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Summary

This PhD thesis presents investigation of plasmonic waveguides and waveguiding
components by means of scanning near-field optical microscopy characterizations,
far-field optical observations, and numerical simulations. The plasmonic waveg-
uiding attracts huge interest due to several reasons: 1) it is believed to bridge
naturally optical and electronic circuits; 2) it looks natural and most efficient for
active applications due to the presence of the metal inside the core of the plas-
monic mode; 3) the mode size and correspondent field confinement of plasmonic
waveguides can be tuned in a vast range simply by changing geometric parameters
of the waveguide, keeping in mind the trade-off between confinement and prop-
agation losses. A broad variety of plasmonic waveguides and waveguide compo-
nents, including antennas for coupling the light in/out of the waveguide, requires
correspondent characterization capabilities, especially on experimental side. The
most straight-forward and powerful technique for such purpose is scanning near-
field optical microscopy, which allows to probe and map near-field distribution
and therefore becomes the main tool in this project. The detailed description
of the used setups and their imaging techniques is included additionally to the
main research of plasmonic waveguides (channel plasmon polariton, long-range
dielectric-loaded surface plasmon polariton, and plasmonic slot waveguides) and
waveguide components (antennas, S-bends, and directional couplers) included as
a reprint of papers.
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Resumé

Denne Ph.d. afhandling praesenterer undersggelser af plasmoniske bglgeledere
og bglgelederkomponenter ved brug af optisk skanning-naerfeltsmikroskopi, op-
tiske fjernfelts observationer, og numeriske simuleringer. Plasmoniske bglgeledere
tiltreekker stor interesse pa grund af fplgende arsager: 1) det menes at kunne
naturligt forbinde optiske og elektroniske kredslgb; 2) det fremstar naturligt og
mest effektivt for aktive applikationer pa grund af metallet i centrum af den
plasmoniske tilstand; 3) Storrelsen af plasmoniske bglgelederes tilstande kan kon-
trolleres i et stort omrade ved at sendre de geometriske parametre af bglgelederen,
mens der tages hensyn til afvejningen mellem afgreensning af feltet og udbredelses-
tab. En bred vifte af plasmoniske bglgeledere og bglgelederkomponenter, herun-
der antenner for ind- og udkobling af lys i bglgeledere, har behov for at blive karak-
teriseret eksperimentelt. Den mest ligetil og kraftfulde teknik til dette formal,
og derfor hovedvaerktgjet i dette projekt, er optisk skanning-naerfeltsmikroskopi,
hvilket kan bruges til at undersgge og kortlaegge naerfeltsfordelingen. Denne
athandling indeholder udover hovedforskningen i plasmoniske bglgeledere (chan-
nel plasmon polariton, long-range dielectric-loaded surface plasmon polariton, og
plasmonic-slot bglgeledere) og bolgelederkomponenter (antenner, S-bgjninger, og
retningsbestemte koblere), der er inkluderet som et genoptryk af artikler, ogsa en
detaljeret beskrivelse af de anvendte eksperimentelle opsatninger og afbildning-
steknikker.



Preface

This Ph.D. thesis presents most of the work done during my time as a Ph.D.
student at the Department of Technology and Innovation, University of Southern
Denmark, Denmark, from September 2011 to August 2014 under skilled supervi-
sion of Professor Dr. Scient. Sergey I. Bozhevolnyi and unofficial co-supervision
of Associate Professor Valentyn S. Volkov. The thesis focuses on experimental
investigation of plasmonic nanostructures using scanning near-field optical mi-
croscope. It is based on 5 peer-reviewed journal papers that are enclosed in
Appxs. A.1-A.5.

Outline

The thesis is organized into two parts and represents the research done during my
PhD project. The first part contains three chapters and includes more detailed
description and the work, which was not included into published papers. The first
chapter shortly introduces to the plasmonics and plasmonic waveguides. The
second chapter describes the most straight-forward experimental technique of
visualization and investigation of plasmonic modes — scanning near-field optical
microscopy (SNOM). The real setups used for the research in this project are
described in details. The last chapter focuses on amplitude- and phase-resolved
detection technics with a particular interest on application in scattering-type
SNOM (s-SNOM).

The second part of the thesis contains reprints of 5 papers, where 4 of them
done during this PhD project and the first paper done just before its beginning
(but it is included for consistency, since it is historically and logically connected to
other papers). The first two papers are focused on investigation of channel plas-
mon polariton (CPP) waveguides formed by V-grooves milled in otherwise smooth
metal films. The main CPP characteristics (mode index, width, and propagation
length), as well as directional coupling are studied experimentally (by use of fiber-
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based SNOM) and compared to theoretical results and numerical simulations.
The third paper is based on research of long-range dielectric-loaded plasmonic
waveguides (LR-DLSPPWSs) — both experimentally and numerically. The fourth
paper describes study of nanofocusing in circular sector-like nanoantennas using
far-field observation (transmission spectra), near-field measurements, and numer-
ical simulations. The obtained results are supported by a simple interpretation
of SPP focusing. Finally, the last paper focuses on investigation of plasmonic
slot waveguides and nanocouplers using s-SNOM. The obtained amplitude- and
phase-resolved near-field mapping allows direct measurement of effective mode in-
dex, propagation length and relative coupling efficiency, which is shown to be in
good correspondence with numerical simulations. Overall, the papers themselves
should be considered as the main scientific value of this PhD thesis.
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Chapter 1

Introduction to plasmonics

Modern communication systems dealing with huge amounts of data at ever in-
creasing speed try to utilize the best sides of electronic and optical circuits. Elec-
tronic circuits are tiny but their operation speed is limited, whereas optical cir-
cuits are much better in transmitting data at high speed, but their sizes are
limited by diffraction. Therefore modern computers use electronic circuits both
for calculations (active components) and for interconnects and communication be-
tween different internal parts (passive components), while optical circuits (with a
use of optical fibers) are used for transmission of data over long distances. Thus
several goals arise: 1) making efficient and compact transition between electronic
and optical circuits; 2) creating optical waveguides small enough to be used for
interconnects; 3) developing tiny and efficient active optical components, which
can completely replace electronics used for calculations. Surface plasmon polari-
tons (SPPs), which are coupled electromagnetic (EM) excitations and surface
collective oscillations of free electrons in a metal, are bound to and propagate
along metal-dielectric interfaces [1, 2], therefore they look natural for realization
of the transition between electronic and optical circuits [3]. Having by nature
subwavelength spatial periods and transverse dimensions perpendicular to the
metal surface, SPPs offer the possibility to realize subwavelength waveguiding
and ultra-compact photonic components [4]. Finally, due to the confinement of
the electromagnetic field to the metal surface, plasmonic waveguides are in prin-
ciple more efficient for active applications than the photonic ones. However, the
important issue in this context is to strongly confine the SPP field in the cross
section perpendicular to the SPP propagation direction (smaller cross sections en-
sure smaller bend losses, smaller cross-talk, and higher densities of components),
while keeping relatively low propagation loss. The investigation and research of
such plasmonic waveguides and waveguide components in this context is the main
focus of this PhD thesis.



4 Part 1. Introduction

1.1 Surface plasmon polaritons

SPPs are studied for about a hundred years, therefore today it is a well-known
subject. To my knowledge, a theory of SPP is already well described in several
books [1, 5], so let’s just outline the main properties of SPPs here. SPPs are
quasi two-dimensional (2D) electromagnetic waves bound to the metal-dielectric
interface. Field components of monochromatic SPPs, travelling in the positive
r-axis are:

d metal dielectric
H;I’ (3372) —WEeo —WwEeQ . 4
EPY (2, 2) | = | =ik /em | ikdjeq | CetfsrreehTEL (1)
EXY (2, 2) kspp/em | kspp/ea

where ey, q is a dielectric constant (relative permittivity), kspp is a propagation
constant (SPP wave vector), and indices m, d indicate either metal or dielectric
half-space (Fig. 1.1).

dielectric

E
@H meta ‘

Figure 1.1: Geometry and field distribution of SPP.

(

As one can see, the field decreases exponentially away from the interface with
the following rate

m w
K = R — emakd, ko= 2 (1.2)

The boundary conditions for electric field yields the following relation:

m d
ke _ ke
—em &4

(1.3)

thus leading to the expression for the propagation constant (called also a disper-
sion relation):
Emé&d B w Eméd

—med X mmed (1.4)
Em + &d c\ €m +&q

kspp = ko

For the analytical consideration of SPPs and other plasmonic modes it is usually
helpful to use a simplified Drude approximation for the relative permittivity of
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metal [6]:
2
w
em (W) =1— w—g (1.5)

where wy, is the plasma frequency of the considered metal. With such approxi-
mation the dispersion relation will look like shown in Fig. 1.2. For comparison
the dispersion relation of light in dielectric is also shown (noted as a light line).
One of the consequences of the dispersion relation of SPPs is that their frequency

A

&

Figure 1.2: Dispersion relation for SPP (red line) and light in dielectric (blue line).

range is limited, and when their wave vector goes to the infinity, the frequency ap-
proaches finite value. At such limit the group velocity approaches zero, therefore
the mode acquires electrostatic character and called surface plasmons. Another
consequence is that the dispersion relation doesn’t cross a light line (except origin)
and kgpp is always larger than the wave-vector in the dielectric. That means the
impossibility of exciting SPP with a simple illumination of the metal-dielectric
interface.

Since the real metals have both real and imaginary part of the permittivity
constant (meaning the presence of damping or Ohmic losses), the propagation
constant is also in general a complex value. Its real part shows the phase gain
along the propagation and it is usually represented in terms of the effective mode
index Neg and SPP wavelength Agpp:

. Re [kspp] . 27 . >\0
= h Aspp = Re lkspp]  Nog (1.6)

Neff

where \g = 27 /ky is a free-space wavelength. The imaginary part of the prop-
agation constant creates an exponential decrease (decay) of the SPP field along
the propagation direction. It is caused by the Ohmic losses in metal, therefore
usually noble metals, such as gold and silver, are used for plasmonic applications.
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The distance along the propagation direction, where the intensity of SPP mode
drops by a factor of 1/e, is called a propagation length, and is equal to:

1

Lyvop = ———— 1.
prop 2Im [k‘spp] ( 7)

The Fig. 1.3 below shows the parameters of metal/air SPPs of real metals
(relative permittivity of metals are taken from [7]). The above definitions of the

1,06 ——————————1F———1———1—— 1000 p—r—————————
= L] S F
3 | 3
= —=— Gold ~ Juat®® 8-
> —o— Silver d P
%1,04 - a \]. 100 L 0’9/ N
£ \, o < £ O’ m”
o \ \ = t o
° Q < e
@] \0. 9 00 /
= \0\ c /I
1,02 - . 2 10 - _
'~§ % —=— Gold
e S o —o— Silver
w ﬁaﬁaa““. - ne_ L
1’00 L | L | 1 | 1 | 1 | 1 1 L | L | L | L | 1 | 1
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Free-space wavelength, 4, (nm) Free-space wavelength, 4, (nm)

Figure 1.3: The effective mode index and propagation length for gold/air and silver/air SPP.

effective mode index and the propagation length are universal for any propagating
mode. It is seen from Fig. 3 that the effective mode index of SPP is close to
the refractive index of dielectric. However, by modifying the geometry of the
waveguide, one can substantially increase it, thought with a price of decreased
propagation length [8]. Overall, there is a known trade-off between the field
confinement /effective mode index and the propagation length [9].

1.2 Long- and short-range SPPs

Let’s now consider more complicated case, where two metal-dielectric interfaces
are present. Such systems can be considered as two interacting SPP modes, and
the distance between two interfaces will influence the strength of such interaction.
There are two possibilities of such structures: insulator-metal-insulator (IMI) and
metal-insulator-metal (MIM) systems. Let’s start with the first one: a metal film
of thickness t sandwiched between two dielectrics. For simplicity let’s assume the
same dielectric on both sides of the metal film. Then, similar to SPP, the H-field
distribution in each media can be written as:

1
—kd|z—5t
Cie ™~ 2 ‘, z > %t
H (37 Z) — eikstfc -k z—%t‘ -k z—l—%t 1 1 (1 8)
y &L, Cse + Cse ;o bt <z < gt :
—kd| 242t
Cye g ‘, z<—%t
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The boundary conditions, together with a symmetry of the system, leads to two
solutions: symmetric (C; = Cy = C3 = Cy), also known as a long-range (LR)
SPPs; and asymmetric (C; = Cy = —C35 = —(C4), known as a short-range (SR)
SPPs. Again, similarly to the simple SPPs, the boundary conditions lead to the
following dispersion relations:

. 17.m _ kgé"m

LR — SPP : tanh (3k't) = ~ e (1.9)
z &d

SR —SPP : tanh ($k2't) = —:jl;d. (1.10)

These two equations cannot analytically derive a direct expression for the propa-
gation constant, but they can easily be solved numerically, for example, by using
iterative methods [10]. Results of such calculation for air-gold-air configuration
are shown in Fig. 1.4 (relative permittivity of metal is taken from [7]). One can
see that the larger the thickness t of metal film, the closer the parameters of
both modes to one-interface SPP mode. However, when the film thickness is
sufficiently small, SPP splits in LR- and SR-modes. LR-SPP is characterized by
a long propagation length (that reflects its name) and weak field confinement
(effective mode index close to the refractive index of dielectric). On the con-
trary, SR-SPP has strong field confinement (large effective mode index), but its
propagation length becomes smaller. This can be considered as an example of
the abovementioned trade-off between the field confinement and the propagation
length [9]. It can be used as an advantage: for a particular application one can
choose the important property (either high field confinement of the propagation
length) and then fabricate a proper waveguide.

e LRSPP(t=20nm) e T
% E *- T
=14 —«—SR-SPP (t=20nm) | <= E ar vesosd
% --&- LR-SPP (t = 40 nm) L1000 LT esoseeeeo® ]
F o -
2 | —o— SR-SPP (t = 40 nm) = 24 oo’ BRSPS L
(0] b4 —s SPP (t = OO) -E‘» 100 =_.l. ’.,./ oG
g \ S e el 0000000000000
o @ 4 _o—0—
€12 % B c 10 ';fo,o'O : N !Hwﬂ-*****_'
(0] _ k) E ,O' E
= \* ® £ P Pl
3 “ o) -(0*)*
2 9 R g 1€/ i
E I~ \0 \*\*\ 8‘ ;,*
) . Ww****** a c
1,0 L == E 0,1 P R IR U R SR
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Free-space wavelength, 7, (nm) Free-space wavelength, 4, (nm)

Figure 1.4: The effective mode index and propagation length of LR- and SR-SPP for
air/gold/air configuration.

Thus the fundamental plasmonic modes in the symmetric IMI structures were
considered. A case with asymmetric environment (i.e., when there are different
dielectrics around metal film) is more complicated since a non-confined mode
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(with a radiation propagating away from the film) becomes available as one of the
solution. In other words, SPP start to leak to the dielectric with higher refractive
index, the so-called leakage radiation, acting as additional losses. However, such
radiation is a key concept in leakage radiation microscopy [11], used to study
plasmonic modes.

1.3 Gap surface plasmons

As noted above, another two-interface configuration is a metal-insulator-metal
system (or, simply, a dielectric gap in metal). Again, let’s assume the same
metal. Then the field distribution is similar to the previously considered IMI
systems, with an interchange of ¢, and 4. However, the study of the dispersion
relations of two modes reveals that only one mode does not have a cut-off. In
other words, for a relatively thin dielectric gap only one of the modes gives a
meaningful solution. Such mode is called gap surface plasmons (GSP), and its
dispersion relation is described by the following:

_ k‘gnéd
)
kdepn,

GSP : tanh (%kgt) — (1.11)
where t is a thickness of the dielectric gap. Again, the analytical solution for the
propagation constant is impossible, but it can be solved approximately [12] or
numerically. Results of such calculation for air gap in gold are shown in Fig. 1.5
(relative permittivity of metal is taken from [7]).

— — 1000 F————————————
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B 201 —=— SPP (t= ) 4 = - E
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o 181 _ !
g % | E " 1a oo-ol
€ 161 o ] c a _o-0—0—© 00000000000 0008
o ®0-0-0-¢g_g 00000000000 00-0-0 2 I ,O';:;—*-*'*‘* i oot alialie)
s 14+ — @© 1 L®¥ _
O o)) 7./
£ 12/ s ¥
HLI: 1,2 - = o L

~m o I
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Figure 1.5: The effective mode index and propagation length of GSP for gold-air-gold configu-
ration.

One can see that the thicker the gap, the closer the propagation constant of
GSP to SPP (similar to IMI structures). However, for relatively small gaps the
field becomes strongly confined, thus increasing effective mode index and reducing
the propagation length. Overall it behaves similar to SR-SPP, but they have a
fundamental difference - in case of GSP SPPs of each metal-dielectric interface
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are coupled through the dielectric gap, while in SR-SPP case they are coupled
through the metal film. Also one can notice slightly larger propagation length
of GSP compared to SR-SPP with the same effective mode index, making them
highly attractive for many applications.

1.4 SPP waveguides

The previous two sections described basic planar metal-dielectric configuration,
allowing the guiding of plasmonic modes. Real plasmonic waveguides, where the
plasmonic mode is confined in two dimensions and propagates along the third
dimension, are usually based on one of the above basic configurations, therefore
the properties of plasmonic waveguides can be predicted by comparing to SPP,
LR-, SR-SPP or GSP modes. Then let’s overview the plasmonic waveguides
studied in this project: channel plasmon-polariton (CPP), long-range dielectric-
loaded SPP (LR-DLSPP) and slot waveguides.

CPP are electromagnetic waves that are bound to and propagate along the
bottom of V-shaped grooves milled in a metal film. They have been first predicted
[13, 14] and then experimentally shown [15] to exhibit useful subwavelength guid-
ing properties. Their unique features of strong SPP mode confinement make it
possible to bend (and split) CPP waveguides (CPPWs) formed in the materials
with extremely small curvature [16]. CPPs have already been found suitable for
realization of many passive photonic devises [17], and may find important appli-
cations as basic building blocks in ultrahigh-speed all-optical signal processing
circuits [4].

For a relatively small angle of V-groove CPPW can be considered as a GSP
waveguide with a variable gap width. Such consideration allows for approximate
analytical solution of dispersion properties of CPP for infinitely deep V-grooves
[18, 19]. Another quasi-analytical approach is the effective index method (EIM),
which can be used for finite depth V-grooves [20]. Finally, the field distribution,
propagation constant and other properties of CPP can be found directly by using
special software (in these project COMSOL was used). On the other hand, CPP
properties can be found experimentally, for example, using scanning near-field
optical microscopy (SNOM). The result of experimental investigation of CPP,
supported by V-shaped grooves in gold with the angle of ~ 17° and depth of
~ 1.7 pm at telecommunication wavelength range (1425-1625 nm) is presented
in Fig. 6. It shows that the propagation length increases with the increase of
the free-space wavelength or with the increase of the groove angle. The inset
depicts the field magnitude distribution calculated analytically for the infinitely
deep groove and numerically, using a finite element method (FEM) implemented
in COMSOL, for a finite-depth groove at different excitation wavelengths. The
result shows that with the increase of the wavelength the field is pushed away from
the groove, thus decreasing confinement. One would expect that there should be
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a certain cutoff threshold (Acyt > 1630 nm) after which the CPP mode can no
longer be confined within the groove, and is radiated in the form of SPPs along the
contiguous horizontal metal surfaces. It is also observed that as the wavelength
increases (i.e., approaching to cutoff), the CPP modes became hybridized with
the modes running on the edges at both sides of the groove (e.g., calculations
show rather strong hybridization of the CPP mode at A = 1630 nm even though
it is still mainly confined within the groove walls).

)

£ _ _ B .
2 | ——crre)0=20 B g g g
£ CPP(x): 0 = 15° S‘"r. 5 ' gr 3
o)) —— CPP(w0): 0 =15 Ria = = °
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& 30 | FEM theory: 0-17 0 max |
c ® Experiment: 0 =17
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Figure 1.6: CPP propagation length as a function of free-space wavelength. Insets (time-
averaged electric field magnitude distributions) represent the modal structure of the fundamental
CPP modes at indicated wavelengths. Inset size is 2 pm X 3 pm.

Overall CPPs comprise all useful GSPs properties, i.e., strong field confine-
ment with relatively small propagation losses, and they overcome GSPs in broader
tunability (two parameters of CPP - grove angle and groove width/depth - can
be varied, compared to one parameter of GSP - gap thickness). A week point in
CPP-based utilization is fabrication complexity - for long time the only option
for fabrication was focused ion beam (FIB) technic, which is rather expensive
and slow. However, recently a new process, involving UV-lithography and crys-
tallographic silicon etching, was developed and proved [21], allowing relatively
fast and cheap CPP fabrication.

As described in previous sections, LR-SPPs are characterized by long propa-
gation length and weak field confinement. In order to better confine plasmonic
mode without losing propagation length, one can use a proper dielectric environ-
ment, similar to photonic waveguides. Such concept is implemented in long-range
dielectric-loaded SPP (LR-DLSPP) waveguides, where a thin metal stripe is sand-
wiched between a high-refractive-index dielectric ridge and dielectric layer, de-
posited directly on a low-refractive-index substrate (Fig. 1.7). It has been shown
that LR-DLSPP waveguides able to guide a plasmonic mode over millimeter-long
distances [22], while retaining relatively strong mode confinement (similar to
diffraction-limited photonic waveguides, i.e., ~ A). The usage of LR-DLSPPW-
based components seems very promising for many practical applications, such as
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active modulation and bridging electric and optical circuits.
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Figure 1.7: Schematic layout and mode distribution of LR-DLSPP at A = 1500 nm. Thickness
of the gold stripe ¢ = 15 nm.

