Plasmonic effects in metal filled microstructured optical fibers
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By blocking selected holes of photonic crystal fibers and filling them with liquid
gold, we are able to introduce micron sized wires into silica fibers. We show that
it is possible to excite surface plasmon polaritons by coupling from a fiber core
mode and we will compare the experimental and the theoretical results using semi-
analytical calculations and a finite element method.

1 Introduction

We have applied a technique to fill selected holes
of microstructured optical fibers (MOFs) with metals.
We do this by blocking the holes with an UV-curing
adhesive using a microscope and a 3-axis transla-
tion stage. The MOF is then placed into a silica cap-
illary inside a tube furnace which is heated up to
1150°C.

By using pressurized argon, we pump the metal into
the MOF cavities at pressures of almost 200 bar. The
smallest holes we were able to fill with this proce-
dure have a diameter of 400 nm, which is close to the
theoretical limit of our setup. The resulting microme-
ter sized wires permit excitation of surface plasmon
polaritons (SPPs) and could also be used as elec-
trodes for electro-optical effects in MOFs. We focus
on the study of the surface plasmon polariton prop-
erties of the wires. Figure 1 shows a scanning elec-
tron microscope image of the fiber sample with a sin-
gle gold wire which we will investigate in this work.

Fig. 1 Pseudocolor scanning electron microscope image
of a MOF selectively filled with gold in a hole adjacent to
its core.

2 Theory
Starting from Maxwell’s equation [1] we can derive

the dispersion equation of a cylinder described by
the permittivity ¢; embedded in an infinite cladding

medium with 5 and obtain
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Fig. 2 Real (A) and imaginary (B) part of the effective
mode indices of the fundamental core mode (red line) and
the first 6 surface plasmon polaritons (blue lines) of a gold
wire (a = 0.69um) in silica. The dashed line represents
the refractive index of silica.

Here k is the free space wave vector, « is the wire
i 2 _1.2,.2 2 2 _ 1.2,.2 2
radius, U? = kZa? (e1 — nZ;), W? = kZa? (n24 — e2),
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V2 = U? + W2, m is the azimuthal mode order
and neg the effective mode index of the SPP. J,,(x)
and K,,(x) are the Bessel functions of first kind and
modified Bessel functions of first kind, respectively.

Figure 2A shows the effective mode indices of the
first 6 surface plasmons (m = 0...5) with respect to
the wavelength. Here we used literature values from
Johnson & Christy[2] as source for the permittivity
of gold. The refractive index of silica was taken from
the Sellmeier equation[3]. The HE;; core mode of
the unfilled MOF was calculated using a finite ele-
ment method (FEM). One can see that the effec-
tive indices of all SPP modes with order m > 2
reach values below the silica line, which then dis-
appear at a specific cutoff wavelength. This is due to
the complex permittivity of gold. Around these cutoff
wavelengths, the electromagnetic fields of the sur-
face plasmons loose their bound character and ex-
tend to infinity which is associated with the vanishing
losses according to figure 2B.

3 Transmission spectrum

To verify an interaction between the HE;; mode and
the surface plasmons of the gold wire, we measured
the transmission spectra of a 13 mm long selectively
filled fiber sample. We used a commercial supercon-
tinuum light source, which was coupled into a pre-
fiber to obtain a gaussian beam shape with approx-
imately the same mode field diameter as the funda-
mental mode of the fiber under test. This mode field
was collimated and then focused on the core of the
MOF. Since the fiber is extremely short and has no
coating (due to the filling process), a high number of
cladding modes are also guided which do not inter-
act with the gold.

5
)
k=)
c
S .10
12}
2
£
)
c
5
= 15
(0]
N
©
15
2 -20-

700 750 800 850 900
wavelength A [nm]
Fig. 3 Normalized transmission spectrum of a selectively

filed PCF. The dashed lines represent the theoretical
phase matching wavelengths form = 3 and m = 4.

To solve this issue we placed an iris aperture in the
collimated beam behind the MOF in order to spatially
filter all light components but the core guided light.
The transmitted light was coupled into an optical
spectrum analyzer (OSA). To normalize the spec-
trum we also measured an unfilled fiber sample of
the same length.

Figure 3 shows the normalized transmission spec-
trum of the fiber shown in figure 1. A dip of —10dB is
clearly visble around 833 nm, which is caused by en-
ergy transfer from the fundamental optical mode to a
surface plasmon polariton. The dashed line (m = 3)
represents the phase matching point between the
HE,; and the HE; surface plasmon at 865 nm, as cal-
culated in the preceding section. We consider that
the observed blue shift of about 32 nm results from
a small air gap between gold and silica, due to the
strong contraction of gold during cooling after the fill-
ing process. Furthermore, the assumed simulation
parameters may not perfectly match the real values
of permittivity or of the wire radius. A smaller dip can
be observed at 735nm caused by coupling to the
SPP of order m = 4 (HE,).

4 Conclusions

We successfully verified mode coupling from the
MOF core mode to the m = 3 and m = 4 sur-
face plasmon polariton of a gold wire adjacent to the
fiber core. The experimental results essentially cor-
respond to the theoretical predictions of our semi-
analytical and FEM calculations, but we noticed a
blue-shift of the surface plasmon resonance be-
tween experiment and theory which may be ex-
plained by a small air gap around the gold wire or
by a mismatch of the wire radius.
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