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Abstract

Optical fiber platforms are promising for plasmonics research and applications, thanks to
their compactness, flexibility, and cost-effectiveness, which are further leveraged by easy
accessibility to numerous fiberized sources and devices. In this chapter, the author particu-
larly pays attention to novel surface plasmon polariton (SPP) devices implemented onto
optical fiber platforms. First, the author investigates novel circular metallic nanoslit-based
optical fiber facets for the generation of axially symmetric SPPs with significantly enhanced
noise characteristics. Second, the author investigates novel metallic Fresnel-zone-plate opti-
cal fiber facets for super-variable focusing with incident wavelength and for selective focus-
ing with incident polarization. Third, the author investigates novel metal-coated angled
optical fiber facets for versatile SPP coupling and its application to wavelength-dependent
off-axis beaming, which offer high efficiency, unidirectionality, and perfect compatibility
with fiberized light sources. The author expects that these investigations will broaden both
fiber optics and plasmonics research fields, and also be useful for various novel applications,
including micro-/nanomachining, optical trapping, and biomedical sensing, for example.

Keywords: fiber optics, plasmonic hotspot, optical focusing, surface plasmon coupling,
plasmonic lens

1. Introduction

Optical fiber is a strand of transparent dielectric waveguide, which can guide and transmit

optical signals with extremely low loss [1, 2]. It has a lot of merits in being used as a platform

for the excitation of surface plasmon polariton (SPP), which is the collective oscillation of

electrons at a dielectric-metal interface, and for its applications from the perspectives of com-

pactness, flexibility, and cost-effectiveness [1, 3]. Moreover, such merits are further leveraged

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



by the full accessibility to premium grade fiberized devices already combined with light

sources, detectors, and various other components of optical functionalities. Once optical fiber

platforms are considered for SPP research and applications, one most apparent effect obtained

from them is the fact that the use of free-space optics can be eliminated or minimized as

illustrated in Figure 1.

In fact, a variety of plasmonic nanostructures implemented onto optical fiber platforms have

been investigated to date: Most of them were based on metallic nanostructures constructed on

the facet, tip, and polished or tapered side of optical fiber [4–7]. Among them, the author

focuses on the optical fiber facet structures in that they inherently provide an easy and efficient

access to light that the core of the optical fiber guides. Thus, in this chapter, the author

investigates and discusses various optical fiber facet structures for an efficient platform for

plasmonics research and applications: First, the author investigates trench-assisted circular

metallic nanoslits on flat-cleaved optical fiber facets for the generation of axially symmetric

SPP hotspots with significantly enhanced noise characteristics [8]. Second, the author investi-

gates fiberized plasmonic Fresnel zone plates for super-variable focusing with incident wave-

length and for selective focusing with incident polarization [9]. Third, the author investigates

novel metal-coated angled optical fiber facets for a versatile optical-to-SPP mode converter,

which provide high efficiency, unidirectionality, and perfect compatibility with fiberized light

sources [10]. The detailed investigation and discussion with numerical and experimental

demonstrations are given in the following sections. In addition, it is noteworthy that all the

numerical simulations were done based on the finite element method (FEM: COMSOL

Multiphysics®), and that all the metallic nanostructures were fabricated based on the

electron-beam evaporation method and the focused ion beam (FIB) milling method, unless

stated otherwise.

Figure 1. Schematic illustrations of various nanostructured optical fiber facets for plasmonic applications.
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2. Trench-assisted circular metallic nanoslits for low-noise plasmonic

hotspot generation

Plasmonic focusing is beneficial to diverse novel applications, such as lithography [11], high

harmonic generation [12], and sensing [13], etc. To date, various configurations have been

suggested for plasmonic focusing, such as nanoparticles [14], circular nanoslits [15], bowtie

structures [16], metal tips [17], etc. Among them, circular metallic nanoslits (CMNSs) engraved

on a thin metal film are of great interest because of their capability of generating focused

cylindrical SPPs (C-SPPs), that is, plasmonic hotspots, via modest fabrication procedures [8].

While various structures and schemes were extensively investigated to intensify the plasmonic

hotspots, the effect of nonconfined diffracted light (NCDL) that accompanies C-SPPs has not

been investigated rigorously [18]. In most cases of CMNSs, it is hard to avoid the disturbance

of NCDL, so that its consequence increases the background noise, thereby degrading the

signal-to-noise ratio (SNR) and sharpness of the C-SPP hotspot.

