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Abstract

Modern electronic devices and circuits for information processing are rapidly
approaching their ultimate speed and bandwidth limitations, which is an in-
creasingly serious problem that impedes their continued use in scientific and
technological applications. One promising solution is believed to be integrat-
ing electronic and photonic components on the same chip. This technology pro-
vides large bandwidth which can be used to design novel broadband electronic-
photonic devices. However, a major problem with using electromagnetic waves
as information carriers in optical integrated circuits is the low level of integra-
tion and miniaturization, which are not at the same scale as modern electronics.
This is a consequence of the diffraction limit of light in a dielectric medium, an
optical principle that sets a lower limit on how much the cross-section of light
can be reduced based on the refractive index of the material, which restricts the
light waves being confined to nanoscale regions much smaller than its wave-
length. Therefore, other approaches of guiding light at sub-wavelength scale
have to be found. One possible solution is using surface plasmon polaritons
(SPP), which can achieve sub-wavelength scale light confinement and highly
localized electromagnetic field intensity. The particular integrated electronic-
photonic technology which motivates this work is heat-assisted magnetic record-
ing (HAMR) technology, which has the potential to be the driving force in the
next generation of magnetic storage miniaturization. This technology combines
a conventional electronic device, a perpendicular magnetic recording (PMR)
read /write head, with a dielectric photonic waveguide and a plasmonic focus-
ing element. There are a number of technical issues which must be overcome
in order for this technology to become commercially viable.

In this thesis, both the theoretical and the experimental work on plasmonic
focusing elements for subwavelength light confinement is presented. We exper-
imentally excite SPP through a Kretschmann-Raether configuration, and use
this platform to map the dispersion of SPP in thin Ag-Au films or varying
composition. The second part of this thesis deals with the design of a near-
tield transducer (NFT) for HAMR. This requires design and fabrication of a
nanoscale tip in which a plasmonic response is generated to write bits with size
below 50 nm x 50 nm. Furthermore, the incident optical energy must be guided
to the plasmonic NFT using an integrated dielectric waveguide. We design an



evanescent coupling system to efficient extract the incident light from the di-
electric waveguide core to the NFT. Our design is larger scale than other pro-
posed designs, resulting in easier fabrication, better thermal stability and better
extinction of undesired optical energy continuing in the dielectric waveguide.
The coupling process is optimized to maximize the electromagnetic intensity in
the NFT while minimizing intensity remaining in the dielectric waveguide to
avoid the miswriting of a magnetic bit in the recording medium. The final re-
search topic includes improving the plasmonic performance of Au film. Investi-
gations involve using an Ag-Cu-Au combined film to achieve a tunable disper-
sion property which can produce a superior plasmonic performance. Moreover,
thin metallic layers as adhesion and capping layers will improve the excitation
of the SPP mode of the NFT without degrading plasmonic performance when
excited by strong optical field.

Keywords: Surface plasmon polaritons; Plasmonic waveguides; Sub-wavelength
light confinement; Near-field transducer.
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E13

Examples of the changing of the FWHM in the SPP resonance for |

single Au and Ag layers and Ag-Au bi-metallic layer with two |

distinct ratios. The wavelength of the excitationis 532nm, . . . . 70

5.1

Schematic diagram of the proposed evanescent coupling system.

It consists of a core layer of Si3Ny on a 2 ym thick SiO; on a

Si substrate. A spacer layer of silicon dioxide (S510;) is used to

monic modes. The NFT is formed by an isosceles triangular gold

(Au) plasmonic waveguide which is situated on the SiO, layer.

A diode laser with a wavelength of 850 nm is used to illuminate

|
|
|
match the eftective refractive index of the photonic and the plas- |
|
|
|
|

the NFT at the trench. The recording medium is formed with

terromagnetic materials.| . . . ... ... o000 77
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(a) Real part (k) and (b) imaginary part (k;) of the dispersion

curves of the anti-symmetric mode as the thickness of the SiO;

tate the evanescent coupling process and match the momenta of

|
|
spacer layer (£;) is varied. The thickness will be chosen to facili- |
|
|

the modes. The dashed horizontal line corresponds to the wave-

length used in the rest of the paper (850 nm, or 1.46eV).[. . . . . . 79
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The propagation length of the coupled mode Lg,, as a function

of wavelength for the air/Au/SiO, /Si3Ny /Si0, layer stack and

two semi-infinite layers systems.| . . . . ... ... o000

54

(a) Real part of the eftective refractive index of the anti-symmetric

plasmonic mode (with Au) and the fundamental photonic mode

(without Au) as a function of the thickness of the SizNjy core layer

without the spacer layer — the insets show the geometries of the

two cases being studied. Panel (b) shows the etfective refrac-

tive indices of the higher-order TM photonic modes as a function

of the thickness of the Si3Ny core layer. It is clear from the fig-

ure that none of these will couple to the higher-index plasmonic

mode from panel (a). Panel (c) shows that momentum match-

ing occurs by adding a SiO; spacer layer between the Si3Ny4 core

layer and the Au layer. The dashed-dot lines show where the

momentum match occurs: when the spacer layer is 188 nm thick.

The inset figure shows the layer geometry of the case being stud-

ied. Panel (d) shows the imaginary part x (extinction coefficient)

of the anti-symmetric mode and the symmetric mode as func-

tions of the thickness of the 51O, spacer layer|. . . . . ... .. ..

81
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z-component of the electric field of (a) the anti-symmetric mode

and (b) the symmetric mode in the layer stack. The symmetry

of these two plasmonic modes is distinguished by the spatial

distribution of the z-component of the electric tield (E,) at the

two interfaces of the metal. The layer stack in the simulations

is infinitely wide in the x direction and the field is not total dis-

tributed in the metal-dielectric interface because ot the photonic

mode is also solved. The amplitude of the electric filed presents

the symmetry of the hybrid photonic-plasmonic mode| . . . . . .

6

(a) Real part and (b) imaginary part of 1.y as a function of the

width of the NFT for the anti-symmetric and the symmetric modes.

The nyq for photonic mode in the core layer is also plotted to dis-

tinguish the two different type of modes. The real part of 7.4

shows the confinement of these two modes and the imaginary

part indicates the loss. (c) Examples of mode cross-section pro-

tile for the system as the width of the NFT changes. The electric

tield magnitude is given by the colourbar|. . . . .. ... ... ..
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5.7  (a) Schematic diagram of the layer system that applies to all of the

simulations shown in this section. The distance between the edge

of the Au NFT and the edge of the simulation region is Ag/ 2 =

425 nm on both sides. Optical 3-D simulations of the electric field

distribution in the NFT with a tapered Au plasmonic waveguide

(b)-(f) and a rectangular Au strip waveguide (g)-(k): (b), electric

tield at the start of the Au taper; (c), electric field at the tip of

the Au taper; (d) the side view of the Au taper in the x-z plane

shows mode beating; (e), top view of the Au taper shows the

nanofocusing process. The same description can be applied to

panels (g) — (j) which are simulated results for an Au rectangular

strip acting as a reference sample, the difference being that the

nanofocusing etfect doesn’t appear at the end of the rectangle.

Light propagates in the x direction in all figures; the scale bar

1s 1 um and applies to all panels. (I) The normalized intensity

distribution in the spacer layer of the tapered and rectangular

waveguides along the light propagation direction (the dashed-

white lineinpanel(a))f. . . .. ... ... ..o

5.3

(a) — (d) the evolution of the plasmonic mode as it propagates

from the start to the tip of the NFTI. It demonstrates the nano-

tocusing process in the NFT. The same analysis also been demon-

strated for the rectangular Au strip waveguide which shown in

thepanel(e)—(h)|. . . ... .. ... .. ..o oL
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(a) The field intensity enhancement factor in the NFT at different

values for the spacer layer thickness ( t;). The ratio shown is the

output port of the Au layer against the input port (two blue dots

in Figure[5.7(a)). The curves exhibit the expected exponential de-

cay as well as oscillations corresponding to the coupling length

(labelled L. in (a)). (b) Ratio of electric field intensities in the core

Si3Ny layer (intensity at the cross-section of the end against the

start, dashed-black line cross the vertical direction of core layer in

Figure[5.7(a)) for two different Au structures (a tapered NFT and

an un-tapered rectangle). Because Si3N, is modelled as a lossless

material (i.e., the refractive index is purely real), any change in

optical intensity must be due to coupling from the starting pho-

tonic mode into the plasmonic mode, which is concentrated at

the tip. The data shows that the tapered case extracts the light

more efficiently| . . ... ... oo oo oo o
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(a) Schematic diagram of the volume integration used in the sim-

ulations. (a) The total integration volume size along x, y and z di-

rection is 500 x 500 x 2100 nm® which covers all the simulation

domain at the output port of the NFT. In particular, the integra-

tion volume for calculating the intensity at the tip of the NFT is

500 x 500 x 90 nm® in size which can be seen in the panel (al),

it is 20 nm above and below the upper (air/Au) and the lower

(510, / Au) interface ot the NFT (thickness of Au is 50 nm) in the

z direction which determines the intensity of the SPP modes in

the lower and the upper interface of the NFT. The actual width

of the tip is 50 nm, however the far-field measurement collects

the scattered light which has an area larger than 50 x 50 nm?, the

500 x 500 x 2100 nm° integration size in the x and y directions

allows the scattered light from the lateral side of the NFT to be

taken into account. The highlighted blue cubes in panel (a2) and

(a3) are the actual integration volumes for the spacer layer and

core layer respectively. (b) Top view of the integration volume. It

is a 500 x 500 nm? in size in the x-y direction|. . . . . .. ... ..

96

BT

(a) SEM images of the tapered Au sample and the rectangular Au

sample (the structures fabricated for characterization are much

tarther apart than what is shown here). (b) Image showing the

tip of the tapered NFT, which is 50 nm wide in all structures,| . . .
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.12 Experimental results and SEM images for (a) a 6 ym long rectan-

gular reference and (b) a tapered structure with the same length.

The scale bar is 2 ym and applies to both panels. The exposure

time was the same in both measurements. Bright spots appear

at the start (left) and end (right) of these structures. The colour

bar, which is normalized to the maximum in both images (the

centres of the dots in (b)), indicates the strength of the scattered

light from the structure. This figure shows that the strength of

the intensity in the tip of the taper is at least of 2 times higher

than that in the rectangle, and that there is a nanofocusing effect

occurring in the tapered NFI'| . . . .. ... ... ... ... ... 98

.13 Left side of panel: SEM images; right side of panel: correspond-

ing far-field CCD measurements. (a) Measured results of the L

= 6 uym sample with a variable spacer layer thickness (t; = 0 nm,

100 nm, and 188 nm from top to bottom). (b) Measured results

of the samples with an optimal spacer layer (188 nm), at differ-

ent lengths. The light is incident from the left side. The scale bar

is 2 ym for all four images. Note that the structures were much

tarther apart than this (30 #m) on the actual sample. (c) Intensity

enhancement factor for the Au layer for the tapered (I Iyrr, inten-

sity at start against intensity at end) and rectangular (I1,,..¢) cases.

The data is both experimental (red circles, with error bars) and

simulated (black squares). Each curve was normalized against

its highest value (which happened to be at L = 6 ym for both) to

show the strong correlation between the data sets. The excellent

agreement between the different methods confirms the validity

ofouranalysis| . ... ... ... ... . 0 L 0L 99

(6.1 Interpolated ternary plots of experimentally obtained Drude pa- |

rameters for Au, Ag and Cu combined structures. (a) Plasma fre- |

quency wy and (b) relaxation constant 7. Middle inset indicates |

the atomic ratios in the experimental measurements| . . . . . . . . 106

(6.2 (a) Optical reflection measurements with a normal incident angle

tor the individual layer and combined layers. (b) The optical re-

tlection of the Ag-Cu-Au tri-layer before and after an annealing

process (350 °C for 30 minutes). The retlection of Au film is also

plotted| . . ... ... ... 107
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6.3

(a) Schematic diagram of the evanescent coupling system. (b)

and (c) Simulated field enhancement factor of the NFIs which

are formed with different materials at the excitation wavelengths

of 850 nm and 532 nm, respectively| . ... ... ... ... ... ..

64

Analytical dispersion curves of the individual, the bi-layer and

tri-layer films obtained by solving the eigenvalue solutions of the

related layer structures. Panels (a) and (b) show the symmetric

mode (L_) and the anti-symmetric mode (L. ) respectively. . . . .

110

65

Simulated SPP reflection as a function of the excitation angles.

The value of the reflection are the ratio of the R, (reflection with

a P mode excitation) and R; (reflection with a S mode excitation)

which can normalize the data. The panels are related to the 6

types of layer combinations which are (a) Au individual layer;

(b) Cu-Au bi-layer; (c) Cu individual layer; (d) Ag-Au bi-layer;

(e) Ag individual layer; (f) Ag-Cu-Au tri-layer films. The colour

scale in all the panels indicates the strength of the retlection. . . .

111

6.6

Analytical propagation length of the individual film, the com-

bined bi-layer and tri-layer films with is proportional to the imag-

inary part of the k (wavevector) value. Both the L_ mode (a) and

the L mode (b)areplotted.| . . . . ... ... ... ... . ... .

112

6.7

Schematic diagram of the measured sample. 50 nm Au with an

adhesion layer on a quartz substrate. Titanium (Ti) and tantalum

(Ta) are tested and the thickness of the adhesion layer is 0.5 nm,

Ilnm,2nmandb5nm.| . ... ... ... ... ... .. ... ....

6.8

Optical transmission (a), (b) and reflection (c), (d) measurements

tor the samples with Ta and i adhesion layers respectively. (e)

and (f) are the calculated absorption of the Ta and Ti adhesion

samples. It should be mentioned that the scattering is ignored

when calculating the absorption for each sample.|. . . . . . .. ..

116

6.9

Angle resolved measurements of the films with (a) Ta and (b) Ti

adhesion layers. The measurement is performed with a Kretschmann

configuration and the excitation wavelength is 633 nm. The re-

sults are the ratio of the retlection under a TM mode (> wave)

excitation and a TE mode (S wave) excitation. The angles are

varying from 42° to 50° with a step size of 0.1°) . . . . . . . .. ..
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Ti adhesion layer and a varied thickness of Al,O3 capping layers.

The thickness of the capping layers are 0.5 nm, 1 nm, 2 nm and 5

119

[7.1 Thermal simulation of the NFT with an evanescent coupling mech-

anism. (a) COMSOL model of the 6 ym long tapered NFT with a

recording medium. The recording is consisting of a 10 nm FePt

layer, 50 nm Cu heat sink on the SiO; substrate. There is a 4 nm

air-gap between the NFT and recording medium. (b) The cross-

section of the hot spot on the recording medium. The highest

temperature on the recording medium can reach 800 K with a 40

mW input powerinthe NFI.| . . ... ... ... . ... ... ..
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Schematic diagram of the CCD-TR microscopy setup. It consists

of a visible light CCD camera and a light emitting diode (LED) il-

lumination source that is focused on the sample by a microscope

objective. An argon-iron laser with the wavelength of 488 nm is

used to excite the sample. The light retlected back to the CCD in

response to modulation of the sample temperature is then anal-

ysed| ...
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A2
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(a) Intensity curve at the start of the NFT. The resonance of the

back curve comes from the Fabry-Perot (F-P) cavity which is formed

by the start of the NFT and the input boundary of the simulation

domain. The red smooth line is the average intensity which is

used to normalize the data to improve the accuracy of the cal-

culated intensity enhancement (I Ixrr) in the NFT. (b) Shows the

tield intensity enhancement factor in the NFT at difterent values

for the spacer layer thickness (t;) which is normalized with data

in the black curve of Figure[B.1(a). (c) Shows the same results but

normalized with the average value (red curve in Figure [B.1{a)),
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port boundary and the start of the NFT are now much weaker,| . .
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(a) Mesh test for the 3-D simulations. (b) Results of the simulated

coupling etficiency of a tapered NFT with a fine mesh size and a
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Chapter 1
Introduction

Modern electronic devices and circuits for information processing have grown
exponentially in speed and bandwidth over the past decades due to scaling. As
we begin to reach fundamental limits in scaling due to quantum tunnelling and
heat dissipation issues, new technologies, and paradigm shifts are necessary
for continued growth [1]. One promising solution is believed to be integrated
photonics in silicon-based circuits [2], this new technology provides large band-
width which can be used to design novel hybrid electronic-photonic devices.
However, a major problem with using electromagnetic waves as information
carriers in optical integrated circuits is the low level of integration and miniatur-
ization, which are far poorer than what has been achieved in modern electron-
ics. This problem is a consequence of the diffraction limit of light in dielectric
medium [3]], which restricts the light waves being confined to nanoscale regions
much smaller than its wavelength. Therefore, other approaches of guiding light
at sub-wavelength scale have to be found. One possible solution is using plas-
monic waveguides which can achieve sub-wavelength scale light confinement
and highly localized electromagnetic field intensity. They provide a particularly
promising approach to integrating sub-wavelength electronic and photonic de-
vices. Many modern devices utilizing plasmonic elements have been proposed
and demonstrated including modulators [4], nanofocusers [5] and hot carrier
devices [6]. A key new technology depending on plasmonics, which motivates
this study, is heat-assisted magnetic recording (HAMR) [7]. This technology is
under development for the next generation of magnetic storage.
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1.1 Magnetic storage and heat-assisted magnetic record-
ing (HAMR)

Historically, the volume of data generated worldwide has been increasing by
more than 40% annually [8] which is faster than Moore’s Law [9] for transis-
tors on computing chips. Although solid state drive (SSD) technology has been
increasing penetration into personal computing and high-performance applica-
tions, hard disk drives (HDDs) are still the dominant form of storage devices for
large-scale storage in server farms [10]. The storage density of hard disk drives
is expected to double every two years owing to several major advances in data
storage technology, including the perpendicular magnetic recording (PMR, i.e.
the magnetization of each data bit is aligned vertically to the spinning disk)
[11], HAMR, bit patterned magnetic recording (BPMR, i.e. the magnetic bit is
stored by a well-ordered array of lithographically patterned isolated magnetic
islands) [12], heated-dot magnetic recording (HDMR, i.e. utilizes a laser to heat
a bit-patterned medium before recording data) [13]. From the roadmap Fig-
ure [1.1) which was released by the Advanced Storage Technology Consortium
(ASTC), the areal density E| will reach ten terabits per square inch (Tb/in?) by
2025. However, the density growth rate for HDD manufactures started to stall
as the industry reached the limits of PMR which as a consequence of superpara-
magnetic effect [14] — for sufficiently small magnetic nanoparticles, magneti-
zation can randomly flip direction duo the random thermal fluctuations.

In PMR, The data recording is performed by applying a sufficiently high
magnetic field via an electromagnet to alter the magnetization state of a mag-
netic grain on the disk media to encode digital data, which is called a magnetic
bit. Typically, areal density is improved by reducing the area of the magnetic
grains on the hard disk. However, smaller grain size (i.e., 40 nm for Fe3Oy [16])
suffers from the spontaneous magnetic moment flipping due to thermal fluctu-
ations [17]. Using a higher anisotropy recording media, such as iron-platinum
(FePt) nanoparticles, will improve thermal stability compared to today’s con-
ventional media but will not totally solve the problem [18]. An important prop-
erty of FePt nanoparticles that they exhibit superparamagnetic behavior below
10 nm [19], which makes them attractive candidates to be used as a high-density
recording material [20]. However, scaling the FePt grains down to that order of
magnitude also requires the use of a stronger writing magnetic field to demag-

netize the FePt nanoparticles for writing and re-writing the bits. [7, 21]. The

How many bits of information can be stored on a given surface area of the magnetic disk
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FIGURE 1.1: Roadmap of data storage technology. The storage

density of hard disk drives has doubled every two years, the areal

density will reach 10 Tb/in? by 2025 [15]. (Figure was adapted
from ASTC)

hard disk industry invented another magnetic recording method to overcome
this limitation, which is called HAMR. A nanoscale spot on the recording media
is heated momentarily beyond the critical Curie temperature (650 K for FePt)
during writing, which means the local coercivityHis lowered. With an elevated
temperature, a magnetic bit can be written with a lower magnetic field, which
is below the saturation limits of realizable electromagnets. In order to achieve
a high-density magnetic recording, the heat must be applied locally to only one
bit of information at a time while simultaneously applying a magnetic field.
Since the rest of the material still below the Curie temperature, all the other bits
will not be affected by the writing magnet. A local source to generate heat in a
nanoscale region is essential for HAMR [22].

Figure shows an example reported in 2009 by Seagate Technology of
how the nanofocused light from a lollipop-shaped near-field transducer (NFTﬂ
can be used in a HAMR recording head [23]. Here, the incident light (input
wavelength 830 nm) is coupled into a parabolic planar dielectric waveguide,

which is composed of a 125 nm core of TapOs (refractive index of 2.15), and the

2The resistance of a magnetic material to changes in magnetization, it is equivalent to the
applied magnetic field needed to demagnetize the magnetized material.

31t is used to describe a plasmonic nanostructure to locally and temporally heat a nanoscale
region in the recording medium
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FIGURE 1.2: (a) A schematic diagram of a side view of a HAMR
head. It consists of a diode laser which is used to excite the SPP
modes in a nanofocusing structure. A dielectric waveguide is used
to generate a hot spot 50 x 50 nm? in size. The recording medium
then is heated above the Curie temperature (650 K). A following
cool down process can alter the magnetization state of the record-
ing medium to write a magnetic bit. (b) A zoomed-in image of
a side view of the nanofocusing structure in the HAMR record-
ing head. It consists of two coupled gratings and a parabolic pla-
nar dielectric waveguide to evanescently couple the optical energy
(red arrows) to the media. Figures are adapted from references

23]
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core is surrounded by an Al,O3 cladding (refractive index of 1.65). The guided
light is evanescently coupled to a NFT as shown in Figure [I.2(a) to produce an
intense localized hot spot with a volume of 50 x 15 x 10 nm?®. In order to achieve
required local heating (650 K) to reduce the coercivity of the FePt nanoparticles
in the recording medium (data layer in Figure [1.2(a)) to zero, an 80 mW laser
is used to bring enough heat to a FePt ferromagnet in a nanoscale volume. The
recording medium is heated up above the Curie temperature (650 K). The write
pole can alter the magnetization state of the recording medium and a magnetic
bit can be written after a following cool down process.

The new elements in HAMR, as compared to conventional PMR, are the
integrated dielectric waveguide and the plasmonic focusing element. The di-
electric waveguide is used to guide the light from an external diode laser to
the plasmonic NFT. Often the dielectric waveguide is a relatively large struc-
ture such as a slab waveguide which uses an integrated dielectric focusing ele-
ment to concentrate the light on the NFT [23]. A local heating source in HAMR
requires a highly light confined element, and in virtually all modern applica-
tions the optical energy needs to be confined to the sub-wavelength in scale
[21]]. Plasmonic components can achieve the required sub-wavelength of light
confinement. However, when using plasmonic waveguides instead of dielec-
tric waveguides, a new challenge arises where the optical energy is lost to ab-
sorption and dissipation [24] — an irreversible process that has impeded many
practical applications of plasmonic devices [25]. The next section will discuss
the difference between dielectric and plasmonic waveguides — their composi-
tions, underlying principles, and advantages and drawbacks.

1.2 Optical waveguides

1.2.1 Dielectric slab waveguides

Dielectric waveguides can guide light as a combination of electromagnetic modes,
i.e. a dielectric slab waveguide as shown in Figure[I.3(a). It contains a dielectric
core with the refractive index of n; and two dielectric claddings with the refrac-
tive index of n, where n; > ny. Light is guided in the dielectric core through
total internal reflection I The thickness of a slab core determines the number
of guided modes in the waveguide. A slab dielectric can be used in an arrayed
waveguide grating (AWG) optical demultiplexer as shown in Figure[1.3(b).

“4The reflection of light reaches an interface from a dense medium to a less dense medium
when the angle of incidence is greater than the critical angle, there is no refraction in this case.
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FIGURE 1.3: A schematic diagram of the cross-section view of a di-
electric slab waveguide. (b) Schematic configuration for an AWG
demultiplexer. Image taken from [26].

When the core thickness d of the slab decreases, the fundamental guided
mode penetrates into the surrounding medium (cladding) and eventually turns
to a bulk plane-wave in the medium. In the meantime, the wavelength of the
guided mode monotonically increases from Ay (free light wavelength) to the
wavelength in the surrounding medium. The mode size decreases when the
thickness of the slab core d is decreased to ~ Ag, and then increases to infinity
when the thickness of the slab core d is reduced further, d — 0, in which will
result in high energy dissipation in the claddings. Therefore, simply decreasing
the thickness of a guiding slab core close to zero cannot lead to sub-wavelength
confinement of the guided mode. This feature indicates the diffraction limit of
light in dielectric waveguides and constitutes the main obstacle in achieving

higher degrees of miniaturization and integration of optical devices.

