Chin. Phys. B Vol. 25, No. 3 (2016) 034209

Theoretical simulation of a novel birefringent photonic crystal fiber
with surface plasmon resonance around 1300 nm*
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In this paper, a novel birefringent photonic crystal fiber (PCF) with the silver-coated and liquid-filled air-holes along
the vertical plane is designed. Simulation results show that the thickness of silver layer, the sizes of holes, and the refractive
index of liquid strongly strengthen the gaps between two polarized directions. The surface plasmon resonance peak along
y axis can be up to 675.8 dB/cm at 1.33 pm. The proposed PCF has important application in polarization devices, such as

filters and beam splitters.
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1. Introduction

Photonic crystal fibers (PCFs) have been involved in
many research areas since their initial fabrication,!?! due to
their high birefringence,*! high nonlinearity,!*! and control-
lable dispersion.’! Recently, new application of PCFs has
been explored. For instance, by filling the cladding holes with
gases, liquid crystals, and red blood cells, they can be applied
to the chemical sensing and photochemistry,!®! polarization
devices,!”) and single-cell biomechanics. [®!

In the previous reports, to achieve the polarization ef-
fects, common methods were used to change the air-hole di-
ameters along two orthogonal directions!®!?! or using differ-
ent materials.!''l Wei et al. demonstrated a birefringent PCF
with a tellurite glass T2 doped ellipse core, reaching the bire-
fringence of 7.66 x 10~2 and nonlinearity of 3400 W~!.km~!
around 1550 nm.['?] These studies focused on obtaining the
high refractive index difference between the fundamental
modes at x axis and y axis.

Recently, the surface plasmon resonance (SPR) which de-
pends on the phase matching between the incident light and
SP wave, shows wide application to improve the sensitivity
of optical area, such as enhancing emission of SLED to real-
ize high power!'34 based on the SPs’ electric field localiza-
tion and enhancement characteristics. Lee et al. reported the
polarization-dependent characteristics of a polarization main-
taining PCF with gold wires.[!3] Schmidt ef al. analyzed the
surface plasmon modes in the PCFs with the metal nanowire-
filled PCFs, which was fabricated by the high-temperature
pressure-cell.l'%17] Yu et al. simulated a selective coating of
PCF with metal for SPR sensing.!'8! Uebel et al. demonstrated
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a gold nanowire array in a PCF, where the radial electric field
was resolved by a polarization sensitive near-field probe.!'’]
Xue et al. demonstrated a gold-coated and liquid-filled PCF,
where one-side SPR was up to 508 dB/cm.?"! Liu et al. re-
ported a PCF for two kinds of filters with the nanoscale gold
film, the extinction ratio (ER) reaches to —20 dB.[2!] Fan
et al. numerically simulated the D-shaped PCF with gold-
filled holes for the filter, gaining 292.8 dB/cm at y polarization
axis.!??l Most reports mentioned above mainly concentrated
on gold filling or coating, less coating processing due to more
difficulty.

Compared to the gold, the cheaper silver shows some
benefits, such as better thermal conductivity, easier to gener-
ate high-order mode, and relatively easy coating processing.
Zhang et al. coated the silver in the air-holes and fabricated
an in-fiber absorptive polarizer.[>>! Bing ef al. simulated and
fabricated an SPR-PCF with silver-coated holes for sensor, 24
and yet, the research of silver-coating processing for PCF fil-
ter is uncommon, so we do the relative research in the hope of
offering theoretical results on the silver-coated PCF for filter
research and application.

In this paper, the polarization properties of a silver-coated
birefringent structure PCF with water-filled holes in air holes
along the y-polarized direction is studied by the finite element
method (FEM). The simulation results show that the position
and strength of the resonance peak are strongly influenced by

the metal thickness and the cladding hole size.
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2. PCF design

The cross-section of the PCF designed is shown in Fig. 1,
and it consists of 6 layers of air-holes. The pitch A between
air-holes is 2 um. To keep different birefringence, the hole
d; = 1.8 pm is larger than the other hole d, = 1 um, and the
outer silver-coated holes d3 = 1 pm. The d;/A increases the
confinement ability on the energy along the x axis. In contrast,
the smaller holes offer a means of leakage for the energy loss.
Additionally, a liquid is filled into d3 to increase the y axis loss
marked by the blue color. The black area of holes d3 is coated
with Ag, the thickness is R.

Fig. 1. (color online) Cross-section of PCF designed.

The background material is the pure silica whose mate-
rial dispersion is calculated by Sellmerier formula.>! In the
finite element simulation, an anisotropic perfectly matched
layer (PML) is employed. The material dispersion of silver is
dependent on the Lorentz—Drude model,*®! which is defined
as
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where &, is the dielectric constant, @y, is the plasma frequency,
k is the number of oscillators with frequency @, strength f;
and lifetime 1/T;, while Q, = \/fo, is the plasma frequency
associated with the intraband transitions with the oscillator
strength fy and damping constant I'.

