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Abstract

Surface plasmon polaritons are electromagnetic surface waves that may be excited at the
interface between metallic and dielectric materials. They confine light to subwavelength
dimensions, and provide large field enhancement, making them useful for creating compact
devices and sensing applications. Unfortunately, surface plasmons are difficult to utilise due
to their characteristically large losses. They typically have propagation lengths from microns
to hundreds of microns. Surface plasmon-to-optical coupling is also challenging, due to the
inherent disparity in the size and wavevector of optical and plasmonic modes. In this thesis,
we take two approaches to addressing these challenges.

The first approach is to explore second-order nonlinear effects. Nonlinear effects ben-
efit from the plasmon field-enhancement, and can potentially be used to provide gain via
parametric amplification. In our study, we experimentally consider the nonlinearity of gold
in plasmon-to-plasmon second harmonic generation, as well as the dielectric nonlinearity
in lithium niobate. In gold-coated lithium niobate crystals, we explore optical-to-plasmonic
processes, using quasi-phase-matching for second harmonic generation, and birefringent
phase-matching for parametric down conversion. We find that the large size disparity in
optical and plasmonic modes strongly inhibits the efficiency of the nonlinear response, and
diminishes the contributions made by phase-matching. We were unable to overcome the
plasmonic absorption losses using second-order nonlinear effects in the nanosecond domain.

In our second approach, we consider directional coupling between optical and long-
range surface plasmon waveguides using numerical methods. We then consider the design
of a three-waveguide device, an adiabatic passage coupler with a plasmonic intermediate
waveguide. By the use of a dark state, we show that light can be transported through the
plasmonic waveguide without suffering plasmonic loss. This is achieved by supressing the
surface plasmon amplitude. An analogous device, a digitised adiabatic passage coupler, is
characterised experimentally, verifying the tolerance to loss in that design.
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1
Introduction

1.1 Surface Plasmons

Surface plasmon polaritons are electromagnetic surface waves that may be excited at the
interface between metallic and dielectric materials. They arise due to the strong coupling
between coherent oscillations of conduction band electrons within the metal and the electro-
magnetic fields that these oscillations generate. The existence of surface plasmon polaritions
was first proposed by Sommerfeld [1] in 1899, and then by Zenneck [2] in 1907, in the context
of radio waves propagating on metallic surfaces. The experimental demonstration of surface
plasmons in the visible domain came much later, in 1968 by Kretschmann and Raether [3],
and Otto [4].

Since then, surface plasmon polaritons have been the subject of much study. Surface
plasmons are primarily of interest for their small mode sizes and their capacity for field
localisation — the fields associated with a surface plasmon are confined to subwavelength
dimensions, and provide a pathway to bring optics to the nanoscale. This field confinement
makes a plasmon extremely sensitive to small perturbations at the metal’s surface, leading
to the very successful application of surface plasmons to sensing [5, 6]. The ability to
tightly focus electromagnetic fields also makes plasmonics a natural path for generating
high field densities. The has resulted in several applications for plasmonics— ranging from
the relatively recent developments in plasmonic trapping [7], to the enhancement of optical
nonlinearities as used in Surface-Enhanced Raman Spectroscopy (SERS) [8]. Here, the
plasmonic hotspots generated on a roughened metal surface are used to enhance the scattered
Raman signal by orders of magnitude.

Additionally, there is significant interest in the development of extremely compact on-
chip plasmonic devices, as plasmonic waveguides can be fabricated with metal films that
are ≈ 100 nm thick. These metallic waveguides could, in principle, support both electronic
functions and plasmonic functions simultaneously, and bridge the gap between electronic
and photonic devices [9, 10]. To this end, a range of on-chip plasmonic devices has been
fabricated: including couplers, splitters and Mach-Zehnder interferometers [11, 12], ring-
resonators [13], bragg reflectors [14, 15] and electro-optic modulators [16].
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1.1.1 Plasmonic Loss
Unfortunately, there are several challenges associated with developing on-chip plasmonic
devices. The first is that surface plasmons characteristically have large losses. Some of the
losses are intrinsic, and are ohmic in nature. Other losses are extrinsic, and follow from
the extreme sensitivity of the surface plasmon modes. This sensitivity leads to scattering
off fabrication defects, such as surface roughness on the metal [17] or nanometer air gap
inclusions [18, 19]. As a result of this loss, surface plasmons typically have propagation
lengths ranging from microns to hundreds of microns. This constrains the size of devices
that can effectively utilise plasmonic phenomena.

A number of studies have been carried out to address these losses [20], which may be
divided into passive and active approaches. The passive approach consists of loss mitigation
through waveguide engineering. Since a large component of the loss is ohmic in origin,
the losses can be reduced by choosing waveguide geometries that redistribute the fields
away from the metal. Examples of this approach are the Insulator-Metal-Insulator (IMI)
waveguides. Using this approach, plasmonic propagation lengths as long as a centimetre
have been reported [21]. Unfortunately, this reduction in loss, is accompanied by a reduction
in field confinement, diminishing one of the key advantages of plasmonics[22–24].

In the active approach, gain is introduced into the plasmonic device [25–27]. This
is commonly done through the introduction of different gain media. Optically excitable
dyes [28–31] and fluorescent polymers [32] have been used. A gain of 420 cm−1 was achieved
in [30] using Rhodamine 6G, leading to 30% loss compensation. Complete compensation
(and slight gain) was achieved in [31, 32] for less confined long-range surface plasmons,
however in [31] the gain began to decay after 5 mins, due to photo-bleaching of the dye.
Electrically pumped semiconductors [33, 34] have also been investigated, due to the large gain
densities afforded by this approach. This has also lead to the investigation of nanolasers and
surface plasmon based lasers (or SPASERs) [35–42]. However, several studies have carried
out by Khurgin and Sun [20, 24, 33, 40], call into question the practicality of true SPASER
devices (where all interacting fields are plasmonic in nature). In particular, in [33], they
demonstrate that for plasmonic configurations with semiconductor gain and subwavelength
field confinement, the small mode volume causes a shortening of the recombination rate in
the gain, through the Purcell effect. In order to compensate, they predict impractically high
current densities in excess of 100 kA/cm2 are required in order to compensate. And so, despite
the breadth of research, the topic of surface plasmon gain is still very much unresolved.

1.1.2 Plasmonic Coupling
The second key challenge that arises is coupling between light and surface plasmons. Sur-
face plasmons are typically characterised by large wavevectors, making optical-to-plasmonic
coupling a matter of phase-matching. Coupling is further complicated by the characteristic
size-scale difference between optical and plasmonic fields, resulting in a poor mode overlap
between the two. Together, these two factors restrict the configurations in which surface
plasmons can be optically excited.

There are only a handful of configurations which are commonly used couple light from
free space to plasmonic waveguides. These include prism coupling [3] (commonly called
the Kretschmann coupling), grating coupling [17, 43] and end-fire coupling [44]. Each of
these methods have different requirements and varying levels of coupling efficiency. For an
example, Kretschmann coupling provides very efficient coupling to surface plasmons, but also
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provides a very efficient route for the plasmons to re-radiate as light, significantly reducing the
effective propagation length of the plasmons. Grating coupling provides reliable coupling in
a small area, but requires nanostructures to be etched into the plasmonic waveguide. End-fire
coupling is versatile, but is only efficient for configurations in which the surface plasmon
confinement is weak. Additionally, both Kretschmann and grating coupling are out-of-plane
coupling methods, making them difficult to interface with other integrated photonic devices.

The challenge of coupling also has implications for plasmonic detection. There are very
few methods for direct plasmon detection, the most notable of them being Scanning Near-
field Optical Microscopy (SNOM) [45, 46]. However, for surface plasmons propagating
in dielectric materials, such as in integrated nanophotonic devices, or nonlinear dielectric
crystals, the nearfields of the surface plasmon are inaccessible. Thus, surface plasmon
behaviour must often be verified by far-field optical measurements via the coupling methods
outlined above. This is particularly challenging in regimes where the plasmonic signal itself
is weak.

1.2 Thesis Scope
In light of the challenges of plasmonic loss and optical-plasmonic coupling, we consider two
distinct approaches in this dissertation. The first is an investigation of second-order nonlinear
processes, in the form of second harmonic generation and parametric down conversion.
The second approach is concerned with directional coupling between optical and plasmonic
waveguides, and the application of directional coupling to more complex, three-waveguide
devices such as adiabatic passage devices.

1.2.1 Active/Nonlinear Plasmonics
As mentioned above, the field localisation provided by surface plasmons results in enhanced
field densities, and this can lead to a corresponding enhancement of optical nonlinear effects.
These nonlinear effects offer the prospect of an alternate approach to both surface plasmon
amplification and surface plasmon excitation.

The enhancement observed in SERS corresponds to the enhancement of a third-order
effect. What is of interest here are second-order effects, which in principle are simpler, and
already provide access to useful effects such as parametric down conversion—a process that
can provide plasmonic gain. Unlike the cases of gain previously described, the magnitude of
this nonlinear response is proportional to the field intensity and thus can potentially benefit
from the plasmonic field confinement.

There have been several significant studies which have suggested plasmonic gain via
parametric amplification. In one theoretical study [47], a configuration consisting of a
guided optical pump (λ = 890.1 nm) and degenerate signal and idler plasmonic fields at
(λ = 1780 nm) is studied. This is shown in fig. 1.1 (top), where the dielectric NLD2
corresponds to the nonlinear crystal lithium niobate, and the dielectric NLD1 is a 3 µm
thick dielectric spacer on a silver film. In this configuration, with an optical pump of
50MW/cm and a seed plasmonic signal of 1kW/cm, a plasmonic field amplification of almost
3 orders of magnitude is predicted. In [48], a simpler configuration consisting of plasmonic
signal (λ = 850 nm)and idler waves (λ = 2.7625 nm) with an optical side pump (λ = 650 nm)
was investigated, shown in fig. 1.1 (bottom). This study predicts an increase in propagation
length of one or two orders of magnitude. Unfortunately, both of these studies are theoretical,
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Figure 1.1: (Top) Configuration for parametric down conversion sug-
gested by [47], using a guided optical pump, generating a degenerate
down converted plasmon. (Bottom) Configuration for parametric
down conversion suggested in [48], consisting of plasmonic signal
and idler fields and an optical side pump.

and experimental studies have not emerged.
Many of the studies on second-order nonlinear effects in plasmonics have been instead

focussed on plasmonic second harmonic generation, a much simpler effect. Here, there
have also been several promising theoretical studies; taking advantage of nonlinearities
from metals [49–51], nonlinear dielectrics (often lithium niobate) [52–57], or both [58].
Experimental demonstrations have since followed, using nonlinearities from metals [59–
62], dielectrics such as quartz [63–65], polarisable dyes [66], and most recently, organic
polymers [67]. However despite these experimental works, the predictions made by the
theoretical studies have yet to be realised. This is in part due to the absorption of the
harmonic by the metal [68].

This is also in part due to the broader scope of plasmonic nonlinearities; which have to
consider the contributions from both plasmonic and optical fields, as well as contributions
frommetal and dielectric nonlinearities. There are also complications related to the plasmonic
dispersion which arise when exciting surface plasmons in materials with a large nonlinear
response, as these materials tend to be accompanied by large refractive indices. For these
reasons, the topic of second-order nonlinearities in plasmonics is still very much an open
topic.

In this dissertation, we investigate second order nonlinear effects, with the intention of
introducing parametric gain into plasmonic devices. We investigate the interaction between
metal and dielectric nonlinearities, starting with an investigation of the nonlinear metallic
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contribution in plasmonic second harmonic generation, before moving onto methods of
phase-matching in dielectrics. This latter study consists of a study of optically-pumped
second harmonic generation using quasi-phase matching techniques, before moving onto
birefringent phase-matching in optically-pumped parametric down conversion.

1.2.2 Plasmonic Directional Coupling and Adiabatic Passage
As an alternate approach tomanage the plasmonic loss and phasemismatch, we also conducted
a study on coupling between optical and plasmonic waveguides using a directional coupling
approach. Directional coupling allows energy to be transferred from one waveguide to
another via the overlap of the evanescent fields of the two modes. The main attraction of
directional coupling here is that it is an in-phase approach and is compatible with the vision
for monolithic nanophotonic devices. Once they have been designed and fabricated, they are
also extremely robust. This has resulted in a number of studies investigating all plasmonic
directional coupling [69–74] and photonic-plasmonic directional coupling: both theoretical
[75–81] and experimental [82–88]. These studies demonstrate effective directional coupling
between photonic and plasmonic waveguides of various geometries: some using high index
dielectrics[84, 86–88], and some using complex layered dielectric/metallic structures[80, 81]
to compensate the plasmonic dispersion. The limiting factor of this coupling approach is that
the small plasmonic mode size requires that the waveguides be accurately fabricated, within
100’s of nanometres of the specified in size and spacing. Furthermore, since directional
coupling occurs over a characteristic distance, it must compete with plasmonic propagation
losses. On the other hand, directional coupling can also be extremely useful, particularly
as a basis for more complex devices. With additional waveguides, devices with additional
functionality can also be constructed. In this work, we study one such device—a three
waveguide adiabatic passage device.

An adiabatic passive waveguide device allows light from one waveguide to tunnel to
another via an intermediate waveguide by continuous tuning of the coupling coefficients.
Adiabatic passage has the particular property that throughout this coupling process, the inter-
mediate waveguide remains dark, consequently making adiabatic passage devices extremely
robust against loss or phase-mismatch in this intermediate waveguide. Adiabatic passage was
first demonstrated experimentally in waveguide devices in [89], and has been applied to the
design of optical couplers [90–95], and splitters [96–99].

Here, in an effort to address phase mismatch and simultaneously mitigate the plasmonic
losses, we apply adiabatic passage to optical/plasmonic coupling, considering a geometry
consisting of two optical waveguides coupled via an intermediate plasmonic waveguide.

1.3 Thesis Structure
This rest of this dissertation has been set out in 6 chapters:
Chapter 2 provides a review of surface plasmons, their properties and common excitation
methods. This is followed by a discussion of plasmonic metals, the fabrication of plasmonic
waveguides via the deposition of gold, and the characterisation of these films. Details of
numerical modelling using the COMSOL Multiphysics software package are also included.
Chapter 3 provides a review of optical nonlinear effects and a discussion of their application
to surface plasmons. Particular attention is drawn to the different behaviour of nonlinearities
arising from well behaved nonlinear dielectric crystals, and nonlinearities arising from metal
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surfaces, arising from symmetry breaking. The metallic nonlinearity is then utilised in
an experimental study of the second-order nonlinear effect, plasmon-to-plasmon second
harmonic generation. A strong harmonic response is observed, without phase-matching
conditions having been satisfied.
Chapter 4 considers two optically-pumped nonlinear effects, second harmonic generation and
parametric down conversion. Here we take advantage of dielectric nonlinearities to introduce
phase-matching methods. We utilise quasi-phase matching and birefringent phase matching
for the second harmonic and parametric down conversion experiments respectively. In both
cases, introduction of phase-matching techniques is offset by the loss of confinement for the
optical pump, resulting in the weak nonlinear response. These experiments are followed up
by modelling, and the implications for optical gain in plasmonic devices is discussed.
Chapter 5 takes a different approach, considering photonic-plasmonic interactions via di-
rectional coupling. A brief overview of Coupled Mode Theory (CMT) is included, before
numerically considering the behaviour of directional couplers under phase-mismatch and
loss conditions found in plasmonics. This is accompanied a proposed design of a photonic-
plasmonic directional coupler, and is characterised simulations carried out in COMSOL.
Chapter 6 provides a review of adiabatic passage couplers, a three waveguide device that is
tolerant to phasemismatch and losses. Its performance is consideredwith respect to plasmonic
waveguides, and is contrasted with the performance of the directional coupler proposed in
chapter 5. This is followed bymeasurements of an analogous digital adiabatic passage device,
designed by Jesse Vaitkus (RMIT), fabricated by Zachary Chaboyer (Macquarie University),
and characterised bymyself. These devices demonstrate the remarkable resilience of adiabatic
passage devices against loss.
Chapter 7 provides a summary of the key conclusions and provides an outlook on future
work.



2
Surface Plasmons: Background and

Methods

2.1 Overview of Surface Plasmons

Figure 2.1: Two-dimensional sketch of the surface plasmon, showing
the electric field distribution (left) and power density (right).

The behaviour of surface plasmon polaritons has been well characterised in [46, 100].
A surface plasmon polariton is a surface wave that propagates on the surface of metals or
conductors. The surface wave is formed by the joint motion of an oscillating electromagnetic
field and a corresponding electron density oscillation in the metal. Often, the response of the
metal is simply modelled as a negative permittivity material, and in this picture, a surface
plasmon may be viewed as an optical surface mode which exists at the interface between
positive and negative permittivity materials. By using Maxwell’s equations and considering
the boundary conditions for such an interface, an expression for a propagating surface plasmon
can be found. If we consider a surface plasmon propagating along a metal/dielectric interface
in the yz plane, a surface plasmon propagating in the ẑ direction can be described by its fields
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in the form:
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where εd,m is the permittivity in the dielectric andmetal. The equations describing the surface
plasmons are written differently than in [46, 100], as we’ve chosen to work in SI units, and
we’ve written the scalar plasmon amplitude A in units of electric field. These equations
describe a plasmon for a given frequency ω and propagation constant β, where β is complex.
Here, the imaginary component of β corresponds to plasmonic loss. Notably, eq. (2.2) and
eq. (2.4) define the polarisation of the surface plasmon with respect to the surface; there is no
electric field in the ŷ direction. The transverse spatial terms k(d,m)x describe the mode profile
of the surface plasmon, which decays exponentially from the metal/dielectric interface. The
kx’s are related to the propagation constant β, and are given by:

k(i)x =

√
β2 − εi

(ω
c

)2
(2.5)

In the simplest case, an analytic dispersion relation can be found by establishing the
boundary conditions at the metal/dielectric interface using eqs. (2.2) and (2.4), and invoking
eq. (2.5). The dispersion relation can then be found to be:

β =
ω

c

√
εdεm

εd + εm
, (2.6)

2.1.1 Properties of Plasmons
By using values for the metal permittivity found in the literature [101] with eqs. (2.2), (2.4)
and (2.5), the dispersion of surface plasmons can be examined, as well as the plasmonic mode
size. For the following calculations, we have assumed that the metal being used is gold. This
choice of metal is discussed in more detail in section 2.2.

Surface Plasmon Dispersion

The surface plasmon dispersion is considered by examining the real part of eq. (2.6). Here, we
consider surface plasmons propagating at an interface made up of gold and several different
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Figure 2.2: Plot of the real part of the surface plasmon dispersion
relation. Plotted as a function of wavelength instead of angular
frequency for convenience. The corresponding optical dispersion
(dashed) is shown for comparison.

BK7
B1 1.03961212 C1 6.00069867 × 10−3 µm2

B2 0.231792344 C2 2.00179144 × 10−2 µm2

B3 1.01046945 C3 1.03560653 × 102 µm2

Lithium niobate
(o) (e)

B1 2.6734 C1 1.764 × 10−2 µm2 B1 2.9804 C1 2.047 × 10−2 µm2

B2 1.2290 C2 5.914 × 10−2 µm2 B2 0.5981 C2 6.66 × 10−2 µm2

B3 12.614 C3 4.746 × 102 µm2 B3 8.9543 C3 4.1608 × 102 µm2

Table 2.1: Sellmeier coefficients for the BK7 glass and lithium niobate. Coefficients sourced
from [102] and [103] respectively.

dielectrics of interest. The dielectrics considered here are air (n = 1), a common glass
(BK7, n ≈ 1.5) and lithium niobate (n ≈ 2.1), a high index dielectric often used for optical
nonlinear effects1. The refractive index of these materials is precisely calculated by the
Sellmeier equation:

n2(λ) = 1 +
B1λ

2

λ2 − C1
+

B2λ
2

λ2 − C2
+

B3λ
2

λ2 − C3
, (2.7)

where λ is the wavelength given in microns. The coefficients {B1, B2, B3} and {C1,C2,C3} for
BK7 and lithium niobate are summarised in Table 2.1. The plasmonic dispersion eq. (2.6),
including the dielectric dispersion in eq. (2.7), is plotted in fig. 2.2.

In each case, the surface plasmon dispersion has been plotted against the optical light-line
for comparison. It can be seen that for long wavelengths in the near infrared, the surface
plasmon wavevector β exceeds that of light at the same frequency. Towards the shorter
wavelengths in the optical, this disparity increases up until a resonance is reached with the

1Lithium niobate is a birefringent material, but here for simplicity, we only consider the ordinary refractive
index in this plot.



10 Surface Plasmons: Background and Methods

characteristicωp plasma frequency of the gold, at about 550 nm for gold. Past this resonance,
the wavevector drops sharply, and the metal becomes dielectric in character.

The dispersion is one of the key constraints in plasmonics: the disparity between the
optical and surface plasmon modes makes coupling between them difficult. There are only
a handful of methods that are used to facilitate this coupling, which is discussed in greater
detail in section 2.3.

Figure 2.3: Plot of the decay constant (Top), and the corresponding
propagation length in microns (Bottom).

The dispersion calculation also results in an imaginary component to the wavevector β′′,
and this component corresponds directly to the plasmonic loss, resulting in a propagation
length given by 1/Im(β). This has been plotted in fig. 2.3. Loss is an intrinsic characteristic
of surface plasmons. It arises from ohmic losses in the metal. We can see that the losses
are comparatively small for wavelengths longer than 700 nm, but at shorter wavelengths the
losses increase rapidly. This coincides with the peak in the surface plasmon wavevector. This
behaviour results in a huge range in propagation lengths for surface plasmons, depending
on the wavelength of choice. In the near infrared, propagation lengths may reach many
100’s of microns, whereas in the visible, the propagation length may be as small as several
wavelengths. In addition to this intrinsic loss, practical plasmonic devices are also subject to
external sources of loss, such as scattering losses from surface defects. This further reduces
the effective propagation length of surface plasmons.
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Plasmonic Mode Size

Where surface plasmons make up for the large losses and wavevector mismatch is in the
plasmonic mode size. The large wavevector is accompanied by a mode distribution that
falls off exponentially away from the interface, into both the metal and the dielectric. The
exponent is given by eq. (2.5), and the resulting e−1 mode size of the surface plasmon given
by 1/Re(k(d,m)x ). This mode size is strongly wavelength dependant, and is plotted in fig. 2.4,
for the same dielectric materials. At long wavelengths, the field extending away from the
interface extends on order of a micron into the dielectric. Towards shorter wavelengths this
drops significantly, becoming more tightly bound to the surface. It should be noted that, in
the visible, the plasmonic mode size lies below the local optical wavelength and therefore
provides field confinement. The penetration of the field into the metal is orders of magnitude
smaller, and increases by nanometres as the mode size in the dielectric decreases. The
small mode size confers surface plasmons with several of the interesting properties; such
as sensitivity of surface plasmons to surface perturbations, enhancement of optical fields
and field localisation. These properties have led to sensing applications, the enhancement
of local nonlinear effects, and the miniaturisation of photonic devices, which we discussed
in chapter 1.

Figure 2.4: Surface Plasmon Mode size, extending into the dielectric
(Top) and into the metal (Bottom). For comparison, the dotted lines
show the corresponding optical wavelength λ/n(λ).
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Sensitivity to Refractive Index

It is worth noting that each of the properties outlined above are also strongly sensitive to the
change in refractive index, and more so than in the standard optical case. This is also an
important consideration when working with surface plasmons, as a change in dielectric can
result in a change of size scales.

2.2 Plasmonic Materials
For surface plasmons propagating at the interface between a metal and a dielectric, the choice
of the metal is very important, as the range of materials suitable for supporting surface
plasmons is very limited. There are two primary factors involved in choosing the metal. The
first is the number of free electrons available in the metal, which relates to the characteristic
plasma frequency of the metal. The second is the conductivity of the metal. For surface
plasmons in the visible, the two most common metals which possess both a sufficiently high
plasma frequency and a high conductivity are silver and gold with plasma frequencies of
ωp = 1.375× 1016 Hz and ωp = 1.32× 1016 Hz respectively [104]. The relative permittivity
of both materials is plotted in fig. 2.5.

If we consider just the real component of the relative permittivity, gold and silver behave
very similarly. What differentiates these two metals here is the imaginary component of
the relative permittivity, which corresponds to loss. For all wavelengths the losses in gold
are greater than that in silver. This is due to the material absorption bands which exist in
the blue for the gold, but don’t arise in the silver until the UV. Therefore, based on optical
properties alone, silver is the metal of choice. On the other hand, silver is susceptible to
oxidation, while gold is chemically stable. This is particularly pertinent due to the sensitivity
of surface plasmons to surface conditions. As such, for many plasmonic applications, and
indeed throughout this work, gold is the material of choice.

2.3 Plasmonic Coupling
The disparity in optical and surface plasmon dispersion makes efficient coupling to surface
plasmon waveguides a key challenge in plasmonics. In order to bridge the wavevector
mismatch, phase-matching methods are required. Plasmonic-photonic coupling is further
complicated by the surface plasmon mode size, which leads to an additional size-scale
mismatch. The three established coupling methods that are used are end-fire coupling,
prism coupling and grating coupling. All three of these coupling methods require that the
polarisation of the incident radiation coincides with the surface plasmon polarisation, which
will be defined as transverse-magnetic (TM) with respect to the metal surface.

End-fire coupling

End-fire coupling is an in-plane coupling method which consists of focusing an optical field
onto the edge of a plasmonwaveguide. This method is intuitive and is similar to the method of
launching light into most optical waveguides. It is extremely versatile in principle, requiring
only a suitably polished facet and ordinary optical components. No additionalmicrostructures
are required. It is also largely insensitive to wavelength. In [44], Stegeman et al show that
the most important parameter governing the efficiency of coupling is the spatial overlap
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Figure 2.5: The relative permittivity of gold (top) and silver (bottom),
divided into real (left) and imaginary (right) components, and plotted
as a function of wavelength. Data from [101]. Note the difference in
scale for the imaginary component for each metal.

between the input beam and the desired plasmon mode, as illustrated in fig. 2.6. This spatial
overlap tends to have a more significant impact than phase-matching, and phase-matching is
often disregarded. Recent work [105–107] has demonstrated, using numerical methods, that
efficiencies as high as 80% can be achieved. End-fire coupling has also been observed in
experiments [11], and has since been used routinely for exciting surface plasmons in a range
of works.

The main concern when implementing end-fire coupling is in ensuring the spatial overlap
of the input beam and plasmon mode. The aforementioned plasmonic mode size confinement
places the plasmonic mode size on the order of the diffraction limit for the visible frequencies.
For materials of a higher refractive index, the reduction in mode size is even more severe. The
efficiency of end-fire coupling is therefore dependent on the use of extremely tight focussing
and careful alignment. Furthermore, without the means to directly measure the surface
plasmon, end-fire coupling is extremely difficult to optimise in the lab.

Prism coupling

Prism coupling is the primary method used in this work. This coupling configuration is
shown in fig. 2.7. This method uses light incident from a high refractive index medium to
phase match the surface plasmon mode in a lower index medium (usually in air). In the
canonical Kretschmann configuration [3], this is achieved by using a prism with the metal
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Figure 2.6: Illustration of a the end-fire technique, as shown in [44].

film deposited directly onto the hypotenuse face. The phase matching condition is satisfied
by tuning the incident angle of the light such that the projection of the wavevector parallel to
the surface matches that of the plasmon [100]:

ksp − kopt sin θ = 0 (2.8)

This angle is known as the Surface Plasmon Resonance (SPR)angle. At the SPR angle, some
of the incident beam is reflected at the interface, but some of the beam tunnels through the
gold film, exciting surface plasmons. By symmetry, eq. (2.8) also allows the leakage of
surface plasmons back into light. Due to the phase acquired on reflection, reflected incident
beam and the surface plasmon leakage destructively interfere. This supresses the plasmon
leakage in the vicinity of the excitation beam and leads to highly efficient coupling, which
approaches unity in the infrared. The acceptance angle of the prism coupling method is
determined by the losses of the surface plasmon, making it strongly wavelength dependent.

In order to optimise prism coupling, the incident light must tunnel through the metal film,
and this restricts the possible thickness of the gold film. A variation on this configuration,
known as the Otto configuration [4], is also shown. Here, light instead tunnels across a thin
dielectric gap, usually air. The advantage of this method is that it allows plasmon excitation
on planar metallic films, without the need for nano-structuring, and with relatively simple
alignment. It yields high coupling efficiencies, but also allows the surface plasmon to leak
back out as optical radiation. This significantly reduces the effective propagation length of
the plasmon. This coupling method is also extremely sensitive; the tolerance of the surface
plasmon resonance angle typically being less than a degree.

Grating coupling

The last method that is commonly used to excite surface plasmons is grating coupling. A
grating can coherently scatter the incident light, imparting a spatial wavevector. The condition
for surface plasmon excitation via a grating is given by:

kopt sin θ ±
2πn
Λ
= 0, (2.9)

whereΛ is the grating period and n is an integer. A particular strength of thismethod is that the
grating periodΛ can be chosen to enable a convenient incident angle θ for the input beam. As
in the end-fire case, the coupling efficiencies that can be achieved are difficult to characterise.
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Figure 2.7: Typical plasmon launching schemes. (Top Left)
Kretschmann configuration: Light tunnels from the high index
medium to launch a plasmon on the low index side. (Top Right)
Otto configuration: Similar configuration, where light tunnels across
a low index layer. (Bottom) Grating coupling: Phase matching is
achieved by a combination of the wavevector of the incident light and
the wavevector of the grating.

There are many variations on the standard grating, including slanted [108], sinusoidal [109]
and variable period [110] gratings, all of which have an impact on the coupling efficiency.
In most cases, the gratings used are simple stepwise gratings, which can be written using
either Focused Ion Beam (FIB) or E-Beam Lithography (EBL) methods. Here, the efficiency
is a function of the duty cycle and the etch depth of the grating. Experimental studies of
gratings [111] demonstrate that the coupling efficiency for surface plasmon excitation can
reach 45% for an optimised grating.

2.4 Plasmon Waveguides
Surface plasmons travelling at an infinite metal/dielectric interface have been the focus of
the discussion thus far, but this represents just the simplest case; there are other surface
plasmon modes which arise for different geometries. These geometries allow the behaviour
of the surface plasmon to be tuned in a variety of ways, and are therefore a powerful tool in
engineering surface plasmon devices.

The next level of complexity for a surface plasmon mode arises when finite metal film
thickness is considered, with a dielectric on either side. This is also commonly known as an
Insulator-Metal-Insulator (IMI) configuration. For such a configuration, surface plasmons
can be supported on both the top and bottom surfaces. When the metal film thickness is of
the order of the skin depth of the metal itself, and if the dielectrics on either side of the metal
are sufficiently similar, these two surface plasmon modes couple, forming surface plasmonic
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supermodes. These two modes are shown in fig. 2.8. There is no analytic description of
the dispersion for these modes, and the dispersion must be calculated numerically. However,
these surface plasmon modes are known to have several defining properties. The odd mode
possesses a node in the metal film and a larger mode size extending into the dielectric. This
is associated with a lower propagation constant and smaller propagation losses. As such,
this mode is commonly referred as the Long-Range Surface Plasmon Polariton. The even
mode, on the other hand, has fields concentrated strongly in the metal film, with larger field
densities, a further increased propagation constant and also higher losses. This is known as
the Short-Range Surface Plasmon Polariton.