1.2.2 Dielectric focusing elements

It is useful to focus light to a small, intense volume which can be called a
nanospot. Nanospot concentration is beneficial for various applications: biomed-
ical imaging and sensing [27], optical microscopy with single-molecule resolu-
tion [28], data storage like HAMR, quantum electrodynamics (QEDs) studies
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[29], nanolasing [30], etc. The ideal dielectric material for nanophotonic ap-
plications has a large refractive index at optical frequencies, which respond to
both the electric and magnetic fields confinement. Artificial materials, such as
metamaterials, based on metallic or polar dielectric nanostructures can achieve
high confinement of light by coupling light to free electrons or phonons, respec-
tively, but at the inevitable cost of significant energy dissipation [31, [32]. Us-
ing completely transparent and high-refractive-index dielectric materials [33]
can achieve high confinement of light, making them less lossy. This superior
property of all dielectric waveguides shows the exciting prospect of integrated
photonic devices to achieve low-loss and sub-wavelength light confinement
[24,34]. A few simple examples for dielectric focusing elements are discussed
in this subsection. They include planar solid immersion mirror (PSIM), mi-
crodisk, and a metamaterial layer which is created by fine patterning an array
of dielectric nano-pillars (see Figure [1.4). There are many more examples that
has been discussed in detail elsewhere, such as high-refractive-index nanores-
onators [35], metasurfaces [36], zero-index metamaterials [37] and anisotropic
metamaterials [38].

A PSIM with high optical throughput has been demonstrated as a focusing
element [39]. A truncated parabola that is 100 ym long, 50 ym wide at its top
opening, and 6 ym wide at the bottom surface is shown in Figure [I.4(a). Light
enters this PSIM from the top parallel to its optical axis. Due to the truncation,
a portion of the central part of the beam does not strike the parabolic edge of
the PSIM and does not get focused but exits the bottom of the structure without
changing direction. Light rays which are a little farther from the central axis
reflect off the edge of the PSIM near the bottom corner and then incident onto
the focal point at high angles. It can focus light to spot sizes of ~90 nm at a
wavelength of 413 nm. One drawback of this type of focusing element is its
size —~50 ym x 100 pm, which is not useful for miniature integration appli-
cations. An SizNy (n = 2.1) microdisk on a SiO; (n = 1.45) substrate has been
proposed as a compact focusing element. The microdisk focuses light through
a combination of refraction and diffraction. Experimental images of a Si3N4 mi-
crodisk with a diameter of 8 ym and a thickness of 400 nm are shown in Figure
[1.4b). In free space, light is focused inside the disk, and a sub-wavelength spot
is observed. In the case where the disk is surrounded by water, a perpendicu-
lar illumination with a focused Gaussian beam can produce a photonic nanojet
which with an extremely low beam divergence, the divergence angle over ten

times smaller than possible with a focused Gaussian beam in free space [40].
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FIGURE 1.4: (a) Left: Diagram of the light rays within the PSIM,
The dimensions are shown corresponding to the fabricated de-
vices. Right: Near-field measurement of light focused by a PSIM.
(b) Left: SEM image of a single microdisk of diameter 8.5 ym.
Right: Experimental images (upper) and analytical results (lower)
of 8.5 ym diameter disk. Experimental linear image (left) and
log;0 images (right) for the same microdisk. (c) Left: SEM image
of the side-view of the pillar metasurface structures that modu-
late the phase of light passing through the lens. Right: Intensity
profiles of the image plane which is 160 ym behind the micro-lens
surface. The micro-lens can strongly focus light inside the wafer.
The yellow-color frame depicts a 30 ym x 30 ym box equivalent
to the size of the micro-lens. Figures are adapted from [39-41].



Chapter 1. Introduction 9

A low loss dielectric micro-lens for infrared (IR) radiation focusing based on
a dielectric metamaterial layer has also been proposed [41]. This metamate-
rial layer was created by fine patterning an array of dielectric nano-pillars with
variable diameters as shown in Figure[I.4(c). The objective was to create a sub-
wavelength, fine-patterned meta-surface as a phase mask with a smooth radial
dependence of phase increment on transmission, avoiding 27t phase steps. The
mask covers just one single central Fresnel zone of the transmitted beam, rather
than multiple Fresnel zone rings with 27t phase steps. The mask of this type can
be sufficient to reduce a laser spot diameter by a factor of about three.

Recently, the principles of relaxed total internal reflection [25] and evanes-
cent wave skin-depth engineering [42] were introduced to significantly decrease
the decay length of evanescent waves outside the core of a conventional di-
electric waveguide, which is very promising for information processing at the
nanoscale. However, this requires the cladding of the waveguide to have a
unique metasurface that allows light to be completely reflected and simultane-
ously decrease the skin depth of the generated evanescent waves. This ap-
proach increases the complexity of the devices. Plasmonic waveguides are
promising candidates for sub-wavelength light confinement.

1.3 Plasmonic nanofocusing

1.3.1 What are surface plasmons?

In 1957, Ritchie predicted the existence of self-sustained collective excitations
at metal surfaces in his treatment of characteristic energy loss of fast electrons
passing through the metal films [43]. In 1952, Marton [44] measured the en-
ergy loss spectrum of 30 keV electrons passing through thin films of metals
and insulators and experimentally proved that the interaction between valence
electrons in metals yields collective plasma oscillations which have been pro-
posed by Pines and Bohm [45]. Powell and Swan [46] demonstrated the origin
of these collective oscillations by measuring the electron loss spectrum of alu-
minum. Following Powell and Swan, the anomalous characteristic energy loss
of energy lower than the plasmon energy, exhibited by some metals, are at-
tributed to quantized surface waves of the degenerate electron gas, the quanta
of which Stern and Ferrell called the surface plasmon [47]. The charge motion

of a surface plasmon always creates electromagnetic fields on the surface the
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metal. The total excitation, including both the charge motion and associated
electromagnetic field, is called a surface plasmon polaritons (SPP).

In general, SPP are hybrid electron-photon oscillations that occur at the in-
terface between a metal and a dielectric [31]. As longitudinal electron density
oscillations, SPP behave like light waves however they are confined in the inter-
face of the metal and the dielectric. SPP are non-radiative in nature, implying
that they cannot directly couple to photons. Instead, a prism, a grating, or scat-
tering surface must be used to resolve the momentum-mismatch between plas-
mons and photons for optical excitation of SPP, electrical excitation of SPP has
also been demonstrated [48]. There are two types of SPP, the localized surface
plasmon (LSP) and the long-range surface plasmon polaritons (we call them
SPP in the entire thesis) as shown in Figure The former is based on particle
plasmons resemble dipoles, with electron clouds of charge which are localized
at the poles of the particles, which can be seen in Figure[I.5(a). At their resonant
frequencies, the LSP excited from these particles have a large scattering coeffi-
cient and a large extinction cross-section which results in a high electromagnetic
tield at the poles of the particles. Such properties of LSP have been exploited
in the applications ranging from optical nano-antennae [49], surface-enhanced
Raman spectroscopy [50-52] to single molecule probing [53-55]. In contrast,
SPP geometries are characterized by propagating waves which are confined to
the metal-dielectric interface. Depending on the excitation wavelength and the
specific materials used, the skin depth (the distance that the field penetrates
into the metal side) can be sub-wavelength in scale. Additionally, propaga-
tion length in SPP geometries can approach centimetre scales, which is quite
significant when the waveguide themselves are on the scale of microns [56].
Figure [1.5(b) indicates the SPP in a metal-dielectric interface. It shows the SPP
are propagating in the metal-dielectric interface and decay quickly in the metal
layer. The red arrows illustrate the motion of the electrons when they are ex-
cited by photons.

1.3.2 The diffraction limit

In 1873, the German physicist Ernst Abbe [58] discovered that the resolution
of optical imaging systems, such as telescopes and microscopes, is fundamen-
tally limited by the diffraction of light. The ability of an imaging system to
resolve detail is ultimately limited by diffraction. When an object is imaged by
an optical system, the illuminating light with a wavelength A and traveling in
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FIGURE 1.5: Examples of the (a) localized surface plasmon po-
lariton (LSP). An incident electromagnetic field induces electron
clouds of charges to localize at the particle poles. A dipole-like
excitation is then obtained at the plasma frequency which can be
considered as the LSP. (b) Long-range surface plasmon polariton
(SPP) geometries. An incident field excites a surface wave that
propagates along the metal and dielectric interface. Figures are
adapted from [57].

a medium with the refractive index of n. The light is not focused to a point but

forms an Airy disk having a central spot in the focal plane with radius of

L A A
- 2nsin® 2NA

The denominator nsin@ is called the numerical aperture (NA) which is a

(1.1)

measure of how much light can be collected by an optical system. Two point
sources will each produce an Airy pattern. As the point sources move closer
together, the patterns will start to overlap, and ultimately they will merge to
form a single pattern, in which case the two point sources cannot be resolved in
the image. The Rayleigh criterion specifies that two point sources can be con-
sidered to be resolvable if the separation of the two images is at least the radius
of the Airy disk [59, 60]. The resolution of an imaging system is constrained
by the wavelength of light to be used and the aperture size of its optical com-
ponents. For example, a microscope cannot resolve two objects separated by
less than about half a wavelength of the input light. This phenomenon is called
Abbe diffraction limit [61]], and was considered as a fundamental, unbreakable
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FIGURE 1.6: Example of subwavelength imaging technologies. (a)
A left-handed metamaterial (LHM) sample. It consists of square
copper split ring resonators and copper wire strips on fibre glass
circuit board material. The rings and wires are on opposite sides
of the boards, and the boards have been cut and assembled into
an interlocking lattice. (b) Schematic of a superlens and numeri-
cal simulation of imaging of sub-diffraction-limited objects. The
superlens is made of 16 layers of Ag/Al,Os. (c) SEM image of a
super-oscillatory lens. A binary amplitude mask was used for di-
rect focusing of laser light into a subwavelength spot in the post
evanescent field by precisely tailoring the interference of a large
number of beams diffracted from a nanostructured mask.

rule for over a century. However, in a series of papers in 1928, the Irishman Ed-
ward Hutchinson Synge in correspondence with Albert Einstein, showed how
this was not an unbreakable rule [62]. He suggested the implementation of a
miniature aperture, whose diameter is approximately 1 x 107¢ cm, illuminated
from below, and placed immediately beneath the imaged sample so the trans-
mitted light is then detected by a photoelectric cell and registered by a telepho-
tographic apparatus which is synchronized with the motion of the aperture. He
described the method "which makes the attainment of a resolution of 0.01ym
and even beyond" possible. Unbeknownst to him, this was the first proposal of
a combined dielectric-plasmonic focusing element.

As the emerging of nanotechnology [63], several approaches are capable for
subwavelength imaging to beat the classical diffraction limit of optical micro-
scope, such as using hypothetical material with a negative index of refraction
65], a super-oscillatory lens [66], or artificially engineered metamaterials
which are called superlens [67, [68]]. They can have a negative dielectric permit-
tivity € and a negative magnetic permeability u value which are not known to
exist in naturally occurring. Figure|1.6{shows the schematics of a few examples
of the subwavelength imaging technologies.



Chapter 1. Introduction 13

(a)

=]

Tum Aperture

200Nnm

FIGURE 1.7: SNOM tips: Metallic tapered fibre with small aper-
ture at the end. (a) Uncoated tip; (b) Coated tip with 50 — 100 nm
aperture. Images from NT-MDT.

In the domain of optical instruments, a key step was the invention in 1984
of the scanning near-field optical microscopy (SNOM) by Pohl Dieter and
co-workers, allowing sub-wavelength near-field optical resolution for the first
time. Here, an image of a structure is created by scanning a physical probe with
a sub-wavelength aperture in close proximity to the illuminated specimen. The
mechanism of this microscope is based on the excitation of LSP at the metallic
tip, which generates a nanoscale light spot at the apex of the tiny tip. By using
this tiny light spot as the light source of an optical microscope, an extremely
high spatial resolution image can be obtained. Figure[1.7]shows the SEM images
of the SNOM tips with and without a metallic coating. A design similar to this
was already proposed by Edward Hutchinson Synge in 1928.

The use of materials with negative dielectric permittivity is one of the most
feasible ways of circumventing the diffraction limit and achieving localization
of electromagnetic energy (at optical frequencies) into nanoscale regions. Noble
metals (copper, silver, and gold) are available materials for this purpose below
the plasma frequency. The excitation electromagnetic waves on the metal sur-
face can couple to the electron plasma in the metal [31], which the basis of SPP
formation and sub-wavelength light confinement in order to break the Abbe
diffraction limit.
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1.3.3 Sub-wavelength light confinement

Modern computation and communication systems rely on the ability to route
and transfer information using electronic and electromagnetic signals. Mas-
sive efforts over the last decade have been driven by miniaturization and inte-
gration of electronics and photonics on the same platform [70]. However, the
diffraction limit of light is a fundamental barrier to interfacing micrometer-scale
waveguides to nanoscale electronic circuits. Furthermore, dense photonic inte-
gration is hampered because cross-talk between waveguides increases as the
separation between the integration waveguides is reduced.

The rapid development of plasmonic waveguides with highly confined SPP
modes has shown their potential for achieving sub-wavelength of light con-
finement over traditional dielectric waveguides [71,72]]. This remarkable capa-
bility is promising for the design of densely integrated photonic devices with
nanoscale resolution. Basically, the sub-wavelength confinement of light in the
plasmonic waveguide is associated with engineering the evanescent fields out-
side the core of the waveguide [73]. When an optical ray traverses a flat in-
terface between two different dielectrics, (to simplify, we consider a two-layer
system with semi-infinitely thick which can be seen in Figure[1.8(a)) light is par-
tially reflected back to the core medium and is partly refracted in the cladding
medium. Snell’s law governs the angle of reflection and refraction. If ny >
ny (n1 and ny are the refractive index of the two dielectrics) and the incident
angle is greater than the critical angle 0., as shown in equation light is to-
tally reflected back to the core medium and evanescently decays in the cladding

medium, this process is know as total internal reflection (TIR).

0. = arcsin(%) (1.2)
1

However, if the cladding medium is metal (like Au or Ag), the SPP can be
excited when the certain phase matching conditions are met, energy can be
transferred from the excitation light wave to the free electron to form propagat-
ing SPP at the metal-dielectric surface. The SPP have a shorter wavelength than
free excited light. Moreover, an extremely small skin-depth is achievable as the
energy decays fast in the metal which can be seen in Figure [I.§(b). In a more
complicated sandwich structure, the dielectric waveguide (Figure ¢)) could
not achieve sub-wavelength of light confinement because of the long evanes-
cent tails in the claddings, moreover, as the thickness of the core layer becomes
too thin, the guiding modes will be cut-off hindering its ability to guide light in



Chapter 1. Introduction 15

(a) \ (b) |

(c) \ (d)
n, S Em

trong confinement

/ hy ( €m
FIGURE 1.8: (a) TIR happens in a semi-infinitely thick two dielec-
tric layers system in which n; > n;. (b) One dimensional subwave-
length light confinement in a metal-dielectric interface, €, is the
permittivity of the metal and €, is the permittivity of the dielectric.
(c) Two-dimentional light confinement in a sandwiched dielectric
waveguide. (d) Two dimensional sub-wavelength light confine-

ment in a sandwiched plasmonic waveguide (two metal claddings
and a dielectric core) Figures are adapted from [25]

nanoscale. For the plasmonic waveguide as shown in Figure [1.8(d), which can
be described as a metal-insulator-metal (MIM) structure. In this type of struc-
ture, it is possible to control the resonance wavelength, the thickness of the core
layer and the skin depth of the evanescent waves in the cladding medium to
achieve sub-wavelength light confinement in the waveguide core.

The remarkable properties of SPP show that it is possible to squeeze visible
light into SPP modes which have sub-wavelength light confinement. Owing
to this attribution, SPP have found applications in fields such as nanoscale on-
chip amplifiers and lasers [74], nanoscale integrated photonic devices, circuits
and systems [75], optical sensing of molecules, atoms and nanoparticles [76],
optical imaging and spectroscopy systems with sub-wavelength resolution [77]],
nanoscale optical trapping systems [78], and nano-focusing for high density
data storage [23]. Plasmonic waveguides however have significantly higher
losses than dielectric waveguides, limiting their propagation lengths from 10-

100 pum [79]. Therefore plasmonic and dielectric elements must be integrated in
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order to achieve the required performance.

1.3.4 Review of recent nanofocusing designs

Efficiently concentrating optical energy to nanoscale dimensions has been demon-
strated in academia and industry over the past few decades [80]. This con-
cept has been widely investigated in the design of photonic integrated cir-
cuits (PIC). Compared to the integrated electronic devices, integrated photonic
devices have a larger bandwidth, higher immunity to electromagnetic inter-
ference and feasible compatibility with current complementary metal-oxide-
semiconductor (CMOS) fabrication technologies [81] are being developed. The
possibility of achieving nanoscale photonic integration has been largely due to
the utilization of SPP described in the previous section, and mechanisms tak-
ing advantage of them have been proposed for overcoming the diffraction limit
of conventional focusing devices [79]. The concentration of optical energy into
the nanoscale can be achieved using a range of nano-focusing elements, such as
nano-optical antennae, high refractive index dielectric antennae, tapered SPP
devices, or nanohole arrays. Nano-optical antennae use the geometry of the
element to concentrate and enhance light confinement. Since there are no prop-
agating modes, momentum matching is not required. The resonance frequency
can be tuned either by geometry or surrounding materials.

Alternatively propagating SPP modes can be used to concentrate light. SPP
intrinsically confine light to the metal-dielectric interface. If the metal layer is
then structured in the x - y direction, the light can be further confined in three di-
mensions. Mark I. Stockman [82] predicted theoretically that SPP propagating
toward the tip of a tapered plasmonic waveguide are slowed down and asymp-
totically stopped when they are approaching the tip, never actually reaching it.
This corresponds to the accumulation of energy at the tip, as well as a reduc-
tion of the optical cross-section (i,e., nanofocusing). The SPP nanofocusing is
typically achieved by using tapered metallic plasmonic nanostructures. Exam-
ples include a tapered metallic triangle [83], a tapered gap between two metallic
media or air-slot structure [84, 85|, a three dimensional taper [86], a V-shaped
groove plasmonic waveguide [87-89], a conical noble metallic tip [90, 91], and
a plasmonic antenna with a nano-taper [92]. Nanofocusing is typically associ-
ated with a significant reduction of both phase and group velocities of the SPP
modes by varying the geometry of the waveguides. The local field enhance-

ment is the main characteristic of all the nanofocusing nanostructures.
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FIGURE 1.9: Tapered plasmonic nanofocusing configurations. (a)

A tapered metallic triangle with a dielectric core [83]. (b) A trans-

mission line consists of two parallel metal wires with a tapered

air gap [84]. (c) A MIM gap plasmonic waveguide with a three-

dimensional linear taper [86]. (d) A V-shaped groove [89]. (e) A

conical noble metallic tip with a grating coupler [93]. (f) Nanofo-
cusing in a plasmonic antenna with a taper [92].

Figure[[.9shows six typical examples of nanofocusing structures. Figure[1.9(a)
shows an Au nanotaper (an Au isosceles triangle of 300 nm base width and 750
nm in length) placed on a Si core waveguide with a 20 nm thick SiO, buffer
layer. The propagating guided mode in the Si core is coupled to a plasmonic
mode in the Au nanotaper through an evanescent coupling mechanism. A field
enhancement factor of ~ 4.9 is achieved at the apex of the nanotaper. Fig-
ure[1.9(b) shows a nanofocusing structure with a tapered transmission line. The
SPP in a mid-infrared wavelength range propagates along an 8 ym long trans-
mission line and the energy is compressed into a spot with a diameter of 60 nm
at the taper apex. Figure[1.9(c) is an Au-5iO,-Au gap plasmonic waveguide us-
ing a three-dimensional linear taper. The 3-D linearly tapered SiO; core in the
MIM gap waveguide can reduce the excess losses that occur during the nanofo-
cusing process occur. The simulation suggests that this structure can confine
the energy of light with a wavelength of 830 nm from a 200 x 500 nm? into
a 2 x 5 nm? area with an intensity enhancement factor of 3 x 10*, which cur-
rently the highest value from the reported literature. Figure [I.9(d) illustrates
a gold V-shaped groove waveguides in the length of 1.6 ym. This V-shaped

groove supports a SPP mode with a coupling efficiency of over 50%. A sharp
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groove angle is fabricated by UV-lithography together with a subsequent crys-
tallographic etch in a potassium hydroxide (KOH) bath or thermal oxidation
of the silicon substrate which can ensure a well-confined SPP mode in the V-
shaped groove. Figure[1.9(e) is a new nanofocusing concept based on a conical
noble metallic tip. An electrochemically etched Au taper with a plasmonic grat-
ing achieves an efficient transformation of light from microscale to nanoscale.
An enhancement factor of 2 is achieved and the spatial confinement at the apex
of the tip is 20 nm. The low enhancement factor mainly because of the high
loss during grating coupling and propagation. Figure [.9(f) shows an on-chip
structure followed by the impedance matched antenna excitation through the
end-fire coupling at 1550 nm [92]. The efficient excitation of dipole and dark
antenna modes contributes to a field enhancement factor of ~ 12000 over a gap
volume of 30 x 30 x 10 nm?.

1.4 Scope of this thesis

1.4.1 Motivation

In this thesis, both the theoretical and the experimental studies of plasmonic
waveguides for subwavelength of light confinement applications are described.
We experimentally demonstrate the excitation of SPP through a Kretschmann-
Raether configuration with the aim to understand the dependence of SPP on the
metallic composition and alloying. The major part of this thesis is the design
of a NFT for HAMR application. We design an evanescent coupling system to
couple light efficiently from a Si3Njy core to an Au NFT to heat up the record-
ing medium. We study the possibility to boost the field enhancement factor
of NFT by using low loss plasmonic materials and a multilayer design for the
NFT. An evanescently coupled taper design is proposed and experimentally
demonstrated. This design is longer than typical tapers, allowing more effi-
cient transfer of energy from the dielectric waveguide mode to the plasmonic
mode. This is particularly important in HAMR designs to avoid overwriting
bits with stray light remaining in the waveguide. The solutions to increase the
thermo-mechanically stability of the Au by using a thin adhesion and a capping

layer is discussed in this thesis.
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1.4.2 Overview of chapters

In Chapter 2, the fundamental theory needed to understand the mechanism of
SPP are presented. Starting with Maxwell’s equations, the characteristic equa-
tions are derived. Next, a theoretical analysis is given to show the dispersion
properties of SPP propagating along an interface between a metal and a dielec-
tric. We theoretically show the dispersion curve of two standard types of film
geometries for plasmonic applications, an insulator-metal-insulator (IMI) and a
metal-insulator-metal (MIM). Our discussions show how the thickness of each
layer can influence the dispersion properties. A general approach to solve the
SPP dispersion in multi-layer structures is discussed, it is applied by solving
the transcendental equation determined by the wave function and the bound-
ary condition between each adjacent layers.

In Chapter 3, the facilities which are used for the sample fabrication and
characterization are introduced. They include electron beam lithography (EBL),
UV lithography, inductively coupled plasma (ICP) etching and film deposition.
Two different films deposition techniques are used: electron beam evaporation
and magnetron sputtering deposition. Characterization techniques include:
scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray re-
flection (XRR), profilometry, ellipsometry and charged coupled device (CCD)
imaging.

In Chapter 4, the dispersion property of Au-Ag composited bi-metallic films
are explored. We experimentally map the full dispersion range available in the
Kretschmann-Raether setup to understand the mechanism of the SPP excitation
and propagation in these films. The dispersion is compared to the analytical
dispersion relations for bound IMI modes and a full transfer matrix model. The
potential of a bi-metallic film can improve the biochemical sensing performance
is also discussed in this chapter.

In Chapter 5, the experimental, simulation, and theoretical techniques to
characterize a particular NFT composed of an evanescently coupled plasmonic
taper are discussed. The design can efficiently extract the incident light from
the waveguide core to the NFT while overcoming the ohmic losses incurred
by increasing the optical path length. The coupling process is optimised to
maximize the electromagnetic intensity in the NFT while minimising the inten-
sity remaining in the dielectric waveguide to avoid the miswriting of bits in a
HAMR structure.
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Chapter 6 is devoted to the development of the thermo-mechanically stabil-
ity of the Au film for the NFT design in HAMR. Three approaches are investi-
gated: an Ag-Cu-Au combined film can achieve tunable dispersion properties
for superior plasmonic performance. The effort to make an Ag-Cu-Au alloy
film is discussed which can improve the robustness of the combined film; a
thinner adhesion layer can improve the plasmonic performance owing to the
lower absorption and less diffusion of a thin adhesion layer; a thin oxidized
Al O3 is used as the capping layer to further improve the plasmonic perfor-
mance of the metallic film is also discussed.

Chapter 7 provides an outlook for the future work on plasmonic waveguide
design. They include thermal simulations, measurements, and NFT design by
using Ag-Cu-Au alloy.



Chapter 2

Derivation of SPP Dispersion in
Multi-layer Metallic Films

This chapter deals with the fundamental theory needed to understand the mech-
anism of SPP. The metal is described by the experimental data determined by
Johnson and Christy [94] rather than a damped free electron gas or Drude-
Lorentz model [95]. The dispersion of SPP wave in a metallic slab embedded in
a symmetric dielectric or an anti-symmetric environment shows a wavelength-
dependent behavior. The analytic dispersion calculations indicate a splitting of
the SPP modes, they are corresponding to a symmetric and an anti-symmetric
electromagnetic distribution. The formation of these two distinct modes re-
sulted from the coupling of the SPP modes to the upper and the lower interfaces
of the metallic slab. This coupling is usually evident when the thickness of the
metallic slab is below 50 nm [96]. A simple theoretical analysis shows the dis-
persion properties of SPP propagating along an interface between a metal and
a dielectric when both media are considered as semi-infinitely thick. Finally,
we expand the derivation to a more general model by solving the transcen-
dental equation determined by the wave function and the boundary condition
between each adjacent layers. The method can be applied to solve the SPP dis-
persion in multi-layer structures, two examples of multi-layer structure are dis-
cussed in detail at the end of this chapter — an insulator-metal-insulator (IMI)

and a metal-insulator-metal (MIM) structures.