Another configuration mimicking GSP waveguide is a slot waveguide [23],
where the plasmonic mode is supported by a slot (gap) in a metal film deposited
on dielectric substrate (Fig. 1.8). In such configuration the geometric parameters
of the slot plays a key role in supported mode properties: for a relatively small
width w of the slot compared to the film thickness t the field profile is similar to
GSP and highly concentrated in the slot (see middle image in Fig. 8, calculated
for w = 50 nm, ¢t = 100 nm, metal - gold and dielectric - silica, n = 1.44).
Similar to GSP, such mode has high effective mode index and small propagation
length (for the calculated parameters Neg = 1.53 and Lpop ~ 6 pm). When
the gap width increases (or when the metal thickness decreases), the mode loses
its confinement, with a correspondent decrease in the mode effective index and
increase in the propagation length (see rightmost image in Fig. 8 as an example,
calculated for w = 100 nm and ¢ = 50 nm, resulted in Neg = 1.47 and Lprop =
8 pym). With a further decrease of confinement, the effective mode index continue
to decrease and at certain point it becomes less than the one of SR-SPP, and slot
mode starts to leak to SR-SPPs. This introduces additional losses and reduces
the propagation length. Thus the optimal parameters for either strong field
confinement or long propagation length can be found. Another advantage of slot
plasmonic waveguides is relatively easy fabrication.

max
Air
Metal —% t
Dielectric
100 nm
— 0

Figure 1.8: Schematic layout and mode distribution of slot plasmonic mode at A = 1500 nm.
Arrows represent in-plane electric field components.
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Chapter 2

Scanning near-field optical microscopy

Since SPPs, as all other propagating plasmonic modes, are electromagnetic waves
bound to the metal-dielectric interface, an obvious problem of the investigation
and characterization of such modes arise. Usual devices, such as optical micro-
scopes, are based on detection of free-space propagating waves (light), so they
become useless for the detection of evanescent waves, characterized by rapid am-
plitude decay in one or more direction of space. Therefore several new technics
have been developed for visualization and detection of the propagating plasmonic
waves: electron energy-loss spectroscopy [24, 25], fluorescence mapping [26], pho-
toemission electron microscopy [27], and leakage radiation microscopy [11, 28].
They allow the investigation of plasmonic modes, but all of them are indirect
methods. However, the most natural technique that allows probing near fields
of plasmonic modes (both propagating and localized) with sub-wavelength res-
olution beyond the diffraction limit is a scanning near-field optical microscopy
(SNOM) [29]. The next sections describe basic principles of near-field microscopy
and two types of SNOM used in this project.

2.1 General principles of near-field microscopy

The basic principle of SNOM is to put a tiny probe in a close proximity to
the sample, which will scatter the oscillating evanescent field in usual free-space
propagating waves, which can be detected by usual means (Fig. 2.1). In such way
local information of the evanescent field is retrieved from one point. By applying
a point-by-point scanning, the whole map of the near-field can be obtained.

The ability to detect evanescent waves also increases the resolution of SNOM
beyond the diffraction limit intrinsic to usual optical microscopy. This can be
explained by the Heisenberg’s uncertainty principle:

AzAk, ~ 2T, (2.1)

13
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Incident light

Z o - e

Sample
Propagating ———> Evanescent ———> Propagating
waves (sample)  waves (probe) waves

Figure 2.1: Basic principle of SNOM.

where Ax is a lateral resolution and Ak, is a lateral component of k—vector
detected by device. In usual optical microscopy max [Ak,| = kg = 27/, therefore
the lateral resolution is limited by the wavelength. Evanescent waves, however,
have at least one imaginary k-vector component (resulting in exponential decay
of the field away from the interface), therefore the lateral component of k-vector
can be larger than a magnitude of the correspondent free-space k-vector ky. Thus
SNOM (or any other device capable of detecting evanescent wave) can have a
subwavelength resolution.

There are many different types of SNOM probes and detection schemes, which
results in a number of particular SNOM setups available today. Here only two of
them are considered since they were used for the research done during this PhD
project: apertureless fiber-based SNOM (also known as a photon scanning tun-
neling microscopy or collection SNOM) and scattering-type SNOM (s-SNOM).
However, before going into details, one should keep in mind the problem of trans-
fer function, which allows one to relate an image and an object, presuming the
process of image formation is linear. In other words, one should know how to
relate a measured data point to the electromagnetic field (E, H) at the correspon-
dent point on the sample. The transfer function strongly depends on the type of
SNOM, therefore it will be discussed in details in corresponding sections.

2.2 Apertureless fiber-based SNOM

The fiber-based SNOM uses a sharp tapered optical fiber as a probe. Such fiber
can be coated by a thin (10-100 nm) metal layer with a small aperture at the
tip in order to increase the resolution and/or to enhance the selectivity on the
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detection of particular field components. An uncoated fiber tip, usually referred
as an apertureless, provides a much higher optical signal compared to the coated
fiber tip. The detected signal in the fiber-based SNOM is usually the light,
scattered by the tip inside the fiber (therefore such setup is sometimes referred
as a collection SNOM), so the detector is simply connected to the other end
of the fiber. The excitation of plasmonic modes can be done in different ways:
prism coupling in the Kretschmann [30] and Otto [31] configuration; by the use
of grating; coupling from the edge (end-fire coupling); excitation on defects; and
by illuminating from the same fiber tip used as a SNOM probe.

The schematic layout of the experimental setup used in this PhD project is
shown in Fig. 2.2. The end-fire excitation of plasmonic waveguides is done with a
use of a tapered-lensed polarization-maintaining single-mode fiber, focusing tun-
able telecom (1425-1625 nm) TE/TM-polarized radiation to a spot of diameter
of approx. 3 um at the entrance of the waveguide. The setup also allowed an
easy replacement of the SNOM head with a far-field microscopic arrangement,
including a 20x objective and a telecom camera. It was used both for the align-
ment of the in-coupling fiber and for the observation of the propagating mode,
since the evanescent field of the mode was scattered on the defects due to the
imperfections.

Figure 2.2: Apertureless fiber-based SNOM setup: (1) incoming TE/TM-polarized radiation
from tunable laser; (2) polarization-maintained fiber with a tapered-lensed end used to couple
light to waveguiding mode; (3) sample; (4) SNOM probe with its positioning system; (5) fem-
towatt InGaAs photoreceiver; (6) mirror; (7) telecom camera; (8) 20x objective; (9,10,11) 2-
and 3-dimentional stages.

Tapered fiber tip, used as a SNOM probe, was made from a single-mode silica
fiber by ~ 2 hours tube etching (i.e. in plastic jacket) of a cleaved fiber in 40%
hydrofluoric acid with a protective layer of olive oil [32]. After the etching the
plastic jacket was removed by softening it in a dichloromethane and mechanical
removal. The resulting fiber tip had a cone angle of ~ 30° and curvature radius
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of ~ 100 nm (Fig. 2.3). It should be noted that such process of tip fabrication is
somewhat uncontrollable, so the resulting angle and curvature radius may vary
from tip to tip. Moreover, sometimes multiple tips were produces (as can be seen
in the middle image of Fig. 2.3), resulting in a multiple/self-duplicating SNOM
images.

AR

Figure 2.3: Tapered fiber tip, produced by tube etching, at different magnifications (left -
optical dark-field microscope image, middle and right - scanning electron microscope (SEM)
images).

The fiber tip was glued to the SNOM probe holder containing 2 piezoelectric
elements — one was exciting the transverse oscillation of the tip, and another was
reading the amplitude of oscillation. The oscillation frequency was ~ 150 kHz
with a Q-factor of ~ 100. Approaching the sample the amplitude of oscillations
drops due to the shear-force damping, therefore, by using such shear-force feed-
back, the tip-sample distance was kept constant of about few nanometers. The
near-field radiation has been scattered and partially collected by the fiber tip
itself, and afterwards guided (in the form of fiber modes) towards the other end
of the fiber, where it has been detected by the femtowatt InGaAs photoreceiver
and processed by SNOM controller (providing both topographical and near-field
optical images, simultaneously).

As for the transfer function, first of all one should bear in mind that aperture-
less fiber-based SNOM measures dominantly in-plane electric field component,
since the field scattered by the probe should be collected by the fiber, which
guides only transverse modes, parallel to the sample surface due to the normal
position of the probe. The scattered out-of-plane (normal) components of the
near-field are thus not scattered normally (with in-plane field components) due
to the symmetry of the tip. However, the normal component of the near-field can
be measured with SNOM, if the tip is not symmetrical (for example, see middle
image in Fig. 11). Another aspect of transfer function of apertureless fiber-based
SNOM is a finite size of the probe and correspondent response, which is depen-
dent on the decay rate of evanescent field. In other words, the more confined
the near-field, the less it is detected by SNOM. A systematic experimental study
of the SNOM transfer function, supported by a simple analytical model, results
in a simple empirical rule: the detected signal is proportional to the near-field
in-plane component at certain effective point inside the tip, which is ~ 150 nm
away from the tip apex [33, 34].
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2.3 Scattering-type SNOM

Figure 2.4: Photo of NeaSpec s-SNOM setup.

The scattering-type SNOM used in this project is based on an atomic force
microscope (AFM) and uses cantilevered tips as near-field probes (NeaSNOM
from Neaspec GmbH, see Fig. 2.4). In the experiments standard commercial Si
tips covered with platinum (Arrow NCPt, NanoWorld) were used. The sample is
scanned in a tapping mode, with the tip oscillating at the mechanical resonance
frequency Q = 250 kHz with an amplitude ~ 50 nm (Fig. 2.5). The sample is
illuminated from the bottom with a use of a lower parabolic mirror for focusing
the light to the spot of diameter around 3 pm (so-called transmission-mode,
[35]). The light, scattered by the tip, is collected by a top parabolic mirror
and directed towards the detector, where it is overlapped with an interfering
reference beam, yielding both the amplitude and the phase of the scattered light
using pseudoheterodyne detection [36] (see next section about phase detection).
It should be noted that the setup is, in principle, is wavelength-free due to the
use of parabolic mirrors instead of refractive lenses. Only few minor components,
such as beam splitters and polarizers, require the replacement with a substantial
change of the illumination wavelength. Background contributions from far-field
and scattering of the incident light on the tip and cantilever were suppressed by
demodulating the detector signal at a high harmonic frequency n{) (usually n = 2
or 3 is used), providing background-free near-field amplitude and phase images
[37].

In most s-SNOM setups the illumination is done in reflection-mode, where
the light is focused on the tip with the same top parabolic mirror that collects
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Figure 2.5:  Apertureless fiber-based SNOM setup with pseudoheterodyne amplitude- and
phase-detection.
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scattered light. Such configuration is useful for the subwavelength sampling of
material properties [37-39], but it creates many problems observing clear antenna
modes and treatment of data due to a strong tip-sample coupling [40] and phase-
retardation effects [41]. However, in the transmission-mode configuration the
sample is illuminated from below, with an in-plane direction of polarization.
Therefore such configuration produces homogeneous illumination and efficient
excitation of the antenna, avoiding direct excitation of the tip [35, 42]. Due
to a dominating dipole moment of a tip along its axis (i.e., along z—axis), the
recorded s—=SNOM images represents mostly a distribution of the amplitude and
phase of the z—component of the electric field, F, [43, 44]. In order to enhance
this selectivity, a polarizer at the detector is set correspondently to z—polarization
of the light, scattered by the tip. Finally, the recorded data is imaged with free
scanning probe microscopy software Gwyddion.
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Amplitude- and phase-resolved detection

The basic idea behind the detection of the phase is to use the interference of signal
beam with a reference beam, since the absolute value of the phase is practically
useless (the measured signal is always proportional to the mean electric field
intensity over the period of oscillations), so only the relative phase difference,
creating interference pattern in space or time, can be measured. Therefore in all
phase detection methods described later the in-coming laser beam is split in two
arms: reference and signal (sample) arm, overlapping later at the detector. The
detected signal — intensity — is proportional to the square of the amplitude of the
total electric field Fioia1, SO One can write is as:

I |E1total|2 = |Esignal + Elfef|2
|Esignal|2 + |Eref|2 + EsignalE:ef + E:ignalEref
= |Evsignal|2 + |E'ref|2 +2 |Esignal| |Eref| COos (¢signal - Qbref) ) (31)

Esignal = |Esignal| e€xp (i¢signa1) ’ Eref = |Eref| exp (i¢ref) ) (32)

where Eggnal and Eief are the electric field in the signal and reference arm, cor-
respondingly, and star means complex conjugate. Only the interference term
contains valuable information about the phase, therefore, in order to measure
it, one needs to apply the modulation to the signal beam, modgignal, and refer-
ence beam, mod,¢f, and then demodulate the detected signal at ‘crossed mod-
ulation’ - modgjgnaimod,er. The phase detection methods differ by the modula-
tion/demodulation procedure, and sometimes it is enough to modulate beam in
only one arm (usually reference arm). Before proceeding to the particular phase
detection methods, one should keep in mind that the intensity in the signal arm
of AFM-based s-SNOM is already modulated by tip’s oscillation frequency (2.
Therefore in general case one can write the electric field in the signal arm ex-
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panded in Fourier series:

Esignal = Z S exp (imt) , (3.3)

m=—0o0

where S), is a complex-valued Fourier coefficients. Such general consideration is
rather complicated, but it can be simplified due to the fact that only the scattered
near-field ENF strongly depends on the tip-sample distance, while the far-field
EFF (background) does not. Therefore the electric field in the signal arm can be
simplified as:

Esignal = Enr+ EFF7
Eng = |ENF| CcoS (Qt) exp (Z¢NF) , (3.4)
Err = |Epp|exp (i¢pr).

In practical case, the far-field might still have reasonable amplitude of the first
harmonic, but the following rule holds: the higher the harmonics, the larger
the near-field to far-field amplitude ratio, so high-order harmonics are used in
experiments (in the case of this thesis 2°¢ and 3" harmonics were used). The
amplitude of the signal drops down with the increase of harmonic order, therefore
the optimum is found in a trade-off between near-field to far-field ratio and signal-
to-noise ratio. It should be noted that in the equation above the cosine function is
used instead of the complex exponent for harmonic dependence, because mostly
the amplitude of the scattered near-field depends on tip-sample distance, and the
phase is nearly constant [38]. Therefore the detected signal for s-SNOM is:

I = INv/NF + Irr/FF + Liefjref + 2INF/FF + 2INF jret + 2IFF jrefs (3.5)
Inja < 5 (EAEf + B3 Ep)

I < |Epp|? + | Eret|* 4 2 |Epp| | Evet| cos (¢rr — drer) + |Exp|* cos® (Q)
+ 2 |Enr| cos (2t) {| Ere| cos (dNF — ¢ret) + | EFF| cos (onF — ¢FF)}  (3.6)

Thus the ultimate goal of phase detection in s-SNOM is to measure the amplitude
| Exr| and phase ¢np of the background-free near-field.

3.1 Homodyne detection

The main idea in homodyne detection method (also known as phase shifting
interferometry) is to make several consecutive measurements with different but
well-controlled phases of the reference beam and then mathematically derive the
amplitude and the phase. The phase shift is usually done by a controlled change
of the optical path in the reference arm as shown in Fig. 3.1.
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Figure 3.1: Homodyne detection scheme.

In case of AFM-based s-SNOM only 2 measurements are required, and the
phase difference of 90° (7/2) is usually taken. The measured intensity, demodu-
lated at the frequency of €2, is equal to:

157 o 2 | Bxe| { | Bret| cos (énr — 6127 ) + | Er| cos (onr — drr) | (3.7)

Without limiting the generality we can assume the phase of the reference beam
1 ¢ = 0 in the first measurements and ¢2; = /2 in the second. First, let’s

consider a case without background (Epp = 0). Then

Il 2 E Er 9 y 1
{ & 0 2 |Exp| | Erer| cos (dnr), |Exre|exp (ignp) o< I + i1§. (3.8)

I3 o 2 |Exp| | Exvet| sin (énr) -

In such way the near-field amplitude and phase can be determined from two
consecutive measurements. However, if the background is non-zero, it acts as
an additive disturbance, making such measurements non-background-free. In
order to discriminate this background, one can use either one or more additional
measurements [45] or make the amplitude of the reference beam much higher
than the one of the background. Another drawback of homodyne detection is a
requirement for controlled phase shift — in a case of the change of the optical path
in the reference arm it requires precise and repeatable positioners with close-loop
accuracy much less than the wavelength. Then it becomes a trade-off between
the detection speed and accuracy.

3.2 Heterodyne detection

The main idea in heterodyne detection method is to shift the optical frequency
of the reference beam (Fig. 3.2). This can be done by either using acousto-
optic modulator or simply by linear change of the optical path (= phase) of the
reference arm. Then the electric field in the reference arm is:

Eret = |Eref| exp [7/ <_Mt + ngef)} ) (39)
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where M is the shift in the frequency and ¢ is the initial phase of the reference

beam. Without limiting the generality qﬁ?ef can be set to zero. Then in general
case the detected signal is:

I x |Esignal|2 + |Eref|2 + 2 |Esignal| |Eref| COs ((/bsignal + Mt) (310)

Therefore the amplitude and the phase of the signal beam can be found simply
by demodulating the measured intensity with a frequency M.

Signal arm, ®

Beam
splitter

Beam
combiner

Reference arm, ® + M

Figure 3.2: Heterodyne detection scheme.

In the case of s-SNOM the term of the detected signal corresponding to the
interference of scattered near-field and the reference beam can be expressed as
following:

INF jref X 5 (ENF B + Ep Eref)
= 2 |Exr cos ()| | Eret| cos (onF + M)
= ‘ENF| ‘Eref’ {COS ([M + Q] t+ ¢NF) ~+ cos ([Q — M] t— ¢NF)} (3.11)

Therefore the amplitude |Exy| and the phase ¢np of scattered near-field can be
found by demodulating the detected signal with a frequency of |2 = M]|. Since the
detected signal will have harmonics at frequencies €2, M and |Q £ M|, then the
minimum time required for one measurement is ~ 1/ min [2, M] Such detection
method is background-free, however it has practical disadvantages: when acousto-
optic modulator is used, the setup should be readjusted each time when the
illumination wavelength is changed. When the linear positioner is used for the
linear change of the optical path of the reference beam, then it should have high
constant speed stability and very long travel range.

3.3 Pseudoheterodyne detection

Comparing the two detection methods described above one can see that the
continuous modulation of the phase in the reference arm is better than a discrete
phase shifting. However, the linear increase of the phase in the reference arm is
hard to realize practically. The most straight-forward continuous modulation of
the phase is a phase oscillation, which can be realized by mirror oscillation in the
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reference arm, thus periodically changing the optical path of the reference beam
(Fig. 3.3). Such approach is called pseudoheterodyne detection [36].

Signal arm

Beam Beam
splitter ombiner
*

Reference arm

Oscillatin,
> 1.g

mirror(s)

Figure 3.3: Pseudoheterodyne detection scheme.

The electric field in the reference arm can be written as

Erot = | Eref| exp |i [ (gbavg + ~sin {Mt})} , (3.12)

ref

where M is a phase-modulation frequency, v is a modulation depth, and ¢avfg is

an average phase (corresponding to the equilibrium point). As in the previous
case, cb of can be set to zero. The above equation can be expanded in Fourier
series with Jacobi—Anger expansion:

oo

Eref = ’Eref| Z Jm (7) eith

m=—0oQ

E&{ +QZJ ) cos [mMt] exp (im %,@m

where J,, is the Bessel function of the first kind, m™ order. Thus the periodic
oscillation of the phase can be interpreted as a multiple-heterodyning. Then
the term of the detected signal corresponding to the interference of scattered
near-field and the reference beam can be expressed as following:

INF jret X | Eret| |ENF| cos (€2t) {Jo cos (onF)
+ 2 Z JIm (77) cos (mMt) cos (quF — m%)}
= | Eref| | ENF| {Jo cos (2t) cos (¢NF)

+ Z Jm (7) cos (énp — mF) [cos ({mM + Q}t) + cos ({mM — Q}tﬂ}

(e 9]

= |Evetl [Exp| Y Jim (7) cos (¢np — mF) cos ({mM + Q}t) (3.14)

m=—0o0
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If Q > M, then the detected signal will split into sidebands with a frequency
of Q@ + mM. From the above equation it follows that the successive lines in a
sideband are in alternation proportional to the real (cos) and imaginary part (sin)
of the complex near-field Enp, for even and odd m, respectively. Consequently,
it can be recovered from two signal amplitudes

IQ-HCM IQ~HM
NF/ref ."NF/ref I=k-1

e T TV (3.15)

where k is an even and [ is an odd integer. This equation can be simplified even
further if Jy (v) is made equal to J; () by a suitable choice of the modulation
depth +. For [ =1 and k = 2, the required v = 2.63. Then

|ENF| exp (Z¢NF) XX

| B exp (ignr) oc IR — il (3.16)
As can be seen from the distribution of the Bessel functions (Fig. 3.4), at this
point the energy is mostly concentrated at these sidebands, which corresponds to
high efficiency of this detection method at this modulation depth.
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Figure 3.4: Bessel functions of the first kind and m = 0..5*® order.

In practical side of view it means that the detected signal in the Fourier space
will have such sidebands around each harmonic nf). It should be noted that only
sidebands around non-zero harmonic represents background-free interference of
the scattered near-field with the reference beam (Fig. 3.5). The minimum time
required for one measurement is ~ 1/ min [2, M|, as in previous case.

3.4 Synthetic optical holography

The final phase detection method developed specifically for scanning microscopes
is relatively new [46] and combines phase shifting interferometry, heterodyne and
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Figure 3.5: Schematic representation of the detector output spectrum.

holography technics. It applies phase modulation during the scan, therefore the
scan map of the detected signal appears to be space-modulated, similar to the
usual holography.
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Figure 3.6: Synthetic optical holography detection scheme.