So far, these twomodes have been presented here as planar waveguidemodes, propagating
on a thin film with an infinite extent in the yz plane. There has been a number of studies
on finite metal films [112–115] and the resulting mode structures. Provided that the width
of the waveguide is substantially wider than the local wavelength of light, the characteristic
behaviour of the long-range and short-range surface plasmon polariton modes is maintained.

Due to the differing properties of the long-range and short-rangemodes, they are utilised in
very different sets of applications. Here, we are interested in the long-range surface plasmon
mode, which has garnered a lot of attention, and has been well characterised [11, 21, 116].
The larger mode size and smaller propagation constant of this mode make it easier to interface
with optical fields. The propagation losses have also been demonstrated to be small enough
to allow devices based on long-range surface plasmons to be created. In particular, losses
as low as 0.1 dB/mm have been reported at λ = 1550 nm, corresponding to propagation
lengths ≈ 3 cm [21]. The corresponding mode size is, however, drastically increased, and is
of the order of ∼ 7 µm2 in this example [117], and is no longer confined to subwavelength
dimensions. Nevertheless,studies in long-range surface plasmon waveguides has resulted in
the fabrication of passive long-range surface plasmon devices such as splitters [12] and bragg
gratings [14], as well as active devices utilising thermal [118] and electro-optic [16, 117, 119]
effects. The long-range surface plasmon will be described in greater detail in chapter 5.

There are many other geometries for generating surface plasmon modes, some of which
are mentioned here for completeness. Using the inverse Metal-Insulator-Metal (MIM) con-
figuration, two similar modes also arise. Due to the large influence of the metal, both of
these modes tend to be characterised by a large field confinement at the expense of larger
losses. MIM waveguides are often considered where extreme field confinement is a priority,
such as in plasmonic nanolasers [34, 35] and localised nonlinear effects [120]. Waveguide
geometries which involve hybridised plasmon/optical modes on dielectric loaded plasmonic
waveguides [72, 73, 121–123], allow a trade-off between optical and plasmonic properties.
These waveguides can be difficult to implement, sometimes with nanometer tolerances on
waveguide dimensions.

2.5 Fabrication/Thin Film Deposition
The gold films used throughout this thesis were deposited using the method of ion-assisted
deposition [124]. This consisted first of mounting the substrates on a stainless steel plate
(previously cleaned in an ultrasonic bath with acetone) and sealing it in a vacuum chamber,
above a gold target. The chamber was then pumped down to 10−6 Torr. This takes at least
4 hours. Oxygen was introduced into the vacuum chamber at ≈ 6 SCCM (Standard Cubic
Centimeters per Minute) and excited into a plasma using an ion gun. The voltage of the ion
gun was varied until an an ion current density of ∼ 70 − 90µA/cm2 was established. The
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Figure 2.8: Sketch of the plasmonic mode distributions in an IMI configuration, showing
both the long-range surface plasmon (Left)and the short-range surface plasmon (right).

oxygen plasma both cleans the substrate of organics adhered to the surface, and ionises the
surface. Ionised sites act as nucleation sites for the gold, and for thin films, a high density
of nucleation sites is preferred. The exposure to the plasma lasted ≈ 5 minutes. With the
plasma present, 120 A was applied through a gold target, melting it and introducing a gold
vapour into the chamber. The vapour expands in an approximately spherical front from the
gold source. Far from the source, the deposition rate can be taken as uniform. Initially, the
samples are shielded from the gold vapour, allowing the evaporation to reach a steady state.
When this is achieved, the substrates are unshielded and the gold is deposited at a rate of
0.5 − 1 Å/s, measured by a quartz crystal adjacent to the samples. The gold and oxygen
plasma were simultaneously present for the first few nanometres (∼ 6 nm) in order to densify
the film and encourage adhesion to the substrate. Gold is deposited around nucleation sites,
forming islands. These islands begin to coalesce around the 2-3 nm mark. The plasma was
then turned off, and the gold film allowed to continue to grow to reach the desired thickness.
Typically, this was between 30 nm and 100 nm. At 30 nm, the film is considered to have
fully coalesced and additionally formed a smooth continuous surface, yielding a good film
quality. At the upper end, films of ≈ 100 nm are more than 3 times thicker than the skin depth
in the optical, and can be considered to be equivalent to an infinitely thick gold film for the
purposes of surface plasmon propagation. A typical thin film deposition consumed ≈ 1.4 g
of gold.

When the desired thickness was reached, the samples were shielded from the line of sight
of the gold target, and the current running through the gold was removed to allow it to cool
down. The chamber was then let back up to atmospheric pressure and the samples recovered.
On inspection, a gold film that was deposited to a film thickness of ≈ 30 nm appears smooth
and semi-transparent. Gold films that had been deposited to a film thickness of ≈ 100 nm are
opaque, and appear as thick gold films.

2.6 Characterisation of Gold Films
Once removed from the chamber, it was important to be able to characterise the gold films
that had been deposited. There were two main methods of characterising the surface quality
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Figure 2.9: (Left) Annotated photo of the deposition chamber.
(Right) Inverted sample plate.

of the gold film. The first was by using a white-light interferometer, and the second was by
optical characterisation via reflectivity measurements.

2.6.1 White-Light Interferometer
The surface quality was assessed using a white light interferometer (Veeco Wyko NT98000),
shown in fig. 2.10. Access to the white light light interferometer was kindly granted by
Adam Joyce. The white light interferometer was used in a phase-shift interferometry mode,
providing high resolution spatial imaging of the sample by interfering the reflected signal
beam with a reflected reference beam. The length of the reference arm was varied in order to
generate a series of interferograms which can be used to construct either a contour map or a
3Dmodel of the sample surface, examples of which are shown in fig. 2.11. Using this method
the white light interferometer has nanometre resolution height, but is diffraction-limited in
the plane. The white light interferometer was able to determine the surface roughness of the
gold films that had been fabricated. Using the arithmetic average, a surface roughness of
Ra ≈ 1 nm was found for a flat gold film.

2.6.2 Optical Characterisation
For the thin gold films, the gold was further characterised by analysing the linear optical
properties of the thin film in reflection. The reflectivity of a thin film is well described by the
Fresnel equations [125], where the reflection and transmission coefficients {ri, j, ti, j}, relating
to the electric fields, are given as:

ri j =
kz,iε j − kz, jεi

kz,iε j + kz, jεi
, ti j =

2kz,i
√
εiε j

kz,iε j + kz, jεi
. (2.10)
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Figure 2.10: Photo of the Veeco Wyko NT9800. Included a high
precision X-Y and tilt stage, and microscope objectives ranging from
15x to 228x.

Figure 2.11: Example image from the white light interferometer,
here showing a sample with a grating. Topographical information
presented as a colour map (Left) and a 3D representation (Right).

Here, kz,i = k cos θ and is the wavevector perpendicular to the interface, and the ε’s corre-
spond to the relative susceptibilities at a particular wavelength.

The total reflectivity of the thin film is a linear combination of the reflection and trans-
mission coefficients at each interface, with the addition of a phase term corresponding to
propagation within the film. This gives the following result for the reflected power:

|R01(θ)|
2 = |

r0m + rm1e2ikz,md

1 − rm0rm1e2ikz,md |
2, (2.11)

where subscripts {0,m, 1} refer to the substrate, metal (gold), and superstrate (air) and d is
the film thickness.

By measuring the reflectivity of a gold film experimentally, and fitting the reflectivity
to eq. (2.11), the permittivity and thickness of the gold film could be verified. These
measurements were taken in a prism configuration, and the external incident angle on the
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Figure 2.12: Schematic of the reflectivity measurement, showing the
sign convention for the external angle θe.

prism θe was related to internal incident angle on the gold θi by:

sin θe = n1 sin
(
π

4
− arcsin(

n2
n1

sin θi)

)
, (2.12)

where {n1, n2} are the refractive indices of the prism and substrate respectively. The sign
convention for this calculation is shown in fig. 2.12.

The reflectivity of a typical gold film on a glass substrate and mounted on a glass prism
(fig. 2.12), is shown in fig. 2.13, plotted using eq. (2.11). In the example shown above, the
light source was a λ = 642 nm, and the corresponding relative permittivity of gold was taken
to be εm = −12.4333+1.15196i. The reflected light was collected by a photodiode. The peak
in reflection that is evident in the reflection scan corresponds to total internal reflection, and
the dip in reflection is interpreted as a surface plasmon excitation, corresponding to excitation
via the Kretschmann configuration. Both the angle at which this dip occurs and the width of
the dip are sensitive to the thickness and permittivity of the gold. For all gold films deposited,
it was found that the values for the bulk relative permittivity of gold given in [101] allows the
gold film thickness to be determined within 1 nm of the expected value.

2.7 COMSOL Multiphysics
In this thesis, surface plasmons and coupling are explored through both experiments and
modelling. One tool which has proven to be useful in simulating surface plasmons is
COMSOL Multiphysics. COMSOL Multiphysics is an extremely versatile finite element
method (FEM) simulation software. It can be used to simulate a range of physical phenomena
including mechanical, electrical, fluid and optical phenomena, in both 2D and 3D geometries.
In this work, COMSOL was mainly used with its Wave Optics Module for 2D simulations.
This tool was extremely important since, for geometries more complex than a plasmon at an
infinite metal/dielectric interface, no analytic solutions exist and numerical approaches are
required.

COMSOL provides an interface which allows the user to define a geometry, and each
domain of this geometry can be assigned material properties, such as refractive index or
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Figure 2.13: Example of a reflectivity measurement (blue), and the
corresponding theoretical curve (dotted), calculated from the Fresnel
equations. Peak corresponds to total internal reflection, and trough
corresponds to plasmon excitation.

permittivity. Light of a specified frequency and spatial distribution could be injected into the
geometry by introducing an excitation port. COMSOL would then be able to carry out a "fre-
quency domain study", which consisted of full-wave simulations using Maxwell’s equations
at a well defined frequency, to determine how the light would propagate into the geometry.
This method was useful in determining coupling between light and surface plasmons; via
phase-matching techniques or scattering. Another useful application of COMSOL was to
define a 2D geometry and treat it as a cross-section of a 3D structure. COMSOL is then able
to perform a "mode analysis" of the geometry, and determine the modes and propagation
constants of the structure.

2.7.1 Meshing
In either case, COMSOL calculates the field distribution by using finite-element methods,
where the elements are defined on a mesh. The two key parameters of the mesh are the size
of the mesh elements, and the shape of the basic element of the mesh. The meshing approach
is extremely important when simulating optical-plasmonic phenomena due to the range of
size scales involved. Ensuring that each region is sufficiently sampled is an important task:
undersampling a region can result in artefacts in the simulation, and incorrect behaviour of
the light. On the other hand, oversampling is computationally expensive, and drastically
increases the time required for the simulation to complete.

In order to determine the appropriate scale for the mesh, we had to consider the behaviour
of the fields in each material separately, and define different mesh sizes for each domain. The
smallest size scale on which the electric fields can change in dielectrics is determined by the
local wavelength λ0/n. By defining a mesh size smaller than this, an accurate simulation can
be ensured. For most of the simulations carried out, a mesh element size of (λ0/n)/8 was
chosen. Similarly, inside the metal the penetration depth of the electric field is ≈ 30 nm,
and so a mesh size of 4 nm was chosen. The second major parameter of the mesh is the
basic shape of the mesh. By default, these mesh elements are triangular in the 2D case or
tetrahedral in the 3D case. Rectangular meshing elements are also available, however these
are not as flexible. Triangular meshing elements are most useful for discretising domains
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with curved or irregular shapes and also enable a smooth transition for mesh sizes across
domain boundaries. An example of this is shown in fig. 2.14.

Figure 2.14: Example of a mesh generated in COMSOL, using tri-
angular mesh elements, showing interpolation of the mesh size from
fine to coarse.

To verify that our simulations were sufficiently accurate with these meshing parameters,
several additional simulations were carried out with smaller mesh sizes ((λ0/n)/16 and 2 nm
respectively) were carried out and compared to the original simulations. No significant
change field distribution was observed between the two simulations with different meshes
and the power was not seen to vary significantly (< 2%). To save computation time, the
coarser mesh size was generally adopted.

2.7.2 Boundary Conditions
Another important consideration for simulating surface plasmon behaviour is the boundary
conditions of the simulation. By default, COMSOL chooses perfectly conducting boundaries,
however, these boundary conditions reflect optical power back into the simulation and can
create artefacts. To avoid these artefacts, other boundary layers, called Perfectly Matched
Layers (PML), were introduced around the edges of the simulation. An example of a
Perfectly Matched Layer is shown in fig. 2.15. These boundary layers are required to be
several wavelengths thick and nominally have the same refractive index as the adjacent
region, however these layers have an additional loss coefficient. This causes most of the light
incident on the boundary to be rapidly damped within several wavelengths. These perfectly
matched layers are able to mitigate most of the reflections re-entering into the simulation,
but residual reflections are still present. To further reduce spurious effects from the residual
reflections, it is still necessary to choose a simulation size sufficiently large that any reflected
light is scattered far from any points of interest. This criterion is dependent on the simulation
being considered. However, generally the interesting behaviour occurred over a 1–3 µm
range, and a boundary box of 10×20 µmwas adopted where possible. For wavelengths in the
visible, and in typical glasses (n ≈ 1.5 this is more than 25× the size of the local wavelength.
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Figure 2.15: Example of a Perfectly Matched Layer (PML), used to
absorb scattered radiation.



24 Surface Plasmons: Background and Methods



3
Plasmonic Second Harmonic Generation

3.1 Introduction
Our first study consisted of investigating second-order nonlinear effects in surface plasmons,
through the simplest second-order nonlinear effect, second harmonic generation. Nonlinear
effects arise when large field intensities induce a nonlinear polarisation in a material. This
nonlinear polarisation can then re-radiate and and be used to excite surface plasmons at
different frequencies.

In this chapter, we investigate the χ(2) nonlinearity arising from the plasmonic interaction
with metals, and excite plasmons using this nonlinearity for second harmonic generation. In
section 3.2, we start with a discussion of nonlinearities observed in optics, and then their
application to propagating surface plasmons in section 3.3. Lastly, in section 3.4, we use the
χ(2) nonlinearity of gold for plasmonic second harmonic generation, and calibrate the signal
against the nonlinear response of lithium niobate.

3.2 Overview of Nonlinear Effects
Nonlinear optics is a field that has been studied thoroughly [126]. Here we include a brief
overview of some of the relevant nonlinear effects. In nonlinear optics, nonlinear effects arise
can be considered by taking a power series expansion of the polarisability of a medium. This
polarisability P̃ can be written

P̃ = ε0

(
χ(1)Ẽ + χ(2)(Ẽ · Ẽ) + χ(3)(Ẽ · Ẽ · Ẽ)...

)
, (3.1)

where χ(1), χ(2), χ(3)... are the susceptibility tensors, and Ẽ is the complex electric field
vector. Practically, due to the flexibility in choosing the material orientation, symmetries
in nonlinear crystals and the choice of polarisation of the incident field, the susceptibility
tensors χ(n) can often be treated as scalar quantities. For low amplitudes of Ẽ , the higher
order terms vanish and the polarisation is directly proportional to the excitation. Large field
amplitudes are required in order to observe the emergence of the additional nonlinear effects.
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The wave equation is given by:

∇2Ẽ =
n2

c2
∂2Ẽ
∂t2 + µ0

∂2P̃
∂t2 , (3.2)

where n is the refractive index, and we have assumed the susceptibility µ = 1. By taking the
power expansion of the polarisation and substituting into eq. (3.2), the nonlinear effects can
be described.

3.2.1 Second-Order Nonlinear Effects
Second-order nonlinear effects only emerge in materials which are not centrosymmetric (do
not possess inversion symmetry), for which χ(2) , 0. The primary effects which emerge at
this order are sum-frequency generation (SFG) and difference-frequency generation (DFG).

Sum-frequency generation and Second Harmonic Generation

Sum-frequency generation is the process by which two light fields of frequency ω1 and
ω2, which are simultaneously incident on a nonlinear material, generate a component of
the polarisation to oscillate at the sum frequency ω1 + ω2, which then re-radiates. Second
harmonic generation (SHG) is the special case for which the two incoming optical waves are
of the same frequency, ω1 = ω2 = ω. In this case, we call this the fundamental frequency
and the generated field is then the harmonic at 2ω.

We can use eq. (3.2) to determine the evolution of the fundamental and harmonic fields.
In the simplest case, we can choose the form of the fundamental and the harmonic fields to
be

Ẽ =
1
2
(E1ei(β1z−ω1t) + c.c.)

+
1
2
(E2ei(β2z−ω2t) + c.c.), (3.3)

where c.c. is the complex conjugate and the subscripts {1, 2} correspond to the pump and
harmonic fields respectively. Here, E is the electric field amplitude, and β is the propagation
constant given by

βi =
2πni

λi
=
ωini

c
, (3.4)

where λi is the free space wavelength for pump and harmonic light. Using eqs. (3.2)
and (3.3), and the slowly varying pump approximation ( ∂2E

∂z2 = 0), we find that the change in
the amplitudes of the electric fields {E1, E2} is given by:

∂E1
∂z
=i
ω1
cn1

χE1E∗2 e−i∆ z (3.5)

∂E2
∂z
=i
ω2
cn2

χE2
1 ei∆ z, (3.6)

where ∆ = 2β1 − β2 is the phase matching condition and {E1, E2} are the electric fields
associated with the pump and harmonic respectively, and E∗i is the complex conjugate. For
simplicity, we’ve dropped the superscript on the second-order nonlinear susceptibility χ, and
treated it as a scalar quantity: in practice it is a tensor and the effective susceptibility is
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dependent on the orientation of the electric fields.
In the small gain limit, we can ignore the effect of the harmonic field on the pump field,

and just consider the evolution of the harmonic (eq. (3.6)). Integrating along the propagation
length L to find the electric field amplitude E2 gives:

E2 =i
ω

cn2
χE2

1
ei∆ L − 1

i∆
(3.7)

=i
ω

cn2
χE2

1 ei ∆ L2 LSinc
(
∆ L
2

)
, (3.8)

where Sinc(x) = Sin(x)
x . The harmonic electric field amplitude is related to the irradiance I

by
I =

1
2

cε0n|E |2, (3.9)

and by combining eqs. (3.8) and (3.9), we find the well known equation for the second
harmonic generation:

I2 =
χ2ω2

ε0c3n2
1n2

I2
1 L2Sinc2(

∆ L
2
). (3.10)

From the equation, we see that the harmonic irradiance increases quadratically with the
irradiance at the fundamental frequency Iω. The phase matching term∆ also has an important
effect. When the phase matching term ∆ = 0, Sinc(∆ L

2 ) = 1 and the irradiance grows
quadratically with the interaction length L. When ∆ , 0, the Sinc term limits the growth
of the irradience, causing it to oscillate sinusoidally. This is caused by a phase difference
accumulating between the fundamental and harmonic fields. When a π phase difference has
accumulated, the harmonic field undergoes destructive interference and is converted back
into the fundamental. The length over which this phase difference accumulates is called the
coherence length, and occurs at a length equal to:

lc =
π

∆
(3.11)

Figure 3.1: Growth of the harmonic irradiancewith interaction length
L.
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Difference-frequency generation

Difference-frequency generation is the inverse operation where an intense optical field of
frequency ω1, called the pump, may excite a polarisation of the material at two distinct
frequencies, ω2 and ω3, which then radiate. These generated frequencies, generally called
the signal and the idler, are constrained such that ω1 = ω2 + ω3. Similar equations can be
found for growth of the amplitudes of these fields:

∂E1
∂z
= i

ω1
cn1

χE2E3e−i∆ z, (3.12)

∂E2
∂z
= i

ω2
cn2

χE1E∗3e
i∆ z, (3.13)

∂E3
∂z
= i

ω3
cn3

χE1E∗2e
i∆ z, (3.14)

Where {E1, E2, E3} are the corresponding electric fields of the pump, signal and idler respec-
tively, ∗ is the complex conjugate, and the phase matching condition for difference frequency
generation is given by:

∆ = β1 − β2 − β3. (3.15)

Difference frequency generation can occur spontaneously, but may also be stimulated by
providing fields at either ω2 or ω3. The result is coherent amplification of the seeded field,
and is thus known as optical parametric amplification or parametric gain.

3.2.2 Third-Order Nonlinearities

At higher powers, third order nonlinear effects can be accessed, which are mentioned here
for completeness. There has been significant interest in third-order nonlinear effects in
plasmonics, the third order susceptibility coefficient of metals are known to be relatively large.
[127, 128]. The exact value of this nonlinearity is uncertain, as the experimentally measured
values are strongly dependent on the measurement technique. The reported values vary
between 10−20–10−15 m2/V2 [129]. Third order nonlinearities include additonal effects such
as the quadratic photorefractive effect (theKerr effect) [130], cross-phasemodulation and self-
phase modulation. These effects have application in surface plasmon switching [70, 74, 131–
133] and plasmonic self-focussing and soliton generation [134–139].

The effects which are pertinent for amplification and frequency generation fall under the
umbrella of four-wave mixing. Using this approach, the excitation of surface plasmons on
planar metal films has been modelled [140–142], and successfully demonstrated experimen-
tally [143–145]. The inverse has also been demonstrated, using third order nonlinearities
and surface plasmons to generate light in the far field [146] These schemes tend to be more
complex than the second-order effects, due to the additional fields involved. Furthermore,
the size of the third-order coefficient in gold is relatively large, but still small compared to
second-order coefficients which tend to be of the order of 10−12–1011 m/V. Hence, we only
consider second-order effects in this thesis.
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3.3 Considering Nonlinearities in Plasmonics
If we consider the polarisability model for nonlinearitiy as applied to surface plasmons,
we would expect that surface plasmons naturally support nonlinear effects [128]; field con-
finement and large field densities are key characteristics of surface plasmons, and these are
properties conducive to observing a strong nonlinear response. They suggest that plasmonic
frequency conversion may be accessed with moderate powers.

This has resulted in a large body of work investigating plasmonics and the χ(2) nonlinear-
ity, mostly restricted to second harmonic generation. These studies include second harmonic
generation from structured surfaces [147–151], nano particles and antennae [152–154], as
well as from propagating surface plasmons. Some of these works are discussed in chapter 1.

Despite this effort, the study of the χ(2) nonlinearity has not progressed much further than
second harmonic generation. In part, this is due to some of the limitations of propagating
surface plasmons. In chapter 2, we showed that losses result in plasmonic propagation
lengths of tens of microns, whereas optical nonlinear frequency mixing is usually carried out
over millimetres or centimetres. In second-order nonlinear effects, this restricts the possible
interaction length, and makes it difficult to leverage the large intensities afforded by the small
plasmonic mode size. Furthermore, a recent numerical study by Vincenti et al. [68] predicted
that in the case of second harmonic generation, the amount of second harmonic absorbed by
the metal is often as great, or even greater than the second harmonic that can be detected in
the far field.

The plasmonic dispersion also becomes more complicated in the nonlinear regime, as
the disparity in the propagation constants of optical and plasmonic waves becomes important
for phase-matching considerations. The large phase-mismatch makes it difficult to apply
conventional phase-matching techniques. This is discussed in greater depth in chapter 4.

The challenges in coupling also impede the detection of surface plasmons. Plasmonic
phenomena are most commonly measured using optical techniques in the far field. But,
without efficient conversion from a plasmon back into the optical domain, the detection
of nonlinear plasmonic effects can be extremely challenging. This is especially true for
experiments involving nonlinear effects, which tend to be pumped by large field intensities;
these pump fields are often still detectable, despite any filtering, and this can often obscure
the small nonlinear plasmonic signal.

There are also complications in the study of second harmonic generation stemming from
the number of ways that this process may be approached. Whereas in the optical case, second
harmonic generation consists of the mixing of two photons at the fundamental frequency to
generate a single photon at the harmonic, in the plasmonic case, one or both of the photons
may be substituted with a plasmon. The result of this interaction may also be either a photon
or plasmon. The different possible combinations for second harmonic generation using light
and plasmons are shown in fig. 3.2.

Each of these combinations presents different challenges, requiring the constraints of
losses, phase-matching [61, 62] and detection to be reconsidered. This results in very different
experimental configurations. In this thesis, we mainly consider fig. 3.2(a-c). Figure 3.2(a)
is the typical optical nonlinear process, Figure 3.2(b) is the all-plasmonic second harmonic
process, and Figure 3.2(c) is an optically pumped second harmonic generation process,
resulting in the nonlinear excitation of a surface plasmon.

The all-plasmonic second harmonic generation process fig. 3.2(b) is the most straight-
forward analogue to optical second harmonic generation. This process takes advantage of
the surface plasmon field confinement. And, the confinement of both the fundamental and
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Figure 3.2: Options for second harmonic generation involving plas-
mons and photons.

harmonic fields to plasmonic modes results in strong modal overlap. Both of these factors
are conducive to generating a large nonlinear response. However in this configuration, both
the fundamental and harmonic fields are exposed to the plasmonic losses. Efficient coupling
to the surface plasmon mode for the fundamental field is also necessary.

In contrast, surface plasmons excited by optically-pumped second harmonic genera-
tion fig. 3.2(c) have entirely different constraints. In this configuration, the optical field
generating the nonlinear polarisation cannot take advantage of the field-enhancing properties
of the surface plasmon, leading to a weaker interaction. On the other hand, there are also a
number of potential benefits. Here, the pump field is not exposed to loss, nonlinear effects
can be side-pumped to drive the nonlinear effect in a large area, and the optical excitation
allows additional degrees of freedom in choosing the polarisation and incident angle of the
pump.

3.3.1 Material Considerations and the Metallic Nonlinearity
The study of second-order nonlinearities and surface plasmons can also be divided into
categories based on the source of the second-order nonlinearity. Surface plasmons can elicit
a nonlinear response from either the dielectric or the metal on which they propagate.

Typically, in nonlinear optics, nonlinear effects are accessed through dielectric crystals.
In this case, the χ(2) nonlinearity is a property of the bulk crystal, and is described by a
susceptibility tensor. This approach is still applicable in the plasmonic case, and is explored
in detail in chapter 4.

While the dielectric nonlinearity can be made optional in plasmonic devices, the metallic
nonlinearity is an intrinsic part of plasmonic waveguides. Unfortunately, the case of the
metallic second-order nonlinearity is not as simple as the dielectric case. The metallic
nonlinearity exists only at the surface of the metal and the usual treatment of nonlinearities
is not applicable [49, 155]. In particular, in [58], instead of modelling the nonlinearity
as a susceptibility tensor χ, the metal is considered using a hydrodynamic model for the
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electrons. The model is strongly dependent on phenomenological constants a and b. The
surface metallic nonlinearity can be divided into two main contributions [58, 156–158]: the
first is a true surface term arising from symmetry breaking, and pertains to the electric field
and currents perpendicular to the interface (corresponding to the phenomenological constant
a). The second is a "bulk-like" term, which concerns the electric fields parallel to the interface
(corresponding to the phenomenological constant b). The contribution of this term is strongly
related to the skin depth of the metal for a given optical excitation. Both of these contributions
have been optically measured [159–161]. The size of the surface second-order response has
been shown to be extremely sensitive, to both the surface chemistry of the metal [59], and to
surface structures and features [148, 162]. However, since the measured values for a and b
are strongly dependent on the surface roughness of the metallic film, adsorbed species on the
surface, and the penetration depth of the optical field into the metal, there is no consensus in
the literature on the precise value of these parameters. There are not many applications for
the metallic nonlinearity in optics, due to the briefness of the interaction that can be achieved
between an optical field and a metallic surface on reflection. But for surface plasmons that
are bound to the metal surface, the interaction can be significantly enhanced. Unfortunately,
since the metallic nonlinearity is largely inaccessible, phase-matching techniques for the
metal are largely absent.

3.4 Plasmonic Second Harmonic Generation via theMetal-
lic Nonlinearity

Figure 3.3: Schematic of the experiment with excitation based on a Kretschmann configura-
tion.

In our first study of the interaction of surface plasmons with the second order nonlinearity,
we considered the process of all-plasmonic second harmonic generation. We designed an
experiment based on the Kretschmann configuration in order to ensure a strong coupling to
the surface plasmon, and this is shown in fig. 3.3.

The experiment consisted of exciting surface plasmons with a pulsed λ = 1240 nm laser
source on a thin film of gold deposited on a nonlinear lithium niobate substrate. Using a
prism configuration, the plasmon was excited at the gold/air interface. This plasmon mode
at the gold/air interface cannot interact with the nonlinearity of the lithium niobate, but can
interact with the χ(2) nonlinearity of the metal, generating a plasmon at the harmonic at
λ = 620 nm. Due to the large dispersion of surface plasmons in the visible, this process
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is not phase matched. However, due to the large field intensities provided by the plasmonic
field confinement, some harmonic generation on short length scales is expected regardless.

This configuration has the advantage that, at the corresponding surface plasmon reso-
nance angle θSPR,ω, it allows efficient coupling to the fundamental surface plasmon mode.
The surface plasmon generated at the harmonic is also able to leak, and couple back into
light: the same phase-matching conditions which allow optical-to-plasmon coupling in the
Kretschmann configuration also allows the plasmon-to-optical leakage by symmetry. The
angle of this leakage occurs at the surface plasmon resonance angle θSPR,2ω, which must be
recalculated for harmonic wavelength. This enables us to use far-field detection methods.

Figure 3.4: Schematic of the interactions being targeted in the experiment.

In addition to the plasmonic second harmonic response, the lithium niobate also generated
an optical second harmonic signal, as shown in fig. 3.4. This process is well understood, and
allows the strength of the plasmonic response to be gauged. Some of the design elements of
the experiment are described in greater detail below.

3.4.1 Sample Preparation and Characterisation
The main material considerations in this experiment were the choice of lithium niobate as
the nonlinear dielectric substrate, the choice of gold as the metal, and the film thickness.

