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Abstract: A photonic crystal fiber selectively filled with silver nanopar-
ticles dispersed in polydimethylsiloxane has been numerically studied via
finite elements analysis. These nanoparticles possess a localized surface
plasmon resonance in the visible region which depends on the refractive
index of the surrounding medium. The refractive index of polydimethyl-
siloxane can be thermally tuned leading to the design of polarization tunable
filters. Filters found with this setup show anisotropic attenuation of the
x-polarization fundamental mode around o = 1200dB/cm remarkably
higher than the y-polarization mode. Moreover, high fiber birefringence and
birefringence reversal is observed in the spectral region of the plasmon.
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1. Introduction

Photonic crystal fibers (PCFs) are optical fibers whose profile features a periodic or quasi-
periodic structure parallel to the fiber axis. Typically the structures are holes in a silica matrix.
The center core of the fiber may be solid or hollow. The hole diameters, the structure geometry,
the periodicity and the materials can be tuned up in order to enhance specific properties of the
fiber. This high versatility has made PCFs the target of many studies since their appearance in
1996 [1]. PCFs have been designed specifically to explore different properties like endlessly
single-mode guiding, high birefringence, unusual chromatic dispersion or high nonlinearities
[2].

Light in fibers is usually guided by modified Total Internal Reflection (mTIR). However, a
second guiding mechanism, Photonic Band-Gap (PBG) guiding, appears in hollow core PCFs
or in fibers whose core refractive index is lower than the cladding index. If the holes of a PCF
with solid core are filled with a material having higher refractive index than the refractive index
of the fiber material, the guiding mechanism of the light may evolve from mTIR to PBG [3,4].

Polydimethylsiloxane (PDMS) is especially suited for PCF infiltration. PDMS is a well char-
acterized inexpensive silicon-based organic polymer. It has low autofluorescence [5] and is
transparent at optical frequencies. Moreover, PDMS is flexible and has been used to mold struc-
tures of few nanometers [6] due to appropriate mechanical properties, being therefore ideal for
fiber infiltration. The possibility of obtaining homogeneous samples of colloid nanoparticles
(NP) in PDMS has also been reported experimentally [7].

Concerning photonic crystal fibers, PDMS features a refractive index (around 1.41) lower
than silica, the most common material employed in PCF manufacturing. Moreover, PDMS
shows an unusually large and negative linear thermo-optic coefficient i.¢., the refractive index
is highly temperature dependent [8].

Recent technological achievements allowing the fabrication of nanoparticles having different
sizes and shapes have boosted the study of the interaction between light and these nanosystems.
One of the most interesting effects of this interaction is the excitation of surface plasmon res-
onances (SPRs). SPRs result from the interaction between the free electrons of a metal in a
metal-dielectric interface, and the electromagnetic field of the impinging light: they show up
when the frequency of the incident photons matches the natural oscillation frequency of elec-
trons [9-11]. In metallic nanoparticles, plasmon resonances are localized surface plasmon reso-
nances (LLSPRs) in contrast with propagating surface plasmon resonances (SPRs) on nanowires
and other extended interfaces [12].

SPRs are characterized by a high sensitivity to variations in the refractive index of the envi-
ronment [13, 14]. This has been applied to the implementation of a number of sensing elements
based on planar metallic layers structures [15] or metallic coatings around fibers [16]. The ex-
citation of SPRs in PCFs with coated metal surfaces has been studied numerically [17, 18] and
experimentally [19]. Numerical analysis of PCF-based SPR sensors for liquids have been re-
ported [20-22]; these sensors require selective hole filling. Recently SPR in silver nanowires
[23] and in silver-coated graphene-based structures [24] have been simulated and a temperature
sensor based on PCF coated with a nanoscale gold film [25] has been developed. SPRs in the
anisotropic PCF show high anisotropic absorption in the resonance peak, thus being good can-
didates to build tunable in-fiber polarizers. Recently a polarization filter has been designed and
theoretically studied using a hollow-core PCF filled with liquid crystal (I.C) as waveguide and
one of the cladding holes filled with gold [26].

