon coupled emission (SPCE). Analysing the out-coupling
light with respect to spectral components and angular distributions explained SPP-
mediated emission well. We generated a solid foundation for knowledge about SPP
interactions with gain medium, bridging the concept of SPP modes with plasmonic gain,
which is our ultimate goal.

Active function of SPP waveguides (Chapter 5)

e To understand the SPP coupling via oscillating dipoles in a thin active film and
show its unique emission properties.

e To present the systematic evaluation of the surface plasmon coupled emission and
suggest a practical way of generating plasmon-mediated light out-coupling
considering the emission bandwidth of Red F polymers.

e To examine the optical gain that arises in normal waveguide geometry using an
active polymer film as a guiding layer.

Lastly, the demonstration of plasmonic gain using thin conjugated polymer films was
presented. Thin conjugated polymer film—based plasmonic gain was investigated
experimentally using prism coupling and was carefully analysed via the transfer matrix
method. Angular reflectivity and reflectivity change curves were measured through the
ATR configuration supported by a modified double cascaded lock-in detection technique.
We found that the thickness of silver film in the ATR geometry determines the plasmonic
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mode behaviour with gain, which is clearly identified by investigating the reflectivity
change curves and the related theoretical estimation. We identified that the propagation
gain in a plasmonic waveguide can be created through optically excited light-emitting
polymers, and that apart from an option of selecting other promising gain materials, we
could also improve the structure relating to the position of an active layer in any complex
plasmonic configuration to optimise gain properties. In addition, we suggested a
waveguide design to achieve complete compensation of loss, where the thickness level of
an active polymer layer is to be kept at no more than 100 nm.

Plasmonic gain in SPP waveguides (Chapter 6)
e To introduce the modified double-modulation technique for precisely measuring
plasmonic gain signals.
e To demonstrate plasmonic gain in the planar SPP waveguides incorporating thin
films for the first time.
e To suggest a new waveguide cross-section design exploiting the thin polymer films.

This work showed only partial compensation of a propagation loss of SPP modes. Still, this
provides useful information on the interaction between the SPP modes and a gain medium,
and suggests a clear way of designing optimum SPP waveguides for gain which comprise
multiple layers of different materials. This study resulted in two findings: 1) the ATR
method is a feasible tool to effectively probe gain-assisted surface plasmon polaritons; and
2) conjugated polymers are a very promising material as a plasmonic gain medium from
the viewpoint of the gain value itself, as well as the production process. Thus, this work
provides a practical guide for developing novel active plasmon-based applications.

Future Work

We have demonstrated the SPPs’ behaviours using the prism-coupling system, which
allows us to study near-field effects very accurately by means of far-field excitation and
detection. Furthermore, the system has been proven capable of investigating active as well
as passive functions of SPPs. Using this platform could indeed allow many interesting
subjects to be studied. In this work, we have only dealt with silver as a metallic layer. SPP-
related study can be extended to many kinds of materials possessing metallic properties
beyond the noble metals, for instance, transparent oxide materials (ZnO, InSn,03), metallic
molecules (PEDOT-PSS), carbon-based materials (carbon nanotubes and graphene), etc.
These new materials have been widely used and studied for a new generation of electrode
materials in the range of optoelectronic devices, and in any devices using those materials,
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surface plasmon effects continue to be inescapable. For SPP-based sensing applications,
finding new materials is a possible solution to improve detection resolution. Hence,
investigating SPP properties for those materials will give valuable information for the
design of optical devices.

As mentioned previously, for nanophotonic applications, waveguide design is
important when it comes to achieving nanoscale field confinement with less propagation
loss. The geometry using a single metallic layer discussed in this work obviously has the
limitation of manipulating light for waveguiding applications. Guided SPP modes in
complicated structures with more degrees of freedom need to be investigated, specifically
metal/dielectric/metal (MDM), dielectric/metal/dielectric (DMD) and
metal/dielectric/dielectric (MDD) structures. The momentum view (angular response) by
prism coupling can allow us to separate each SPP mode that the structures can possibly
possess and study their properties individually. It is obvious that characterising specific
SPP modes is a prerequisite for the development of potential devices.