Lithium Niobate

The nonlinear dielectric substrate thatwe chose as a calibration source for the plasmonic signal
was lithium niobate. Lithium niobate is a well characterised crystal with 3m point symmetry
that exhibits a broad array of properties: It is ferroelectric, piezoelectric, pyroelectric and
electro-optic. It also has a wide transmission window through the visible and IR, and is
an excellent nonlinear optical crystal. The second-order nonlinear polarisability tensor for
lithium niobate is given by [126]:
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Lithium niobate
(o) (e)

B1 2.6734 C1 1.764 × 10−2 µm2 B1 2.9804 C1 2.047 × 10−2 µm2

B2 1.2290 C2 5.914 × 10−2 µm2 B2 0.5981 C2 6.66 × 10−2 µm2

B3 12.614 C3 4.746 × 102 µm2 B3 8.9543 C3 4.1608 × 102 µm2

Table 3.1: Sellmeier coefficients for lithium niobate [103].

where, for lithium niobate, Pz is defined as the optic axis of the crystal. The nonlinear
coefficients for lithium niobate are [126]: d33 ≈ 27–30, d31 = 4.5, and d22 = 2.7 pm/V.
Of particular note is the d33 component, which issignificantly larger than the nonlinearity
observed for other similar crystals such as KTP (d33 = 16.9 pm/V), LBO (d31 = 1.09 pm/V),
BBO (d22 = 2.2) pm/V [126]. This d33 component leads to a large nonlinear response along
the optic axis P(2ω)z when the optical pump is co-polarised (corresponding to a large E2

z ).
Lithium niobate is also a negative uniaxial crystal, and has a moderately high refractive index,
with n ≈ 2.2 in the visible. The sellmeier coefficients for stoichiometric lithium niobate were
given in table 2.1, but are reproduced here for ease of use. The indices given by no and ne
are known as the ordinary and extraordinary indices. When light is travelling down the optic
axis, its refractive index is given by n0, regardless of the polarisation. When light is travelling
at an angle θ to the optic axis, its refractive index is given by [163]:

neff =
none√

n2
e cos2(θ) + no sin2(θ)

(3.17)

Further information about lithium niobate may be found in [164], and its other optical
properties in [165]. Due to the wealth of information available for lithium niobate, we
considered it to be a reliable nonlinear crystal which could be used to calibrate the plasmonic
nonlinear response.

The Gold Film

The source of the nonlinearity for the surface plasmon that we chose was the metallic
nonlinearity of gold. The plasmonic coupling to the fundamental was optimised by the
choosing the thickness of the gold film, and this process is elaborated below. The optimal
thickness is predicted by the same Fresnel equations given in chapter 2.

When a sharp dip occurs in the reflectivity of the thin metallic film, a surface plasmon
resonance can be inferred. The optimum film thickness then corresponds to the thickness at
which the dip causes the beam to become extinct. The reflectivity for an incident wavelength
of λ = 1240 nm is plotted in fig. 3.5, and it can be seen that the coupling is optimised for a
gold film thickness between 30–40 nm. For this thickness, at an incident angle ≈ 27.25 the
reflectivity approaches zero, indicative of a plasmon coupling efficiency approaching 1. In
practice, the actual coupling efficiency is expected to be weaker, when taking into account
the beam divergence and the narrow resonance of the coupling condition—it is only ∼ 0.1◦
wide.

As a result of this analysis, a sample was prepared consisting of a z-cut wafer of lithium
niobate1, partially coated in a gold film of thickness ≈ 30 nm deposited via ion-assisted
thermal deposition [124]. A section of the lithium niobate wafer was masked during the

1A wafer of lithium niobate with its crystal axis (or z-axis) perpendicular to the surface of the wafer.
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Figure 3.5: (Top) Calculations of the fresnel equations, showing re-
flectivity as a function of incident angle for a lithium niobate/gold/air
setup, for a varying gold film thickness, at λ = 1240 nm. Gold film
thickness varies from 10 nm (blue) to 100 nm (red) in 10 nm steps.
(Bottom) Corresponding calculations of the minimum reflectivity as
a function of gold thickness. Extinction of the incident light indicates
strong plasmonic coupling.

deposition, allowing us to measure the second harmonic response of the sample with and
without the plasmonic component by illuminating different sections of the sample. The
deposited gold films were characterised using a white light interferometer (Wyko NT 98000),
in order to verify the film thickness and quality. The findings were consistent with the gold
films described in chapter 2, having a arithmetic surface roughness of Ra = 1 nm.

The quality of the gold film was further verified by comparing the reflectivity of the film,
as a function of angle, back to the fresnel equations. In order to do this, the sample was
mounted on a glass prism using index matching oil in a typical Kretschmann geometry, as
detailed in section 2.3, and fig. 2.7. The reflected power from the film was measured near
the harmonic wavelength, at λ = 642± 3 nm, using a WhiteLase (SC400-4) supercontinuum
source from Fianium. This light source proved to be much more stable than the source
laser at λ = 1240 nm (described below), used for pumping the nonlinear effect. This was
an important consideration for measuring the reflected power over large angular ranges at
sub-degree resolution, ultimately allowing the thickness of the gold to be estimated.
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Figure 3.6: Experimental reflectivity of gold at λ = 642 plotted with
the theoretical curve using the fresnel equations for a gold film of
32 nm.

A comparison of the fresnel equations and the measured reflection is shown in fig. 3.6.
The value for the relative permittivity of gold was taken as εm = −12.4333 + 1.15196i.
Notably, the extinction in reflected power at the shorter wavelength of λ = 642 nm is less
than at λ = 1240 nm, dropping to only 30%. the minima is also broadened, being ≈ 0.1◦
at λ = 1240 nm, but ≈ 0.1◦ at λ = 642 nm. This is related to the increase in plasmonic
losses in the visible. The comparison between the measured values and the fresnel curve
suggest the samples possess good film quality, and that the effective permittivity of the gold
closely matches the values found in the literature for bulk gold [101]. The slight deviation is
consistent with a film thickness variation in the order of nanometres.

3.4.2 Experiment
Once the gold film on the lithium niobate had been characterised, the sample was probed
for a nonlinear response. The laser source was provided by Dr. Aravindan M. Warrier, Dr.
Jipeng Lin and A/Prof. David Spence, and was a diamond Raman laser at λ = 1240 nm
with pulses of 6 ps, a repetition rate of 80 MHz and producing up to 600 mW of average
power [166]. This laser source allowed large peak powers to be achieved, and was considered
convenient for detection purposes: the generated harmonic field, at λ = 620 nm, lies in the
visible part of the spectrum, simplifying the alignment of the detector. Additionally, the
harmonic wavelength lies well within the sensitivity range of silicon based detectors, while
the fundamental wavelength does not. This improves the detector’s ability to discriminate
between the pump and harmonic signals. Finally, the choice of the harmonic at 620 nm
allowed us to avoid losses that occur at 550 nm which occur due to resonance with the plasma
frequency of the gold.

The fundamental beam was focused onto the gold film using a f = 10 cm lens giving
a beam waist of ≈ 50 µm. Focusing of the beam provides higher field densities but also
increases the angular spread of the pump beam and reduces the plasmonic coupling efficiency.
The sample itself was attached to a glass prism using index matching oil, and then mounted
on a high precision rotation stage (±0.1◦), as shown in Fig. 3.7. measuring the extinction
of the incident beam at the surface plasmon coupling angle, we estimated that the actual
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Figure 3.7: Schematic of the experimental setup. The incident angle θ was scanned while the
detection angle φ was kept fixed with respect to the prism, at the harmonic plasmon leakage
angle (27.6◦)

coupling was only on the order of 25%. No optical damage occurred to the gold film and
no plasma was observed during the experiments. The incident field was TM polarised to
coincide with the surface plasmon polarisation. The angle of the incident beam was scanned
through the surface plasmon resonance angle (≈ 27.25◦) in order to observe the harmonic
response of the gold film, as well as the harmonic response of the bulk lithium niobate. The
incident angle was varied by an external angle of 3.6◦, with measurements taken every 0.2◦.
This corresponded to a range of incident angles on the gold of 1.2◦, with measurements taken
every 0.075◦. This range was limited by the laser power stability and the time required to
take the measurements.

The second harmonic was detected using a photomultiplier tube (PMT)(Hamamatsu
H10721-20) with a detection area 8 mm in diameter. The photomultiplier tube was sensitive
to the λ = 620 nm harmonic, and insensitive to the λ = 1240 nm fundamental, as shown
in fig. 3.8, providing some discrimination for the detector. Despite this, the fundamental
was still detected by the photomultiplier tube, and two additional dielectric absorbing filters
(Schott KG5) were required to suppress the pump signal. This PMT was placed at a fixed
angle corresponding to the harmonic plasmon leakage angle.

3.4.3 Results
Some of the initial measurements of the second harmonic are plotted in fig. 3.9, showing a
second harmonic signal arising in the angular vicinity of the surface plasmon resonance of the
fundamental field. However, the width of the observed peak (≈ 0.7◦) is several times greater
than the width of the surface plasmon resonance (≈ 0.1◦) which we expect to be driving
the second harmonic response. Taking this into account, and considering the asymmetry
of the observed peak, we surmised that this response was composed of more than a single
contribution. To better resolve these components, the effective collection aperture of the
detector was reduced. By itself, the photomultiplier tube, with a detecting surface 8 mm
in diameter and ≈ 9 cm from the sample, collected light over a 5.1◦ range. This roughly
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Figure 3.8: (Left) Responsivity curve of the photomultiplier
tube (Hamamatsu H10721-20), as reported by the Hamamatsu cata-
logue. The responsivity curve corresponding to our detector is shown
in red. (Right) Gain curve of the photomultiplier tube.

corresponds to a 2.6◦ range in the lithium niobate. A 2 mm slit was introduced, ≈ 5 cm away
from the sample, reducing the angular collection range to 2.3◦ externally, or 1.2◦ inside the
lithium niobate.

The measurements of the second harmonic response of the sample with the slit in place
are shown in fig. 3.10, without any normalisation. The experimental results are shown for
both the gold-coated lithium niobate, and bare lithium niobate. Two features are observed,
one of which is due to the bulk interaction of the pump light with the lithium niobate, and
is present in both experiments (27.2◦). The second feature at 27.45◦ is only apparent in
the presence of the gold film, which suggests that it is plasmonic in origin. This feature is
offset from the expected angle (27.25◦) by 0.2◦, where the fundamental beam is optimised for
plasmonic coupling. We attribute this to a small calibration error, and infer that this signal
corresponds to plasmon-to-plasmon second harmonic generation.

What is immediately evident is that the two processes exhibit comparable efficiencies,
as determined by detected levels of the second harmonic signals. At the angle 27.4◦,
where the plasmonic response was maximised, the pump power was scanned up to 800 mW.
The output signal was confirmed to scale quadratically with the pump power as shown in
fig. 3.10(bottom), indicative of a second-order nonlinear effect.

We now used the optical signal from the bulk lithium niobate to determine the power
in the plasmonic signal. The harmonic field E2ω generated by the bulk lithium niobate can
be calculated by the equation for the second harmonic generation in a bulk dielectric found
earlier eq. (3.10):

I2ω =
χ2ω2

ε0c3n2
ωn2ω

I2
ωL2Sinc2

(
∆ L
2

)
. (3.18)

Far from the phase matched condition, which is ∆ = 2βω − β2ω, the Sinc function simplifies
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Figure 3.9: Coarse measurements of the second harmonic response.

to a sinusoidal term with a coherence length that can be calculated to be ≈4.8 µm. In this
case, the thickness of the lithium niobate substrate (≈ 500 µm), being much greater than
the coherence length, can be disregarded. The amplitude of this sinusoidal term can be
characterised, and from this the second harmonic signals in fig. 3.10 can then be calibrated.
For an average power of 600 mW, a pulse duration of 6 ps, a repetition of 80 MHz and a
focal spot size of 50 µm, the peak optical irradiance is found to be 60 MW/cm2. Using
eq. (3.10), the optical harmonic process is found to generate a maximum of 54 µW/cm2.
This calculation allows us to convert the second harmonic signal detected in millivolts to
optical intensities, rescaling the plasmonic peak power to 107 µW/cm2.

We can further relate the detected far field power to the harmonic plasmon amplitude
at the metal surface. In this manner, the plasmon-plasmon efficiency of the process can be
determined. The measured plasmon power in the far field can be related to the plasmon
amplitude by the Poynting vector, modified by a plasmon leakage rate. By using eq. (2.2)
and eq. (2.4), we calculated the Poynting vector, integrated across the mode profile, as:∫

|〈S〉| dA =
∫

1
2Re[E × H∗] dA

= 1
4

1
µ0c |E |

2Re
[

1
nmkx,m

+ 1
n1kx,1

]
,

(3.19)

where a constant amplitude Eω has been assumed. This approximation is valid under the
conditions that the pump length is much greater than the propagation length of the leaky
plasmon and longer than the coherence length of the nonlinear process (7.5 µm). In this
case, the second-harmonic generation can be expected to have reached a steady state value.
Here, the pump length corresponds roughly to the illuminated spot size on the metal surface.
The spot size is ≈ 50 µm and the propagation length is only several microns. Since the spot
size is larger than both the propagation length and the coherence length, this approximation
is valid. Subscripts {m, 1} correspond to the metal and the air respectively, as before. For the
plasmon leakage rate (α, it was found in [17] that this could be calculated as:

α = Im

[
r0me2ikx,md2

(ω
c

) (
εmε1
εm + ε1

)3/2 1
ε1 − εm

]
, (3.20)

where the Fresnel reflection coefficient r0m is the same as given in eq. (2.10). This leakage
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Figure 3.10: (Top) Second harmonic response of the sample as a function of incident angle,
shown for bare lithium niobate (blue) and lithium niobate and gold (yellow). An upper bound
of the measurement uncertainty has been included (70 mV) (Bottom) Output power as a
function of input power, indicating a quadratic trend.

α competes with the plasmonic loss, given by the imaginary part of the plasmon wavevector
(β′′). We can calculate how much of the plasmon is lost as leakage rather than absorption by
calculating:

η =

∫ ∞
0 e−2β′′z(1 − e−2αz)dz∫ ∞

0 e−2β′′zdz.
(3.21)

By a straightforward integration, this simplifies to:

η =
α

(β′′ + α)
, (3.22)

giving us the total leakage efficiency. We can find that for λ = 620 nm, the leakage efficiency
is as much as η = 77%. Bringing eqs. (3.19) and (3.22) together, we can then relate the
detected power to the harmonic plasmon amplitude at the output by:

η

∫
a
| 〈S〉 |dA = P2ω,out . (3.23)

Using this approach, we calculated that the signal detected in the far field of 107 µW/cm2

corresponds to harmonic field amplitude of 2 × 102 V/m at the metal surface.
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Determining the amplitude for the fundamental plasmon is much more straightforward.
The plasmonic field amplitude at the fundamental, Eω, is related to the electric field of the
optical excitation Eopt,ω by the equation Eω = T01Eopt,ω, whereT01 is the Fresnel transmission
coefficient given by:

T01 =
t1mtm0eikx,md

1 − rm0rm1e2ikx,md , (3.24)

and ti j and ri j is given by eq. (2.10) as before. This approach is generally valid for a
collimated, or weakly focused pump beam. However, in the near infrared, the plasmon
resonance is extremely narrow, and we expect a significant portion of the excitation beamwill
not be coupled. Using the estimated coupling efficiency ∼ 25% (section 3.4.2), an amplitude
for the fundamental can be calculated at 4.8 × 108 V/m. With the harmonic field amplitude
of 2 × 102 V/m, a conversion efficiency can then be estimated at (A2ω/Aω)2 = 2 × 10−13.

3.4.4 Discussion

Having observed the nonlinear signal, the next step was to determine how the coupling
efficiency could be improved. Two of the most significant factors are the short plasmonic
propagation lengths and the lack of phase matching.

Figure 3.11: Comparison of the coherence length of plasmonic sec-
ond harmonic generation and the propagation length of the plasmon
at the harmonic.

We can compare these two limitations by plotting both the propagation length of the
harmonic plasmon (β”) and the coherence length of the second harmonic process (Lc =
π

|∆|
=

π

2βopt,ω − βplas,2ω
). This is plotted in fig. 3.11. Here we can see that, of these two

limitations, the phase-matching is the limiting factor. At the wavelength of 620 nm used in the
experiment, the coherence length is only a quarter as long as the propagation length. Given
that second harmonic generation is quadratic in length, then in a perfect phase-matching case,
an enhancement ≈ 16× might be expected. This enhancement can be seen to also apply for
longer wavelengths towards the near IR.
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3.5 Conclusion
In this chapter, we investigated plasmonic second harmonic generation in the Kretschmann
configuration, drawing on the nonlinear response from the gold. This investigation demon-
strated that the metallic nonlinearity, in conjunction with the plasmonic field confinement, is
able to generate a second harmonic response similar to that of lithium niobate on short length
scales.

However this experiment also highlighted several limitations with this approach. While a
strong nonlinear response was observed, the short propagation length of plasmons at both the
fundamental and harmonic frequencies severely limits the absolute conversion efficiency of
the process. Additionally, the losses associated with the pump beam make this configuration
impractical for exploring parametric gain. Processes where the pump was optical instead of
plasmonic would allow gain to be provided to the plasmon over a much greater length.

The lack of phase-matching techniques was also a considered a limitation. However,
many of the phase-matching techniques developed in nonlinear optics are not applicable for
plasmons using the metallic nonlinearity. This prevents the second harmonic response from
being scaled to larger lengths.

In light of these findings, we moved away from plasmonic second harmonic generation
in metals to explore a more direct method of coupling light and plasmons using second order
nonlinear effects in dielectrics where phase-matching could be achieved.
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4
Phase-Matched Plasmonic Generation

Using Dielectric Nonlinearities

4.1 Introduction
A promising approach to expand on second-order nonlinearities in plasmonics is to draw
on the nonlinear response of dielectrics. In contrast to the metallic nonlinearity explored
in chapter 3, the nonlinear response of dielectrics is often used in nonlinear optics and
has been well characterised. Furthermore, in dielectric materials, numerous methods of
phase-matching have been developed, which facilitate large conversion efficiencies.

There have been several studies which have investigated plasmonic second harmonic gen-
eration in dielectrics, in a variety of materials. Plasmonic second harmonic generation has
been demonstrated using quartz for surface plasmons [63] and long-range surface plasmons
[64] in a Kretschmann configuration. Similar configurations have been used for plasmonic
second harmonic generation in polarisable dyes [60, 66] and organic polymers with large
second order nonlinearities [67]. Notably, there is an absence of many of the more common
nonlinear dielectric crystals, such as LBO, BBO, KTP and LiNbO3 in these nonlinear plas-
monic experiments. Furthermore, none of these studies has yet been able to draw on any
phase-matching techniques to enhance the nonlinear response.

Here, we investigated two optical-to-plasmonic nonlinear processes, using two phase-
matching techniques in the nonlinear crystal, lithium niobate (LiNbO3). First, we investigated
quasi-phase-matched second harmonic generation using surface poling techniques developed
by Dr Andreas Boes and Prof. Arnan Mitchel (RMIT). This is followed by an investigation
of parametric down conversion using birefringent phase-matching techniques.

4.2 PropagatingSurfacePlasmons inHigh IndexDielectrics
In order to understand nonlinear effects in surface plasmons, let us first treat the surface
plasmon linear propagation in these materials. In the previous chapter, only surface plasmons
propagating along gold/air interfaces were considered. But dielectric materials that exhibit
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large nonlinearities are strongly correlated with high refractive indices [167]; this has a strong
impact on the linear plasmonic properties. The propagation constant for surface plasmons
propagating in air/gold, glass/gold and lithium niobate/gold have been reproduced from
chapter 2 in fig. 4.1, using (eq. (2.6)).

Figure 4.1: Propagation constants calculated for plasmons travelling
at gold/air, gold/glass and gold/lithium niobate interfaces. Dotted
lines correspond to the corresponding optical propagation constant.

From this plot, it can be seen that for wavelengths between the 500–600 nm, the surface
plasmon propagation constant is extremely sensitive to the refractive index of the dielectric. It
diverges strongly from the optical dispersion curve and at resonance has a propagation constant
≈ 40% larger. This behaviour makes it difficult to optically phase-match a surface plasmon in
high index materials. Unfortunately, as the nonlinear response of a material and its refractive
index tend to be correlated, this becomes an essential challenge of nonlinear plasmonics
in dielectric materials. It can be noted that at wavelengths shorter than the resonance, the
plasmon propagation constant drops once more. However, at these wavelengths, the metal
becomes dielectric in character, and the plasmonic properties are no longer evident.

The other key properties of surface plasmons are the propagation length and the mode
size. The plasmonic loss is given by the imaginary part of the surface plasmon wavevector
(β) and the propagation length is given by its inverse (1/β′′). Similarly, if we consider a
surface plasmon propagating on a 2D plane, the surface plasmon mode size is calculated as
1/Re(k(d)x ), where the transverse wavevector (k

(d)
x ) is given by eq. (2.5). In the other transverse

direction, surface plasmons provide no field confinement, and so will not be considered here.
Both of these quantities are plotted in fig. 4.2. For a surface plasmon propagating on a lithium
niobate/gold interface (n ≈ 2.1), there is a drastic reduction in propagation length compared
to a plasmon at an air/gold interface (n = 1), travelling less than 10% of the distance. On the
other hand, the reduction in propagation length is accompanied by a reduction in plasmonic
mode size. These subwavelength mode sizes are largely beneficial for nonlinear processes,
providing a strong enhancement to the field intensity. In this case, the mode size of the
plasmon at a lithium niobate/gold interface is 4× smaller than the corresponding plasmon at
an air/gold interface.

The efficiency of second-order nonlinear processes such as second harmonic generation
is quadratically dependent on both the interaction length and the field intensity. Given that
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Figure 4.2: (Top) Propagation lengths (e−1) of the surface plasmons
in materials of different refractive index, plotted with respect to wave-
length. (Bottom) Mode size of the surface plasmons, Dotted lines
show the corresponding optical wavelength (λ/n).

the propagation length shrinks more than the plasmonic mode size, then on these consid-
erations alone, a net reduction in efficiency might be expected when moving to high index
dielectrics. Consequently, for phase-matching to be worth while, it must outweigh this lim-
itation. Alternately, nonlinear processes that are not fundamentally limited by the plasmon
propagation length can be considered, such as optical-to-plasmonic nonlinear processes. For
optically-pumped processes, an arbitrarily large area can be illuminated. This can be used
in a conjunction with phase-matching techniques to drive nonlinear processes. This is the
approach that is taken in this chapter. Other methods to avoid this limitation also exist. For
an example, waveguide engineering could be used to reduce plasmonic losses, while also
taking advantage of nonlinear dielectrics and phase-matching. However, this was outside the
scope of this thesis.
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4.3 Quasi-phase-matching andPeriodicPoling inNonlinear
Dielectrics

One of the phase-matching techniques that is explored here is quasi-phase-matching. Quasi-
phase-matching is a well known technique [168], for overcoming the effects of mismatched
wavevectors in second harmonic generation and parametric processes. Quasi-phase-matching
consists of periodically inverting the sign of the nonlinear coefficient χ. The inversion of the
nonlinear coefficient introduces a π phase shift, which is used to compensate for the phase
mismatch between the interacting fields, thus allowing the second harmonic signal to continue
to grow. If the nonlinear coefficient is periodically inverted over many coherence lengths,
this introduces an effective wavevector component, similar to that of a grating, allowing the
phase-matching condition to be rewritten as:

2βω ± m
2π
Λ
= β2ω, (4.1)

where {βω, β2ω} are the propagation constants of the fundamental and harmonic respectively,
Λ is the poling period, and m is the poling order. For m = 1, corresponding to first-order
periodic poling, we find that this new phase-matching condition is satisfied whenΛ/2 is equal
to the coherence length. For optical quasi-phase-matching of second harmonic generation,
this is of the order of microns, to tens of microns.

Under quasi-phase-matching the growth of the second harmonic field growth acquires
an undulated appearance, as shown in fig. 4.3, and this leads to an overall slower rate of
growth compared to the perfectly phase-matched case. This corresponds to a lower effective
nonlinear coefficient, which can be found by [126]:

de f f =
2d
mπ

sin(mπD), (4.2)

where m is the poling order, d is a tensor component of the nonlinear coefficient χ and D is
the duty cycle.

Physically, the poling is achieved by inverting the crystal orientation. This can be done
in uniaxial nonlinear dielectric crystals, such as lithium niobate, without affecting the linear
properties of the crystals. This modulation of the crystal structure can be achieved in
bulk crystals using various methods: such as by stacking discreet crystals in alternating
orientations [169, 170], or by direct growth of poling structures [171–173]. Poling may
also be achieved by applying a strong external electric field, using either metal [174] or
liquid [175, 176] electrodes. The electric field can induce the local crystal structure to invert,
resulting in periodic poling structures in a monolithic crystal.

While the domain engineering of nonlinear crystals adds an additional level of complexity
to the fabrication process, it facilitates phase-matching in configurations not accessible by
other methods such as birefringent phase-matching. For lithium niobate in particular, quasi-
phase-matching provides access to the d33 tensor component, along which lithium niobate
exhibits its largest second-order nonlinear response.
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Figure 4.3: Schematic of harmonic field evolution. The field in-
creases quadratically in the perfectly phase-matched case (orange),
and oscillates in the unphase-matched case (blue). The quasi-phase
matched case lies between these (green). A duty cycle of 50% has
been assumed.

4.3.1 Periodic Poling and Surface Plasmons for Second Harmonic Gen-
eration

Quasi-phase-matching and periodic poling have been suggested in several studies as a method
of introducing phase-matching to nonlinear surface plasmon interactions. In a study byWu et
al. [54], periodic polingwas assumed in amodel of plasmonic second harmonic generation for
plasmons propagating on a lithiumniobate/silver interface, where the fundamentalwavelength
was λ = 1550 nm and the corresponding harmonic was λ = 775 nm. This is shown in
fig. 4.4 (top)(a). With a poling period of 2.89 µm, Wu et al. predicted an efficiency of
0.2% over an interaction length of 11.2 µm. This could be improved by moving towards a
long-range surface plasmon configuration fig. 4.4 (top)(a) where, by reducing the losses and
increasing the interaction length to 511 µm, a 15.2% conversion efficiency is predicted.

Another theoretical study [55] considered plasmonic-to-optical second harmonic gener-
ation, modelling a 500 nm×500 nm lithium niobate waveguide, separated by a 50 nm air
gap from a silver interface. This configuration, shown in fig. 4.4 (bottom), results in a hy-
bridised plasmonic mode, allowing some tuning of the plasmonic dispersion, facilitating the
phase-matching to the optical mode in the lithium niobate. Using a poling period of 1.81 µm
and an input power of 1 W, they predict conversion rates between 1–5%. Unfortunately, this
conversion rate was critically dependant on the waveguide geometry and the size of the air
gap spacing.

Despite these studies, the experimental demonstration of quasi-phase-matched nonlinear
plasmonic effects has yet to be realised. This is largely due to the fabrication constraints
required by both these schemes. The poling periods of 2.89 µm and 1.81 µm are significantly
shorter than what is required in optical second harmonic processes, and shorter than can be
fabricated by most conventional means. In order to obtain poling structures appropriate for
plasmonic nonlinear effects, alternate poling processes were required.

Since propagating surface plasmons are confined within a micron or so of the dielectric
surface, surface poling techniques become a viable solution. A novel surface poling technique
has been used to fabricated poling periods in lithium niobate of the order of a micron or less.
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Figure 4.4: (Top) Configurations for quasi-phase matched second
harmonic generation suggested by [54], using single interface (a)
and long range surface plasmon modes (b). (Bottom) Configuration
suggested in [55], consisting of a 500×500 nm periodically poled
waveguide rib, 50 nm from the silver surface.

The surface poling techniques used by Dr. Andreas Boes are briefly discussed below.

4.3.2 Surface Poling Techniques
Recently, advances in surface poling techniques of lithium niobate have been demonstrated
by Dr. Hendrik Steigerwald, Dr. Andreas Boes and Prof. Arnan Mitchell from the Royal
Melbourne Institute of Technology (RMIT), resulting in a significant increase in resolution
for periodically-poled structures. Two of the methods for generating surface-poled structures
are detailed below. In the first, the poling pattern was created by direct illumination of the
lithium niobate wafer with a UV light source [177]. In the second, the poling pattern was
obtained by depositing patterned chromium on the surface, followed by UV exposure [178].

In the first case, a UV beam was used to cause local heating in the lithium niobate. Most
of the beam is absorbed in the first ≈ 50 nm. At room temperature, a lithium niobate crystal
possesses a spontaneous polarization along the c-axis and accumulates a static surface charge
on the −z and +z faces. These charges have low mobility. The UV exposure excites free
charge carries and, under local heating with the UV beam on the +z face, thermal gradients
and the corresponding thermoelectric fields cause the oxygen ions and charge carriers in the
lithium niobate to drift and diffuse. The lithium niobate is required to reach temperatures
greater than the curie temperature (1210 ◦C) for this to occur. As the crystal cools, this drift
results in a local domain inversion in the heat-affected area. Note that no external electric
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Figure 4.5: Schematic of the basic poling method using UV irradia-
tion from [178]

field is required for this process. This process is shown schematically in fig. 4.5.
The domain size is determined by the size of the heating element or mechanism, and the

thermal diffusion rate in the lithium niobate. In this case, the domain size is related to the
beam spot size, hence, the limiting factor on domain size resolution is diffraction. The depth
of the domain is restricted by the absorption depth of the UV beam, restricting the application
of this technique to surface poling.

This technique was used to generate periods of 9–12 µm, using a 244 nm beam with 125–
150 mW of power. The cross-sectional profiles of these domains were roughly semicircular,
being half as deep as they were wide. Usually, poled structures in lithium niobate leave no
visible change to the surface of the lithium niobate, and have to be visualised by permanently
etching the lithium niobate in hydrofluoric acid. However, in this case, the poled regions
were visible by eye, suggesting surface deformation by the UV beam. The deformation was
found to be ≈ 3 nm in height, using the white light interferometer (Veeco Wyko NT9800).
Additionally, cracks were observed in some cases, probably due to the excess thermal loading.
These cracks are shown in fig. 4.6. With plasmonic propagation lengths of the order ofmicrons
in the visible, these periods were considered to be too large to facilitate quasi-phase-matching,
and furthermore, the cracks would also exacerbate the plasmonic propagation losses.

Figure 4.6: Microscopy Images of the 9 µm poling using optical
microscopy at 100× magnification (left) and the white light inter-
ferometer at 115× magnification (right). Damage is clearly visible,
and damage sites contain protrusions up to 40 nm above the sample
surface.
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The second technique consisted of depositing 60 nmof chromiumonto the lithiumniobate,
and patterning the chromium using electron beam lithography [178]. Illumination of the
sample with UV light then allows the remaining chromium structures to act as heaters, raising
the temperature to ∼600–700◦. The presence of the hot chromium on the lithium niobate is
believed to cause the out-diffusion of oxygen into the chromium layer, accompanied by the
opposite motion of lithium ions on the lithium niobate surface. The induced electric field
resulting from this defect gradient, in conjunction with the aforementioned thermoelectric
field leads to local domain inversion. This method has an advantage for the domain size: the
domain size here is related to the size of the chromium structures, and is therefore limited in
resolution by the electron beam lithography step. This allows domains 100’s of nanometres
wide to be defined, corresponding to a minimum poling period of 200 nm for a 50% duty
cycle. Since this minimum poling period is much smaller than the effective wavelength of
an optical excitation, this technique should be able to satisfy any possible periodic poling
configuration. The lower temperatures also reduce the risk of thermal damage to the surface,
and generally lead to structures of higher quality. This technique was used to generate poling
structures ranging from 200–600 nm. A further discussion of the quality of the fabricated
structures is given below. It should be noted that both of these poling techniques are relatively
new, and the longevity of the poled domains are uncharacterised. This is particularly difficult
as, (ideally) there is no visual change to the crystal caused by the poling. We have assumed
that these poling domains were stable throughout the experiments conducted.