Recently, exploiting the multipole cancelation mechanism (MPCM) proposed for effective

noise-canceling [19], the author has investigated novel trench-assisted circular metal nanoslits

(TA-CMNSs) implemented onto optical fiber facets [20], where the use of the optical fiber

platform leads to considerably simplified procedures to excite C-SPPs with low noise [21].

In this section, the author discusses the characteristics of TA-CMNS structures implemented on

a metal-coated optical fiber facet and shows that they can have substantially improved SNR

characteristics based on the MPCM. In particular, these structures are useful for plasmonic

devices that particularly require high SNR characteristics, such as bio-sensing, imaging,

surface-enhanced Raman spectroscopy, etc.

2.1. Fiberized circular metallic nanoslits

Different from one-dimensional nanoslits, a CMNS generates a plasmonic hotspot at its center

by two-dimensionally focusing the inward-propagating C-SPP, so that the hotpot can be

intensified to a substantial level. Moreover, its efficiency can also be enhanced if radially

polarized light is utilized [22]. Indeed, the use of the optical fiber platform for CMNS applica-

tions can bring in a considerable advantage, because radially polarized fiber-optic modes (e.g.,

TM01 mode) are readily accessible.

A full-vectorial simulation of a CMNS constructed on top of an optical fiber facet is considered

in the following, which was initially proposed and analyzed in [8]. It was assumed that the

optical fiber had a step-index core with a diameter of 8 μm and a numerical aperture (NA) of

0.1, and that the metal was made of gold, the material parameters of which, that is, the

refractive index and extinction coefficient, were given by n = 0.16918 and k = 3.8816, respec-

tively. The wavelength of incident light was set as λ = 700 nm. The width of the slit and the

thickness of the metal layer were set to 87.5 nm and 500 nm, respectively. The annular slit was

concentric with the fiber core. In particular, the radius of the annular slit was matched with the
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intensity distribution of the TM01 mode of the optical fiber in order to maximize the modefield

overlap with the opening of the annular slit.

First of all, a simple CMNS without having any trench structure was numerically analyzed [8].

The C-SPP (graded red/yellow) and NCDL (graded blue) field intensity patterns are illustrated

in Figure 2. It is shown that while a plasmonic hotspot was formed at the center of the metal

surface, the NCDL was also focused at the same position of the hotspot. In particular, the

NCDL component at the center was hardly distinguishable with the C-SPP signal, so that the

SNR (defined as the ratio of the C-SPP intensity to the NCDL intensity) of the device was

inevitably degraded. The peak and mean SNRs within the central main lobe of the C-SPP

hotspot were given by 22.74 and 14.70 dB, respectively.

2.2. Noise cancelation in trench-assisted CMNSs

As discussed in the preceding section, NCDL tends to be overlapped with the C-SPP hotspot. In

particular, the NCDL propagating in the direction parallel to the metal surface can considerably

degrade the SNR of the C-SPP hotspot. Thus, to improve the SNR, NCDL should be suppressed.

As proposed in [8], a trench-assisted (TA) structure along with the conventional CMNS can be

considered in order for minimizing the disturbance incurred by the unwanted NCDL. The

proposed TA-CMNS structure and its operation principle are illustrated in Figure 3. The main

strategy of exploiting the TA structure is such that a considerable portion of the primary NCDL

(depicted in blue) from the slit is canceled out by the secondary NCDL (depicted in red)

excited by the TA structure alongside the slit. The TA-CMNS was in fact designed in a way

that the secondary NCDL destructively interferes with the primary NCDL, as shown in

Figure 3. It should be further noted that the trench structure having a sharp edge at P2 is

Figure 2. Relative field intensity patterns in dB calculated for a simple CMNS with TM01 optical fiber mode incidence [8].

Plasmonics184



preferred, because P2 is the location where charges are predominantly induced [14], so that it

can be regarded as a “quasi-pole source” that generates secondary NCDL [8].

In order to make the primary NCDL and the secondary NCDL out of phase completely, the

phase difference between the primary NCDL (path l1) and the C-SPP (path l2) should be an

odd integral multiple of λ, because the phase of the secondary NCDL is mostly determined by

the phase of the C-SPP, such that [8].