The basic practical realization of synthetic optical holography (SOH) is to
linearly change the optical path of the reference beam (for example, by moving
mirrors), similar to heterodyne method (Fig. 3.6). However, in this case it is
not needed to demodulate the detected signal with a frequency of |2 + M| - only
the demodulation at €2 is required. Thus the time limit for one point detection
is ~ 1/Q instead of ~ 1/min [Q2, M], as in the case of heterodyne and pseudo-
heterodyne. Since usually 2 > M (for example, in NeaSpec s-SNOM used in this
project £ ~ 250 kHz and M ~ 150 Hz), SOH enables substantial increase in data
acquisition speed compared to other background-free techniques (heterodyne and
pseudoheterodyne methods). As in the heterodyne method, the electric field in
the reference arm can be written as

E.of = |Eref| exp (ZMt) , (3.17)
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where M is the speed of the phase increase. If the phase change of the reference
beam is negligible during one point detection (i.e., @ > M), then the detected
signal, demodulated at frequency §2, is (similar to homodyne):

Io ox 2 |ENF| {|Eref| Ccos (ngF — Mt) -+ |EFF| CcOs (¢NF — ngF)} (3.18)

If we further neglect the phase change of the reference beam during the scan
along the fast-axis  and assume the starting point of scan to be (0, 0), then the
time can be related to the slow-axis coordinate of the scan y:

t = L Atiine, (3.19)

Ay

where Atjj,e is the scanning time of one line and Ay is the distance between lines.
Then the scan map of the detected signal is:

Iq (z,y) x 2|ENF| {|Eref| Ccos <¢NF — MAiyAtline) + | Err| cos (¢nF — ¢FF)}

= 2|Enp| {|Eref| (e_wNFJFkSOHy - ei¢NF_kSOHy)

+ |EFF| CcoS (¢NF — (ﬁpp)} (3.20)

where kgop is a wave vector of the synthetic wave:

M Atjine
k = — 21
SOH Ay (3.21)

Usually the spatial resolution of detected near-field in SNOM is below the diffrac-
tion limit (i.e., less than a half of the wavelength), but it is still limited — for
example, by a probe size of ~ 20 nm. A wave vector of the synthetic wave kgom,
on the other hand, is not limited and can be adjusted easily by increasing the
number of lines or by changing the speed of scanning/phase change in the ref-
erence arm. Thus the amplitude and phase of the scattered near-field can be
reconstructed by a standard Fourier transform (FT) filtering. With a relatively
large ksop the Fourier spectrum of the scan map will represent three clusters,
separated by kson along the slow-axis. The filtering procedure is simply shift-
ing and window filtering (or in the reverse order). In order to reconstruct the
scattered near-field, the Fourier spectrum should be shifted by kgop in either
positive or negative direction in Fourier domain, meaning the following change
in real domain:

I (z,y) ethsonY o 9 |ENF| | Eret| e HIONF

+ 2 |ENF| |Eref| e TiONF g E2ksony + 2 |ENF| |EFF| Ccos (¢NF — ¢FF) eTksony (3.22)



Chapter 3. Amplitude- and phase-resolved detection 27

Then a window filtering should be applied in the Fourier domain in order to
reconstruct the first term:

Iy (.I‘, y) eikSOHy Fourier = Window Inverse Fourier>O< 9 |ENF| |Eref| eii¢NF (323)

transform filtering transform

In order to use SOH most efficiently, one should take into account that the band-
width of the scan map is limited due to the discretization and is equal to 27 /Ay.
According to the above, it should fit three clusters separated by kson. Then

2m 3M Atjine .

Ay S 3kson Ay (3.24)

M Atjipe < %ﬁ (3.25)
It means that the most efficient SOH detection will be when the total change of
the optical path in reference arm during the scanning time of one line is equal to
one-third of the wavelength.
As for the spatial resolution of the reconstructed scan map of the scattered
near-field, it is obvious that it will be lowered due to the window filtering in
Fourier domain. The new resolution will be:

27

Ay*

= < 3Ay (3.26)
kson

It means that in most efficient SOH detection the spatial resolution will decrease
by a factor of 3. It can also be interpreted as three points in original scan map are
used to produce one point of background-free near-field reconstructed scan map
— the same as for the phase shifting interferometry. Overall, SOH offers fast data
acquisition of background-free near-field map. It also allows multicolor imaging,
i.e. using several wavelengths and a single reference arm at the same time. As
for the drawbacks, a practical application of SOH using linear positioner requires
high accuracy on keeping constant speed and long travel range. However, the
requirement on the accuracy is not so strict as in the case of homodyne and
heterodyne, since slow drifts in position of the linear positioner will only affect
the phase of the recovered near-field.
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We report on experimental (by use of scanning near-field optical microscopy) and theoretical investigations of
strongly confined (~4/5) channel plasmon polariton (CPP) modes propagating at telecom wavelengths
(1425-1630 nm) along V-grooves cut in a gold film. The main CPP characteristics (mode index, width, and propa-
gation length) are determined directly from the experimental near-field images and compared to theoretical results
obtained using an analytic description of CPP modes supported by (infinitely deep) V-grooves and finite-element
simulations implemented in COMSOL. © 2011 Optical Society of America
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1. INTRODUCTION

Surface plasmon polaritons (SPPs) represent electromagnetic
excitations that are bound to metal-dielectric interfaces [1].
Their fundamental properties have been the subject of exten-
sive studies both theoretical and experimental. In recent
years, the focus of investigation shifted noticeably toward ex-
ploring the possibilities for SPP control and manipulation with
artificially created surface structures. The developments in
plasmonic circuitry [2] suggest abundant possibilities for
further advancement toward practical realization of exciting
optical phenomena associated with metal nanostructures.
Thus, the phenomenon of nanoscale field confinement by
SPP manipulation has great potential to revolutionize many
applications in nanophotonics, ranging from quantum optics
[3] to imaging [4], near-field optics [5,6], and nanosensing [7].

Note that the physics of SPP guiding is fundamentally dif-
ferent from that of light guiding in dielectric waveguides
(which obey the diffraction limit) and is intimately connected
with the hybrid nature of SPP modes, in which electromag-
netic fields in dielectrics are coupled to free electron oscilla-
tions in metals [1]. A variety of SPP guiding geometries have
already been suggested to achieve high SPP concentration on
length scales smaller than the diffraction limit of light (in the
surrounding dielectric) [2]. The appropriate SPP modes are
supported, for example, by linear chains of metal nanoparti-
cles [8], narrow dielectric ridges deposited on metal films
known as dielectric-loaded SPP waveguides (DLSPPWs) [9],
narrow gaps between metal surfaces (gap SPPs) [10], and
by corresponding cylindrical, i.e., rod and coaxial, structures
[11,12]. Since, for all of these SPP systems (except DLSPPWs),
the downscaling of cross section is not limited by the light
wavelength, they represent a promising alternative to dielec-
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tric optical waveguides. However, the simultaneous realiza-
tion of strong confinement and a propagation loss suffici-
ently low for practical applications has long been out of reach.

Channel SPP modes—channel plasmon polaritons
(CPPs)—are electromagnetic waves that are bound to and
propagate along the bottom of V-shaped grooves milled in a
metal film [13]. They are expected to exhibit useful subwave-
length confinement, relatively low propagation loss [14], sin-
gle-mode operation [15], and efficient transmission around
sharp bends [16]. Recent experiments showed that CPPs at
telecom wavelengths propagate over tens of micrometers
along grooves in gold [17] and exhibit strong subwavelength
confinement along with low bend losses in large-angle S-
bends and Y-splitters [18], thereby enabling the realization
of ultracompact plasmonic components such as Mach-
Zehnder interferometers, waveguide-ring (WR) resonators
[19], add-drop multiplexers, and compact Bragg grating filters
[20] as well as nanofocusing components [21]. Thus, there is
substantial interest in the fundamental properties of CPP pro-
pagation in metal V-grooves, which are determined by the dis-
persion properties of the CPP mode. Knowledge of CPP modal
shape and dispersion properties is essential to set up an effi-
cient end-fire excitation of the waveguide, and also to esti-
mate efficient coupling between adjacent waveguides. In
contrast to the dispersion relation for a SPP at a planar me-
tal/dielectric interface, which is well investigated theoretically
and experimentally (as well as for different planar waveguide
configurations) [1,22,23], the dispersion of CPP modes and
their field profiles in V-grooves has to date only been investi-
gated theoretically [13,17,24-28].

In this paper, we report on experimental (by use of
scanning near-field optical microscopy) and theoretical

© 2011 Ontical Saciety of Ameriea
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investigations of the dispersion and the mode structure of
strongly confined CPP modes propagating at telecommunica-
tion wavelengths along V-grooves cut in a gold film.

2. EXPERIMENTAL ARRANGEMENT

The sample, containing several straight 150 yum long V-shaped
grooves with the angle 6 close to ~17° and depth d of ~1.7 ym,
was fabricated using a focused ion-beam (FIB) milling tech-
nique in a 2-ym-thick gold layer deposited on a substrate of
fused silica covered with an 80-nm-thick indium-tin-oxide
layer [Fig. 1(a)]. For these groove parameters, the CPP guid-
ing is expected to be single-mode [17]. Special care was taken
to fabricate V-grooves with smooth walls and prevent contam-
ination of the completed structures by dust particles.

The experimental setup is rather similar to that used in our
previous experiments [17-21] and consists of a collection
scanning near-field optical microscope (SNOM) with an un-
coated sharp fiber tip used as a probe and an arrangement
for launching tunable (1430-1620 nm) TE/TM-polarized radia-
tion into a metal groove by positioning a tapered-lensed polar-
ization-maintaining single-mode fiber [Fig. 1(b)]. Note that,
since the main component of the SPP electric field is oriented
perpendicularly to the metal surface [1], the CPP electric field
tends to be oriented perpendicularly to the groove walls
and thereby, for small groove angles, parallel to the sample
surface plane. The adjustment of the in-coupling fiber with re-
spect to the illuminated V-groove channel was accomplished
during monitoring of the SPP propagation along the sample
surface with the help of a far-field microscopic arrangement.
The track of the propagating radiation (distinguishable for all
structures and wavelengths) featured, apart from a gradual
decay in visibility with the propagation distance, a rather
bright spot at its termination [Fig. 1(c)]. These far-field obser-

1 um 40 pm

Fig. 1. (Color online) Experimental arrangement. (a) SEM image of
V-groove entrance showing typical groove profile (d and 6 are groove
depth and angle, respectively). (b) Schematic layout of the experimen-
tal setup. (1) TE-polarized radiation (electric field is parallel to sample
surface plane) from tunable laser (1425-1630nm); (2) in-coupling
tapered-lensed polarization-maintaining single-mode fiber; (3) sample:
gold film containing several straight V-grooves; (4) microscope
objective of 20x magnification; (5) mirror; (6) IR camera; (7) SNOM
operated in collection mode; (8) InGaAs photoreceiver; (9) three-
dimensional X, Y, Z stage; (10),(11) two-dimensional X, Y stages.
(c) Microscope image of a coupling arrangement superimposed with
far-field image taken at excitation wavelength A=~ 1600nm with IR
camera, showing the track of CPP propagation and a bright spot at
the V-groove termination. (d) Microscope image of near-field optical
probe used in the experiment.
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vations also confirmed the expected polarization properties of
the guided radiation [17] and demonstrated its (relatively) low
dissipation. Following these experiments (that also include
adjusting the in-coupling fiber position to maximize the cou-
pling efficiency), we moved the entire fiber-sample arrange-
ment under the SNOM head and mapped the intensity
distribution near the surface of the groove with an uncoated
sharp fiber tip of the SNOM. The near-field optical probe used
in the experiment was produced from a single-mode silica fi-
ber by ~120 min etching of a cleaved fiber in 40% hydrofluoric
acid with a protective layer of olive oil. The resulting fiber tip
has a cone angle of ~30° and curvature radius of less than
100 nm [Fig. 1(d)].

The tip was scanned along the sample surface at a constant
distance of a few nanometers maintained by shear-force
feedback. It should be noted that this distance could not be
maintained in the middle of the groove (given the groove
dimensions and the tip size), a circumstance that might influ-
ence the characterization of CPP mode cross section. Near-
field radiation scattered by the tip was partially collected by
the fiber itself and propagated in the form of the fiber modes
toward the other end of the fiber, where it was detected
by a femtowatt InGaAs photoreceiver.

3. EXPERIMENTAL RESULTS

The fabricated plasmonic structures were excited at different
wavelengths ranging from 1425 to 1630 nm with TE-polarized
light and imaged with SNOM. Topographical and near-field op-
tical images of efficient CPP guiding by fabricated V-grooves
were recorded at the distance of ~100 gm from the in-coupling
groove edge (to decrease the influence of the stray light., i.e.,
the light that was not coupled into the CPP mode) and in the
entire range of laser tunability.

The experimental results (typical topographical and near-
field optical images of CPP propagation at different wave-
lengths) can be seen in Fig. 2, where the SNOM images are
oriented in such a way that the CPPs propagate from left
to right (in the horizontal direction). SNOM measurements
were carried out by scanning areas of roughly 36.8um x
3.5um [Figs. 2(a)-2(c)] and 55 ym x 3.5 um [Figs. 2(d)-2(h)]
along the waveguide. The fast scan direction was orthogonal
to the V-groove. Appearance of the optical images is similar to
those obtained with photonic crystal waveguides [29], featur-
ing efficient mode confinement (in the lateral cross section) at
the groove and clearly pronounced decay (along the propaga-
tion direction) of the CPP intensity. The aforementioned
decay is found to be wavelength dependent, directly demon-
strating (Fig. 2) the observed increase in CPP propagation
length along with the corresponding increase in wavelength.
The averaged cross sections taken along the propagation di-
rection for optical (4 = 1630 nm) and corresponding topogra-
phical images are shown in Fig. 2(i). One can see that the
cross section taken along the optical image demonstrates
clearly pronounced (and rather unperiodic) intensity varia-
tions along the propagation direction. The latter is usually ac-
counted for by the interference between the CPP mode’s
incident and scattered (by the groove imperfections and/or
stray light [17]) field components. However, the preliminary
analysis of these cross sections together with spatial spectra
taken for different wavelengths has shown that the situation is
quite complicated, because the cross sections/spectra exhibit
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several features that are independent of the light wavelength
and therefore should be related (in our opinion) to the rough-
ness of groove walls and/or the scanning mechanism of the
SNOM (including scanning speed, stability of the SNOM feed-
back, shape of the SNOM tip, etc.). To test this idea, the op-
tical cross sections (taken at different wavelengths) were
directly compared to cross sections taken (along the same
direction) for the corresponding topographical images. The
results obtained [Fig. 2(i)] revealed a good agreement be-
tween topographical and optical profiles (where the minima
in the optical signal clearly correspond to the maxima in to-
pography). Note that due to its evanescent nature, the CPP
signal measured in the middle of a groove is directly related
to the ability of the SNOM fiber tip to penetrate the channel
(with the depth of penetration being kept as constant as pos-
sible). The cross sections of the topographical images (taken
along and across the propagation direction) showed that the
penetration depth varied significantly (both in time and
space), with the SNOM tip actually being below the sample
surface by ~200-600 nm, depending on the tip shape, stability
of the scanning process, and/or the quality of the fabricated
V-groove. Thus the disappearance of the CPP signal in certain
areas of the groove along the propagation direction [clearly
seen in some images, e.g., Figs. 2(e)-2(h)] has to be directly
attributed to varying penetration depth of the SNOM fiber tip
inside the V-groove. Note also that the recorded images are
characterized by a high contrast ratio (the ratio of useful
CPP signal in the groove to the background signal), i.e.,
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Fig. 2. (Color online) Experimental results. Pseudocolor (a), (d) to-
pographical, and (b)—(c), (e-h) near-field optical images of different
sizes; (a—c) 36.8 ym x 3.5 ym, (d-h) 55 um x 3.5 um. SNOM images re-
corded at different wavelengths with shear-force feedback,
(b) 1425nm, (c) 1475nm, (e) 1500nm, (f) 1560nm, (g) 1590 nm,
(h) 1630nm. (i) Cross sections of the topographical (asterisks) and
near-field optical (open circles) images of (d), (h) taken (along 1 line)
along propagation direction.
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CPP signal drops rapidly outside the groove, indicating the
presence of a negligibly weak homogeneous background at
the level of ~3% compared to the maximum signal (inside
the groove). Despite the aforementioned signal variations,
we could use the recorded SNOM images to characterize
the structure of the CPP mode and its propagation length.
It turned out that in the wavelength range of 1425-1630 nm,
the CPP propagation length (determined from the correspond-
ing SNOM images) varied significantly, depending on both
the coupling arrangement and wavelength used. To treat
SNOM images properly, the following method has been used
[Fig. 3(a)]: averaged optical signal profiles (taken along the
propagation direction) have been directly extrapolated by
the corresponding exponential dependences fitted by the
least-squares method (where the CPP propagation length has
been obtained from corresponding exponent coefficients).
The result (that shows the CPP propagation length as a func-
tion of light wavelength) is presented in Fig. 3(b), where the
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Fig. 3. (Color online) CPP propagation length estimation. (a) Cross
sections of the near-field optical images in Figs. 2(b) and 2(h) (filled
and open circles, respectively) averaged along 5 lines along the
propagation direction; the exponential dependences fitted by the
least-squares method to the signal dependence along the propagation
direction are included. (b) CPP dispersion: the CPP propagation
length as a function of light wavelength; filled circles represent the
experimental data, with calculated theoretical curves in different col-
ors. Error bars are estimated from the CPP propagation length max-
imum variations with the averaging windows at different positions
along the propagation direction. Insets (time-averaged electric field
distributions) represent the modal structure of the fundamental
CPP modes at different wavelengths: (c) CPP () mode for an infi-
nitely deep groove at 1425nm (computed with EI method); the
CPP mode for increasing wavelength of (d) 1425, (e) 1480, and
() 1630nm (computed with FEM method for a truncated groove of
depth 1.7 ym). Inset size is 2 ym x 3 ym.
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Fig. 4. (Color online) (a) Cross sections of the topographical (aster-
isks) and corresponding high-resolution near-field optical (filled
circles) images (in left-hand insets) averaged along 10 lines perpendi-
cular to the propagation direction. Schematic of the V-groove/SNOM
probe configuration under consideration is shown in right-hand inset.
(b) Optical signal recorded inside the groove, presented as a function
of groove depth, along with the exponential fitting curve.

experimental values (determined through the aforementioned
procedure) are shown by the filled circles.

Figure 3(b) also contains results that were calculated
theoretically with two different electromagnetic techniques:
the first, effective index (EI) approximation [17] in combina-
tion with analytic description [28] of CPP modes supported by
infinitely deep V-grooves of different angles [shown by solid
curves; for simplicity, these modes are labeled as CPP ()];
and second, the finite-element method (FEM) as implemented
in the commercial software COMSOL (dotted curve), using
tabular gold dielectric constants [30]. Overall, it is seen that
the experimental results are in rather good agreement (within
experimental error) with our calculations, demonstrating a
clearly pronounced general trend: the increase in CPP propa-
gation length with the increase in wavelength. Note that the
two theoretical approaches provided similar results, as ex-
pected for strongly confined (and thereby, far from the cutoff)
CPP modes [28]. The same methods have also been used to
investigate the structure of the fundamental CPP mode [see
insets and legend of Figs. 3(c)-3(f)]. These results show
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that as the wavelength increased (up to 1630nm), the field
is pushed out of the groove. The latter would facilitate its
observation both with a far-field microscope (such a mode
is easier to scatter by surface features) and the SNOM (the
detection efficiency of a fiber probe increases for lower
spatial frequencies [31]). One would expect that (keeping
the same trend for even longer wavelengths) there should
be a certain cutoff threshold (1., > 1630nm) after which
the CPP mode can no longer be confined within the groove,
and is radiated in the form of SPPs along the contiguous
horizontal metal surfaces. It is also observed that as the
wavelength increases (i.e., approaching to cutoff), the CPP
modes became hybridized with the modes running on the
edges at both sides of the groove (e.g., calculations show
rather strong hybridization of the CPP mode at 4 = 1630 nm
even though it is still mainly confined within the groove walls).

Note that, in our opinion, the roughness and imperfections
of V-groove walls (as well as other groove defects) contribu-
ted significantly to the detected CPP propagation loss (at least
for shorter wavelengths in the range 1425-1525nm). The dis-
crepancy between theory and experiment can also be as-
cribed to small differences in the groove geometry, both in
the groove shape (e.g., angle, depth, wall flatness) and/or dif-
ferent dielectric permittivities of gold (in our calculations, the
Palik and Ghosh [30] data sets were used). For example, it was
recently verified [24,27] that even slightly less negative dielec-
tric permittivity of gold or/and smaller groove angle notice-
ably influences the properties of a CPP mode (including
propagation length and cutoff wavelength). One can further
suggest that the accuracy of the experimental results can
be further improved by increasing the scanning area along
the propagation direction of the groove (which should also
be combined with a corresponding increase in the number
of independent experiments). The latter task is not trivial, con-
sidering that the near-field optical microscopy (used in this
experiment) is a point-by-point scanning technique (i.e., it
is a time-consuming procedure to produce even one SNOM
image with a high optical resolution). Despite these diffi-
culties, the high-resolution SNOM images were recorded at
different wavelengths (1425 and 1480 nm) and used to inves-
tigate the CPP mode characteristics. Figure 4(a) shows typical
cross sections (averaged along 10 lines perpendicular to the
propagation direction) of high-resolution topographical and
corresponding near-field optical images (recorded at
A = 1425nm). From the cross sections of the SNOM images,
one can see a clearly pronounced asymmetry of topographical
and optical profiles (e.g., it is clearly pronounced as a differ-
ence in the slope of the groove walls). The latter is not a real
topographical/optical artifact (e.g., the actual groove symme-
try is revealed by the SEM images in Fig. 1) and should be
attributed to a convolution (asymmetry) of the SNOM tip.
Generally speaking, every data point in a SNOM image repre-
sents a spatial convolution (in the general sense, not in the
sense of Fourier analysis) of the shape of the SNOM tip
and the shape of the feature imaged (e.g., the V-groove, in

Table 1. Experimental and Numerically Calculated CPP Mode Characteristics

A dpen(eXp> Negr (exp) wFWHM(eXp) eyt () /dewt (FEM) Neff(w)/Noff(FEM) wm(‘x’)/wm(FEM)
1425 nm 550 nm 1.08 170 nm 650 nm/750 nm 1.064/1.045 288 nm/250 nm
1480 nm 600 nm 1.07 190 nm 679 nm/825 nm 1.059/1.040 310nm/273 nm
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our case). As long as the tip is significantly sharper than the
groove the true edge profile of the groove is represented.
However, when the feature is sharper than the SNOM tip,
the image will be dominated by the tip’s shape.