4.3.3 Sample Design and Characterisation
Using surface poling techniques, poled structures to facilitate optical-to-plasmonic second
harmonic generation could be generated. We calculated the poling periods that would be
required for this using eq. (4.1) and this is shown in fig. 4.7. For comparison, the poling
periods required in the purely optical case are also shown. We immediately see that the
poling periods for optical-to-plasmonic second harmonic generation are significantly smaller
than the optical case, and for a fundamental wavelength in the near IR, poling periods shorter
than 1.5 µm are needed. In these calculations, we assumed that the optical excitation and
propagating plasmon signal were collinear. However, practical considerations demand that
the poled structures be illuminated at an angle, shifting the required poling periods to even
lower values.

In light of these calculations, two samples of lithium niobate with poling periods ranging
from 200–625 nm were generated by Dr. Andreas Boes with a 50% duty cycle, in a variety of
configurations including linear gratings, circular gratings, square and hexagonal arrays. One
of the final samples is shown in fig. 4.8. The square and hexagonal arrays are not considered
in detail here. On visual inspection, a dark line can be seen running down the length of the
chip. This is the result of an error in the EBL operation, causing damage to many of the
short poled structures. Each poled region was 100 µm × 100 µm, corresponding to the field
of view available during the electron beam lithography step. These domains were assumed
to be extremely shallow, also with a semicircular cross-section and half as deep as they are
wide. The corresponding depth of the poled regions ranged from ≈50–160 nm, making
them significantly smaller than the decay length of the plasmon evanescent field. Since the
non-poled region is not phase-matched, destructive interference cancels out any contribution.
Thus, the shallow domains lead to a reduction in the effective thickness of the nonlinear
medium. This then reduces the effective nonlinearity encountered by the plasmon. It was
observed that, in places, the surface of the lithium niobate was darkened. This is believed to
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Figure 4.7: Poling periods required in order to achieve first order
quasi-phase-matching in lithium niobate, assuming collinear prop-
agation for both the optical-to-optical and the optical-to-plasmonic
cases (top). The plasmonic case is also rescaled and plotted separately
for clarity (bottom).

be a result of the out-diffusion of the oxygen, and suggests a change to the optical properties
of the poled regions [178].

Prior to the deposition of the 100 nm gold film, the lithium niobate was also etched using
hydrofluoric acid to depths of 80 nm and 50 nm respectively on the two lithium niobate
samples. The differential etching between the +z and −z faces causes the poling structures
to be revealed as a physical relief. This served two purposes. The first was to act as an
optical/physical grating in order to be able to detect the signal generated by the poling. This
is discussed further below. Secondly, the hydrofluoric etch allowed the quality of the poling
structures to be assessed using the white light interferometer to measure their physical profile.

Images of a selection of the structures are shown in fig. 4.9. The poling process can be seen
to have been very successful in some cases, such as the 525 nm and 625 nm gratings, resulting
in highly ordered structures. Others have only partial structures, such as the 575 nm grating
and the 600 nm circular grating. Others still failed completely, such as the hex array. The
success of the process does not strictly appear to be tied to poling periods, but it was assumed
that larger periods were easier to fabricate. This is largely due to the discrepancy between the
actual UV dosage used to write the structures, and the effective UV dosage. While the lithium
niobate was exposed to a uniform UV dosage, the ideal exposure is dependent on the poling
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period–the area of the chromium determining the total energy absorption. Consequently, not
all structures were written to the same quality and we decided to work with the structures
with longer periods, avoiding the poled structures with a period ≈ 200 nm.

Finally, the structures were coated in 100 nm of gold. Notably, this gold deposition was
not carried out locally at Macquarie University, and the ion-assisted deposition method was
not used. Instead, a chromium adhesion layer several nanometres thick was deposited on the
lithium niobate first. We expect this chromium layer to affect the surface plasmon mode and
introduce some uncertainty into the plasmon parameters.

Figure 4.8: (Left) Layout of the lithium niobate surface structures.
Structures were 100 µm×100 µm each, separated by 500 µm. (Right)
Photograph of a gold coated surface poled lithiumniobate chip. Dam-
age is evident on the left side, obstructing the short period structures.

4.3.4 Experimental Design
Using these samples of gold-coated lithium niobate, we then explored optical-to-plasmonic
second harmonic generation with quasi-phase-matching. For this experiment, we needed to
excite the second harmonic plasmon mode propagating at the lithium niobate/gold interface.
The 100 nm layer of gold is more than 3 times the penetration depth of gold (30 nm) and so
was considered sufficiently thick in order to remove any interactions between this plasmon
mode and the plasmonmode at the air/gold interface. The second harmonic process consisted
of targeting the fundamental beam to interact with the poled structures, causing the excitation
of a surface plasmon at the harmonic wavelength. This process would only be phase-matched
at a particular angle θ, determined by the phase-matching condition:

2βω,opt sinθ +
2πn
Λ
= β2ω,plas, (4.3)

where {βω,opt, β2ω,plas} are the propagation constants of the optical fundamental and the
plasmonic harmonic respectively, Λ is the poling period and θ is defined with respect to the
surface normal. We have also chosen n = 1 for first order poling. The harmonic surface
plasmon excited by this process would then interact with the physical grating generated by
the HF etch, and would scatter back into a photon at a well defined angle φ, given by:

β2ω,opt sin φ +
2π
Λ
= β2ω,plas . (4.4)
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Figure 4.9: A selection of white light interferometer images of the
surface poled structures on the sample HF etched to a depth of 50 nm.
Imaged using the white light interferometer.(Top Left) 525 nm and
(top right) 625 nm grating structures that are clearly visible. (Bottom
Left) 575 nm grating and (middle) 600 nm circular grating are only
partially written. (Bottom Right) hex structure which failed to write.

Note that, due to the fabrication method, the grating periodΛ is the same as the poling period.
This coupling scheme is illustrated in fig. 4.10. Both the coupling angle θ and the harmonic

Figure 4.10: (Left) Schematic of the optically-pumped second har-
monic process. (Right) Detailed schematic showing the key param-
eters. The incident angle θ of the 1064 nm beam was swept, while
the angle of the detector was fixed at the surface plasmon scattering
angle φ.

scattering angle φ are functions of the chosen fundamental and harmonic wavelengths, as
well as the grating periods available. Initially, the poling periods were intended for use with
a λ = 1550 nm laser source, placing the corresponding harmonic at λ =775 nm. At this
harmonic wavelength, the propagation length is sufficiently long to interact with the poling.
However due to the availability of laser sources, an excitation wavelength of λ = 1064 nm
was used instead. This wavelength is not optimal for this experiment, since the harmonic
plasmon at 532 nm is close to the plasma frequency of the gold. Consequently, it has a
propagation length of 100’s of nanometres. Nevertheless, the corresponding angle for the
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excitation of optical-to-plasmonic second harmonic generation was calculated for 1064 nm.
The code for this calculation has been included in appendix A. This is plotted alongside the
scattering angle for the harmonic in fig. 4.11. Note that the excitation angle (and therefore the
angle of reflection) of the 1064 nm beam is almost identical to the 532 nm surface plasmon
scattering angle.

Eight of the poling periods produced on the sample had excitation angles and detection
angles that were accessible. Based on the quality of the structures we decided to focus on one
of the longer poling periods, and chose a poled region with a period of 400 nm. For 400 nm
poling, the corresponding excitation angle is 35.5◦ with a harmonic scattering angle of 34◦.

Figure 4.11: Coupling angle for the 1064 nm (grey) and the corre-
sponding exit angle of the 532 nm harmonic (green), as a function of
poling period. Angles are shown with respect to the internal angle
on the gold (top) and external angle on the prism (bottom). Dots
indicate periods corresponding to fabricated structures.

4.3.5 Experiment
The gold-coated lithium niobate structures were mounted on a right-angle prism in order to
access the calculated phase-matching angle. The prism was mounted on a rotation and X-Y
translation stages in order to ensure that the correct structure was targeted at the correct angle.

The laser source used was a Nd:YAG laser (Ekspla NL220) at 1064 nm with ≈ 5 ns
pulses, a repetition rate of 1 kHz, and an average power of 5 mW. The beam was focussed
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down to a ≈ 100 µm spot, with a peak power density of 1.6 MW/cm2. Using a flat section of
the gold film, it was determined that this power density did not cause any visible damage to
the sample.

A photomultiplier tube (Hamamatsu H10721-20, the same as used in chapter 3), with an
8 mm diameter detecting surface, was fixed in position at the expected harmonic scattering
angle. As before, the detector needed to be isolated from the pump beam. This was
particularly pertinent due to the similarity of the exit angles for the fundamental at 1064 nm
and the harmonic at 532 nm, as shown in fig. 4.11 (bottom). While largely insensitive to
the pump beam at 1064 nm, a strong signal could still be detected due to the power in the
pump, and the large gain being used. The photomultiplier tube was isolated using a 1064 nm
dielectric mirror.

4.3.6 Results

Figure 4.12: Second harmonic signal as a function of input angle.
(Top) The signal for TE and TM polarisations. The signal is shown
to be much stronger in the TM case. (Bottom) The signal on and
off the grating using the TM polarisation. The signal is shown to be
almost identical regardless of the grating.

The incident 1064 nm beam was swept over the 400 nm grating for a range of angles in
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the vicinity of the harmonic excitation angle and is shown in fig. 4.12. A harmonic signal can
be seen at all incident angles for the TM polarisation. The period was found to be consistent
with incoherent second harmonic generation in the lithium niobate bulk. Alternating peak
heights are also seen, and the cause of this is not known. To test if any component of this
signal was plasmonic in nature, the polarisation was rotated 90◦. Using a TE polarisation,
no surface plasmons can be excited due to the polarisation restriction of surface plasmons
(eqs. (2.2) and (2.4)). Indeed, using a TE polarisation resulted in a significantly diminished
second harmonic signal. However, while this is consistent with a plasmonic response, lithium
niobate has one strong nonlinear tensor component, d33. This tensor component is accessed
by exciting along the crystal axis. Rotation of the input polarisation is therefore also consistent
with tuning off the d33 tensor component of the second order nonlinearity in lithium niobate,
and therefore a reduction in signal is expected regardless of any plasmonic behaviour. Thus
this test was not conclusive.

The conclusive testwas tomeasure the harmonic response on and off the grating structures,
which would change the appropriate phase-matching conditions for plasmon excitation. The
harmonic signals measured in both cases were almost identical (fig. 4.12(Bottom)), and it
was concluded that the poling and the grating produced no plasmonic effect.

4.4 Discussion
The experiment on optical-to-plasmonic second harmonic generation resulted in no detectable
plasmonic phenomena. We believe this to be largely due to the use of sub-optimalwavelengths
because of the lack of a suitable laser source. Due to the short plasmonic propagation length
at the wavelength used, we expect that there was insufficient interaction with either the poling
or the grating. This would prevent any signal from being detected in the far field. A longer,
and therefore stronger, interaction could be achieved by a longer wavelength laser source.
Unfortunately, this experiment remains inconclusive.

4.5 Birefringent phase-matching andParametricDownCon-
version in Nonlinear Dielectrics

The final study on plasmonic nonlinear effects consisted of an investigation of birefringent
phase-matching techniques through the second-order effect, parametric down conversion.
In this case, we could not study second harmonic generation, the simpler process, as the
large phase-mismatch resulting from the plasmonic dispersion made it incompatible with
birefringent phase-matching techniques.

For parametric down conversion, the plasmonic dispersion presents much less of a chal-
lenge, since, at the longer wavelengths being generated, the plasmonic dispersion tends
towards the optical dispersion. We therefore conducted our study of birefringent phase-
matching focussing instead on down-conversion processes. This study also allows us to
directly consider concepts of plasmonic gain.

Birefringent phase-matching takes advantage of the fact that many dielectric crystals
which exhibit strong nonlinearities are also birefringent. The polarisation-dependent refrac-
tive index provides additional degrees of freedom to control the phase-matching conditions.
This has lead to a widespread application of birefringent phase-matching in optics [126]. In
uniaxial birefringent crystals such as lithium niobate, light that is polarised orthogonally to
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the plane of the propagation direction and the crystal axis is considered an ordinary wave,
and its refractive index is given by no. For light that is polarised in the plane of the propa-
gation direction and the crystal axis, the light is considered an extraordinary wave, and the
effective refractive index is determined by the angle θ between the propagation direction and
the crystal axis (eq. (3.17)). By choosing the correct configuration of propagation directions
and polarisations, the phase-matching conditions can be met.

There may be many possible configurations that may satisfy the phase-matching condi-
tions, but most can be assigned to two categories which are denoted as type I and type II.
In parametric down conversion, type I phase-matching describes configurations where the
signal and the idler fields have the same polarisation. This includes cases where both fields
are ordinary waves with respect to the optic axis of the nonlinear crystal, as well as cases
where both waves are extraordinary waves. Generally, the pump field is in an orthogonal
polarisation to the other two waves. On the other hand, Type II describes the configurations
where the signal and idler are orthogonally polarised: with the pump being either an ordinary
wave or an extraordinary wave.

Birefringent phase-matching can be used for phase compensation for cases where the
phase mismatch is equal or less than the total birefringence of the nonlinear crystal ∆n.
Birefringent phase-matching is also limited by the symmetry of the dielectric crystal and the
resulting the second-order susceptibility tensor. These determine the strength of the nonlinear
response for a given combination of polarisation states. From an experimental perspective,
birefringent phase-matching can be challenging to implement. Each input beam is required
to be prepared in a separate polarisation state and combined with a high spatial and temporal
overlap. For pulsed laser sources, which are often required to generate the large peak powers,
the temporal overlap can be particularly challenging. This requires that short pulse times,
and pulse timing jitter and beam quality all be well controlled.

4.5.1 Birefringent phase-matching and Surface Plasmons

When considering the application of birefringent phase-matching to surface plasmons, there
are two main concerns. The first is of course the plasmonic dispersion. In order for the
plasmonic dispersion to be overcome, nonlinear materials that possess a large birefringence
are required. This is particularly true if surface plasmons in the visible are involved in the
interaction. Due to this restriction, up-conversion processes like second harmonic generation
are largely incompatible with this approach.

Another significant constraint is the polarisation of the surface plasmon. The surface
plasmon polarisation is constrained with respect to the interface on which it propagates, and
does not have the degrees of freedom needed to implement this method. As a result, in a
purely plasmonic nonlinear ineraction, birefringent phase-matching is not viable. Indeed
when considering birefringent phase-matching for surface plasmons, optical-to-plasmonic
configurations are the only viable solutions.

In the remainder of this chapter, we design and perform an experiment, applying birefrin-
gent phase-matching techniques to an optically-pumped plasmonic parametric down conver-
sion process. Our configuration consisted of 620 nm optical pump and 1064 nm signal pulses
being coincident on a lithium niobate/gold surface, with the intention of generating a surface
plasmon at 1485 nm. The choice and details of this configuration are discussed below.
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4.5.2 Experimental Design
Lithium Niobate

Our initial choice of lithium niobate was based on our past experience, and the wide avail-
ability of the material. In order to determine whether lithium niobate had a sufficiently high
birefringence to facilitate birefringent phase-matching, some basic modelling was carried
out. We first considered degenerate parametric down conversion, targeting the near-infrared
around the telecommunications band. This wavelength band has a number of advantages:
surface plasmons in this wavelength range have lower losses than in the visible and the
plasmon wavevector diverges much less. Furthermore, by targeting telecommunications
wavelengths, we would also be able to take advantage of mature detector technology made
for this wavelength range.

Using this assumption, the phase-matching conditions were calculated using eqs. (2.6)
and (3.15), and the properties of lithiumniobate given in section 3.4.1. Since the birefringence
of lithium niobate is small (∆nλ=1550 = 0.07) compared to the refractive index (nλ=1550 = 2.2),
the birefringence was ignored during these initial calculations, allowing us to make no
assumptions about the orientation of the incident light. The phase-mismatch, plotted in terms
of ∆n, is shown in fig. 4.13. From this plot, we can see that for parametric down conversion,
the phase-mismatch is significantly smaller than in the purely optical case. Furthermore,
all values in this range fall below ∆n = 0.01, which is much less than the birefringence of
lithium niobate (∆n ≈ 0.09). From this we could conclude that birefringent phase-matching
using lithium niobate was feasible for plasmonic nonlinear processes.

For comparison, it is illustrative to plot the phase-matching condition for second harmonic
generation. In this case, the optical-to-plasmonic curve instead lies far above the optical curve.
In particular, we can consider the case of second harmonic generation from 1064 nm light
to produce plasmons at 532 nm. Here, the phase mismatch term is ∆n ≈ 0.21, falling well
above the total birefringence of lithium niobate. This large phase mismatch demonstrates the
difficulty in using birefringent phase matching for plasmonic second harmonic processes.

Wavelengths

Now that lithium niobate was determined to be a suitable nonlinear crystal, the wavelengths
had to be selected. We pursued an arrangement consisting of a pump wavelength of 620 nm
and a signal wavelength of 1064 nm, yielding an idler at 1485 nm. These particular wave-
lengths were chosen, as they could both be generated by the same laser source: the 1064 nm
field could easily be accessed using a Nd:YAG laser, while the 620 nm field could be ob-
tained by a combination of frequency doubling and Raman shifting in diamond. By choosing
wavelengths that could be generated by the same pulsed laser source, we could ensure that
the pulses were synchronised in time, and could more easily be overlapped at the sample.

Configuration,

To determine the phase-matching for this combination of wavelengths, we chose to model
a Type I configuration, as shown schematically in fig. 4.14. This configuration allows
the plasmon-enhanced wavevector to be compensated by the birefringence. Since lithium
niobate is a negative uniaxial crystal, the pump was chosen to be an extraordinary wave, and
its corresponding wavevector is tuned by rotating the crystal orientation θ. The signal and
the plasmonic idler field are polarised perpendicularly to the crystal axis. As ordinary waves,
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Figure 4.13: Phase mismatch required for phase-matching second
harmonic generation (Top) and degenerate difference frequency gen-
eration (Bottom), plotted in terms of effective index ∆n. Optical
and optical-to-plasmon cases are shown for comparison. Note the
difference in vertical scales.

their wavevectors {βsopt, βi,plas} are largely insensitive to the crystal rotation. The pump and
signal fields were also assumed to be incident on the lithium niobate crystal at a small angle
φ, ensuring that the entire beam is incident on the lithium niobate/gold interface. Thus, the
signal is not truly an ordinary wave.

The phase-matching condition for this configuration can be described by:

cos(φ)
(
βp,opt(θ) − βs,opt(θ, φ)

)
− βi,plas = 0

sin(90 − φ)
(
2π
λp

np(θ) −
2π
λs

ns(θ, φ)

)
− βi,plas = 0, (4.5)

where {λp, λs} are the free space wavelengths of the pump and the signal, and βi,plas is the
propagation constant of the plasmonic idler. Here, the phase-matching condition has been
modified to consider only the projection of the pump and signal fields along the metallic
interface. The angular dependence is written as sin(90− φ) in order to keep with convention,
defining the incident angle on a surface with respect to the surface normal. For the pump,
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Figure 4.14: (Left) Polarisations of the pump (red), signal (black)
and idler (grey) fields. Here, φ corresponds to the small angle of
the incident fields with respect to the crystal, (blue). The angle θ
defines the crystal orientation, where ẑ corresponds to the crystal c
axis. (Right) The side view of the crystal with coincident pump and
signal fields at an angle φ to the crystal surface with the gold film
(yellow)

the effective index np(θ) is simply dependent on θ, and is given by the regular equation for
uniaxial crystals eq. (3.17). For the signal, the effective index is dependent on both the crystal
angle θ and the angle of incidence φ. By using geometric arguments, the effective index
ns(θ, φ) can be found to be:

ns(θ, φ) =
no ne√

n2
o cos2 θ sin2 φ + n2

e(1 − cos2 θ sin2 φ)
, (4.6)

Figure 4.15: Phase-mismatch as a function of crystal angle θ for
the configuration shown in fig. 4.14. The phase-mismatch has been
normalised by the optical wavevector of the idler ki,opt , giving phase-
mismatch in terms of ∆n.

The phase-matching condition is shown in fig. 4.15, plotted as a function of crystal
angle, and the code for this calculation has been included in appendix A. Here the pump
and signal fields are assumed to be incident at a grazing angle (5◦). Under these conditions,
we determined that phase-matching occurs in this Type I configuration for a crystal angle of
θ = 43◦. For this combination of crystal angle and polarisations of the 620 nm and 1064 nm
beams, the corresponding nonlinear tensor component is the d31 component, and the effective
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nonlinear coefficient is 3 pm/V.

4.5.3 Numerical Modelling of Detection
In addition to ensuring the correct conditions for parametric down conversion were met, the
method for detecting the generated plasmon had to be determined. The surface plasmon being
excited here is tightly bound and, in the ideal case, has no natural leakage modes. The usual
approach is to out-couple via a grating, however this was considered impractical in our case.
Most gratings used in plasmonics are restricted to areas of around 100×100 microns, which is
determined by the field-of-view of the fabrication technique being used (focussed ion beam or
electron beam lithography). These small areas would be difficult to target reliably using free
space optics, and introduce unnecessary uncertainties into the experiment. The other obvious
method of detection in the far field is to rely on scattering caused by the surface roughness
of the gold film. However this was deemed unreliable, as this results in non-directional
scattering, making it difficult to collect efficiently with a far-field optical detector.

Instead, we decided to investigate scattering off a simple sharp edge of the gold. If the
scattering behaviour proved favourable, this approach would be simple to implement and
robust. To determine the scattering behaviour of such an edge, a simulation was constructed
in COMSOL, consisting of a propagating surface plasmon and a sharp rectangular gold edge.

Figure 4.16: Scattering configuration simulated in COMSOL in 2D.
Absorbing boundaries are indicated in blue. Radiated power was
later calculated by integrating along the line indicated in green.

The simulation configuration is shown in fig. 4.16. It consisted of a 2D, 15 × 10 µm
simulation box, with a gold film that is 100 nm thick and terminated with a rectangular edge.
In the third dimension, the simulation assumes homogeneity, allowing the simulation to only
consider a 2D problem. This drastically reduces the meshing elements required, as well as the
computation time. The gold layer sits on top of a layer with a fixed refractive index of n ≈ 2.2,
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approximating the behaviour of lithium niobate. In this simplified model, the birefringence is
not included. On top of the gold was a layer with a refractive index of n = 1, corresponding
to the air. At the input port on the left, an electromagnetic wave can be injected into the
simulation, and by choosing the field distribution of this wave to be consistent with a plasmon
mode distribution (eqs. (2.2) and (2.4)), light can be launched into a surface plasmon mode.
Most of this light is expected to couple to the plasmon mode, however some of the light is
expected to scatter due to discontinuities at the simulation boundary. The surface plasmon
propagates along the gold film, scatters at the gold edge, and then leaves the simulation via
the absorbing boundaries (indicated in blue). The relatively small size and the simplicity of
the simulation allows a dense mesh to be used without incurring large computation times.
The maximum distance between mesh elements in the metal was set to be 4 nm in the gold,
and λ/(8n) in the rest of the simulation box. Both of these mesh element sizes were well
below the effective wavelength of the light in the respective materials, ensuring the accuracy
of the simulation. The quality of the simulation was later verified by doubling the density of
the mesh. The field distribution remained constant between simulations, and no significant
change in power was observed (<2%).

Figure 4.17: COMSOL simulation of the surface plasmon scattering
off a rectangular edge. The colour map is shows |E |2 (Left) and Hz
(Right).

The results of this simulation are shown in fig. 4.17, showing both |E |2, which is propor-
tional to power, and Hz, in order to visualise the fields. On encountering the edge of the gold,
some light can be seen to radiate into the air, however the majority of the scattering occurs into
the higher index material. The surface plasmon scattering into the lithium niobate scatters in
a semi-directed cone, at an angle approximately 22◦ from the surface. This scattering angle
is sufficiently different from the intended angle of incidence for the 620 nm and the 1064 nm
optical beams (chosen to be 5◦ in section 4.5.2), affording a level of angular discrimination
between the plasmonic optical effects. This cone is approximately 13◦ wide on leaving the
lithium niobate crystal. Interference fringes can be seen along this radiated cone.

The power radiated in this cone can be estimated by integrating |Erad |
2 along the line

indicated in green in fig. 4.16, and comparing it to the input power. The input power was
found in a separate simulation, without the abrupt gold edge, by integrating |Ein |

2 across the
input port. This step was necessary in order to remove any power reflected from the gold edge
from being included in the integration. From this, the fraction of power that is radiated from
the gold edge can be estimated to be |Erad |

2/|Ein |
2 = 35% . Given the amount of radiated

power and the semi-directional nature of the cone, we considered this method for scattering
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surface plasmons to be sufficient for detection in the far field.

Figure 4.18: Plasmon scattering off a rounded edge, plotted in (left)
|E |2 and in (right) Hz.

Two other similar simulationswere also carried out in COMSOL: the first was a simulation
of surface plasmon scattering off a gold film with a rounded edge, with a radius of 50 nm,
and the second was surface plasmon scattering off a slit in the gold. The simulation of the
rounded edge was to investigate how the shape of the gold edge might affect the scattering
pattern. Due to the the thickness of the gold film and the deposition method, direct control
over the profile of the gold edge was not possible, and we wanted to investigate how this might
influence the scattering behaviour. The results of this simulation are shown in fig. 4.18. In
the rounded edge case, the scattering is extremely similar to the previous case, with forward
scattering in a narrow cone, at angle of 22◦. The main difference is the lack of interference
fringes in the radiated cone, which allows us to infer that these fringes are related to the
morphology of the gold edge. However, as the scattering angle was preserved, we concluded
that the shape of the gold edge would not strongly affect the detection of the surface plasmon.

Figure 4.19: Surface plasmon scattering off a 1 µm slit, plotted in
(left) |E |2 and in (right) Hz.

The other simulation that was carried out involved a surface plasmon scattering off a slit.
Slits in gold films have been shown to be useful under certain circumstances for launching
surface plasmons [179], and so we wanted to investigate their ability to scatter plasmons. The
simulation of a surface plasmon scattering off a 1 µm slit is shown in fig. 4.19. A 1 µm slit is
wider than is typically used for exciting surface plasmons, but corresponds to an optimistic
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estimate of what might be achievable in our lab. The simulation shows that the scattering
off the slit is similar to the original scattering simulation: light scatters off the initial gold
edge, radiating in a cone. In addition, surface plasmons can be seen to couple from one gold
film to the other. Overall, very little change is observed in the far field radiation behaviour.
For smaller slit widths below 1 µm, coupling across the slit gets stronger, and the scattering
gets weaker. This is consistent with end-fire coupling from waveguide to waveguide. From
this simulation, we concluded that using a slit appeared to confer no benefits for plasmon
scattering.

As a result of these simulations in COMSOL, we concluded that a gold edge was sufficient
to induce plasmon scattering, and that the semi-directed nature of this scattering should enable
far-field detection using an near IR detector.

4.5.4 Sample Preparation and Characterisation
As a result of the phase-matching calculations and the COMSOLmodelling, two 9×9×25mm
lithium niobate crystals, with the crystal cut at an angle of 43◦, were obtained from Castech.
These crystals were polished by the supplier on four of the six faces to allow optical access
during the experiment. We deposited gold on the top face to a thickness of 100 nm as before,

Figure 4.20: Crystal orientation for mixing 620 nm and 1064 nm,
generating 1485 nm. The top, bottom, front and back surfaces were
polished.

using the ion-assisted gold deposition method. During the deposition, both lithium niobate
crystals were partially masked using Kapton tape, resulting in partial coverage of the gold
and an edge on which the surface plasmons could be scattered. The edge was also used to
verify the thickness of the gold film, finding the actual gold film thickness to be of the order
of 80 ± 5 nm with a surface roughness (arithmetic roughness) of Ra ≈ 1 nm. Although the
gold film was thinner than anticipated, this is expected to have little effect on the surface
plasmon, as the film thickness is still several times greater than the plasmon decay length
into the gold. Indeed, additional simulations carried out in COMSOL showed no change in
surface plasmon scattering angle, and no change in power(<2%) was observed. This is due
to the fact that the scattering behaviour is dominated by the interaction at the interface, and
not the gold bulk. The white light interferometer also revealed roughness along the gold edge
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with features on the order of 10 microns, as shown in fig. 4.22. We expect that these features
introduce additional scattering, and reduce the directionality of the scattered cone.

Figure 4.21: Photos of the lithium niobate crystals, before (left) and
after (right) the gold deposition.

4.5.5 The Experimental Setup
The Laser Source

The experiment set up for probing parametric down conversion in the lithium niobate samples
is shown in fig. 4.23. Similar to the previous experiment, and relying on lasers available in
the lab, the laser source used to generate both the pump and the signal pulses was a Ekspla
NL220, consisting of a Q-switched Nd:YAG laser with λ = 1064 nm, producing 6 ns pulses
at a 1 kHz repetition rate. The nanosecond pulse duration differs from previously reported
studies of nonlinear plasmonics which commonly use pulse durations with ≈ 100 fs (notably
[67]). The longer pulses used here result in lower peak powers, compared to the femtosecond
case, and in general provide a weaker nonlinear response. The longer pulse times also lead to
an increase in pulse energy, increasing the likelihood that thermal effects will be observed.
However, the longer pulse duration makes it much easier to temporally overlap the pulses,
making the experimental setup more robust; this was considered essential.

The Ekspla NL220 contains an internal doubling crystal and can simultaneously output
both the fundamental (λ = 1064 nm) and the harmonic (λ = 532 nm) beams. The power
in each arm could be tuned internally, as well as externally, using a combination of half-
waveplate and polarising beam splitters. The 532 nm beam was then Raman shifted using a
diamond crystal (with a Stokes shift of 1332 cm−1 [180]) to the second Stokes wavelength,
in order to obtain a beam at λ = 620 nm. This was achieved with the help of Dr. Aaron
Mckay. To maximise the second Stokes output, the 532 nm beam polarisation was rotated to
coincide with the (111) crystal axis of the diamond, taking advantage of the highest Raman
gain coefficient. Additionally, the diamond crystal was placed in a low Q cavity. The input
mirror of this cavity had a radius of curvature of 500 mm and was transmissive at 532 nm
and highly reflective at the first and second Stokes wavelengths. The output mirror was
highly reflective at 532 nm and the first Stokes, and 50% reflective at the second Stokes.
The resulting second Stokes pulses had a pulse duration estimated at ∼ 3 ns, and an average
power up to ∼25 mW. The 620 nm light was separated from any remaining 532 nm light
after the cavity using a narrowband 532 nm dielectric mirror. It was then collimated using a
f = 50 cm lens, resulting in a beam width of ≈ 2 mm.
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Figure 4.22: (Top) Image of the gold edge, taken using the white
light interferometer. (Bottom) Line profile taken across the gold
edge, showing a film thickness around 75 nm.