Re kC�SPPð Þl2 � kl1 ¼ 2m� 1ð Þπ, (1)

where k and kC�SPP denote the wavenumbers of the NCDL and the C-SPP, respectively, Re the

real part of the argument, and m an integer number. In addition, the location P1 should also be

determined carefully in order that the cavity formed between the two inner edges of the trench

P1 and P0
1 satisfies the resonance condition maximizing the C-SPP transmission out of it, such

that [8].

Re kcsp
� �

d� φTrench ¼ 2m0π, (2)

where d dentoes the distance between P1 and P0
1, φTrench the phase shift caused by the reflection

at the trench wall, and m0 an integer number.

Here, two different types of TA-CMNSs are under consideration [8]: One is a rectangular

trench (RT) and the other is an asymmetric parabolic trench (APT). While the RT-CMNS has a

merit in terms of ease of fabrication, one can improve the SNR performance more significantly

with the APT-CMNS because it facilitates increasing the charge concentration at P2 relative to

P1 [8, 20]. All the detailed parameters can be optimized via iterative numerical procedures as

discussed in [8].

Figure 3. Schematic of a TA-CMNS and its operation principle [8].
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Figure 4 illustrates the field intensity distributions of the total field, the C-SPP, and the NCDL

for the CMNSs with no trench structure and the optimized RTand APT structures, respectively

[8]. From the figure, one can observe that there are clear differences among the simple CMNS

and the TA-CMNSs in terms of the NCDL suppression characteristics. With the TA structures,

the NCDL noises were substantially canceled out at the center of the device. In particular, the

peak and mean SNRs could reach 50.71 and 36.03 dB, respectively, for the APT-CMNS, which

were more than one order of magnitude higher than those of the simple CMNS. The peak and

mean SNRs of all the three devices are summarized in Table 1.

Figure 4. Top views of the total, plasmonic, and NCDL field intensity distributions [8].

CMNS (dB) RT-CMNS (dB) APT-CMNS (dB)

Peak SNR 34.27 38.58 50.71

Mean SNR 24.14 31.11 36.03

Table 1. Summary of the SNR values estimated within the main lobe of the C-SPP hotspots [8].

Plasmonics186



3. Fiberized plasmonic Fresnel zone plates

Focusing light is invariably an important issue for numerous applications, including micro-

machining [23], optical tweezing [24, 25], bio-sensing [26, 27], etc. In particular, easy and accurate

control of the focal point is one of the greatest factors to be considered for focusing apparatus

from the perspective of practical implementation. A traditional method for shifting the focal

point is to move either the focusing lens or the target object. Such mechanical adjustments tend

to result in relatively large inaccuracies, which are undesirable by any means.

Recently, the author has proposed and demonstrated a simple and compact micro/

nanophotonic structure combining fiber-optic and metal-optic technologies in order for

super-variable focusing of light [9], where the relatively high chromatic aberration proper-

ties of flat-metal-optical lenses were exploited for an alternative measure of varying its focal

point in a wide range.

In this section, the author discusses the characteristics of metallic Fresnel zone plate (FZP/MFZP)

structures implemented on a metal-coated optical fiber facet, that is, metallic Fresnel-zone-plated

optical fiber facets (MFZP-OFFs), and shows that they can have novel super-variable focusing

functionality [9]. Moreover, the author discusses another SPP-based MFZP-OFF scheme that can

selectively focus light, depending on its polarization state [9, 28]. In particular, this novel SPP-

based lens can be useful for some specific applications that inevitably require centrosymmetric

optical force, such as optical trapping [29] and micro-machining [30].

3.1. MFZP-OFFs for super-variable focusing of light

The focal position of a conventional lens, such as spherical lens, varies mainly by the chromatic

dispersion of the lens material. For example, the focal length of a bi-convex lens is given by [31].

f ¼
R1R2

R2 � R1

1

nlens � 1
, (3)

where f denotes the focal length, R1 and R2 the radii of the curvatures of both lens facets, and

nlens the optical refractive index of the lens material. In general, the chromatic dispersion of nlens
is given by a value in the order of �10�5/nm for fused silica [32], so that it results in a very

limited focal length change with respect to incident wavelength. In contrast, a flat-metal-

optical lens based on an FZP exhibits a drastically different aspect because the focusing of light

is obtained from the constructive interference of light at a location where all the possible

optical paths from the annular openings of the FZP become in phase, so that detuning of the

condition is caused not by the material dispersion but by the direct change of the wavelength

of incident light [31, 33].