All studies mentioned above refer to propagating SPRs in wires or surfaces coated with met-
als, where at least one of the dimensions is much larger than the light wavelength. Localized
surface plasmon resonances (LSPRs) arise in structures where all dimensions are significantly
smaller than the wavelength, like the nanoparticles mentioned above. .SPRs show some spe-



cific features that make them interesting in a number of applications. Since L.SPRs are local-
ized, light impinging the nanoparticles excite collective electron oscillations that enhance the
near-field amplitude while decaying rapidly with distance from the nanoparticle. Unlike other
SPRs, LSPRs can be excited directly without any complex wavevector coupling [12]; on the
other hand, they are highly sensitive to the environment like any SPR. Their tiny size allows
their use in subwavelength applications, such as nanoscale sensors [13]. Several studies have
reported recently where LSRP has been used as the basic mechanism for obtaining sensors
combined with liquid crystals [27, 28], holographic structures of polymers with 1.C, and the
named POLICRYPS [29]. A new field has arisen named plasmomechanics that exploits the
strain properties of PDMS doped with AuNP [30].

In this work, localized SPRs in silver nanoparticles (AgNP) have been theoretically stud-
ied eventually aiming to the simplicity of the mixture fabrication [30] and the filling pro-
cess [31].NPs are commercial as well as PDMS, thus no technological effort to produce com-
plex structures is necessary.

It is reported for the first time to our knowledge a tunable high birefringence photonic crystal
fiber based a standard PCF with holes filled with AgNP dispersed in a matrix of PDMS. The
same device could also be used as tunable in-fiber polarizer or as notch filter.

2. Theoretical considerations

For a proper analysis of the optical response of the mixture AgNP/PDMS, the effective re-
fractive has been studied. The effective refractive index is calculated by the effective medium
theory.

The Maxwell-Gamet effective medium theory [32] allows for the estimation of the
AgNP/PDMS effective refractive index through the equation
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where g, and € are the electric permittivity of PDMS and AgNPs respectively, and f is the
volume fraction of NPs in the composite.
Quantum cffects inhibit the exact calculation of bulk properties at nanometric scale. Nev-
ertheless it is possible to estimate the frequency evolution of the electric permittivity of the
nanoparticles applying the Drude equation [33] given by
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where o is the angular frequency of the incident light, w, is the plasmonic frequency of
Ag, & is a correction constant that accounts for the background electron screening at high
frequency, and y represents the scattering frequency of the electron as it travels through the
materials.

Inclusion of scattering contributions according to Maxwell-Garnett theory was considered.
However, preliminary experimental measurements showed that the scattering contribution can-
not be influentially considered within the proposed frame of parameters.

3. Numerical analysis

Based on the above a numerical analysis of the refractive index dependence with temperature
of AgNP-dispersed PDMS has been calculated. Figure 1 shows the results of real (top) and
imaginary (bottom) parts of the effective refractive index of various AgNP-dispersed PDMS



suspensions. Different particle sizes (5 nm, 40 nm and 80 nm) and working temperatures (-
10°C and 80°C) have been considered. The concentration has been set to 0.05%v/v in all cases.
For this concentration the distance between particles is large enough (o avoid coupling between
plasmons. Both, real and imaginary components of the refractive index present a resonant mode
corresponding to the LSPRs excited in the AgNPs at that given incident wavelength. LSPRs are
clearly observed by comparison with the refractive index of PDMS (black crosses). Note that a
slight variation in the refractive index of the thermally tuned PDMS induces a large change of
the .SPR wavelength. As expected in nanoparticles so much smaller than the wavelength, the
resonant frequency is scarcely modified by the NP concentration or size; however the spectral
width and height of the resonant effect are affected: the resonant effect becomes more intense
and narrower as the particle size or the concentration increase [34].
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IYig. 1. Real and imaginary parts of the effective refractive index of PDMS with (and with-
out) nanoparticles of 5 nm, 40 nm and 80 nm at -10°C and 80°C in the region of the AgNP
LSPR.

As the temperature changes, the PDMS refractive index changes, producing a shift of the
resonant mode of 5.2 nm in a range of 90°C. AgNPs behave as dopants, having strong influence
on the refractive index just 30-40 nm about the resonance wavelength. Away from the plasmon
wavelength the refractive indices approximalte those of the pure PDMS. Mixing procedures of
AgNP and PDMS have been described in the literature [30].