The absorption losses of water and ethanol are very low
within the considered range, so it is not necessary to consider
their material dispersion in the next calculation. Their refrac-
tive indices are defined as nyaer = 1.33 and nemanol = 1.36.
The confinement loss is defined as

2
o= 8.686%Im (efr) x 10%. @)

Here, A is the wavelength of light and Im (neg) is the imagi-
nary part of the effective refractive index neg.

Recently, the PCF fabrication processing consists of ultra-
sonic drilling, stacking, and so on. For coating methods, one

way is suction and evaporation of the metal-nanoparticle mix-
tures into the fiber, and another is chemical vapour deposition
(CVD). Moreover, for the silver, the chemical deposition has
been usually used in the research depending on the adjusting

reaction conditions for silver deposition. >3]

3. Simulation results and discussion

When the real part of surface plasmon polariton (SPP)
modes coincides with the core guided modes ne, the energy
will be transferred from the core region to the silver-coated
layer, leading to a visible energy leak and sudden increase of
the confinement loss. Figure 2 shows the dependence of the
real part of effective index on wavelength for SPP 2nd and 3rd
modes (the blue lines), the refractive index of silica glass (the
pink dashed line) and the guided mode in the core (the black
and purple curves represent refractive index and loss at x axis
and y axis, respectively).
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Fig. 2. (color online) Wavelength dependence of effective axial refrac-
tive index and loss for PCF (A =2 um, d;/A = 0.9, d2/A = 0.45,
d3/A = 0.5 and the thickness of silver is 0.05 um). The insets (i) and
(ii) represent the magnitudes of electric field of the relevant modes.

As seen from Fig. 2, the phase-matching cases between
the core mode and the 2nd and 3rd SPP modes occur at the spe-
cific cross point (the absorption peak around 1.33 um for SPP
2nd and 0.92 pum for SPP 3rd), due to the SPR absorption, the
guided light in the core can strongly couple to the surface of
the silver layer, and significant enhancing of the confinement
loss. It can be seen from the insets (i) and (ii) of Fig. 2, that
the SPP 2nd intensity is much stronger than that of SPP 3rd.
Furthermore, the losses of y-polarized mode are much higher
than these of x polarized mode around the resonance wave-
length, and the loss of y-polarized mode reaches 675.8 dB/cm
at 1.33 um, which is nearly ten times stronger than that of the
x-polarized mode, and the extinction ratio!?!! for the proposed
fiber is approximately 10 dB at the wavelength. The FWHM
(full width at half-maximum) is only 30 nm. These proper-
ties provide the PCF with a new possibility for application on
the polarization devices. In addition, the x-polarized and y-
polarized electric fields at 1.33 pm are shown in Figs. 3(a) and
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3(b). As demonstrated in Figs. 2 and 3(b), it can be believed
that the higher loss results from both the SPR and the birefrin-
gence.

Fig. 3. (color online) Fundamental mode field along x axis (a) and y
axis (b) at 1.33 pum.
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Fig. 4. (color online) Impact on the presence of liquid (a) and the types
of liquid (b) in the silver-coated holes.

We inject the liquid into the silver-coated air-holes, and
the impact of the liquid is presented in Figs. 4(a) and 4(b). The
parameters are chosen as follows: A =2 um, d;/A = 0.9,
dy/A =045, d3/A = 0.5 and the thickness R = 0.05 pm.
The numerical results show that the presence of liquid affects
the resonance peak and wavelength. Its resonance peak is de-
creased and the resonance wavelength is shifted to the short
wavelength without liquid along the y polarization. In contrast,
the resonance peak along the x polarized direction is increased,
leading to the decreasing of the difference between the two-
sided polarizations. Based on the SP theory, phase matching
means the effective refractive index of the core mode npesr is

nearly equal to the plasmonic mode at the SPP wavelength.
Hence, the core mode n,q¢ is close to that of the core mate-
rial (ngica depends on Sellmerier formula) while the effective
refractive index of the plasmonic mode is close to that of the

27281 Therefore, the presence of

neighboring material (liquid).!
high index liquid will enhance the coupling efficiency between
the core mode n,.¢ and the SPP mode, leading to a red shift of
SPR wavelength.>! Obviously, the presence of the liquid is
of benefit for the PCF application in polarization devices. On
the other hand, figure 4(b) shows the difference between the
water and ethanol, when the material of liquid changes, the
resonance strength and wavelength change at the same time,
due to the different refractive index among liquids, which af-
fects the effective refractive indexes in the fiber core, leading
to the changing of resonance peak and wavelength. Because
the presence of water has a stronger effect on the loss than that
of ethanol, we will focus on the water.
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Fig. 5. (color online) Variation effects of d; /A (a) and d, /A (b) on the
loss, the solid and dashed lines are the loss of core guided modes along
y-polarized and x-polarized directions, respectively.