In general, the product of the focal length and the incident wavelength is approximately

invariant regardless of the given FZP geometry [9, 33], so that the general expression for the

focal length f
λ
as a function of the incident wavelength λ can be given by
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f
λ
≈

λ0f 0
λ

, (4)

where λ0 and f 0 denote the reference wavelength and focal length, respectively. It shows that

an FZP has a focal length that is inversely proportional to the incident optical wavelength. In

addition, one can also notice that the beam radius at the focal point of an FZP, that is, rr
2 tends

to remain nearly consistent regardless of the incident wavelength, considering the optical

diffraction principle [9, 31] such as

re2 ∝
1

kNA
≈

λf
λ

2πR
, (5)

where k, NA, and R denote the wavenumber of the incident light, the effective numerical

aperture of the lens, and the radius of the lens, respectively. Since the product of the wave-

length and the focal length remains invariant from Eq. (4), Eq. (5) indicates that the beam

radius at the focal point of an FZP is approximately preserved regardless of the wavelength of

the incident light.

On the other hand, MFZP-OFFs can readily be fabricated using electron-beam and evaporation

and FIB milling techniques [34, 35]. Figure 5 illustrates an MFZP-OFF fabricated in house

based on the techniques and its focusing characteristics. Silver was initially deposited via an

electron-beam evaporation system to form a 100-nm layer on the flat-cleaved multimode

optical fiber facet. The multimode optical fiber had a 50-μm diameter step-index core with

0.22 NA. The silver layer was processed by FIB milling to have the FZP structure consisting of

6 rings [9]. It should be noted that this FZP was designed to produce a focal spot at 20 μm from

the fiber facet when the wavelength of incident light was tuned at 550 nm.

To characterize the MFZP-OFF, visible light of three different colors (RGB) was launched into

the other end of the optical fiber. The center wavelengths of them were given by 612 (R), 527 (G),

473 (B) nm, respectively. The focal length of the MFZP-OFF was measured by an optical

Figure 5. Experimental results of the fabricated MFZP-OFF [9]: (a) Scanning electron microscope (SEM) image of the

fabricated MFZP-OFF. (b) Optical microscope images of the transmitted light at various incidence and distance condi-

tions. (c) Numerical results on the normalized field intensity distributions along the z-axis with respect to the wavelength

of incident light.
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microscope system, and the measured focal points for RGB colors were at z = 18 (R), 20 (G), and

23 (B) μm, respectively. Numerical simulations were also performed to verify the experimental

results, which are shown in Figure 5(c). The numerically calculated focal points for RGB colors

were given by z = 17.6 (R), 21.0 (G), and 23.8 (B) μm, respectively, which were actually in good

agreement with the experimental results. In fact, the focal length of the MFZP-OFF varied from

28.6 to 14.9 μm for the wavelength range from 400 to 700 nm, which means the relative focal-

length change per unit wavelength was as large as 45.5. It is highlighted that this relative change

rate is over 20 times higher than the rate that can be obtained with a conventional silica-based

lens [9, 31], as the latter can only be detuned from 20.2 to 19.6 μm for the same spectral detuning

range. In addition, the mean beam radius averaged out over the whole visible range was

calculated to be 768 nm with a standard deviation of 14.2 nm, which indicates that the relative

change was only 1.84% over the whole visible range as expected from Eq. (5). Nevertheless, it

should be noted that even though the super-variable focusing capability along with a nearly

constant beam spot size at the focal point over the very wide spectral range was verified both

numerically and experimentally, the depth of focus of the focal spot along the optical axis should

still be inversely proportional to the wavelength of incident light [28, 33].

3.2. All-sub-wavelength-scaled MFZP

If all the openings of the standard MFZP discussed in the preceding section are reduced down

into the sub-wavelength scale [9, 28], its transmission starts to be dominated by the SPP-

mediated radiation, that is, the extraordinary optical transmission (EOT) via SPPs. Subsequently,

such an MFZP (hereinafter SPP-MFZP) will bring in polarization-dependent characteristics

because SPPs are normally excited in the direction perpendicular to the slit walls, so that only

the radially polarized mode can lead to a hotspot. Thus, this SPP-MFZP can be utilized for

focusing of radially polarized light, which has considerable advantages over the linearly polar-

ized or un-polarized counterparts in various applications, thanks to its axially symmetric optical

characteristics [30, 36]. The author has investigated the polarization-selective characteristics of

the sub-wavelength-scale annular slit in [9], verifying that the transmission of azimuthally

polarized (i.e., parallel-polarized) light was suppressed drastically if the relative slit width with

respect to wavelength, that is, s/λ, was given by < �0.3, while the transmission of radially

polarized (i.e., perpendicular-polarized) light remained nearly unchanged.