To show experimentally that the power for the CPP mode is
indeed efficiently concentrated within the V-groove, one
needs to estimate the effective index of the CPP mode. We
begin our considerations with the V-groove geometry [see
the right-hand inset in Fig. 4(a)] assuming that the groove an-
gle is sufficiently small (@ ~ 17° as in our experiment). Note
that in this case, the SNOM probe can only partially penetrate
the groove by a certain depth 7,,, (Which can be evaluated
from topographical cross sections of the groove). It is reason-
able to assume that the optical signal (collected by the SNOM
tip), being proportional to the field intensity (at an effective
detection point inside a fiber probe [31]), decreases exponen-
tially with the probe-surface distance [21] (i.e., we are measur-
ing the exponential tail of the CPP field concentrated deep
into the groove where it cannot be reached with SNOM probe
directly). The latter indicates that the effective index of the
CPP mode can be obtained from the decay rate of the CPP
field far from the groove bottom, assuming that the decay
is exponential with respect to the distance h = d + 7o, +
dy, from the groove bottom (k > 1 um, i.e., we are very close
to the V-groove opening). Note that this procedure is essen-
tially approximate because it does not take into account
the dependence of the field intensity on the transverse coor-
dinate. For the fiber probe used in our experiments, the effec-
tive detection point is found to be located at distance
dyip ~ 150nm away from the fiber tip [31]. The intensity of
the field (picked up at the effective detection point of the
SNOM tip) as a function of the distance from the groove
bottom [Fig. 4(a)] can be presented as follows

I(y) ~ exp(—ah)z ® IO exp(_2rtopo/dpen)v (1)

where a = 1/dpe, = ko(N%; - 1) represents the decay rate
of the field, ky = 2z/2 is the wave number, 1 is the radiation
wavelength in vacuum, N = #1/(27) is the CPP mode effec-
tive index, and f denotes the CPP mode propagation constant.
Note that the CPP mode index N determines the mode
confinement, since the mode penetration depth in dielectric
(air) above the sample surface is given by dye, = (4/27)-
(N%; - 1)705, so that a larger effective index corresponds to
a smaller penetration depth and thereby better confinement
in depth (in width, the CPP mode is confined within the
groove walls). To obtain the experimental value of the effec-
tive index by measuring the decay rate a, the optical signal has
been presented as a function of the groove depth 7,,, pene-
trated by the SNOM tip. Thus, the assumption of exponential
decay of the CPP field is verified experimentally: Figure 4(b)
demonstrates that the intensity of the CPP signal recorded at
A = 1425 (shown by the filled circles) and 1480 nm (shown
by the open circles) indeed decays exponentially with the dis-
tance from the groove bottom as ~ exp(-2y/0.55) for 1425 nm
and ~ exp(-2y/0.60) for 1480 nm. These exponential decays
give the CPP mode penetration depth d,., [Eq. (1)] of
550nm (at 1 = 1425nm) and 600nm (at 4 = 1480nm), and
the corresponding experimental N (exp) values are close
to 1.08 and 1.07.
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This experimental evolution in the CPP field distribution
with the groove depth is compared with the fundamental
CPP mode profiles calculated with EI (for the infinitely deep
groove) and finite-element (for the truncated groove) methods
at 1425 and 1480 nm. Here, one should keep in mind that EI
method (EIM) usage forces the V-groove CPP fields to ap-
proach zero at the groove bottom similarly to the case of CPPs
propagating in rectangular grooves (tranches) and for the
same reason [27], whereas the CPP field is expected to reach
its maximum at the V-groove bottom [13-15]. Influence of the
EIM approximation is also reflected in the differences be-
tween the effective mode indexes calculated with the FEM,
e.g., Ny (FEM) = 1.045, and with EIM N (e0) = 1.064 (both
found to be smaller than N (exp) estimated experimentally
at 4 = 1425nm). It should be also noted that the y coordinate
appearing in Eq. (1) acts as a parameter that determines the
V-groove width: w(y) = 2ytan(6/2). To get further theo-
retical insight into the CPP mode structure, we evaluated
the cutoff depth d.,; of the V-groove. The latter is the depth
(y coordinate) corresponding to the position of the average
maximum of the CPP field (i.e., we were looking for
max[w(y)Icpp(y))); and the groove width at this cutoff depth
was considered to be the width of the CPP mode:
Wy, = 2dy tan(0/2) = d .. Thus, for the considered V-groove
configuration, the cutoff depths and CPP mode widths calcu-
lated (at A = 1425 nm) with EIM (for infinitely deep groove),
deyt() = 650nm and w,, () = 288 nm are found to be quite
similar to those obtained with FEM (for finite-depth groove),
deyt(FEM) = 750 nm and w,,(FEM) = 250 nm. In general, it is
seen that there is a certain discrepancy between CPP mode
characteristics calculated with EIM and FEM. We relate this
fact to the circumstance that the correspondence between
the EIM (approximate) simulations and accurate numerical
modeling (e.g., when using the FEM) is generally worse for
channel waveguides [24,26]. Finally, the full width at half-
maximum (FWHM) was measured for the experimental mode
profiles. The FWHM appeared to be much smaller than the
widths calculated numerically (by both EIM and FEM). It
can be explained by a strong (nearly exponential) dependence
of the CPP field magnitude on the depth coordinate. The dee-
per the SNOM probe penetrates into the groove, the larger the
field magnitude is, so the whole optical profile of the mode
becomes narrower. Nevertheless, the measured FWHMs for
1425 and 1480 nm reflect the same trend as for the numerical
calculations: the larger the wavelength, the smaller the width.

Summarizing, the CPP mode characteristics determined from
high-resolution SNOM images (recorded at 1425 and 1480 nm)
through the experimental procedures described here are sum-
marized in Table 1 together with the results of corresponding
calculations performed (for the wavelengths and groove param-
eters used in experiments) by using EIM and FEM.

Note that the calculated effective indexes of the fundamen-
tal CPP mode are somewhat smaller than the CPP mode in-
dexes determined from the experimental SNOM images.
This discrepancy can be attributed to the aforementioned
(small) differences in V-groove shape. One should also keep
in mind that the SNOM experiments were conducted at ambi-
ent conditions; thus water condensation could not be ex-
cluded (a very thin water layer can significantly increase
the CPP mode index [24]).
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4. CONCLUSION

We have studied the dispersion properties of strongly con-
fined CPP modes propagating at telecom wavelengths
(1425-1630nm) along V-grooves cut in a gold film, inferring
the main CPP characteristics (mode index, width, and propa-
gation length) from the experimentally obtained SNOM
images and comparing them with simulations results obtained
by making use of the analytic description of CPP modes sup-
ported by infinitely deep V-grooves [28] and FEM implemen-
ted in the commercial software COMSOL. The comparison
conducted for CPP propagation length, which was straightfor-
wardly evaluated from the experimental SNOM images,
indicated that the difference between the two theoretical ap-
proaches is smaller than the uncertainty related to the actual
groove profile. Note that for strongly confined (and thereby
far from the cutoff) CPP modes, these approaches are ex-
pected to provide similar results [28]. It also revealed inherent
problems with the experimental SNOM characterization of
CPP propagation length related to instabilities in maintaining
the same (fiber) tip-surface distance. These instabilities seem
to be very difficult to circumvent for sufficiently narrow and
deep V-grooves, while those are in fact required to strongly
confine CPP modes [24,26-28].

The effective indexes of CPP modes were determined from
cross sections of the experimentally obtained topographical
and near-field optical images by using exponential fits to
the optical signal dependences on the distance between the
fiber tip and the groove bottom, a procedure that provides di-
rect access to the mode index while being inherently approx-
imate (as noted in Section 3). Taking this into account, the
agreement between the mode indexes determined from the
SNOM images and those obtained from the simulations can
be considered satisfactory. At the same time, it has to be
borne in mind that the former tend to be consistently larger
than the latter. Finally, we also found that the evaluation of
CPP mode confinement directly from SNOM images can be
rather misleading, resulting in underestimation of the mode
width (especially for strongly confined CPP modes) because
of strong correlation between topological and near-field
optical profiles.

Overall, we have fabricated gold V-grooves supporting
strongly confined (~4/5) CPP modes and determined their
main characteristics at telecom wavelengths by using the
SNOM images. The results obtained are of great importance
for further developments in CPP-based plasmonic circuitry
[2], where the degree of mode lateral confinement plays a cru-
cial role imposing the upper limit on the density of plasmonic
components [27]. In comparison with our first experiments
[17-20], the presented CPP waveguides demonstrate an im-
provement by, at least, 3 times in the lateral mode confine-
ment. Another important conclusion is that the main CPP
characteristics can be determined directly from the SNOM
images, albeit with different levels of accuracy. In this
context, our consideration of various issues related to the
CPP characterization by using the SNOM provides a firm
background for future experimental work, alleviating the need
for extensive and time-consuming full-field simulations.

We believe that the results obtained in this work constitute
an important step toward developing real-life applications of
CPP-based plasmonic circuitry in the fields of optical inter-
connects and sensing. In this context, a significant challenge

Vol. 28, No. 7 / July 2011 / J. Opt. Soc. Am. B 1601

yet to be addressed is the realization of efficient in- and out-
coupling of radiation, preferably without need for the end-fire
coupling with optical fibers that, in fact, can be realized only
from one side [17-21]. Strongly confined CPP modes seem
especially attractive for sensing applications, in which V-
grooves would also be used for microfluidics, since these
modes exhibit substantial field enhancements at V-groove
bottoms (unlike weakly confined CPP modes [24]). Filling
V-grooves with fluids or other materials (e.g., polymers) effi-
ciently represents, however, another formidable challenge
that requires further extensive investigations.
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Abstract: We investigate directional couplers (DCs) formed by channel
plasmon-polariton (CPP) waveguides (CPPWs). DCs comprising 5-um-
offset S-bends and 40-um-long parallel CPPWs with different separations
(0.08, 0.25, 0.5 and 2 pm) between V-groove channels are fabricated by
using a focused ion-beam (FIB) technique in a 2-um-thick gold film and
characterized at telecom wavelengths (1425-1630 nm) with near-field
optical microscopy. Experimental results reveal strong coupling, resulting
in approximately equal power splitting between DC-CPPWs, for small
CPPW separations (0.08 and 0.25 ym). The coupling gradually deteriorates
with the increase of separation between V-grooves and practically vanishes
for the separation of 2 ym. The DC-CPPW characteristics observed are
found in good agreement with finite-element method (implemented in
COMSOL) simulations.
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1. Introduction

Surface plasmon polaritons (SPPs) are electromagnetic excitations (i.e., combined oscillations
of the electromagnetic field and the surface charges of the metal) existing on a metal dielectric
interface [1]. Their field distribution is evanescent in the direction perpendicular to the
propagation direction, resulting in intense fields that decay exponentially into both (metal and
dielectric) media that bound the interface [2]. Over the last decades, there has been a
significant advance in SPPs investigations and a number of theoretical [2—4] and experimental
[5-7] studies have been reported. Thus, it is expected that SPPs can be advantageously used
for creating a new generation of nanophotonics devices and circuits [8, 9]. The main issue in
this context is to strongly confine the SPP field in the cross-section (perpendicular to
propagation direction), while keeping low propagation losses [10]. It has been shown that
nanometer-sized silver nanowires can support strongly confined SPP modes propagating
through only 10 pum [11]. Similar properties were expected [12] and indeed found [13] for the
electromagnetic excitations supported by chains of metal nanoparticles. Other configurations,
including (among others) SPP propagation along metal stripes [14,15], narrow dielectric
ridges deposited on metal films [16] and gap waveguides [17] (based on SPP propagation
between two metal surfaces) have been suggested. It should be noted that, in general, the SPP
confinement is achieved primarily by decreasing the SPP spatial extent into dielectric, thereby
increasing the portion of SPP power being absorbed by metal, so that the choice of optimum
guiding configuration is subject to trade-off with many intricate issues yet to be elucidated
[10]. One of the most promising approaches for achieving strong lateral confinement of the
SPP fields (simultaneously with relatively low propagation loss) is to utilize V-grooves milled
in otherwise smooth metal films.

Channel SPP modes, or channel plasmon polaritons (CPPs), where the radiation is
concentrated at the bottom of such V-shaped grooves, have been first predicted [18] and then
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experimentally shown [19] to exhibit useful subwavelength guiding properties. Their unique
features of strong SPP mode confinement make it possible to bend (and split) CPP
waveguides (CPPWs) formed in the materials with extremely small curvature [20]. CPPs have
already been found suitable for realization of many passive photonic devises [19-23], and
may find important applications as basic building blocks in ultrahigh-speed all-optical signal
processing circuits [8, 9]. Note that even though the dispersion properties of strongly confined
CPP modes (propagating at telecom wavelengths) have been recently reported [24], inferring
the main CPP characteristics (mode index, width and propagation length), the directional
coupling in CPPWs that determines the integration potential of CPPW-based photonic circuits
(with respect to the maximum allowed density of non-interacting CPPWs) has so far been
paid little attention to [25, 26].

Here, we present the results of our investigations at telecom wavelengths (1425-1630 nm)
of directional couplers (DCs) based on CPP modes guided by V-grooves cut in a gold film
and separated by different distances. The main goal of our work was to characterize the
crosstalk between adjacent CPPWs so as to accurately determine the minimum CPPW
separation that can still be tolerated with respect to the incurred crosstalk. In principle, this
separation is directly related to the CPP mode confinement [9, 19-24]. It should be borne in
mind though, that the mode confinement can be characterized in different ways (especially for
plasmonic waveguides) leading to different conclusions about the absolute and relative
confinement strengths [27]. For example, one can introduce the average (lateral) width w that
can be used to determine the largest bend angle 6§ ~A/w allowed by the acceptable level of
bend loss. However, such mode width cannot be applied to determine accurately the minimum
separation between neighbor waveguide components since it does not take into account the
coupling between modes in adjacent waveguide components. For such purpose the
investigation of DCs should provide immediately the value of this minimum separation and,
therefore, set the limit on the maximum density of waveguide components.

The remainder of this paper is organized as follows. In Section 2 the investigated sample
and the experimental arrangement are described. Section 3 is devoted to the experimental
results featuring the scanning near-field optical microscope (SNOM) images of CPP-based
DCs and their interpretation. In Section 4 we use finite element method (FEM) implemented
in COMSOL for numerical simulations of DCs. Finally, the paper is terminated with our
conclusions offered in Section 5.

2. Sample description and experimental setup

The sample contained several DCs with channels made as V-shaped grooves, milled by a
focused ion-beam (FIB) in a 2-pum-thick gold layer, deposited on a substrate of fused silica
covered with an 80-nm-thick indium-tin-oxide layer [Fig. 1(a)]. For each DC one V-groove
(called main in our work) was longer and it started from the edge of the sample, while an
adjacent second V-groove went parallel to the first one, starting at the distance of
approximately 100 pm from the edge of the sample. Two V-grooves were separated by a
distance d (measured at the surface level on SEM images), varied for different DCs from 0.08
to 2 um, over the length of 40 um; then they were pulled apart (by the use of the S-bend
design that connects two parallel 5-pm-offset waveguides over a distance of 5 um) to increase
the separation between the channels to about 10 pm [Fig. 1(b)]. The intention with using S-
bends (characterized by the smallest curvature radius ~2.25 pm [22]) after the coupling region
and laterally displacing the output DC channels was to decrease the influence of radiation
scattered in the coupling region on the signal detected in the output channels. Also it allowed
measuring the output more accurately (since the coupling region was fixed, so the intensity
distribution in two channels at the output could be measured over some distance, not at one
point). Each V-groove had an angle 6 close to 25° and depth H of ~1.4 um [Fig. 1(c)]. For
these parameters only the first (fundamental) CPP mode can be guided in the groove [19].

#162315 - $15.00 USD Received 31 Jan 2012; revised 24 Feb 2012; accepted 24 Feb 2012; published 29 Feb 2012
(C) 2012 OSA 12 March 2012 / Vol. 20, No. 6 / OPTICS EXPRESS 6126



Appendix A.2. CPP directional coupling

43

The experimental setup was quite similar to those used in our previous experiments [19—
24]. It consisted of a scanning near-field optical microscope (SNOM) with a sharp optical
fiber tip used as a probe, in-coupling arrangement with a tapered-lensed fiber used to couple
light to CPP by illuminating the open end of V-groove from the edge of the sample, and a
positioning system consisting of several stages [Fig. 1(d)]. The radiation (wavelength 1425-
1630 nm) was delivered from a tunable laser by the polarization-maintaining single-mode
fiber (note that the CPP mode is excited efficiently for TE mode [19], when the electrical field
is almost perpendicular to the groove’s walls and parallel to the sample surface). The
adjustment of the in-coupling fiber at the focal distance of approximately 15 pm [Fig. 1(e)]
with respect to the illuminated V-groove channel was accomplished while monitoring the SPP
propagation along the sample surface with the help of a far-field microscopy arrangement: 20
% objective, mirror and IR-camera. The track of the propagating radiation (distinguishable for
all DCs and wavelengths) featured a gradual decay in visibility along the propagation
direction. These far-field observations have also confirmed the expected polarization
properties of the guided radiation [19] and demonstrated its (relatively) low dissipation.

Fig. 1. (a) Microscope image of the sample containing several DCs. (b) SEM image showing
the DC with two channels separated by distance d in the coupling region and by approx. 10 um
at the output after two S-bends. (c) SEM image of the cross-section of V-groove reveals groove
parameters: angle 6§ ~25° and depth H ~1.4 um. (d) Experimental setup: (1) incoming TE-
polarized radiation from tunable laser (free-space wavelength 1425-1630 nm); (2) polarization-
maintained fiber with a tapered-lensed end used to couple light to CPP mode; (3) sample; (4)
SNOM probe with its positioning system; (5) femtowatt InGaAs photoreceiver; (6) mirror; (7)
IR camera; (8) 20X objective; (9,10) 2-dimentional X, Y stages; (11) 3-dimentional X, Y, Z
stage. (e) In-coupling arrangement with the tapered-lensed fiber in front of the DC input. (f)
Microscope image of the uncoated sharpened fiber tip used as a near-field optical probe.

Following these experiments (that include also adjusting the in-coupling fiber position to
maximize the coupling efficiency) the whole fiber-sample arrangement was placed under the
SNOM head to map the intensity distribution near the sample surface. Tapered fiber tip, used
as a SNOM probe, was made from a single-mode silica fiber by ~2 hours etching of a cleaved
fiber in 40% hydrofluoric acid with a protective layer of olive oil. The resulting fiber tip had a
cone angle of ~30° and curvature radius of less than 100 nm [Fig. 1(f)]. In scanning process
the tip was forced to keep the constant distance of a few nanometers from the sample surface
by the shear-force feedback. However, inside the V-groove the maximum penetration depth
was limited by the shape of the tip. The near-field radiation has been scattered and partially
collected by the fiber tip itself, and afterwards guided (in the form of fiber modes) towards the
other end of the fiber, where it has been detected by the femtowatt InGaAs photoreceiver
(providing both topographical and near-field optical images, simultaneously).

3. Experimental results
3.1 CPP coupling at different wavelengths

We conducted a series of experiments investigating CPP coupling for the DC with the
separation distance between V-grooves d = 0.25 pum at different wavelengths varied from
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1425 nm to 1630 nm (Fig. 2). This DC had the smallest separation between V-grooves
(excluding the one with the separation of 0.08 pum, the reason for that will be discussed in
Section 3.2), so it was expected to provide the best coupling between CPP modes. It was
determined that for the 40-um-long coupling region the CPP intensity in the main groove
evenly decreased, while the CPP intensity in the adjusted groove increased uniformly,
reaching roughly the same level as of the first groove CPP intensity. It was difficult to obtain
an image with a low background all over the whole coupling region due to short CPP
propagation length, so in order to obtain the intensity distribution at the output more precisely,
we performed the scanning of the DC by SNOM beyond this coupling region, where the
grooves are separated by about 10 um and no coupling is expected for such large separation
[Figs. 2(e)-2(h)]. These measurements confirmed the approximately equal power splitting
between output CPPWs for all wavelengths, with some small variations that cannot be
ascribed to any simple dependence on the wavelength. These variations could be caused by
different contributions of the background, whose level was quite high, as can be seen at the
cross-section of optical and topographical images for A = 1500 nm, averaged along 10 lines
(corresponding to the width of 1 pm) perpendicular to the propagation direction [Fig. 2(i)].