The plasmonic gain discussed in chapter 6 was demonstrated using the red-emitting
material, Red F conjugated polymer. It is necessary to conduct the same study with
different visible frequencies and even other frequency ranges. Conjugated polymers are
known to cover the whole visible frequency range. It is therefore expected that the colour
study of SPP modes, especially in view of SPCE and plasmonic gain, will provide more
solid evidence of SPP characteristics and useful knowledge to other scientists to exploit for
their SPP-related research.

Our ultimate goal in this work is to demonstrate complete loss compensation and even
nano-lasing. For this, among many challenges, choosing appropriate gain materials is
crucial in terms of achievable gain and the fabrication method.
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Appendix
A. Power Dissipation Density Calculation

The nature of dipole energy dissipation to various channels including surface plasmon
polaritons, arising in a multi-layer structure and the strength of coupling to the channels
can be studied by using the semiclassical approach of Ford and Weber [Ch5.1]. When an
oscillating point dipole in a gain medium is positioned in multi-layer structures as depicted
in figure A.1, emitting fields of the dipole oscillation interact with its reflected fields from
stacked optical multi-layer structures. Decay rate y rate at which a dipole moment p of
the oscillator with the angular frequency @ does work on the resultant field E of

superposition of dipole field itself E, .and reflected fields E,at the upper and lower

dipole

interfaces from the dipole position is expressed by
w *
y = zé-er]( p - EE) (/\']-)

Normalized decay rate with respect to the decay rate in infinite active medium may be
expressed by

y5y7 =1-n+n[ "1, k)-dk, (A2)
free

where k; is the in-plane wavevector and » is the internal quantum efficiency of free

dipole, which is an probability of emitting photons under the competition with non-

radiative decay channels. The integrand I, is the normalized power dissipation density

for perpendicular and parallel dipole orientations.
The power dissipation density of the dipole oriented at an angle « from the normal to
the interfaces is given as

L P cos?atlsin?a (A.3)
dk, :
!

LI P

free

| _31 K [+r’exp(2ig,d )]-[L+17 exp(2ig,d,)]
2K, 1-r°r” exp(2ig,D)

(A.4a)
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31k K2 [1+r® exp(2ig,d_)]-[1+ 1] exp(2iq.d,)]
M akd g\ 1-r°r® exp(2iq, D)

rq? [1-r” exp(2ig,d_)]-[1-r. exp(2ig.d., )]
) 1-r"r] exp(2iq,D)

(A.4b)

where k, =27./¢, /A wavevector in the gain material and g, = (k2 —k)"* is the

perpendicular (out-of-plane) wavevector and r*>"and r>Fare effective TE and TM
polarized reflectivities at lower and upper layers, respectively.

Upper multi-layers

S: V 2.8
d+]/’ “ iy
D PO —> X

a’_l /\ r_P,S

Lower multi-layers

Figure A.1 Description of an oscillating dipole in the multi-layer structures. The dipole is

assumed to be located at the distance d, from the upper interface and the distance d

from the lower interface in the active medium of thicknessD = (d, +d_).
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B. Angular Radiation Distribution

Angular radiation distribution of an oscillating dipole in a multi-layer structure can be
modeled by the theoretical method based on the Lorentz reciprocity theorem []. We here
reproduce the theoretical descriptions that Luan, et al., derived in their publication []. This
method can determine p and s-polarized normalized power distribution, P"(8,¢) and
P®(0,9) for a dipole oriented at a polar angle « from the normal to the layer interfaces
at the azimuth angle ¢ and polar anglesé.