Thus, building upon the principle, an SPP-MFZP was fabricated and characterized experimen-

tally. A 195-nm-thickness gold layer was deposited on a fused-silica substrate, using the

electron-beam evaporation method. A standard 6-ring FZP was designed for the reference

wavelength of 660 nm and the reference focal length of 20-μm, and all the rings was filled with

sub-wavelength-slits of a 120-nm width with a 50% duty ratio. Figure 6(a) illustrates the SEM

image of the fabricated SPP-MFZP. To characterize its polarization-dependent functionality,

linearly polarized light was illuminated on it. Rotating the axis of the incident polarization, its

transmission through the SPP-MFZP was measured by the optical microscope. Considering

that the linearly polarized light can be decomposed into a radial component and an azimuthal

component with a different ratio depending on the location on the SPP-MFZP plane, the

transmitted light pattern should be like a “figure of eight.” Figure 6(b) illustrates the optical
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microscope images of the transmitted light patterns at the top surface of the SPP-MFZP and at

the focal plane for two different linear polarization states. The results suggest that the SPP-

MFZP functioned as expected, such that only the radial-polarization mode could efficiently

pass through the SPP-MFZP, being selectively focused down at the focal plane. It is notewor-

thy that the SPP-MFZP can readily be implemented onto a fiber facet in a way similar to the

MFZP-OFF discussed in the preceding section.

4. Metal-coated angled optical fiber facets

Efficient excitation of SPPs is invariably important because SPPs cannot be excited naturally,

which means it requires some specific apparatus leading to the special boundary condition at

the dielectric-metal interface [37]. The prism coupling technique based on the Kretschmann

configuration is one of the most frequently used methods for this purpose [37]. This technique

utilizes an oblique incidence toward a dielectric-metal interface, in which the real part of the

dielectric material should be higher than that of the metal. In optical fiber platforms, the

technique was not fully exploited, such that SPPs were normally excited via using tip struc-

tures, nanoslits or apertures, the polished or tapered side of the optical fiber, etc. [4–7].

Recently, the author has introduced a novel SPP coupling scheme in the optical fiber platform

that is based on a metal-coated angled fiber facet (MCAFF) different from the aforementioned

conventional schemes [10]. In fact, this scheme exploited the so-called Kretschmann configu-

ration on the optical fiber platform, because the angle fiber facet can play exactly the same role

as a prism to the optical mode guided in the core of the fiber [10, 37].

In this section, the author discusses the MCAFF configuration with corresponding numerical

and experimental results, and also shows how it can be utilized for further applications,

Figure 6. Experimental results of the fabricated SPP-MFZP [9]: (a) SEM image of the SPP-MFZP fabricated on a gold-

coated fused-silica substrate. (b) Dark-field optical microscope images of the transmitted light at different image planes

and for different incident polarization states.

Plasmonics190



including a corrugation-assisted MCAFF for wavelength-dependent off-axis directional

beaming. Unlike the conventional SPP-coupling techniques having trade-offs and limitations

from various perspectives, such as efficiency, compactness, unidirectional coupling, alignment,

etc., the MCAFF configuration can readily resolve the aforementioned issues, so that it can be

an efficient alternative to the existing techniques.

4.1. SPP coupling scheme based on a metal-coated angled fiber facet

In general, optical-fiber-based SPP generation has mostly been done based on nanoslit struc-

tures [4, 6, 9, 38]. However, its coupling efficiency tends to be considerably low by the

following factors: the generation of NCDL, the excitation of multidirectional SPPs, and the

reflection of the incident light by aperture [10] as illustrated in Figure 7(a). In fact, such issues

can be overcome if the Kretschmann configuration [37] is directly exploited on an angled

optical fiber facet as illustrated in Figure 7(b).

