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Internal excitation and superfocusing of surface plasmon polaritons on a silver-coated optical
fiber tip
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We have theoretically studied the conversion of radially polarized waveguide modes of a tapered optical
fiber into surface plasmon polaritons (SPPs) propagating at the outer surface of an apertureless silver-coated
optical tip. Optimization of this process is important in exploiting SPP superfocusing in scanning near-field
optical microscopy without the need for external illumination. Our approach is based on analyzing the evolu-
tion of the local modal index as a function of the fiber radius. The influence of mode projection, intermodal
coupling, and metal dissipation are treated analytically, while a numerical finite integration technique is used to
model radiation coupling. The results identify and quantify the mode conversion processes that need to be
taken into account. We estimate that at least 10% of the modal energy in an uncoated fiber taper can be fed into

the superfocusing mode at a silver-coated tip.
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I. INTRODUCTION

The last two decades have witnessed continuously in-
creasing activity in scanning near-field optical microscopy
(SNOM) [1-10], whose central goal is imaging and spectros-
copy on the nanometer scale. In order to break the diffraction
limit on spatial resolution, metal-coated, tapered optical fiber
probes have been developed either with [2-5] or without
[6-9] apertures at the apex. In the widely used apertured
scheme, the optical energy is delivered to or collected from
the sample through a 30—50 nm opening at the probe apex.
The resolution is determined by the practically usable aper-
ture size, which is limited by the cutoff of the waveguide
modes in the metal-coated fiber tip [5,8] and by field pen-
etration into the metal. For apertures below cutoff, the opti-
cal throughput is drastically reduced. The alternative method
utilizes apertureless metal-coated tips, which show strong
field confinement and enhancement upon external illumina-
tion due to the lightning-rod effect and the excitation of lo-
calized tip plasmons. Plasmons at the tip apex can be excited
by direct illumination [7-9] or by using a prism-based total-
internal-reflection configuration [6]. Although resolution as
good as 3 nm has been demonstrated using this method [10],
less than 1 part in 103 of the excitation power is typically
transferred to the sampled volume. Hence tip-height modu-
lation or nonlinear optical techniques must generally be used
to remove the strong far-field background, the system com-
plexity is increased, and there can be severe sample heating.

A variation on the above approaches has recently been
discussed [11-14]. Tt exploits the fact that a metal wire can
support surface plasmon polaritons (SPPs) strongly confined
near the metal boundary [15]. If the wire is tapered to a point
then the SPP becomes more plasmonlike as it propagates
towards the apex. There is a dramatic reduction in phase and
group velocity, shortening of the propagation wavelength,
and enhancement of the local field amplitude when the radius
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becomes small compared with the free space wavelength, a
phenomenon known as superfocusing [11-14,16,17]. The
field confinement, and thus spatial resolution, is mainly lim-
ited by the sharpness of the tip; i.e., the radius at the apex.
By applying a thin metal coating to a tapered optical fiber,
one can envisage directly exciting SPPs on the outer surface
by the transfer of energy from fiber modes [14], akin to SPP
coupling in layered metal-dielectric geometries such as pla-
nar multilayer waveguides [18] or spherical resonator sys-
tems [19]. If the energy transfer can be made very efficient
then nonlinear processes such as Raman scattering and two-
photon fluorescence might, in principle, be probed with
higher dynamic range. There are also other benefits such as
lower system complexity and reduced sample heating.

The coupling from fiber waveguide modes to SPPs on the
outer surface of a silver-coated fiber tip has recently been
treated analytically by Janunts er al. [14]. These authors ig-
nored metal dissipation, which is generally substantial in the
visible and near-infrared, and assumed that the SPP modes
confined on the inner and outer silver surfaces were nearly
isolated. The coupling between the outer and inner SPP were
then treated using perturbation theory but we find that this is
an oversimplified and inaccurate approach. In other papers,
Bouhelier ef al. [11] and Vaccaro et al. [13] studied the su-
perfocusing process using numerical methods, but their in-
vestigations were limited to the tip region and they did not
consider the mode conversion processes.

In this paper, we adopt both analytical and numerical
methods [based on the finite integration technique (FIT)] to
study mode conversion along an apertureless, part-silver-
coated fiber tip. Nonlinear optical processes are not consid-
ered. In Sec. II, we describe the evolution of the local modal
indices with decreasing fiber radius, and discuss the mecha-
nism by which SPPs are excited from fiber waveguide
modes. In Sec. III, we quantitatively analyze mode propaga-
tion, which is influenced by mode projection, intermodal
coupling, and metal dissipation. In Sec. IV, the coupling to
radiation is numerically studied using the FIT approach. In
Sec. V, we summarize the relationships between the effects

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.75.063822

DING, ANDREWS, AND MAIER

f
Metal Tip

FIG. 1. Schematic of the apertureless metal-coated fiber tip.

governing propagation and the structural parameters of the
fiber, and discuss how to optimize the transfer of optical
power from the guided modes of a bare tapered fiber to the
SPP superfocusing mode at the surface of a silver-coated tip.
Conclusions are presented in Sec. VI.