Below the birefringent structure and the thickness of the
silver-coated layer will be analyzed. As introduced before, the
birefringence influence could cause the expanding gap of nes
between the two sides, the different SPR wavelength, and the
much stronger SPR strength along y axis. Hence, the depen-
dence of birefringence on the sizes of the diameters dj, ds,
which is such that birefringence increases with the enlarging
of d; or the decrease of d», is analyzed in Fig. 5. The loss
curves of variables for dj /A are shown in Fig. 5(a), where A,
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dy/A, ds/A, and R are fixed at 2 um, 0.45, 0.5, and 0.05 um,
respectively. The peak of loss increases with the increase of
dy/A from 0.8 to 0.9 then a slight decrease at 0.95 along y
axis. On the other hand, it shows continuous growth with the
increase of d; along x axis. It is worth noting that the phase-
matching wavelength happens to be red shift with the increase
of d; /A along both of the polarized directions.

The influence of d»/A on the loss is presented in
Fig. 5(b), where A, di/A, d3/A, and R are fixed at 2 um,
0.9, 0.5, and 0.05 pm, respectively. The resonance strength
and wavelength increase slightly between 0.4 and 0.45, then
decrease significantly with the increase of dp/A, from 0.45
to 0.5 because the enlarging of d, blocks the light to tunnel
through the outer silica cladding by the evanescent field and
the SPRs between the silver-coated hole and the core region.

The birefringent structure shows a weaker impact on the
position of resonance wavelength, but it strongly affects the
resonance peak. The structure offers a stronger resonance
peak and a suitable resonance wavelength, when parameters
A, di/A, dy/A, and d3 /A are fixed at 2 pm, 0.9, 0.45, and
0.5, respectively.

Due to the strong effect of the silver-coated hole size
and silver thickness on the resonance wavelength, the outside
diameter of silver-coated holes ds is studied. As shown in
Fig. 6(a), d3/A is increased from 0.4 to 0.6, and A, d; /A,
dy/A, and R are fixed at 2 um, 0.9, 0.45, and 0.05 pum, respec-
tively. Comparing with both of the polarization directions, the
gap between the polarizations shows an increasing trend of 0.4
to 0.5, and a changing trend arrives slowly and begins to de-
crease, when d3 /A reaches a certain degree. It is a possible
reason that the oversized interface for surface plasmon will at-
tenuate the strength gap between the two polarizations, after
the resonance peak reaches a maximum value. In addition,
the increasing of ds (silver-coated hole) also offers a resisting
function for the energy leakage along y-polarization axis.

As mentioned in the previous section, the coating process
could possess an economical metal cost and more importantly,
the resonance strength is much stronger than that filled in
Ref. [20], so the dependence of the loss on R is also analyzed,
as shown in Fig. 6(b), when A, d|/A, d»/A, and d3 /A are
2 um, 0.9, 0.45, and 0.5, respectively. The resonance wave-
lengths in both polarizations have a red shift with the decrease
of the thickness. The thinner silver layer leads to the stronger
evanescent wave, which means a stronger effect between the
incident light and silver. Due to the energy level relaxation
phenomenon, the function photons would lose part of the en-
ergy, leading to a red shift of the resonance wavelength.!1%-30]
Additionally, the decrease of R is followed with an increase of
the difference between the two-polarization resonance peaks.
When R reaches 0.05 pm, the gap between both polarizations
at 1.33 um has a better ratio with a lower FWHM. The x-

polarization and y-polarization have a similar resonance peak
when R = 0.07 um. As demonstrated in Fig. 6(b), the silver
layer also needs a suitable thickness, which agrees with that
in Ref. [19]. Furthermore, the quality and thickness of the sil-
ver layer could be achieved by adjusting reaction conditions

during the chemical deposition.?!
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Fig. 6. (color online) Variation effects of silver-coated holes d3/A (a)
and thickness R (b) on the loss, the solid and dashed lines are the loss
of core guided modes along y polarized and x polarized directions, re-
spectively.

4. Conclusion

In summary, a novel silver-coated and liquid-filled PCF
is designed, and the resonance peak at 1.33 um can be up
to 675.8 dB/cm along the y-polarization direction. The sim-
ulation results show that the polarization properties are deter-
mined by the air-hole size and the silver layer thickness. The
proposed PCF shows a significant difference of the resonance
peaks between two directions within the studied wavelength
range, which will have important application in polarization
devices.
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