21
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(a) Tl L- (b) M L. L-

FIGURE 2.1: Schematic diagram of the (a) IMI and the (b) MIM
structure, in which the IMI structure consists of a metal core and
two dielectric claddings, the geometry of MIM is formed inversely.
The red lines in the two panels are the characteristic electric field
profile in the two metal slab waveguides with a core thickness of
z = d. The anti-symmetric mode, corresponding to the solution of
L ; the symmetric mode, corresponding to the solution of L_. The
wave propagates along x direction

2.1 Dispersion relation in insulator-metal-insulator
(IMI) and metal-insulator-metal (MIM) structures

211 The symmetric mode and anti-symmetric mode

For a thin film, plasmons at the metal-air and metal-dielectric interfaces can
couple to form composite symmetric and anti-symmetric modes, as shown in
the Figure These configurations, known as IMI and MIM structure, can
produce either anti-symmetric mode or symmetric mode [96]. The IMI is a con-
tiguration which with a metal core covered by two dielectric claddings, SPP can
be excited on the two dielectric-metal interfaces, the SPP have long propagation
length and poor confinement in this structure. Inversely, the MIM structure has
two metal claddings and a dielectric core which can achieve highly light con-
finement but the loss is high in this structure. The SPP mode in the MIM struc-
ture can be tightly confined in the dielectric core which has a lower propagation
length than the SPP mode in an IMI structure. In this thesis, we write the sym-
metric mode (low momentum SPP mode) as L_ modes and the anti-symmetric
mode as L mode for simplicity. The derivation of these modes was described
in detail by E. N. Economou, et. al. [97] and can be written analytically for a
single metal thin film by considering the boundary conditions at the interface
as [98]
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k;, and kJ are defined as the z component of the wavevector in the metal and
dielectric respectively. The analysis assumes a three-layer symmetric structure
with core thickness of d and the core (cladding) is composed of material with
dielectric constant €, (€;), centred at z = 0. The dispersion relations given in
equation are transcendental equations in complex space which must be
solved numerically. The solution can be either even or odd modes, these su-
permodes are denoted herein as symmetric bound and anti-symmetric bound
modes, respectively, since their main transverse electric field component E,
varies either asymmetrically or symmetrically across the structure (along the
x axis), as sketched in Figure The charge density in the metal linked to the
L. mode has a symmetric distribution over d, as indicated by the red curves
in Figure whereas the charge density associated with the L, mode is anti-
symmetric over d [99].

2.1.2 General approach to solving SPP dispersion in two inter-

faces

Since the transcendental equations needs to be solved numerically, we con-
sider a simple metal-dielectric case to analytically solve the propagating solu-
tions confined to the boundary along plane of z, propagating in the x direction
which can be seen in Figure From Economou [97] we know that we seek
solutions to the following, which is equivalent to Maxwell’s equations under

the assumptions that the solutions are TM waves proportional to e(:(@t=k¥))

82

Sk - K]?EZ =0 (2.3)
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FIGURE 2.2: Sketch of a two layer structure.

where

K; = \/I® — w2ej/c? (2.4)

and ¢; is the dielectric constant of the region labelled by j. Solutions to equation
are of the form

el 4 e K7 (2.5)

We can also find E, by differentiation

o
0z
The strategy in the following will be to use equation (2.5) in each region,

Ey = —(i/k) (2.6)

taking note of requirement that the field E, — 0 as z — £oco. We then ensure the
boundary conditions at each interface. These conditions tell us that the parallel
component of the electric field E is constant and the perpendicular component
of the magnetic field H, H = €E, is constant.

€1E1; = e2Ep;

2.7)
Eix = Epy

These conditions give us 2b equations where b is the number of boundaries.
We have 2b coefficients of the fields. (2 for each of the b + 1 materials, minus
the 2 which must be zero so that the fields decay as z — £o0). We can thus
eliminate these coefficients leaving an equation in terms of the €;, boundary
positions, etc. which are known, and the K; which are not. This equation is of
the form of f(Ky(k,w) - - - ,K;(k,w) - - - ), which gives a transcendental equation
for w(k).
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Consider the simplest geometry, which contains material 1 for z > 0 and
material 2 for z < 0. From equation 2.5/ the field is

A XKz z>0
E, = 2.8)
AQ@KZZ z <0

since these are the exponentials which decay at +co. From equation (2.6) we
find the x - component is

£ (iK1A1 /k)eiKlZ z>0 (2.9)
T S (iKaAa/K)KeE 2z <0 '

inserting these in equation|2.7|at z = 0 gives two equations:

€141 = €A
141 = €242 (2.10)
A1Ky = —AK»
eliminating the coefficients gives
6K = —eKp (2.11)

Although equation (2.10) is simple to solve, it is worth rewriting as a matrix
equation as an example for more complicated situations which we be discussed
further. This gives

- A
G L - 2.12)
Ki K Ay
which is only possible if
€1 -€2
A =Ky + 6K =0 213
K K 1Kz + €Ky (2.13)

This eigenvalue of this matrix can be simply solved by the roots finder func-
tion in Wolfram Mathematica. It returns the solutions of k for different w are
related to the dispersion curves of the SPP in a metal-dielectric interface. This
general approach can be applied to multi-layer structures with the arbitrary
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FIGURE 2.3: Dispersion curves of SPP in (a) IMI and (b) MIM ge-

ometries consisting of Ag and SiO, for different thickness of the

middle layers. The gray straight lines in both figures are the light
line in air.

material. The detailed derivation of three-layered and five-layered structures
are described in Appendix A.

2.1.3 Thickness dependent of dispersion curves

The eigenmodes for IMI and MIM structures arise from evanescent coupling
between the SPP supported by the individual metal-dielectric surfaces. Figure
plotted the dispersion curves of the IMI and MIM structures in which the
dispersion relations are solved through general approach described in the pre-
vious section. To simplicity, only the dispersion curves of the anti-symmetric
mode are plotted for both cases. The dispersion curves are shifting as the thick-
ness of the core layer is varying which shows the thickness dependent of the
dispersion curves.

In an IMI geometry, the dispersion of an air/Ag/air geometry is plotted in
Figure[2.3(a) for core thickness of 10, 30 and 50 nm respectively. The maximum
wavevector of the SPP modes is varying with the different thickness of the mid-
dle layer. A ky value of 25 yum ™! is obtained as the thickness of the middle layer
is 10 nm, by increasing the thickness of the metal core layer, the k, value is in-
creasing. A ky value of 32.5 yum~! is achieved when the core thickness goes to 50
nm which shows an IMI couldn’t have a highly confine the light when the core
layer goes to thin, the SPP mode is only confined at the two metal-dielectric
interfaces. The situation is different in MIM geometry. The dispersion in an
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Ag/air/Ag geometry is plotted in Figure 2.3(b) for core thicknesses of 10, 30
and 50 nm. As can be seen, the maximum wavevector of the SPP modes is
increasing when the thickness of the core layer is decreasing. It shows that a

MIM structure can confine the SPP mode in the insulator layer without the cut-
off thickness [100].

2.1.4 Reflectivity calculation through transfer matrix method
(TMM)

The eigenvalue solutions give the frequency and propagation length of the SPP.
In our experiments, we measure the light reflected from our samples as a func-
tion of the excitation angle and wavelength to reveal the dispersion curve. For
a given wavelength, the momentum matching between the photonic mode and
plasmonic mode will be satisfied with a certain input angle, the light coupled
into SPP will not be reflected, thus the lower intensity (close to zero) region in
the reflection spectrum contains the information of the plasmonic mode that can
be excited. To model the experimental data we use the transfer matrix method
(TMM) [101]]. The relationship of the tangential components of the electric field
E vector on opposite sides of a film is found to be linear. Thus, TMM can be
applied to describe the electromagnetic waves propagating through a stack of
layers at normal incidence or at a certain angle. For a system with 7 layers, each

layer j has a transfer matrix M;. The system transfer matrix is

_1'6, .
M. cos kjd TJ sin kjd

= (2.14)

*Zk
= sin k]d Ccos k]d

in a system of n layers, the total transfer matrix of the system is found by matrix
multiplication of the transfer matrix of each layer, which is give by

M=M, M -M; (2.15)

The reflectance of the light propagation through a n layer can be described

as

R = R o (216)
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2.2 Chapter summary

In this chapter, we start with Maxwell’s equations to solve the characteristic
equations of the dispersion for a single interface between a metal and a dielec-
tric layer. Then the transfer matrix method is used for a general approach to
solving SPP dispersion in multi-layer metallic films. The eigenvalue solutions
for two, three and five layers with different permittivity of each layer are nu-
merically solved. The dispersion curves which are related to the transcendental
equation for w(k) can be plotted. The odd and even solutions of the equation
w(k) are corresponding to the anti-symmetric and symmetric plasmonic modes
in these layer structures. The dispersion curves for two particular plasmonic
structures (IMI and MIM) are discussed in the end of this chapter. The feature
of the dispersion curves of these structures is highly dependent on the thickness
of the composite layers. It gives information on how to engineer the thickness
of each layer to control the energy loss and plasmon intensity distribution in
the IMI and MIM layer structures. The theory in this chapter can be applied
to calculate the dispersion curves for bi-metallic layers in Chapter 4, and the
plasmonic waveguide designs in Chapter 5 and Chapter 6.



Chapter 3

Sample Fabrication and

Characterization

3.1 Introduction

Fabrication of good samples is perhaps the most important step for experi-
mental work. The purpose of this chapter is to describe in detail the various
facilities used in sample preparation and characterization throughout the the-
sis. It can be used as a reference throughout the rest of the thesis. The de-
tailed facilities used for fabrication in this thesis mainly include electron beam
lithography (EBL), UV lithography, inductively coupled plasma (ICP) etching
and film deposition. Two different films deposition techniques are used: elec-
tron beam evaporation and magnetron sputtering deposition. Characteriza-
tion techniques include: scanning electron microscopy (SEM), atomic force mi-
croscopy (AFM), X-ray reflection (XRR), profilometry, ellipsometry and charged
coupled device (CCD) imaging. A brief introduction of these techniques is pro-
vided.

3.2 Facilities used in the fabrication

3.2.1 Ultraviolet (UV) lithography

In UV lithography process, a photosensitive polymer known as a photoresist is
spin coated onto the substrate. The thickness of this resist layer is determined
by the speed of the spin coater, and then can be accurately controlled from
hundreds of nanometers to tens of microns if the viscosity of the resist is known.
The film thickness is proportional to the spin speed [102]. Maximum coating
uniformity is typically attained between the spin speeds of 3500 rpm and 5500
rpm. The MICROPOSIT S1800 series photoresist is used in this thesis. The

29
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photoresist spins for 45 s at a speed of 5000 rpm /s and results in a film thickness
of 1.2 ym. The first form of UV lithography was known as a contact lithography
and was used to produce integrated circuits (ICs) in the early 1960s [103]. In
this system, a glass plate mask coated with copper was placed on the surface
of the substrate. A pattern defined in the mask allowed light pass through
in certain areas. The mask was exposed using a homogeneous intensity of UV
radiation which can induce a chemical change in the areas of the polymer which
have been exposed to UV radiation. Figure shows the OAI mask aligner
system which is located in the Centre for Research on Adaptive Nanostructures
and Nanodevices (CRANN) in Trinity College Dublin. There are two common
categories of resist known as positive and negative tone resists. For the positive
tone resist, the areas which are exposed will be washed away in a development
process, whereas, for a negative tone resist the exposed areas remain on the
substrate.

The patterns are obtained after the development process, MF 319 devel-
oper is used in the development process of this thesis. The exposed resist is
“developed” by immersion in a solvent which will dissolve only the exposed
(unexposed) areas for positive tone (negative tone). After development, the
remaining resist can be used as a mask for the etching process to transfer the
patterns to the substrate. If the resist is not robust enough for the etching pro-
cess a metal deposition step may be needed to be followed by a “lift-off” step.
Etching refers to the removal of the actual material of the substrate. The resist
could be removed with chemical solvent (i.e. acetone) without any modifica-
tion to the original substrate. Etching transfers the pattern of the resist into
the underlying material. It can be done chemically using acids (wet etching)
or physically using accelerated ions (dry etching), or using a combination of
the two. Wet etching can produce anisotropic etch or etch along one particular
crystallographic direction. Dry etching allows more control over the etching
process and can produce highly anisotropic etches. Energetic ions are accel-
erated towards the substrate and depending on the gas composition and ion
velocities both physical and chemical etching can be achieved.

3.2.2 Electron beam lithography (EBL)

For electron beam lithography (EBL), the substrate is coated with a polymer
which is sensitive to electrons [104]. Similarly to UV lithography, this can be
a positive or a negative tone (we are using PMMA A3 positive tone electron
resist). The sample is then raster-scanned with the focused electron beam, the
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electron beam changes the solubility of the resist. A beam blanker controls
which areas are exposed and which are not. A development process is followed
enabling selective removal of either the exposed or non-exposed regions of the
resist. IPA: MIBK with a concentration ratio of 1:3 is used for the development
process of the thesis. The same ICP etch process like the UV lithography will
be used to transfer the patterns to the substrate. The effective wavelength of
the beam of electrons is much smaller than that of UV radiation meaning that a
much higher resolution can be obtained. EBL has the advantage of nanofabri-
cation for making nanostructures over a commercial facility that use UV lithog-
raphy. Even though the ASML manufactures extreme ultraviolet lithography
(EUV) machines that can produce 22 nm structure [105], the machines are very
costly for research usage.

It is very common to convert a scanning electron Microscopy (SEM) into an
EBL system for research applications [104]. SEM uses an electron beam to im-
age samples with a resolution down to the nanometer scale. The electrons are
emitted from a heated tungsten filament and accelerated with a high voltage
(5-100 keV). The electron beam is then focused on the sample surface by a set of
lenses in the electron column [107]. Standard electron beam column is depicted
in Figure Ultrahigh vacuum is required to avoid scattering of electrons in
the column (< 9 x 10~? mbar), whereas high vacuum (1076 - 10~7) is sufficient
for practical applications [108, 109]. We were using a Carl Zeiss Electron Beam
Lithography SEM — Supra 40 system to do the fabrication in this thesis. The
electron beam is passed through a physical aperture of fixed size (10 - 30 ym).
By controlling the current in the beam, the beam is focused to a diffraction lim-
ited spot (~ 8 nm) using the magnetic and electrostatic lenses. Fine tuning of
the electromagnetic lenses can change the focal position and adjust for astigma-

tism to give the best results.

3.2.3 Inductively Coupled Plasma (ICP) Etching

An inductively coupled plasma (ICP) is a type of plasma source in which the
energy is supplied by electric currents which are produced by electromagnetic
induction. ICP reactive ion etching is a particular form of plasma etching,
which allows independent control over the density and energy of ions in the
plasma. It allows the use of both physical and chemical etching to create highly
anisotropic etches which are essential for photonic applications [108, 110]. A
Oxford Instruments Plasmalab 100 Inductively Coupled Plasma etch system is
shown in Figure [3.3| which has been used for the etch process in this thesis.
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FIGURE 3.2: Schematic diagram of a modern electron beam col-
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FIGURE 3.3: Schematic of the Plasmalab system 100 with vacuum
loadlock and an inductive coupled plasma source ICP180 tool.
[111]].

In an ICP etching process, the plasma is generated inductively using a water-
cooled radio frequency (RF) coil antenna source around a vacuum chamber.
Gases are injected into the chamber, and the magnetic field generated circu-
lates electrons around the coil causing collisions and ionizing of the injected
gases. The RF frequency allows for efficient ionization of the gases due to the
mismatch in mass between the electrons and the ions. The massive ions can-
not track the change in electric field. Thus the electrons have multiple passes
to ionize the gas [112]. Electrons are absorbed by the anode and build up a
negative charge on a capacitor placed between the anode and the RF source.
This creates a bias (V) between the neutral plasma and the negatively charged
plate which accelerates the ions towards the substrate. Thus the density of the
plasma can be controlled via the ICP power and the momentum of the ions can
be controlled via the capacitively coupled plasmas (CCP) power. High bias re-
sults in ions with large momentum and increases the physical aspect of the etch
process, decreasing selectivity, whereas low bias results in a more chemical etch
process [113]. In this thesis, SFs/CHj3 with a varied gas flow ratio has been used
to etch the SizN,4 wafer.
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3.3 Film deposition facilities

3.3.1 Magnetron sputtering system

The Shamrock magnetron sputtering system mainly consists of three intercon-
nected chambers, A, B and D. The original part of the tool is chamber A, a pro-
cess module (PM), which contains 6 DC magnetron sputtering guns for metal
deposition. Chambers B and D are custom-designed chambers for the deposi-
tion of insulators, as well as metals under ultra-high vacuum (UHV) conditions.
Chamber B includes 6 DC guns for metal deposition and 2 RF guns for the depo-
sition of insulators such as MgO, AlOy and SiO,. A heating capability up to 700
°C is available in this chamber. Chamber D includes a low pressure AJA (AJA
INTERNATIONAL, INC) magnetron sputtering gun which is mainly used for
CoFeB deposition and four e-beam evaporation pockets which are applicable
for MgO, Fe, Au and Cr deposition [115-117]]. Figure shows the schematic
layout of the whole sputtering system. The base pressures of chambers A, B
and D arearound 1 x 1077,3 x 1078 and 1 x 10~ Torr respectively and they are
separated from the transfer module (TM) by a slot valve. Each transfer module
includes a computer-controlled robot to pick up the wafers from the load lock
cassette module (CM) and transfer them to one of the deposition chambers. The
thin film growth process in these chambers is computer controlled. The system
is located in the class 10000 clean room at CRANN building, this tool is cur-
rently used for depositing ultra-thin and uniform metal and insulator stacks. In
our work, this magnetron sputtering system is used to deposit the SiO, spacer

layer.

3.3.2 Temescal electron beam evaporation system

In the electron beam evaporation system, the electrons are emitted from a heated
tungsten source and are accelerated across 10 kV [118]. The electrons are di-
rected towards a crucible containing the desired metal for deposition. The beam
of electrons is swept across the crucible using the magnetic field to achieve uni-
form heating until evaporation. The material then disperses into the vacuum
and coats all the surfaces evenly with the material. The deposition rate is mon-
itored by observing the change in frequency of a quartz resonator in the cham-
ber. This process results in a very homogeneous coating of material that can be
controlled to the angstrom level. Figure[3.5shows the Temescal FC-2000 system
which is used for all the metal deposition in this thesis.
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FIGURE 3.4: Shamrock magnetron sputtering system. Top panel:
a schematic drawing of the whole system (the top view). The pic-
tures of chamber B, C and D are showing in the bottom panel from
the front view. The graph was adapted from Dr. Hongjun Xu's

PhD thesis [114].
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FIGURE 3.5: Temescal FC-2000 system. It mainly consist of a de-
position chamber, a pump system and a computer control system.

3.4 Samples preparation procedures

UV lithography, EBL and metal deposition are used frequently in the samples
preparation of this thesis. Figure 3.6|shows the fabrication flow chart for plas-
monic devices in this thesis. It consists of a UV lithography and an ICP etch
processes to make an opening in the edge of the substrate for the end-fire cou-
pling. A standard EBL process is used to pattern the Au plasmonic structures
which will be discussed in Chapter 5. The detailed processes are described as
follow,

(a) A Si3Ny wafer with the thickness of 180 nm for processing. The substrate
consists of a 2 ym SiO; buffer layer on a Si base;

(b) Magnetron sputtering: a SiO, spacer layer was sputtered from a target-
facing-target magnetron setup using stoichiometric targets in a magnetron sput-
tering tool, at 100 W RF power and 20 sccm of Ar, at a deposition rate of 0.200
A /s. Prior to deposition, the chamber was at a base pressure of 2.5x10~8 torr;

(c) UV lithography: a 51813 positive-tone photoresist was spin coated at a
spin speed of 5000 rpm for 45 s. The resulting film thickness was ~1.2 ym. The
samples were then baked on a hot plate at 130 °C for 75 s. The UV lithography
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was performed by exposing the samples at a 365 nm UV laser with an exposure
dose of ~14 mW/cm? for 6 s;

(d) Development: the sample was immersed in MF319 (Microposit MF319
developer, MicroChem Corp.) for 45 s and rinsed in DI water immediately for
15 s. The pattern of a flat edge opening (the rectangular trench) was made for
end-fire coupling;

(e) ICP etch: the pattern of the flat edge was transferred to the SizNy core
by using SFs/CHF;3 (gas flow ratio 40 sccm : 10 sccm) in an ICP plasma etch
tool (ICP forward power 1500 W) for 40 s, a rectangular trench with a depth of
~400 nm was made (calibrated by a Dektak profilometer); this was a sufficient
depth to ensure the entire SiO, spacer layer and Si3Ny4 core layer were etched
through. The residual photoresist was removed by a pure O, plasma clean;

(f) EBL process: a PMMA (polymethyl methacrylate A3, 950K MicroChem
Corp.) positive-tone electron beam resist was spin coated on the sample at a
speed of 3000 rpm for 45 s; the thickness of the PMMA layer is 150 nm which
was calibrated by an ellipsometer (SOPRA GESP 5 Variable Angle Spectro-
scopic Ellipsometer), then baked on a hot plate at 180 °C for 3 min. The plas-
monic structure was patterned by EBL in a Carl Zeiss Supra system. The accel-
eration voltage was 20 kV and the area dose was 200 #C/cm?. A small beam
aperture of 10 ym and low beam current mode were used to get a beam current
of 28.9 pA and a beam speed of 3.595 mm/s for the exposure, which are lower
than normal to optimize the EBL process and fabricate fine structures;

(g) Development: the development was performed by immersing the sam-
ples in 3:1 IPA:MIBK (3:1 isopropyl alcohol:methyl isobutyl ketone) for 45 s and
rinsing in IPA for 15 s;

(h) Metals deposition: a 2 nm Ti adhesion layer and 50 nm Au layer were de-
posited sequentially on the wafer using an electron beam evaporation (Temescal
FC-2000) system with a deposition rate of 1 A/s. The rectangular trench was
coved by a heat resistant tape during the metals deposition;

(i) Lift-off: The PMMA lift-off was done in NMP (N-methyl-2-pyrrolidone)
at 65 °C for 15-30 minutes [119]. Acetone and IPA were used to remove the
NMP.
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3.5 Facilities used in the characterization

3.5.1 Atomic force microscopy (AFM)

The AFM was invented by IBM scientists Gerd Binnig in 1985 [120]. The scan-
ning tunneling microscope (STM) which is the precursor to the AFM, was de-
veloped by Gerd Binnig and Heinrich Rohrer in the early 1980s at IBM Research
- Zurich, they shared half of the 1986 Nobel Prize for Physics for the devel-
opment of STM. The first experimental implementation of AFM was made by
Binnig, Quate and Gerber in 1986 [121]. The first commercially available AFM
was introduced in 1989 by Park Scientific Instruments [122]. The AFM is one
of the foremost tools for imaging, measuring, and manipulating matter at the
nanoscale. AFM is a type of scanning probe microscopy (SPM) with a very high
resolution, the demonstrated resolution of AFM is on the order of a nanometer,
more than 1000 times better than the optical instruments which are constrained
by the optical diffraction limit [121]. The AFM consists of a cantilever (as shown
in Figure with a sharp tip (probe) at its end that is used to scan the spec-
imen surface. The cantilever is typically silicon or silicon nitride with a tip
radius of curvature on the order of nanometers. When the tip is brought into
proximity of a sample surface, forces between the tip and the sample lead to a
deflection of the cantilever according to Hooke’s law. The AFM has three ma-
jor abilities: force measurement, topographical imaging, and manipulation. In
force measurement, AFMs can be used to measure the forces between the probe
and the sample as a function of their mutual separation [123]. For topographi-
cal imaging, the reaction of the probe to the forces that the sample imposes on
it can be used to form an image of the three-dimensional shape (topography)
of a sample surface at a high resolution. The surface topography is commonly
displayed as a pseudocolor plot [124]. Simultaneous with the acquisition of to-
pographical images, other properties of the sample can be measured locally and
displayed as an image, often with similarly high resolution. Examples of such
properties are mechanical properties like binding forces intrinsic to adhesion
molecules [125] and electrical properties such as conductivity or surface poten-
tial [126]. In manipulation [127]], the forces between tip and sample can also be
used to change the properties of the sample in a controlled way. It is typically
performed in an ultra-high vacuum. Examples of this include atomic manipula-
tion, scanning probe lithography and local oxidation [128]. Additional quanti-
ties may simultaneously be measured through the using of specialized types of

probes, such as scanning thermal microscopy [129], scanning joule expansion



Chapter 3. Sample Fabrication and Characterization 41

2.7 nm

0.0 nm

FIGURE 3.7: SEM images of a used AFM cantilevers. Figures were

adapted from [132]. (a) The scale bar is 20 um. (b) The scale bar is

10 yum. AFM images for (c) a 188 nm think SiO, film and (d) 180
nm thick SizNy film.

microscopy [130], magnetic force microscopy probes [131]. The AC-air in the
standard topography mode of an Asylum AFM has been used to characterize
the roughness of the thin films in this thesis.