PP (0,p) =cos’ a- P (6)+sin® a-cos® - P (6),

(B.1)
P*(0,p)=sin’asin’ p-R°(6)

This is generalized expressions considering dipole orientation and angular emission
direction. If dipoles are randomly oriented, one has
P"(6,9) =1/3-P] () +1/3-B(6),

(B.2)
PS(0,¢) =1/3-P5(0)

As basic ingredients of the equation (B.1), PHP (0) and F’HS (0) are p- and s-polarized

radiation signals for dipoles oriented parallel to the interfaces, and P () a p- polarized
radiation signal for dipoles oriented perpendicular to the interfaces (perpendicular
orientation contributes only to p-polarization). The superscripts represent polarization of
light and the subscripts represent dipole orientation.

(a) z (b) z 0° <0<90° 90° < @ <180°

1 R, T,

- Rt lI ” I

) > X I'jﬁ

o: I 4
4. Air 00

¢’Q P16, 0) l' l l'

1 R

T,

41

Figure B.1 (a) Description of dipole orientation and angular radiation direction (b) Layer
configuration and the transfer matrix calculation direction according to the emission angle
range
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To derive (0), | *(0) and P (6)on the basis of the Lorentz reciprocity theorem,
we calculate electric fields E*F(z,)at the dipole position z,with respect to incoming
fields |Em| =1 propagating from infinity, which experience interference in multiple layers,
by using the transfer matrix method. E®F(z,) is a combination of forward and backward

propagating electric fields, E®F(z,) and E®F(z,), respectively. The transfer matrix

that consists of the Fresnel transmission and reflection coefficients and the phase matrix

are
1 1 ri+li
M, =— t,
i+1,0 t -Lm 1 :|

1+1,i

o | exp(ik;z) 0
(20)= 0 exp(ik, z)

(B.3)

The layer configuration we are interested in is the metallo-organic multi-layer structures as
depicted in figure B.1(b). For the prism side incoming light (90° < @ <180°), we have

[T“} = M43®3M32®2M21{ ' } = { ML) M{2) }|: ' } (B.4)
0 R.; M(21) M(22)]| R,

which yields R,, =-M(2,1)/M(2,2) that is inserted into the following equation.

ESP (z,)

For the air side incoming light (0° <@ <90°), the same procedure is used. The expressions
of the p- and s-polarized radiation signals according to the dipole orientation are given as

[EE’P(Z(’)}=<D3(zo)M32<D2M2{R1 } ®5)

R (0) = ) —E* ()|,
Pp(@)— ) —Ef (zo)‘ cos 6|, (B.6)
R"(0) = g nEP (2o) + E" (2,)] [sin 6y

where 6, is refracted angle in the gain medium and n is refractive index of air and prism
for the air and prism side, respectively.
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C. Mathematical description of the signal process in dual-cascaded lock-in amplifiers

for pump-probe experiments (faster probe modulation frequency: o,{(a,)

A

AR I
> ¢

T

4—T>

Figure C.1 Depiction of pulsed signals of a pump beam in time scale, which has a duration
time 7z and a repetition time T =1/w,, where ,is a modulation frequency of the pump

beam.

Here, we present the derivation of the signal process in dual-cascaded lock-in amplifiers
associated with pump-probe beam interactions. We focus the case of the excitation beam
with much shorter duration time 7 than half of a repetition time T (the duty cycle is less
than 50%). The pump signals can be expressed in the Fourier analysis by

f(t)= Z%sin c m? -cos(New,t+6,)=>"a, -cos(nw,t+6,) (C.1)

n=1 n=1

A pump beam is modulated at a frequency ), and a probe beam is at a frequency o, .

The probe beam experiences additional amplitude modulation (stimulated emission), and
fluorescence light (spontaneous emission) without correlation with the probe beam

modulates at the pump frequency o, .

Viim =[R, +AR, - > a, -cos(Nw,t + 0,;)] - cos(a,t +6,) (C.2)

n=1

Von = A - .2, -cos(Nw,t +6,) (C.3)

spon
n=1

where R, is the amplitude of probe beam, AR, is the amplitude of probe beam variation

induced by pump beam and A is the amplitude of fluorescence. R,,AR,and A. are
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functions of incident angle. Correspondingly, all the signals through following process are
a function of angle.