In fact, the Kretschmann’s prism coupling configuration should still be valid for an angled

fiber facet, because it can be regarded as a prism to the optical mode guided in the core of the

fiber [10, 37]. Subsequently, an MCAFF can excite SPPs along the dielectric-metal interface as

long as the following phase-matching condition is satisfied [10]:

kSP0 ¼ neff k0 sinθ ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

εdεm

εd þ εm

r

, (6)

where k0 denotes the wavenumber of the optical radiation in free space, kSP0 the wavenumber

of the SPP, εd and εm the electric permittivities of the dielectric and the metal, respectively, neff

the effective refractive index of the optical fiber mode, and θ the incidence angle of the optical

Figure 7. Fiber-SPP-mode coupling schemes [10]: (a) Nanoslit coupling scheme and (b) MCAFF scheme.
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fiber mode relative to the fiber-metal interface or simply the angle of the optical fiber facet

relative to the optical fiber axis as illustrated in Figure 7(b).

In this scheme, two kinds of SPPs can be generated. One is the propagating SPP (P-SPP) mode

that is the eigen mode of the given interface geometry, and the other is the localized SPP (L-SPP)

mode directly induced by the incident wave [2, 10, 26, 37]. In order to verify the functional

characteristics of the MCAPP, one can first perform numerical calculations of an example struc-

ture, assuming that the optical fiber is a step-index fiber with a core diameter of 3 μm and an NA

of 0.1, and that the metal coating material is silver.

Figure 8(a) illustrates the field pattern of the MCAFF when the incident light was launched

from the other end of the optical fiber, in which the metal thickness, the fiber-facet angle, and

the incident wavelength were given by 20 nm, 45�, and 600 nm, respectively [38]. It should be

noted that the incident optical fiber mode was assumed to be an x-polarized LP01 mode. From

the figure, one can see that an SPP mode was dominantly generated at the top surface of the

metal layer, and a fraction of the incident light was immediately reflected by the dielectric-

metal interface, and some of the SPP mode was decoupled back into the dielectric region after

some propagation length. In fact, the decoupled component can also give rise to loss to the

P-SPP, which can be observed at the right-top-corner indicated by a round-rectangle in a

dashed-line. This is different from the direct reflection of the optical mode around the core

region, and it can be avoided if the metal thickness increases considerably [10]. With the metal

thickness of 20 nm, the spectral SPP coupling efficiency in terms of the fiber-facet angle is

illustrated in Figure 8(b). The calculated efficiency reached close to 70% in the phase-matched

condition. In addition, the given MCAFF structure showed a sufficiently broad spectral band-

width covering the whole visible range with the given metal thickness of 20 nm. In fact,

deciding the thickness of the metal layer is really dependent on the type of the application of

the MCAFF. If the excitation of SPP is important only nearby the core region, one may choose a

thin metal layer (� 20 nm) to intensify the direct coupling. In contrast, if it requires a relatively

long propagation length, one may go for a considerably thick metal layer (> 30 nm) in order to

Figure 8. SPP coupling scheme based on the MCAFF [10]: (a) Field pattern of a specific MCAFF configuration.

(b) Spectrum of the SPP coupling efficiency in terms of the fiber-facet angle and incident wavelength.
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suppress the decoupling of the SPP. In the latter case one may also alternatively consider

choosing a thin layer nearby the core region and gradually increasing the thickness of the

metal layer outside the core region.

Figure 9(a) illustrates an experimental setup to characterize the MCAFF [39]. An angle-cleaved

optical fiber end supported in the substrate was metal (silver)-coated based on the electron-

beam evaporation method. The optical fiber had a step-index core of a 5.3 μm diameter and of

an NA of 0.14. The facet angle and the wavelength of incident light were given by θ ¼ 46
�

and

650 nm, respectively. Two samples with different metal thicknesses of 20 and 30 nm were

fabricated. In order to decouple the SPP excited on the MCAFF surface out to free space, the

surface was roughly ground to have some randomized texture. In addition, the incident

polarization state was controlled by the rotation of the input polarizer, and the transmitted

light was monitored and imaged by an optical microscope with a complementary metal-oxide-

semiconductor (CMOS) camera. It should be noted that the SPP mode can only be excited by a

transverse-magnetic (TM) mode. Thus, one can expect that the out-coupled light could only be

observed if a TM optical mode were incident onto the MCAFF. In contrast, a transverse-electric

(TE) mode would undergo substantial attenuation, so that it would be hard to observe its

transmission. The facet images detected by the CMOS camera are shown in Figure 9(b) for the

two MCAFF samples in the TM and TE incidence conditions. One can clearly see that signifi-

cantly brighter transmission was detected when TM-polarized light was launched than when

TE-polarized light was launched. Moreover, significantly brighter transmission was detected

from the 30-nm-thickness MCAFF than the 20-nm-thickness MCAFF, which was due to the fact

that the thinner (� 20 nm) metal layer caused relatively larger decoupling loss than the thicker

(� 30 nm) metal layer, because the SPP was allowed to propagate a relatively long distance in

this case, as already discussed.