II. CONVERSION FROM FIBER WAVEGUIDE TO SPP
MODES

A sketch of the apertureless part-metal-coated silica fiber
tip studied in this paper is shown in Fig. 1. Only the region
close to the apex is coated with a metal. The inner and outer
radii of the coating as a function of the axial distance z from
the silica apex are a(z) and b(z)=a(z)+A, respectively. For
z7<<0 the structure simply consists of a solid metal cone with
a 10 nm radius hemispherical end which helps to avoid com-
putational singularities. The taper angle a= |da/dz|, and the
metal thickness A are taken as constant in the coated silica
region, which extends from a=0 to a=a,. The dielectric con-
stants of silica and air are taken as 2.25 and 1, respectively.
The dielectric functions of the metals used as coatings are
taken from Drude-Lorentz models fitted to experimental data
in Ref. [20]. Nonlocal effects in the metal have a negligible
effect on the superfocusing process in the immediate vicinity
of the apex [21] and are ignored in our treatment.

In local mode theory [22], the field in a weakly nonuni-
form optical waveguide can be expressed as a superposition
of the local modes in any cross section. These local modes
are the eigenmodes of the uniform waveguide obtained by
infinitely stretching the local cross section along the fiber
axis. In our case, the relevant modes are radially polarized.
The field symmetry of such modes leads to constructive in-
terference and field enhancement at the metal apex. This ef-
fect lies at the core of the SPP superfocusing phenomenon
[11-14,16,17]. In free space, radial modes can be efficiently
generated from linearly polarized light using, for example,
sectioned phase plates [23,24].

To solve for local modes, we first reduce Maxwell’s vec-
tor equations to a scalar form using the Hertz vector @
=m(r)a,, where a_ is the unit vector along the z direction
[25]. For a radially polarized mode and a cylindrical wave-
guide, there is no azimuthal angle dependence, and the
eigenmodes satisfy the Helmholtz equation as follows:

1
{&2/0# +- &/ﬁr} m, —[B - n*(Nkd]m, =0, (1)
where k is the vacuum wave vector, B3 is the propagation

constant, and n(r) is the radially dependent refractive index.
The field components are then given by
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E,=-km, (2a)
E =ipomlir, (2b)
Hy=iwe dm/ir, (2¢)

where k*=82—n?(r)kZ, & is the permittivity, and the subscript
c=in, m, or out represents the three dielectric regions of
silica core, metal coating, and surrounding medium, respec-
tively.

The solution of Eq. (1) is

7(r) =[Ado(k.r) + B.Ko(kor)]e"Fen), 3)

where I, and K|, are the zero-order modified Bessel functions
of first and second kind, respectively, and A, and B, are
undetermined coefficients.

Taking into account the asymptotic properties of the
modified Bessel functions as r approaches the axis and infin-
ity, only four coefficients, A;,, A,,, B,,, and B,,,;, are found to
be nonzero. They are related by a set of eigenequations based
on the continuity requirements for £, and H, at r=a and r
=a+A [26]. These equations can be used to obtain the mode
field and propagation constant.

In order to investigate the influence of the fiber’s struc-
tural parameters on the mode evolution, we calculated the
modal indices (neff) as a function of the fiber radius a. Figure
2 shows the results for a metal-coated fiber surrounded by
either air or an index oil with e=2 (curves with symbols).
Silver is the preferred metal because of its relatively low loss
at the wavelengths of interest but in some plots [Figs. 2(c)
and 2(d)] nickel is used to study the effect of increased metal
dissipation. Figure 2 also shows the modal indices for the
two limiting cases where either the silica core or the sur-
rounding medium is replaced by metal (solid curves). In the
first case, the structure consists of a metal cylinder with ra-
dius b and sustains one “outer-SPP” mode. In the second
case, a silica cylinder with radius a is buried in metal and
sustains several fiber waveguide modes: one “inner-SPP”
mode and several TM,,, modes. The “inner-SPP” mode is
confined on the inner metal surface, and the TM,, modes
correspond to the counterpart TM,,, modes in a silica cylin-
der surrounded by air or oil. The hatched areas in Fig. 2
represent the radiation mode continua, which lie below the
refractive indices of the external media. Any mode entering
this hatched area couples to radiation and backward propa-
gating modes and is cut off [5,8].