Vaig =Vaim+Vepon = R, COS(0,t + 6,) + AR, - >"a, cos(Nw,t + 6, ) - cos(a,t +6,)

n=1

+Ac - Y a,cos(Na,t+6,)

n=1

=R, cos(ot+6,)+ A - D a, cos(Nw,t+6,)
n=1
AR, &
+ 2” D a, {cos[(a, + Nw, )t + 6, + 6,51+ cos[(w, —nw, )t +6, ~0,:1}
n=1

(C.4)

Total signals,V;, contain four frequency components of o, ,o;, 0, +o, and o, -aw;.

sig

A first lock-in amplifier locking @, components takes a demodulation process by

multiplying Vsig by Vitthat is a reference signal with the frequency w,, producingV,,and

then overall signals experience a phase-shift &,,,,in a digital signal processor including

calculation of signal amplitude and phase difference between the input signals and the
reference signal.

V®1 =Vrl ><Vsig =Vrl COS((()St + 91) 'Vsig

= \%[cos(es —-0,)+cos[2mt+6, +6,]]

v 12AF > a, {cos[(@, +nw, )t +6, +6,]+cos[(w, —nw, )t +06, —6,]}
n=1
+VrlARv 3 a icos[Cw. +no t+6.+6, +6,.,1+cos[Cw. —no )t+6. +6, —0..1...
4 n [( S p) S 1 AR] [( S p) S 1 AR]
n=1

+cos[na,t+6, -6, + 0]+ cos[na,t — 0, + 6, + 6, ]}

(C.5)

And then V,, passes through a mixer and a low pass filter, being averaged in a time period

of a time constant (27 /e, <<T, <27/ ®,).

]_ t+Tey
Vavg®1 = T

cl

V,, -dt (C.6)

t

165



The first term of equation C.6 is

V.,R +la
1 VaR, r ! (cos(@, —6,) +cos[2m it + 6, +6,]) - dt
T, 2 *
4Ty
_ 1 VR cos(f, —6,)t + isin[Zaost +0, +0,]
T, 20

S t
V.R .

= % [cos(6, —6,) +2-sinc 20T, -cos(ot + w.T,, + 6, +6,)]
V_,R V,R

= %cos(@S -0,)= %cos@Sl

where 6., is a phase-difference between the probe signals and its reference signal, which
can be adjusted to be 0 in the lock-in amplifier. The second term is derived as

1 VA & ol
T—Cl. 12 F Zanjt {cos[(a)s +Nw, )t +6, +6,]+cos[(w, —ne, )t +6, —91]}-dt

=1

>

t+Tgy

S p

1 . 1
:T_Cl. 5 Za{ws o, sin[(@, +nw, )t+6, +6?1]+ﬁ5|n[(a)S —no,)t+6, —491]}

t

. (o, +na)p)TCl
—LF.2% a,|sin cf-cos[(a)S +No,t+ (@, +Nw, )T, 12+6, +6,]

(@, —nw, )T

+sinc = .cos[(@, —Nw,)t+ (o, —Nw,)T, /2+6, —91]}

:VrlAF 'ian (n :&J
n=1

@y
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And the third term is given as the following

V AR d +ler
Ti~%2anj: ! {cos[(Za)S +No t+0, +0, + 0,1+ cos[o, —nw )t +0, +0, - 0,]...
cl n=1
tcos[o,t +6, -6, + 0]+ cos[wt — O, +6, + GAR]}- dt

1 VAR

d 1 .
MYa | ———sin[(2o. +no )t+0. + 6, +0,, 1+
Tcl 4 ; n 2(05 + na)p [( S p) S 1 AR]