The AgNP-dispersed PDMS mixtures have been studied as infiltrations in a Photonic Crystal
Fiber. A commercial PCI' has been chosen. The fiber is polarization-maintaining (PM-PCL),
what allows studying the attenuation anisotropy between two orthogonally polarized sets of
guided modes. PM-PCEF fibers are used to avoid coupling between modes and are highly impor-
tant in both optical communication and fiber sensing systems. The specific fiber is PM-1550-01
(NKT Photonics), whose profile is shown in Fig. 2. The fiber has two large holes (4.5 ¢m diam-
eter) symmetrically placed at both sides of the fiber axis, along with a number of concentrically
distributed small cladding holes (2.2 um diameter).

Collapsing the small holes (by fiber splicing, for example), the large holes can be casily
infiltrated with liquids (or precured PDMS) [31]. Filling high viscosity liquids like PDMS oc-
casionally requires applying positive pressure after collapsing the smaller holes to complete
filling. In either case, PDMS is thermally cured afterwards.



Fig. 2. Left: SEM image of PCF 1550-01, the asymmetry in the periodicity preserves the
stale of polarization. Right: geomelric structure of the fiber, green holes are infiltrated with
PDMS + AgNPs and external blue layer is the modeled PML. boundary condition.

A model of the electric field distribution across the proposed structure has been prepared. The
aim of the model is to determine the guided modes in spectral vicinity of the plasmon. Maxwell
equations have been solved by finite element analysis. Note in Fig. 2 that the external layer of
the PM-PCL' has been modeled with Perfectly Matched Layer (PML) as absorbing boundary
layer aiming (o truncate the computational domain (o keep the computational resource require-
ments reasonable. The simulations were carried out using commercially available COMSOL
Multiphysics and were analyzed with MATLAB.

4. Results and discussion

As the refractive index of the material in the two bigger holes can be thermally tuned, the
effective refractive index of the fundamental mode can be modulated as well. The (emperature
variation of each polarization is significantly different. Figure 3 shows the evolution of the
normalized electric field profile of the fundamental mode of a PCF selectively filled in its bigger
holes with AgNP/PDMS. The axis containing the two large holes (see I'ig. 2) is taken as the
x-axis, while the y-axis is orthogonal.
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420 440 441 442 443
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A

Fig. 3. x- and y-polarizations of the fundamental mode far (420 nm} and near the plasmon
resonance ( at 441.5 nm) ol a PM-1550 selectively [lilled with PDMS doped with AgNP of
80 nm, 0.05 %v/v at 0°C.



Changes in the fundamental mode shape of x and y polarizations at 420 nm (far from the
LSPR region) and just before and after the plasmon resonance (440~442 nm) can be observed.
The x-polarization is almost vanished near the resonance and its phase changes sharply once
the resonance is passed. The y-polarization changes slightly near the resonance since the y-
dimension of the large holes is not negligible.

Absorption in the SPR wavelength shows as a sharp peak of the imaginary part of the effec-
tive refractive index. Figure 4 shows the spectral variations of the refractive index components
for x- and y-polarization fundamental modes. Light is guided in a PM-PCF selectively filled
with PDMS doped with AgNP. Three different AgNP diameters have been used: 5, 40, and
80 nm. The absorption in the SPR wavelength can be seen as a sharp peak of the imaginary
part of the effective refractive index. The refractive index of the environment dramatically af-
fects the plasmonic response. Hence a change in the PDMS refractive index modifies the SPR
wavelength,
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Fig. 4. Comparison of the effective refractive index, both real (left) and imaginary (right)
parts, as a function of the Ag NP size and for both polarizations.

It should be noticed that the wavelength at which the resonance shows up is almost indepen-
dent of the NP size. This is accordance with the theory because the wavelength of the impinging
light is much longer than the NP size. However, the height of the real and imaginary peaks in-
crease significantly for larger NP sizes. A comparative analysis of birefringence and attenuation
of the fundamental mode for both polarizations has been carried out as well. Tt is well known

that A

= Z=(By = B) = Re(nly ) — Re(niyy) 3)
where B is the phase birefringence, B, and B, are the propagation constants of the two orthogo-
nally polarized modes and Re(r), ; f) and Re(nﬁ ’ f) are the real part of the effective index of the
y- and x- polarized modes, respectively.