(a) 5 um 8 0.4
—
A =1500 nm /_\6
]
A =1600 nm 55,4 0.2
g g
£ L=1630nm (=R =
(d) % 0 0.0 %
(&) ~—=| )
2 a
— &
1425 nm L 1 L I 1 -0.2
0 5 10 15

Cross section coordinate (um)

Fig. 2. Experimental results. SNOM (a) topographical and corresponding (b-d) optical images
of coupling region for the DC with separation distance d = 0.25 pm, taken at different
wavelengths: (b) A = 1500 nm, (c) 4 = 1600 nm, and (d) 4 = 1630 nm. SNOM (e) topographical
and corresponding (f-h) optical images of output region for the same DC, taken at (f) A = 1425
nm, (g) 4 = 1500 nm, and (h) 4 = 1630 nm. (i) Cross-sections of the near-field optical (black
hollow circles) and corresponding topographical (blue filled circles) images of (g), averaged
along 10 lines perpendicular to the propagation direction.

3.2 CPP coupling for DCs with different separation distances

We carried out another series of experiments investigating CPP coupling at the wavelength of
A =1500 nm for the DCs with channels separation distance varied from 0.08 to 2.0 um
(Fig. 3). Note that for the DC with separation distance of 0.08 pm, as shown on the
topographical image [Fig. 3(a)], the middle part between channels is slightly darker than the
outside surface, meaning the level of this part is lower than the surface level. Later, it was
confirmed with AFM measurements that, for this DC, two V-grooves are overlapped, with the
middle part being lower by approximately 150 nm than the surface level. The coupling
behavior for such DC is more difficult to understand and compare to other DCs, so that is why
it was not chosen for the series with a varied wavelength described in Section 3.2.
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Fig. 3. SNOM (a-d) topographical and corresponding (e-h) optical images of coupling region
for the DCs with different separation distances: (a), () d = 0.08 um, (b), (f) d = 0.25 pm, (c),
(g) d = 050 pm, (d), (h) d = 2.0 um; taken at the wavelength 4 1500 nm. SNOM (i)
topographical and corresponding (j) optical images of output region for the DC with separation
distance d = 2.0 um at the same wavelength 2 1500 nm. (k) Cross-sections of the near-field
optical (black hollow circles) and correspondent topographical (blue filled circles) images of
(1), (j), averaged along 5 lines perpendicular to the DC.

Overall, the results showed the following: for the DCs with separation distances of 0.08
and 0.25 pm, the power splitting was approximately equal, while for the DC with the
separation distance of 0.50 um the coupling became weaker, and finally for the DC with the
separation distance of 2.0 um no coupling was observed. In order to be sure that no coupling
occurred in the last case (relative to the background), we scanned by SNOM (similar to the
case of DC with the separation distance of 0.25 um described in previous section) the output
region of the DC, where two grooves are separated by about 10 um [Figs. 3(i), 3(j)]. The
cross-section of these images, averaged along 5 lines (corresponding to the width of 1 um)
perpendicular to the DC, can be seen in Fig. 3(k). As was expected, the measured optical
signal in the adjacent V-groove was at the same level as the background (which is about 6
times smaller than the intensity in the main V-groove); therefore the CPP mode intensity in
the adjacent V-groove could not be resolved. Note that the optical signal in the point,
corresponding to the deepest part in topography of the adjacent groove, is slightly smaller
than the optical signals in nearby points. It could be explained by the enhancement of the
background (stray light) at the edges of the groove [28]. This effect is also present for the
main grove as a slight variation in the mode profile. However, one can conclude that
crosstalk, which could be defined as the ratio of the CPP intensity in the adjacent V-groove to
the one in the main groove, is less than 1/6, or approximately —8 dB. It can be compared with
the crosstalk of 1 (0 dB), measured for the DC with separation distance of 0.25 pm [see
Fig. 2(i)]. It should be noted that the two sets of images (for the DCs with separation distances
of 0.25 and 2.0 um) were made with different SNOM probes (due to its low life-time), which
explains the minor differences, such as different background level and different depth of
grooves in topography, but it does not influence the crosstalk.

4. Numerical simulation

The directional coupling of CPP modes was investigated numerically by calculating the
effective indexes (both real and imaginary parts) of even and odd modes of the double CPPW
configuration using the finite-element method (FEM) implemented in the commercial
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software COMSOL. The simulations were conducted for the wavelength of A = 1425 nm,
1500 nm, and 1630 nm, with the dielectric permittivity of gold taken from Palik and Ghosh
data set [29], and the refractive index of air set to 1. The geometry used in simulations was the
following: two V-grooves cut in the gold, each having the width w = 630 nm and depth H =
1420 nm (resulting in the groove angle 8 ~25°), separated by the distance d (measured at the
surface level), which was varied from 40 nm to 3 um [Fig. 4(a)]. To avoid singularities and
the appearance of wedge plasmon polariton (WPP) modes [28, 30], the edges of the grooves
and their bottom angles were rounded with curvature radii 50 nm and 10 nm, respectively
(later it was confirmed that this rounding does not influence significantly the mode effective
index and coupling efficiency, it just removes the local field maxima created by the field
enhancement at the sharp edges). The calculated distribution of the horizontal electric field
component E, (which dominates in the dielectric) for the even and odd modes at the
wavelength 4 = 1500 nm and separation distance d = 0.25 um are shown in Figs. 4(b), 4(c).
Note the sign change of the E, for the even mode, while it is the same in both V-grooves for
the odd mode.

(a)

S
air /gold i
H| '
y

min 0 max

Fig. 4. (a) Coupling configuration used for simulations. Modal structure of (b) even and (c) odd
modes represented as the distribution of the dominant electric field component E, calculated
by the use of the finite-element method (FEM) implemented in the commercial software
COMSOL. All panels have a lateral size of 2.5 um.

Using the aforementioned technique, the odd and even mode effective indexes were
calculated for the range of the separation distance d from 40 to 3000 nm at the wavelength 4 =
1500 nm. Their real parts, Nygg and Nye,, Were compared to the one calculated for the CPP
mode in the single groove with the same geometrical dimensions, Ncpp, and to the mode
effective index of surface plasmon polaritons Nspp [Fig. 5(a)]. Note the large difference
between N,qq and N, at small separation distances d. This could partially explain the
(approximately) equal power splitting observed in the experiment for the DC with separation
distance d = 0.25 um [Fig. 2], since scattering by surface roughness increase rapidly when the
mode index approaches the light line. Indeed, the maximum size ry,, of a scatterer that
efficiently scatters the bound waveguide mode into propagating (out of waveguide) waves can
be evaluated by the following expression: ANkorm.x ~2n, where ky = 2n/A, and AN = Nyoqe — 1,
implying that larger and thereby stronger scatterers start contributing to the mode scattering
loss with the decrease of N,4.. The even mode, having a considerably smaller effective index,
is therefore expected to exhibit significantly stronger scattering losses that might result in its
complete attenuation, leaving only the odd mode propagating in a DC and thus resulting in the
equal power splitting between two individual CPP modes.

#162315 - $15.00 USD Received 31 Jan 2012; revised 24 Feb 2012; accepted 24 Feb 2012; published 29 Feb 2012
(C) 2012 OSA 12 March 2012 / Vol. 20, No. 6 / OPTICS EXPRESS 6130



Appendix A.2. CPP directional coupling

47

1.04 — T T _300
€
=
S
1.03 =2
% 2 100
2 g
‘0 1.02 =
2 3
g s L ]
% .S 30 B
1.01 g
) L J
| o e e e e e e e e . |l o
I 1 e
o
1.00 L1l N | RN | " 10 | X [ | X
30 100 300 1000 3000 30 100 300 1000 3000

Separation distance d (nm) Separation distance d (nm)

Fig. 5. (a) Effective mode index, calculated for odd (solid black line) and even (solid red line)
modes, and compared to the one of CPP (dotted blue line) and SPP (dashed green line) modes,
at the wavelength A = 1500 nm. (b) Propagation length of odd (solid black line) and even (solid
red line) modes, compared to the one of CPP (dotted blue line) and SPP (dashed green line)
modes, along with the coupling length (solid pink line), at 2 = 1500 nm.

The imaginary part of the mode effective index is natural to represent through the mode
propagation length: L = 1/(2Im[n]k,) = A/(4nlm[n]). The propagation lengths of odd and even
modes, L,qq and Le,,, were compared to the one calculated for the CPP (Lcpp) and SPP (Lgpp)
modes, along with the coupling length Lcoypiing [Fig. 5(a)]. The coupling length Leoypiing is the
distance (along the DC) between the beginning of the coupling region and the point, where
the crosstalk (the ratio of the CPP intensity in the adjacent V-groove to the one in the main
groove) is at maxima. The electric field in each groove versus the coordinate z along the
propagation direction can be represented as follows:

Emain ('x’ y’ Z) = Eeven ()C, y) exp(_ineven kOZ) + Eodd (X, )’) exp(_inoddkoz)’ (1 a)
Eadjacem (x’ y’ Z) = Eeven (x’ Y) exp(_ineven kOZ) + Eodd (x7 )’) exp(_inoddk()z)’ (lb)

where the effective index neyen0qq contains both the real part Neyeyoqq and the imaginary part
responsible for the finite propagation length. In the beginning of the coupling region, at z = 0,
there is no intensity in the adjacent groove. Assuming the field distribution being mostly the
same in magnitude for odd and even mode, |E...,(x, y)| =IE.44(x, ¥)I, and taking into account
the sign change of dominant field component E; for the even mode, one can therefore
calculate the crosstalk XT as the function of the distance z along the propagation direction:

XT(Z) = Iadjacem (Z)/Imain (Z) = |tan(Ank0Z)|2 ’ (2)

where An = (Meven - Modq)/2 18 the half-difference for the effective indexes of odd and even
modes. In order to estimate the coupling length L ,piine, One can neglect the imaginary part of
An (it is a valid assumption, since the propagation length is much larger than the wavelength),
so the maximum crosstalk will be at AnkoLcoupiing = /2, Or

A
Lcoup]ing =T SN Ao~
2(N, —N,

3
even) @
Using this equation the coupling length was calculated for the range of separation
distances d from 40 to 3000 nm at the wavelength 4 = 1500 nm, and compared with the CPP
propagation length [Fig. 5(b)]. Note that for the separation distance of 0.25 pm the coupling

length is around 90 pm, which is almost twice as long as the 40-pm-long coupling region of
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the DCs used in our experiment, explaining the observed approximately equal power splitting
between two individual CPP modes at the output.

A slight difference between the field magnitude distributions for even and odd modes
[Figs. 4(b), 4(c)] caused different propagation lengths for these modes [Fig. 5(b)], especially
for small separation distances. As was noted before, when the damping is different for even
and odd modes, the maximum crosstalk should be smaller. Indeed, if imaginary part of An is
non-zero, Eq. (2) can be presented as:

T RetAnTs i TufAnT) & 2=|tan(Re[An]koz)+itanh(Im[An]k0z)|‘
(2) = fian({Re{An] + Im[An]} £, |1+ tan(Re[An]k, z) tanh(Im[ An ]k, 2)|

At coupling distance z = Leoypiing Calculated by Eq. (3), tan(Re[An]koz) — oo, so the
maximum crosstalk will be:

)

-2
XT,p = XT(Lyyypig ) = {tanh(Im[AnTk, L)} - (5)

max

Using the relationship between imaginary part of the mode effective index and its
propagation length, L = 1/(2Im[n]ky), the expression Im[An]k, can be approximated as

Im[An]k — Peyven ~ Moda — l 1 _ 1 — Lodd — Leven ~ AL (6)
’ 2 2 2Leven 2Lodd 4Leven Lodd 4'LCPPZ ’

where AL = L,qq — Leyven i the difference in propagation length for even and odd modes.
Applying this approximation to Eq. (5), one could finally get the expression for maximum
crosstalk:

-2
L.

XTmax = XT(LCoupling ) = {tanh (liw]} : (7)

4 CPP L

‘CPP

So it is clear now that the switching effect (when all energy transfers to the adjacent
channel, i.e., when the crosstalk is much higher than 1) is limited, since for separation
distances such as Lcoypiing < Lcpp, as followed from Fig. 5(b), AL =Lcpp, resulting in XTp,,
z{tanh(1/4)}’2 ~16 ~12 dB. Note that for DCs with larger coupling length, when Lcoupiing >>
Lcpp, it would be difficult to realize the switching effect practically.

Using the effective mode indexes calculated for the separation distance d = 0.25 pm and
wavelength 4 = 1500 nm, we compared the expected change of intensities along the
propagation direction in the main and adjacent grooves, I,y and Lygjacen» With the values taken
from the experimental data along the coordinate z corresponding to the bottom of each groove
with the averaged background being subtracted [Figs. 6(a), 6(b)]. Note that it is difficult to
properly take into account the influence of the background since its amplitude and phase
inside the groove are unknown. It is seen that the overall behavior of optical signals along the
propagation direction is in fair agreement with the conducted simulations. Here one should
bear in mind that the intensity of CPP mode (measured by the SNOM) has a strong
dependence on the SNOM probe penetration depth inside the V-groove [24, 30, 31]. The later,
along with the background level, was used to estimate the uncertainty of experimental data,
which can be seen as error bars in Fig. 6(b).

Furthermore, the crosstalk [ gjacen/Imain Was calculated for the separation d varied from 40
to 3000 nm, at three different wavelengths: 1425, 1500, and 1630 nm, and at different
coordinates: z = 40 um (corresponded to the length of the coupling region for the DCs used in
the experiments) and z = Lcpp (varied with the wavelength: Lepp = 30 pm at A = 1425 nm, 33
um at A = 1500 nm, and 38 pm at A = 1630 nm) [Fig. 6(c)]. As was noted before, the CPP
propagation length is an important length parameter for the practical realization of waveguide
components, so in order to use wavelength-dependent behavior of DCs (i.e., for switching,
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modulation, wavelength demultiplexing, and power splitting), one should look for DC
configurations that would result in the coupling length being smaller than (or, at least, about)
the propagation length Lcpp. In addition, the results presented in Fig. 6(c) can be used to
evaluate the smallest CPPW separation distance that would result in the crosstalk being below
a given limit. For example, if the crosstalk should be less than —10 dB at the wavelength of
1500 nm, then V-grooves should be separated by more than 1 pm. Thus this figure reflects the
limit on integration density of considered CPPWs and corresponding waveguide components.
Finally, it should be borne in mind that the above results are related to the V-grooves in gold
having particular depth of 1.4 um and groove angle of 25°, so that the CPPW characteristics
have to be scaled accordingly when considering other V-groove parameters [30, 31].
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Fig. 6. (a) SNOM optical image of coupling region for the DC with separation distance d =
0.25 pm, taken at the wavelength 4 = 1500 nm. (b) Experimental values of the optical signal,
varied along the propagation direction, corresponding to optical image (a), calculated inside the
main (red hollow circles) and adjacent (blue filled circles) grooves relative to the background,
and compared with the results of numerical simulations (red and blue lines for the intensities in
the main and adjacent grooves, correspondingly). Error bars are estimated from the maximum
variations of the CPP intensity, where we took into account the influence of the background
level and the penetration depth of SNOM probe into the groove. (c) Crosstalk Zugjacent/Zmains
calculated numerically for separation d varied from 40 to 3000 nm, at different wavelengths:
1425 nm (red lines), 1500 nm (blue lines), and 1630 nm (black lines), and at different
longitudinal coordinates: z = 40 um (solid lines) and z = Lcpp (dashed lines).

5. Conclusions

Overall, we studied the directional coupling of CPP modes guided by V-grooves cut in gold
film, separated by distance d =0.08-2 um. The experimental observations performed by the
use of SNOM showed the strong coupling for d = 0.25 pm (output crosstalk was
approximately O dB after the 40-um-long coupling region), independently on the wavelength
(over the range 1425-1630 nm). With the increase in separation distance d the output crosstalk
decreased, and for d = 2.0 um no coupling was observed.

In addition to experimental study, we performed numerical simulations based on finite-
element method implemented in commercial software COMSOL. For d = 0.25 pm the
calculated coupling length was 90 um (which is almost twice as long as the length of coupling
region), explaining approximately equal power splitting obtained in the experiment.
Moreover, significantly different propagation losses (related both to different electric field
distribution in metal and different effective indexes with corresponding different losses on
scattering at surface roughness) for even and odd mode explained the (approximately) equal
power splitting for the whole range of wavelengths (1425-1630 nm). On the other hand, the

#162315 - $15.00 USD
(C) 2012 OSA

Received 31 Jan 2012; revised 24 Feb 2012; accepted 24 Feb 2012; published 29 Feb 2012
12 March 2012 / Vol. 20, No. 6 / OPTICS EXPRESS 6133



50

Part II. Collection of papers

coupling length calculated for the DC with the separation d = 2.0 um resulted in the output
crosstalk of —14 dB, supporting the experimentally obtained data (from which the crosstalk
was evaluated to be less than —8 dB).

The results of numerical simulations also provide the important design guidelines for
practical realization of both coupling-dependent waveguide components (utilizing DCs for
switching, modulation, wavelength demultiplexing, and power splitting), and, oppositely,
configurations in which the crosstalk should be avoided. The latter, with the proper criterion,
could be treated as the upper limit on the density of CPP-based waveguide components.
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Abstract: Directional couplers (DCs) based on long-range dielectric-loaded
surface plasmon-polariton waveguides (LR-DLSPPWs) operating at
telecom wavelengths are studied both numerically and experimentally. The
investigated LR-DLSPPWs are formed by ~1.2-um-high and 1-um-wide
polymer ridges fabricated atop of 15-nm-thick and 500-nm-wide gold
stripes supported by a 288-nm-thick Ormoclear polymer deposited on a
low-index (n; =1.34) layer of Cytop. DC structures consisting of sine-
shaped S-bends (having an offset of ~10 um over a distance of ~20 ym) and
~100-um-long parallel LR-DLSPPWs with a center-to-center separation of
2 yum are characterized using scanning near-field microscopy. The
experimentally obtained values of the propagation length (~400 um), S-
bend loss (~4 dB) and coupling length (~100 um) are found in good
agreement with the numerical simulations, indicating a significant potential
of LR-DLSPPWs for the realization of various plasmonic components.

©2013 Optical Society of America

OCIS codes: (240.6680) Surface plasmons; (250.5403) Plasmonics; (250.5300) Photonic
integrated circuits.
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1. Introduction

Surface plasmon-polaritons (SPPs), which are surface electromagnetic waves propagating
along a metal-dielectric interface [1], have been intensively studied during the last decade due
to their large number of potential applications, ranging from telecommunications and signal
processing to biochemistry and sensing [2—4]. Waveguiding is one of the several particularly
interesting applications of plasmonics, since there is an exciting perspective to combine large
operational bandwidth of photonics with high-density integration feasible in plasmonics [5].
Among various types of plasmonic waveguides, a number of SPP-based configurations
support strongly confined (in the lateral direction) modes, whose confinement can be deeply
subwavelength. Those are, for example, metal nanowires [6], chains of nanospheres [7], as
well as V-grooves cut in metal surfaces [8]. One of the challenges shared by all
subwavelength SPP waveguides is considerable propagation losses, as the mode confinement
is always achieved by concentrating large amount of energy in metal, thereby decreasing the
spatial extent of the field in dielectric. As a result, one can realize strong field-enhancement
phenomena, which can be used for sensing applications, but, on the other hand, this leads to
high ohmic losses in metal and a drastic decrease of mode propagation length. In other words,
an SPP waveguide configuration is subjected to the propagation length—confinement trade-
off.

Considering only these two characteristics, plasmonics has a very strong competitor, viz.,
silicon photonics, which during the last decade has also gained a tremendous interest and
progress [9] in the development of most of the critical components required for optical
interconnect applications [10], leading to remarkable achievements both with respect to chip-
level transceiver [11] and routing [12] circuitry applications. Having similar to plasmonic
waveguides mode confinement and substantially larger propagation length [13], silicon-on-
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insulator strip waveguides are often considered to be superior to plasmonic ones. However,
metal stripes as an inherent part of plasmonic waveguides provides easy access to the external
electrodes offering certain advantages for the implementation of electro- and thermo-optic
modulation. The fact that the SPP fields reach their maximum at the metal—dielectric interface
makes such modulation substantially more energetically efficient than in the case of silicon
photonics, since controlling electrodes can be placed right in the center of the SPP mode.
Indeed, a low-energy thermo-optical tuning and fast error-free 10-Gb/s transmission through a
dielectric-loaded plasmonic waveguide (DLSPPW) has been demonstrated recently [14, 15]
as a proof of principle. The DLSPPWs confine regular SPPs by use of a dielectric ridge on
top of a smooth metal film [16], which introduces an effective refractive index difference.
Among all plasmonic configurations, DLSPPWs are so far the only waveguides that have
been exploited for the realization of complex circuit elements [17], active control [18], and
partial loss compensation using optical pumping [19, 20]. Furthermore, the absorption losses
in DLSPPWs can be significantly reduced by using the long-range SPP configuration [21], in
which a thin metal stripe is positioned in a near-symmetric environment so that the
longitudinal component of the electric field in metal (and hence the ohmic loss) is minimized.
The corresponding long-range DLSPPW (LR-DLSPPW) configuration has recently been
shown both theoretically [22, 23] and experimentally [24] to be able to guide an SPP mode
over millimeter-long distances, while retaining relatively strong mode confinement. The
usage of LR-DLSPPW-based components seems very promising for practical applications,
and it is therefore important to assess the potential of LR-DLSPPW integration, which is
determined by the mode coupling in adjacent waveguides. In this respect, investigations of
directional couplers (DCs) should provide directly the minimum separation distance between
LR-DLSPPWs and thereby set the limit on their maximum integration density.