The λ = 1064 nm beam, with a larger beam width of ≈ 3 mm, was path-length-matched
with the 532 nm/620 nm arm to ensure temporal overlap, before being combined using a
dichroic mirror. The beams were required to have a beam spot size ≈ 200 µm in order to
reach the required power densities. This could be achieved by a focal length in the range of
40 cm. In practice, the beams were focused down using a combination of a f = 1000 mm
lens and a f = 750 mm lens, separated by ∼ 1 cm, generating an effective lens with an
effective focal length of ≈ 43 cm, calculated using the following equation:

1
feq
=

1
f1
+

1
f2
−

d
f1 f2

, (4.7)

where f1 and f2 are the focal lengths of the individual lenses and d is the lens separation.
This effective lens focuses the beams down to a focal width of ≈ 200 µm calculated using the
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Figure 4.23: Schematic of the experimental configuration.

equation:
w =

λ f
πw0

(4.8)

where w is the collimated beam half-width, f is the focal length, and w0 is the desired focal
width. This yields a power density up to 100’s MW/cm2 for the 620 nm beam, which is
expected to be sufficient to observe the nonlinear effect.

The sample stage was placed at the focal point with similar mounting as used in sec-
tion 4.3.5. The sample stage was capable of x-y translation, as well as full rotation. The stage
could be rotated by a micrometer allowing sub-degree accuracy. The lithium niobate crystal
sample was bonded to an aluminium sample plate by wax such that the sample surface lay at
the centre of rotation of the stage. This allowed the illuminated area to remain fixed under
rotation of the stage. The sample plate was fixed in place by 6-mm poles screwed into the
stage, and vertical translation could be achieved by placing spacers below the plate.

We simultaneously verified the spatial and temporal overlap of the signal and idler beams,
as well as the position of the sample stage, by placing a BBO crystal on the stage and
optimising for the equivalent optical process. Using the phase-matching equations for optical
parametric down conversion eq. (3.15), we found that optical parametric down conversion
for the same wavelengths could be produced in BBO for a crystal orientation of 20.8◦. This
angle orientation was achieved using a 2 mm thick BBO crystal cut at 24◦ and angle tuning.
The output radiation was then collected by a spectrometer (DWARF-Star NIR spectrometer,
StellarNet), allowing the 1485 nm signal to be identified and optimised.

Detection

Once the lithium niobate sample had been replaced on the sample stage, a 25.4 mm lens and
a 75 mm lens, both with anti-reflection coatings, were used to collect the forward-scattered
light from the surface and image it onto a detector, at which the 1485 nm idler field would be
detected.

The primary detector being used was an InGaAs transimpedence amplified detector
(PDA20CS, ThorLabs). Much like the second harmonic generation experiment, a very
sensitive detector was required, as the idler was expected to be extremely weak. However, due
to the wavelength of the idler, the photomultiplier tube used previously was not appropriate.
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A transimpedance amplified detector allows the photocurrent generated at the active surface
to be output as an amplified voltage by applying a large impedance. This InGaAs detector was
sensitive to light between 800–1700 nm, with a sensitivity ≈ 1 A/W at the idler wavelength
of 1485 nm. It also had a relatively large active area, with a diameter of 2 mm. This
was considered an important feature given the spread of the scattered idler field. The
transimpedance amplified detector also had switchable gain, whichmade the detector versatile
and sensitive over a large range of optical powers. Unfortunately, both the impedance applied
and the large active area have adverse effects on the response time of the detector. Given that
the pulse duration of the laser is only ∼ 5 ns, the significant increase in response time results
in the sensitivity of the detector plateauing for higher gain settings. Both of these factors also
affect the dark current of the detector.

This detector was preceded by two long-pass filters (FEL1250 and FEL1200, ThorLabs).
The long-pass filters consisted of dielectric reflective coatings on absorbing glass, and served
to isolate the detector from ambient room light as well as the 620 nm and 1064 nm beams.
Given that the 1064 nm beam falls within the sensitivity range of the detector, an additional
1064 nm narrowband dielectric mirror was also included. Each of these detectors were
characterised by a Cary spectrophotometer, and the transmission of these components at the
idler wavelength of 1485 nm was measured to be 83%, 78% and 90% for the FEL 1250,
FEL1200 and 1064 nm dielectric mirror respectively.

This combination of lenses, filters and the detector were placed on an arm that could
rotate about the sample, collecting light scattered at different angles. The detector was setup
to collect light scattering at a 22◦ internal angle from the gold edge, corresponding to an
external angle at ≈ 55◦.

4.5.6 Results
When both 620 nm beams and 1064 nm beams were incident on the sample and the detector
angle was swept, a strong signal could be detected on the transimpedance amplified detector.
However, as the signal persisted in the absence of the 620 nm beam, this was identified as
the 1064 nm beam. When the 620 nm beam was coincident, no significant change in this
signal was observed, allowing us to conclude that, while the detector was not sensitive to the
620 nm beam, no 1485 nm signal could be observed.

Several alternate approaches were attempted in order to try and recover any 1485 nm
signal. The first was to use a spectrometer in order to spectrally resolve the signal, removing
interference from the 1064 nm beam. This method had several complications: Firstly, the
spectrometer being used (DWARF-Star NIR spectrometer, StellarNet) had low sensitivity
when compared to the transimpedance amplified detector. In order to compensate for this,
long integration times had to be used. Secondly, the spectrometer was fed by a multimode
fibre, resulting in a small collection aperture 100’s of microns across. Even with focusing
optics, it was not possible to ensure that the 1485 nm signal would be collected by the fibre.
Ultimately, no 1485 nm signal could be identified using this approach.

The second approach was to introduce a lock-in amplifier and chopper in conjunction
with the transimpedance amplified detector. The lock-in operates by taking the output of the
detector, multiplying it by a known frequency and integrating. In doing so, components of
the detector output at frequencies other than the specified frequency tend to integrate to zero,
leaving behind the contribution from the single frequency component. This makes lock-in
amplifiers very effective at detecting small signals in noisy environments.

In our case, the chopper was used to modulate the 620 nm beam, while the 1064 nm beam
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was left to operate as before. Since the detecting apparatus was insensitive to the 620 nm
beam, any signal detected at the chopper frequency would have to correspond to a signal
generated by the interaction of the 620 nm and 1064 nm beams, ie. the 1485 nm signal. The
one complication with this setup was that on top of the chopper modulation, the laser itself
is modulated, with a 5 ns pulse and a 1 kHz repetition rate. This interaction with the laser
pulse train and the chopper was expected to result in a reduction in the output of the lock-in
by orders of magnitude.

To test the premise of this detection method, the sample was once again replaced by a
BBO crystal to generate an optical parametric conversion response at the same wavelength. It
was determined that by using the lock-in, the apparatus was indeed sensitive to the 1485 nm
signal generated, even when strongly attenuated by the use of ND filters.

Despite this, when the BBO was replaced with the gold-coated lithium niobate sample,
no 1485 nm signal could be detected.

4.5.7 Modelling of Plasmonic Parametric Down Conversion

Given the lack of signal from the plasmonic parametric down conversion process, we turned
to modelling to determine the strength of the signal which might have been expected. Using
the same approach as in chapter 3, we can find an approximate expression for the idler in
parametric down conversion. Starting from the wave equation eq. (3.2), and choosing the
electric field E3 to follow the form of a surface plasmon eqs. (2.2) and (2.4), we arrive at:

∂E3
∂z
=

2i
β3

(ω3
c

)2
χE1E∗2 κ − E3β

′′ (4.9)

where ω3 and β3 are the frequency and propagation constant of the plasmonic idler field,
β′′ is the imaginary component of the propagation constant, corresponding to the surface
plasmon loss, and κ is an overlap integral. Equation 4.9 is completely analogous with the
equations for optical parametric down conversion (eqs. (3.12) to (3.14)), and in the case
where the losses are neglected (β′′ = 0), are identical. In this calculation, we have taken
a paraxial approximation for the optical beams. This approximation is valid as long as the
optical beams are not approaching the diffraction limit. The surface plasmon mode has been
treated exactly in this model. We can also assume that the experimental configuration has
satisfied the phase-matching condition, and so this has not been included in the model. The
pump and idler fields E{1,2} are related to the incident powers via the intensity I{1,2} :

P{1,2} =
∫

I{1,2} dA

=

∫
cniε0

2
|E{1,2}Ψ{1,2} |2 dA, (4.10)

where Ψ{1,2} is a Gaussian mode distribution of the form
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)
. (4.11)



70 Phase-Matched Plasmonic Generation Using Dielectric Nonlinearities

Here, σ is related to the beam half-width, which we have chosen to be identical for the signal
and idler, and ψi is the normalisation constant such that∫

|Ψ|2 = 1. (4.12)

Given the grazing incidence angle of the optical beams, and that the illuminated surface area
is many times larger than the propagation length of the plasmon, we have also chosen to
neglect any angular effects of the optical beams, and assumed collinear propagation.

A similar calculation to the above can relate the plasmonic field amplitude E3 back to a
plasmonic mode power P3 by means of the time-averaged Poynting vector:

P3 =

∫
| 〈S3〉 | dA

=
1
2

Re
(
E3 × H∗3

)
=
|E3Ψ3 |

2

2n3µ0c
, (4.13)

where the corresponding mode profile is chosen to be

Ψ3 =
1
ψ3

e−k(d)x xe
−

(
y2

σ2

)
, x > 0. (4.14)

The k(d)x describes the exponential plasmonic mode profile as before, and in the ŷ direction,
it was assumed that the plasmon mode follows the square of the Gaussian beams being used
for excitation. The overlap integral κ is given as where

κ =

∫ ∞

0
Ψ1Ψ

∗
2Ψ
∗
3 dx (4.15)

Given that the source of nonlinearity being considered here is from the dielectric, we neglect
the contribution from the metal here, and therefore only take the integral from 0→∞. This
approximation is further justified by the fact that, at the wavelength of λ = 1485 nm, the
power of the surface plasmon in the metal is ≈ 3%, and most of the power resides in the
dielectric. The code for this calculation has been included in appendix A.

By using eqs. (4.9), (4.10) and (4.13) and numerically integrating, the power that can be
expected to be generated by the experimental configuration can be estimated. The results of
this calculation are shown in fig. 4.24. Here, the plasmon power at 1485 nm increases rapidly
in the first 100 µm, and then saturates at a peak output power of 0.2 µW. The growth of the
idler field saturates when the parametric gain matches the surface plasmon loss. The limited
parametric gain can be explained by the overlap integral (eq. (4.15)). If we consider two
gaussian beams (the 620 nm and the 1064 nm beams) with a full beam width 2σ = 100 µm,
overlapped with a surface plasmon at 1485 nm with a mode size of 1/Re(k(d)x ) = 0.48 µm,
the overlap integral yields a value two orders of magnitude smaller than in the purely optical
case, resulting in a large reduction in the nonlinear response.
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Figure 4.24: Numerical calculation of the mode power generated via
the parametric down conversion process.

4.5.8 Discussion
We can take the peak power calculated from the model and estimate how much power could
be expected at the detector. If we account for the scattering efficiency of the edge (≈ 35%),
the peak power of 0.2 µW reduces to 70 nW that can be detected in the far-field. If we further
account for the detection efficiency, we have to consider the transmission of the 1064 nm
dielectric mirror (90%), the 1200 nm long pass filter (78%) and the 1250 nm long pass
filter (83%). This reduces the maximum detectable power at the detector to 60% of the
scattered power, reducing the detectable power to ≈ 40 nW. While nanowatts of power is not
impossible to detect, especially using the lock-in amplifier, it would require the experimental
setup to be optimised and very precisely aligned. Without the feedback of an easily detectable
signal, this can be very difficult to achieve. This challenge of detection is further compounded
by the intense optical pump beams which further obscure the idler field.

Given the small peak powers being generated, this experiment could be made more
feasible by moving to picosecond or femtosecond pulse durations. This would result in
greater peak powers, and therefore generate a larger nonlinear response. While this would in
principle make detection easier, shorter pulse durations would also have more stringent path
length matching requirements, making the experimental configuration much more complex.
Additionally, for the higher peak powers involved, damage by ablation becomes more of a
concern than thermal effects. Lastly, this would also require a very different laser source.
Given the time constraints and difficulty to access such laser sources, this was not pursued.

4.6 Conclusion
In this chapter, we took advantage of dielectric nonlinear materials in order to implement
phase-matching techniques in optically-pumped plasmonic second-order nonlinear effects.
We investigated quasi-phase-matching in the context of second harmonic generation, and
birefringent phase-matching in the context of parametric down conversion. In these configu-
rations, we were able to take advantage of the extra degrees of freedom afforded by the optical
pumping beams. However in both cases, we were not able to identify a nonlinear optical-
to-plasmon interaction. We partly attribute this to the poor overlap between the optical and
plasmonic fields, which results in low conversion efficiencies. Ultimately, these nonlinear
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processes are unable to compete with the plasmonic losses. Due to this limitation, we also
conclude that optically-pumped nonlinear processes are impractical; both for implementing
plasmonic gain, and for exciting surface plasmons via the second order nonlinearities.

This limitation can be lifted by returning to all-plasmonic nonlinear processes, such as
explored in chapter 3, in the context of metallic nonlinearities. In this case, the mutual
confinement of the surface plasmon modes ensures a good spatial overlap, which should
enable stronger conversion efficiencies. The appropriate phase-matching mechanisms for
plasmonic nonlinear effects also have to be reconsidered. Methods such as birefringent
phase-matching are no longer applicable, due to a reduction in the degrees of freedom of the
surface plasmons, and only in-plane methods like quasi-phase-matching remain viable for
enhancing plasmonic nonlinear effects.

By focusing on plasmonic second-order effects, there is also an assumption that the
surface plasmons of multiple wavelengths can also be excited simultaneously and efficiently.
However, experimentally, this is not always simple. This is particularly true in nonlinear
dielectric materials, which tend to have high refractive indices, exacerbating the plasmonic
dispersion. In addition to the challenge of optical excitation of surface plasmons, there was
also the inverse challenge of plasmon-to-optical coupling. It became apparent during our
investigation that far-field optical methods of plasmonic detection were often insufficient,
particularly for three-wave mixing experiments, where strong optical pumping fields are also
present. For these reasons, we decided that our next study would focus on a method of
ensuring stronger optical and plasmonic interactions, and an alternate means of optical to
plasmonic coupling.



5
Photonic-Plasmonic Directional Couplers

5.1 Introduction
A directional coupler consists of two waveguides separated by a small gap. Evanescent
coupling allows light to tunnel from one waveguide to the other over a characteristic length.
The direct application of directional coupling to plasmonics is limited by this characteristic
length: most have a characteristic coupling length on the order of millimetres, while the
propagation length of plasmons is of the order of microns. However, other existing methods
of coupling to surface plasmons (section 2.3) also possess significant limitations. In particular,
grating coupling and prism coupling are both out-of-plane techniques, and are difficult to
integrate with other photonic devices. On the other hand directional coupling naturally lends
itself to photonic integration, while also producing monolithic devices. This makes them
very stable and reliable couplers. As such, directional coupling using plasmonic waveguides
is a topic that has been extensively studied.

All-plasmonic directional couplers have been studied [69–74] and in particular, a plas-
monic directional couplerwith a coupling length as short as 410 µmhas been demonstrated for
long-range surface plasmons at a wavelength of λ = 1550 nm [69]. These waveguides were
separated by 4 µm. A number of studies have also been conducted on photonic-plasmonic
directional coupling: both theoretical [75–81] and experimental [82–88]. These studies
demonstrate effective directional coupling between photonic and plasmonic waveguides of
various geometries: some using high index dielectrics [84, 86–88], and some using complex
layered dielectric/metallic structures [80, 81] to compensate the plasmonic dispersion.

In this chapter, we focus on a simpler planar design, modelling a plasmonic-dielectric
directional coupler consisting of a photonic waveguide made of the dielectric photoresist
SU-8 and a gold waveguide supporting long-range surface plasmons. These waveguides
were embedded in the polymer PMMA. The implication of plasmonic loss in directional
couplers is first investigated using coupled mode theory. Then, waveguide theory is used to
select the appropriate waveguide geometries. Finally, a full-wave simulation of the design is
carried out in COMSOL Multiphysics. This study formed the basis for the further study on
more complex couplers, such as the three-waveguide Adiabatic Passage couplers explored in
chapter 6.
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5.2 Coupled Mode Theory

Figure 5.1: (Left) Sketch of a directional coupler consisting of two
parallel waveguides. (Middle) Corresponding refractive index profile
of the directional couplier, as well as a sketch of the mode profiles.
Coupling is driven by the overlap of the two modes. (Right) The
corresponding power evolution, with power transferred from the input
waveguide (blue) to the output waveguide (yellow) and transferred
back over several coupling lengths.

In order to model plasmonic-photonic directional couplers, we first turned to the well
established coupled mode theory [181, 182]. If we consider the two waveguides separately,
the evolution of optical waves in these waveguides can be described by the equations:

dẼ1
dz
= iβ1Ẽ1 (5.1)

dẼ2
dz
= iβ2Ẽ2,

where {Ẽ1, Ẽ2} are the electric fields in the waveguides, and {β1, β2} are the propagation
constants. These can be related to the mode powers by P ∝ |E |2 When the waveguides are
brought sufficiently close and the modes waveguides modes are perturbed. In the limit of
weak coupling, the equations are rewritten as:

dẼ1
dz
=iβ1Ẽ1 − iΩ12Ẽ2 (5.2)

dẼ2
dz
=iβ2Ẽ2 − iΩ21Ẽ1.

We can define β̄ = (β1 + β2)/2 and, without loss of generality, choose β1 > β2 and define
∆ = (β1 − β2)/2. Then, by choosing Ẽi = Eiei(β̄z−ωt), eq. (5.2) can be rewritten the matrix
form:

i
d
dz

(
E1
E2

)
=

1
2

(
−∆ Ω12
Ω21 ∆

) (
E1
E2

)
(5.3)

where E1, E2 are scalar amplitudes of the electric field in each waveguide. The coupling
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coefficients Ωi j are determined by the overlap of modes of these two waveguide:

Ωi j =
1
4

√
ε0
µ0

∫
(n2 − n2

j )Ψ
∗
i · Ψj dA, (5.4)

where theΨi are the normalized mode profiles of the electric fields, and theΨ∗ is the complex
conjugate. The Ψ’s are vectors, however by choice of polarisation, can generally be treated
as scalar. The total refractive index profile is given by n, and n j is the refractive index profile
of a particular waveguide. The asymmetry of the waveguides and the waveguide modes is
captured in these parameters ni and Ψ respectively. In the case where ∆ = 0, the physical
interpretation of these coupling coefficients is simple—after a characteristic length Lc = π/Ω,
the light in one waveguide can be seen to have completely transferred to the other waveguide.
This is shown in fig. 5.1.

Figure 5.2: (a) Even and odd supermodes of a pair of identical
waveguides. (b) Weighted even and odd supermodes for waveguides
which are not phase-matched.

Alternately, the coupling behaviour can be understood by expressing the matrix in terms
of the eigenstates of the system. For the case where ∆ = 0, the coupling coefficients are
symmetric (Ω12 = Ω21 = Ω) and real, and the eigenvalues reduce to ε± = ±

1
2Ω. The

corresponding eigenstates are just the odd and even supermodes [182] shown in fig. 5.2(a).
The coupling coefficient Ω in this case reduces to the difference in propagation constants of
the supermodes Ω = ε+ − ε− = βeven − βodd . Thus, the coupling from one waveguide to the
other corresponds to the beating between these two modes. This case represents a typical,
optical directional coupler. Usually, the waveguides would be spaced by tens of microns,
yielding Ω ∼ 1000 m−1, or equivalently a characteristic coupling length of millimetres.

5.2.1 Propagating Plasmons in Coupled Mode Theory
When introducing surface plasmons into the coupled mode equations, the material properties
and mode distribution are inherently included in the calculation of ∆ and Ω. In particular,
since the wavevector of the surface plasmon is complex, as a result of the complex relative
permittivity of the metal, then the quantity ∆ = (β1− β2)/2 is also complex. We first consider
the effect of having a non-negligible real part for ∆. For optical-plasmonic directional
couplers, it is not realistic to take the case where Re[∆] = 0 case. The dispersion properties
and mode profiles of the photonic and plasmonic waveguides are inherently different and
dissimilar. This difference in dispersion can lead to a large phase-mismatch and a non-zero



76 Photonic-Plasmonic Directional Couplers

Figure 5.3: Behaviour of a directional coupler as the phase mis-
match between the waveguides Re[∆] is increased, with respect to
the coupling coefficient Ω, which has been normalised to 1.

∆ term, however the exact value depends on the particular choice of waveguide geometry.
When ∆ is large, light remains in the initial waveguide, and the maximum power transferred
by the directional coupler diminishes. This is shown in fig. 5.3, where the phase mismatch
has been expressed in terms of Ω, which provides the characteristic length scale. In the
eigenmode picture, the supermodes are no longer even, but rather weighted superpositions
of the individual waveguide modes (fig. 5.2(b)), and the beating of these weighted modes do
not result in light completely transferring from waveguide to waveguide. It can also be seen
in fig. 5.3, that for a phase-mismatch ∆ = Ω, the efficiency of the directional coupler reduces
to half. For a typical optical dielectric coupler with a coupling strength ofΩ ∼ 1000 m−1, this
would correspond to a phase-mismatch of the same order. For comparison, we can consider a
surface plasmon propagating at a glass/gold interface, and the corresponding optical wave. At
λ = 633 nm, the refractive index of the glass is n ≈ 1.52, and the corresponding permittivity
of the gold is ε = −11.8053 + 1.227i. We can calculate the real part of the propagation
constant(eq. (2.6)) for the plasmon to be Re(β) = 1.67 × 107, and the corresponding optical
propagation constant to be ko = 1.50 × 107. This corresponding phase-mismatch is then
1.7 × 106, and is three orders of magnitude larger than can be tolerated by the directional
coupler.

This quick calculation highlights one of the challenges of implementing directional cou-
pling between optical and surface plasmon waveguides. In order to ensure that maximum
power is transferred between optical and plasmonic waveguides, either stronger coupling
must be used, corresponding to much smaller waveguide separations, or the phase mismatch
∆ must be reduced significantly. This latter option can be achieved by choosing higher index
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materials for the optical waveguide, or by choosing plasmonic waveguide geometries with
modes that naturally produce smaller propagation constants.

Figure 5.4: Behaviour of a directional coupler as the size of the loss
(corresponding to an imaginary ∆) is increased, with respect to the
coupling coefficient Ω which has been normalised to 1.

Phasematching is further complicated by plasmonic loss. As before, this loss corresponds
to a negative imaginary component of the propagation constant β for the surface plasmon,
which produces here a complex phase-mismatch ∆. The effect of the loss is shown in fig. 5.4.
Here, we can see that loss can be detrimental to the transfer of power, and in particular, a
loss of |∆| = 0.3Ω can halve the coupling efficiency of the directional coupler. For a typical
optical dielectric coupler with a coupling strength of Ω ∼ 1000 m−1, this would correspond
to propagation length of around 3 millimetres. We can make a similar comparison as above,
for a surface plasmon at a wavelength of λ = 633 nm propagating at a glass/gold interface.
Using the propagation constant from eq. (2.6), we can find the propagation length to be

1
Im(β) ≈ 5 µm. This again demonstrates the difficulty in implementing directional coupling
between optical and surface plasmon waveguides. Either much stronger coupling is required
in order to compensate the effect of the losses, or plasmonic waveguide geometries with much
smaller losses are required.

5.3 Design
In light of the constraints from this simple analysis, we considered a design of an optical-to-
plasmonic directional coupler, a schematic of which is shown in fig. 5.5. For this coupler,
we established the need for surface plasmon waveguides that provide a smaller propagation
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Figure 5.5: 2D schematic of the proposed structure of the directional
coupler, infinite in the ŷ direction.

constant and longer propagation lengths. These criteria can generally be met with Insulator-
Metal-Insulator (IMI) waveguides [21, 112–115], which consist of a thin metal film with
a dielectric cladding on either side. These waveguides are well studied, and are known to
support long-range surface plasmons, as discussed in chapter 2.

For the opticalwaveguide, we chose amoderately high index dielectric tomatch the surface
plasmon. The photoresist SU-8 [183] possesses a relatively high refractive index of n ≈ 1.57.
It is more than 95% transmissive between wavelengths of 400 nm and 1600 nm [184] and can
be readily deposited by spin-coating techniques to a thickness of a micron or less. At these
dimensions, it has been shown that SU-8 can be phase-matched to an IMI waveguide[79].
Based on these considerations, we chose to use SU-8 for the dielectric waveguides in our
directional coupling and adiabatic passage studies.

For the background dielectric, we chose polymethyl methacrylate (PMMA), which has a
refractive index n ≈ 1.49, and is also compatible with spin coating techniques.

5.3.1 Calculation of the Waveguide Dispersion
For the chosen configuration and materials, we calculated the waveguide dispersions, in
order to determine the wavelength and waveguide dimensions at which they would be phase-
matched for efficient coupling.

The dispersion for a long-range surface plasmon is not governed by the same equation as
given in chapter 2 for a plasmon at an infinite interface (eq. (2.6)). Instead, it is governed by
the implicit equation [46]:(
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where k(i)x =

√
β2 − εi

(
ω
c

)2, and the superscripts {1, 2,m} correspond to the transverse
wavevectors calculated in the upper dielectric, lower dielectric, and the metal respectively.
Here, the plasmon is propagating in the ẑ direction. Equation 5.5 can be solved numerically
by root finding methods. However, in order to avoid artefacts, these solutions need to be
checked, to ensure that the correct solution has been reached. For the long-range surface
plasmon below the plasma resonance point, it must be ensured that the propagation constants
lie below the value for a plasmon propagating at a single interface, and above the value of
an equivalent optical wave in the corresponding dielectrics. Note that for an infinitely thick
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film thickness d, this relation reduces to two separate plasmons on either side of the film, and
the dispersion reduces to eq. (2.6) once more. The effective index for a gold film embedded
in PMMA is plotted in fig. 5.6, where the gold height has been varied. The code for this
calculation has been included in appendix A.

Figure 5.6: (Top) Effective index for the long-range surface plasmon
at different gold film thicknesses. (Bottom) Corresponding propaga-
tion lengths at the same gold film thicknesses.

The behaviour of the effective index of the long-range surface plasmon is well understood:
at longer wavelengths and far from the plasma frequency of the gold, the dispersion lies close
to the optical refractive index. Approaching the plasma frequency at around ∼ 530 nm, the
effective index increases significantly. And for wavelengths exceeding the plasma frequency,
the metal becomes dielectric in character, and the effective index of the plasmon reduces once
more.

Reducing the gold film thickness has the effect of pushing the mode field distribution out
into the dielectric. This shifts the dispersion of the long-range surface plasmon towards the
optical curve. Notably, the reduction in the effective index of the long-range surface plasmon
is accompanied by dramatic increase in propagation length, almost reaching millimetres in
the near IR. Conversely, increasing the thickness of the gold allows a greater proportion of
the field into the metal, and has the effect of shifting the dispersion curve to higher effective
indices. This continues until the gold thickness is significantly greater than the penetration
depth into the gold. At this point, the long-range surface plasmon tends towards the behaviour
of an ordinary plasmon. Here, we are interested in having a small film thickness, a lower
effective index, and longer propagation lengths. The gold film thickness of 30 nm is the
thinnest gold film that we are confident in depositing that results in a continuous film of good
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quality.
A similar set of equations is used to calculate the optical waveguide propagation constants.

To couple to the plasmonic waveguide, we require that the optical waveguide is co-polarised
with the surface plasmon, and therefore we solve for the mode primarily polarised in the x̂
direction (the TM mode.) The transverse wavevector for the optical field kx,opt can be found
for the TM modes by calculating the numerical solution to the following equation [185]:

εcore

εclad

√
ω2µ0ε0(εcore − εclad)

k2
x,opt

− 1 =

{
tan(kx,opt d) for even modes
−cot(kx,opt d) for odd modes.

(5.6)

Here, each solution corresponds to an additional waveguide mode. A similar equation
exists for the TE waveguide modes, but since only the TM modes can couple to the surface
plasmon modes, they are not considered here. The transverse wavevector can be related to
the waveguide propagation constant by the equation:

βopt =

√(
2π
λ

ncore

)2
− k2

x,opt, (5.7)

which can then be used to determine the phase-matching condition for coupling to the surface
plasmon waveguide. The solution to eq. (5.7) is plotted in fig. 5.7 for a SU-8 waveguide
500 nm thick, embedded in PMMA.

Figure 5.7: (Left) Graphical solution to eq. (5.6), for a 500 nm thick
SU-8 waveguide. The numeric value of the left-hand side of eq. (5.6)
is plotted in black, and the right-hand side is plotted in blue and
yellow for the odd and even modes. For this particular case, there
is only one crossing (red), indicating that this waveguide supports a
single mode. (Right) Effective index of a guided optical mode in a
SU-8 waveguide embedded in PMMA. The bulk refractive indices
of the core (SU-8) and cladding (PMMA) are shown for reference
(dotted).

For the optical waveguide, we can see that at longer wavelengths, when the waveguide
thickness h is of the order of the wavelength h ∼ λ

n , and the effective index is dominated
by the cladding, PMMA in this case. And at short wavelengths the effective index tends to
the bulk index of the core material, here given by SU-8. This dispersion curve can be tuned
by slight changes in the waveguide dimensions—increasing the waveguide thickness shifts
the whole curve higher, towards the core index. However this also allows the introduction
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of higher order modes, and adds additional degrees of freedom. Decreasing the waveguide
thickness shifts the whole effective index curve lower, towards the cladding. The thickness
of 500 nm lies at the lower limit of what can realistically be fabricated using spin coating
techniques. We can see in fig. 5.7 (left) that, at this waveguide thickness, only a single mode
is supported.

Figure 5.8: Plot of effective index for 500 nm SU-8 waveguide and
30 nm gold waveguide. Crossings indicate phase-matched wave-
lengths.

Finally, we canmake direct comparisons between long-range surface plasmonwaveguides
and the SU-8waveguide. In fig. 5.8, the effective indices for the 30 nm goldwaveguide and the
500 nm SU-8 waveguide have been plotted together. Using these dimensions, we can see that
these two curves cross at λ ≈630 nm and the two propagating modes can be phase-matched.
This wavelength was considered optimal for our purposes. Working in the infrared would
have increased the surface plasmon propagation lengths by several times, however working
in the visible at λ = 630 allowed the use of convenient light sources, and simple alignment.
Furthermore, this wavelength can be used to excite common dyes. In principle, this could
allow fabricated devices to be dye doped, and the coupling in the waveguides to be directly
imaged. At this wavelength, the long range surface plasmon has a propagation length in the
range of 20 µm, requiring a coupling strength of the order of 105 m−1 in order for significant
coupling to occur.

5.4 Simulations in COMSOL Multiphysics
Once the appropriate dimensions for the SU-8 and gold waveguides had been established,
numerical simulations were carried out using COMSOL Multiphysics in order to determine
the mode field distributions and the appropriate waveguide separation for directional coupling
to occur. The simulations retrieved from COMSOL could then be compared to results found
using coupled mode theory. COMSOL is also a useful tool in providing insight into other
contributions not taken into account by coupled mode theory, such as scattering.