In the calculations shown in Figs. 2(a)-2(d), the metal
thickness is A=80 nm, the wavelength is \y=1.55 wm, and
the dielectric constant of the external medium is e=1 (air) or
2 (oil). The metal dielectric constants have values at A
=1.55 um of e,,=—103+8i and ey;=—34+46i, respectively
[20]. In Figs. 2(e) and 2(f), we reduce the silver thickness to
A=40 nm [Fig. 2(e)] and change the wavelength to \,
=1.3 um (g5,==72+5i), respectively.

A striking feature in most panels of Fig. 2 is the mode
anticrossing, which happens at the intersection of the disper-
sion curves of the outer SPP in the metal cylinder and the
inner SPP in the silica cylinder buried in the metal. The
anticrossing arises from the phase-matched interaction be-
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FIG. 2. [(a)—(f)]. Real part of the modal indices in a metal-
coated fiber as a function of the fiber radius a (symbols). The de-
tailed structural parameters are described in each panel.

tween modes and allows conversion of the inner SPP to the
outer SPP as the fiber radius decreases. This occurs in all but
Fig. 2(c), where the inner SPP is cut off. After the outer SPP
is excited, the modal index increases as the apex is ap-
proached. The decrease in the wavelength of the outer SPP
allows superfocusing to occur at the apex. In Fig. 2, a larger
anticrossing “gap” corresponds to a stronger interaction.
Figure 2 shows that the mode anticrossing is affected by
the choice of metal, external medium, metal thickness, and
wavelength. For example, if nickel rather than silver is used
as the fiber coating [Fig. 2(c)], the stronger metal absorption
weakens the interaction between the outer and inner SPPs.
These two modes are confined on their respective metal sur-
faces, and the anticrossing is suppressed as shown in Fig.
2(c). The inner SPP is simply cut off and there is no signifi-
cant excitation of the outer SPP. Increasing the index of the
external medium causes greater penetration of the outer SPP
into the metal and enhances the field overlap and interaction
between the outer SPP and inner SPP. The suppressed anti-
crossing in Fig. 2(c) then revives as shown in Fig. 2(d). For
similar reasons, the metal thickness and wavelength also in-
fluence the anticrossing as shown in Figs. 2(e) and 2(f). The
former determines the spatial overlap of the outer and inner
SPPs and the latter alters the dielectric constant of the metal.
Note that, due to the mode interaction, the modes in a metal-
coated fiber are actually hybridized, but for convenience, we
adopt the nomenclature “inner SPP” and “outer SPP” to re-
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FIG. 3. Real part of the modal indices in a silver-coated fiber as
a function of fiber radius a. The silver thickness is 40 nm, the
external medium is air, and the wavelength is 1.55 pm.

flect the character of the field distributions away from the
anticrossing point. In the following sections, we limit our
studies in a silver-coated fiber surrounded by air.

Figure 3 shows the modal index curves for a silver-coated
fiber over an extended range of a to illustrate what happens
to the TM,,, modes. These modes cut off at larger fiber di-
ameters but if they are excited, then before this they transfer
energy to the SPP branch at the anticrossing points. Part of
this energy will end up in the outer SPP at the fiber tip, as
discussed further in Sec. III C.

II1I. MODE PROPAGATION TOWARDS THE TIP

A. Mode projection at the edge of the silver-coated region

Figure 1 shows that the silver layer is only present in the
region a = a,. At the edge of this region, the input field of the
bare fiber taper is projected onto the eigenmode basis of the
silver-coated fiber. If we initially assume that the input field
is the TM,; mode of the bare fiber, the input energy is mostly
transferred to the inner-SPP and TM,; modes of the silver-
coated fiber. The mode projection efficiencies depend on the
wavelength, the silver thickness, and the value of a,. Figure
4 shows the calculated mode projection efficiency P defined
by [22]

2

, (4)

1 N
EJ [és(-x’y) X hf(x7y)] : ﬁ:dA
A

where the subscripts f and s represent the mode in the bare
fiber and the silver-coated fiber, respectively, the carets indi-
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FIG. 4. Mode projection efficiencies from a TM,; mode of the
bare fiber onto the inner-SPP (solid symbols) and TM,; (open sym-
bols) modes of the silver-coated fiber. The wavelengths are (a)
1.55 um and (b) 1.3 um. The edge of the silver coating is at a
=5 um (circles) or ap=3 um (triangles).
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cate mode normalization, and the integration is over the in-
finite transverse cross section A.,.

Figure 4 shows that, as the silver thickness and wave-
length increase, more energy is projected onto the inner SPP.
Moving the edge of the silver coating towards the apex also
increases the projection efficiency. In the remainder of this
section we take the edge of the silver coating to be at a,
=5 wpm, which is probably just practical from a fabrication
point of view. For this value of a, the mode projection effi-
ciency onto the inner SPP is 30% for A=80 nm and \,
=1.55 pm.