3.5.2 X-ray reflection (XRR)

X-ray reflection (XRR) is a surface-sensitive analytical technique used in chem-
istry, physics, and materials science to characterize surfaces, thin films and mul-
tilayers. It is related to the complementary techniques of neutron reflectometry
and ellipsometry [133]. The Bruker D8 Discovery X-Ray Diffractometer has
been used to characterize the thickness of the Au, Ag individual and Au-Ag

bilayer films.
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FIGURE 3.8: X-ray reflection for a 50 nm thick Au film. Inset: Dia-
gram of X-ray is reflected on a film during the measurement.

The basic idea behind the technique is to reflect a beam of X-rays from a
flat surface and to measure the intensity of X-rays reflected in the specular di-
rection. If the interface is not perfectly sharp and smooth, then the reflected
intensity will deviate from that predicted by the law of Fresnel reflection [134].
The deviations can then be analyzed to obtain the density profile of the inter-
face normal to the surface. When X-rays enter the surface of with multiple
layers at a glazing angle, the X-rays cause a total reflection. By measuring the
total reflectivity as a function of the incident angle with respect to the thin film
surface, a profile such as the one shown in Figure 3.8 can be obtained, it shows
oscillations analogous to the Fabry-Pérot effect and structural parameters such
as density, thickness, and roughness of each layer of the thin film can be evalu-
ated non-destructively [135].

3.5.3 Variable angle spectroscopic ellipsometry

Ellipsometry uses the principle that plane polarized light can become ellipti-
cally polarized when reflected from or transmitted through a material’s surface
[136]. The polarization change is quantified by the amplitude ratio and the
phase difference of the light. By measuring the changing of the polarization we
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FIGURE 3.9: Schematic diagram of the SOPRA GESP 5 variable

angle spectroscopic ellipsometer system. It with a spectral range

from 250 - 900 nm. A microspot system reduces the beam size

perpendicular to the plane of incidence to less than 300 microns.
The measured film thickness range from 0.1 nm to 5 ym.

can investigate the properties of thin films. It can be used to characterize the
composition, roughness, thickness, crystalline nature, doping concentration,
and electrical conductivity of the materials [136]. It is a well-established non-
destructive technique for the optical investigation of materials and especially it
a useful technique for thin film metrology characterization. The ellipsometry is
commonly used to characterize film thickness for single layers or complex mul-
tilayer stacks ranging from a few angstroms or tenths of a nanometer to sev-
eral micrometers with excellent accuracy. Figure 3.9/ shows the SOPRA GESP 5
variable angle spectroscopic ellipsometer system in the Optical Analysis Lab of
School of Physics in Trinity College Dublin. In this thesis, we used ellipsometry
to verify the thickness and refractive indices of a Si3zN4/SiO, /Si layer substrate.

In addition to measuring the optical constant and thickness of Si3sN4 wafer
been used, we also applied the ellipsometer to from a Kretschmann configu-

ration to study the SPP dispersion relations of Au and Ag films in this thesis.



44 Chapter 3. Sample Fabrication and Characterization

S e, \
e = CRNEEmera

=

FIGURE 3.10: Schematic diagram of the experimental set-up for
optical far-field measurements. The green line shows the path of
the laser through the optical system. A diode laser with the wave-
length of 850 nm is used to excite the sample; a prism pair is used
to alter the elliptical beam to a circular beam. The LED white light
and lens provide the bright field illumination of the sample.

For a photon to excite an SPP, both must have the same frequency and momen-
tum. The photonic mode can couple to the SPP mode through a Kretschmann
configuration with a certain input angle, the VASE system as mentioned above
has been applied to measure the reflection of the metallic film as a function as
the input angles to map the dispersion curve in a wide wavelength range (from
200 nm — 800 nm). More detail of these measurements will be discussed in the
Chapter 4

3.5.4 Optical far-field measurements

Figure is the schematic diagram of the experimental set-up setup for the
optical far-field measurements which is used in Chapter 5 to excite the SPP in
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the NFT and image the occurring of the nanofocusing process. It is a home built
setup for the NFT sample characterization.

The laser was end-fire coupled to the waveguides in order to excite multiple
modes. The angle of incidence to the waveguide end-face was ~ 15°. Both
the microscope arm and the sample holder in the set-up are built on a separate
translation stage which gives more flexibility to do the alignment.

3.6 Chapter summary

In this chapter, the facilities that have been used in this thesis are briefly in-
troduced. They include microscale to nanoscale fabrication techniques (UV
lithography and electron beam lithography); Thin metallic and insulating films
deposition techniques (e-beam evaporation and magnetron sputtering deposi-
tion); Thin film characterization techniques (ellipsometry, X-ray reflection and
atomic force microscopy); Angle-resolved measurements and optical far-field
measurements. All the fabrications are conducted in a cleanroom and the spec-
ification is from class 100 in the lithography area to class 10000 in the deposition
areas. The recipes and procedures for the fabrication of the devices will be dis-

cussed in detail in the corresponding chapters.






Chapter 4

Surface Plasmon Polariton Modes in
Thin Ag-Au Layered Composite

Films

Propagating surface plasmon polaritons (SPP) at metal-dielectric interface al-
low extremely confine of light enabling important technologies such as label-
free real-time sensing, and nanoscale optical wave guiding. In this chapter, we
experimentally and theoretically map the surface plasmon dispersion of thin
films of sequentially deposited silver and gold based on a Kretschmann-Raether
(K-R) configuration using spectroscopic ellipsometry. The results show efficient
excitation of SPP modes related to the symmetric and anti-symmetric modes of
an insulator-metal-insulator (IMI) waveguide. Since the symmetric modes have
larger electric field inside the bi-metallic layer than the anti-symmetric modes,
we show that the dispersion for both modes can be tuned independently by
controlling the thickness ratio and deposition order of metals in the film. This
behavior is fundamentally different than modes in a single film, or thin film
alloy. Results are in agreement with the analytical eigenmode dispersion of
these modes, and with a full transfer matrix model. The results provide a com-
plete understanding of surface plasmon modes in thin bi-layer or multi-layer
metallic films and their ability to influence the propagation of surface plasmon

waves.

41 Introduction

SPP are surface waves which can be localized at the interface of a metal and a di-
electric. The strongly dispersive nature of SPP can lead to modes with effective
wavelengths much smaller than that of the exciting free space light. This local-

ization results in a strong field enhancement at the interface and a sensitivity to
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local refractive index changes. These properties have resulted in numerous ap-
plications including extreme light concentration [137], sub-wavelength optics
[138], data storage [23], nanoscale heating [139], microscopy [140] and sensing
[141]. Thin metallic-dielectric films are also under investigation for metamate-
rial applications [142, 143]. Loss due to inter-band absorption in the metal is an
intrinsic limiting factor for both plasmonic waveguiding and sensing applica-
tions. For waveguiding, material absorption limits the propagation length, and
for sensing determines the resonance width and ultimately the sensitivity of the
sensor [144]. Silver (Ag) and gold (Au) are the two most commonly used met-
als for SPP as their surface plasmon resonance exists in the UV-Visible range
(2.2 eV for Au and 3.5 eV for Ag). For sensing applications, Au is preferred
due to the noble metals bio-compatibility and chemical stability. Ag has signif-
icantly lower material absorption in the visible region, however, it tarnishes in
air through reaction with oxygen and sulphur, to significantly degrade the qual-
ity of the thin film and the SPP properties [145]. Timothy proposed in 1995 that
an Ag-Au bi-metallic film has a narrower reflection spectrum through prism
coupling which will help to improve the sensitivity for sensing application of
this film [146]. Recent work has also suggested that combining Au and Ag thin
films can improve the sensitivity of the SPP based sensors by taking advantage
of the low material losses in Ag and the stability of Au. Xia [147] did the ex-
periments on Ag-Au bi-metallic film based biosensors in 2011 showing that the
sensitivity enhancement reaches as high as 80%. Chen [148] tried an Ag-Au
bi-metallic film in a commercial surface plasmon resonance (SPR) instrument,
the sensitivity of the instrument has been improved by six times compared to
an Au film. The stability of a bi-metallic film system has also been improved
by Yuan [149] and Wang [150]. Apart from the outstanding sensing proper-
ties of bi-metallic films, there is also discussion of the tunability of the surface
plasmon resonance frequency of this simple bi-metallic geometry. The surface
plasmon resonance frequency can be easily tuned by changing thickness ratio
of the metals in an Ag-Au bi-metallic film [151] or alloy film [152]. However, the
full dispersion of these bi-metallic films has not been reported to date. In this
chapter, we explore the properties of SPP formed on the interfaces between thin
bi-metallic and dielectric layers experimentally using a K-R configuration exci-
tation. We show that the excited SPP modes in this configuration are related to
the symmetric and anti-symmetric IMI modes of thin films. In bi-metallic films,
the SPP on the top and bottom metal-dielectric interfaces of the thin films have

significantly different dispersion and damping. The resulting coupled modes
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differ significantly from those of a single metal IMI waveguide. Previous work
explored the dispersion property of thin bi-metallic films of Ag and Au at a
specific wavelength over a small range of angles, the sensitivity of these thin
bi-metallic films for biochemical sensing has also been examined [149]. Here
we experimentally map the full dispersion range available in the K-R setup to
understand the mechanism of the SPP excitation and propagation in these films.
The dispersion is compared to the analytical dispersion relations for bound IMI
modes and a full transfer matrix model. The results and conclusions from this
work are of importance for understanding the SPP modes in bi-layer or multi-
layer metallic films which provide a good reference for plasmonic waveguiding

applications.

4.1.1 X-ray reflection measurements

The Au and Ag films in our experiments were deposited on quartz substrates
using electron beam evaporation (Temescal FC-2000) system. We prepared a
group of bi-metallic samples with different thickness ratio of Au and Ag by
sequential deposition. The total thickness of the bi-metallic films was fixed at
50 nm for comparison. Film thickness was confirmed independently using an
ellipsometer. The detailed mechanism of these two tools is described in Chapter
We performed X-ray reflection (XRR) measurements to verify the thickness
and surface roughness of the thin films. Figure 4.I(a) shows a representative
sample which has a measured thickness of 17 nm Ag and 23 nm Au for a total
thickness of 40 nm. Fitting the angle deponent X-ray reflection we can extract
the film thicknesses and the surface roughness. The surface roughness of each
metal layer is measured at 1.7 nm. The XRR measurements show no evidence
of the formation of an alloy layer at the interface of the two metals. Also, we do
not expect to form this alloy layer as the sample did not go through a heating
procedure after the deposition [153]. The simulation with two distinct layers
tits the measured data quite well as shown on the right-hand side of Figure
4.1(a). For completeness, we simulate the case where a thin 4 nm interface alloy
is formed as shown in Figure f.I(b). The quality of the fit is poor compared
to the case of no interface alloy which indicates the absence of the alloy in the
bilayer samples.
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FIGURE 4.1: The XRR measurements. (a) Left: a combination of

the films. Right: fitting data of bi-metallic film with two distinct

layers and (b) Left: a combination of the films. Right: fitting data
of three layers with 4 nm Ag-Au alloy.
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4.1.2 Angle-resolved measurements

As mentioned earlier, we employ the common K-R prism coupling configura-
tion to experimentally excite the SPP modes as depicted in Figure £.2(a). A
quartz rectangular prism (N-BK7, refractive index = 1.451) [154] is used to pro-
vide the additional optical momentum required to match the SPP modes and
immersion oil is introduced to match the refractive indexes of prism and sam-
ples. A typical reflectively measurement is taken over a range of angles and
energies for a single Ag film is shown as a 2-D surface map in Figure b).
The blue areas represent low reflection due to coupling to SPP modes, while
the red areas are high reflection. Both the symmetric and anti-symmetric modes
are visible as dips in the reflectivity. The K-R configuration is commonly used
for SPR sensing by scanning through a range of angles at a fixed wavelength,
and monitoring the position of the minimum reflectivity, which depends on the
refractive index variation of the upper dielectric. The inset under the surface
map of Figure [£.2(b) shows the reflectivity as a function of angle for the Ag film
taken at 2.5 eV. Scatter points are experimentally measured values, with a solid
line from the TMM fit. Alternatively, a wavelength scan at a fixed angle can
be used. The inset at the right side of Figure [4.2(b) shows the reflectivity as a
function of wavelength at a fixed angle of 55.60°.

It is important to note that the K-R attenuated total reflectance (ATR) tech-
nique in this configuration does not excite the purely bound plasmonic modes
(the modes to the right of the SiO; light line). Prism coupling allows momen-
tum matching and efficient coupling into the SPP modes, but simultaneously
allows coupling back out. This adds an additional radiative damping term to
the modes, shifting and broadening the resonance. The minimum in reflectiv-
ity observed experimentally is caused by coupling to leaky modes and can be
interpreted as the destructive interference of the reflected and leaked radiation
as originally described by Raether [31]. Tuning the thickness of the layer al-
lows tuning of the coupling efficiency, and critical coupling can be achieved for
certain thicknesses. The shift in resonance position is not large, however, al-
lowing the use of this technique to map the otherwise leaky modes available in
the system. In this work, a SOPRA GESP5 ellipsometer was used to measure
the ellipsometric quantities by amplitude ratio i and phase difference A as a
function of incident angle from 40° to 65° in the energy range of 1.4 eV to 4.5
eV. Due to the relatively high absorption coefficient and thickness of both the
Au and Ag layers, the influence of the interface on the spectral range of interest
is minimal. The value of tan ¢ is related to the Fresnel reflection coefficients
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FIGURE 4.2: (a) Schematic of Kretschmann-Raether coupling tech-
nique with the representation of a bi-metallic layer, where the
prism increases the momentum of the incident light to couple to
SPP modes. (b) Example of a measurement of dispersion over an-
gle and energy. Inset below: Typical measurement of reflection
as a function of the excitation angle at a fixed wavelength. Inset
right: Measurement of spectral reflectance at a fixed angle.
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for the amplitudes of the s and p polarized components (rs and r,), which is
defined by

, r
tan e’ = £ 4.1)
Ts

Taking the modulus of this equation we can find a relation to the polarized

reflectance,

R
tan? P = R—’: 4.2)

Where R, = 1, -1, and Ry = 1 - 15 are the polarized reflectivity for the p-
polarized and the s-polarized waves respectively [136]. We can thus ignore the
phase information and use tan(¢) only. It is advantageous to use this technique
rather than measuring the reflectivity R, directly in photometry, as any fluctu-
ations in the light source intensity or walk-off from the sample are removed
through normalization. Also the un-polarized ambient light does not signifi-

cantly influence the measurement.

4.2 Results and discussions

4.2.1 Measured SPP dispersion curves for individual Au and
Ag films

We investigate single thin films composed of Au or Ag. Experimental disper-
sion plots in the range accessible through the K-R technique (between the air
and SiO, light lines) are displayed for single Au and Ag films in Figure [4.3(a)
and (c) respectively. The incident wavelength is converted to energy [eV], and
the incident angle is plotted in terms of momentum k, [yum~!]. Both Au and
Ag films were deposited to a thickness of 50 nm, close to optimal thickness for
critical SPP coupling in single films. Figure [4.3(b) shows the TMM results for
the reflectivity of the single Au films. The TMM results for a single 50 nm Ag
film are shown in Figure 4.3(d). The permittivity of the metals in the TMM is
got from the experimentally determined optical constants reported by Johnson
and Christy [94]. In both the TMM results, the eigenmode solution for the L_
modes (leaky modes) and L (bound modes) are superimposed as a series of
scattering points. The Au film (Figure [4.3(a) and (b)) has a bound L, mode on
the right of the SiO; light line which bends back to the leaky L_ modes area
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at an energy of 2.4 eV and momentum of 20 um~1, as shown in the dashed el-
liptical blue circle of Figure 4.3(b). There are not bound modes which can be
excited in a single Au film in the high k (momentum is larger than 20 ym™1)
range owing to the large damping in Au. A metal-insulator-metal (MIM) [155]
geometry can permit more bound modes in the high k range. The modes ob-
served experimentally through prism coupling are the leaky modes associated
with the L_ modes which lie between the air light line and the SiO; light line,
they are plotted in the 2-D surface map of Figure 4.3(a) and (b).

It must be noted that in the measurements, the largest valid input angle is
650 owing to the big beam offset under a large input angle of the ellipsometer.
This will prevent part of the leaky modes being observed through our tech-
nique, so there is a blank area which is on the left side of the SiO; light line in
Figure [4.3(a). While in the theory, we can set the input angle to 900, so all the
leaky modes can be observed, as shown in Figure[d.3(b). All the other measure-
ments in this work follow this principle. The Ag thin film (Figure[4.3|(c) and (d))
similarly has bound L modes to the right of the SiO; light line. These modes
bends back at a much higher energy of 3.5 eV and a momentum of 48 yum ™" (not
shown in plot range). Both the upper (>3.8 eV) and lower (<3.6 eV) branches of
the leaky L_ mode are visible between the air and SiO, light lines. Compared
to Au, the bound modes in Ag can reach a much higher k range, as shown in
Figure[4.3(d) of the L | branch (red scattered points lie on the right of SiO, light
line), the maximum momentum that can be reached is 48 ym_l, these high k
bound modes can be excited through other techniques, such as grating cou-
pling [156]. Through the angular resolved measurement on Au and Ag films,
we have fully investigated the dispersion properties of these films, the leaky
modes have been observed successfully through our technique. Also the full
dispersion map provides good reference to know the phase match condition in
order to excite the high k bound modes. Hybrid metallic films are more flexible
to tune the SPP modes properties, and they will have more unique dispersion

properties.

4.2.2 Measured SPP dispersion curves for Ag-Au bi-metallic
films

Next, we explore the interesting case of thin bi-metallic films. For brevity, we
restricted our experimental study to bi-metallic films with a total thickness of
50 nm for comparison with the single film case. The measured dispersions of
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FIGURE 4.3: Dispersion for single Au and Ag 50 nm thin films.
The film structure is given schematically in the lower right-hand
corner. (a) Experimental dispersion of a 50 nm Au film, mapped
as energy (eV) vs ky (um~1). Plotted values range from low (blue)
to high (red) values of the ellipsometric quantity tan? ¢. The two
blue solid lines in each figures are the air light line (left side) and
SiO; light line in (right side) respectively. (b) Calculated values of
tan? 1 using the TMM for single Au film. Here, eigenmode disper-
sions are superimposed, the scattered black points indicate the L_
modes and red scatted points indicate the L. modes. (c)-(d) Same
analysis is repeated for a 50 nm silver film.
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two such films are plotted in Figure with the specific film geometries inset
in the lower right-hand corner. Two cases were chosen to illustrate the effect of
material deposition order on the dispersion. The first case illustrated in Figure
4.4(a) shows the measured dispersion for 30 nm film of Ag on a SiO, substrate
capped with a 20 nm film of Au. Figure [£.4(b) shows the dispersion relation
derived from TMM matrix results and eigenvalue method of the same case. The
results show features similar to both the Au and Ag single films. The L_ modes
don’t change much with an Ag under-layer added in the bi-metallic films, as
can be seen from Figure [4.3(b) and Figure [4.4(b), both follow the dispersion of
L_ modes in single Au film. The Ly modes, however, are distinctly different
from the single film cases, as the curve bends back at 20 yum~! for single Au
(the blue elliptical circle in Figure 4.3(b)), while in the bi-metallic case for 30
nm Au capped with 20 nm Ag, the L modes can reach high k bound modes
range just like single Ag. This interesting phenomenon demonstrates that it is
possible to use bi-metallic films to reach the high k bound modes range just by
carefully designing the combined sequence of the two films. The TMM matrix
results plotted in Figure f.4(b) show good agreement with the experimentally
measured dispersions. Similarly, Figure [4.4(c) shows the measured dispersion
of the second case, a 30 nm thick film of Au on a SiO; substrate, capped with 20
nm of Ag. Figure[#.4(d) shows its dispersion relation derived from TMM matrix
results and eigenvalue method. It follows the same pattern as the first case, with
the L, modes displaying a large modification from the case of a single film, it
bends back to the leaky modes area at the energy of 2.4 eV and the momentum
of 20 yum~! (the blue elliptical circle in Figure d)). It is the same feature
as single Au and would be of interest for further study in relation to negative
refraction [157].

The L_ modes in single film and bi-metallic films don’t show huge differ-
ences, as can be seen in the L branch of the dispersion curve in Figure £.3(b)
and [4.4(b) which are close to the air light line, this indicates that the L_ modes
exist mainly on the metal-air interface for the K-R configuration. While the L
modes change a lot in the bi-metallic films in comparison with a single film,
as is visible in the L branch of the dispersion curve of Figure [4.4(b) which is
close to the SiO; light line. The curve stretches out to show the properties of
single Ag, as shown in Figure d). Similarly, the L branch of the dispersion
curve of Figure[4.4(d) bends back to show the properties of single Au as shown
in Figure .3(b). It is interesting to indicate that the L, modes exist mainly
on the metal-SiO; interface for the K-R configuration. Our experimental and
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FIGURE 4.4: Dispersion for bi-metallic Au:Ag films with total
thickness of 50 nm. The film structure is given schematically in
the lower right-hand corner. (a) Experimental dispersion of bi-
metallic film with 30 nm Ag capped with 20 nm Au, mapped as
energy (eV) vs ky (um~!). Plotted value range from low (blue)
to high (red) values of the ellipsometric quantity tan? . The two
blue solid lines in each figure are air light line (left side) and SiO,
light line (right side) respectively. (b) Calculated values of tan?
using the TMM. Eigenmode dispersions are superimposed, the
scattered black points indicate the L modes and red scattered
points indicate the Ly modes. (c)-(d) Same analysis is repeated
for 30 nm Au capped with 20 nm Ag.
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FIGURE 4.5: The longitudinal component of the electric field (Ey)

is plotted for specific energies in the dispersion to allow classifica-

tion of the modes as symmetric and anti-symmetric modes based

on their symmetry, the corresponding energies are given in the top

right-hand corner. (a) Case of 30 nm Ag film on SiO; with 20 nm

Au capping layer. (b) Case of 30 nm Au film on SiO; with 20 nm
Ag capping layer.

calculated results have firstly clarified the distribution of the L and L_ SPP
modes in bi-metallic films through prism coupling. This clarification can also
be used on the single layer or multi-layers, and is a good reference for studying
the modes distribution in surface plasmon circuity [158].

The symmetry of the modes in Figure 4.5(a) and .5(b) can be defined by
examining the longitudinal component of the electric field calculated from the
eigenmode solution for each branch in the dispersion. Figure shows ex-
amples of the E, components of the electric field at specific energies for the
bi-metallic films. Figure .5(a) corresponds to the 30 nm film of Ag on SiO,
capped with 20 nm Au studied in Figure 4.4(a) and [4.4(b). At the energy of 4.2
eV and the momentum of 25 ym™~!, the corresponding position is the black star
on dispersion curve in Figure[.4(b), the electric field is oscillating with opposed
sign in the metal-dielectric interface, thus the SPP modes at 4.2 eV can be called
anti-symmetric modes where distributed in the leaky modes range as can be
seen in Figure 4.4(b). There are two branches in the dispersion curve at 2.5 eV,
one branch with the momentum of 13 um~!, the other one with the momentum
of 21 ym~1, the corresponding position is the orange arrow and the blue sphere
in Figure[4.4(b), respectively. We will find that both of their electric fields are os-
cillating with an identical sign in the metal-dielectric as shown in Figure [4.5(a),

so they are symmetric modes. Through plotting the longitudinal component
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of the electric field, it is clear that both symmetric and anti-symmetric can be
excited through prism coupling. Figure #.5(b) corresponds to the 30nm film of
Au on SiO, capped with 20nm Ag studied in Figure[#.4(c) and .4(d). The same
analysis on Figure [4.5(a) can be applied to this Figure [£.5(b). Our results have
clarified the symmetry of SPP modes excited through prism coupling.

4.2.3 Improved propagation length

For plasmonic waveguiding applications, it is desirable to increase the propa-

gation length L of the plasmon as much as possible and indeed to be able to

control precisely the propagation length. The propagation length of a mode is

inversely proportional to the imaginary component of the mode propagation
constant ky,,” through the equation [159]:

L= 1 4.3

20, )

The propagation lengths of SPP on single interfaces depend strongly on
metal absorption and frequency of light used. The single Ag-air interface sup-
ports SPP modes with the propagation length of 60 ym @633 nm compared to
~10 pym @633 nm for Au interfaces. Due to the reactivity of Ag, however, Au is
more commonly used in applications. Clearly, it would both beneficial and eco-
nomical to use Ag as the SPP material with a capping layer of Au for stability.
Bi-metallic films have been investigated in this regard to increase propagation
lengths in dielectric-loaded SPP waveguides [158]. The propagation length cal-
culated from the eigenmode theory for the specific cases examined in this work,
single 50 nm Au film, single 50 nm Ag film, bi-metallic 30 nm Ag capped with
20 nm Au, and bi-metallic 30 nm Au capped with 20 nm Ag are plotted in Fig-
ure They are separated in L_ (Figure 4.6(a)) and L, (Figure [4.6(b)) modes
for clarity.