5.4.1 Simulation parameters
A 2-dimensional model of the directional coupler was constructed, as shown in fig. 5.9.
The model consisted of a 20×7 µm boundary box, with a refractive index of n = 1.48899,
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Figure 5.9: Directional coupling configuration simulated in COM-
SOL. Absorbing boundaries (blue) and the output port (red) allowed
scattered light to leave the simulation.

corresponding to PMMA. A 500 nm thick waveguide with a refractive index of n = 1.57159
was included, corresponding to the optical SU-8 waveguide, and a 30 nm thick layer with
a permittivity of ε = −11.595 + 1.25345i corresponded to the gold. Initially, the two
waveguides were separated by a 300 nm gap. Continuous-wave light was injected into the
SU-8 waveguide, through an input port, with a wavelength λ = 630 nm. The light was given
a Gaussian beam distribution by defining the E and H fields. The width of the Gaussian
was chosen to match the thickness of the optical waveguide, approximating the optical
waveguide mode. As this was only an approximation, not all of the injected light coupled
into the waveguide mode. However, this did not significantly affect most of the results of the
simulation, as discussed below. The light was then allowed to propagate for 20 µm. Given
that the light exiting the simulation would have a well defined wavevector, the waveguide was
terminated with a phase-matched port. This allowed the majority of the light to leave the
simulation,and not be reflected at the boundary. Absorbing boundaries were also placed on
the sides of the simulation cell to allow any scattered light to exit. As before, the maximum
element size of the mesh was set to 4 nm in the gold, and to λ/8n in the dielectrics. When the
mesh element density was doubled, no qualitative changes to the simulation were observed,
ensuring the consistency and quality of the simulation.

The result of the 2D COMSOL simulation is shown in fig. 5.10(left). In order to extract
and quantify the strength of the fields in the optical and plasmonic waveguides, a cross-
section was also taken through the center of the optical waveguide, and 50 nm above the
plasmonic waveguide (to capture the power in the evanescent fields), resulting in the plot
in fig. 5.10 (right). Coupling behaviour is evident in fig. 5.10, where light launched into
the optical waveguide is seen to couple to the plasmonic waveguide after a characteristic
length of ∼ 10 µm. At this point, the electric fields in the surface plasmon are more intense
than the initial fields in the optical waveguide, owing to the plasmonic field confinement.
After this point in the coupler, the light begins to couple back to the optical waveguide.
In this particular case, light from the optical waveguide is almost completely extinguished,
indicative of directional coupling behaviour. Some structure is also evident at the input to
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Figure 5.10: (Left) COMSOL simulation of the proposed dielectric
couplerwith a 500 nmSU-8waveguide coupling to a 30 nmplasmonic
gold film (fig. 5.9). Colour map is showing |E |2. (Right) Plot of the
electric fields obtained by taking a line cross-section through the
waveguides.

the simulation. This behaviour also appears to damp well before ∼ 4 µm into the device, and
should not affect the overall behaviour of the device. Additional simulations were carried
out, where the plasmonic waveguide was introduced later, and in these cases, it was verified
that the introduction of the gold film did not cause significant scattering from the optical
waveguide (as shown in fig. 5.11).

Figure 5.11: Simulation allowing the light to propagate in the optical
waveguide for 10 µm, in order to observe any scattering or perturba-
tions introduced by the gold film. In this particular simulation, the
waveguide separation is 120 µ m

5.4.2 Simulating Fabrication Tolerances

After establishing that the key features of directional coupling were evident, several parame-
ters were swept in order to determine the tolerances of the device. The parameters that were
swept included: the excitation wavelength, the metal film and optical waveguide thickness
and the waveguide spacing. In most cases, the range of the parameter sweeps reflects the
expected variation during fabrication. The results are shown below.
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Figure 5.12: Simulation of the directional coupler, varying the wave-
length launched into the device. The wavelength is varied from
600 nm (blue) to 650 nm (teal), with the nominal launch wavelength
of 620 nm (pink). (Left) Field in the optical waveguide, (right) field in
the plasmonic waveguide. In the plasmonic waveguide, the coupled
intensity varies from 0.88×109 to 0.98×109.

Sensitivity to Wavelength

In fig. 5.12, the input wavelength was swept from 600–650 nm, in 5 nm increments in order
to determine the optimal excitation wavelength, as well as the sensitivity to changes in the
excitation wavelength. Over the 50 nm range, the maximum intensity accumulating in the
plasmonic waveguide varies by no more than ≈ 10%, which can be related to a 10% change
in efficiency. A slight improvement in performance is seen towards 600 nm. This is shifted
from the predicted phase-matched wavelength of 620 nm, further suggesting perturbations to
the modes caused by strong coupling.

Sensitivity to Metal Film Thickness

In fig. 5.13, the gold film thickness was varied from 30–40 nm in 1 nm increments. The
behaviour of the propagating plasmon is strongly dependent on the metal film thickness. An
increase in film thickness of 10 nm can be seen to reduce the coupling to the surface plasmon
of the directional coupler by 40%. This would be due to both the increased losses with the
increased film thickness, as well as an effect of tuning the waveguide parameters farther from
the phase-matched point. In practice, this sensitivity is expected to play only a small role in
the performance of the device; gold is deposited at a rate of 0.5 Å/s, resulting in a gold film
thickness accurate to within nanometres.

Sensitivity to SU-8 Film Thickness

In fig. 5.14, the dielectric waveguide thickness was varied between 450–550 nm in 10 nm
increments. The efficiency of the directional coupler in coupling light to the plasmonic
waveguide was seen to change little over this 100 nm range. However, a small variation in
optimal coupling length was observed, changing by 2 µm.
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Figure 5.13: Simulations of the directional coupler, varying the gold
film thickness. The film thickness varies from 30 nm (blue) to
40 nm(teal). The nominal thickness is 30 nm. (Left) Field in the
optical waveguide, (right) field in the plasmonic waveguide. As the
thickness increases, the maximum intensity in the plasmonic waveg-
uide decreases by 50%.

Sensitivity to Waveguide Separation

Finally, the waveguide separation was varied from 300–700 nm, and this is shown in fig. 5.15.
For this simulation, the simulation was expanded to 80 µm in order to account for the longer
coupling lengths at greater separations. Over the 400 nm range studied, the coupling length
varies from 12–30 µm. The change in coupling length is accompanied by a change in
coupling efficiency of 80%, due to plasmonic losses coming into play; the surface plasmon
propagation length is only ≈ 20 µm. The best coupling was achieved by a waveguide
separation of 300 nm, however this lies at the lower limit of what can be fabricated using
spin-coating, and a separation ∼ 500 nm is closer to what may be expected. At a separation
of 500 nm, the coupling length is on the order of 20 µm, corresponding to a coupling strength
Ω ∼ 1.6 × 105, which is in the range which we require to achieve substantial coupling. In
these simulations, the intensities are seen to possess structure not consistent with directional
coupling between the two waveguides. This structure becomes more pronounced at larger
waveguide separations. We attribute these features to the imperfect coupling method used.
The optical waveguidemodewas approximated by aGaussian, resulting in imperfect coupling
to the optical mode. As a result, light which did not couple to the optical waveguide mode
between the two waveguides would be partially guided, before being lost to absorption in the
gold or scattering.

These parameter sweeps provided insights into the feasibility of fabrication for the di-
rectional couplers They demonstrate that many of the fabrication requirements lie within
expectation, and that only the waveguide spacing layer should represent a challenge during
fabrication.



86 Photonic-Plasmonic Directional Couplers

Figure 5.14: Simulations of the directional coupler, varying the SU-
8 waveguide thickness. The thickness varies from 450 nm (blue) to
550 nm (teal), from the nominal thickness of 500 nm. (Left) Field in
the optical waveguide, (right) field in the plasmonic waveguide. As
the thickness of the waveguide is increased, the maximum intensity in
the plasmonic waveguide changes by less than 5%, but the coupling
length increases by ≈ 2 µm

5.5 Fabrication
We intended to follow up our modelling by fabricating these directional couplers using a
combination of spin coating and ion-assisted gold deposition techniques. However, compli-
cations during fabrication prevented directional coupling devices from being completed. The
method of fabrication that was attempted is outlined below.

The PMMA and SU-8 layers were deposited using a spin coating approach. Spin coating
allows the deposition of polymer layers with a range of refractive indices, generating films
with a thickness on the order of a micron. During spin coating, a glass substrate is mounted
on a vacuum chuck, upon which several droplets of the polymer solution are deposited.
The substrate is then spun; the centrifugal force causes the droplets to spread out across
the substrate with a final thickness related to the spin speed and the viscosity of the initial
polymer solution. The solvent rapidly evaporates throughout the spinning process, leaving
behind a solid polymer film.

In order to fabricate films of the appropriate thickness, the viscosity of the initial solution
was varied, and the spin speed had to be varied, until the correct final thickness was achieved.
Starting with PMMA950 from MicroChem, the (polymerised) PMMA dissolved in a sol-
vent (anisole) was further diluted using dichloromethane to reduce the viscosity. Using a
PMMA:dichloromethane mixture in a 1:10 ratio, and spun at 3000 rpm for 1 minute, PMMA
films with a thickness of ∼ 300 nm were fabricated. The surface roughness of the PMMA
films were not as good as achieved with the gold films, with the arithmetic surface roughness
Ra < 10 nm. We fabricated films with a trace amount of dye dissolved in the solution
(Oxazine Perchlorate 170). This dye was intended to act as a tracer for the plasmonic mode.
The dye has a fluorescent spectrum centred at 637 nm, which would allow the behaviour of
the optical-plasmonic directional coupler to be directly imaged. Similarly, SU-8 films were
fabricated using the GMI1030 SU-8 solution (Gersteltec). Here, we primarily varied the spin
speed, and a spin speed between 3500–4000 rpm, resulted in SU-8 films ≈ 600 nm thick, with
a similar arithmetic surface roughness (Ra < 10 nm). The preparation of the SU-8 films were
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Figure 5.15: Simulations of the directional coupler, varying the sep-
aration between the two waveguides. The separation is varied from
300 nm (blue) to 700 nm (yellow). (Left) Field in the optical waveg-
uide, (right) field in the plasmonic waveguide. As the separation
increases, the maximum intensity drops by 75% and the coupling
length increases from 10 to 30µm

then completed following the procedure in [183]. This consisted of a soft-bake in two steps:
at 65◦ for 2 minutes, and then at 95◦ for 2 minutes, where the temperature was ramped at
2◦/min between stages. This soft-bake was followed by a UV exposure to cause cross-linking
in the SU-8 film. The UV exposure consisted of using a λ = 266 nm UV lamp, and exposing
the film for 7 seconds, to achieve ∼ 100 mJ/cm2. Finally, the film was post-baked at 65◦ and
95◦ for 5 minutes each. The final SU-8 film thickness was thicker than specified by the design
outlined above (500 nm), but was considered close enough that it did not strongly affect the
efficiency of the coupling.

In conjunction with our existing gold deposition techniques, these spin-coating recipes
enabled us to fabricate each of the individual layers of the directional coupler. Unfortunately,
fabrication of the complete directional coupler failed due to interactions that occurred between
fabrication steps. The fabrication of the second PMMA layer on top of the gold film resulted
in the severe damage to the gold film, shown in fig. 5.16.

We believe the gold damage is due to the following process: the dichloromethane, used
as a solvent for the PMMA, penetrates through nano-holes in the gold film, through to the
underlying PMMA layer. The dichloromethane is then able to dissolve the underlying PMMA
film. This causes the the gold film to de-laminate, and it is then lifted off the substrate by
the spinning process. As the PMMA mixture was already polymerised, the film could not be
thermally cured to avoid this outcome. Due to this, we were unsuccessful in experimentally
testing our design.

5.6 Summary
In this chapter, we reviewed coupledmode theory in the context of optical-plasmonic coupling,
considering the effects of phase-mismatch and plasmonic loss. We then designed an optical-
plasmonic directional coupler and simulated it in COMSOL. In this modelling, we were able
to show substantial coupling could be achieved to the plasmonic waveguide. However, the
device was extremely sensitive to the waveguide separation. This parameter was also required
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Figure 5.16: Damage to the underlying gold layer as a result of
PMMA deposition. From the left, slide 2 to 4 were completely cov-
ered in gold prior to PMMAdeposition. After the PMMAdeposition,
the gold on slide 2 is almost completely peeled off, and cracking is
evident. Partial destruction of the gold film is seen in slide 3 and 4.

to be of the order of 500 nm or less in order to achieve the coupling strength required, and
this can be extremely challenging to implement practically. This model serves as a baseline
for comparison in the next chapter, where we investigate three-waveguide adiabatic passage
coupling devices.



6
Plasmonic-Photonic Couplers based on

Spatial Adiabatic Passage

6.1 Introduction
The modelling of plasmonic-optical dielectric couplers allowed us to consider more complex
waveguide configurations. Here, we consider adiabatic passage couplers. These consist of
three evanescently coupled waveguides, where the coupling strength has been modulated
along the length of the device. Adiabatic passage has been demonstrated to be resilient
to variations in the central waveguide, such as phase-mismatch and losses. Thus, adiabatic
passage can be used to directly address someof the challenges in photonic-plasmonic couplers.
This is discussed in more detail in the following sections. In this chapter, we first consider
adiabatic passage using coupled mode theory in numerical models. We then consider a
device consisting of two optical waveguides on either side of a surface plasmon waveguide
by introducing loss and phase mismatch into the coupled mode equations, comparing these
models to the directional couplers in chapter 5.

The second half of this chapter concerns digital adiabatic passage waveguide devices.
Though these devices are purely optical, they experimentally demonstrate the robustness
of the adiabatic passage framework against spatial phase modulation and losses; forming
a complimentary study to the interaction between adiabatic passage and surface plasmons.
These optical devices were designed by Jesse Vaitkus and Prof. Andrew Greentree (RMIT),
fabricated by Zachary Chaboyer (MQ) using a laser inscription technique, and optically
characterised by myself.

6.2 Adiabatic Passage
Adiabatic passage [186] is related to the Stimulated Raman Adiabatic Passage (STIRAP)
process [187, 188]. The STIRAP process allows the coherent excitation of molecules to
a specific energy state in a protocol which is tolerant, flexible and efficient. It involves
three energy states (|1〉, |2〉, |3〉), and by tuning the nearest neighbour coupling strengths
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{Ωp(t),Ωs(t)} in time, the molecules can transferred from their ground state |1〉 to the excited
state |3〉 through an intermediate state |2〉. Throughout this process, the intermediate state
remains dark, as illustrated in fig. 6.1.

The obvious application of such a process is in situations in which the ground and excited
states can not be coupled directly, but STIRAP possesses several other useful properties.
Firstly, the process is not sensitive to small variations in coupling strengths, relaxing the
precision required in implementing this process. Secondly, since the intermediate state |2〉
remains unoccupied in the ideal case, the constraints on choosing an appropriate intermediate
state are also relaxed. The intermediate state can be lossy, or slightly detuned from the
coupling fields, without affecting the quality of the STIRAP process. These characteristics
come with the trade-off that STIRAP must be executed on relatively long time scales (much
longer than a Rabi oscillation in this case).

Figure 6.1: Typical STIRAP setup.

The STIRAP process can be abstracted from the molecular case, and in the more general
context it is may be referred to as Coherent Tunneling Adiabatic Passage (CTAP) or simply
Adiabatic Passage [189, 190]. It has become an attractive method for population transport for
cases in which the population may be susceptible to noise or loss [186]. Such applications
range from quantum information transport in semiconductor devices [191–194], to optical
frequency conversion [195–198] and to optical couplers [89–97, 99] the current context, we
are interested in designing a adiabatic passage device in an optical/plasmonic configuration,
in order to facilitate plasmonic coupling. Here, the three states {|1〉, |2〉|3〉} now correspond
to three waveguides, where the intermediate waveguide |2〉 is a surface plasmon waveguide.
Such deviceswould allow the coupling of optical and plasmonic fields, without being sensitive
to the usual fabrication constraints, or the plasmonic loss.

6.3 Coupled Mode Theory and Adiabatic Passage
Adiabatic passage can be described by coupled mode theory by considering three coupled
waveguides {|1〉, |2〉, |3〉}. Similar to eq. (5.2), the evolution of the light in the coupler can
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be captured by the electric fields Ẽ , and in the three waveguides can be written as:

dẼ1
dz
=iβ1Ẽ1 − iΩ12Ẽ2

dẼ2
dz
=iβ2Ẽ2 − iΩ21Ẽ1 − iΩ23Ẽ3 (6.1)

dẼ3
dz
=iβ3Ẽ3 − iΩ32Ẽ2,

(6.2)

where the coupling terms Ωnm (given by eq. (5.4)) are introduced as a linear term, which is
valid in the weak coupling regime. We have also assumed only nearest neighbour coupling
(Ω13 = Ω31 = 0). The mode power is proportional to P ∝ |E |2. Since we are interested in a
photonic-plasmonic-photonic coupler configuration, we can take the propagation constants of
waveguides |1〉 and |3〉 to be equal (β1 = β3 = β). Again, it is helpful to define β̄ = (β1+ β)/2
and ∆ = (β2− β)/2. Then, by choosing the electric field to be Ẽi = Eiei(β̄z−ωt), we can rewrite
the equations as a matrix:

i
d
dz
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Where {E1, E2, E3} are now the electric field amplitudes. We can take ∆ out as a global
phase, arriving at:

i
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dz
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The∆ is canonically called the detuning in adiabatic passage literature, but here it corresponds
to the phase mismatch parameter for the central waveguide |2〉. Under the assumptions of
symmetric and real-valued coupling coefficients (Ω12 = Ω21 and Ω23 = Ω32), and ∆ = 0, the
matrix may be solved for its eigenvectors {λ0, λ+, λ−} and eigenstates {ν0, ν+, ν−}:
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Thus, there is an eigenstate with the eigenvalue λ0 = 0, for which the light may occupy
the first and last waveguide, but the second waveguide remains dark. In order to imple-
ment adiabatic passage, we then require that the coupling coefficients are varied in time
({Ω12,Ω23} → {Ω12(t),Ω23(t)}). For the spatial adiabatic passage case, this is equiv-
alent to allowing the coupling coefficients to be tuned along the length of the device
({Ω12,Ω23} → {Ω12(z),Ω23(z)}). By doing so, there exists a configuration where the eigen-
state ν0 corresponds to the transfer of light from one waveguide to the other. In particular, for
the transfer of light from |1〉 → |3〉, we require that the coupling coefficients are varied in the
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opposite order: Ω23(0) � Ω12(0) → Ω12(L) � Ω23(L), where L is the length of the device.
This is the core principle behind adiabatic passage, and the coupling order is known as the
counter-intuitive coupling scheme [186, 187]. If the coupling is tuned in the opposite order,
known as the intuitive coupling scheme, then no smooth transition of power is observed;
light is seen to oscillate between all three waveguides. This corresponds to the beating of
the ν± eigenmodes. The only additional constraint on adiabatic passage is that the tuning of
the coupling coefficients (∂Ωi j/∂z) must be adiabatic, or slow, with respect to the coupling
coefficients (Ωi j) themselves, in order to implement adiabatic passage. This ensures that the
ν0 and ν± eigenstates remain orthogonal throughout the process. If the coupling is tuned too
rapidly, oscillatory behaviour, similar to the intuitive case, is observed.

Canonically, the coupling coefficients are tuned to follow a Gaussian profile. This case
follows directly from STIRAP, where the energy states were coupled using optical pulses.
However, there are many waveguide configurations which satisfy both the counter-intuitive
coupling order and the adiabaticity condition, and this leads to the flexibility of design and
implementation of adiabatic passage devices.

Mathematically, this constraint of adiabaticity can be addressed by defining an adiabatic
parameter:

A ≡
〈νi | Ûν j〉

|〈νi |νi〉 − 〈ν j |ν j〉|
2 , (6.7)

where νi, j are any two of the eigenstates. The adiabaticity condition then demands that the
adiabatic parameter A << 1.

6.4 Modelling
In order to test the robustness of the adiabatic passage process, we first need to determine
how the coupling coefficients varied with waveguide separation, and then we may choose
a waveguide configuration that satisfies the requirements of adiabatic passage. We used
COMSOL to do this. These values were then used with the coupled mode equations eq. (6.4).
COMSOL was not able to carry out full-wave simulations for these devices due to the
prohibitively long lengths of adiabatic passage devices.

Since waveguides are represented in coupled mode theory by propagation constants
and coupling coefficients, we can initially treat optical and surface plasmon waveguides as
interchangeable. We start with a model of adiabatic passage using propagation constants
consistent with optical waveguides. This simplified model also allows us to investigate the
adiabatic passage process itself. The initial simulation geometry and corresponding mesh
are shown in fig. 6.2. The waveguides consisted of 1 × 1 µm square waveguides with
waveguide separations between 1–3µm. The refractive index of the waveguide was 1.57159,
corresponding to SU-8, excited with a wavelength of 630 nm as before. The structures were
embedded in a background refractive index of 1.4963, corresponding to PMMA. This served
as the cladding. The coupling coeffcients were extracted in COMSOL using an inbuilt mode
solver, reducing the simulation to a 2 dimensional cross-section of the waveguides. The
waveguides were placed in the centre of a large boundary box (20 × 10 µm) with perfectly
conducting boundary layers. The boundary box needed to bemuch larger than the waveguides
to ensure that the simulated waveguide modes were not affected by the simulation boundaries.
Due to the relative simplicity of this mode-solving simulation, a high density mesh was used
around the waveguides, with a maximum mesh element distance being defined as λ/10n,
where n is the refractive index. A low density mesh (∼ λ

n ) was used near the boundaries where
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Figure 6.2: (Top) Mode analysis simulation of two SU-8 waveguides.
(Bottom) Corresponding mesh.

no significant field was expected. An example of the results from these mode simulations is
shown in fig. 6.3.

The propagation constants of the odd and even supermodes is provided by the Comsol
simulations, and the coupling coefficient Ω can then be calculated by taking their difference
Ω = |βodd − βeven |. This could be done for several waveguide separations, and then it was
fitted with an exponential curve. This is shown in fig. 6.4

Once the range of coupling coefficients had been determined, a tuning profilewas selected.
Initially, the tuning profile of the coupling was chosen to be Gaussian of the form:

Ω(z) = Ωmaxe
−(z−z0)

2

2σ2 (6.8)

where the offset z0 is given by
z0 =

1
2
(zmax ± σ). (6.9)

Here, σ is the width of the Gaussian. The width, and even the shape of the tuning profile, can
be chosen almost arbitrarily provided that adiabaticity is maintained. The Gaussian tuning
profile was chosen here since they have been thoroughly characterised in the literature in the
context of STIRAP [187]. Using this form forΩ(z), we then numerically integrated eq. (6.4)
using Mathematica to determine the field evolution of the electric fields in the device design.
We can then take P = |E |2. This model served as a baseline for an adiabatic passage optical
device, and is plotted in fig. 6.5. The waveguide layout, corresponding to the chosen Gaussian
coupling profile has also been calculated using fig. 6.4, and is also shown in fig. 6.5. Here, we
chose a detuning∆ = 0. We also chose a maximum device length of 40 mm, corresponding to
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Figure 6.3: Solved modes of a standard directional coupler simula-
tion, showing the (Top) odd and (Bottom) even supermodes.

Figure 6.4: Coupling coefficients extracted from COMSOL, varying
the edge-to-edge waveguide separation

an upper bound of what we might expect to be possible to fabricate on a glass substrate. Our
choice of a minimumwaveguide separation of 1 µm also reflects what we expect to be feasible
to fabricate. This determines the maximum coupling coefficient in the device. It can be noted
that at this waveguide separation, a coupling strength Ω = 1500 m−1 can be expected, and an
equivalent directional coupler would only be 2 mm long. The only free parameter remaining
was the Gaussian width σ, which we varied until adiabatic passage coupling behaviour was
observed. The width chosen for the Gaussian curves was σ = 0.6 cm.

For this device, the optical power P starts in the initial waveguide |1〉, and transits to
the output waveguide |3〉 with a contrast approaching unity. Here, we have defined the
contrast as the ratio P3/(P1 + P3). In a perfectly adiabatic device, this transition is perfectly
smooth. However, oscillations are evident in the simulations, and this is a function of the
adiabaticity of the device. The dark state |2〉 also has a transient, oscillatory population as
a consequence of this. These oscillations should become less severe for longer devices, or
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Figure 6.5: Modelled Adiabatic Passage waveguide devices, using
a Gaussian tuning profile. Shown is the waveguide spatial distribu-
tion (Left) and the coupling profile (Right). The power evolution for
light launched in the counter-intuitive configuration (Bottom) is also
shown, showing transfer fromwaveguide |1〉 to |3〉, while |2〉 remains
mostly empty.

devices with stronger coupling. Population in the central waveguide never exceeds 0.5%
of the total population however, and this is considered sufficient for our purposes. We can
further evaluate the adiabaticity of this device by defining a metric, consisting of the power
in the central waveguide P2 integrated over the length of the device z:

A =
1
L

∫ L

0

P2(z)
P0

dz (6.10)

This is a unitless quantity. In the adiabatic limit, this metric gives A = 0, and in the case
where light is fully occupying the intermediate waveguide, gives A = 1. For the Gaussian
tuning profile shown, the adiabaticity metric gives A = 6.5 × 10−3.

In these devices, where adiabatic passage is facilitated by the counter-intuitive coupling
order, the intuitive coupling order may also be investigated. Here, the intuitive coupling order
corresponds to launching light in waveguide |3〉. This is shown in fig. 6.6. The intuitive
behaviour is markedly different: many complete oscillations are evident, and no dark state
is present. Unlike in the counter-intuitive order, the final output of the intuitive behaviour
becomes strongly sensitive to the coupling strength and length of the device. Comparing
the counter-intuitive and and intuitive configurations, it is evident that, in addition to these
other properties, adiabatic passage devices also exhibit extremely asymmetric behaviour.
Calculating the adiabatic metric for the intuitive case gives a value of 0.3.

To see if the adiabatic passage device could be optimised, a parameter scanwas conducted.
In this parameter scan, the condition given in eq. (6.9) was ignored, and the offset (z0) and the
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Figure 6.6: Power evolution of the same device as shown in fig. 6.5,
except light is launched in waveguide |3〉, corresponding to the Intu-
itive coupling order.

half-widths σ of the Gaussians were varied independently. The performance of the devices
in this parameter range was judged by the adiabatic metric eq. (6.10), and by the final power
present in the output waveguide |3〉. The results of these parameter scans are shown in
fig. 6.7. The code for these parameter scans are included in appendix A.

We see that there is a large range of parameters forwhich the adiabaticmetric isminimised.
This is consistently accompanied by a power in the output waveguide approaching one. This
corresponds to the adiabatic regime. Here, the device is not strongly dependent on the
widths of the coupling profiles and the offset. As a result of this, the parameters used in the
adiabatic passage device were left unchanged. It is also illustrative to consider the region
of the parameter scan where the offset of the Gaussian coupling curves are negative. This
corresponds to the coupling order being reversed, and light being coupled in the adiabatic
passage intuitive configuration instead of the counter-intuitive configuration. Here, the final
waveguide states are seen to vary rapidly with respect to the parameters, and the features of
adiabatic passage are no longer evident.

Once the parameters for Gaussian coupling profiles had been established, several other
coupling schemes were investigated. In particular, it was noted that the coupling coefficients
are not required to tend to zero at the start and end of the device. With this in mind, a couple
of other coupling profiles were modelled—designs which were either spatially more efficient
or exhibiting greater adiabaticity. The first we call the "half-Gaussian" coupling profile:

Ω12 =

Ωmaxe
−(z−z0)

2

2σ2 z0 < 0
Ωmax z0 ≥ 0

, (6.11)

Ω23 =


Ωmax z0 ≤ 0

Ωmaxe
−(z+z0)

2

2σ2 z0 > 0
. (6.12)

The second coupling profile examined was a sinusoidal coupling profile, which is given by:

Ω12 = Ωmaxsin2(
z

zmax

π

2
) (6.13)

Ω23 = Ωmaxcos2(
z

zmax

π

2
) (6.14)

Using these profiles for {Ω12,Ω23}, eq. (6.4) can again be numerically integrated to determine
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Figure 6.7: Parameter scans of the Gaussian widths σ and the offset
between the Gaussian pulses z0. Colour plots show the adiabatic
metric (top) and the final power at the output P3. Adiabatic region
corresponds to the large smooth region where the adiabatic metric is
minimised (blue) and the output power is maximised (yellow).
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the power evolution in these waveguides. The plots for these coupling profiles are shown
in figs. 6.8 and 6.9. All models were constrained to have the same minimum waveguide
separation of 1 µm and the same device length of 4 cm. These designs have an adiabaticity
metric equal to 9.3 × 10−4 and 1.7 × 10−3 for the half-Gaussian and the sinusoidal profiles
respectively, both of which are significantly lower than in the Gaussian case examined above.
These models demonstrate the flexibility that is available for implementing adiabatic passage
in waveguide devices.

Figure 6.8: Adiabatic Passage model using the half-Gaussian cou-
pling profile. We show the physical separation of the waveg-
uides (Left), the coupling coefficients (Right) and the resulting power
evolution (Bottom).

From here on, all models are using the half-Gausssian coupling profile, due to its high
coupling efficiency and suppression of the light in the central waveguide.

6.4.1 Loss Mitigation

After establishing that adiabatic passage could be modelled with realistic values, the effect
of losses on the dark state was explored. Loss in the central waveguide corresponds to
an imaginary and negative ∆ term in the coupled mode equations eq. (6.4). Keeping the
assumption that the coupling coefficients are symmetric (Ωi j = Ω ji), the eigenvalues for
eq. (6.4) become:

λ0 =0

λ± =
1
2
(∆ ∓ Ω̄), (6.15)
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Figure 6.9: Modelled CTAP device using a sinusoidal coupling pro-
file. (Left) Physical separation of the waveguides. (Right) Corre-
sponding coupling profile. (Bottom) Resulting distribution in the
device as light propagates in the device. Device exhibits smooth
transition from |1〉 to |3〉

with the corresponding eigenvectors:

ν0 =
1√

Ω2
12 +Ω

2
23

©«
Ω23

0
−Ω12

ª®¬
ν± =

1√
Ω2

12 +Ω
2
23 + |∆ ∓ Ω̄|

2

©«
Ω12
−∆ ± Ω̄

Ω23

ª®¬ . (6.16)

In these equations we have defined Ω̄ =
√
∆2 +Ω2

12 +Ω
2
23. The eigenvalue λ0 and corre-

sponding dark state are unaffected by the phase mismatch term ∆. Consequently, in the
adiabatic limit, adiabatic passage is completely insensitive to the phase-mismatch and any
losses introduced here. However, the phase-mismatch term ∆ shifts the other eigenvalues
λ± and their corresponding eigenstates. For negative and imaginary values of ∆, the real
part of the eigenvalues λ± are shifted closer to λ0. In practice, this means that the condition
of adiabaticity needs to be more strictly enforced, as coupling between these eigenstates
becomes easier, and this is detrimental to the adiabatic passage process.