We now briefly consider the more realistic case that the
input field is a superposition of the bare fiber eigenmodes.
This is inevitable because the symmetry breaking associated
with tapering of the fiber leads to coupling between all
modes. The main effect is that more energy is projected onto
the high-order modes of the silver-coated taper, which corre-
spond to the lower mode branches in Fig. 3.

B. Intermodal coupling

All the modes excited at the silver coating edge couple
with each other as they approach the apex because of the
symmetry breaking mentioned above. The intermodal cou-
pling can be treated analytically using coupled-mode theory
[22]. We start by ignoring the imaginary part of the silver
permittivity and take metal dissipation into account in the
next section.

The transverse field distribution in each cross section of
the fiber tip can be expanded in an orthonormal basis set of

the local modes éj and ﬁj as follows:

EW%@=Z%@%&%@@L (52)

H,(x.y.2) = 2 bi(h,x.y.8(2)], (5b)
J

where the subscript ¢ denotes the transverse component, 8;(z)
is the propagation constant, and b;(z) is the complex ampli-
tude coefficient.

Before mode cutoff, the modal index difference between a
forward guided mode and either radiation or backward
modes is greater than that between two adjacent forward
guided modes. The coupling from a forward guided mode to
radiation or a backward mode is therefore weaker than that
between forward modes and can be neglected. The coupled
equations are given by [22]

dbjldz=if;b; + EZ Cyiby, (6)

where the coupling coefficient between forward modes / and
Jis [22]
we N an®
Ci=———"—| € € _—dA. (7)
4(Bj— B) A, 9z

The integral in Eq. (7) is ambiguous at a silver-dielectric
interface because dn’/dz behaves like a Dirac-delta function
and the normal components of the electric fields are discon-
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tinuous. However, in the Appendix , we show how this prob-
lem can be overcome by recasting Eq. (7) in the form

dr( i drl a_nz
dz

Cp=—220 f [A* e+
i1 = €, €y =
J 4([3] _ :81) A z 8( )8(+)

where the subscripts z and r represent the longitudinal and
radial components of the fields, d is the electric displace-
ment, and e7e™® is the product of the permittivity on either
side of a silver-dielectric interface. Equation (8) is derived
with the assumption that the metal permittivity is real.

dA,  (8)

C. Metal dissipation

Metal dissipation is approximately included in Eq. (6) by
using a complex propagation constant in the first term and
the coupling coefficient given by Eq. (8) in the second term.
This is conceptually equivalent to subdividing each thin sec-
tion of the silver-coated tapered fiber into an untapered ab-
sorbing section, in which there is dissipation but no mode
coupling, and a tapered nonabsorbing section, in which there
is mode coupling but no dissipation. This is a valid approxi-
mation because the effective indices of the local modes in
these two kinds of sections are approximately equal in the
near infrared.

Substituting the spatial distribution of dielectric constant

S(V’Z) =gt (SM - 8in)i}(r - a(Z)) + (8out_ SM){}(V_ b(Z)),
(9a)

{0, z<0
where 9z) = (9b)

1, z>0
into Eq. (8), we obtain the following expression for the cou-
pling coefficient:

Cile) = =2 ([& (r=a) - &,(r=a)

2(B;- B
+ (egeien) " (r=a) - d(r=a)l(ey - &,)alz)
+[&(r=b) - &,(r=b) + (ehe,uen)'d.)(r=b)

- (r = D))(8 0 — £0)b(2)} (10)

The coupling coefficient is proportional to the taper angle
a while the length of the fiber tip is inversely proportional to
a. The effective coupling between two guided modes is
therefore nearly independent of a. In the following calcula-
tions we investigate intermodal coupling for a taper angle of
5°.

Initially, we assume that only the inner SPP of the silver-
coated fiber is excited at the edge of the coating located at a
radius ay=5 um and restrict coupling to adjacent modes.
Figure 5 shows the modal energy evolution of the SPP
branch in Fig. 3 with fiber radius a for a range of wave-
lengths and silver thickness. The effect of metal dissipation
manifests itself in the finite slope. As the silver thickness
decreases, metal dissipation and thus propagation loss in-
crease because there is a greater fraction of the SPP field in
the metal [26]. For large silver thickness intermodal coupling
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FIG. 5. Mode energy (in arbitrary units) of the SPP branch in
Fig. 3 as a function of the fiber radius a for different wavelengths
(\g) and silver thickness (A). The taper angle is 5°.

leads to an undulation in the evolution curves and a step
down at the anticrossing point. Note that only 2 or 3% of the
energy in the inner SPP is transferred into the outer SPP for
an 80-nm-thick silver film at a wavelength of 1.06 um. For
similar conditions, the authors of Ref. [14] report a figure of
46% in a perturbation theory treatment that neglects the hy-
bridized nature of the SPP modes. As the silver thickness
decreases, the anticrossing gap between branches widens, as
shown in Figs. 2(a) and 2(e). The mode-coupling coefficient
therefore decreases due to the increase of 8;— 3, in Eq. (10)
and the downward step is reduced. The silver thickness is an
important parameter in the design optimization since it de-
termines the tradeoff between metal dissipation and inter-
modal coupling strength.