From Figure {.6|it is clear that a single Ag interface still offers the longest
propagation length over most of the wavelength range, however bi-metallic
films offer distinct advantages over single Au films. The L modes show more
distinct features from the single films, as shown in Figure [4.6(a). For the bi-
metallic sample with Ag on top of Au as shown in Figure {£.6(a), its propaga-
tion length is larger than 60 ym @633 nm (single Ag propagation length). Also
we notice that the whole propagation length curve of this bi-metallic sample is
close to single Ag (the green line and black in Figure [4.6(a)), it proves that the
metal-air interface supports the L_ modes, it has a good agreement with the
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FIGURE 4.6: Propagation length of SPP modes in thin single and

bi-metallic films calculated using eigenmode method. (a) The L_

modes for the specific cases of single 50 nm Au film, single 50

nm Ag film, bi-metallic 30 nm Ag topped with 20 nm Au, and

bi-metallic 30 nm Au topped with 20 nm Ag. (b) The L, modes

for the same cases. The insets show the propagation length in the
range 200 nm to 600 nm.
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conclusions we get from Figure 4.3/ and We should point out that we got
infinite solutions between 500 nm to 1100 nm when using the “roots finder”
function in our eigenmode theory, that’s why we see a discontinued line in Fig-
ure [4.6(a) [160], this might occur since the dispersion curve of L_ mode in this
geometry is so close to the light line and presented a cut-off region with low en-
ergy. For the bi-metallic sample with Au on top of Ag, the propagation length
is 50 ym @633 nm, 5 times the length of a single Au film which is ~ 10 ym.
The whole propagation length curve of this bi-metallic sample is close to sin-
gle Au (the blue line and red line in Figure 4.6(a)), this is further evidence that
the metal-air interface supports the L_ modes. In general, the bi-metallic film
can improve the propagation length of L_ modes in comparison with the single
film, the ability to tune the propagation length allows optimization of the SPP
mode for specific frequencies and applications. In terms of the L modes which
are shown in Figure[4.6(b), the bi-metallic films do not show advantages on en-
hancing the propagation length, but we can confirm the position of L modes
from the propagation length. The propagation length of bi-metallic films is
close to that of the single film which is identical to the underneath layer of the
bi-metallic films (the black curve close to the blue curve and the green line close
to the red line in Figure {.6(b)), this proves that the metal-SiO, interface sup-
ports the L, modes, it also has good agreement with the conclusions drawn

from Figure[4.3/and

4.3 Biosensing application

Particularly the Kretschmann geometry of attenuated total reflectance method
has been found to be very suitable for biochemical sensing and has become
the most widely used geometry in SPP sensors. In this configuration, the light
is totally reflected at the interface between a prism coupler and a thin metal
layer (the thickness of about 50 nm). The SPP waves are excited at the interface
of the base of the prism and the external surface of the metal, the SPP wave
evanescently tunnelling through the thin metal layer to interact with the out-
side medium. The condition to excite the SPP waves, is very sensitive to the
variations in the optical properties of the dielectric adjacent to the metal layer
as well as the external medium (transducing medium). Therefore, variations
in the optical parameters of the transducing medium can be detected by mon-
itoring the interaction between the SPP wave and the external medium [161)}
162].
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Multiple detection approaches have been demonstrated in the SPP prism-
based sensors: measurement of the intensity of the SPP reflection near the
resonance [163]; measurement of the excitation angle while the wavelength of
the excitation is fixed (angular approach) [141]; measurement of the excitation
wavelength while the excitation angle is fixed (wavelength approach) [164];
measurement of the polarization and phase change associated with the SPP
resonance [165]. The approach based on the measurement of the SPP reflection
through a prism coupling as a function of the excitation angles is discussed in
this section. In this case, a minimum reflection is observed at the angular posi-
tion where SPP are excited. These propagating SPP are prone to changes in the
environment and as a result, the excitation angle will vary when there is any
parameters changes in the biochemical solution or binding events occur at the

metal surface [166].

4.3.1 Thickness optimization

Recent developments have greatly improved the sensitivity of optical sensors
based on localized surface plasmon (LSP) which are generally formed by metal
nanoparticle arrays and single nanoparticles [55]. The sensitivity of SPP sen-
sors is defined as the derivative of the monitored SPP parameters (e.g. resonant
angle or wavelength) with respect to the parameter to be measured (e.g. re-
fractive index, thickness of a thin layer, concentration of the liquid, molecule
bounding time, efc.). The sensitivity of SPP angular or wavelength resolved
sensors to changes in the refractive index has been found to be associated with
the decreasing or increasing of the operation wavelength [164]. In general, the
sensitivity of the biosensors are related to the feature of the plasmonic reso-
nance [147], such as the reflectivity and full-width at half-maximum (FWHM)
of the resonance signal. The first item determines the strength of the SPP ex-
citation which can also be described as an evanescent wave interacts with the
surrounding medium and the second item shows the sharpness of resonance
which determines the operating range and the resolution of the sensors when
detecting the small refractive index variation of the medium [167].

The SPP wave vector generated at the interface of metal and dielectric inter-
face is associated with the thickness of the metal being used. It can be under-
stood as the changing of the Fresnel’s reflection coefficient when the thickness
of the metal is varied [168]. Figure shows the SPP reflection as a function
of the thickness of Au and Ag films through a prism coupling, the low reflec-
tivity parts (blue parts) means the strong coupling between the photonic mode
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FIGURE 4.7: The SPP reflection as a function of the thickness of Au

and Ag films. The blue part indicates the low reflectivity, and in-

versely the red part shows the high reflectivity. The related thick-
ness of the Au and Ag is the optimal thickness for biosensing.
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and the plasmonic mode. The Au film is the external layer which is located on
top of the Ag film in the modelling, the wavelength of the input light is 532
nm and the corresponding excitation angle of the SPP mode for the Au film is
50°. It tells the optimal thickness for both Au and Ag to yield the low reflectiv-
ity in which the coupling of the SPP mode is strongest at that thickness. Since
the light will be completely transmitted in a very thin layer of Au or Ag (~ 5
nm) [169]. Furthermore, the SPP waves couldn’t strongly bound to the metal-
dielectric interface when the metal layer is thick (not comparable to the skin
depth) [170]. The thickness of the metal needs to be optimized for efficiently
exciting and propagating the SPP mode. There is a low reflectivity area when
the thickness of the Au and Ag is between 40 nm to 60 nm which indicates a
well SPP excitation [168]. We fix the thickness of the Au and Ag single film as
50 nm and the total thickness of the Ag-Au combined film the same thickness

to get an efficient plasmonic mode coupling [171].

4.3.2 Resolution and sensitivity improvement

The sensitivity of SPP angular resolved sensors to changes in the refractive in-
dex has been found to increase with decreasing operation wavelength [172].
Sensor resolution is the minimum change in the parameter to be determined
which can be resolved by a sensing device [144]. An optimal thickness of the
metal can improve the excitation efficiency of the plasmonic mode, and the fea-
ture of the plasmonic resonance determines how sensitive of them to the fluc-
tuation of the surrounding medium. For biosensing, the biological signals are
detected by measuring the changing of the refractive index of the surround-
ing medium of the sensors. SPP sensors based on wavelength and intensity
measurement may benefit from using Ag as an SPP active metal instead of Au
because of a narrow SPP resonance [173]. In general, a narrower FWHM of the
plasmonic resonance is more sensitive to the changing of the refractive index.
Both the wavelength and the plasmonic materials (Au and Ag are discussed in
this thesis) can influence the FWHM of the plasmonic resonance. Two wave-
lengths of 532 nm and 850 nm are chosen to show the related sensitivity. Au
has a wide FWHM in the plasmonic resonance at the excitation wavelength of
532 nm which can be seen in Figure 4.§(a), it shows the reflectivity of the Au as
a function of the input angles, the area of the low reflectivity region (blue part)
indicates the width of the plasmonic resonance. Ag has a smaller FWHM at
532 nm as shown in Figure [4.§(b) which has a better performance for biosens-
ing than Au. However, the sensing performance of Au and Ag at near-infrared
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FIGURE 4.8: Angle resolved SPP reflection changing as a function
of the refractive index of the surrounding medium. The lower
reflectivity area in all the panels indicates the SPP modes have
been excited with a certain input angle. (a) and (b) show the cases
for Au and Ag with the excitation wavelength of 532 nm. (c) and
(d) show the same case with the excitation wavelength of 850 nm.
The thickness of the Au and Ag films is 50 nm in all the panels.

wavelength range 850 nm is different. Figure £.8|c) and (d) show the reflectiv-
ity of Au and Ag as a function of the exciting angles, they have similar FWHM
at 850 nm because the permittivity values are close. This tells us that Au and
Ag have the similar sensitivity for sensing at 850 nm, Au is more stable than
Ag when takes the oxidization issue into account which indicates Au is a better
candidate for biosensing applications than Ag at the excitation wavelength of
850 nm.

The panels in Figure show one of the mechanisms of the Au and Ag
metallic plasmonic structures for biosensing applications (refractive index sens-
ing). Measurement of the excitation angle while the wavelength of the excita-

tion is fixed (angular approach). The SPP excitation angles which shift with the
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FIGURE 4.9: Evolution of the sensitivity for the refractive index

sensing. The SPP resonance curves shift as the refractive index of

the surrounding medium is varying from 1 to 1.3. (a) and (b) show

the cases for Au and Ag with the excitation wavelength of 532 nm.

(c) and (d) show the same case with the excitation wavelength of

850 nm. These results are calculated through TMM by varying the
refractive index of the air layer in the model.

changing of the refractive index gives the fingerprint information of the biolog-
ical signals to be detected. Figure[4.9(a) and (b) show the excitation angle shifts
when the refractive index of the surrounding medium is varying for 1 to 1.3 for
Au and Ag at the input wavelength of 532 nm, Au has wider SPP resonance
than Ag as respected. Figure £.9(c) and (d) show the same case when the input
wavelength is 850 nm, both Au and Ag have sharp SPP resonance which shows
the similar sensing performance.

Figure shows the sensitivities of Au and Ag films with thickness of 50
nm when excitation wavelengths are A = 532 nm and A = 850 nm respectively.
The Ag individual film has a highest sensitivity of 106.1 nm/RIU when the ex-
citation wavelength is 532 nm. Similar sensitivities of 77.15 nm/RIU and 79.94
nm/RIU are achieved for Au and Ag films when the excitation wavelength is



Chapter 4. Surface Plasmon Polariton Modes in Thin Ag-Au Layered

Composite Films 67
I ' I ' I ' I ' I ' I ' I
35 B A=532nmAu ° 7]
i ® A=532nmAg ]
~ 30 F A ) =850nm Au _
5 5 A=850nm Ag
%D 25k Sensitivity i
Z I 95.7 + 5.99 degree/RIU
9‘5 ——106.10 £ 8.45 degree/RIU
= 201 77154267 degreeRIU T
i) i 79.94 + 5.79 degree/RIU
go 15 -
N 3
(]
2 10} -
<
= L
o
5 st .
=2 I
0F A/ .
-5 1 . 1 . 1 . 1 . 1 . 1 . 1

1.00 1.05 1.10 1.15 1.20 1.25 1.30

Refractive index variation (RIU)

FIGURE 4.10: Sensitivities of the Au and Ag films with the thick-
ness of 50 nm when the excitation wavelengths are A = 532 nm
and A = 850 nm respectively.

850 nm. An excitation wavelength of 532 nm is preferred when using Au or Ag
for biosensing applications in order to achieve a higher sensitivity. A sharper
SPP resonance can be achieved when the excitation wavelength is 850 nm which

result in a higher resolution.

4.3.3 Sensing performance for Ag-Au bilayer structures

Au and Ag have pros and cons if considering the properties of sensitivity and
stability. In the previous sections of this chapter we discussed the tunable dis-
persion properties of the bi-metallic film, here we will discuss the optimal sens-
ing performance by combing these two films. Au has a wider SPP resonance
than Ag which will limit its sensitivity, the SPP resonance with a tunable width
can be obtained by combining these two films which can be seen in Figure .11}
The thicknesses of Au and Ag films vary from 0 nm to 50 nm. The Au film is lo-
cated on top of Ag in the modelling for improving the stability of the combined
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FIGURE 4.11: Angle resolved reflectivity changes for Ag-Au bilay-
ers when the thickness of these two metals have different ratios.
The thicknesses of Au and Ag films vary from 0 nm to 50 nm. The
Au film is located on top of Ag in the modelling for improving the
stability of the combined film. The excitation wavelength is 532
nm. The area of the low reflectivity part shows the width of the
SPP resonance. The FWHM of the SPP resonance is varying by
combining the Ag and Au film.



Chapter 4. Surface Plasmon Polariton Modes in Thin Ag-Au Layered
Composite Films 69

(@) () s

53 gj 1.35
= <

k= = 13
15 o

2 “>’ 1.25
+~ =

8 ;% 1.2
= a1
= =)

Q 5} 1.15
~ [

11

1.05

4

40 45 50 55 60 65 70 75 80 85 20 40
0
Angle (%) Angle (°)

FIGURE 4.12: Angle resolved reflectivity changing as a function
of the refractive index of the surrounding medium for Ag-Au bi-
metallic layers, the thickness of Au is 20 nm and the thickness
of Ag is 30 nm. (a) The cases for the bi-metallic layer with the
excitation wavelength of 532 nm. It shows the Ag-Au bi-metallic
structure can effectively decrease the FWHM of the SPP resonance
which makes it a better candidate for biosensing applications. (b)
The same case with the excitation wavelength of 850 nm.

film. The excitation wavelength is 532 nm. We calculate the angle-resolved re-
flectivity for Ag-Au bi-metallic layers when the thickness of these two metals
are combined with different ratios. Figure shows the FWHM of the SPP
resonance versus the thickness ratio of Ag and Au in the bi-metallic film, pure
Ag has the narrowest resonance spectra which can be seen on the top part of the
low reflectivity area (blue part) of Figure The width of the SPP resonance
increases gradually with the presence of Au in the Ag-Au bi-metallic films.

Figure[d.12]show an example of the bi-metallic sample with 30 nm Ag under-
neath a layer of 20 nm Au. The Ag-Au bi-metallic structure has a narrow SPP
resonance at the excitation wavelength of 532 nm (Figure a)) than Au itself
(Figure [4.8(a)) which indicates a better biosensing performance. The FWHM
width of the SPP resonance are almost identical to Figure [4.8|c), Figure 4.§(d)
and Figure £.12(b). There is not a large difference in the FWHM of the SPP
resonance of the bi-metallic structure compared with the single Ag or Au layer
at 850 nm, both Au and Ag are good candidates for bio-sensing applications
if only taking the sensitivity into account, it gives alternative options when
choosing plasmonic materials for biosensing applications at near-infrared in-
put wavelength range.

Figure shows a few examples of the changing of the FWHM values in
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FIGURE 4.13: Examples of the changing of the FWHM in the SPP

resonance for single Auand Ag layers and Ag-Au bi-metallic layer

with two distinct ratios. The wavelength of the excitation is 532
nm.

Au and Ag combined films. Two cases of bi-metallic films are shown here, one
with 10 nm Ag and 40 nm Au and the other one with 40 nm Ag and 10 nm
Au. The features of the SPP resonance is dominated by the metal with a larger
proportion. By using the Au as the cap layer and the Ag as the underneath
layer of the bi-metallic structure, this combination can take advantage of the
stability of Au and sharp SPP resonance of Ag. We have theoretically shown
the possibility of bi-metallic plasmonic structures for designing stable and high
sensitive biochemical sensors.

4.4 Chapter summary

In this chapter, we have experimentally and theoretically mapped the disper-
sion curves in a thin single Au or Ag metal film and bi-metallic films to study
the symmetric and anti-symmetric SPP modes distribution in each layer. Both
angle and energy dependent ellipsometric measurements were performed to
observe the full dispersion in these structures. The transfer matrix method was
used to reproduce the experimental results, and an eigenmode analysis was
performed to give insight into the mode symmetry and the complex propaga-

tion constant. Varying the ratio of Ag to Au in the thin film allows continuous
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tuning of the surface plasmon mode properties such as surface plasmon fre-
quency, field enhancement, and propagation length, between that of individual
Ag and Au films. We show that the mode propagation length of low energy
bound SPP modes (L_) can be significantly extended from the case of a single
Au interface by the inclusion of an under-layer of Ag. For bi-metallic films with
anti-symmetric metal thicknesses, the symmetric modes (L_) follow the disper-
sion of the upper metal and air interface, whereas the anti-symmetric modes
(L+) depend on the lower metal prism interface only. This allows a unique abil-
ity to tune independently the dispersion of the L, and L_ modes in an IMI
waveguide. The detailed experimental and theoretical results presented in this
study clarify the tuning of the surface plasmon resonance frequency through
the use of hybrid metallic layers. This can be implemented to design hybrid
metal plasmonic devices with sensing performance. One of the applications of
the Ag-Au hybrid metallic layered structure is biosensing. We discuss the su-
perior sensing performance of bi-metallic structures on stability and sensitivity
than single Au- and Ag-based structures. These make the Ag-Au bi-metallic

structures good candidates for biosensing applications.






Chapter 5

Low-loss Adiabatic
Dielectric-Plasmonic Hybrid
Waveguide for HAMR Applications

Magnetic discs have attained a large capacity now reaching 1.4 Tb/in?. How-
ever, future growth in capacity requires a new technology termed heat-assisted
magnetic recording (HAMR). This new technology requires a laser device ex-
cites a tiny Au structure. The Au structure in turn heats the magnetic material
allowing the bits to be written. This is termed HAMR and it will dominate the
large data centres being built throughout the world. It turns out that the Au
structure can be easily damaged by the laser, so making a high efficient struc-
ture is a key research challenge where a lower laser power would be required.
Coupling light effectively into the NFT is a key challenge in the design of a
HAMR system. In this chapter, we theoretically and experimentally investigate
the properties of coupling between a slab Si3sN4 waveguide and a long tapered
Au plasmonic waveguide through an evanescent coupling mechanism. The
most important insight is how to construct an adiabatic taper with a length on
the order of 10 ym (one order of magnitude longer than typical devices) that can
efficiently extract the incident light from the waveguide core to the NFT while

overcoming the ohmic losses incurred by increasing the optical path length.

5.1 Introduction

Nanofocusing — the process of concentrating light to dimensions below the con-
ventional diffraction limit — has been utilized in a wide variety of practical
applications [84] 86], and is currently driving the development of a data stor-
age process known as HAMR]7]]. Studies have shown that HAMR can achieve
areal memory densities as high as 1.4 Tb/in? [174], but it is still not yet ready
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for full-scale commercial implementation [175]. HAMR operates by directing
nanofocused light onto the surface of a ferromagnetic material to raise the local
temperature, which reduces the coercivity of the material. When placed in the
field of a writing magnet, the magnetization state of the illuminated area can
be altered without affecting its surroundings, creating a magnetic bit. Thus,
the memory density is dependent on the degree of spatial confinement in the
optical nanofocusing process. Although heating the magnetic material can be
done through other means, the optical method is the most common, particu-
larly with a NIR (near infrared) diode laser coupled to a dielectric waveguide
integrated with a plasmonic element known as a near-field transducer (NFT) at
an air-bearing surface. When designing a nanofocusing element for commer-
cial applications, the NFT’s ability to harvest incident light while maintaining
its structural integrity under strong optical intensities is of critical importance
[23, (176, 177]. While there has been a significant amount of research on opti-
mizing nanofocusing in terms of spatial confinement (for example, achieving
a spot-size diameter of 60 nm in a tapered transition line [84]) and field con-
centration (for example, a theoretical intensity enhancement of ~12000 in a
tapered stripe nanofocuser [92]), these papers are typically concerned neither
with damage imparted to the optical structures during use, nor with the need
for the nanofocusing element to efficiently absorb all the incident power. For
the first concern, concentrating such a large amount of radiation in such a small
space can cause the nanostructures to melt, or alter the material’s thermal, op-
tical, and electrical properties in a deleterious manner — the structural integrity
of the nanofocusing element needs to be maintained for repeated use [178].
For the second concern, any uncoupled incident light can illuminate and heat
the wrong part of the magnetic medium, potentially causing a bit to be lost or
miswritten. In certain instances, light reflected from the end of the waveguide
can destabilise the light source. This chapter will combine experimental, simu-
lated, and theoretical techniques to characterize a particular NFT composed of
an evanescently coupled plasmonic taper [176, [179-181]], designed to address
the issues that hinder HAMR development. In an effort to maximize the di-
electric waveguide to plasmonic waveguide coupling efficiency, the length of
the NFT is chosen to be one order of magnitude longer than what is typically
used in similar devices [92]. The NFT - typically a noble metal like gold or
silver — works by coupling the incident light to a surface plasmon polariton
(SPP) mode and directing the radiation to the tip. The NFT is situated on a slab

waveguide and illuminated by an external, far-field source that is coupled to a
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trench 4 mm away from the NFT. A dielectric spacer layer in between the NFT
and the waveguide core is used to match the momentum of the photonic and
plasmonic modes in the NFT. Adjusting the spacer layer thickness alters the
dispersion relation of the modes, and the spacer layer thickness at which the
effective refractive index curves overlap leads to the most efficient coupling,
causing the evanescent part of mode in the dielectric waveguide to couple to
the metal and produce a long-range hybrid mode that will propagate to the tip
of the NFT. A systematic study of the three main parameters of field intensity
enhancement, mode coupling efficiency, and coupling length are described in
this chapter. To be more specific, the coupling process is optimised to maximize
the electromagnetic intensity in the NFT while minimising intensity remaining
in the dielectric waveguide. Additionally, a long taper can simplify the fabri-
cation and characterization process. A short (several hundred nanometres in
length) taper will require the use of high-resolution electron-beam lithography,
while a longer taper can employ a UV (ultraviolet) lithography process. Addi-
tionally, far-field measurements cannot resolve the bright spots at the beginning
and ends of a short NFT, making it difficult to quantify the nanofocusing fac-
tor. This requires the use of a scanning near-field optical microscopy system
[182], which can be very difficult and time-consuming. When the NFT is on the
micrometre scale, a properly calibrated far-field measurement system can work
just as well.

5.2 Theoretical foundation

5.2.1 Dispersion relations of an air/Au/SiO,/SizN4/SiO, layer
stack

The evanescent coupling system of interest is shown in Figure A silicon
nitride (SizNy) film with a thickness of f, = 180 nm is used as a dielectric core
layer, which can support only one transverse magnetic (TM) and one trans-
verse electric (TE) mode at the free space wavelength of Ay = 850 nm [183]]. A
spacer layer of silicon dioxide (5iO;) is used to match the effective refractive
index of the photonic (characterized by negligible loss and is confined in the
dielectric layers) and the plasmonic (characterized by the higher loss but more
spatial confinement) modes. The NFT is formed by an isosceles triangular gold
(Au) plasmonic waveguide (50 nm thick) which is situated on the SiO; layer. A

diode laser with a wavelength of 850 nm is used to illuminate the NFT at the
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trench (see the left side of Figure [5.1). Evanescent coupling between the core
SizNy (refractive index = 2.02) waveguide and the NFT occurs in the presence
of another dielectric layer with a smaller index than the core, here chosen to be
SiO, (refractive index = 1.45). The evanescent coupling can be understood in
the context of momentum conservation, as the effective indices of the photonic
and plasmonic modes (corresponding to the momentum of the light) have to
match for the process to occur efficiently. The coupled mode is a hybridization
of the photonic mode and the plasmonic mode, which propagates towards the
tip of the taper to be concentrated there. Because plasmonic modes are always
excited by TM polarized wave, the light source will be TM polarized for the
entire chapter. Au is one of the most commonly used materials used for NFT
in HAMR applications because of its high thermal conductivity and because it
does not degrade as quickly as silver. All of the NFTs in this chapter are 50 nm
thick Au. The thickness of 50 nm was chosen to ensure that it was thin enough
that SPP modes at the top and bottom interface of the NFT could combine to
form symmetric and anti-symmetric modes (the detailed description of these
two distinct modes in the layer stack can be seen in Figure [5.5); additionally,
the tip of the tapered NFT is 50 nm wide, so choosing this thickness will result
in a square cross-section (50 x 50 nm? in size) at the tip. The complex permittiv-

ity of Au used in the calculations was obtained from Palik [95].
In a semi-infinitely thick dielectric-metal system, the well-known complex
wavevector for an SPP mode confined to the interface can be written as [98,[184]
27 €Em€Ed

e = K+ i) = = -

(5.1)

in which k) and k! are the real part and imaginary part of the wavevector, re-
spectively; A is the free space wavelength, €, is the complex permittivity of
the metal (e,(A) = €),(A) + i€}, (A)), and €, is the permittivity of the dielec-
tric layer. Our system (Figure has been modelled as a five-layer stack
with a semi-infinite superstrate and substrate, going from top to bottom as
air/Au/Si0O;/SizN4 /SiO; (the lower SiO; layer in the wafers used during the
experiments is 2 ym thick, which is enough to treat it as semi-infinitely thick).
The thickness of the middle layers will affect the dispersion relation curves; we
are particularly interested in manipulating the spacer layer thickness (fs) to op-
timize the evanescent coupling process. The five-layer SPP wavevector k, is
calculated by solving the eigenvalue equations [96] of the corresponding wave
functions of the layer stack shown in Figure which has been discussed in
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FIGURE 5.1: Schematic diagram of the proposed evanescent cou-
pling system. It consists of a core layer of Si3Ny on a 2 ym thick
SiO; on a Si substrate. A spacer layer of silicon dioxide (SiO,) is
used to match the effective refractive index of the photonic and
the plasmonic modes. The NFT is formed by an isosceles triangu-
lar gold (Au) plasmonic waveguide which is situated on the SiO,
layer. A diode laser with a wavelength of 850 nm is used to illu-
minate the NFT at the trench. The recording medium is formed
with ferromagnetic materials.
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Chapter 3. The dispersion relations can be quantified with two parameters that
are related to the spacer layer, its t;-dependent real and imaginary parts. The
first is the effective wavelength of the surface plasmon polariton mode Agp,
which is defined as

Aspp _- — (5.2)

where 7,4 is the complex refractive index of the plasmonic mode; the single
prime denotes the real part. The plasmonic wavelength quantifies the degree
of spatial confinement — a smaller value corresponds to a more confined mode
[185]. The other parameter is the SPP propagation length Lg,,, which is defined
as the length at which the intensity decays to 1/¢? of its original value and is
ﬁ, where « is the imaginary component of 7.
Both quantities can be found in the dispersion relation, which shows the rela-

given by the expression Ly, =

tionship between a mode’s energy and its momentum. The solid black curve in
Figure 5.2(a) is the dispersion curve of the higher energy anti-symmetric plas-
monic mode without a spacer layer (i.e., t; = 0). The solid grey curve and the
dashed grey curve are the light lines of air and SizNy, respectively. The other
curves show the tuneable property of the dispersion relations by inserting a
SiO, spacer layer between the Si3N4 and Au layers. As the thickness of spacer
layer is varied from 0 nm to 250 nm in steps of 50 nm, it is seen that the value
of k, is maximized at ~16 ym 1, corresponding to a A, value of A /2.55 at t; =
150 nm. This provides a value to start searching for the ideal thickness; it will
be shown below that the system is optimized when t; = 188 nm for a 180 nm
thick Si3Ny core at the operating wavelength of 850 nm (corresponding to the
dashed horizontal line in panels (a) and (b)).