In this paper, we present the results of our study of LR-DLSPPW-based DCs at telecom
wavelengths in the range of 1425-1625 nm. The main goal of our work is to investigate the
coupling strength between LR-DLSPPWs for different separation distances and excitation
wavelengths. The fabrication process, as well as imaging of the propagating LR-DLSPPW
modes by use of a scanning near-field optical microscope (SNOM), is described in the first
section. The LR-DLSPPW-based S-bends, as an important part of DCs and many other
waveguide components, are investigated separately, and the corresponding experimental and
theoretical results are presented in the second part. Finally, studies of LR-DLSPPW-based
DCs are reported in the last section, providing first experimental measurements of the
coupling length for a DC-structure with the center-to-center separation of 2 um between
waveguides and then numerical results obtained by use of finite element method (FEM)
implemented in commercial software COMSOL.

2. Experimental results and numerical simulations
2.1 Fabrication process and imaging of LR-DLSPPWs using SNOM

The LR-DLSPPW structures [Fig. 1(a)] were fabricated by spinning a 288-nm-thick layer of a
high-refractive-index UV-curable organic-inorganic hybrid material Ormoclear (n, =1.53)
[25] onto a silicon wafer pre-coated with a 4-gm-thick layer of amorphous fluoropolymer
Cytop (ns =1.34). Straight and bent 500-nm-wide and 15-nm-thick gold stripes were patterned
with electron-beam lithography, metal evaporation, and lift-off. The waveguide fabrication
has been completed using a second lithography step for patterning ~1.2-um-high and 1-um-
wide ridges of polymethyl methacrylate (PMMA, n, =1.49) atop of the gold stripes, ensuring
the single-mode LR-DLSPPW operation. The height and width of the produced PMMA
ridges was inspected with atomic force microscopy and found to be close to the designed
values. The final step of the fabrication procedure was a cleavage of the sample resulting in
~150-um-long waveguide structures.

First, we performed numerical modeling of the fabricated LR-DLSPPW configuration by
use of FEM implemented in commercial software COMSOL. The calculations revealed the
electric field distribution inside the waveguide, with a dominating field component £, = E,
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[perpendicular to the surface; see Fig. 1(b)] being almost 5 times stronger than the parallel
component £ = (E + E)" [note that a factor of 5 was also used when displaying the
distributions of both components; see Fig. 1(c)]. The dielectric permittivity of gold was taken
from Palik and Ghosh data set [26], and the refractive index of air was set to 1. The
calculations confirmed the single-mode operation of the waveguide, and provided the
following important mode characteristics: the mode effective index (N = 1.37) and
propagation length (L, = 2.3 mm) at A= 1500 nm.

A =1500 nm

Optical signal (a. u.)

Cross section coordinate (um)

Fig. 1. (a) Schematic layout for the cross section of the fabricated LR-DLSPPW structure. All
sizes except the metal stripe thickness are to scale. (b), (c) Fundamental LR-DLSPPW mode
electric field distribution (components that are perpendicular and parallel to the surface,
respectively), calculated at 4 = 1500 nm (the size of panels: 4.5 x 3 um?). (d) Optical
microscope top-view image of sample (straight waveguide) and (e) coupling arrangement
superimposed with the far-field image taken at the wavelength 4= 1500 nm. (f) Cross-sections
of topographical and near-field optical images (shown as insets) taken on the same waveguide
with different SNOM probes at 4= 1500 nm.

In the next step, we experimentally investigated the SPP mode excitation and propagation
in straight waveguides [Fig. 1(d)]. We excited the LR-DLSPPW mode by use of polarization-
maintaining tapered-lensed fiber placed in front of the cleaved edge of waveguide and
observed from above by an IR-camera with a microscope 20 X -objective. The camera was
used also for the far-field observation of the LR-DLSPPW mode excitation and propagation,
when the TM-polarized light (electric field perpendicular to the sample surface) from a
tunable laser (1425-1625 nm) was sent through the tapered fiber directly to the LR-DLSPPW
input edge. The fabricated waveguide was terminated with an out-coupling diffraction
grating, so that a bright spot was seen at the end of the waveguide, when the in-coupling fiber
was adjusted well [Fig. 1(e)]. Also it was possible to see the track of the propagating LR-
DLSPPW mode in the far-field, which was most probably produced by mode scattering on
the imperfections of the waveguide, and its maximum intensity along with the maximum
intensity of the output spot was used as an indicator of a good alignment of the in-coupling
fiber [Fig. 1(e)].

After the far-field adjustments, we moved the whole fiber-sample arrangement under the
SNOM head and mapped the intensity distributions near the investigated waveguide structure
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by the uncoated sharp fiber tip used as a SNOM probe. The tip was scanning along the sample
surface at a constant distance of a few nanometers maintained by shear-force feedback, and
the radiation collected by the fiber was detected with a femtowatt InGaAs photoreceiver. The
recorded near-field images showed the mode propagation with the propagation length
estimated to be ~400 um at excitation wavelength of 1500 nm. It was, however, interesting
albeit somewhat unexpected to observe that the imaged mode shape strongly depended on the
SNOM probe used. For some probes, the detected optical signal reached a maximum in the
middle of the topographical image of waveguide [see left insets in Fig. 1(f) and corresponding
cross-sections, plotted with hollow circles], whereas, for other probes, two pronounced local
maxima were found at the sides of the waveguide [see right insets in Fig. 1(f)]. We relate this
behavior to a strong influence of the fiber tip shape on its transfer function [27, 28]. Indeed,
an axially symmetrical (and sharp) fiber tip collects only the field components perpendicular
to the tip axis (E, and E.), but, with even a small probe asymmetry being present, the
dominant component of the LR-DLSPPW mode field, £,, can be collected as well, producing
the main signal contribution for a sufficiently large asymmetry. From the above numerical
simulations [Figs. 1(b) and 1(c)] it is clearly seen, that, for the field in the air, where it is
collected by the SNOM probe, the parallel component £ is mostly pronounced in the middle
above the waveguide [which corresponds to the left inset in Fig. 1(f)], while the perpendicular
component £, has two maxima at the sides of the waveguide [which corresponds to the right
inset in Fig. 1(f)]. Overall, as observed experimentally and conjectured from the simulations,
the SNOM images of the LR-DLSPPW mode depend strongly on the shape and symmetry of
the fiber tip, and, in general case, do not represent the actual LR-DLSPPW mode distribution.
Importantly, the average strength of the SNOM signal can still be used to evaluate the
dependence of the LR-DLSPPW mode power along the propagation direction.

2.2 LR-DLSPPW-based sine-shaped S-bends

Our next step was an investigation of LR-DLSPPW-based S-bends, as an important part of
DCs and many other waveguide components. We fabricated our S-bends in a half-period sine
shape, providing an offset of ~10 um over a distance of ~20 um [Fig. 2(a)]. Far-field images
showed, along with a track of propagating mode and a bright output spot, relatively bright
track along the S-bend, which can be ascribed to the increased scattering losses on the
imperfections of rough bend [Fig. 2(b)]. Near-field measurements revealed mode propagation
through the S-bend [Figs. 2(c) and 2(d)], with a total transmission decreasing from —3.5 to
—4.2 dB with the increase of wavelength from 1425 nm to 1525 nm.

A= 1450 nm

S
A= 1450 nm

Fig. 2. (a) Optical microscope top-view image of sample (S-bend) and (b) coupling
arrangement superimposed with the far-field image taken at the wavelength 4 = 1450 nm. (c)
Pseudocolor topographical and (d) near-field optical images taken at 4= 1450 nm.

In order to study theoretically our S-bend structures, we used a method of conformal
transformation [29]. The idea is to apply a conformal transformation {x,y,z}— {u,y,v} such
that two new coordinates are defined by the following equation:

(1 89) = Fygy [ (4 2) i ], M
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where r,__ is bending radius, i is an imaginary unit, and origin is at a center of the bending arc

bend
[top-view schematic layout of bend is shown on inset of Fig. 3(a)]. As a result, a bent

waveguide (with a constant bending radius r,_, ) is transformed into a straight waveguide with
approximately the same cross-section (the coordinates of the sides of the ridge, r_,*w, /2,

are transformed into 7, In[(r,, tw /2)/r, ], but the total width of the waveguide

approaches the original value of w_for relatively large bending radii, r_, > w ). Such

bend
transformation leads to the following change in Laplacian: V. — V. exp(-2u/r,,), so, for
bent 2D-waveguides (waveguides, confined in one dimension — along u-axis), this conformal
transformation is equivalent to the propagation in straight waveguide (with corresponding
transformed cross-section) with refractive indexes of media changing as n*=n, exp(u/r,_,),

where », is the original refractive index of corresponding medium. It should be noted that our

LR-DLSPPW is 3-dimensional (2-dimensionally confined), so this theory cannot be applied
strictly. However, as in the effective index method (EIM), one can replace LR-DLSPPW with
equivalent set of layers along x-axis, each having its effective refractive index, and then apply
conformal transformation for this equivalent 2D-waveguide.

(@3 ' 2 (b)
s T Foend T 1
& bend
@ 4l —— 1 =1450 nm | 1
z ——2 =1500 nm 20
1] —
% X rbend “’m
o
c 2 1 (¢
£
2]
c o L Ll ) L
£ 001 0,1 1 p =100 um
Bending radius (mm) bend !"L

Fig. 3. (a) Transmission through 90-degrees bend as functions of the bending radius at 4 =
1450 and 1500 nm. The inset shows schematic layout of 90-degrees bend. (b), (c) Distribution
of the dominating electric field £, for bending radius of 20 and 100 um, respectively, showing
strong leaky radiation for smaller bending radius. The size of panels: 9 x 4.5 ym®.

So we made numerical simulations in such transformed LR-DLSPPW with exponentially
changing refractive index of media for different bending radii by using FEM implemented in
COMSOL, and calculated total transmission through the 90-degrees-bend [Fig. 3(a)]. The
leaking radiation to the substrate due to the bending was clearly seen for small bending radii,
and the smaller the radius, the stronger this radiation [see comparison of instant field
distributions £, in Figs. 3(b) and 3(c)]. In order to evaluate the transmission through our
original sine-shaped S-bend, one should calculate the radius of curvature as a function of the
length along the waveguide and then properly integrate propagation losses over the whole S-
bend. Overall, the total transmission through the investigated S-bend was found to be —4.0 dB
at A= 1425 nm and decreases uniformly with the increase of wavelength up to —4.8 dB at A=
1525 nm, which matches the experimental results within the accuracy of measurements.

2.3 LR-DLSPPW-based DCs

Finally, we proceeded to the investigation of directional coupling of LR-DLSPPW modes by
use of direction couplers. In our sample coupling occurred between two straight LR-
DLSPPWs, separated by center-to-center separation distance d = 2 ym over the distance of
~100 um [Fig. 4(a)]. Each waveguide had the same cross-section as shown in Fig. 1(a). The
mode was excited in one of the waveguides (called here as main and shown with a red arrow),
which was completely straight; while the other waveguide (called here as adjacent) had S-
bends in order to limit the coupling region. The far-field observations showed, along with the
track of propagating modes, the distributed output between main and adjacent waveguides,
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with the distribution depending strongly of the wavelength [Figs. 4(b) and 4(c)]. For the used
range of wavelengths, 1425 — 1625 nm, we noticed almost complete switch for A =1450 nm.
Then we proceeded to the near-field investigation of DC, which revealed the intensity
variation of modes in each waveguide along the propagation direction [Figs. 4(d) and 4(e)],
where the intensity in the main channel was going down while the intensity in adjacent
channel was going up. By the proper fitting of near-field data, we estimated the coupling
length, which decreased uniformly from ~115 um to ~75 um with the increase of the
wavelength from 1425 nm to 1625 nm.

Fig. 4. (a) Optical microscope top-view image of sample (directional coupler) and (b), (c)
coupling arrangement superimposed with the far-field image taken at the wavelength of A =
1450 and 1525 nm, respectively. Red arrow indicates the main waveguide, where the inputted
mode was excited. (d) Pseudocolor topographical and (e) near-field optical images taken at 4=
1500 nm. Center-to-center separation between waveguides is 2 4m.

The directional coupling of LR-DLSPPW modes was then investigated numerically by
use of the FEM implemented in COMSOL [Figs. 5(a) and 5(b)]. The first set of simulations
was made for the varying center-to-center separation distance d (from 1.2 to 5 um) at a fixed
excitation wavelength 4 = 1500 nm [Fig. 5(c)]. The other set of simulations was made for the
varying free-space excitation wavelength A (from 1400 to 1650 nm) for DC with fixed center-
to-center waveguides separation distance d = 2 um [Fig. 5(d)]. The results were plotted in
terms of effective mode index (of even and odd modes and compared with the one of a single
LR-DLSPPW mode and the refractive index of the substrate) and coupling length (compared
with the propagation length of single LR-DLSPPW mode and experimental results).
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Fig. 5. (a), (b) E,-field distribution of even and odd modes, respectively, for center-to-center
separation d = 2 um at 1= 1500 nm. The size of panels: 6 x 3 um?. (c) Effective mode indexes
(for even and odd modes, single LR-DLSPPW mode, and refractive index of substrate) and
propagation/coupling length as a function of center-to-center separation distance d at fixed
excitation wavelength A= 1500 nm (experimental datum is represented by a hollow circle). (d)
Effective mode indexes and coupling length as a function of free-space excitation wavelength
A at fixed center-to-center separation distance d = 2 um (experimental data are represented by
hollow circles).

One can see that, by varying the separation between waveguides, one can vary coupling
strength in the wide range, so one can achieve coupling length as low as 20 ym, which is
approximately 100 times smaller than the propagation length. This is an important feature for
realizing a number of compact passive waveguide components — such as switches, add-drop
multiplexers, etc. However, by decreasing the separation distance, the effective mode index of
odd mode goes down closer and closer to the refractive index of substrate. That means the
increase of the scattering losses on imperfections for this mode, and eventually, for separation
distance smaller than 1.2 um, odd mode starts to leak to the substrate and therefore it is not
supported by the waveguide (so only even mode will survive, resulting in equal output in both
waveguides). On the other hand, by increasing the separation between waveguides, one can
decrease coupling strength to avoid cross-talk (for example, for the separation of 5 um the
coupling length is almost 10 times larger than the propagation length). Hence, the dependence
of the coupling strength on the separation distance can be used to set a limit on maximum
integration density of LR-DLSPPW-based components.

A dependence of the coupling strength on the excitation wavelength is an important
parameter for the wavelength selective components. Calculations shows that the coupling
length is ~170 um at A= 1400 nm, that is more than twice as long as the coupling length at A
= 1650 nm (which is around 80 um). However, with the increase of the wavelength the mode
effective index of each mode is also going down, so there is a certain cut-off wavelength
(approx. at 1740 nm), for which the effective mode index of odd mode reaches the value of
the refractive index of the substrate and consequently the mode is no longer coupled to the
waveguides. As for the experimental results, a small mismatch with numerical calculations
can be explained by a different real geometry of the waveguide (for example, the thickness of
metal might be slightly different, and ridge edges might be rounded), as well as by the
imperfections of the real waveguide. Overall, a strong dependence on wavelength and
separation distance makes LR-DLSPPW very promising for realization of passive and active
plasmonic components.
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3. Conclusion

Overall, we have studied LR-DLSPPW-based DC and its components: single straight
waveguides and sine-shaped S-bends, over the wavelength range 1425-1625 nm. It was
shown that the near-field optical images depend strongly on the shape and symmetry of the
SNOM probe and do not always reflect the actual LR-DLSPPW mode distribution. The
experimental observations were explained by the transfer function of the fiber tip [27, 28] and
specific LR-DLSPPW mode electric field distribution. However, the average strength of the
SNOM signal can still be used to track the propagation of the LR-DLSPPW mode.

Sine-shaped S-bends (having an offset of ~10 um over a distance of ~20 ym) have also
been investigated experimentally by use of SNOM. Based on experimental data, the total
transmission was evaluated to be —3.5 dB at A = 1425 nm, decreasing gradually with the
increase of wavelength up to —4.2 dB at 4 = 1525 nm. Bent waveguides were studied further
by applying conformal transformation [29], which allows replacing bent waveguide with an
equivalent straight waveguide with exponentially changing refractive index of each medium.
By use of FEM we calculated numerically bending losses as a function of bending radius and,
eventually, a total transmission through our sine-shaped S-bend, which matched experimental
results within the accuracy of measured data.

Finally, we studied LR-DLSPPW-based DCs with a center-to-center waveguides
separation of 2 um over the distance of ~100 um. The far-field observations showed a strong
dependence of DC output on the wavelength and almost complete switch at the wavelength of
1450 nm. The near-field experimental measurements showed a strong coupling between
waveguides, resulting in coupling length which decreases uniformly from ~115 ym to ~75
pm with the increase of the wavelength from 1425 nm to 1625 nm.

In addition to experimental study, we performed numerical simulations based on FEM
implemented in COMSOL. Calculations showed that, for center-to-center waveguides
separation d = 2 um and for the excitation wavelength varying from 1400 to 1650 nm, the
coupling length decreases gradually from ~150 ym to ~80 um. A small mismatch between
numerical and experimental results can be explained by a different real geometry of the
waveguides (for example, the thickness of metal might be slightly different, and edges might
be rounded), as well as by the imperfections of the real waveguides. On the other hand,
simulations of DCs at 4 = 1500 nm for varying separation distance from 1.2 ym to 5 um
showed that the coupling strength can be adjusted vastly: the coupling length increases from
~20 um (at separation of 1.2 um) to ~20 mm (at separation of 5 um). Combining these
features with a relatively large propagation length (~2 mm) and relatively strong mode
confinement, one can conclude that LR-DLSPPWs have a high potential for realization of
passive and active plasmonic components.
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Abstract: Gold circular sector-like nanoantennas (with a radius of 500 nm
and a taper angle of 60°, 90°, and 120°) on glass are investigated in a
near-infrared wavelength range (900 - 2100 nm). Amplitude- and phase-
resolved near-field images of circular sector-like antenna modes at telecom
wavelength feature a concentric circular line of phase contrast, demon-
strating resonant excitation of a standing wave of counter-propagating
surface plasmons, travelling between a tip and opposite circular edge of the
antenna. Transmission spectra obtained in the range 900 - 2100 nm are in
good agreement with numerical simulations, revealing the main feature of
this antenna configuration, viz., the resonance wavelength, in contrast to
triangular antennas, does not depend on the taper angle and is determined
only by the sector radius. This feature together with a robust and easily
predictable frequency response makes circular sector-like nanoantennas
very promising for implementing bowtie antennas and attractive for many
applications.

© 2014 Optical Society of America

OCIS codes: (180.4243) Near-field microscopy; (240.6680) Surface plasmons.
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1. Introduction

Plasmonic antennas enable a variety of cutting-edge applications such as nanosensors, nanoma-
nipulation and near-field trapping techniques [ 1, 2], high-resolution probes for nanoimaging and
information processing approaches [3, 4], improved photovoltaics [5], nanoscale photodetec-
tors with significantly enhanced signal-to-noise ratio [6, 7], catalysis applications [7], efficient
coupling of light energy to nanoscale structures, quantum dots and single molecules [8-10],
plasmonic metasurfaces for control of light at the nanoscale [11, 12], etc. Among the vast va-
riety of designs of plasmonic nanoantennas, bowtie antennas are used very often due to the
simplicity of fabrication, tunability of the resonance, high localization and electrical field en-
hancement (FE) [13, 14]. However, the common used triangular shape of bowtie antennas may
lead to partial destructive interference of the propagating plasmons, i.e., surface plasmon po-
laritons (SPPs), due to their different optical paths between bowtie vertex and the points on the
opposite edge of the bowtie arm. This in turn leads to a generally reduced FE at the bowtie
vertex and comparatively complex frequency response. On the contrary, the circular sector-like
shape of nanoantennas is expected to result in the constructive SPP interference and nanofocus-
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ing due to the same length of optical paths between the antenna vertex and the opposite circular
edge [15]. That allows one to interpret the corresponding plasmonic resonances as being asso-
ciated with the formation of standing SPPs travelling between the circular edge and vertex of
the antenna. These structures should therefore behave similarly to other plasmonic resonators
featuring typically a large length-to-width ratio [16-18], with the frequency response being
relatively easy to predict and with considerable FE at the antenna vertex.

In this paper we demonstrate proofs of the concept of resonant FE due to standing SPPs
in circular sector-like nanoantennas of the insulator-metal-insulator (IMI) configuration. Since
SPPs travel synchronously from the antenna edge to its taper, the antenna can be considered
as a stripe of variable width. Moreover, if the width of the stripe is much larger than the metal
thickness, the mode effective index of SPP propagating on the stripe does not strongly depend
on the stripe-width [19]. Therefore, the optical path length of the SPPs should not depend on the
taper angle of a relatively thin circular sector-like antenna. Thus, the frequency response should
not depend on the taper angle as well. However, this argument does not hold for incident light
polarized in the transverse direction of the nanoantenna. Thus, comparing extinction cross-
section spectra for antennas with different taper angles illuminated with the incident light of
different polarizations, we provide a first proof of the concept. Moreover, the direct comparison
of spectra for circular sector-like and triangular antennas with different taper angles indicates
advantages of the first design.

Secondly, a standing SPP wave pattern should create a particular distribution of the out-of-
plane component of the electric near-field, demonstrating a phase contrast of 7 rad between the
two halves of the antenna, with a line of contrast having a concentric circular shape separating
the two sectors. In this work, the near-field amplitude and phase distributions are investigated
using a scattering-type scanning near-field optical microscope together with numerical simu-
lations. The simulations for circular sector-like antennas agree well with experimental result,
while the simulations for triangular antennas show more complicated phase profile, indicating
a complex nature of antenna excitation.