Similar to the loss study in chapter 5, we introduced losses into the central waveguide in
the form of a negative, imaginary component of ∆ and numerically integrated the coupled
mode equations 6.4. These losses were scaled with respect to to the coupling coefficient
Ω. With the introduction of loss, we see in fig. 6.10 that light still couples smoothly across
the device. Light in the initial waveguide |1〉 to go to zero, but much of it is lost in the
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Figure 6.10: Performance of the adiabatic passage device for a phase
mismatch of Im(∆) = 0 (Top Left), Im(∆) = −i0.3Ω (Top Right),
Im(∆) = −iΩ (Bottom Left), Im(∆) = −i1.7Ω (Bottom Right)

intermediate waveguide |2〉, leading to a reduction in the output in |3〉. The power at the
output as a function of the loss has also been plotted, and is shown in fig. 6.11. Here, we
see that the transmitted power rolls off exponentially as the loss is increased, with respect
to the coupling strength Ω. Using these models, direct comparisons can be made between
the adiabatic passage couplers and the directional couplers studied previously. While in the
directional coupler case, a loss ∆ ≈ 0.3Ω reduced the efficiency of the coupler to 50%, for
the adiabatic passage case, this loss is much less severe. A similar loss reduces the efficiency
of the adiabatic passage coupler to 87%. The adiabatic passage coupler reaches the 50%
efficiency mark for a loss of ∆ = −i1.7Ω, shown in fig. 6.11, making it more than five times
as resilient to losses.

In terms of plasmonic losses, a plasmon in the near-infra-red has losses between Im(β) ≈
104–105 m−1. This implies that, even for adiabatic passage couplers, the waveguides must be
strongly coupled, with a coupling strength of a similar magnitude. Based on the modelling
of chapter 5, this coupling strength is feasible.

6.4.2 Phase Mismatch
We then investigated the effect of the phase-mismatch, or the detuning. This is represented
by a real ∆ term. Because a plasmon tends to have a larger propagation constant than the
corresponding optical mode, we chose this mismatch to be positive. In real devices, the
phase mismatch between the central waveguide and the outer waveguides can generally be
addressed by waveguide engineering, however, the phase-sensitivity of the device does have
implications for the bandwidth of the device.

We can see from fig. 6.12 that in the case of phase mismatch, the power transfer from the
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Figure 6.11: Efficiency of the adiabatic passage design with respect
to loss, ranging from 0 to 10Ω. Dotted line indicates the loss at which
an equivalent directional coupler drops to 50% coupling efficiency.

input to the output (|1〉 → |3〉) remains smooth, and the power in the intermediate waveguide
|2〉 remains small. The primary effect of a large phase-mismatch is the reduction in coupling
efficiency of the adiabatic passage device, with more light remaining in the initial waveguide.
We can quantify the performance of the device by defining a contrast as P3(L)/(P1(L)+P3(L)),
where {P1(L), P,3 (L)} are the output powers of |1〉 and |3〉 respectively. Plotting the contrast
as a function of phase mismatch (shown in fig. 6.13), we see that this reduction in coupling
efficiency is not strictly monotonic, but generally decreases with increasing phase mismatch.

We can again make a comparison with the performance of similar directional coupler
devices. As in the loss case, adiabatic passage is much more resilient; a directional coupler
drops to a 50% transfer efficiency for a phase mismatch ∆ = Ω. whereas the same occurs for
this adiabatic passage design at ∆ ≈ 4Ω.

6.5 Comments on Fabrication
The adiabatic passage devices modelled here consist of the same materials used in chapter 5:
gold, PMMA, and SU-8. As such, the adiabatic passage devices share the same constraints
and obstacles in fabrication. Additionally, the small waveguide spacings are required to be
tuned over the length of centimetres, demanding a high level of control. This type of control
is largely incompatible with spin-coating techniques. We required a new platform, and new
materials, in order to experimentally test the tolerance of adiabatic passage.

6.6 Digital Adiabatic Passage
Due to the complications in fabrication, the plasmonic adiabatic passage couplers could not
be tested experimentally, and an alternate approach was taken by studying a digital version
of adiabatic passage. Recently, studies have explored ideas of piecewise STIRAP [199, 200],
where the coupling coefficients were tuned in discrete steps. Further studies by Jesse Vaitkus
and Prof. Andrew Greentree modelled the full digitisation of the adiabatic passage dark
state [201]. A photonic example of such a digital adiabatic passage device is shown in fig. 6.14.
Their study shows that despite digitisation, the characteristics of adiabatic passage: broadband
operation and flexibility, are maintained. Experimentally, digital adiabatic passage has many
similarities to the plasmonic adiabatic passage device considered in section 6.4: The digital
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Figure 6.12: Performance of the adiabatic passage device for a phase
mismatch of ∆ = 0 (Top Left), ∆ = 3Ω (Top Right), ∆ = 4Ω (Bottom
Left), ∆ = 10Ω (Bottom Right). At large ∆, coupling is strongly
inhibited.

spatial modulation of the coupling constant is analogous to phase mismatch, while the
digitisation error introduces a similar loss mechanism.

In light of these features, we experimentally investigated a digital adiabatic passage design,
in collaboration with Jesse Vaitkus and Prof. Andrew Greentree from RMIT, and Zachary
Chaboyer from Macquarie University. The waveguide digital adiabatic passage devices were
designed by Jessie Vaitkus. In these designs, the intermediate waveguide was divided into
five or seven waveguide segments. These devices were then fabricated by Zachary Chaboyer
fromMacquarie University using an ultrafast laser inscription technique in glass, resulting in
an integrated optical device. The characterisation and analysis of the digital adiabatic passage
devices was then carried out by myself. In the context of this thesis, this study served to both
verify the concepts of digital adiabatic passage, and to demonstrate the tolerance of adiabatic
passage to these loss and phase-mismatch mechanisms, simulating conditions similar to the
plasmonic case.

6.6.1 Theory
To digitise adiabatic passage, there are several of additional considerations that need to
be considered. It was shown in [201] that when the intermediate state is digitised into
a large number of segments (n=45), behaviour approaching regular adiabatic passage is
observed, assuming a system with no losses. For digitisation into fewer segments, where
the digitisation error becomes significant, adiabatic passage begins to break down. Light
begins to oscillate between the waveguides, and the central waveguide is no longer dark;
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Figure 6.13: Efficiency of the adiabatic passage design with respect
to phase mismatch, ranging from 0 to 10Ω. Dotted line indicates the
phase-mismatch at which an equivalent directional coupler drops to
50% coupling efficiency.

Figure 6.14: Schematic of a digitised adiabatic passage waveguide device.

a transient but significant amount of light may be observed. In addition to the degree of
digitisation, the length of the individual waveguide segments must also be considered. For
optimal performance, the segment lengths must be chosen such that light that couples to the
waveguide segment can propagate sufficiently to couple out again. This reduces to choosing
lengths such that

Lopt =
(2n + 1)π√
Ω2

12 +Ω
2
23

, (6.17)

where n = 1, 2, 3... and the Ωnm’s are the coupling coefficients as before. The intermediate
waveguide, though now consisting of many segments, will still be denoted by |2〉. It was
shown in [201] that for the incorrect choice of segment lengths, resonances may occur. At
these resonances the waveguide segments do not remain dark, and the model shows the light
is returned to state |1〉. This model however did not include losses, and in practice this case
is expected to produce large losses via scattering.
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6.6.2 Device Design
By accounting for the number of segments and the length of each segment, a digital adiabatic
passage device could be designed. As in the design of all adiabatic passage devices, there
are a number of free parameters. Here, the constraints of the femtosecond direct write
technique [202], and the physical size of the induced refractive index modification was used
to constrain the minimum separation of the waveguides. We were also limited in the range
of motion of the translation stages in the writing process, which constrained the maximum
length of the device.

The device designs were fixed with a total device length to 70 mm, and total device width
of 20 µm. The refractive index modification were of the order of ∆n ≈ 5.6 × 10−3, with a
physical waveguide width ρ ≈ 1.6 µm. Then, by choosing the number of waveguide segments
that make up the dark state and constraining their length using eq. (6.17), we optimized our
digital adiabatic passage design. We chose to digitise the dark state into both 5 and 7
waveguide segments, resulting in the designs shown in table 6.1. Here, the subscripts |2〉i
refer to the individual waveguide segments which make up the digitised waveguide |2〉. Each
waveguide segment has been chosen to be separated from the previous waveguide segment by
7.5 mm. This separation was chosen to ensure that any coupling behaviour could not simply
be explained by direct coupling from waveguide segment to waveguide segment. Coupling
behaviour would then have to be a consequence of adiabatic passage. A schematic of the
device layout is shown in fig. 6.15

5 Segment Devices
Waveguidelet |1〉 |2〉1 |2〉2 |2〉3 |2〉4 |2〉5 |3〉

Lopt(mm) N/A 5.5824 9.2295 10.3775 9.2295 5.5824 N/A
x (µm) -10.00 -2.00 -0.75 0.00 0.75 2.00 10.00

7 Segment Devices
Waveguidelet |1〉 |2〉1 |2〉2 |2〉3 |2〉4 |2〉5 |2〉6 |2〉7 |3〉

Lopt(mm) N/A 5.5824 8.7232 9.961 10.3775 9.961 8.7232 5.5824 N/A
x (µm) -10.00 -2.00 -0.93 -0.43 0.00 0.43 -0.93 2.00 10.00

Table 6.1: Table of positions and lengths of the waveguide segments.
The relative waveguide spacing is given by x, as shown in fig. 6.15.
All waveguidelet pairs |2〉i+1 and |2〉i are separated in z by 7.5 mm to
increase the total length to 70 mm

6.6.3 Fabrication
The waveguides in all devices herein were fabricated using an ultrafast laser inscription
technique [202]. This consisted of taking the output of a Ti: Sapphire oscillator (Femtolasers
GmbH, FEMTOSOURCE XL 500, 800 nm centre wavelength, 5.1 MHz repetition rate, <50
fs pulse duration) and focussing it into a borosilicate glass substrate (Corning Eagle2000) at
a depth of 170 µm using an 100x oil immersion objective lens. Our combination of writing
parameters lies within the cumulative heating regime of refractive index modification [203]
in which subsequent pulses are absorbed within the focal volume before the dissipation of
energy into the bulk of the material, leading to a refractive index modification dominated by
thermal effects. The thermal mechanism of the index modification causes both the refractive
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index modification ∆n and physical size of the waveguide to increase with the amount of
absorbed energy [204]. This allowed the index profile that was written to be controlled
by varying the writing pulse energy. The sample was then translated with respect to the
beam focus using Aerotech motion control stages with 10 nm precision, allowing us to form
waveguides.

Using this writing technique, twenty-three digital adiabatic passage devices were fabri-
cated, each written with a different writing power. The writing energy was iterated between
28.5 and 34 nJ in 0.25 nJ steps at a constant sample feedrate of 1500 mm/min in order to
find the parameter space that allowed single mode operation at λ = 800 nm. The central

Figure 6.15: (Left) To scale schematic of a 5 segment digital adia-
batic passage device. (Right)Stitched differential interference con-
trast (DIC) microscope image of a waveguide segment making up the
dark state. Tapering is evident at the start of the segment, and a void
is evident at the end.

waveguide was written by modulating the laser output with a fast RTP pockels cell. The
signals that were used to trigger the pockels cell were synchronised with the motion of the
translation stages in order to obtain segments of the proper length at the proper position along
the length of the chip. The switching of the laser by the pockels cell leads to structuring
of the waveguide segments. A taper is observed at the start of the waveguide segment, as
the threshold for index modification, due to cumulative heating, is gradually reached after
illumination by the laser pulses. On the other hand, the sudden turning-off of the laser at
the segment end leads to a transition away from the thermal regime and the formation of a
bulbous void [205]. These features are expected to introduce asymmetric losses in the device
for the forward and backward launch directions. These directions are indicated in fig. 6.15.

The scattering losses are also expected to be asymmetric with respect to the intuitive
and counter-intuitive configurations. The scattering is expected to be weak in the counter-
intuitive configuration due to the presence of a quasi-dark-state. On the other hand, in the
intuitive configuration, there is no dark state and the voids scatter strongly. Each DAP
device was accompanied by a single straight waveguide acting as a reference for transmission
measurements and two straight waveguides with a 20 µmspacing to verify that direct coupling
between states |1〉 and |3〉 is negligible for the device being considered. Directional couplers
at each writing power were also fabricated, with a waveguide spacing of 14 µm and a
coupling length 50 mm. These couplers were characterised and allowed us to select the
adiabatic passage device designs with the appropriate coupling strengths. The devices to be
further characterised were narrowed down to the devices written with writing powers between
28.75–31.5 nJ.
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6.6.4 Characterisation

Figure 6.16: Experimental schematic for characterising the digital
adiabatic passage device.

To verify adiabatic passage-like behaviour, the digital adiabatic passage device was
mounted on a high precision translation stage using a vacuum chuck. Light at 808 nm
was coupled into a fibre, which was then coupled into the device with index matching oil.
The light was coupled into the chip in the counter-intuitive configuration and the outputs were
out-coupled by a fibre into a photodiode. This is shown schematically in fig. 6.16. In the
ideal configuration, light is expected to transit across the device |1〉 → |3〉 with high contrast.

The outputs of the devices in the counter-intuitive configuration are plotted in fig. 6.17
for both the 5 and 7 segment devices, as P3/(P1 + P3) where P1 and P3 are the output powers
of waveguides |1〉 and |3〉 respectively. The 11 devices tested showed little-to-no dependence
on the writing energy over this range, which may be expected of an adiabatic device. Light
was observed to have coupled across the DAP device in the counter-intuitive configuration
in almost all cases. The largest source of variability appears to be waveguide homogeneity.
On average, 89% of the output power is successfully coupled in the 5 segment devices.
The 7 segment devices follow a similar trend, with a slightly diminished average output
power at 86%. A slight asymmetry in fidelity is also evident in the forwards and backwards
direction, with a greater fidelity in the backwards direction. This is easily explained by the
position of the voids—in the backwards direction, each void is present at the beginning of
the waveguidelet, where the light has yet to be coupled across and be scattered.

The outputs of both waveguides were also summed and normalised using a straight
waveguide written with the same power, as shown in fig. 6.18. A large variation is evident in
the transmissions between devices in the counter-intuitive performance. These variations are
assumed to be due to waveguide defects, as well as intrinsic scattering due to the digitisation
and gaps between segments. Despite this, the average device yields a 70% transmission.
In contrast, when light is launched in the intuitive direction, the transmission is consistently
suppressed, transmitting just 12% of the light. Without the dark state in the intuitive direction,
the waveguidelets become strongly scattering, as shown in the insets of fig. 6.18. A slight
difference in the forwards and backwards directions is also evident, with greater losses in the
forwards direction. Similar behaviour can be seen for the 7 segment devices, with a strongly
suppressed output in the intuitive direction. A lower overall performance can be seen when
compared to the 5 segment devices, transmitting on average just 46% of the total power. A
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Figure 6.17: Outputs of |1〉 and |3〉 plotted as
P3

P1 + P3
in the counter-

intuitive configuration. The 5 segment (Top) and 7 segment (Bottom)
devices exhibit similar behaviour. The mean (solid line) and standard
deviation (dashed) has been indicated.

large variance in performance between devices is also evident. Even though the additional
segments in the 7 segment case should yield a better adiabatic passage performance due
to a smaller digitisation error in the coupling, this is not observed experimentally—as the
inclusion of additional scattering voids probably outweighs this benefit. This appears to be a
feature of the femtosecond direct write implementation of digital adiabatic passage, and not
a feature of digital adiabatic passage itself.

In order to test the operating bandwidth, the 5 segment devices were also characterised
using a white light source (NKT Photonics SuperK Compact). The white light spectrum
was narrowed down using a FGB25 colour filter in order to capture the spectral response
of the devices between 700 nm and 900 nm. The output was fibre-coupled to a USB4000
OceanOptics spectrometer, yielding the raw spectra given in fig. 6.19.

The normalised waveguide outputs of some of these devices are shown in fig. 6.20. They
were normalised using the straight reference waveguides in order to remove the spectral
shaping caused by the filtering and the white light source itself. Across the writing powers
used, it can be seen that the devices have highest fidelity not at 800 nm, but between 820–
840 nm. This suggests that the induced index change∆nwas greater than predicted. A greater
∆n is consistent with a more strongly confined optical modes, resulting in weaker coupling
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Figure 6.18: Total transmission of the 5 segment (top) and 7 segment
(bottom) DAP devices, plotted as P1+P3

Pre f
, plotted for the counter-

intuitive (left) and intuitive (right) configurations. Mean (solid line)
and standard deviation (dashed) have been indicated. Yellow and
blue points correspond to the forward and backwards directions re-
spectively. Insets correspond to an image of a void taken during the
experiment from above.

coefficients, which would deteriorate the quality of the adiabatic passage performance. The
optimal coupling wavelength would then be shifted to longer wavelengths, where the mode
sizes are larger, and the coupling strength is recovered. At its optimal wavelength, each device
exhibits fidelity above 95%, despite variability between devices. The devices remain largely
insensitive to small changes in writing power, showing little shift in optimal frequency.
The operational bandwidth with a fidelity above 90% is ≈ 60 nm. The optimal digital
adiabatic passage performance also coincided with a suppressed throughput in the intuitive
configuration < 5% as shown in fig. 6.20(b).

Outside the operational bandwidth, significant variability is observed between devices.
We believe the key mechanism limiting the bandwidth is the segment lengths given by
eq. (6.17): as the wavelength is varied, the coupling coefficients Ωi j are varied, and the
ideal length for the waveguide segments Lc no longer matches the waveguide segments in
the device. The converse is true for the intuitive case: eq. (6.17) provides the condition for
optimal scattering. As the wavelength and coupling coefficients are varied, the waveguide
segments no longer match the condition for optimal scattering, and the intuitive configuration
becomes transmissive. We also attribute the variability observed at shorter wavelengths to
changes in coupling that were a consequence of the out-coupling fibre.
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Figure 6.19: Raw spectral response of 5 segment DAP devices for a
typical device. Counter-intuitive output is on the (left) and Intuitive
is plotted on the (right). Strong spectral shaping from the laser source
and filtering is evident in the reference.

6.7 Discussion
Through the characterisation of the waveguide digital adiabatic passage devices, the robust-
ness of the adiabatic passage framework to digitisation was demonstrated. When used in the
counter-intuitive configuration, all of the features of adiabatic passagewere evident: including
robustness against variations in coupling, and robustness against strong scattering losses in
the central state, which arose from both the digitisation and writing asymmetry. Additionally,
as a consequence of the digitisation process, these devices also suppress the transmission for
light launched in the intuitive configuration. As such, digital adiabatic passage devices also
exhibit strong asymmetric behaviour. In the study of these digital adiabatic passage devices,
this study also validates the feasibility of applying the adiabatic passage approach to other
lossy systems, such as the plasmonic case explored earlier in this chapter.

6.8 Summary
In this chapter, we studied the more complex adiabatic passage couplers, building on the
work on directional couplers in chapter 5. Compared to the directional couplers, the adiabatic
passage designs considered were ≈ 4× more robust against phase mismatch and ≈ 5× more
robust against loss than the directional couplers. This robustness is due to the presence of a
dark state via the tuning of the waveguide couplings. The adiabatic passage couplers are also
more flexible in design than their directional coupler counterparts, are generally tolerant to
fabrication errors and require fewer engineering constraints due to relaxed phase matching
conditions. However, the adiabatic passage design is also an order of magnitude longer than
a typical directional coupler, and this must taken into consideration.

Adiabatic passage couplers also have several unique drawbacks: since the robustness of
adiabatic passage is due to the presence of the dark state, there is no appreciable plasmonic
field that accumulates at any point in the device. This makes it difficult to leverage the field
confinement associated with surface plasmons. Additionally, since the device is insensitive
to phase, it is also difficult to leverage the extraordinary sensitivity of the surface plasmons
to local perturbations. This makes it impossible to utilise surface plasmons in this way for
applications such as sensing and modulation. In light of these limitations, the usefulness of
adiabatic passage to in the context of optical-plasmonic coupling is questionable.
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Figure 6.20: Spectral response of 5 segment DAP devices, shown for
devices with writing energies between 29.50–30.75 and measured in
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7
Conclusion And Future Work

In this dissertation, we aimed to address both the challenges of plasmonic loss and optical-
to-plasmonic coupling, in order to facilitate the development of compact surface plasmon
waveguide devices. Two distinct approaches were taken: examining second-order nonlinear
effects in the form of second harmonic generation and parametric down conversion, and
waveguide coupling in the form of directional coupling and adiabatic passage.

7.1 Second-Order Nonlinear Effects in Propagating Sur-
face Plasmons

In the first approach, we were able to observe a strong nonlinear response in the context
of metallic, all-plasmonic second harmonic generation (chapter 3). However, the lack of
available phase-matching mechanisms in the metal provided little scope for improving the
conversion efficiency.

By employing dielectric nonlinear effects in lithium niobate (chapter 4) we obtained
access to such phase-matching mechanisms; quasi-phase matching and birefringent phase
matching; which we utilised in optically-pumped configurations. In the case of birefringent
phase matching, the poor spatial overlap between the optical and plasmonic modes, arising
due to the inherent disparity in mode sizes, led to low conversion efficiencies. This poor
overlap diminished the benefits provided by the phase-matching. Ultimately, the nonlinear
conversion was insufficient to compete with the plasmonic losses, and we were not able to
observe the excitation of surface plasmons via second-order nonlinear effects.

The experiments on quasi-phase matching and second harmonic generation were incon-
clusive, and there is scope to carry out additional experiments. In our study, wewere restricted
by time and the availability of laser sources, and so our study of quasi-phasematching targeted
a harmonic at 532 nm, where the plasmonic losses in gold are the most pronounced. The
losses at this wavelength limited the interaction with the poling, leading to an inconclusive
result. However, we believe that at longer wavelengths, where the losses become much less
restrictive, a stronger interaction should be possible between the fields and the poled struc-
tures. Unfortunately, much like the birefringent phase-matching experiment, the poor spatial
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overlap is still a factor which will limit the conversion efficiency.
The results of these experiments suggest that, in the planar gold-coated lithium niobate,

optically-pumped configurations of second-order nonlinear effects are not feasible for pro-
viding parametric amplification in the nanosecond domain, and therefore are not feasible
for plasmonic loss compensation. This is also not a useful means of enabling optical-to-
plasmonic coupling.

7.2 Directional Couplers and Adiabatic Passage Couplers
The second approach taken in this dissertation covered directional coupling between optical
and surface plasmon waveguides, which was then compared with similar waveguide adiabatic
passage devices. In the directional coupler case, it was shown numerically that relatively
short coupling lengths (10–20 µm) could be achieved using a combination of waveguide en-
gineering and long-range surface plasmons. Using this method, a significant plasmonic field
could be accumulated. Unfortunately, fabrication of such directional coupling devices using
spin-coating techniques turned out to be extremely challenging and impractical. Regardless,
this method was shown to be extremely sensitive to plasmonic losses, and extremely sensitive
to the waveguide parameters.

In contrast, the numerical study of waveguide adiabatic passage devices with optical
and plasmonic waveguides demonstrated a remarkable resilience to the plasmonic loss and
phase-mismatch. The adiabatic passage devices were also extremely flexible in implemen-
tation, and were shown to be robust against variations in the waveguide parameters. These
properties were further demonstrated experimentally, through the characterisation of analo-
gous photonic digital adiabatic passage devices. These devices possessed similar losses, and
were affected by scattering and digitisation errors. Despite this, when light was launched in
the counter-intuitive configuration, light was transferred across the device with a coupling
ratio approaching 1. Conversely, light launched in the intuitive configuration was strongly
scattered and suppressed, giving the adiabatic passage couplers strongly asymmetric trans-
mission properties. This robust behaviour of the adiabatic passage couplers is achieved with
the presence of the dark state, which limits the amount of power present in the intermediate
waveguide at any one time. While this property makes adiabatic passage extremely well
suited to avoiding plasmonic losses, it also makes it difficult to leverage the other interesting
properties of the plasmon such as the field confinement. Thus, there is limited scope for the
direct application of adiabatic passage to mitigate losses in plasmonic devices.

7.3 Future Work
The studies on the second-order nonlinear conversion were conducted mostly using nanosec-
ond laser sources. By heading towards shorter time-scales, using either picosecond or
femtosecond pulse durations, a much larger nonlinear response can be expected. In the case
of the quasi-phase-matching experiment, the use of longer wavelength sources should also
result in a large increase in detectable signal. This could be further improved by using guided
optical modes to increase the optical confinement and increase the interaction length, as
suggested in [55]. This approach has the best prospects for introducing gain, as well as for
launching surface plasmons via nonlinear coupling. However, these would be significantly
more complex geometries.
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There is also interest in investigating purely plasmonic nonlinear effects. These config-
urations would not be useful for introducing plasmonic gain, due to the losses present in
each field. However, the large overlap between the plasmonic modes would allow the full
effect of the plasmonic field enhancement to be utilised. This approach still has application
for the nonlinear excitation of surface plasmons at different frequencies. This approach has
been studied numerically by Duffin et al. [142], in the context of highly confined surface
plasmon modes interacting with third-order nonlinear effects. They suggest that a nonlinear
response can occur on a sufficiently short length scale that phase matching is not required.
However, at longer wavelengths where the propagation lengths increase significantly, we
believe that phase matching could play an important role. In such a case, phase-matching
via birefringent phase-matching techniques would no longer be viable, due to the reduction
in the degrees of freedom in a fully plasmonic configuration. But, in-plane methods such
as quasi-phase matching could still be applied. Combining this with waveguide engineering
and low loss waveguides in lithium niobate, such as suggested in [16], could result in an even
larger increase in the observed nonlinear signal.

In the case of optical-plasmonic directional couplers and adiabatic passage devices, both
of these approaches have been shown to be feasible numerically, however both have proved to
be difficult to fabricate. By considering new materials and new fabrication techniques, it will
be possible to directly characterise these devices experimentally. Such devices could have a
large impact: allowing stronger coupling to propagating plasmons and enabling higher field
densities in nanoscale devices. These devices could also enable better detection of plasmonic
phenomena, by dirctly out-coupling to optical channels.
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A
Mathematica Notebooks

Included is are several Mathematica notebooks used for several key calculations made in this
thesis. In order, the notebooks are

• The Excitation angles for Second Harmonic Generation via Periodic Poling

• Crystal Cut of the Lithium Niobate for Parametric Down Conversion

• Generated Plasmon Power in Parametric Down Conversion

• Optical and Plasmonic Dispersions for Directional Coupling

• Adiabatic Passage Parameter Scan
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Abstract: Using a femtosecond laser writing technique, we fabricate and characterise three-
waveguide digital adiabatic passage devices, with the central waveguide digitised into five discrete
waveguidelets. Strongly asymmetric behaviour was observed, devices operated with high fidelity
in the counter-intuitive scheme while strongly suppressing transmission in the intuitive. The low
differential loss of the digital adiabatic passage designs potentially offers additional functionality
for adiabatic passage based devices. These devices operate with a high contrast (>90%) over a
60 nm bandwidth, centered at ∼ 823 nm.
© 2017 Optical Society of America
OCIS codes: (230.7370) Waveguides; (130.3120) Integrated optics devices.
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1. Introduction

Spatial Adiabatic Passage [1–4] is the spatial analog of the Stimulated Raman Adiabatic Passage
(STIRAP) protocol [5]. It is a three-state transfer framework where the coupling between
states is varied to effect transfer of population from one state to another, by means of an
intermediate unpopulated state. This framework is remarkably flexible and resilient to variations
in implementation, leading to numerous applications in the optical domain. It has been applied
directly in the design of broadband optical couplers [6–8] and optical frequency conversion [9].
The versitility of adiabatic passage has also been demonstrated in the development of optical
splitters [10–12], frequency filtering [13] and optical photonic gates [14].

Recently, studies have explored adiabatic control strategies that employ digital (or piecewise)
control schemes instead of continuous parameter variation [15–18]. Though the condition of
adiabaticity formally requires continuity, these studies have shown that adiabatic-like behaviour
is maintained. These findings provide additional flexibility when designing adiabatic passage
devices, particularly in cases where precise control of the coupling coefficients is difficult.
In this paper, we use the digital adiabatic passage framework and apply it to the optical

waveguide domain. We fabricate digital waveguide adiabatic passage devices where the central
state has been digitised into five discrete waveguidelets. The device designs were optimised
using numerical modelling, and then fabricated using a femtosecond laser direct-write inscription
technique over a range of writing powers. These devices were characterised and shown to possess
a highly transmissive configuration reminiscent of conventional adiabatic passage. Additionally
in the opposite configuration, the transmission was strongly suppressed. This suppression is a
key characteristic of the digitisation itself. High contrast operation (>90%) is maintained over a
60 nm bandwidth about ∼ 823 nm.

2. Digital Adiabatic Passage

The theory of digital adiabatic passage is treated in detail in [19]. In its simplest form, a
system consisting of three identical coupled waveguides {|a〉, |b〉, |c〉} can be described by the



Hamiltonian:

H =


0 Ωab 0
Ωab 0 Ωbc

0 Ωbc 0

 , |E0〉 = Ωbc |a〉 −Ωab |c〉√
Ω2

ab
+Ω2

bc

. (1)

where the eigenstate |E0〉 is the so-called dark-state of H . Here, Ωnm is the coupling between the
nth and mth waveguides and only nearest neighbour coupling has been assumed.

This eigenstate |E0〉 is completely composed of states |a〉 and |c〉 and is not directly dependent
on the coupling coefficientsΩnm, but on their ratio. The process of adiabatic passage corresponds
to the use of this eigenstate: starting with the coupling coefficients such that Ωbc � Ωab and
slowly varying them such that Ωab � Ωbc at the end of the device, transport is effected from |a〉
to |c〉. Due to the ordering of the coupling, this is commonly called the counter-intuitive coupling
scheme. When the coupling order is reversed (corresponding to launching light in |c〉 for the
same coupling order), this is known as the intuitive coupling scheme, and leads to non-adiabatic
oscillations, although, with central state detuning can lead to bright-state adiabatic passage [20].
As the name suggests, digital adiabatic passage devices are realised by digitising the central
waveguide of standard waveguide adiabatic passage into several parallel elements which we term
waveguidelets. For ideal systems with equal propagation terms or no direct next nearest neighbour
(a–c) coupling, the effective a–c hopping rate [18, 19] dictates the ideal segment length:

Lopt = π
(
Ω2

ab +Ω
2
bc

)−1/2
. (2)

By using Eq. 2 to digitise the adiabatic passage devices, the counter-intuitive and intuitive
coupling behaviour of conventional adiabatic passage is maintained. This is demonstrated in
Fig. 1.

3. Model parameters

To simulate the device, model parameters were heuristically obtained from previous work [21].
For a detailed discussion of the theoretical methods used to generate the digital adiabatic
passage device see [19]. Both model parameters describing the refractive index difference
between cladding and core refractive indices δ, and the 1/e width ρ of the Gaussian graded
waveguides were varied in the software package BeamPROP until they gave a suitably good fit
to the experimentally obtained mode field diameters and coupling curves. Rigorous 3D field
propagation simulation was then performed to obtain the coupling lengths. This simulation was
carried out using an in-house developed propagation tool based on the eigenmode expansion
method [22]. Optimised lengths were found by inferring the coupling between guides from the
beat length of two-waveguide systems. Although the eigenmode expansion is highly efficient,
it is not able to model scattering losses. Accordingly, once a suitable design was chosen, the
geometry was input into BeamPROP for accurate analysis of the scattering. Device parameters
used in simulations can be found in table 1 and a simulation at these optimal parameters in the
counter-intuitive and intuitive directions can be found in Fig 1.