Figure 5.2(b) shows the imaginary part of k;y which can be used to study
the propagation length. The value of k} is maximized at ~4 ym~! when t;
= 150 nm and A = 477 nm (the wavelength of an interband transition E| in
Au), which corresponds to the lowest SPP propagation length of ~125 nm.
Figure shows the propagation length as a function of wavelength for the
air/Au/SiO; /SizNys /SiO; layer stack and two semi-infinitely thick layers sys-
tems. There is a well-established trade-off between better mode confinement
(a smaller Aspp) and a longer propagation length (a larger Lsy,) [186]. Although
this would indicate that the light cannot propagate very far in the Au NFT layer,

INoble metals, such as Au and Ag have electronic interband transitions in the visible range,
specific light energy is absorbed and yield electrons to show distinct color.
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FIGURE 5.2: (a) Real part (k) and (b) imaginary part (k7) of the
dispersion curves of the anti-symmetric mode as the thickness of
the SiO, spacer layer (f;) is varied. The thickness will be chosen
to facilitate the evanescent coupling process and match the mo-
menta of the modes. The dashed horizontal line corresponds to
the wavelength used in the rest of the paper (850 nm, or 1.46 eV).

the evanescent coupling process used in this paper reduces loss by confining the
light to the dielectric layer.

The propagation length in the layer stack decreases when inserting a spacer
layer. The coupled mode is a hybridization of the dielectric mode and the plas-
monic mode, which is at its most lossy at the plasmonic resonance wavelength
A =477 nm. The vertical orange dashed line indicates the propagation length
at the excitation wavelength of 850 nm in this chapter for two different layer
systems. For the multi-layer structures which have been used in this chap-
ter, a longest propagation length of 200 ym is achieved when the spacer layer
is absent, a 188 nm SiO, spacer will decrease the propagation because of the
higher index than the air medium (Lspp = 130 ym at this wavelength). The two
semi-infinitely thick layer systems have a lower propagation length than the
multi-layers evanescent coupling system, a longest Lsy, = 60 pm is achieved at
the air/Au interface.

5.2.2 Momentum matching and evanescent coupling

We use the electromagnetic waves frequency domain mode analysis tool in
COMSOL Multiphysics 5.2a to calculate the complex effective refractive index
Mg ( N = néﬁ( + ix), where ”f/sz is the real part and « is the imaginary part of
the effective refractive index in our waveguide system. The complex effective
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FIGURE 5.3: The propagation length of the coupled mode L, as
a function of wavelength for the air/Au/SiO,/Si3Ny/SiO; layer
stack and two semi-infinite layers systems.

refractive index of Au (n4, = 0.21 + 5.097 at 850 nm) used in the simulations
is obtained from Palik [95]]. Figure a) shows the real part of .y for the fun-
damental photonic mode and the anti-symmetric plasmonic mode as functions
of thickness of the Si3Ny core layer (f.). The photonic mode is obtained when
the Au layer is absent (left inset schematic). The plasmonic mode is obtained
when the Au layer is present (right inset schematic). The plasmonic mode has
a higher refractive index than the photonic mode for all values of t.. The ver-
tical dashed-black line in Figure 5.4(a) shows that the real parts of the effective
refractive index of the plasmonic mode (n]’g = 2.21) and the photonic mode
(confined to the dielectric layers, n;, = 1.71) when the thickness of the Si3Ny
core is t. = 180 nm, which is the value used in the rest of the paper. The mis-
match between the indices of these two modes results in poor coupling and
thus more power is left in the waveguide layer that will not be nanofocused.
Figure 5.4(b) shows the effective refractive indices of fundamental (TM) and
higher order photonic modes — this is included to show that trying to couple to
higher order modes (which can be done at a smaller wavelength or in a system
with a thicker ¢, than ours) is less efficient because their indices are even farther
removed from the anti-symmetric plasmonic curve. In systems with a thicker

core layer, multiple TM photonic modes will be present, and they will couple
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FIGURE 5.4: (a) Real part of the effective refractive index of the
anti-symmetric plasmonic mode (with Au) and the fundamental
photonic mode (without Au) as a function of the thickness of the
SizNy core layer without the spacer layer — the insets show the
geometries of the two cases being studied. Panel (b) shows the ef-
fective refractive indices of the higher-order TM photonic modes
as a function of the thickness of the Si3sNy core layer. It is clear
from the figure that none of these will couple to the higher-index
plasmonic mode from panel (a). Panel (c) shows that momentum
matching occurs by adding a SiO; spacer layer between the Si3Ny
core layer and the Au layer. The dashed-dot lines show where the
momentum match occurs: when the spacer layer is 188 nm thick.
The inset figure shows the layer geometry of the case being stud-
ied. Panel (d) shows the imaginary part x (extinction coefficient)
of the anti-symmetric mode and the symmetric mode as functions
of the thickness of the SiO, spacer layer.
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to the plasmonic mode with different efficiencies. Figure [5.4(c) shows the vari-
ation of the effective refractive index of the plasmonic mode and the photonic
mode after adding a SiO, spacer layer. The plasmonic mode includes two dis-
tinct modes: the anti-symmetric mode and the symmetric mode, which exhibit
different refractive indices; the nomenclature used for identifying the symmet-
ric and the anti-symmetric modes depends on the spatial distribution of electric
field in the Au layer, see Figure[5.5/for more analysis. The anti-symmetric mode
has a lower real effective refractive index than the symmetric mode for all thick-
ness values [96]]. The dashed-dot red line shows that in order to couple the TM
mode in the 180 nm thick Si3Ny core to the anti-symmetric plasmonic mode, a

188 nm SiO, spacer layer is needed to shift the real part of the effective refrac-
) =
of the layer system with a SiO, spacer layer. Figure[5.4(d) shows the imaginary

tive index of the plasmonic mode to n 1.59. The inset shows the geometry
part x (extinction coefficient which indicates the amount of attenuation of the
electromagnetic wave propagates through the material) of the effective refrac-
tive index of the plasmonic mode when the thickness of the SiO; spacer layer is
varied. The anti-symmetric mode has higher loss (larger «) than the symmetric
mode in infinitely wide Au films. However our further study in this chapter
shows that the imaginary part cures of the anti-symmetric mode and the sym-
metric mode will cross over when the width of the Au structure decreases, it in-
dicates that the anti-symmetric mode has lower loss than the symmetric mode

in nanostructures which is more suitable for nanofocusing applications [187].

5.2.3 Analysing the symmetry of SPP modes in COMSOL

The electromagnetic wave (frequency domain) mode analysis study in COM-
SOL is used to compute the propagation constants or wave numbers as well as
propagating mode shapes at inlets, outlets, and cross sections of guiding struc-
tures for a given frequency. The thickness of the dielectric core determines the
number of the modes in the z direction. It is possible to use this tool to find the
eigenvalue solutions of the layer stack used in this chapter, the only require-
ment being that of an adequate initial guess to search for the correct solutions.
We are using the refractive index of the core layer (11 = 2.02) as the start-
ing value to search all the possible modes in the layer stack. Two models are
used to study the momentum matching condition and adiabatic nanofocusing
process respectively. In the case of studying the momentum matching condi-
tion, the model considers a two-dimensional cross-section of a plasmonic slab

waveguide which is infinitely wide in the y direction (direction parallel to the
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FIGURE 5.5: z-component of the electric field of (a) the anti-
symmetric mode and (b) the symmetric mode in the layer stack.
The symmetry of these two plasmonic modes is distinguished by
the spatial distribution of the z-component of the electric field (E;)
at the two interfaces of the metal. The layer stack in the simu-
lations is infinitely wide in the x direction and the field is not
total distributed in the metal-dielectric interface because of the
photonic mode is also solved. The amplitude of the electric filed
presents the symmetry of the hybrid photonic-plasmonic mode.

core of the slab). The light is propagating in the x direction (out of the page),
so the y-z cross-section at any point along the axis of the slab waveguide will
look the same. By looking at the modes that exist in an arbitrary cross-section
can give the information of the modes propagate in the whole slab waveguide.
When taking the shape of the NFT into account to study the nanofocusing pro-
cess, the width of the NFT varies from 1 ym to 50 nm along the direction of
tapering (x direction) and it cannot be considered as a simple infinitely wide
system. Technically, the modes profile and effective refractive index in each y-z
cross-section of the NFT (light propagate along x direction) are not identical.
We perform a parametric sweep study of a number of cross-sections of the NFT
with variable widths (w;) rather than study an arbitrary cross-section. The ef-
fective refractive index and modes profile in each cross-section with variable
w; are obtained which are used to study the nanofocusing process. To differ-
entiate between the different solutions provided by the mode analysis tool, it
is first noted that the photonic mode will have a negligibly small imaginary
index, while the plasmonic mode will have a non-negligible imaginary index.
Between the two plasmonic modes, they are distinguished as symmetric or anti-

symmetric depending on the amplitude of the z component of the electric field
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(perpendicular to the interface of each layer) across the metal layer. The ampli-
tude of the electric field is in phase across the Au film for the symmetric mode
and that is out of phase for the anti-symmetric mode, see Figure

5.2.4 Adiabatic nanofocusing

Currently, nanofocusing NFT’s for HAMR are relatively short, on the order of
100 nm [180]. This is to reduce the optical path length and hence reduce the
amount of energy lost as heat. However, using a short NFT means that the
light is coupled less efficiently from photonic to plasmonic mode. A very long
NFT could, in principle, extract all the light from the waveguide mode, but
that means the lossy metal will absorb all the energy and have no nanofocusing
effect. If the local conditions change slowly enough as the light propagates, it
will be as if the propagating light does not scatter at the edge of the plasmonic
NFT, reducing the amount of energy lost. This process, known as adiabatic
nanofocusing, was developed by Stockman [82] and Gramotnev [188]] and is
quantified by the parameter

A0 1|
Y VS
27raxneﬁ

where néﬁf is the real part of the effective index of the plasmonic mode to

(5.3)

be focused, and x is the direction of light propagation. The ¢ is the eikonal
parameter, which is also called Wentzel-Kramers Brillouin (WKB) or adiabatic
parameter [188]. It indicates the grading of a waveguide when the dimension
of it is changing. A small 6 value produces a stopping point of the propagating
wave in the nanoscale tip. For the applicability of the WKB approximation,
it necessary and sufficient that § < 1 for the adiabatic nanofocusing condition.
In a typical material (linear polarization, isotropic, and homogeneous), the only
factor that will alter the wave’s path is reaching the edge of the tapered material;
thus, the geometry of the material is the main determinant in this system of
whether or not adiabatic nanofocusing is achieved. The fact that the effective
index changes as the plasmonic mode moves down the tapered NFT is what
makes efficient nanofocusing possible, as will be discussed below. Figure[5.6{(a)
and (b) show the complex effective refractive indices of the anti-symmetric and
the symmetric modes when the width of the NFT is varied to show the potential
modes exist in our layer stack. To take the analysis on step further, the width of
the NFT layer will be confined to emulate the tapered NFT layer at any given
cross-section in the y-z plane (see Figure 5.I). Essentially, the data in Figure
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5.6c shows the evolution of the modal indices and field distributions along the
length of the NFT, since the width varies linearly. As before, the symmetric
plasmonic, anti-symmetric plasmonic, and fundamental photonic modes will
be analysed. Panels (a) shows the real part of the effective indices. For very
narrow widths (w; < 200 nm), the real effective index of the symmetric mode
increases asymptotically, which will decrease the phase velocity (v = ¢/ n;ﬁ)
and group velocity (v = c(%(wnéﬁ))’l) of the SPP mode. Consequently, the
SPP waves are slowed down and concentrated at the tip of the NFT; this is
known as the geometry-induced plasmonic nanofocusing process which is the
key mechanism to achieve light concentration in our NFT [82, 83]. The effective
refractive index of the photonic mode keeps almost constant when the width of
the tip varies.

Figure [5.6(b) shows the imaginary part « (attenuation coefficient) of the ef-
fective refractive index of the modes in the layer stack. Both the anti-symmetric
and symmetric modes are lossy plasmonic modes (positive x value in Figure
5.6(b)). In general, the symmetric mode is a long range plasmonic mode be-
cause of the smaller imaginary part of effective refractive index compared to

the anti-symmetric mode (which is a short range plasmonic mode) [99, 189],
1 1

W _ |2Kk0‘ '

ever, when the width of the NFT decreases, the symmetric mode is lossier than

since the propagation length Lg,, can be described as Lsy, = How-
the anti-symmetric mode. It can be seen that the imaginary part of the effec-
tive refractive index of symmetric mode increase dramatically when w; < 450
nm, which shows better nanofocusing property of the anti-symmetric mode in
nanostructures. Figure[5.6(c) shows a few examples from simulations of cross-
sections of the electric field for the anti-symmetric mode, the symmetric mode
and the photonic mode, it is 2-D simulations of the cross-section of the NFT.
The symmetry of the plasmonic mode in the NFT is identified through visual
examination of the spatial distribution of the z-component of the electric field.
For the anti-symmetric mode, the amplitude of electric field in the four corners
of the Au layer is out of phase along z direction and is in phase for the symmet-
ric mode. In this figure, the colour scale corresponds to the amplitude of the
electric field. The figure shows that both the anti-symmetric and the symmetric
modes can be confined when the width of the NFT is small, but becomes less so
as the NFT widens. The photonic mode is dominated in the dielectric core layer
and the spacer layer which show lossless property. For the rest of this chapter,
the width of the start and the tip of the NFT are 1 ym and 50 nm, respectively;
since the width varies linearly along the x-direction, the taper angle if purely a
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plotted to distinguish the two different type of modes. The real
part of n,s shows the confinement of these two modes and the
imaginary part indicates the loss. (c) Examples of mode cross-
section profile for the system as the width of the NFT changes.
The electric field magnitude is given by the colour bar.
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function of the total length, L. Looking at equation the derivative of n.y is
supposed to be taken along the direction of propagation, but the same data can
be extracted by differentiating with respect to the width of the NFT, since length
and width are linearly proportional. The J values vary from 0.0147 to 0.0012 (&
< 1) when the lengths of the NFT vary from 2 ym to 24 ym (samples used in the
experimental section), these devices can be said to be in the adiabatic regime.

5.3 COMSOL optical simulations

5.3.1 Evolution of the nanofocusing process

Figure5.7(a) shows the schematic diagram of the cross-section of the layer sys-
tem used in the monochromatic 3-D COMSOL simulations. The systems under
study will be characterized by three parameters: the field intensity enhance-
ment (i.e., the degree of nanofocusing), the coupling efficiency (amount of light
removed from the core layer) and the coupling length (the distance between
peaks in the field oscillations below the NFT). These three things can be clearly
seen in Figure b)—(k), which are models of the electric field intensity in dif-
ferent planes of the system using the optimized thickness parameters. Both the
tapered structure (Figure[5.7(b)-(f)) and the rectangular structure (Figure[5.7(g)-
(k)) were simulated. Whenever a taper and rectangle are discussed in tandem,
they will have the same length L and the width of the rectangle is the starting
width of the NFT (which will always be 1 ym). We include un-tapered (rect-
angular) structures in our analysis to help eliminate any variability caused by
changing the scale of the system (which can affect the size of the mesh in the
COMSOL simulations); this is also important when analysing the experimental
data because it helps account for differences in incident intensity and experi-
mental error (discussed more below). The simulations were performed with
the predefined “extremely fine” mesh setting, where the maximum mesh size
is 200 nm (roughly a quarter of the input wavelength). The first three rows of
the simulated results are maps of the electric field intensity at different cross-
sections, Figure 5.7(b)-(e), with the light propagating in the x direction. The
top row is in the y-z plane; the left panel (Figure [5.7(b)) is at the start and the
right panel (Figure[5.7(c)) is at the tip of the NFT. The left panel is dominated by
the photonic TM mode used to excite the system, and the right panel is domi-
nated by the focused plasmonic mode. The side view in the x-z plane (Figure
5.7(d)) shows the mode beating in each layer and coupling efficiency (indicated
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by the light removed from the core layer). The third row (x-y plane, Figure
5.7(e)) shows the nanofocusing process, with the intensity becoming very large
at the tip of the NFT, but not at the end of the rectangle (Figure [5.7(j)), as ex-
pected. In both cases, mode beating is observed, with the tapered case having a
shorter coupling length. Also notable is the fact that more light is concentrated
in spacer layer when the structure is tapered, which indicates a better coupling
efficiency. The bottom row contains SEM images that shows the corresponding
fabricated NFT ((Figure[5.7(f))) and rectangle (Figure [5.7(k)) samples (same di-
mension as in the simulations). More detailed simulated results of the electric
tield distribution in each layer for the tapered and the rectangular samples are
shown in Figure

In Figure [5.7(1), the intensity distribution in the spacer layer of the tapered
NFT (red curve) and the rectangular waveguide (black curve) as a function of
position for an Au layer that extends from x =1 to 7 yum (L = 6 ym) is plot-
ted. Each curve is normalized against its own highest value. The intensity is
collected along the centre of the SiO, spacer layer which is indicated by the
dashed white line in Figure 5.7(a). Both curves in panel (1) exhibit beat-like be-
haviour, there are two oscillations in Figure[5.7(1), the high frequency oscillation
is due to reflection from the tip of the NFT, and the lower frequency envelope
oscillation curve is due to the beating of the photonic mode and the plasmonic
mode. It can be seen that the normalized intensity near the end of the taper (for
5 ym < x <7 ym) is higher than in the same range of the rectangle which proves
that the Au NFT can extract power from the SizNy core more efficiently than
the Au rectangular strip because of the strong mode beating in the tip.

Figure 5.8/shows more detailed data from Figure This shows the cross-
sections are at different locations along the x axis. The light is more confined
as it moves to the tip. In the panels below (a), light is propagating to the right
(along the +x axis). Figure b) shows a high intensity concentration 20 nm
above the Au taper layer (in the air medium). The bright spot at the tip of the
taper comes from the light concentration along the lateral side and the bottom
side of the taper. The mode beating on the lateral side can be observed along
the two edges of the triangle in Figure [5.8(b). Mode beating in the SiO, layer is
shown in Figure [5.§(c) which shows the energy transfer between the dielectric
Si3Ny core and the plasmonic Au NFT. In this form, the light is understood to be
a hybrid photonic-plasmonic mode, as the light oscillates between the waveg-
uide core and the NFT. Figure 5.8(d) shows the light remaining in the SizNy
core layer after the evanescent coupling. By properly designing the length of
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FIGURE 5.7: (a) Schematic diagram of the layer system that ap-
plies to all of the simulations shown in this section. The distance
between the edge of the Au NFT and the edge of the simulation
region is Ag/ 2 = 425 nm on both sides. Optical 3-D simulations of
the electric field distribution in the NFT with a tapered Au plas-
monic waveguide (b)-(f) and a rectangular Au strip waveguide
(g)-(k): (b), electric field at the start of the Au taper; (c), electric
field at the tip of the Au taper; (d) the side view of the Au taper
in the x-z plane shows mode beating; (e), top view of the Au ta-
per shows the nanofocusing process. The same description can
be applied to panels (g) — (j) which are simulated results for an
Au rectangular strip acting as a reference sample, the difference
being that the nanofocusing effect doesn’t appear at the end of
the rectangle. Light propagates in the x direction in all figures;
the scale bar is 1 ym and applies to all panels. (I) The normal-
ized intensity distribution in the spacer layer of the tapered and
rectangular waveguides along the light propagation direction (the
dashed-white line in panel (a)).
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FIGURE 5.8: (a) — (d) the evolution of the plasmonic mode as it
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the nano-focusing process in the NFI. The same analysis also

been demonstrated for the rectangular Au strip waveguide which
shown in the panel (e) — (h).
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the NFT, the power remaining in the dielectric core can be minimized (for ex-
ample, a 6 ym long taper can extract 90.8% of light from the dielectric core to the
Au NFT). Figures[5.§8[e), (f), (g), and (h) are the same analysis for the rectangular
strip, which is used as a calibration reference. Mode beating is also observed in
the spacer layer and the lateral side of the rectangular Au strip. The intensity
of the evanescent wave decays along the rectangular Au strip because of the
ohmic loss. The rectangular shape of the Au strip keeps the effective refractive
index of the plasmonic mode constant, meaning nanofocusing cannot occur in

this structure.

5.3.2 Field enhancement and coupling efficiency

We theoretically analyse the field enhancement factor of the NFT as shown in
Figure a). The mode beating-induced field intensity enhancement factor
IIner (0 < IInpr < 00) in the NFT is calculated by using the absolute square of
the electric field in the output port (E,,; nrr) divided by the input port (E;,; Nrr)
of the NFT (the location used to account for the input port and output port of
the NFT in the calculation is marked as the blue dots in the right-hand side and
left-hand side of Figure[5.7(a), respectively, which are between the NFT and the

spacer layer interface), and is given by the formula

Lner = Eourrl” (5.4)
| EinNFr|?

Since the mode beating dominates in the z direction of Figure 5.7(a) due to
the discontinuity of the effective index between different layers, we only cal-
culated the point intensity in a 2-D cross-section along the x direction instead
of doing surface integration in the y-z plane (intensity in the entire boundary).
This can avoid the scattering from the simulation boundary which is parallel
to the plane where mode beating occurs. Thus, the intensity of the output and
input of the NFT is the intensity at a point in the interface of the NFT and the
spacer layer (plasmonic mode is confined in the Au and spacer layer interface),
respectively. Figure [5.9(a) shows the field intensity enhancement factor in the
Au NFT as the length L varies from 100 nm to 25 ym in steps of 100 nm. The
curves exhibit exponential decay as the length increases (due to ohmic losses in
the metal), as well as oscillations induced by mode beating between the pho-

tonic and plasmonic modes.
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FIGURE 5.9: (a) The field intensity enhancement factor in the NFT
at different values for the spacer layer thickness ( t;). The ratio
shown is the output port of the Au layer against the input port
(two blue dots in Figure a)). The curves exhibit the expected
exponential decay as well as oscillations corresponding to the cou-
pling length (labelled L in (a)). (b) Ratio of electric field intensi-
ties in the core Si3Ny layer (intensity at the cross-section of the
end against the start, dashed-black line cross the vertical direction
of core layer in Figure 5.7(a)) for two different Au structures (a
tapered NFT and an un-tapered rectangle). Because SizNy is mod-
elled as a lossless material (i.e., the refractive index is purely real),
any change in optical intensity must be due to coupling from the
starting photonic mode into the plasmonic mode, which is con-
centrated at the tip. The data shows that the tapered case extracts
the light more efficiently.
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The distance between the peaks of the oscillations curves seen in Figure
5.9(a) is known as the coupling length L [190], which is defined as

A 1
Le= 3oy

(5.5)

where 71, and 1y are the effective indices of the particular plasmonic and pho-
tonic modes that have been coupled, respectively. In our evanescent coupling
system, the coupled n, = 1.71 and nj; = 1.59 , corresponding to a theoretical
coupling length of L. = 3.54 ym, while the simulated coupling length (shown in
Figure[5.9(a)) is L. = 3.63 pm.