Another important design parameter is the wavelength.
When the wavelength decreases, the absolute value of the
real part of the silver dielectric constant decreases and the
imaginary part increases. This has the consequence that the
outer and inner SPPs penetrate more deeply into the metal
and interact more strongly. This widens the anticrossing gap,
as shown in Figs. 2(a) and 2(f), reduces the intermodal cou-
pling coefficient, and increases dissipation, as shown in Fig.
S.

We now consider the case where the input field is the
TM,; mode of the bare fiber. The edge of the coating is taken
to be at ap=5 um, the silver thickness is 80 nm, the wave-
length is 1.55 um, and the other parameters are the same as
those in Fig. 5(a). The energy evolution of the SPP and TM,
mode branches in the silver-coated fiber is shown in Fig. 6
which displays the effects of mode projection, metal dissipa-
tion, and intermodal coupling. In contrast to the downward
steps shown in Fig. 5, intermodal coupling here results in an
upward step in the modal energy of the SPP branch at the
anticrossing point. Nearly all the energy in the TM,,; mode is
transferred to the inner SPP. The solid line in Fig. 6 is the
combined energy of the SPP and TM,,; branches. The slope
(~0.29 dB per micron decrease in radius) is less than that in
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FIG. 6. Mode energy of the SPP branch (dashes) and the TMy,
branch (dots) as a function of the radius a. The taper angle, silver
thickness, and wavelength are 5°, 80 nm, and 1.55 um, respec-
tively. The solid curve is the sum of the dashed and dotted curves.

Fig. 5(a) (~0.54 dB/um) because the TM,; mode has less
field overlap with the metal coating than the inner SPP and
there is less dissipation.

As mentioned above, the input field will in practice be
more complicated than assumed in Figs. 5 and 6 because of
mode coupling in the bare tapered fiber region. The input
energy is projected onto the set of radially polarized eigen-
modes of the silver-coated fiber. The high-order modes suffer
less metal dissipation with their smaller field-silver overlap.
At anticrossing points, intermodal coupling is enhanced be-
cause of the closer approach of the mode branches. The ex-
ample in Fig. 6 shows that a significant fraction of the energy
in higher-order modes can be transferred to the outer SPP at
the apex. If the energy is instead coupled into the lower
mode branches, it is transported away from the fiber tip by
radiation and reflection. The influence of input mode projec-
tion on the energy conversion efficiency is a complicated,
structure specific problem that lies outside the range of our
more general investigation.

IV. RADIATION COUPLING IN THE VICINITY
OF THE APEX

When the fiber radius decreases below that for mode cut-
off, only the outer SPP remains so that it can only couple
with radiation. Radiation coupling depends on the taper
angle and influences both transverse field confinement and
propagation loss. It is difficult to deal with analytically be-
cause radiation only takes energy away from the waveguide
so that the interaction length between radiation and guided
modes is ill defined. In the following two sections, we first
consider a qualitative treatment of radiation loss based on the
criterion for adiabatic propagation, and then describe a more
quantitative study based on the finite integration technique.

A. Adiabaticity criterion

For adiabatic propagation, the local taper length scale
needs to be larger than the coupling length of relevant modes
[27]. The local taper length scale L, is the height of the
circular cone whose base is coincident with the local cross
section, and whose apex angle is equal to the local taper
angle. The coupling length of two modes, L,, is taken to be
the beat length. The two lengths can be expressed as [27]
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FIG. 7. Critical taper angle for adiabatic propagation as a func-
tion of outer radius b. The silver thickness is 40 nm and the wave-
length is 1.3 um.

L(z) = b(2)/a, (11a)

Ly(z) = 2m/Re[ B,(2) — Ba2(2)], (11b)

where 8, and (3, are the propagation constants of the outer
SPP and radiation, respectively, and Eq. (11b) is a crude
approximation.

The silver-coated fiber tip is surrounded by air, therefore
we assume that the effective modal index of the radiation is
unity. The adiabaticity criterion L,> L, thus leads to the re-
quirement

a(z) < ay(z) = b(z)Re[n;(z) — 11/\,, (12)

where ay(z) is the critical taper angle for adiabatic propaga-
tion and n,(z) is the effective mode index of the outer SPP.