The birefringence of three AgNPs of 5, 40 and 80 nm at 0°C is shown in Fig. 5. The bire-
fringence of 80 nm AgNPs changes from 4.26x10~* to -7.6x 10~* when passing the LSPR
wavelength, These birefringences are fairly high [35, 36], and the birefringence shift, aboul
1.2x107%is noteworthy. Moreover this shift is thermally tunable. As the thermo-optic coef-
ficient of the PDMS is very high, it is possible to thermally tune the wavelength where the
plasmon resonance shows up. The imaginary part of the x-polarization, as scen in Fig, 6, is



remarkably higher than the y-polarization, and becomes sharper as the NP diameter increases.
The LSPR shift is about 4.8 nm, which results in a sensitivity of 0.053 nm/ °C.
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IYig. 5. Comparison of the birefringence of the system considering different sizes (particle
diameter) of the AgNPs (5, 40 and 80 nm) at 0°C.

This sensitivity only depends on the thermo-optic coefficient of the PDMS and it is therefore
independent of the NP size. This sensitivity is much higher than values obtained in sensors
based on pure silica microcavities.
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Fig. 6. Comparison of the effective refractive index, both real (upper panel) and imaginary
(bottom panel) for both polarizations considering AgNPs of 40 nm (diameler) and temper-
atures of 0°C and 80°C.

To ascertain whether the device can work as a tunable in-fiber polarizer or as a notch filter,
an analysis of the losses has been performed. Figure 7 shows that the atienuation for the x-



polarization fundamental mode of 80 nm AgNP at 0 °C is as high as o, = 1200dB/cm, while
losses of the y-polarization are ¢, = 1184 B/cm. Obviously the loss range of both polariza-
tions can be controlled by makin'g the infiltrated region of the required length. The ratio is
similar in 40 nm NPs (040mm — 795dB/cm and Oy4oum — 75dB/cm) but lower in 5 nm NPs
O = 103dB /cm and 04spy = 23dB/cm. These losses ranges demonstrate that a robust in-
fiber tunable polarizer could be built in a less than 1 cm of fiber, even with a significant variation
of the NP dimensions.
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Fig. 7. Attenuation per cm of AgNP in 5, 40 and 80nm at 0°C of the x- and y-polarization
of the fundamental mode.

It should be noticed that the light is always guided through the silica core of the PCF, whose
associated attenuation is < 0.15dB/m at 400 nm. Note also that, although the fiber is mul(i-
mode in the visible region, the losses ratio of x/y-polarizations for higher-order guided modes
remains similar to the fundamental mode ratio.

The spectral region where plasmon resonances show up largely depend on the material. Other
kinds of NPs such as Indium Tin Oxide NPs [37] or Ag NPs with dielectric encapsulation of
Si0y [38,39] show resonances in the infrared region. Consequently, the concepts shown in this
work could be applied to filters or polarizers working in the optical communication windows.

5. Conclusion

An in-fiber tunable polarizer filter with a sensitivity about 0.053 nm/°C has been designed. The
filter is based on a PM-PCF selectively filled with PDMS with dispersed silver nanoparticles.
Numerical analysis demonstrates an attenuation of ¢, = 1200d5/cim in the x-polarization fun-
damental mode and o, = 119dB/cm for 80mm AgNPs. This asymmeltry in the attenuation also
occurs for higher guided modes, resulting in all guided modes with x-polarization being filtered
oul.

A change in the birefringence sign of the fiber is also observed. In the plasmon resonance
region, the birefringence shift is remarkable, about 1.2x 10 %, The resonance can be thermally
shifted about 5 nm,



All the parameters employed in the simulations have been set taking account an actual possi-
bility of fabrication. The simple fabrication procedure, and the possibility to obtain the materials
commercially make this kind of filters good candidates for actual device development.

Acknowledgments

Authors are grateful for financial support from Programa RETOS of the Spanish Ministerio de
Economia y Competitividad (TEC2013-47342-C2), the regional R&D Program SINFOTON
of the Comunidad de Madrid (SINFOTON S2013/MIT-2790) and European COST Action
(I1C1208).