When the spacer layer is at its optimized thickness (where t; = 188 nm), the
value of IInpr is highest, which is needed in the Au NFT to achieve efficient
nanofocusing at the tip (should be noted is that the field distributes at the inter-
face of the NFT and the spacer layer rather than the Au NFT layer itself). The
curves at other thicknesses (t; = 0 nm and 100 nm) demonstrate the importance
of correctly designing the spacer layer in the previous steps. When the taper
is short, very high enhancement factors can be achieved (Ilyrr is found to be
~40 when L = 2 ym). Selecting a length value where the curve is at a maximum
allows the use a very long taper (L > 5 ym) for increased coupling efficiency
while still maintaining the nanofocusing effect. For example, a field enhance-
ment factor of 10 can still be achieved when the length of the taper is 15 ym
(the propagation length of the plasmonic mode in a semi-infinite Au-SiO, and
Au-air interface at Ag = 850 nm is Lspp = 18 ym and Lspy = 60 pm, respectively.
However, the propagation length of the hybrid photonic-plasmonic mode in
the five-layer stack at the same wavelength is 130 ym (see Figure |5.3| for more
of the SPP propagation length in different layer structures [191]). This shows
the usefulness of the evanescent coupling method — the propagation length of
the plasmonic mode is not constrained by the lossy Au itself, as the beating be-
tween photonic and plasmonic modes can effectively extend the propagation
length of a purely plasmonic mode. The mode coupling efficiency (I'cre) is de-
termined by measuring how much light is taken out of the lossless dielectric
layers, because it is assumed that any light lost in the core layer is being cou-
pled to the plasmonic mode, not dissipating through absorption. The coupling
efficiency between the photonic mode to the plasmonic mode I'core (0 < Teore <
1) is calculated by using the integrated absolute square of the electric field in
the cross-section of the input port (Figure5.7(b)) divide the output port (Figure
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5.7(c)) of the entire core layer, it is using the formula

. f|E0ut.core|2a]/aZ
Leore = 5
f |Ein.core| ayaz

Eout.core and Ejy, cop are the fields at the output port and the input port of the

(5.6)

SizNy core, respectively. All the power in the core layer needs to be calculated to
qualify the coupling efficiency between the photonic mode and the plasmonic
mode. The intensity in the output and the input of the core layer is a surface
integration intensity in the y-z plane. The oscillation of curves in Figure [5.9(b)
shows mode coupling between the photonic mode and the plasmonic mode.
In the simulation, light is incident from the entire height of the left-hand side
(i.e., all layers are illuminated together). Figure [5.9(b) shows the results of a
parametric sweep of the length of the tapered NFT and the rectangular (un-
tapered) layer. Each point in Figure [5.9(b) indicates the length of the sample
studied rather than the physical distance along the waveguide. The coupling
efficiency in Figure 5.9(b) can be described as shown in equation It can
be observed that the power decays exponentially in the SizgNy core layer of the
waveguide with both structures; when L = 6 um, the horizontal dashed lines
show that 80.6% of the intensity is absorbed for the Au rectangular strip and
90.8% for the Au NFT, meaning that a significant amount of the original light
can be removed from the waveguide even for a relatively moderate NFT length.
Noting that we want to maximize this value (which corresponds to bringing
light into the NFT layer and removing light from the end of the waveguide), it
is clear that the tapered structure performs better at moderate lengths, which
is somewhat unexpected because the rectangular structure might have a better
coupling efficiency due to its lateral surface having twice the area. This can
be understood in the context of mode beating: 1,5 changes along the length
of the taper (which can be seen in Figure [5.6(a)), but does not change in the
rectangular case. In the limit of a very long taper, both curves trend towards 0.
The intensity needs to be minimized at the ends of the lower dielectric layers
(510, and Si3N4) when used in a HAMR system to prevent interference with
the magnetic medium or the light source. As before, optimizing the spacer
layer thickness gives higher intensity enhancement in the NFT, but the goal is
to reduce the intensity in the core layer to a minimum. Table 1 lists the intensity
enhancement factor in the NFT and percentage of the intensity distribution in
three different simulation domains as the thickness of the spacer layer is varied
(the light distribution is calculated in 3-D simulations which can cover the light
in the whole simulation domains): the intensity in the NFT tip is calculated by
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TABLE 5.1: Intensity enhancement in the NFT (IIxrr) and percent-
age of the intensity distribution in different simulation domains
for a 6 ym long NFT when the thickness of the spacer layer is var-
ied. In each case, the excess intensity is in the air or substrate layer.

ts(nm) IlInpr NFT Spacer layer Core layer

0 0.8 1.04% 0% 12.70%
100 7 17.80% 10.60% 19.20%
188 16 57.80% 23.70% 2.90%

integrating the intensity in a 500 x 500 x 90 nm? cube that is 20 nm above and
below the upper (air/Au) and the lower (S5iO;,/Au) interface of the NFT in the
z direction and it determines the intensity of the SPP modes in the lower and
the upper interface of the NFT (details concerning the volume integration in the
3-D simultions can be seen in Figure[5.10).

At the optimal thickness of the spacer layer (t; = 188 nm), 57.8% of the light
distributes in the upper and the lower interface of the tip of the NFT and the
corresponding IInrr = 16 which is the highest value, a lower value of 17.8% is
achieved when t; = 100 nm, which results in a lower IInrr = 7. The percent-
age of intensity in the spacer layer counts the strength of light been transferred
from the core layer to the NFT, 23.7% and 10.6% are obtained when t; = 188
nm and ¢; = 100 nm, respectively; It shows that the spacer layer with an optimal
thickness can effectively increase the coupling efficiency between the plasmonic
mode and the photonic mode. Any light in the core layer will cause potential
miswriting on the recording media, it needs to be minimized (only 2.90% re-
maining in the core layer when t; = 188 nm). By properly designing the length
of the NFT, a local minimum intensity in the dielectric layer (spacer layer and

core layer) and a maximum in the NFT tip can be achieved.

5.4 Experimental demonstration

5.4.1 Measured samples

Figure a) shows SEM images of one of the taper (above) rectangle (below)
pairs that were fabricated. The width of a single NFT tapers linearly inward
with respect to the position along the centre x axis, starting at ws = 1 ym and

going to w; = 50 nm at the tip. The structures were identified by their length
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FIGURE 5.10: (a) Schematic diagram of the volume integration
used in the simulations. (a) The total integration volume size
along x, y and z direction is 500 x 500 x 2100 nm® which covers
all the simulation domain at the output port of the NFT. In partic-
ular, the integration volume for calculating the intensity at the tip
of the NFT is 500 x 500 x 90 nm? in size which can be seen in the
panel (al), it is 20 nm above and below the upper (air/Au) and the
lower (SiO,/Au) interface of the NFT (thickness of Au is 50 nm)
in the z direction which determines the intensity of the SPP modes
in the lower and the upper interface of the NFT. The actual width
of the tip is 50 nm, however the far-field measurement collects the
scattered light which has an area larger than 50 x 50 nm?, the 500
x 500 x 2100 nm? integration size in the x and y directions allows
the scattered light from the lateral side of the NFT to be taken into
account. The highlighted blue cubes in panel (a2) and (a3) are the
actual integration volumes for the spacer layer and core layer re-
spectively. (b) Top view of the integration volume. It is a 500 X
500 nm? in size in the x-y direction.
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FIGURE 5.11: (a) SEM images of the tapered Au sample and the

rectangular Au sample (the structures fabricated for characteriza-

tion are much farther apart than what is shown here). (b) Image

showing the tip of the tapered NFT, which is 50 nm wide in all
structures.

(L), which went from 2 ym to 24 ym in steps of 2 ym. Six groups of struc-
tures, with 12 tapers and their corresponding rectangular strips in each, were
prepared to repeat the measurements. Figure 5.11[b) is a zoomed-in image of
the region marked by the white box in Figure[5.11[a) to show that ~50 nm tips
were fabricated.

The wafer layer structure used in this work is shown in Figure The core
is a layer of Si3Ny on a 2 ym thick SiO, layer on a silicon substrate. The thick-
ness of the SizNy is 180 nm which only supports the fundamental TM and TE
modes at the input light wavelength of Ag =850 nm. A 188 nm thick SiO, spacer
layer was deposited directly on the Si3Ny layer through a magnetron sputtering
system. The flat edge opening for coupling of the incident light was fabricated
by patterning a rectangular trench through a UV lithography system. The Au
taper was patterned by electron beam lithography (EBL). Since the dimensions
of the NFT varied from 24 ym (the largest L value) to 50 nm (the nominal width
of the tip and the layer thickness) the EBL process had to be carefully optimized
[192]. The detailed fabrication procedures were provided in Chapter 3.
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FIGURE 5.12: Experimental results and SEM images for (a) a 6
pm long rectangular reference and (b) a tapered structure with the
same length. The scale bar is 2 ym and applies to both panels. The
exposure time was the same in both measurements. Bright spots
appear at the start (left) and end (right) of these structures. The
colour bar, which is normalized to the maximum in both images
(the centres of the dots in (b)), indicates the strength of the scat-
tered light from the structure. This figure shows that the strength
of the intensity in the tip of the taper is at least of 2 times higher
than that in the rectangle, and that there is a nanofocusing effect
occurring in the tapered NFT.

5.4.2 Optical far-field measurements and results

Each taper is characterized in a single CCD image and the exposure time is
adjusted manually for each image to avoid over-exposure. The CCD images
were captured with a 40 x objective lens (NA = 0.6) with a long working dis-
tance. The power in the start and tip of the taper are obtained by integrating
the intensity in a 3030 pixel square in the CCD images, which is shown in
the dashed-white square in Figure 5.13(a). The input and output power of the
structures are obtained by integrating the scattered intensity of the CCD im-
ages. Because changing the exposure time from sample to sample introduces a
new variable, this will be factored out by using the same integration time for
each taper-rectangle pair and normalizing the data against the rectangular case.
The samples were characterized by coupling the TM-like wave to the NFT from
the opening trench. An example of one group of taper and rectangular samples
is shown in Figure It shows that the strength of the intensity in the tip of
the taper is at least of 2 times higher than that in the rectangle, and that there is
a nanofocusing effect occurring in the tapered NFT.

Figure [5.13(a) shows the measured results of 3 tapers with the length of 6
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FIGURE 5.13: Left side of panel: SEM images; right side of panel:
corresponding far-field CCD measurements. (a) Measured results
of the L = 6 ym sample with a variable spacer layer thickness (t;
= 0 nm, 100 nm, and 188 nm from top to bottom). (b) Measured
results of the samples with an optimal spacer layer (188 nm), at
different lengths. The light is incident from the left side. The scale
bar is 2 ym for all four images. Note that the structures were much
farther apart than this (30 ym) on the actual sample. (c) Intensity
enhancement factor for the Au layer for the tapered (Ilxrr, inten-
sity at start against intensity at end) and rectangular (IT;.) cases.
The data is both experimental (red circles, with error bars) and
simulated (black squares). Each curve was normalized against its
highest value (which happened to be at L = 6 ym for both) to show
the strong correlation between the data sets. The excellent agree-
ment between the different methods confirms the validity of our
analysis.
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pum, the thickness of the spacer layers are t; = 0 nm, 100 nm and 188 nm, respec-
tively. The discontinuity of the effective refractive index between the photonic
core and Au NFT will result in scattering when the evanescent field couples to
the Au taper and excites the plasmonic mode, which will result in bright spots
at the start (left end) of the structures [185]. The light is barely able to couple
into the Au taper if there is no spacer layer (t; = 0) and no enhancement appears
in the tip because of the loss in metal, which shows a good agreement with the
discussion from Figure [5.9(a) (the NFT with 188 nm spacer layer has the high-
est intensity enhancement factor — the experimental data for this thickness is in
Figure 5.13(b)). The intensity enhancement factor in the tip of the taper with a
188 nm spacer layer is ~7 times higher than with a 100 nm spacer layer.

Far-field measurements were used to characterize the field enhancement
factor of the Au taper. We can visually see the mode beat behaviour from Fig-
ure 5.13(b). The intensity in the tip of the NFTs is varying with different L.
Figure [5.13(c) shows the data after normalization by using the field enhance-
ment factor in each Au taper divided by the corresponded rectangular Au strip
reference sample, then normalized against the maximum value of each curve.
The two sets of data are remarkably similar; both of them exhibit the highest
enhancement factor when the length of the taper is L = 6 yum. However, there
are two distinct bright spots when L =4 ym and 8 ym. We show note that the
optimal length after the normalization which has been taken into account the
effect of the rectangular Au strip. The data after the normalization won’t show
the mode beating behaviour and it is only used to validate of our far-field ap-
proach. The Ti adhesion layer can cause some error (it was not included as a
layer in the simulations), but the effect is generally small in structures with tens
of micrometres in length [193]. Note also that the two curves are different in
the sense that the experimental results can only collect light scattered at the tip
over a specific solid angle, while the simulations can collect all of the scattered
light.

We can visually see the mode beat behaviour from Figure [5.13(b). Apart
from the 10 micron case, all the tapers show a strong enhancement and this
should be compared with the modelling results in Figure[5.9(a). A taper length
of 10 microns in both the modelling and the experimental results shows a small
enhancement due to the mode beating effect. The experimental data after nor-
malizing with the input of the taper is overlapped with the simulated data
which can be seen in Figure 5.13(b). The optical field enhancement happens
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when L is an integral multiple of the coupling length. L = 8 ym has a higher op-
tical field enhancement than L =6 ym, but L = 8 ym is not an optimal length for
the thermal performance. Looking at Figure5.9|(a), we can see that L = 10 ym is
a local minimum and in Figure 5.13(b), we see this clearly in the experimental
results. The experimental data show better agreement with the theory when the
tapers are long. The Ti adhesion layer can cause some error (it was not included
as a layer in the simulations), but the effect is generally small in structures with
tens of micrometres in length [193]. Note also that the measurement and theory
are different in the sense that the experimental results can only collect light scat-
tered at the tip over a specific solid angle, while the simulations can collect all
of the scattered light. Nevertheless, the data shows reasonable agreement and
validates our approach. Although the 6 micron taper does not have the largest
enhancement, we have chosen this particular length for ease of measurement
in the results in Figure [5.13(b) and also as a length that will effectively reduce
the power remaining in the core at its end.

5.5 Chapter summary

In conclusion, we theoretically and experimentally demonstrated a NFT which
can achieve nanofocusing of light. An optimal thickness of 188 nm SiO, spacer
layer can effectively transfer over 90.8% of the light in a 180 nm thick SizNy4 core
waveguide to a tapered Au NFT. An evanescent coupling system with hybrid
waveguides was applied, the mode beating between the plasmonic mode and
the photonic mode contributed to an enhancement factor of 16 x on the Au ta-
pered NFT over 6 ym in length, which is a huge advantage over tapers that are
only several hundred nanometres in length, partially due to the easier fabrica-
tion process, and better heat dissipation. The results are shown here allow a
path to use a longer NFT to collect the light more efficiently while not losing
too much energy to ohmic heating when the optical path length is increased,
which can be helpful in the fabrication of commercial HAMR devices. The field
enhancement factor found experimentally after normalization with a rectangu-
lar Au strip reference sample has a good agreement with the 3-D simulations
in COMSOL which proved the validity of the far-field measurements. The sys-
tematic study of the optimal designed evanescent coupling system provides
helpful insights about the operation mechanism and performances as well as

the strategies for the design of an efficient NFT in a HAMR system.






Chapter 6

Approaches to Improving the
Plasmonic Performance of Au Thin
Film

Gold (Au) is by far the most commonly used metal for plasmonic applications,
due to its chemical stability and biological compatibility. The physical prop-
erties of Au however, are far from ideal. Au is a soft metal with a tendency to
diffuse and dewett at relatively low temperature, and is poorly adhered to most
oxide interfaces. The thermal stability of Au currently limits its use in photonic
devices that operate at elevated temperature or with high optical powers. Au
has relatively high optical absorption due to interband transitions in the visi-
ble wavelength range. Ag and Cu are other commonly used plasmonic metals
in the UV-visible and near-infrared (NIR) ranges respectively. Ag has lower
imaginary part of the permittivity at visible wavelength range than Au which
is responsible for lower SPP losses, however it suffers more from diffusion and
tarnishes easily in air. Cu is a promising material for plasmonic applications in
the NIR and C-Band, however it has a strong absorption in the visible wave-
length range due to interband absorption. Deposition techniques on common
substrates such as 5iO; and Al,O3 use an adhesion layer. However, the plas-
mon damping is exacerbated by the ultrathin adhesion layer that uses metals
such as titanium (Ti) and chromium (Cr) due to interface damping.

In HAMR, an Au NFT is designed to focus the light to a spot size smaller
than the diffraction limit, and a high electromagnetic field of the focused spot
will transfer to the magnetic storage medium and get absorbed, which will raise
the temperature of the medium locally for data recording [194]. The NFT’s
temperature significantly increases as the recording process occurs. The perfor-
mance of NFTs is greatly influenced by the heat and mechanical stress during
HAMR operation. Au has a relatively low mechanical strength and the Au
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NFTs may experience dewetting at elevated temperatures resulting in a defor-
mation in shape of the NFT. This can impact the coupling efficiency and re-
duce the amount of light energy transferred to the storage medium. It has been
widely acknowledged that high temperature is the root cause of the HAMR
head premature failure and low-reliability [194]. It would be desirable to have
a NFT device that would be more durable for repeated HAMR operations.

In this work, we investigate three techniques aimed at improving the plas-
monic performance and thermal stability of thin Au plasmonic film for the de-
sign of NFTs. The first is to investigate layered thin films composed of Au, Ag
and Cu. We show that this allows us to tune the optical properties of the thin
tilm, while maintaining thermal stability. The second approach investigates the
use of a thin adhesion layer, and studies their effect on the plasmonic perfor-
mance. Finally, we investigate the effect of a thin capping layer of aluminum

oxide on the films to further reduce surface diffusion and stabilize the Au films.

6.1 Introduction

Different classes of materials have been explored for plasmonic and metama-
terial applications, including noble metals [195], aluminium [196], silicon car-
bide [197], doped semiconductors [198], and 2D materials such as graphene
[199-201]]. If there is an option to arbitrarily modulate the dielectric function
of metallic structures, this would enable unprecedented control of the behavior
of SPP in plasmonic structures. This, in turn, would allow for the develop-
ment of a new class of metallic materials with a tunable optical response for the
optoelectronic devices with unique properties, such as a small imaginary part
of the dielectric function is needed for designing [198] low-loss plasmonic de-
vices. Conversely, in the design of photovoltaic cell or hot carriers, metal with
a high light absorbing efficiency is required [202]. The SPP properties of noble
metals Ag and Au have been extensively explored throughout the visible and
near-infrared wavelength range. There are still considerable limitations for the
design of plasmonic waveguides by using noble metals which is related to their
fixed optical constants. Moreover in real-world practical applications of plas-
monic devices require them to be compatible with industry standard fabrica-
tion processes, such as the complementary metal-oxide-semiconductor (CMOS)
technology, which allows low-cost fabrication process of high yield plasmonic
structures. Moreover, their integration with electronic logic and on-chip pho-

tonics devices are essential to meet real-life applications. Aluminum(Al) is
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CMOS compatible and is widely used in microelectronics [[196]. It was believed
to be too lossy for practical applications for decades, however it was recently
demonstrated that, unlike Ag and Au, aluminum has material properties that
enable strong plasmon resonances in the ultraviolet wavelength range and con-
sequently has a very high plasma frequency, it is superior to noble metals in the
ultraviolet [203] and most importantly, it is a third most abundant element in
Earth’s crust, more than Au and Ag [204]. These properties make Al a highly
promising material for commercial applications. It also shows reasonable SPP
propagation lengths in Si-based plasmonic waveguides platform [205]. How-
ever, in the infrared wavelength range, Al cannot provide the same level of
SPP mode confinement as Au and Ag [206]. Copper (Cu) which is known to
have a plasma frequency very similar to that of gold (~1.33 x 1016 s~1). How-
ever, the implementation of Cu in plasmonic circuits was seriously restrained
by the high ohmic losses, resulting in very short SPP propagation lengths in
the waveguides [205]. In order to develop a plasmonic waveguide which could
meet a variety of applications, it is worth taking advantage of the merit of each
available plasmonic metal. One aim of this chapter is to investigate the possi-
bility of obtaining a combined Au, Ag and Cu metallic film with tunable SPP

performance.

6.2 Combined Au, Ag, Cu film

6.2.1 Optical reflection measurements

The previous study in Chapter 4 shows that the Ag and Au bi-layer structure
with a varied proportion for each metal have tunable dispersion property. The
bi-layer film has a longer propagation length and sharper SPP resonance than
the individual Au film which provides a good opportunity for bi-layer struc-
ture in the application of plasmonic waveguiding or bio-sensing. Recently, the
development of an alloy for plasmonics from a binary mix Au-Ag [207] and
Au-Cu and Au-Pd [208] alloying composition also show improved optical per-
formances. Alloying of different materials is an important tool that can enrich
the use of metals, it a very promising and important for engineering of the re-
quired optical response.

Figure |6.1| shows a colour map of experimentally obtained Drude parame-
ters [210]. wy is related to the density of free electrons. It corresponds to the
plasmonic resonance wavelength. Larger plasmon frequencies (corresponding
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FIGURE 6.1: Interpolated ternary plots of experimentally obtained

Drude parameters for Au, Ag and Cu combined structures. (a)

Plasma frequency w, and (b) relaxation constant 7. Middle in-

set indicates the atomic ratios in the experimental measurements.
Figures are adapted from [209].

to higher electron densities) can be obtained at the middle point of Au, Ag and
Cu alloy (Figure a)). On the other hand, 7 represents the relaxation time of
free electron oscillation. This parameter correlated with the quality factor of a
plasmonic resonance which is related to the electromagnetic field enhancement.
Table |6.1]lists the samples for investigation, they include Au, Ag and Cu indi-
vidual film, binary mixed bi-layer film and tri-layer combined films. It should
be emphasized that the total thickness of the film is 50 nm and the outside layer
is Au for all the samples due to its chemical stolidity. Owing to that 50 nm is
an optimal thickness of the film for plasmonic structures. The outside Au layer
is working as a capping layer to avoid the oxidization of the Ag and Cu layers
which has been discussed in Chapter 4 [191]. The thickness of the spacer layer
in Table|6.1|is for the NFT design which will be used in an evanescent coupling
system. A detailed mechanism of the evanescent coupling process has been
discussed in Chapter 5. Two different wavelengths of the incident light are dis-
cussed (850 nm and 532 nm), and it can be seen that the combined films show
tunable properties of the field enhancement factor at 532 nm.

Figure [6.2(a) shows the reflection of Au, Ag and Cu bi-layer and tri-layer
films with a normal incident angle. The reflection for the individual Auand Ag
film is also plotted. Ag has a high reflection in the wavelength range from 400
nm to 500 nm which shows a low loss of the plasmonic modes. The Ag-Cu-Au
tri-layer film has a higher reflectivity than the Au individual layer and Au-Ag
bi-layer which indicates a lower SPP loss. Thermal annealing was performed
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TABLE 6.1: List of samples. The data consists of Au, Ag and Cu

individual, bi-layer and tri-layer combined films. The value of

the thickness of the spacer layer is used for the NFT design in an
evanescent coupling system.

Layer structure Thickness AExcitation = 850 M Apycitation = 532 nm
Au 50 nm 188 nm 100 nm

Ag 50 nm 170 nm 105 nm

Cu 50 nm 185 nm 84 nm

Ag-Au 25nm - 25 nm 182 nm 110 nm

Cu-Au 25 nm - 25 nm 195 nm 67 nm

Cu-Ag-Au 20nm-20nm -20nm 187 nm 100 nm
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FIGURE 6.2: (a) Optical reflection measurements with a normal

incident angle for the individual layer and combined layers. (b)

The optical reflection of the Ag-Cu-Au tri-layer before and after

an annealing process (350 °C for 30 minutes). The reflection of
individual Au film is also plotted

with a nitrogen environment at 350 °C for 30 minutes on the Ag-Cu-Au tri-layer
sample, Figure (b) shows the reflection of the tri-layer sample before and
after the annealing process. It shows after the annealing process the reflection
in the wavelength from 400 nm to 500 nm decreases slightly, with the value of
~ 20%. Future work related to annealing allows making Ag-Cu-Au alloy which
is determined to improve the robustness of the film.

6.2.2 Field enhancement factor simulation

The mechanism of the NFT design has been discussed in detail in the previ-

ous chapter, here, we are aiming at investigating the possibility of using the
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FIGURE 6.3: (a) Schematic diagram of the evanescent coupling

system. (b) and (c) Simulated field enhancement factor of the NFTs

which are formed with different materials at the excitation wave-
lengths of 850 nm and 532 nm, respectively.
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multilayer structures as an alternative plasmonic material for the NFT design
with improved stability. The field enhancement factor of the NFT with a vari-
able combination of the metal are discussed. Figure[6.3(a) shows the evanescent
coupling system which is used in the COMSOL model to simulate the nanofo-
cusing process in the NFTs. All the samples listed in Table [6.1| are tested, and
the thickness of the spacer layers are varied with different materials and the
excitation wavelength. The thickness of the Si3Ny core layer is fixed at 180 nm.
Two different wavelengths are used for the excitation (850 nm and 532 nm),
which provide two examples of the SPP to be excited in the near-infrared and
visible wavelength ranges.

Figure [6.3(b) shows the enhancement factor of the NFTs which are formed
by six different metallic films at an excitation wavelength of 850 nm. The in-
dividual Au film has the highest value of the field enhancement factor, Ag has
the lowest value and the Cu has the field enhancement factor value between
Au and Ag individual films. For the composite films, both bi-layer and tri-
layer, any film with a proportion of Au has a higher field enhancement than the
individual Ag or Cu film. The combination of Cu and Au has the similar field
enhancement as individual Au film owing to the closed permittivity of Au (e=-
28.269+1.746i) and Cu (€=-29.297+2.995i) [94] at the wavelength of 850 nm (the
permittivity of Ag at this wavelength is €=-35.585+0.4772i). Interesting results
are found at the excitation wavelength of 532 nm which can be seen in Figure
(b). In contrast to 850 nm, Ag has the highest enhancement factor among the
three different metals (Au, Ag and Cu) while Au is the lowest, partly because
532 nm is close to the interband transition wavelength of Au which is at 470 nm
[211]. The Ag-Au bi-layer has nearly the same magnitude of the field enhance-
ment (~20) as the individual Ag film which shows it is a good combination for
the NFT design at the excitation wavelength of 532 nm. The results in Figure
6.3 provides valuable information for the design of the NFT by using combined

metallic films.