Finally, as mentioned above, a circular shape of the sector-like nanoantenna should provide
constructive interference of SPPs converging toward the taper vertex, with FE potentially ex-
ceeding those found for triangular-shaped antennas. As SPPs, however, are launched perpendic-
ularly to the nanoantenna edges, circular sector-like antennas may (for linearly polarized light)
reduce the SPP excitation efficiency in comparison with triangular antennas, which can limit
the overall improvement in FE. In order to compare FE of antennas with both shapes, we study
numerically resonant structures at 1500 nm with the emphasis on two different modes of the
triangular antenna. Simulations show that one of these modes, which is associated with the SPP
propagation along the edges connecting the apex with the other vertices, has FE comparable
to the circular sector-like nanoantenna. Nevertheless, similar FE together with easily predicted
and controlled frequency response makes circular sector-like antennas preferable to traditional
triangular nanoantennas.

2. Materials and methods

In this paper we consider gold circular sector-like antennas with radius R, taper angle o, and
thickness ¢ = 50 nm, placed on a glass substrate [Fig. 1(a)], and compare them with triangular
antennas of the same thickness, length L and taper angle o [Fig. 1(b)]. We fabricated circular
sector-like antennas with K =500 nm and o = 60°, 90°, and 120°, respectively, using electron-
beam lithography, metal evaporation and subsequent lift-off. For each taper angle we fabricated
an array of 10 x 10 antennas, separated by 4 pm, and investigated them in a near infrared (NIR)
range of wavelengths from 900 to 2100 nm. The substrate was made of BK7 glass, which has a
refractive index of n~ 1.5 for the considered NIR range.
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(a) (b)

Fig. 1. Design of the (a) circular sector-like plasmonic antenna and (b) triangular antenna.

The transmission spectra of the fabricated nanoantennas were measured in an optical micro-
scope (Olympus BX 51) where the light was sent at near normal incidence from the substrate
side upwards through the sample and collected from the top using an objective with a magnifi-
cation of x 100 and a numerical aperture (NA) of 0.9 and analyzed in a fiber-coupled spectrom-
eter (NIRQuest512, Ocean Optics). The light was polarized in either x- or y-direction, and the
diameter of the illumination spot was around 35 pm.

Phase- and amplitude-resolved near-field investigation of nanoantennas was done using a
scattering-type scanning near-field optical microscope (s-SNOM), based on an atomic force
microscope (AFM), that uses cantilevered tips as near-field probes (NeaSNOM from Neaspec
GmbH). In our experiments we used standard commercial Si tips covered with platinum (Arrow
NCPt, NanoWorld). The sample was scanned in a tapping mode, with the tip oscillating at the
mechanical resonance frequency 2 = 250 kHz with an amplitude ~ 50 nm. The structures were
illuminated from the bottom (transmission-mode, [20]) with focused light at A = 1500 nm (the
illumination spot diameter was around 3 pum). The light, scattered by the tip, was collected by a
parabolic mirror and directed towards the detector, where it was overlapped with an interfering
reference beam, yielding both the amplitude and the phase of the scattered light using pseu-
doheterodyne detection [21]. Background contributions were suppressed by demodulating the
detector signal at a high harmonic frequency n€ (in our case n = 2), providing background-free
near-field amplitude and phase images. It should be pointed out that in most s-SNOM exper-
iments the illumination is done in reflection-mode, where the light is focused on the tip with
the same parabolic mirror that collects scattered light. This configuration creates many prob-
lems observing clear antenna modes and treatment of data due to a strong tip-sample coupling
[22] and phase-retardation effects [23]. However, in our transmission-mode configuration the
sample was illuminated from below, with an in-plane direction of polarization. Therefore we
achieved homogeneous illumination and efficient excitation of the antenna and avoided direct
excitation of the tip [20, 24]. Due to a dominating dipole moment of a tip along its axis (i.e.,
along z-axis), the recorded s-SNOM images represents mostly a distribution of the amplitude
and phase of the z-component of the electric field, E [25, 26]. In order to enhance this selectiv-
ity, a polarizer at the detector was set correspondently to z-polarization of the light, scattered by
the tip. Finally, the recorded data were imaged with free scanning probe microscopy software
Gwyddion.

The transmission spectra and field distribution were simulated using the finite-element ap-
proach in the commercially available software package COMSOL MULTIPHYSICS. The
values for the gold permittivity at different incident wavelengths are taken from [27]. The con-
sidered three-dimensional structures were illuminated from the bottom using a monochromatic
plane wave, linearly polarized along either x- or y-axis. For all geometrical configurations, the
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simulation domain was truncated using perfectly matched layers on the top and bottom facets
in order to suppress artificial scattering from the truncation boundaries. On the other facets,
separated by 4 um, periodic boundary conditions were applied to simulate the array of struc-
tures. All sharp edges of antennas were rounded to 10 nm in order to avoid singular fields and
to reduce the lightning rod effect [28].

3. Results and discussion
3.1.  Extinction cross section

The transmission spectra for three arrays of circular sector-like antennas with taper angle of
a = 60°, 90°, and 120°, respectively, were investigated with the incident light being polarized
in either x- or y~direction. In order to emphasize wavelength-dependent features, an extinction
cross section Ogx¢ Was calculated as follows:

Ot =A(1-T), (D

where A is a 4 x 4 um? unit area and 7 is the transmission. The results for x-polarization show
similar frequency response for all three taper angles, with the resonance being at A ~ 1500 nm
for all configurations [Fig. 2(a)]. On the contrary, the results for y-polarization show strong
dependence on the taper angle in the frequency response. Therefore, one can conclude, that
for x-polarization the effective resonator length is virtually not changing with the increase of
taper angle, but increases considerably for y-polarization, where the position of the resonance
moves substantially (for oo = 90° it is at A ~ 1900 nm, and for o = 120° it is even beyond
the measurement range). For a particular taper angle of 60° the extinction spectra for x- and
y-polarization look almost the same, which is expected for the structure with a shape close to
an equilateral triangle.
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Fig. 2. (a) Experimental and (b) numerically calculated extinction cross section of x- (solid
lines) and y-polarized light (dotted lines) for circular sector-like antennas with different
taper angle: oo = 60° (black), 90° (blue), and 120° (red). The radius is the same, R =
500 nm.

The numerical simulations of transmission spectra and corresponding extinction cross sec-
tions [Fig. 2(b)] show a good agreement with the experimental results [Fig. 2(a)], and all fea-
tures discussed above are still preserved: the position of the resonance is at A ~ 1500 nm and
do not move much for x-polarization (compared with y-polarization) with the change of taper
angle. The small variations of the resonance wavelength with the increase of the taper angle
can be explained by the fact that SPPs are not excited uniformly on the circular edge, while
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also being generated on the radial edges, hence leading to a frequency response that is not
completely angle independent. Another explanation can be that a short part of the antenna near
taper, being considered as a stripe, has a relatively small width, therefore the effective mode in-
dex of supported SPP is larger than the one for wide stripe, causing a red shift for the resonance
wavelength of antennas with smaller taper angles. Also the phase shift acquired upon reflec-
tion of the SPP at the taper and the edge of antenna [29] might depend on the taper angle. As
for the differences with experimental results, such as the level of average extinction, they can
be attributed to the imperfections of fabricated structure. Noticeable red shift and an increased
extinction cross-section for the measurements of 120-degrees antennas we explain by a slightly
larger radius, which will be supported later by topographical images of structures.
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Fig. 3. Numerically calculated extinction cross section of x- (solid lines) and y-polarized
light (dotted lines) for circular sector-like antennas with different radius: R = 450 nm
(black), 475 nm (blue), and 500 nm (red). The taper angle is the same, o = 90°.

The numerical simulations were also conducted for different radii of the structures, keeping
the taper angle fixed at oo = 90° [Fig. 3]. The results show a well predicted behavior of the
frequency response: with the increase of radius R the resonator length increases, increasing
the resonance SPP wavelength (which should fit into the resonator), therefore the resonance
wavelength is also increasing. The average extinction cross section increases with the increase
of the radius R, which is expected, since both scattering and absorption cross section increases.

3.2, Near-field investigations

Near-field imaging of the SPP modes of circular sector-like antennas was performed with an s-
SNOM at A = 1500 nm wavelength with either x- or y-polarized light incident from the bottom.
Due to the pseudoheterodyne detection we managed to obtain both background free amplitude
and phase of the out-of-plane electric near-field component, E, [Figs. 4(a) and (c)]. Numerical
simulations of the E, field distribution at a distance of 5 nm above the structure correspond
well with the experimental measurements [Fig. 4(b)]. One can see that for x-polarized incident
light (the polarization is shown with arrows) the amplitude images show two local maxima: a
hot spot at the vertex of antenna and much weaker and broader spot at the opposite edge of
antenna. Due to imperfections and larger taper rounding in fabricated structure, the measured
hot spot in the vertex of antenna is weaker in localization, compared to the simulation results.
Also the phase measurements show some distinctions from the simulation outside the structure
[the borders of the structure are shown with black lines in Fig. 4(b)], which can be explained
by the residual background and tip-sample interaction presented in the experiment. Please note
that only simulation results were normalized to the same color bar representing field amplitudes,
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since the setup was readjusted each time before the measurement without calibration.

o .

-5 nm 80nm 0

max

Fig. 4. (a) Pseudocolor s-SNOM images for the circular sector-like antenna with R =
500 nm and or = 90° at A = 1500 nm, showing (from left to right) topography, optical am-
plitude and phase for x- and y-polarized incident light. (b) Scanning electron microscope
(SEM) image of the same structure as in (a), and numerically calculated distributions of E,
amplitude and phase for x- and y-polarized incident light for the same structure. (c) Pseu-
docolor s-SNOM images of topography, optical amplitude and phase for the antennas with
R=3500 nm and or = 60° and 120° at A = 1500 nm. Linear color bars for topography and
optical amplitude, as well as a periodic color bar for the optical phase images are shown.
Polarization is shown with arrows.

Phase images for x-polarization show two distinctive antenna parts, each having almost a
constant phase, while the phase difference between the two parts is & rad (note that a color bar
for the phase images is periodic and shown at the bottom in Fig. 4), which is a clear indication of
a standing wave. Moreover, the line of contrast between these two parts has a concentric circular
shape, proving the idea of a standing wave of SPP, travelling between the edge and the vertex
of the antenna. Such a split of the field distribution into two opposite parts was observed for
all structures (however, the structure with o = 120° has a weaker contrast). As was assumed
before, the 120-degrees antenna has slightly larger radius, which can also explain the weak
phase contrast (since the antenna is not resonantly excited). The images for y-polarization show
the usual dipole excitation, with the middle horizontal line of phase contrast (due to symmetry
of the structure).

3.3, Comparison with triangular antennas

The usage of circular sector-like antennas is motivated by rather erratic frequency responses ob-
served for triangular antennas when geometrical parameters are varied [14]. At the same time,
as also mentioned in [15], the equal length between the circular-shaped edge and the vertex im-
proves the resonant SPP nanofocusing, potentially leading to higher resonant FE as compared
to triangular antennas. In this section, we numerically compare FE at the vertex of our nominal
circular sector-like nanoantenna (R = 500 nm, o« = 90°) with those for two differently-sized tri-
angular antennas, each having a resonance at A = 1500 nm. The two triangular antennas have
the lengths L = 375 nm and L = 610 nm, respectively, and their extinction cross- sections for
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x-polarized incident light and different taper angles are shown in Fig. 5(a). It is clearly seen that
the spectral response strongly depends on the taper angle, with the largest triangular antenna
(L =610 nm, oo = 120°) demonstrating a multitude of modes in the displayed spectral range.
Both triangular antennas show a peak in the extinction at A ~ 1500 nm for the taper angle
a =90°, and the field distributions of the corresponding modes are presented in Fig. 6 together
with the mode of the circular sector-like antenna. It is seen that neither of the two modes of the
triangular antennas feature the standing wave pattern extending over the whole antenna area (as
is the case with the circular sector-like antenna mode). The mode of the small triangular antenna
is related to the standing waves formed along the radial edges, creating thereby an inhomoge-
neous phase profile [Fig. 6(b)], that albeit somewhat resembles that of the circular sector-like
antenna, resulting at the same time in strong FE at all vertices [Fig. 6(a)]. The mode of the large
triangular antenna, on the other hand, represents a standing-wave resonance concentrated along
the x-direction, as clearly seen in the phase profile in Fig. 6(b), which is (similar to the mode of
the circular sector-like antenna) characterized by increased FE at the taper vertex [Fig. 6(a)].
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Fig. 5. (a) Numerically calculated extinction cross section of x-polarized light for small
(L =375 nm, solid lines) and large (L = 610 nm, dotted lines) triangular antennas with dif-
ferent taper angle: oo = 60° (black), 90° (blue), and 120° (red). (b) Comparison of circular
sector-like antennas (K = 500 nm, solid lines) with small (L = 375 nm, dashed lines) and
large (L = 610 nm, dotted lines) triangular antennas in terms of extinction cross-section
(black) and field enhancement (blue).

The FE properties of the three antennas in Fig. 6 are presented in Fig. 5(b) (together with
a comparison of their respective extinction cross-sections), with the FE being measured 1 nm
away from the taper vertex as indicated by a green arrow in Fig. 6(c). First, it should be noted
that the general redshift of the peaks in the FE (i.e., near field) spectra as compared to the
extinction spectra is due to depolarization of the plasmonic mode and expected to be found
for any nanoantennas with sizes not vanishingly small with respect to the wavelength [30, 31].
Secondly, it is seen that the two competing processes of efficient nanofocusing and reduced ex-
citation efficiency of SPPs for circular sector-like antennas result in similar achievable FE levels
for the two types of antennas, with the FE of the triangular antenna being strongly dependent
on the choice of the resonant mode. As such, the circular sector-like nanoantenna with an eas-
ily predictable and controlled frequency response seems attractive compared to conventional
triangular antennas.
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Fig. 6. E, amplitude (a) and phase (b) of circular sector-like antennas (K = 500 nm, left),
small (L =375 nm, middle) and large (L = 610 nm, right) triangular antennas, numerically
calculated at 5 nm above structures for x-polarized incident light at A = 1500 nm. (c)
Distributions of total field amplitude for the same types of antennas, calculated in x-z cross-
section. The green arrow indicates the point used for evaluation of FE for Fig. 5(b). The
top level of amplitude color bar, Eyqx, corresponds to FE of 10 for (a) and 30 for (¢)

4. Conclusions

Motivated by irregular frequency responses of triangular nanoantennas with respect to changes
in geometrical parameters, we have investigated circular sector-like gold nanoantenas on a glass
substrate (IMI configuration) in the NIR range. It was expected that this antenna shape would
lead to the constructive SPP interference at the taper of the antenna, since the SPPs excited
at the antenna circular edge will have the same length of optical path to the antenna vertex,
and thereby result in a more robust and predictable frequency response as well as potentially
larger FE at the antenna vertex. The circular sector-like nanoantennas, described by a radius R
and taper angle o, have been studied both experimentally and numerically, revealing that for
light polarization along the antenna symmetry axis the extinction spectra only weakly depend
on a from 60° to 120° with well-predictable behavior for changes in the sector radius. On the
contrary, the extinction spectra for the opposite polarization, in which the antenna resembles a
triangular antenna, varied substantially with respect to the taper angle.

Furthermore, the standing wave pattern of SPPs, travelling between the antenna taper and its
circular edge, was expected to create a particular distribution of the out-of-plane electric near-
field component, featuring a phase jump between two (almost) constant phase levels, having
a phase difference of 7 rad, and bounded by a line of concentric circular shape. Such field
distributions have indeed been found both experimentally and numerically for different taper
angles, proving the formation of standing SPP wave.

Finally, we numerically compared the field enhancement properties of circular sector-like
nanoantennas and conventional triangular antennas. Despite the nanofocusing ability of the
former antenna due to standing SPPs, the circular shape simultaneously reduces the overall
SPP excitation efficiency for linearly polarized light, ultimately resulting in similar levels of FE
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for the two types of antennas.

We believe that the presented analysis and results obtained demonstrate convincingly that
usage of the circular sector-like shape instead of triangular shape for individual antennas and
their combinations (like bowtie antennas) is preferential due to more robust and easily predicted
frequency responses of these nanoantennas that preserve the same attractive FE properties.
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ABSTRACT: We demonstrate the use of amplitude- and phase-resolved near-field
mapping for direct characterization of plasmonic slot waveguide mode propagation
and excitation with nanocouplers in the telecom wavelength range. We measure
mode’s propagation length, effective index and field distribution and directly
evaluate the relative coupling efficiencies for various couplers configurations. We
report 26- and 15-fold improvements in the coupling efficiency with two serially
connected dipole and modified bow-tie antennas, respectively, as compared to that

of the short-circuited waveguide termination.

KEYWORDS: Nanocoupler, surface plasmon, slot waveguide, nanoantenna, s-SNOM, near-field microscopy

Great advantages offered by plasmonics to optical wave-
guiding are extreme subwavelength localization of guided
modes close to the metal interface' together with electrical
tunability of electromagnetic waves via intrinsic metallic
contacts.” Plasmonic waveguides are therefore considered as a
future generation of optical interconnects in integrated circuits
for datacom technologies.® Inevitably, with the appearance of
nanoscale waveguides a new challenge has emerged: how to
effectively couple the diffraction-limited optical waves into
deep-subwavelength plasmonic waveguides. Various approaches
have been utilized ranging from lenses to grating couplers.*
However, the most compact solution is an antenna-based
nanocoupler.

Antenna is a common tool to capture free-space propagating
radio-waves with more than a century-long history.” Employ-
ment of metal-based antennas in photonics started only in the
last two decades owing to the progress in high-resolution
nanofabrication techniques.” Usage of plasmonic antennas® to
couple light to plasmonic waveguides has been suggested
theoretically”™'* and then confirmed experimentally with cross-
polarization microscopy measurements in the near-infrared'®
and with near-field microscopy in optical,'” telecom,'® and mid-
infrared'® ranges. Nevertheless, the amplitude- and phase-
resolved measurements of the antenna-excited slot plasmons in
the telecom range (with the free-space wavelength around 1.55
um) have not been reported so far. It should be emphasized
that the usage of phase-resolved near-field mapping is
indispensable for direct characterization of the mode effective
index as well as for revealing the symmetry of excited plasmonic
modes."

In this Letter, we report for the first time to our knowledge
the amplitude- and phase-resolved near-field characterization of
plasmonic slot waveguides and antenna-based nanocouplers in
the telecom wavelength range. Illumination with a wide laser

<7 ACS Publications  © 2014 American Chemical Society 3925

beam excites both slot plasmons confined within a dielectric
gap in a metal film and surface plasmon polaritons (SPP)
propagating along the metal film interface perpendicular to the
slot, and the resulting near-field interference pattern is mapped
with a scattering-type scanning near-field optical microscope (s-
SNOM). The observed interference pattern undergoes then the
special filtration procedure in order to extract individual
characteristics of the slot mode, including the effective index
and propagation length, and its relative excitation efficiency,
which is determined as a ratio between the slot mode intensity
at the waveguide input and the average SPP intensity.
Experimental characterization of two serial dipole and modified
bow-tie antennas as well as the short-circuited waveguide
termination in the absence of any coupling device is related to
modeling of these configurations, including calculations of
propagating mode fields and effective areas.

We use a plasmonic slot waveguide® (also known as a gap or
channel waveguide), representing a rectangular slot of width
Wy = 300 nm carved in a gold film of thickness H = S0 nm.
Such a waveguide features both reasonably good mode
confinement and propagation length. In a symmetric dielectric
environment, the propagation length can reach few tens of
micrometers at telecom wavelengths. We, however, select an
asymmetric configuration (Figure 1a, inset) that allows one to
directly map plasmonic mode-field distributions with a sharp
probe tip of the s-SNOM. The drawback of such a
configuration is the energy leakage from the slot mode to the
slow SPPs on the silica—gold interface (the effective index of
the latter is larger than that of the former). The leakage losses
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Figure 1. (a) Effective indices of the slot waveguide mode (black solid line), gold—air (green dashed) and gold—silica (blue dotted) SPPs together
with the propagation length of the slot mode (red dashed-dotted). (b) Effective index (black) and propagation length (red dashed-dotted) of the
transmission line waveguide mode depending on the wire width W,. Two serially connected (c) dipole and (d) modified bow-tie antennas. Insets in
(a) and (b) show cross sections of the correspondent waveguides geometry and total electric field magnitude distributions of the plasmonic modes.

add up to the ohmic losses in the plasmonic waveguide,
resulting in the propagation length of ~2.5 ym (Figure la).
However, simulations indicate that it is sufficient to fill the slot
space and add an additional S0 nm thick layer of silica on top in
order to eliminate the leakage losses and increase the
propagation length up to ~7 um. For comparison, the
propagation lengths of the air—gold and silica—gold SPPs are
230 and 63 pum, respectively, at the wavelength 1.55 pm.

In our previous work,” we showed that the serial connection
of the antennas provides no benefits for the slot excitation with
the tightly focused Gaussian beam, whereas it is an opposite
case for the incident plane wave or wide Gaussian beam used in
our experimental setup. It is, therefore, important to ensure the
optimal connection between the nanoantennas to deliver
maximum of the incident energy to the waveguide. The
effective index and propagation length of the double-wire
transmission line depends on the wire width W, (Figure 1b).
Smaller losses correspond to wider wires, but wide wires
connected to the antenna would prohibit efficient plasmons
excitation. It is therefore better to increase the width of the
connecting wires in the regions between the antennas, while
keeping them narrow otherwise. In order to check the
advantage of wider wires we compare thin-wire-connected
dipole antennas (Figure 1c) with modified bow-tie antennas
that feature widened wire sections between them (Figure 1d).
To prevent the wide regions from out-of-phase plasmons
excitation, we tune the length of the wide sections out of the
resonance.