4. Implementation

The waveguides in all devices herein were fabricated using an ultrafast laser inscription tech-
nique [23]. The output of a Ti: Sapphire oscillator (Femtolasers GmbH, FEMTOSOURCE XL
500, 800 nm centre wavelength, 5.1 MHz repetition rate, <50 fs pulse duration) was focused into
a borosilicate substrate (Corning Eagle2000) at a depth of 170 µm using a 100x oil immersion
objective lens. The sample was translated with respect to the beam focus using Aerotech motion
control stages with 10 nm precision. Our combination of writing parameters lies within the



Table 1. Device parameters used in all calculations herein. All waveguidelets are aligned
at y = 0 and |a〉, |b〉1, |c〉 all begin at z = 0. The waveguide’s center is given by x. All
waveguidelet pairs |b〉i+1 and |b〉i are separated in z by 7.5 mm to increase the total length
to 70 mm to further demonstrate digitisation. ρ is the 1/e length of the Gaussian profile
waveguides and δ is the difference between core and cladding indices. For details about the
model parameters see [19].
Waveguidelet |a〉 |b〉1 |b〉2 |b〉3 |b〉4 |b〉5 |c〉

Lopt(mm) N/A 5.5824 9.2295 10.3775 9.2295 5.5824 N/A
x (µm) 10.00 -2.00 -0.75 0.00 0.75 2.00 -10.00

ρ 1.6 µm ncl 1.4994 δ 0.0056 λopt 800 nm

cumulative heating regime of refractive index modification [24] in which consecutive pulses are
absorbed within the focal volume before the dissipation of energy into the bulk of the material,
leading to a refractive index modification dominated by thermal effects. The thermal mechanism
of the refractive index modification causes both the peak contrast and physical size of the
waveguide to increase with the amount of absorbed energy [25]. This allowed the index profile of
the written waveguides to be controlled by varying the writing pulse energy. The writing pulse
energy was iterated between 28.5 and 34 nJ in 0.25 nJ steps at a constant sample feedrate of
1500 mm/min. With these writing parameters, we designed our devices for optimal operation at
λ = 800 nm.
The design of the fabricated adiabatic passage devices is shown in Fig. 2(a). The total

device length including spaces is 70 mm. The input and output states |a〉 and |c〉 consist of
straight waveguides spaced by 20 µm. This choice was made so that there would be negligible
direct coupling between the outer waveguides. The central waveguide |b〉 was digitised into 5
waveguidelets that were written by modulating the laser output with a fast RTP pockels cell. A
taper is observed at the start of the waveguidelet, as the threshold for index modification, due
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Fig. 1. Beamprop simulation of transport in structures designed in table 1 in the (a) counter
intuitive and (b) intuitive directions. Images are taken at the y = 0 slice. In the counter-
intuitive scheme, the small populations in the intermediate guides make the design tolerant
to scattering losses from improper segment length, conversely the very high population in
the intuitive direction makes these highly sensitive devices. Spaces of 2.5mm where added
between waveguidelets to highlight digitisation.



Fig. 2. (Left) Schematic of device with parameters determined by Table 1. (Right) Stitched dif-
ferential interference contrast (DIC) microscope image of the start and end of a waveguidelet
making up the dark state. A taper and a void are evident at either end.

to cumulative heating, is gradually reached after illumination by the laser pulses. On the other
hand, the sudden turning-off of the laser at the waveguidelet end leads to a rapid transition away
from the thermal regime and the formation of a bulbous void [26] as shown in Fig. 2(b). These
features are expected to introduce asymmetric losses in the device for the forward and backward
launch directions, indicated in Fig. 2(b).
The scattering losses are also expected to be asymmetric with respect to the intuitive and

counter-intuitive configurations. The scattering is expected to be weak in the counter-intuitive
configuration due to the dark-state. Conversely in the intuitive configuration, the central state
is populated and the voids should scatter strongly, leading to a differential loss in the devices.
Each device was accompanied by a reference waveguide for transmission measurements and two
waveguides with a 20 µm spacing to verify that direct coupling between states |a〉 and |c〉 is
negligible.

5. Characterisation

Eleven of the devices fabricated are characterised below, written with writing powers between
28.75–31.5 nJ per pulse, corresponding to a refractive index variation of approximately 3 × 10−4.
These devices yielded coupling coefficients most consistent with modelling. In order to verify
adiabatic passage behaviour in these devices, light at 808 nm was fibre coupled into the chip in
the counter-intuitive configuration and the outputs measured.
The contrast ratio between the waveguide outputs is plotted in Fig. 3(a) as Pc/(Pa + Pc), for

each device in the counter-intuitive configuration. Here, Pa and Pc are the output powers of
waveguides |a〉 and |c〉 respectively. The 11 devices tested showed little-to-no dependence on the
writing energy over this range, and light was observed to have coupled across the device in the
counter-intuitive configuration in almost all cases. These demonstrate insensitivity of the devices
to the effective device length, characteristic of adiabatic passage designs. The largest source of
variability is believed to be waveguide inhomogeneity due to the relatively large length of the
devices. On average, 89% of the output is successfully coupled. Asymmetry in fidelity is also
evident in the forwards and backwards directions, with a slightly greater fidelity in the backwards
direction. This is easily explained by the position of the voids—in the backwards direction, each
void is present at the beginning of the waveguidelet, where the light has yet to couple across and
be scattered.

In order to characterise losses in digital adiabatic passage devices, the outputs of bothwaveguides
were also summed and normalised against a straight reference waveguide written with the same
power. This is shown in Fig. 3(b). Despite scattering losses arising from digitisation, the devices
have an average transmission of 70%. If we assume a propagation loss of (0.24 ± 0.06) dB/cm,
typical of laser written waveguides, and including facet losses, we obtain an insertion loss
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Fig. 3. Characterisation at 808 nm. The contrast ratio is plotted as Pc/(Pa + Pc ) for the
counter-intuitive configuration (a). The total transmission is also plotted as (Pa + Pc )/Pref,
for the counter-intuitive configuration (b) and the intuitive configuration (c). Insets show
a CCD image of the voids at the end of the waveguidelets. The voids are shown to be
bright and strongly scattering in the intuitive configuration, but dark in the counter-intuitive
configuration where they remain largely unpopulated. Transmission is higher in the backwards
direction in almost all cases. Mean (solid line) and standard deviation (dashed) have been
indicated.

between 3.4–4.2 dB. In contrast, light launched in the intuitive configuration is consistently
suppressed, transmitting an average of 12% of the light. This corresponds to an insertion loss
between 11–12 dB. Without the dark state in the intuitive direction the waveguidelets become
strongly scattering, as shown in the inset of Fig. 3(c). A slight difference in the forwards and
backwards directions is also evident, with greater losses in the forwards direction for reasons
discussed earlier in the paper.
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Fig. 4. Spectral response of the devices are plotted, measured in the forwards direction.
(a) Counter-intuitive contrast ratio plotted as Pc/(Pa +Pc ), and (b) the intuitive transmission
plotted as (Pa +Pc )/Pref. Note that the optimal operating wavelength is shifted from 800 nm
(dashed) to be about 830 nm (shaded). It can be seen that the broad wavelength response
in the counter-intuitive configuration coincides with a suppressed response in the intuitive
configuration.

To test the operating bandwidth, the devices were also characterised using a white light source
(NKT Photonics SuperK Compact). The white light spectrum was narrowed down using a FGB25
colour filter to capture the spectral response of the devices between 700 nm and 900 nm. The



output was fibre-coupled to a USB4000 OceanOptics spectrometer. The devices shown were
measured in the forwards direction.
The wavelength dependent performance of these devices is shown in Fig. 4. These were

normalised against straight reference waveguides in order to remove the spectral shaping caused
by the filtering and the white light source itself. In the counter-intuitive configuration (Fig. 4(a)),
a high contrast region is consistently observed in a wavelength band centered around ∼ 830 nm.
This is shifted from the intended centre wavelength of 800 nm. Each device exhibits fidelity
above 95% at its optimal wavelength. The devices also remain insensitive to small variations in
writing power, reflected in the small shifts in optimal frequency.

The operational bandwidth with a fidelity above 90% is ≈ 60 nm, after which the adiabatic
passage-like behaviour rolls off on either side. This can be attributed to changes in the mode
size and coupling strength. As a result, Eq. 2 is no longer satisfied, and the waveguidelets are no
longer the appropriate length to facilitate effective adiabatic passage. At the short wavelengths,
the behaviour is further complicated by the introduction of higher order modes, resulting in
variations in the roll-off behaviour.

In the intuitive case (Fig. 4(b)), the opposite is observed. The transmission is suppressed
in the wavelength band around 830 nm, and we observe that the optimal conditions for the
counter-intuitive performance coincide with the conditions for maximal loss in the intuitive
case. The average transmission is < 5%. The increase in transmission at both longer and shorter
wavelengths can then be attributed to the same effects discussed above: at wavelengths far from
the optimal wavelength, the changes in coupling no longer allow Eq. 2 to be satisfied. In both
cases, light oscillates between the waveguides, is more weakly scattered and is then observed at
both outputs.
Switching the filter from the FGB25 to a set of long-pass and short pass filters allowed us to

shift the spectral window and observe the roll off of the 30.5 nJ device shown in Fig. 5, chosen
because it had the highest average transmission of all the FGB25-measured devices. The roll
off of this device is smooth and is consistent with modelling [19]. The total transmission of
this device using the new filter set up is also plotted in Fig. 5, where the transmission around
805 nm was omitted due to a normalisation error arising from the saturation of the spectrometer.
Wavelength dependent loss is evident in this device, and is assumed to come from the scattering
properties of the voids terminating the waveguidelets. On average, more than 80% of the light
was transmitted across the spectrum tested.

The bandwidth of these devices, constrained by the effective a − c hopping rate and the
waveguidelet lengths, was measured to be narrower than predicted in [19]. Both this and the
shift in the center wavelength suggests either a shift in the profile height parameter ∆ or the
width ρ, or that the Gaussian graded index model is an invalid approximation for estimating the
refractive index profile. In principle, the bandwidth can be improved by increasing the number of
waveguidelets and by removal of the spaces in between.

6. Conclusions

We have experimentally demonstrated digital adiabatic passage devices, using the design
constraints investigated in [19], and fabricated using a femtosecond laser direct write technique.
Despite the variability from device to device, as well as the wavelength dependent behaviour,
the devices still strongly exhibit features characteristic of adiabatic passage. These features
include robustness against variations in coupling, robustness against strong scattering losses in
the central state, |b〉 (from both the digitisation and writing asymmetry), in the counter-intuitive
configuration. Additionally, as a consequence of the digitisation process, these features are
consistently accompanied by a suppression of the transmission the intuitive configuration. These
characteristics suggest digital adiabatic passage may be a robust framework for designing photonic
devices with novel applications.
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Fig. 5. Second set of measurements taken of waveguide written at 30.5nJ, using bandpass
filtering. (a) Contrast ratio Pa/(Pa+Pc ) as a function ofwavelength. Shaded area corresponds
to 95% confidence interval using bisquare method. The fitted equation is cos2(2π(λ −
λopt)/λλ) where λopt = 823.00 ± 0.17 nm and λλ = 541.15 ± 1.39 nm. (b) Device
transmission (Pa + Pc )/Pref as a function of wavelength. A section of the transmission
around 805 nm has been omitted due to a normalisation error. In the optimum region,
transmission typically lies between 75% to 95% (shaded in-image)
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Using a sample consisting of a thin gold film on lithium
niobate, the plasmonic second harmonic response of
gold is measured simultaneously with the optical sec-
ond harmonic response of lithium niobate. The non-
phase-matched, bulk optical second harmonic response
of the lithium niobate is used to calibrate the plasmonic
signal, and these are found to be of comparable inten-
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1. INTRODUCTION

Surface plasmons are electromagnetic waves that propagate on
the surface of conductors [1, 2]. They remain tightly bound to
the surface due to the strong coupling of the field to the free
electrons of the conductor. Due to their small mode sizes, sur-
face plasmons produce extremely high field densities, and this
has led to a broad range of studies which utilise the plasmonic
field confinement to generate nonlinear effects. Many of these
studies have focused on localised plasmons in metallic nanopar-
ticles and nanostructures [3, 4]. In this approach, local resonance
effects can be exploited to generate large enhancements of non-
linear effects in small volumes [5–8].

Others have characterised nonlinear effects arising from prop-
agating surface plasmons using planar metal films [9–27], nanos-
tructures and waveguides [28–32]. Here, we focus on second-
order nonlinear effects. Many of the nonlinear studies on propa-
gating surface plasmons concentrate on second-order nonlinear
effects, and some are motivated by the prospect of parametric
amplification [9, 11]. Despite the promise of efficient nonlinear
conversion, it has been difficult to calibrate the nonlinear plas-
monic response due to the short plasmonic propagation length,
which limits the interaction length with the nonlinear medium
to microns. In contrast, optical nonlinear processes are typically
carried out over millimetres or centimetres. This inherent dif-
ference in size scale between optical and plasmonic nonlinear
processes makes it difficult to make meaningful comparisons.

Furthermore, nonlinearities involving surface plasmons can
arise in a variety of different ways. In addition to nonlinear
effects which can arise due to different plasmon-photon com-
binations [10], nonlinearities may also arise by an interaction
of the plasmonic field with the adjacent dielectric [11–13], or
the host metal itself [14–18]. The dielectric nonlinearity is well
characterised, and arises from the bulk of the dielectric. On the
other hand, the metallic nonlinearity is confined to the metal
surface. This surface nonlinearity consists of two main contribu-
tions [19, 20]: a truly surface-like term arising from symmetry
breaking at the surface, and a bulk-like surface term related to
the penetration depth of the field into the metal [21–25]. The
metallic nonlinearity of metal films has been probed experimen-
tally using optical methods [33–35]. However in optics, the
contribution of the metallic nonlinearity is extremely limited
due to the finite interaction that can be achieved between the
optical field and the metal surface. For surface plasmons, met-
als form an intrinsic part of the plasmon waveguide, and the
metallic nonlinearity plays a much bigger role.

The effective plasmonic nonlinearity is composed of both
metallic and dielectric nonlinear responses, and each of these
components can contribute to the nonlinear behaviour in differ-
ent ways. This makes it difficult to characterise the plasmonic
nonlinear response. In order to explore second-order plasmonic
nonlinear effects it is essential to be able to both untangle these
contributions and to be able to make meaningful comparisons
between optical and plasmonic nonlinear effects.

Here, we isolate the metallic nonlinearity by studying
plasmon-to-plasmon second harmonic generation at a gold/air
interface, and we calibrate the plasmonic response by the non-
phase-matched optical harmonic response of a nonlinear sub-
strate. We use a planar plasmonic waveguide consisting of a
thin film of gold deposited on lithium niobate, and by simulta-
neously analysing the far field leakage radiation of the harmonic
plasmon and the reflected optical harmonic, we can draw direct
comparisons between the effective nonlinearity provided by the
gold for the surface plasmon and the optical nonlinearity of the
lithium niobate.

2. DESIGN

The experiment consisted of probing a thin gold film on a z-cut
stoichiometric lithium niobate substrate, exciting a plasmon at



Letter Journal of the Optical Society of America B 2

Fig. 1. A typical Kretschmann configuration for launching
plasmons. The pump must be incident on the side of the film
with the greater refractive index. Phase-matching is achieved
by angle tuning.

the air/gold interface in a Kretschmann configuration. Gold is
used due to its high conductivity and chemical stability. The
birefringent crystal lithium niobate is chosen to provide the ref-
erence optical nonlinearity since it is a well-studied material
with a strong second order nonlinearity of the order of 30 pm/V
along its crystal axis. This geometry supports propagating sur-
face plasmons at the air/gold interface, and was chosen as the
simplest configuration. Propagating surface plasmons have well
defined wavevectors, resulting in a well defined leakage radia-
tion angle into the nonlinear substrate. We anticipate that the
same approach could be applied to more complex structures
such as nanowires and nanoantennas whose radiation modes
are sufficiently well understood.

In order to excite the propagating surface plasmons, light was
incident on the gold, passing through the lithium niobate sub-
strate, similar to a Kretschmann configuration. The excited mode
is shown in Fig. 1, and is primarily bound to the air/gold inter-
face. This is a leaky surface plasmon mode, with the component
in the lithium niobate radiating into the far field. Coupling was
optimised by the choice of the gold film thickness as predicted
by the Fresnel equations for a thin film:

R(θ) = |r1m2|2 = | r1m + rm2e2ikz,md

1 + r1mrm2e2ikz,md |
2, (1)

where the reflection and transmission coefficients {rij, tij} of the
individual interfaces are given by

rij =
kz,iεj − kz,jεi

kz,iεj + kz,jεi
, tij =

2ninjkz,i

kz,iεj + kz,jεi
. (2)

Here, kzi corresponds to a wavevector of the incident light per-
pendicular to the interface, the {ni, εi} correspond to the refrac-
tive indices and relative dielectric permittivities and d is the film
thickness. The subscripts {1, m, 2} refer to the lithium niobate,
metal and air respectively. For an excitation at λ = 1240 nm, the
refractive indices of lithium niobate are (no = 2.223, ne = 2.148),
and the permittivity of the gold is εm = −69.280+ 6.025i. Under
these conditions, the Fresnel equations predict optimal coupling
to occur for a gold film thickness ∼ 30 nm, as signified by a
strong extinction in the reflection, and shown in Fig. 2. In prac-
tice, the actual coupling efficiency is expected to be weaker when
taking into account the beam divergence and the narrow reso-
nance of the coupling condition – it is only ∼ 0.1◦ wide.

The field distribution under these excitation conditions was
simulated using Comsol Multiphysics, a finite element simu-
lation package. The simulation was a 2D simulation of the
air/gold/lithium niobate structure, using a mesh size of λ/8 in
the dielectric materials and a mesh size of 4 nm in the metal. The

Fig. 2. Fresnel equations showing reflected power as a func-
tion of incident angle for a lithium niobate/gold/air setup, for
a varying gold film thickness. Gold film thickness varies from
10 nm (blue) to 100 nm (red) in 10 nm steps.

simulation was bounded by perfectly matched absorbing bound-
ary layers. The field distribution illustrated in Fig. 3, shows the
field concentrated at the air/gold interface. No field confine-
ment is evident in the lithium niobate. This allows us to treat
the metallic nonlinear response of the gold separately from the
nonlinearity of the substrate.

Fig. 3. Comsol simulation of the air/gold plasmon excited in
a Kretschmann configuration. A to-scale schematic is shown
with a colour plot (middle) and a 1D line profile (left), in |E|2.
The mode can be seen to be confined to the air/gold interface
and no confinement is evident in the lithium niobate substrate.

3. SECOND HARMONIC GENERATION

In the Kretschmann geometry, a number of plasmon-plasmon
and plasmon-photon interactions are possible, some of which
are outlined in [10]. For a layout of air/gold/lithium niobate,
the effective indices of the lithium niobate/gold plasmon and
the air/gold plasmon are sufficiently different for the effects of
mode coupling to be ignored. The remaining interactions being
considered here are shown in Fig. 4.

The photon-photon generation of plasmons (Fig. 4(a)) is ex-
pected to be weak, due to the poor overlap between the photon
and plasmonic modes. All-plasmonic SHG (Fig. 4(b)) possesses
the strongest mode overlap, but is limited by the lack of phase
matching options and requires access to the fundamental plas-
monic mode. This process, which then re-radiates as a photon
due to leakage, is expected to be indistinguishable from the
plasmon to photon SHG process (Fig. 4(c)) identified in [10].
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All-optical SHG (Fig. 4(d)) also occurs in the bulk of the lithium
niobate. It is this process that we used to calibrate the plasmonic
response.

Fig. 4. Second Harmonic processes accessible in a
Kretschmann geometry.

4. EXPERIMENT

A sample was prepared consisting of a z-cut wafer of stoichio-
metric lithium niobate, with a gold film of thickness ≈ 30 nm
deposited via ion-assisted thermal deposition [36]. These sam-
ples had an arithmetic average surface roughness of Ra ≈ 1 nm,
as measured using a white light interferometer (Wyko NT 8000).
With this measure of surface roughness, we concluded that any
contributions from plasmonic hotspots (which could influence
the harmonic efficiency) or scattering (which could influence the
harmonic detection) could be neglected. The sample was then
mounted on a glass prism using index matching oil in a typical
Kretschmann geometry as shown in Fig. 5. The incident angle
of the pump beam was varied and the reflection was measured
in order to compare the sample with predictions made by the
Fresnel equations. This experiment was carried out in the visible
at λ = 642 nm with a bandwidth of 5 nm using a WhiteLase
(SC400-4) supercontinuum source from Fianium.

Fig. 5. Schematic of the experiment mounted in a
Kretschmann configuration.

A comparison of the Fresnel equations and the measured re-
flection shown in Fig. 6 suggests that the samples possessed
good film quality, and that the gold permittivity correlates
strongly with values in the literature [37].The slight deviation is
consistent with a film thickness variation of the order of nanome-

tres, and is expected to have a negligible effect on the coupling
to the fundamental plasmon mode.

5. RESULTS

The sample was then probed for a nonlinear response. The
pump was a diamond Raman laser at λ = 1240 nm, with a
repetition rate of 80 MHz, and 600 mW of average power [38].
The corresponding second harmonic is at 620 nm. The Raman
laser itself was pumped with 15 ps pulses, producing ∼ 6 ps
stokes shifted output pulses. The λ = 1240 nm beam was weakly
focused onto the gold film using a f = 10 cm lens giving a
beam waist of ≈ 50 µm. Tighter focusing provides high field
densities but also increases the angular spread of the pump
beam. This reduced the plasmonic coupling efficiency by an
estimated factor of ∼ 4. This pump beam was TM polarised,
and the angle of incidence on the gold was varied in order to
observe the harmonic response. It was verified that no optical
damage occurred to the gold film and no plasma was observed
during the experiments.

Fig. 6. Experimental reflectivity of gold at λ = 642 nm plotted
with the theoretical curve using the Fresnel equations for a
gold film of 32 nm. The gold permittivity was taken to be εm =
−12.43 + 1.15i.

The harmonic was detected by placing a detector at the plas-
mon leakage angle, which was also predicted using the Fresnel
equations. For a harmonic wavelength of λ = 620 nm, the re-
fractive indices of lithium niobate are (no = 2.290, ne = 2.206),
and the permittivity of gold is εm = −10.889 + 1.345i. Then, for
a gold film thickness ≈ 30 nm, the leakage angle corresponded
to an angle of 27.2◦ ± 0.1◦. Since the plasmon leakage angle had
a fixed output angle, it could be distinguished from the bulk
optical signal, which has an output angle determined by the
reflection of the pump. By introducing a 2 mm slit in front of the
detector, ∼ 5 cm away from the surface, the angular collection
range of the detector was reduced to an external angle of 2.3◦

(1.2◦ internal angle). Using this slit, the optical signal would
be detected when the reflection angle was in the vicinity of the
harmonic leakage angle, but would otherwise be rejected. The
detector itself was a photomultiplier tube (Hamamatsu H10721-
20), which was preceded by a stack of dielectric filters (Schott
KG5). These filters ensured no signal directly from the pump
was detected.

This experiment was carried out on gold-coated lithium nio-
bate (circles), and a bare lithium niobate sample (squares) to
compare the plasmonic nonlinearity (with optical nonlinearity)
and the pure optical nonlinearity. A direct measurement of the
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pure plasmonic nonlinearity is difficult to obtain because suit-
able linear optical substrates with comparably high refractive
index are rare.

The results are shown in Fig. 7(a) without any normalisation.
Two features are shown, one of which is due to the bulk interac-
tion of the pump light with the lithium niobate, and is present in
both experiments (27.2◦). The second feature at 27.45◦ is only ap-
parent in the presence of the gold film (circles), which suggests
that it is plasmonic in origin. This feature is offset from the pre-
dicted angle (27.2◦) by 0.25◦, where we expect the fundamental
beam to be optimised for plasmonic coupling. We attribute this
to a small calibration error, and infer that this signal corresponds
to plasmon-to-plasmon second harmonic generation. The exper-
iment was repeated at several positions on the gold and lithium
niobate, with no notable change in signal. This allowed us to
conclude that there was no significant damage caused to the
gold film by the incident laser radiation. It also allowed us to
further confirm that there were no significant contributions from
local defects or inhomogeneities. When the incident polarisation
is rotated, the coupling to the plasmon is no longer possible,
resulting in a reduced signal. However, for the optical nonlin-
earity, this coincides with tuning off the d33 nonlinear coefficient
of the lithium niobate substrate, resulting in a reduction in the
signal of the optical response.

Fig. 7. (a) Harmonic output as a function of pump incident
angle. The harmonic output in the absence of gold (squares)
is plotted alongside the harmonic output with gold (circles),
showing a distinct plasmonic signal. Quadratic dependence of
the plasmonic harmonic signal is also plotted (b).

At the peak of the plasmonic signal, the pump power was
scanned from 0 to 600 mW, and the signal was confirmed to scale
quadratically with the pump power as shown in Fig. 7(b). This
is indicative of a second-order nonlinear effect.

In a modelling study of emission and absorption of plasmonic
second harmonic generation [18], Vincenti et al. conclude that
the absorbed harmonic energy surpasses the harmonic radiated
into the far field. With a different perspective, from Fig. 7, we
observe that, in spite of this absorption, the plasmonic harmonic

signal can still exceed the (non-phase-matched) optical harmonic
signal over the short propagation lengths encountered here.

We can further characterise the plasmonic harmonic signal
by using the optical signal from the bulk lithium niobate.The
harmonic field E2ω generated by the lithium niobate can be
calculated by the equation for the second harmonic generation
in a bulk dielectric:

E2ω = i
ω

cn2ω
χE2

ω
ei∆k L − 1

i∆k
(3)

where ∆k = 2kω − k2ω is the phase matching condition, L is the
interaction length, Eω is the electric field associated with the
pump, and χ is the second-order susceptibility tensor of lithium
niobate. Notably, the d33 component of the tensor has a value
of ≈ 30 pm/V, making lithium niobate an excellent nonlinear
optical material. We can rewrite the phase matching condition
as:

ei∆k L − 1
i∆k L

= ei ∆k L
2 Lsinc

(
∆k L

2

)
. (4)

This can then be related to the input and output intensities by
I = 1

2 cε0n|E|2, giving:

I2ω =
χ2ω2

ε0c3n2
ωn2ω

I2
ω L2sinc2(

∆k L
2

). (5)

Far from the phase-matched condition, this simplifies to a sinu-
soidal term with a coherence length of 4.8 µm, from which the
second harmonic signals in Fig. 7 can then be calibrated. For an
average power of 600 mW, a pulse duration of 6 ps, a repetition
of 80 MHz and a focal spot size of 50 µm, the peak optical irra-
diance is found to be 60 MW/cm2. Using Eq. 5, the optical har-
monic process is found to generate a maximum of 54 µW/cm2.
This calculated irradiance for the optically generated harmonic
signal can then be used as an independent reference to calibrate
the signal attributed to the surface plasmon response, and con-
vert the second harmonic signals detected in millivolts to optical
intensities. This approach was robust against losses induced by
optical filtering, and it resulted in a peak power of 107 µW/cm2,
corresponding to the surface plasmon leakage, as shown on the
right axis in Fig. 7.

By also relating the detected leakage radiation to the power
in the harmonic plasmon at the air/gold interface, the plasmon
to plasmon conversion can be determined. The power in the
harmonic plasmon is related to the plasmon leakage radiation
by the Poynting vector, modified by a plasmon leakage rate. The
Poynting vector, integrated across the plasmonic mode profile is
given as:

| 〈S〉 | = 1
4

1
µ0c
|E|2Re

[
1

nmkz,m
+

1
n2kz,2

]
, (6)

where a constant amplitude Eω has been assumed. This approx-
imation is valid under the conditions that the pump length is
much greater than the propagation length of the leaky plasmon
and longer than the coherence length of the nonlinear process
(7.5 µm). Subscripts {m, 2} correspond to the metal and the
air respectively, as before. The leakage rate of the plasmon is
calculated as [39]:

α = Im

[
r1m2e2ikz,md2

(ω

c

)( εmε2
εm + ε2

)3/2 1
ε2 − εm

]
, (7)

The plasmon leakage given by α competes with the plasmonic
loss, given by the imaginary part of the plasmon wavevector



Letter Journal of the Optical Society of America B 5

Im(β). We can calculate how much of the plasmon is lost as
leakage rather than absorption by calculating:

η =

∫
e−2Im(β)x(1− e−2αx)dx∫

e−2Im(β)xdx

=
α

(Im(β) + α)
. (8)

We find that for λ = 620 nm, the leakage efficiency is as much as
η = 77%. The detected power is then simply related to plasmon
amplitude by combining Eq. 6 and 8:

η
∫

a
| 〈S〉 |da = P2ω,out (9)

Using this approach, we find that the signal detected in the far
field of 107 µW/cm2 corresponds to harmonic field amplitude
of 2× 102 V/m at the metal surface.

To determine the field strength of the plasmon at the funda-
mental λ = 1240 nm, the field amplitude Eω is obtained from
the electric field of the optical excitation Eopt,ω and the Fresnel
equations where Eω = t1m2Eopt,ω and

t1m2 =
t2mtm1eikz,md

1 + r2mrm1e2ikz,md , (10)

and tij and rij is given by Eq. 2 as before. This is valid for a colli-
mated or weakly focused pump beam. For a pump plasmon res-
onance in the IR, this is particularly pertinent due to the narrow
resonance, and in practice provides an upper limit on coupling
strength. By estimating a ∼ 25% coupling of the 1240 nm pump,
an amplitude for the fundamental plasmon can be calculated
at 4.8× 108 V/m. With the corresponding harmonic amplitude
of 2× 102 V/m, a conversion of E2

2ω/E2
ω = 2× 10−13 can be

estimated.

6. CONCLUSION

Plasmonic second harmonic generation has been observed in a
thin gold film, taking advantage of the gold surface nonlinearity,
and simultaneously measured against the non-phase-matched
optical harmonic response of lithium niobate. This configuration
allowed the plasmon to plasmon SHG interaction to be probed
and calibrated, leading to a lower bound estimation of the total
efficiency as E2

2ω/E2
ω = 2× 10−13. Whilst far from being effi-

cient, a nonlinear response from the surface nonlinearity of gold
has been elicited that is of a similar order to that of conventional
bulk nonlinear materials over much shorter propagation lengths,
determined by the absorption losses at the fundamental and the
harmonic wavelengths [18]. Materials like lithium niobate of
course are amenable to a range of phase-matching techniques
which allow the effective interaction length to be extended be-
yond this range, allowing efficient conversion over larger length
scales. This is more difficult in the plasmonic case owing to
the nature of the nonlinearity, the plasmonic dispersion and the
lower dimensionality of the propagation. Until phase matching
can be achieved, efficient conversion remains challenging.
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