6.2.3 Dispersion relations for Au, Ag and Cu combined layers

The varied field enhancement factor of the NFIs with Au, Ag and Cu com-
bined films can be considered to result from the tunable dispersion properties
of these films. Figure [6.4|shows the dispersion curves of the six different films
by solving the eigenvalue solutions of the related layer systems, the detailed
theoretical foundation was described in Chapter 2. Both the symmetric mode
L_ (Figure [p.4(a)) and the anti-symmetric mode L, (Figure [6.4(b)) are plotted.
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FIGURE 6.4: Analytical dispersion curves of the individual, the

bi-layer and tri-layer films obtained by solving the eigenvalue so-

lutions of the related layer structures. Panels (a) and (b) show the

symmetric mode (L_) and the anti-symmetric mode (L) respec-
tively.

Ag has a high k (optical momentum) value for in both the L_ and L, modes
which shows a high degree of modal confinement. The closeness of the Au and
Cu permittivity values contribute to the nearly identical dispersion curves for
the L_ mode which can be seen in Figure 6.4(a). The individual film and com-
bined films show more distinct dispersion properties of the L mode which can
be seen in Figure 6.4(b).The Ag-Au bi-layer has the similar dispersion curve as
the individual Ag film. The interesting property of the Ag-Cu-Au combined tri-
layer can shift the plasmonic resonance wavelength, which is a useful parame-
ter for the design of the plasmonic waveguide, since the size of the plasmonic
waveguide is related to the input excitation wavelength and the plasmonic res-
onance wavelength of the metal been used [158].

The SPP can be excited through a prism coupling mechanism, this process
can be simply simulated through the transfer matrix method. Figure [6.5/show
the SPP reflection of the six types of samples as a function of the excitation
angles which is calculated through the transfer matrix method. The colour scale
indicates the strength of the SPP reflection. The blue and the red areas indicate
a low reflection and a high reflection respectively in all panels of Figure
respectively. Figures|6.5((a) — (f) are related to the Au individual layer, Cu-Au
bi-layer, Cu individual layer, Ag-Au bi-layer, Ag individual layer and Ag-Cu-
Au tri-layer films respectively. Au and Cu have wide SPP resonance and large

damping especially in the wavelength range from 495 nm to 275 nm (2.5 eV to
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FIGURE 6.5: Simulated SPP reflection as a function of the excita-
tion angles. The value of the reflection are the ratio of the R, (re-
flection with a P mode excitation) and R; (reflection with a S mode
excitation) which can normalize the data. The panels are related
to the 6 types of layer combinations which are (a) Au individual
layer; (b) Cu-Au bi-layer; (c) Cu individual layer; (d) Ag-Au bi-
layer; (e) Ag individual layer; (f) Ag-Cu-Au tri-layer films. The
colour scale in all the panels indicates the strength of the reflec-
tion.
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4.5 eV) which can be seen in Figures [p.5(a) and (c). Ag has a narrow and sharp
SPP resonance and low damping well below 3.5 eV and the plasmonic bandgap
also can be seen clearly in Figure[6.5(e). Regarding the combined films, they are
sharing the properties of each individual layers. All the combined films have a
narrow SPP resonance owing to the presence of the Ag, this noticeable feature
indicates the combined films have more controllable SPP properties than the
individual films.

In addition to a narrow SPP resonance, another interesting feather of the
SPP reflection for the Ag-Cu-Au tri-layer is the strong coupling (low reflection)
as the excitation wavelength is above 3.6 eV. It can be seen in Figure [6.5| that
there is a large low reflection area when the excitation wavelength is above
3.6 eV which can be explained as the large refractive index of the metal in that
wavelength range. The refractive index of prism is 1.45, and the refractive index
of Au, Ag and Cu is above 1.5 when the wavelength is smaller than 344 nm (3.6
eV) and which in turn most of the light will transmit through the metal films
[212].

The analytical propagation length of the SPP modes is proportional to the
imaginary part of the k value, and the curves related to the L_ and L modes are
plotted in Figures [6.6(a) and (b) respectively. Ag has the longest propagation
length either for the L_ mode or the L, mode among the three materials. The
combined film has a superior propagation length than the individual films for
the L mode which can be seen in Figure [6.6{a). While the combined films
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FIGURE 6.7: Schematic diagram of the measured sample. 50 nm

Au with an adhesion layer on a quartz substrate. Titanium (Ti)

and tantalum (Ta) are tested and the thickness of the adhesion
layer is 0.5 nm, 1 nm, 2 nm and 5 nm.

show a shorter propagation length for the L, mode which can be seen in Figure
6.6(b), one possibility is the increased damping which comes from decreasing
the thickness of the films.

6.3 Optical performance of Au film with a varied

thickness of adhesion layer

Under intense optical excitation which as occurs in HAMR operation, the plas-
monic element deform, then greatly degrading its performance. In addition to
improving the plasmonic performance of the metallic film itself, the influence
of the adhesion layers also needs to be taken into account in order to improve
the thermo-mechanical stability of the films themselves.

The deposition of metal thin-film structures on dielectric or semiconductor
substrates is well-known for semiconductor device manufacturing technology
[213] as well as modern plasmonics applications. Due to the low chemical reac-
tivity and the residual stresses of the noble metal, they adhere poorly to the sub-
strate, which leads to phenomena such as delamination, and time-dependent
device performance deterioration [214]. The deposition of an appropriate ad-
hesion layer (normally 2 nm) between the substrate and the noble metal can
greatly reduce the delamination [215]. Ti and Cr are known to be more chemi-
cally reactive than noble metals and therefore increase the adhesion when they
chemically bind to the substrate [119].They are used as the adhesion layers are
well-known whether in plasmonic or optoelectronic devices, but the influence
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of these adhesion layers on plasmonic performance or the thermo-stability of
the individual metal used in the plasmonic waveguide is poorly understood es-
pecially when the adhesion layer is very thin. The influence may depend on the
chemical properties of the adhesion layer, such as high damping in the visible
wavelength range. The thickness of metal has a direct impact on the electrical
conductivity of the nanostructures. For instance, the electrical conductivity of
polycrystalline metal thin-film is lower than the bulk values, which is mainly
attributed to surface and grain boundary scattering [216]. It is unclear if the
presence of an adhesion layer will have any influence on the thermal and opti-
cal properties of the Au films.

Exploring the films ability to withstand high temperature is essential for
designing HAMR head. The study has shown the failure of Ti as adhesion
layer at the temperature above 600 °C [217]. Moreover, the diffusion of Ti in
the Au film is large, leading to the formation of titanium dioxide (TiO;) in the
Au grain boundaries which progressively reduce the adhesion [215]. Unlike Ti,
tantalum (Ta) exhibits a great adhesive strength, and very low mobility through
the Au film as well as ensuring a device lifetime of at least half an hour at 1000
°C [218]. Ti and Ta adhesion layers with a varied thickness are discussed to
understand the damping of the plasmonic response and the thermally-induced
changes in the crystallographic texture of the Au films. The important insight of
this chapter is to understand the influence of the adhesion layer on the optical
properties of the metallic films.

The schematic diagram of the sample with a varied thickness of adhesion
layer is shown in Figure All the metal films are deposited through a DC
magnetron sputtering system which has been introduced in Chapter 3.

6.3.1 Optical transmission and reflection measurements

Optical transmission and reflection measurements are performed to test the in-
fluence of the adhesion layer with varied thickness. Both Ti and Ta are chosen
as the adhesion layer in order to find a superior films combination for combined
thermal and plasmonic performance. Four different thicknesses are tested out
(0.5 nm, 1 nm, 2 nm and 5 nm) for both Ti and Ta and they go from very thin to
very thick. The thickness of the Au film been used is fixed to 50 nm and quartz
is used as the substrate.

The optical reflection and transmission measurements with a normal inci-

dence angle are conducted using a Perkin Elmer UV-Vis Spectrophotometer.



Chapter 6. Approaches to Improving the Plasmonic Performance of Au Thin
Film 115

The transmission is increasing when the thickness of the adhesion layer is de-
creasing which is as expected. The sample with 0.5 nm Ta adhesion layer can
achieve maximum transmission of 12% at 500 nm which can be seen in Fig-
ure 6.8(a). Similar results are found of the samples with the Ti adhesion layers
as shown in Figure[6.§(b). The different thickness of the Ti or the Ta adhesion
layer does not have a significant influence on the reflection of the films. There is
a ~2% difference of the reflection between a 0.5 nm and a 5 nm thick adhesion
layers for both Ti and Ta which can be seen in Figure c) and (d). The data
shows that ~50% of the absorption can be found at the wavelength of 500 nm
for the film with either Ti or Ta adhesion layers.

The optical reflection and transmission do not show a huge difference for
the film with either Ti or Ta adhesion layers, which gives the information that
both Ti and Ta are good candidates as the adhesion layers if we only take into

account the optical performance.

6.3.2 SPP reflection measurements

The decrease in adhesion layer thickness results in an improvement in the plas-
monic properties, as shown in Figure The SPP reflection of the 50 nm
Au films was measured through a Kretschmann configuration at the excita-
tion wavelength of 633 nm for different thickness of Ta and Ti adhesion layers,
and it was found that thinner layers resulted in a narrower FWHM of the SPP
reflection and it indicates an improved performance for the plasmonic devices
loaded on these materials.

Table[6.2]lists the FWHM of the SPP reflection of the Au film with a different
thickness of the adhesion layer. Both Ta and Ti adhesion layers are listed in
the table. The FWHM of the SPP reflection are accounted by measuring the
difference of the angles to excite the SPP to reach 1/¢? of the lowest reflection.
It can quantitatively show that a thinner adhesion layer will contribute to a

narrow SPP resonance which is related to a superior plasmonic performance
[219-221].
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FIGURE 6.8: Optical transmission (a), (b) and reflection (c), (d)
measurements for the samples with Ta and Ti adhesion layers re-
spectively. (e) and (f) are the calculated absorption of the Ta and
Ti adhesion samples. It should be mentioned that the scattering is
ignored when calculating the absorption for each sample.
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FIGURE 6.9: Angle resolved measurements of the films with (a)

Ta and (b) Ti adhesion layers. The measurement is performed

with a Kretschmann configuration and wavelength of the exci-

tation wavelength is 633 nm. The results are the ratio of the re-

flection under a TM mode (P wave) excitation and a TE mode (S

wave) excitation. The angles are varying from 42° to 50° with a
step size of 0.1°.

TABLE 6.2: FWHM of the SPP reflection of the Au film with dif-

ferent thickness of the adhesion layers. Both Ta and Ti adhesion

layers are listed in the table. The FWHM of the SPP reflection is

accounted by measuring the difference of the angles to excite the
SPP to reach 1/¢? of the lowest reflection.

Thickness (nm) FWHM of the SPP reflection (a.1.)

Ta Ti
0.5 0.51 0.62
1 0.54 0.66
2 0.75 0.77
5 1 1
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6.4 Optical performance of Au film with a varied

thickness of capping layer

It has been shown that a capping-layer can affect the morphology and plasmon
excitation of Ag nanoparticles [222]. For most applications, these nanoparti-
cles must be covered by a protective capping layer that preserves them from
dramatic morphological and compositional changes. These effects have been
extensively studied in the case of magnetic nanoclusters covered with metal-
lic or oxide layers [223]. In HAMR, a capping layer with a Curie temperature
lower than that of the magnetic recording layer is used [224]. The purpose of
this capping layer is to provide magnetic stabilization to the lower magnetic
recording layer at storage temperatures. The study shows that an aluminum
oxide capping layers can strongly enhance the thermal stability of crystalline or-
ganic thin films. The thermally induced de-wetting effects at organic-inorganic
interfaces can be effectively reduces owing to the interfusion at the organic-
metal interface [225| 226]. Au has been a normal metal for the NFT design in
HAMR, however, Au has a significant mobility at a high temperatures which
has a big impact on the morphology of the Au thin films. Aluminum oxide cap-
ping layer reduces diffusion even at elevated temperature. Use a thin layer of
aluminum oxide as the capping layer can presumably improve the thermal sta-
bility of the Au thin film. This section is discussing how a thin aluminum oxide
can improve the plasmonic performance of the Au films as well as increase the
thermo-mechanical stability of these films.

Figure [6.10(a) shows the transfer matrix method calculation of the SPP re-
flection of the Au film as a function of a different thickness of the capping layer.
The dielectric constant for Al,O3 capping layer is from Querry 1985: thin film
(oxidized Al mirror) [227]. The SPP in this measurement is excited by prism
coupling which has been discussed in detail in chapter 4. The additional Al
layer (which oxidizes to Al,O3 in air) capping layer has a significant influence
on the SPP performance. A range of thickness for the Al,O3 capping layers
were applied to identical samples comprised of a 0.5 nm Ti adhesion layer and
a 50 nm Au layer. The measured SPP in reflection curves as a function of the ex-
citation angles is plotted in Figure [6.10(b). The film without the capping layer
is also plotted. It shows that a thicker capping adhesion will induce a wider
FWHM of the SPP reflection. The film with a 0.5 nm capping has a narrower
and dip SPP reflection which shows superior SPP performance. The results are

very promising showing that a thinner capping layer can produce a superior
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FIGURE 6.10: SPP reflection measurements of the 50 nm Au film

with 0.5 nm Ti adhesion layer and a varied thickness of Al,O3

capping layers. The thickness of the capping layers are 0.5 nm,
1 nm, 2 nm and 5 nm.

SPP performance. The effective refractive index change as a function of the
thickness of the Al,O3 layer will influence the coupling of SPP modes, a thicker
capping layer has a larger index (1.7 for bulk Al,O3) which will degrade the
SPP coupling because the index of the prism is 1.45. That is one evidence of
the shallow dip in the SPP reflection with a thick capping layer. The calculation
couldn’t perfectly match the measurement somehow. The main reason behind
this is that the existing 1, k values from the Querry constant are not exactly the
same as the measured samples, especially when the Al,O3 film becomes to thin.
The uncertain composition of the capping layer in our structure might make the

difference between the calculation and measurement.

6.5 Chapter summary

Three efforts to improve the thermo-mechanical stability of the Au film have
been discussed in this chapter. The first approach is the using of an Ag-Cu-Au
layered films, the high thermal conductivity of Cu can improve the thermal ro-
bustness of the film and Ag can contribute a longer propagating length of the
SPP performance, moreover Au is chemically stable material which provides
the layered film superior performance for both thermal and plasmonic proper-
ties than each individual film. By depositing a thinner adhesion layer results in

a narrower SPP reflection which indicates a superior plasmonic performance.
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A thin layer an Al,O3 capping layer can further improve the plasmonic perfor-
mance of the Au films. Taken together it is hoped that these changes can result
in a significant improvement in the thermo-mechanical stability of plasmonic
structures that are to be used in HAMR devices.
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Outlook

In HAMR, device lifetime has reached about 100 hours. Failure occurs in the
plasmonic near-field transducer during the magnetic bits writing process. In
this thesis, we have worked on new materials and devices which should allow
for a much improved lifetime in such devices. There are a number of studies to

be completed related to this work.

7.1 Thermal Simulations

Failure of the NFT is the main difficulty holding back the introduction of HAMR.
It is vital to have a good model which accurately predicts the thermal behaviour
of this NFT. In addition, the thermal conductivity of the surrounding environ-
ment, is found to play a significant role in reducing the NFT temperature. We
have calculated the mode distribution in the input Si3Ny; waveguide and we
use this mode propagates through the entire structure. From the optical distri-
bution, we extracted the resistive heating losses and then we solved the steady
state heat equation to calculate the temperature in all the structure. The re-
quired power to increase the temperature over 650 K with the structure of Fig-
ure[7.1)is 40 mW. With this value, the temperature in the tapered metal is around
470 K.

Figure(7.1|shows the thermal simulation of the NFT with an evanescent cou-
pling mechanism. The COMSOL model of the 6 ym long tapered NFT with a
recording medium can be seen in the Figure [7.1[a). The long NFT can couple
90.8% percent of the light from the dielectric core to the tip of the NFT which
has been discussed in detail in Chapter 5| The recording medium is a consisting
of 10 nm FePt layer, 50 nm Cu heat sink on a SiO; substrate. There is a 4 nm air-
gap between the NFT and recording medium. The cross-section of the hot spot
on the recording medium can be observed in Figure [7.1(b). The highest tem-
perature on the recording medium can reach 800 K with a 40 mW input power

121
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FIGURE 7.1: Thermal simulation of the NFT with an evanescent
coupling mechanism. (a) COMSOL model of the 6 ym long ta-
pered NFT with a recording medium. The recording is consisting
of a 10 nm FePt layer, 50 nm Cu heat sink on the SiO, substrate.
There is a 4 nm air-gap between the NFT and recording medium.
(b) The cross-section of the hot spot on the recording medium. The
highest temperature on the recording medium can reach 800 K
with a 40 mW input power in the NFT.

in the NFT. Further work needs to be done to test the thermal performance of
the NFT with the optimal adhesion layer and capping layer. Ideally, we need
to heat up the recording medium above 650 K and keep the temperature in the
Au NFT below 450 K.

7.2 Thermal Measurements

CCD-based thermoreflectance (CCD-TR) microscopy is a high resolution, non-
contact imaging technique for thermal profiling and performance and reliable
analysis of numerous electronic and optoelectronic devices at the micro-scale
or nano-scale [228]. This thermography technique, which is based on the mea-
surement of the relative change in the reflectivity of a sample surface as a func-
tion of the change in temperature. As the temperature of the sample changes,
the refractive index of the sample is varying which results in the changing of
the reflectivity. This technique provides high-resolution thermal images which
are useful for detecting the "hot spot” in the photonic devices during heating,
which can be used for the failure analysis of the devices [229, 230]. The relation
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FIGURE 7.2: Schematic diagram of the CCD-TR microscopy setup

[228]. It consists of a visible light CCD camera and a light emitting

diode (LED) illumination source that is focused on the sample by

a microscope objective. An argon-iron laser with the wavelength

of 488 nm is used to excite the sample. The light reflected back to

the CCD in response to modulation of the sample temperature is
then analysed.
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between the relative change in reflectivity and the temperature change can be

approximated to first order as

AR 10R

R = Ror
where «x, which is typically very small and of the order of 1076 - 10~% K1

)AT = kAT (7.1)

for metals and semiconductors [231], is the relative change in the optical re-
flectance per unit temperature change which is termed as the thermoreflectance
calibration coefficient. The thermoreflectance coefficient varies strongly with
the material and the wavelength of the illuminating light. The determination of
the thermoreflectance coefficient also provides the calibration of the thermore-
flectance measurements which give the information of the relative changes of
reflectance with the change of temperature [232]. The basic experimental setup
for a high spatial-resolution CCD-TR setup is shown in Figure It consists of
a visible light CCD camera and a light emitting diode (LED) illumination source
that is focused on the sample by a microscope objective. The sample is excited
by an argon-iron laser with a wavelength of 488 nm, the light reflected back to
the CCD in response to modulation of the sample temperature is then analysed.
The use of an incoherent light source LED instead of a focused laser beam elim-
inates speckle or fringe type interference patterns that may occur with coherent
illumination. Various modulation schemes can be used to detect the relative
change in reflectivity of the sample surface, including the homodyne method,
the heterodyne method and the techniques for studying transients.

The laser beam is modulated through a shutter with a frequency of f. Us-
ing a multichannel lock-in scheme and triggering the camera at a frequency of
f. = 4f the camera to take four images during each period T of the temper-
ature modulation which is referred as the ‘four bucket’ technique [233], this
technique makes best use of the CCD array’s slow readout speed by simplying
accummulating four identical phased images in each bin [234]. A 2D image can
be obtained that represents the modulated reflectivity AR(x,y), and through a
calibration, the modulated temperature AT (x,y) [235].

7.3 Ag-Cu-Au alloy

Metal alloys enable new possibilities to tailor materials for specific optical func-
tions. Au, Ag and Cu are prevalent in the plasmonic applications at the visible

light spectrum due to their high concentration of free electrons [210]. Future
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work will investigate the making of Ag-Cu-Au alloy film by annealing the se-
quential deposited each individual film. Samples with different thickness ra-
tios will be alloyed. The existence of alloy will be confirmed through X-ray
reflection measurements. This work is aiming at making high conductivity and
chemical stability as well as a low thermal expansion alloy films. A NFT which
is made of alloy film is potential to improve the robustness of the writing head
in a HAMR system.






Appendix A

AppendixA

A.1 General approach to solving SPP dispersion in

multi-layer metallic films

A.11 Boundary between three materials

We can expand the above procedure to three materials to describe an MIM, IMI
etc. The coordinates are centered on the middle of central material so that the

boundaries occur at +d where d is the width of this region. The field is therefore

given by
Aje Kz z>d/2
E, = A2+€KZZ —|—A2,€_KZZ —d/2<z<d/2 (A1)
A3€K3Z z< —d/2
€
d €5
Z

FIGURE A.1: Sketch of a three-layer structure.

127



128 Appendix A. AppendixA

and

(iKlAlk)e*Klz z>d/2
Ex = { (iKyAz 1 /k)eRo? + (iKp Ay /k)e ™22 —d/2 <z < d/2
—(iK3A3/k)€K3Z z< —d/2

This gives the four boundary conditions

elAle_Kld/z = €2A2+6K2d/2 + ezAz_e_sz/z
€3A3€_K3d/2 = €2A2+€_K2d/2 + €2A2_€K2d/2

KiAre M9/2 = Ky Ay e521/2 4 KA, e K2¥/2

or in a matrix form

€1€_K1d/2 _ezesz/Z _€2€—K2d/2 O
A 0 _ezeszd/Z —€2€K2d/2 _6367K3d/2 0
Kle—sz/Z Kzesz/Z _Kze—sz/Z 0
0 K2€_K2d/2 —K2€K2d/2 —K3€_K3d/2

giving the dispersion relation

24K, (€2K1 — €1K3)(€2K3 — €3K>)
e = e3K3 — 3K
€2K1+€1K2 ( 313 3 2)

A.1.2 Boundary between five materials

(A.2)

(A.3)

(A.4)

(A.5)

Skipping past the case of four different materials to concentrate on five, the

same process applies with increasing complexity. We note dy, d3 and dj4 as the

width of the second, third and fourth layers respectively so that the boundaries
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FIGURE A.2: Sketch of a five-layer structure.

occur atdy +d3/2,d3/2,—d3/2 and —dy — d3 /2. The resulting field is

.

Aje Kz z>dy+dz/2

Ap i efor L Ay K2 da/2 <z < dy+ds3/2

E;, = A3 ef92A5_ e Ke2 —d3/2 <z <d3/2 (A.6)
Ag el L Ay oK 4y —d3/2 <z< —d3/2

| Aseks: 2 < —dy—ds/2

and similarly for E,. Filling in the boundary conditions as usual gives the dis-
persion equation
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The relation can be simplified by putting some of the materials or distances
equal to each other, or can be solved numerically.
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AppendixB

B.1 Convergence problemsin COMSOL simulations

B.1.1 2-D simulations

2-D simulations are performed to calculate the mode beating between the pho-
tonic and the plasmonic modes, the field enhancement factor in the NFT is also
obtained in the same simulation. The mesh size for different simulation do-
main is a key issue in the parametric sweep study, we fix the maximum mesh
size at 170 nm (Ap/5) and minimum mesh size of 1 nm for the 240 samples (ta-
per lengths are varying from 100 nm to 25 ym with a step of 100 nm) to make
all the simulated results converge. Another issue to get a smooth curve in the
parametric sweep study is the reflection from the boundary of the simulation
domain, especially the input port. We are using the boundary mode analysis
tool in COMSOL to perform the calculations and the perfect match layer (PML)
boundary condition is used in all the boundaries of the simulation domain ex-
cept the input port because the wave is excited at this port. In this case, the
reflected light from the input boundary of the simulation domain and the start
of the NFT will reflect back and forth to form a Fabry-Perot (F-P) cavity reso-
nance, which will make the intensity curve at the start of the NFT an oscillating
signal rather than a smooth curve as shown in Figure We are taking the
average value of the integrated intensity at the start of the NFT as the input to
determine the influence of the reflected light from the input boundary.

B.1.2 3-D simulations

Figure [B.2(a) shows mesh test for the 3-D simulations. The results converge
with > 0.6 M elements. We are using 1 million simulated elements in the simu-
lation and the related maximum mesh size is 170 nm (Ay/5) and the minimum
mesh size is 1 nm which are the same as the 2-D simulation. (b) Results of the
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FIGURE B.1: (a) Intensity curve at the start of the NFT. The reso-
nance of the back curve comes from the Fabry-Perot (F-P) cavity
which is formed by the start of the NFT and the input boundary
of the simulation domain. The red smooth line is the average in-
tensity which is used to normalize the data to improve the accu-
racy of the calculated intensity enhancement (IIxrr) in the NFT.
(b) Shows the field intensity enhancement factor in the NFT at dif-
ferent values for the spacer layer thickness (f;) which is normal-
ized with data in the black curve of Figure B.Ifa). (c) Shows the
same results but normalized with the average value (red curve in
Figure a)), the sharp peaks result from the F-P resonance be-
tween the input port boundary and the start of the NFT are now
much weaker.
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FIGURE B.2: (a) Mesh test for the 3-D simulations. (b) Results
of the simulated coupling efficiency of a tapered NFT with a fine
mesh size and a coarse mesh size.

simulated coupling efficiency of a tapered NFT with a fine mesh (1 million sim-

ulated elements) and a coarse mesh (40 thousand simulated elements), it can

be clearly seen that a dense mesh can produce more accurate results but with a

sacrifice of the simulation time and disk memory, 16 nodes are needed (24 RAM

per node) to run the simulation and the simulation time is 17 hours.
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