+;Sin[(2ws —No )t+0, +6, -0, ]+
20, —Na,

+Lsin[ncopt+0S -0, +60]
nNo,

1 4Ty

+——sin[no,t -0, + 6, + 0,1
nw

p t

VrlARv > |: - (2(05 + na)p)Tcl
== Y a,[sihnc———"—%
n=1

-Cos[(w; +Nw )t + (@, + Nw, )T, 12+ 6, +0, +0,]
. (2(05 _na)p)Tcl
+sin cf-cos[(a)S +no)t+ (o, +No, )T, 12+ 0, + 6, +0,,]

. ho T
+sing—2
2

-cos[no, t+nw, T, /2+0, -0, +0,;]

. o T
+sing—2

-cos[no,t+nw, T, /2-0,+0, +0,, ]}

n=1 p

V.AR & 2 ] new,T,
_ r14 v z{a{nz w5]+2an -sin ¢ ; = -cos(na)pt+na)pTcll2+0AR)-cosﬁsl}
0

Therefore, the averaged signals are

n=1 a)p

V,R ©
Vager = %005951 +V, A .Zan (n = &j

V.AR & 2 B Nw TC Nw TC
+—”2 v Z[a{n = ws}+2an -sinc ; - -COS(nprTpl)'COS@sl}

n=1 a)p
(C.7)
V.,R i V. ,AR 2
= L SIVLA g, T L AP
2 ~ o, 2 w,
VAR, & . no,T, no,T,
+ ”2 v Z;[Zan -sinc ; - -cos(Naw,t + ; - +49AR)-0036?51}
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and a display output Vo, (=V, e -Vi) is produced.

rl

na)pTCl

Vpia =R, +c+ARVZ{2an -sin ¢

n=1

-c0s(N@, t + 0y, +6,,)-COS (951} (C.8)

n=1 @y @,

Where  c= Z|:2AF 'an(n = &JJF AR, 'an[n _ 20, H is a constant and

0, corresponds to a phase delay occurred in the low-pass filter. The amplified output
signal 'V, is directly transferred to the second lock-in amplifier.

Vlockl =0, 'VDispl (C,9)

where g,(=10(V)/sens.1(V))is a signal gain obtained from lock-in amplifier 1.

The demodulation process of the second lock-in amplifier locking @,components is

described by a following equation. The multiplication with the @, reference signals gives

Ver =V, Cos(wpt +6;) Viewa
=V,,I - (R, + C)cos(w,t + 6,)

© no,T C.10
+V,,LAR, Y a, sin C(T"Cl) (C.10)
n=1
x[cos(w, (N =Dt + 6, + 0, —0,) +cos(w,(N+ 1t + Gy, + 0,5 +6,)]-cos b,
Then the signal is averaged.
1 t+Teo
Vavg®2 = ij.t V®2 -dt
i nw T o (Nn=1T
Ve, LARY a,|sin c(—=—)-sin C(M)
2 ~ 2
xcos(w,(N—Dt+ 6y, +6p, + 0,z —6,) (C.11)
nw, T o, (N+1)T,
+sin c( 2p <) -sin c(—p( ) “)

xCos(@, (N+ 1t + 6y, + 5, + 0,5 + 6?2)]- cos b,
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After the low pass filter with the other time constant (T, >> 27/ ®,), Vpq, is produced,

reflecting AR , assuming 6, =0and 6, =0.

Viise = 9:AR,C - cos 6, (C.12)

Disp2

- - . > - a)pTcl
C=C,-C,is a total calibration factor, where C, zZsm C(T) and C,=a,, and
n=1

0, =6y, + 0y, + 0, is a total phase-shift, where 4., =0° and 6,, =90° for a signal
with ~25 us duration passing through the low-pass filters in the lock-in amplifiers used in
this work. The final process for retrieving angular reflectivity R and differential
reflectivity AR is given as

VDispl (0) avg

R=_—"F~ 29 (C.13)
VDispl(rEf )avg
Vi (6
rot Yousl®) (C.14)
gl VDispl(ref)avg
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