Figure 7 shows the variation of ay(z) with the outer fiber
radius b. It is clear that the adiabaticity requirement is easily
satisfied above the anticrossing point but is difficult to satisfy
below. Therefore, radiation coupling mainly occurs in the
vicinity of the silver apex, where the outer SPP is excited and
the field lies largely outside the fiber. This result is consistent
with the behavior of the modal coupling coefficient de-
scribed by Eq. (10) in which C increases as b~/ as the tip is
approached. This is because the propagation constant varies
with radius as 8 ~b~! and the electric field as |E, | ~b7"

[16].

12x10°vim| /500 nm

0 2 %107V /m
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FIG. 8. Schematic of (a) structure 1 and (b) structure 2 used in
numerical simulations.

B. Numerical simulations

Using the finite integration technique [28], numerical
simulations were carried out on the structure shown in Fig.
8(a), which we call structure 1. The silver thickness is 40 nm
and the inner fiber radius a is 140 nm at the wider end which
is below the anticrossing radius. A broadband radially polar-
ized pulse was injected from the right-hand side and the
fields at successive time steps were calculated using a com-
mercial FIT package [29]. Before entering the fiber tip re-
gion, the input wave propagates through a 4-um-long uni-
form cylindrical waveguide which helps to establish the true
field profile of the outer SPP. The frequency-dependent silver
dielectric function was approximated by a Drude model,
which is in very good agreement with the Drude-Lorentz
model used in the previous analytical calculations. The simu-
lated fiber tip only supports a single guided mode (the outer
SPP), so that the results reflect the effects of radiation cou-
pling and metal dissipation.

Figure 9 shows the calculated distribution of the electric
field amplitude. As expected, the results demonstrate that the
field is strongly enhanced at the apex. The longitudinal
fringes arise from interference between incident and reflected
pulses. Figures 10(a) and 10(c) show the radial distribution
of the longitudinal and radial components of the electric field
40 nm behind the silver apex [at the plane section shown in

FIG. 9. Calculated distribu-
tions of (a) |E,| and (b) |E,| for
No=1.3 um. Dark areas corre-
spond to a stronger field. The lat-
tices in the magnified windows
are the simulation meshes. The
taper angle is 3° and the silver
thickness is 40 nm.

0 1> 10°V/m
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FIG. 10. (Color online) Radial variation of (a) |E,| and (c) |E,]|
over the cross section shown in Fig. 9(a). The section is in air and
40 nm from the silver apex. (b) and (d) show the field amplitudes at
r=200 nm as a function of taper angle.

Fig. 8(a)]. As the taper angle increases from 3° to 15°, ra-
diation coupling increases and causes a reduction in the
transverse field confinement as shown in Figs. 10(b) and
10(d).

In addition to transverse field confinement, radiation cou-
pling influences the propagation loss. In order to quantify
this effect, we recorded the time variations of the magnetic
field at a series of probe points arranged along the outer
silver surface, as indicated in Fig. 8(a). The contribution to
the probe signals from the wave reflected from the apex was
subtracted and the frequency-domain amplitudes at X\
=1.3 um were then used to calculate the mode energy of the
outer SPP integrated over the cross section at each position.
We assume that all guided energy is confined in the local
mode of the outer SPP, for which the field distribution is
known for a given magnetic field amplitude at the outer sil-
ver surface. Because the outer SPP field is enhanced at the
surface whereas the radiation field varies slowly with radius,
the two fields can be separated. The solid symbols in Fig.
11(a) show the outer-SPP mode energy variation with radius
b for a taper angle of 3°. For comparison, the mode energy
calculated using Eq. (6) is shown by the solid curve. This
calculation ignores radiation coupling but takes into account
metal dissipation. The close agreement of the two results
reflects the minimal influence of radiation coupling at this
small taper angle.

For a larger taper angle, the length of the silver-coating
region is smaller and the reflected pulse from the apex over-
laps the forward pulse in time and is hard to subtract. In
order to overcome this difficulty, we used a second simula-
tion structure shown in Fig. 8(b). Here, an additional
1.5-pum-long uniform waveguide is attached to the fiber tip
to increase the delay of the reflected pulse. Although the
discontinuity associated with this structure also introduces a
reflection, this was minimized by adjusting the attachment
position to be at b=80 nm. The symbols in Fig. 11(b) show
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FIG. 11. Mode energy evolution as a function of the outer radius
of the silver coating, b, for a fiber tip with taper angles of (a) 3° and
(b) 15°. The symbols show results obtained from numerical simu-
lations which include the effect of radiation coupling. The solid
curves show calculations which include metal dissipation but ignore
radiation. The silver thickness and the wavelength are 40 nm and
1.3 um, respectively.

the modal energy evolution for a=15°. The large deviation
from the analytical calculation (solid curve) is due to strong
radiation coupling.