Numerical simulation and optimization of the nanocouplers
for operation at the wavelength of 1.55 ym (see Supporting
Information for details) was carried out in CST Microwave
Studio.”' For the plane wave excitation (normal to the substrate
in our case), the figure-of-merit of the antenna, which
characterizes its coupling efficiency and which is used as an
objective function during optimization, is its effective area
defined as the ratio of the power delivered to a waveguide mode
to the incident power flux A 4 = Pyg/S;,. The effective area of
one (1DA), two (2DA), and three (3DA) dipole antenna
couplers was calculated and found being considerably and
progressively larger than that of the open circuit waveguide
termination (ODA) (Figure 2, Table 1). At the same time, the
operation full width at half-maximum (fwhm) bandwidth of the
3DA coupler is smaller than that of the 2DA one. This fact
agrees with the usual trade-off between antenna efficiency and
bandwidth. The advantage of larger plasmon propagation
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Figure 2. Effective area of open circuit waveguide (0DA, black solid),
one (IDA, cyan short-dashed), two (2DA, red dotted), and three
(3DA, green long-dashed) serial dipoles, short-circuited waveguide
(OBA, gray dashed-dotted) and two serial modified bow-tie (2BA,
orange dashed-double-dotted) antennas. It is seen that the effective
area A,g increases with the number of antennas. The values A, at the
wavelength of 1.55 um are collected in Table 1.

Table 1. Bandwidth of the Nanocouplers and Their Effective
Area at the Optimization Wavelength 1.55 ym

design A (um?) bandwidth (um)
0 DA 0.0070

1 DA 1.19 0.30

2 DA 2.09 0.39

3 DA 2.61 0.22

0 BA 0.081 0.38

2 BA 1.23 0.62

length in wider connecting wires does not compensate for
worse plasmon excitation due to interaction of metallic bars
with the antenna elements and their detuning as well as
counter-phase slot plasmons excitation in the modified bow-tie
(2BA) antennas, resulting in ~1.7 times smaller effective area,
but ~1.5 times larger bandwidth with respect to that of 2DA.
The short-circuited waveguide termination (0BA) was found to
be significantly more (by 1 order of magnitude) efficient for
slot plasmon excitation that the 0DA configuration. Such a large
difference in the coupling efficiencies can be explained by the
difference in the corresponding excitation channels; in the 0BA

dx.doi.org/10.1021/n1501207u | Nano Lett. 2014, 14, 3925-3929
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case, the waveguide mode is excited by directional light
scattering from a metallic edge extending over the whole
waveguide width, whereas in the 0DA case it is only excited by
scattering off metallic corners with most of scattered light
propagating away from the waveguide entrance. Bearing this in
mind, we selected the OBA configuration for the experimental
fabrication and characterization together with the 2BA and
2DA cases that promise, respectively, 15- and 26-fold
improvements in the effective area A at the wavelength 1.55
um (Table 1).

The nanocouplers were fabricated using standard electron-
beam (e-beam) lithography followed by metal e-beam
evaporation and lift-off in acetone (see Supporting Information
for details).

Phase- and amplitude-resolved near-field characterization of
the plasmonic antenna nanocouplers was carried out using the
s-SNOM configuration, based on an atomic force microscope
(AFM) with cantilevered tips being employed as near-field
probes (NeaSNOM from Neaspec GmbH) (Figure 3). In our
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Demodulation
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Phase ¢
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Parabolic P splitter Telecom laser
mirror < <
A =1425-1525nm
—.
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Figure 3. Schematic of amplitude and phase near-field mapping with
the transmission s-SNOM setup. The sample is illuminated from
below with a defocused laser beam (fwhm ~12 pm) polarized parallel
to the dipole antenna. The AFM metal-covered silicon tip scatters the
near field (predominantly its vertical component), and the scattered
radiation (being collected by the top parabolic mirror) is then mixed
with the reference beam and interferometrically detected, yielding
amplitude and phase near-field distributions by scanning the sample.

experiments, we used standard commercial Si tips covered with
platinum (Arrow NCPt, NanoWorld). The AFM was operated
in the tapping mode with the tip oscillating at the mechanical

resonance frequency Q & 250 kHz with the amplitude of ~50
nm. Near-field and topography mapping was performed by
moving the sample across the aligned configuration of the
oscillating tip and the illumination system. Therefore, in order
to continuously excite the antenna we illuminated the
structures from below (transmission-mode s-SNOM??) with a
defocused polarized laser beam (the estimated fwhm
illumination spot was ~12 pm). The light, scattered by the
tip, was collected by a top parabolic mirror and directed toward
a detector, where it was spatially overlapped with an interfering
reference beam, yielding both the amplitude and phase of the
scattered light via pseudoheterodyne detection.”® Background
contributions were suppressed by demodulating the detector
signal at a high-order harmonic frequency nQ (in our case n =
2), providing background-free near-field amplitude and phase
images. It should be pointed out that in most s-SNOM
experiments the illumination is done in the reflection mode
(side-illumination scheme), where the incident light is focused
on the tip with the same parabolic mirror that collects scattered
light, a configuration that creates many problems for obtaining
clear near-field images due to strong tip—sample coupling™* and
phase-retardation effects.”* However, in our transmission-mode
configuration the sample was illuminated from below with an
in-plane direction of polarization, allowing us to achieve
uniform illumination and efficient excitation of the 2plasmonic
antenna while avoiding the direct tip excitation.”>*> © Because
of a dominating dipole moment of the tip along its axis (i.e.,
along the z-axis), the recorded s-SNOM images represent
mostly a distribution of the amplitude and phase of the z-
component of the electric field, E,.>* In order to enhance this
selectivity, a polarizer in front of the detector was set to select
the out-of-plane z-polarization of light scattered by the tip.
Finally, the recorded data were treated with free (scanning
probe microscopy) software Gwyddion.>”

The recorded optical amplitude and phase images (Figure
4b,c) exhibit a complex interference pattern, produced mainly
by the slot waveguide mode and SPPs. The latter are excited
with the incident wave being diffracted on the slotand
propagate away from and perpendicular to the slot waveguide.
Because of the large (defocused) excitation laser spot, adjusted
with the AFM tip during the scan, the SPP amplitude and phase
do not significantly change along the waveguide, as opposed to
those of the slot mode. One can therefore decompose the
recorded raw near-field data (Figure 4b—d) in the half-space
containing the waveguide into the SPP background (Figure
4e—g) and slot mode (Figure 4h—j) fields by fitting the data
along the waveguide as a sum of propagating mode and a
constant background (see Supporting Information for details).

raw near-field

SPP background

slot mode field
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Figure 4. Pseudocolor s-SNOM images, representing (a) topography, (b) amplitude, (c) phase, and (d) real part of the raw optical near-field
distribution. Amplitude, phase, and real part of the decomposed contributions of (e—g) SPP background and (h—j) slot mode fields.
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Figure S. Pseudocolor s-SNOM images, representing (a) topography, filtered (b) amplitude, and (c) real part of measured near-field data, and
filtered (d) amplitude and (e) real part of simulated field for all three types of nanocouplers: 2DA (left), 2BA (middle), and 0BA (right). Electric
field of the slot mode is normalized to the average amplitude of the background SPP. The scale bar is equal to 1 ym.

Thus, filtered images reveal the propagating slot mode with the
decreasing amplitude (Figure 4h) and linearly advancing phase
(Figure 4i) of E, field. As expected from the mode-field
distribution (Figure la, inset), E, field magnitude is zero in the
middle and opposite in sign on both sides of the waveguide
(Figure 4).

The filtering procedure was applied to all measurements (see
Supporting Information for more details) made in the telecom
range (1425—1525 nm) and to all three types of antenna
nanocouplers: 2DA, 2BA, and 0BA (Figure Sb,c). Numerically
simulated E, field distribution at the height of 50 nm above the
structure (the average position of the s-SNOM tip) was filtered
with the same procedure (Figure Sd,e), signifying very
reasonable agreement with the experimental results. We should
mention that phase images not only allow observing slot
plasmon phase evolution but also reveal information on the
impedance matching of the antennas to the waveguide.

The filtered images of the slot mode allowed us to estimate
the effective mode index, propagation length and intensity of
the slot mode at the waveguide entrance (Figure 6) normalized
to the average intensity of the SPP background, which does not
significantly depend on the wavelength in the range of 1.425—
1.525 pm. Thus, normalized slot mode intensity is expected to
be proportional to the nanocoupler effective area I .0 ~
Py ~ A The validation of such approach is supported by the
comparison of simulation results (lines) with experimental
results (points), shown in Figure 6a. The effective indices
determined from the experimental (filtered) phase images
(Figure Sc) were found in good correspondence with the
calculated ones (Figure 6b), while the experimentally obtained
propagation lengths turned out being slightly smaller than the
calculated ones (Figure 6b), most probably due to the
fabrication imperfections. One may notice small oscillations
in the experimentally measured values, which, we believe
represent a systematic error due to degradation or a drift in our
setup, because a sequence of measurements for each antenna
was 1475—1425—1525—1500—1450 nm, which correlates well
with the error in propagation length and effective index (Figure
6b).

In conclusion, we have demonstrated the use of amplitude-
and phase-resolved near-field mapping for complete character-

3928

a
~ 2
1S @
2
3 £
5 o
¢ S
= ©
o £
5 3 S

w
00.._..0.-..&1:-..11)..-%._9.._.. 0 z

1.40 145 1.50 155
Wavelength (um)

1.60- —
b 125 £
e =
x 1.554 % r% =
[ =
3 ! ; £
£ 1.504 20 &
o Q

>
= c
T 145 * kel
& — 115 &
w ()]
140] «— * * 3
(o
¢ g
135 . . 10 &

1.40 145 1.50 1.55

Wavelength (um)

Figure 6. (a) Wavelength dependence of the coupling efficiency of
different type of antennas: OBA (gray, circles), 2BA (orange, stars),
and 2DA (red, thombs), represented as effective area for numerical
calculations (lines) and as normalized intensity for experimental
results (points). (b) Wavelength dependence of the experimentally
measured effective mode index (black circles) and propagation length
(red squares), compared with numerical simulations (lines).

ization of the complex plasmonic waveguide configuration
including antenna-based nanocouplers and slot waveguides.
The s-SNOM characterization allowed us not only to make
relative comparison of the efficiencies (in terms of the effective
area) of different couplers but also to measure the effective
index and propagation length of the slot waveguide mode. All
experimental data were found to be in a very good
correspondence with the numerical simulations. We have also
confirmed that the serially connected dipole antennas represent
the most efficient (for the excitation with a wide light beam)
and simple design of nanocouplers. We would therefore
anticipate that the serial antennas nanocouplers will become

dx.doi.org/10.1021/n1501207u | Nano Lett. 2014, 14, 3925-3929
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efficient optical interfaces between macroscopic light sources
and nanoscale waveguides. We also believe that the s-SNOM-
based characterization procedure described here will become a
standard robust technique for the plasmonic waveguide
characterization due to its high resolution, reliable measure-
ments, and efficient data filtration procedure.

B ASSOCIATED CONTENT

© Supporting Information

Details on numerical simulation and optimization, and the
fabrication procedure and the filtration procedure for
experimental and simulated field distributions. This material
is available free of charge via the Internet at http://pubs.acs.org.
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Supporting information

Numerical simulation and optimization. Simulations are done in CST Microwave Studio’ with
the time-domain finite-integrals method. A hexahedral mesh with the mesh refinement around
the slot waveguide is used. The simulation domain consists of a thick silica substrate (3 pm),
waveguide, antenna and thick air superstrate (4 um) (Figure Sla). Gold is described with the
Drude formula? with plasma frequency 1.36 x 1016 s™' and collision frequency 1.57 x 101* s™'.

The dielectric substrate has a refractive index n = 1.47. A plane wave is used for the excitation
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of the structure. The boundary conditions are perfect electric conductor (PEC) in the x-, and open
(perfectly matched layers) in y- and z-directions. To ensure the absence of coupling to the mirror
images of antennas at the PEC x- boundaries, the lateral size of the simulation domain is 11 pm,
the longitudinal size is 9 um (for calculations of the effective area and optimization) or 19 pm
(for calculations of the electromagnetic fields). Typical simulation with a 12 CPUs (3.5 GHz), 48
GB RAM personal computer takes 1 hour. Numerical optimization with maximization of the
effective area as a goal was done with the Nelder-Mead simplex algorithm with the parameters
variation range +/- 25 % from the initial values. The initial values were selected through
maximization of the effective area for all parameters one-by-one variation. The optimal

parameters are shown in Table S1 with the geometrical parameters marked in Figure S1b,c.

723

| Wa

Figure S1. (a) Simulation domain used for the fields calculation in CST Microwave Studio. In
case of effective area calculation the longitudinal size of the domain was 9 um instead of 19 um.
Optimized serially connected (b) dipole and (¢) modified bow-tie antennas. The values of

optimal geometrical parameters are presented in the Table S1.
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Initially we observed spurious Fabry-Perot resonances in the effective area spectra due to poorly
absorbed scattered field by a single-mode plane wave port in CST (the excitation plane wave is
shown with arrows in Figure S1a). This issue has been resolved by increasing the number of the
port modes to 20 and proper time windowing of the received signal. The electric field recorded
with a frequency 3D monitor was collected 50 nm above the top waveguide surface,
corresponding to the average position of the s-SNOM tip in experiments. In order to reduce the
influence of the fake Fabry-Perot resonances on the simulated electric field, the width of the

excitation port was decreased to 4 um.

Table S1. Waveguide and nanocouplers geometrical parameters, designed and fabricated.

Parameter | Designed | Fabricated | St. deviation

All structures

H (nm) 50 50 1
Waveguide
Wy (nm) 300 287 7
Dipole antennas coupler (2DA)

L (nm) 1144 1117 8
L, (nm) 1290 1293 10

G (nm) 290 288 5
W (nm) 210 213 6
L¢o (nm) 443 396 10
Weo (nm) 80 82 8

P (nm) 969 969 8

Bow-tie antenna coupler (2BA)

L (nm) 437 425 10
W; (nm) 233 246 12
W, (nm) 560 562 13
L, (nm) 683 647 7
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W, (nm) 70 74 11
Weo (nm) 76 74 8
Ws (nm) 230 200 17
Lg (nm) 230 234 4
P (nm) 1069 1071 20

Upon the incident wave’s diffraction through the slot the surface plasmon polaritons (SPPs)

are excited on the metal-dielectric interfaces. We use SPPs on metal-air interface to normalize

the intensity of the slot mode. Numerical simulations (see Figure S2) confirm that the amplitude

of the excited metal-air SPP does not significantly depend on the wavelength in the range of

interest 1425-1525 nm and therefore the normalized slot mode intensity is proportional to the

effective area.

(a)

Electric field Ez amplitude (a.u.)

Wavelength (nm)
1425
—1450
—1475
—1500
—1525

i 2 3 4 5
Coordinate x (um)

Figure S2. (a) Vertical electric field E. (real part) distribution in the plane perpendicular to the

slot. The y-polarized incident wave excites SPP on the air-metal interface upon diffraction

through the slot. (b) Electric field £, amplitude along the dashed line in the part (a) demonstrates

that the intensity of the excited SPP does not significantly depend on the wavelength.
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Fabrication. The waveguides and antennas were fabricated on a borofloat glass 500pm thick
substrate (Jinsol). ZEP 520 5.5% (in anisole) resist (thickness 150 nm) was used for electron
beam lithography. To prevent charge accumulation a 20 nm thick Al layer was thermally
deposited (Wordentec QCL 800). The resist was exposed with 100 kV JEOL JBX-9300FS
electron beam lithography system at the charge dose 200 pCl/cm®. Then Al was removed with
commercial MF-322 remover until no visible signs of metal were presented, and the resist was
developed in ZED N50 developer for 120 s. Then 1 nm Cr and 49 nm Au were e-beam
evaporated (Wordentec QCL 800). During the lift-off the sample was staying in hot acetone (50
C) upside down for 2 hours under constant stirring. Then slight ultrasound was applied for 2
minutes. Finally the sample was rinsed with acetone and isopropanol and carefully dried with
nitrogen. After the fabrication we performed lateral size measurements with a scanning electron
microscope (FEI Nova 600 NanoSEM and SEM Zeiss Supra 40 VP) and thickness
measurements with an atomic force microscope (Dimension 3100 Bruker AXS). The values of
the geometrical parameters of the fabricated structures and standard deviations are shown in

Table S1. The SEM images of 0BA, 2BA and 2DA structures are shown in Figure S3.

Figure S3. SEM microphotos of the fabricated 0BA, 2 BA and 2DA structures.

Field data processing. A main idea of filtering near-field data is that the recorded field

resulted from the interference of two dominating modes: the slot mode propagating along the
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waveguide, and SPP, excited on the edges of the waveguide and therefore travelling across it.
However, there is a small difference in treating experimental and simulated near-fields, due to a
slightly different excitation and measurement procedures. In our experiment the waveguides

were illuminated with a defocused Gaussian beam, which can be described as following:

w(2) * 2R(2)

w(z)=w; [1+[ij ]
Z, k

__ % z
)

= + ,
2R(z) W (2)

2 2 2 2
E(x,y)zEOexp{—x 2+y }exp[ik Xy }zEOexp[ikz(x2+y2)J,

where Ej is an electric field amplitude, 4 is a free-space wavelength of illumination, wy =~ 3 pm is
a waist of the Gaussian beam, and z = 65 um is a vertical shift of the excitation parabolic mirror,
used to increase the width of the illumination spot. Since only the sample is moving during the
scan, the amplitude and phase of the Gaussian beam adjusted with the AFM tip will be changed
at the position of the antenna during the scan change. Therefore, the measured amplitude of the
slot mode will be in fact a convolution of the Gaussian beam profile and real propagation field.

Then one can fit measured data with following:

Emeasured (x’ y) - ESPP (y) + Eslot (y) eXp [ikslot‘x] eXp|:ik2 (x - xO )2:|

where Enecasureds Espp, Esiots ks, k2 are complex-valued functions and variables (taking into
account amplitude and phase for E-field and propagation with decay for the k-vector), and xy is
an effective coordinate of the antenna (in our fitting we assumed it to be 1 pm from the edge of
continuous gold for 2BA and 2DA; for OBA it was assumed to be at the beginning of the

waveguide). In our fitting kg Was a global fitting parameter (one for the whole image), while



Appendix A.5. Plasmonic slot waveguides and nanocouplers

85

Egpp and Ego were fitting parameters for each line along x-axis. The fitting was done in
MATLAB by the least squares method with a use of the built-in MATLAB function Isqcurvefit.

The results of the fitting for 2DA are shown in Figure S4, where the measured data,

E  ea(%,y) is denoted as RAW, the first term of fitting, Egp(y), is denoted as SPP, the

second term, E, (y)explik x]exp[ik2 (x—xo)zJ , is denoted as Slot mode, and the difference,

slot

E s (5 7) = By (0) = E () exp ik x]exp| ik, (¥ =, )" |, as Residual field.
P
I I {

Figure S4. Fitting procedure shown on an example of 2DA. Top: Decomposition of the recorded

SP

Slot mode Residual field

!

Raw complex-valued data into fitted SPP, Slot mode, and Residual field. Bottom: the same
procedure seen in k-space after applying 1D DFT along the waveguide (191 x 31 pixels, linearly

interpolated to 191 x 200 pixels for clarity).

In order to present results concisely, we added the top part of Residual field (containing the
waveguide) to SPP and showed it as the SPP background in our work [Figure 4 (e)-(g)], while

the original near-field of the antenna (bottom part without waveguide), glued with fitted Slot
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mode, is referred to as the slot mode field in our work [Figure 4 (h)-(j)]. The complete procedure
of fitting is shown in Figure S4. One can note that there is still relatively large residual field near
the beginning of the waveguide, which we ascribe to the excitation and propagation of the SPP,
travelling partially along x-axis, due to the diffraction of the incident beam on the antenna and
due to the edge effects for SPP, propagating across the waveguide. However, such distortion
does not significantly influence the fitted slot mode and the filtering procedure, which is verified
by a one-dimensional discrete Fourier transform (1D DFT) of the top part of complex-valued
Raw, SPP, Slot mode, and Residual field along the waveguide (see bottom part of Figure S4).
Note that due to a rather limited scanned area Fourier analysis does not allow to accurately
determine waveguiding propagation constant kgje.

Such fitting allowed determining propagation length and effective mode index of the slot mode
for each wavelength [Figure 6(b)]. The normalized intensity of the slot mode was estimated as
average value of squared Eg, measured at the entrance of waveguide, x;, and normalized to the
average value of squared Espp, i.€.,

~ f E, . (y)exp [ikslmxl ] exp [ik2 ()c1 - X, )2 } dy
[ Egp () ‘

For OBA, due to a weak slot mode, kg was fixed and determined by linear fitting of kg, for
2DA and 2BA, so only the normalized intensity was determined during the fitting procedure.

As for the numerical simulations with plane wave excitation, the electrical field E,, measured
at 50 nm above the structure, appeared to contain substantial background of propagating light
and SPP, excited on far edges of the sample due to diffraction. Such background negligibly
influences the measurements of propagation constant and coupling efficiency, but creates a large

obstacle for field filtering. Therefore, for near-field simulations, we used a cylindric Gaussian
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beam (homogenous along x- and Gaussian along y-axis) to excite slot mode and cross-
propagating SPP. The complete results of fitting the experimentally measured and numerically

simulated near-field are presented in Figures S5 and S6, correspondingly.

Raw SPP Slot mode Residual field

Arg Amp Arg Amp
g

) | Iu I|I | I

Figure S5. Results of fitting measured data for all measured antennas.
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Figure S6. Results of fitting numerically simulated near-field.
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