Figure 9. Experimental results of fabricated MCAFFs [39]: (a) Experimental arrangement for characterizing the fabricated

MCAFFs. (b) Decoupled light from the MCAFFSs for incident light at 650 nm with different polarization modes.

Plasmonics on Optical Fiber Platforms
http://dx.doi.org/10.5772/intechopen.79146

193



4.2. Application of the MCAFF scheme: corrugation-assisted MCAFF for

wavelength-dependent off-axis beaming

In this section, the author discusses a corrugation-assisted MCAFF (CA-MCAFF) structure,

which has wavelength-dependent off-axis directional beaming (WODB) functionality [40–42].

The schematic of the CA-MCAFF is shown in Figure 10. It is noteworthy that the incident

optical fiber mode can be coupled into both P-SPP and L-SPP at the top surface of the metal

layer, which can be decoupled into free-space mode through the periodic corrugation structure

depending on the phase-matching condition given by [10, 42]:

kSPP �mkc þ k0sinϕ ¼ 0, (7)

where kSPP denotes the wavenumber of the SPP (either P-SPP or L-SPP), k0 the wavenumber of

the optical radiation in free space, kc the reciprocal lattice vector (i.e., kc ¼ 2π=Λ) of the

corrugation having a period of Λ and ϕ the azimuthal angle of the out-coupled optical

radiation in free space relative to the surface-normal vector of the MCAFF as shown in

Figure 10(a). If the period of the corrugation Λ is fixed, the angle of the out-coupling ϕ will

subsequently vary with wavelength [10, 42]. It is noteworthy that the L-SPP is excited owing to

the localized plasmonic oscillation in the trough segment of the corrugation whereas the P-SPP

is excited owing to the nonlocalized, normal SPP oscillation spread out along the whole metal-

air interface of the periodical corrugation. Therefore, in the given condition, one can expect

that the L-SPP will become the dominant mode rather than the P-SPP, because the latter will

undergo significantly higher attenuation by ohmic loss in the metal than the former [37].

It is noteworthy that the CA-MCAFF requires high coupling efficiency nearby the core region,

so that a thin metal layer of 20 nm should be a relevant choice. In addition, the initial fiber-facet

angle θ and the duty ratio of the unit corrugation should also be determined carefully,

Figure 10. CA-MCAFF and its corresponding SPP modes [10]: (a) Schematic of the CA-MCAFF. (b) Two different types of

SPP modes excited at the periodically corrugated metal surface.
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depending on what characteristic of the CA-MCAFF is most desired, for example, the overall

out-coupling efficiency, spectral bandwidth, etc. [10]. Figure 11 illustrates the calculated far-field

magnitude distribution through the CA-MCAFF, in which the thickness of the metal layer and

the fiber-facet angle were set to 20 nm and 50�, respectively, and the period, modulation depth,

and duty ratio of the corrugation were set to 380 nm, 40 nm, and 47%, respectively. These

parameters were determined after going through iterative calculations from the perspective of

maximizing the overall out-coupling efficiency [10]. In the figure, there are a few virtual lines

drawn: The solid white line and dashed black line denote the theoretically calculated output

beaming angles when phase-matched with the L-SPP and the P-SPP, respectively. As already

explained that the L-SPPmode should be the dominant SPPmode in the given structure, one can

see that the actual beaming angle was better fitted with the beaming angle trace by the L-SPP

mode than with the trace by the P-SPP mode. In particular, higher out-coupling took places

where both traces are matched or close to each other, which peaked at � 500 nm as depicted in

Figure 11. This means that the wavenumber of L-SPP and P-SPP was close to each other in the

given condition, which eventually enhanced the aggregate coupling efficiency of the SPPs. In

addition, it is noteworthy that the beaming angle exhibited good linearity with wavelength,

which in fact justifies that the CA-MCAFF can efficiently be used for WODB. On the other hand,

the dash-dotted blue and red lines represent the case when the incident fiber optical mode was

phase matched with unwanted backward-propagating SPP modes, such as the SPP modes

excited at the metal-fiber interface and the air-metal interface, respectively, for m ¼ �2 in

Eq. (7). The second-order coupling should be possible because the periodic corrugation was

formed in an asymmetrically layered structure in the transverse (or vertical) direction [10]. When

the main beaming line passed across these two traces, the out-coupling efficiency dropped a bit,

because the phase-matching conditions for the L-SPP and for the backward-propagating SPPs

were satisfied at the same time. However, this unwanted consequence had already been mini-

mized while optimizing the duty ratio of the corrugation [10].