In Fig. 11, the difference between the simulated and cal-
culated curves is a measure of the radiative loss in the region
from b=135 nm to b=175 nm. Figure 12 shows the increase
of this propagation loss with taper angle. The data is made up
from the results of simulations using both fiber tip structures.
The dip in the data from structure 2 at larger angles is prob-
ably due to a residual effect of the reflection from the apex
mentioned above. For small taper angles the simulated re-
sults from structures 1 and 2 are consistent. The solid curve
is a guide to the eye and indicates the probable enhancement
of the radiation coupling loss with increasing taper angle.

V. DISCUSSION

To maximize the conversion efficiency from fiber wave-
guide modes to the outer SPP at the silver apex, the wave-
length, taper angle, and length and thickness of the silver
coating need to be optimized. This optimization involves
trade-offs between the effects of mode projection, intermodal
coupling, metal dissipation, and radiation coupling.

Mode projection is influenced by the wavelength, silver
thickness, and fiber radius at the edge of the silver-coated

_ e Structure 1
3 03| o Structure 2 ©
Ko —— Guide to the eye oo
OO
g 0.2 0
<
e]
2 0.1- o)
- O
k] o)
k: 2
0.0 . QO . . .
2 4 6 8 10 12 14 16

o (deg)

FIG. 12. Radiative propagation loss as a function of the taper
angle a. The solid symbols are results obtained for structure 1 [Fig.
9(a)], and the open symbols for structure 2 [Fig. 9(b)]. The silver
thickness and the wavelength are 40 nm and 1.3 wm, respectively.
The solid curve is a guide to the eye.
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TABLE I. Relationships between the mode conversion mecha-
nisms and the structural parameters of a silver-coated fiber tip.

Parameter Fiber radius
Taper Silver at edge of
angle Wavelength thickness silver coating

Mechanism
Mode projection + + -

(to the lower mode)

Intermodal coupling + +
Metal dissipation - - -
Radiation coupling +

region (i.e., proximity to the apex for a given taper angle). A
long wavelength, a thick silver coating, and close proximity
of the silver coating edge to the apex allow more energy to
be projected onto the SPP branch. However, energy projected
onto high-order modes (TM,, modes) also couples to the
outer SPP via mode anticrossings. The TM,,, modes suffer
less metal dissipation during propagation toward the silver
apex and coupling to the outer SPP can be efficient.

The strength of intermodal coupling is principally affected
by the silver thickness and wavelength. Decreasing either
one increases the mode interaction and results in a larger gap
between adjacent mode branches, which reduces intermodal
coupling. The effect of intermodal coupling on mode conver-
sion is complicated and depends on the input field, the cou-
pling strength, and the length of the metal-coated region.

Metal dissipation is mainly influenced by the wavelength,
silver thickness, and taper angle. A short wavelength causes
enhanced field penetration into the silver layer and an in-
crease of the imaginary part of the metal’s dielectric con-
stant. A thin silver layer leads to a large overlap with the SPP
field due to the mode symmetry [26]. A small taper angle
increases the fiber tip length. All these factors increase metal
dissipation and lower the efficiency of mode conversion.

The only important parameter affecting radiation coupling
is the taper angle. As the angle increases, both the transverse
field confinement at the silver apex and the radiation-induced
propagation loss become worse.

Table I summarizes the above effects and how they are
influenced by the structural parameters. A blank entry indi-
cates a negligible influence of the parameter on an effect.
The symbols + and — indicate an increase or decrease in the
size of the effect with an increase in the value of the param-
eter.

It is useful to try and place a lower limit on the efficiency
of power transfer from radially polarized waveguide modes
of the bare tapered fiber to the outer SPP. Let us consider a
wavelength and silver thickness close to 1.55 um and
80 nm, respectively. If we choose a taper angle of 5° and a
coating length of 57 um corresponding to a value for a, of
5 pm then, according to Fig. 4, the projection efficiency onto
the inner SPP from a TMj); bare fiber mode is approximately
30% while that onto the TM,; mode is around 70%. Ap-
proximately 60% of the total energy is then transferred to the
outer SPP at the apex (Fig. 6) due to the negligible radiation
loss (Fig. 11). In practice, energy will be shared with higher-
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order modes so that the net energy transfer efficiency could
be higher or lower. We have not considered the effect of
surface roughness or other imperfections which are likely to
lower the efficiency. On the other hand, the parameters of the
structure just discussed are not optimized. On balance, it
seems unlikely that in an optimized structure the conversion
efficiency would be less than 10%.