Figure 11. Numerical results of the far-field magnitude distribution and the analytical results of the primary beaming

angle of the optical radiation from the CA-MCAFF with respect to the wavelength of incident light and the azimuthal

angle ϕ [10].
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Figure 12 illustrates the resultant field pattern nearby the core region for different incident

wavelengths, which justifies the spatial beaming characteristics of the out-coupled optical radia-

tion from the CA-MCAFF. It is clearly shown that the L-SPP mode was dominantly generated

above the core region, and a fraction of it propagates along the air-metal interface and another

fraction was out-coupled into free space. They show different beaming angles with incident

wavelength, confirming the WODB characteristics. In particular, for 550 nm, one can see that

the incident light was also coupled to the counter-directionally propagating SPP, which has also

been denoted by the dash-dotted blue line in Figure 11. The overall out-coupling efficiency for

WODB was estimated to be as high as 30% [10] for the given CA-MCAFF.

5. Conclusion

Throughout this chapter, the author has discussed novel plasmonic structures implemented on

various optical fiber platforms. These fiber-optic-based plasmonic devices demonstrated novel

features of SPP-based functionality in a compact, flexible, and cost-effective form leveraged by

optical fiber technology.

First, fiberized TA-CMNSs that can produce a low-noise C-SPP hotspot were introduced and

discussed. The trench structures were designed based on the MPCM in order to suppress the

co-existing NCDL at the hotspot location. Two types of novel TA-CMNSs were designed and

investigated: an RT-CMNS was proposed for its simple fabrication procedure, and an APT-

CMNS was proposed for maximally exploiting the multipole cancelation effect. Numerical

analysis of them verified that the auxiliary trench structure can substantially improve the

SNR performance of the CMNS, being capable of producing a low-noise plasmonic hotspot at

the center of the whole structure. These schemes will be useful for designing various plasmonic

devices that particularly require high SNR characteristics, such as bio-sensing, imaging,

surface-enhanced Raman spectroscopy, etc.

Second, fiberized and fiberizable metal-optical lenses based on the FZP were introduced and

discussed, which included an MFZP-OFF and an SPP-MFZP. The former exhibited super-

variable focusing with respect to incident wavelength, and the latter had substantially high

Figure 12. Field magnitude patterns of a specific CA-MCAFF for RGB incidence conditions [10].
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radial-polarization selectivity owing to the EOT effect from the auxiliary subwavelength annular

slits inserted in the openings of the FZP structure. Numerical and experimental analyses verified

their novel functionality. These schemes will be useful for various applications that require

accurate, flexible, and centrosymmetric optical focusing with a broad focal-length tuning range,

such as in micro/nanomachining and optical trapping. In addition, these schemes can also be

exploited for mono-chromatic-multi-focal or multi-chromatic-mono-focal lenses [43, 44].

Third, a fiberized SPP coupling scheme and its application to a CA-MCAFFwere introduced and

discussed. The former realized the Kretschmann SPP coupling scheme in the optical fiber plat-

form, and the latter exhibited novel WODB functionality. Numerical and experimental analyses

verified that the MCAFF-based SPP coupling scheme worked efficiently and has great potential

for being used as an excellent, alternative SPP generation method, which provides high effi-

ciency, unidirectionality, and full compatibility with fiber-based optical sources. The CA-MCAFF

scheme will also be very useful for various plasmonic and optical applications where WODB

functionality is required, such as a nanophotonic wavelength-division-multiplexer, a compact

spectrometer, etc.

Optical fibers are an excellent platform for plasmonics studies and applications. The novel

plasmonic nanostructures realized on various optical fiber platforms successfully demon-

strated fascinating characteristics of plasmonics in a compact, flexible, and cost-effective for-

mat. The author believes that the investigations and discussions given in this chapter will

broaden the fiber-optic and plasmonics research fields, as well as expecting further advances

and convergence of them to come.
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