VI. CONCLUSIONS

In this paper, we have theoretically investigated the pro-
cess in which optical fiber waveguide modes are converted
into a plasmon polariton on the outer surface of a silver-
coated fiber tip. The conversion fundamentally results from
mode anticrossings. Our investigation highlights the mecha-
nisms and relative importance of mode projection, mode
coupling, metal dissipation, and radiation loss which must be
taken into account in order to achieve efficient energy trans-
fer to the tip. The conversion efficiency depends on the de-
tails of the structure but is expected to be at least 10%. This
improvement in efficiency by several orders of magnitude
compared with external excitation is very promising for ap-
plications in high dynamic range near-field optical micros-
copy and spectroscopy. Our calculations have been per-
formed ignoring nonlinear optical effects in the fiber
waveguide but they could, in principle, be extended to take
these into account. We anticipate that delivery of intense op-
tical pulses to the fiber tip might allow the study of optical
nonlinearities on the nanoscale.
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APPENDIX
Here, we present the derivation of Eq. (8) from Eq. (7).

We start by introducing the positive-limiting differential defi-
nition as follows:

IVfz) iy LEF A2 —fG)
= lim s

Al
dz Az—0+ Az (D)

where the function f(z) can be discontinuous but has to be
finite. Using this definition, we obtain

M’ @E@)] _ f?(”é(Z)Jrﬂ(”nz(z)é

iz n(z) P (z+),
I B(z)a, X &(z)] _ B0, dVe(2)
dz J
(+)
+ TPO 0 o,
0z
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I B(2)4. X h “h
d [,B(Z)az X h(Z)] _ B(Z)ﬁz X 5—11(2)
9z 0z

(+)
7 B(Z)[A X h(z+)], (A2a)

where

h(z+)= lim h(z+Az).

Az—0+

é(z+)= lim &(z+Az),
Az—0+

(A2b)

Applying Maxwell’s equations to the jth and /th local
modes of a cylindrical waveguide, we obtain

ioph;(z) =V, X &/(2) +iB,(2)3, X &/(2),  (A3a)
- iwegn’(r)&(2) = V, X hy(2) +iB(2)4, X hy(2),
(A3b)
iough(z) =V, X &(z) +iB(z)a, X &(z),  (A3c)
— iwegn(0)8(2) = V, X hy2) + iB(2)A. X h(2),
(A3d)
where the subscripts ¢ and z represent the transverse and
longitudinal components. The only important assumption
that we have made so far is that the dielectric constant n*(r)

is real, i.e., the waveguide is nonabsorbing.
Performing the operation

(+)h (+)a

h . I8, dM(A3c) 4
L+ (A3b) -—’+%-h
Z

. 0
(A3a) -
I(A3d) .
+ —_— e
dz /
on Egs. (A3a)-(A3d) we obtain
wegn’(r)’ - & - &(z+)
=iV, (& X h) +8& ><h D+ Ba - [8z+) X h (z+)
by X &1+ (Bi- B, [& X by

~h; % &1, (A4)
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where the asterisks represent complex conjugation and the
positive-limiting differential definition in Eq. (A1) and the
magnetic field boundary continuity condition h(z+)=h(z)
are used.

Integrating Eq. (A4) over an infinite cross sectional area
(A.) and applying the two-dimensional form of the diver-
gence theorem, we obtain

N e . FOIN
() = flhjx -8 % Ll adA
A 0z 9z
f . ()2
¢z +) dA. (AS)
4(B, B;) KA z

Similarly, a coupling coefficient C(‘z_) can be derived from
a negative-limiting differential definition analogous to Eq.
(A1). The result is

C(2) = - f lh X I8 X a(_)ﬁ’] dA
. Z)=— . —@e. -a
J 4 A J dz J Jz z

0 J ) 01(—)”2
=0 & 4(e-)
4Bi-B)Js dz
When applied to a metal-coated fiber tip, the results of

Egs. (A5) and (A6) are identical. The coupling coefficient in
Eq. (7) can therefore be expressed as

1 ~. & .. oh| . ot
CJ-I(Z)=ZJAoc |:hj X 3_Z_ej X 0_Z:| -a,dA = (2)

. . d-d,
C};)(Z):&f lézj_ _u]_dA
4Bi=B)Ja,

dA. (A6)

O | gz
(A7)

where the subscripts z and r represent the longitudinal and
radial components of the fields, respectively, d is the electric
displacement, and £ 7™ is the product of the permittivities
on either side of a metal-dielectric interface. Unlike Eq. (7),
the second integral in Eq. (A7), which is the same as Eq. (8),
is unambiguous.
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