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ABSTRACT In this paper, a novel silicon photonic crystal fiber (Si-PCF) polarization filter based on surface

plasmon resonance effect is proposed for the first time. With the full-vector finite-element method, the mode

coupling characteristics of the Si-PCF with the gold-coated film between the core mode and surface plasmon

polariton mode are investigated, and the confinement losses are analyzed. The confinement losses of the

Y-polarized core mode at the three resonant wavelengths 2.84, 3.29, and 4.53 μm are 9235.9, 27097.5, and

97818.3 dB/m, respectively. The extinction ratio reaches -391 dB and the insertion loss is less than 1 dB when the

Si-PCF length is 4 mm, along with the filter bandwidth of 2.75 μm. Moreover, by modifying the fiber structure

parameters, the filter bandwidth of the proposed three kinds of Si-PCF polarization filters can cover 2.75 to 7.80

μm. It is believed that the proposed Si-PCF polarization filter has important applications in the mid-infrared laser

and optical communication systems.

Keywords Surface plasmon resonance; silicon photonic crystal fiber; polarization filter; mid-infrared

1. Introduction

In recent years, the photonic crystal fiber (PCF) polarization-related devices and sensors
combined with surface plasmon resonance (SPR) effect have become one of the research hotspots
[1-6]. Among all of them, the PCF polarization filters designed by the mode coupling mechanism
of the PCF core mode and the surface plasmon polariton (SPP) mode are very promising for the
laser and optical communication systems [7-13]. In 2017, Yang et al. proposed a
single-polarization PCF filter coated with the silver film, where the filtering wavelength can be
tunable within a wide wavelength range by filling the liquid into different air holes [14]. In 2018,
Li et al. reported a V-type birefringent PCF embedded with the dual copper wires, where the filter
bandwidth covered the S+L wave-band [15]. In 2018, Guo et al. demonstrated a D-shaped
single-polarization PCF filter and the Y-polarized core mode confinement loss reached 37631
dB/m at the wavelength of 1.55 μm and the filter bandwidth was reached 480 nm [16]. In 2019,
Chang et al. discussed a compact PCF polarization filter with two gold-coated air holes, and the
Y-polarized core mode confinement loss could be up to 44200 dB/m at the wavelength of 1.55 μm
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and the filter bandwidth was reached 300 nm [17]. However, all the PCF polarization filters
reported are based on the PCF fabricated with the silica material, whose transmission window is
limited to the near-infrared spectral region.

Compared with the silica PCF, the PCF fabricated with the silicon material has good
transmission characteristics in the mid-infrared spectral region [18, 19]. In 2009, Yaman et al. had
successfully fabricated the silicon PCF (Si-PCF) using the magnesiothermic reduction method [20,
21]. In 2014, Huang et al. reported a large birefringence and high nonlinearity spiral Si-PCF [22].
In 2017, Liao et al. designed a Si-PCF with ultra-flattened nearly-zero dispersion [23]. The
Si-PCFs with the different optical characteristics have potential applications in realizing
mid-infrared photonic devices, such as modulator, filter, and so on. However, the research on
SPR-Si-PCF polarization filter has not been reported.

In this paper, we propose a novel Si-PCF polarization filter based on the mode coupling
mechanism of the PCF core mode and the SPP mode for the first time. The mode coupling and
confinement loss characteristics of the Si-PCF are analyzed with the full-vector finite-element
method. Three kinds of mid-infrared Si-PCF polarization filters have different bandwidth are
obtained. Furthermore, the extinction ratio, insertion loss, and error-tolerant rate are discussed.

2. Design of the Si-PCF Polarization Filter

The cross-section structure of the designed Si-PCF polarization filter is shown in Fig. 1. From
Fig. 1, the matrix material of the Si-PCF is the silicon, and hole to hole space is Λ. The Si-PCF
contains the three layers of air holes, which are arranged in regular hexagonal lattice. The two
larger air holes with diameter of d2 are introduced in the X-direction, which destroys the symmetry
of the cladding structure and causes the mode birefringence, making the Y-polarized core mode
more easily coupled with the SPP mode. In order to enhance the coupling effect between the
Y-polarized core mode and SPP mode, a larger air hole with diameter of d3 in the Y-direction is
coated with the gold film, whose thickness is t. The gold material has stable chemical property,
good biomolecular compatibility, and strong corrosion resistance. When the light is propagated
inside the Si-PCF coated with the gold film, the free electrons on the gold film surface interact
with the incident light field, forming the surface plasma resonance. And the diameters of the other
air holes are d1. Perfect matching layer (PML) is used at the outermost edge of the designed
Si-PCF so as to absorb the radiation energy [24].

Fig. 1. The cross-section of the designed Si-PCF polarization filter.



The full-vector finite-element method (FV-FEM) is used to investigate the mode coupling
characteristic between the designed Si-PCF core mode and the SPP mode. The material dispersion
of the silicon can be calculated by the Sellmeier equation [25]
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where λ1=1.1071 μm, ε=11.6858, A=0.939816 μm2, and B=8.10461×10−3.
The relative dielectric constant of the gold can be calculated by Drude-Lorentz model [26]
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where ε∞=5.9673 and Δε=1.09 represent the high frequency dielectric constant and the weighted
coefficient, respectively, ω is the angle frequency of the guided-wave, ωD is the plasma frequency,
γD is the damping frequency, ΩL is the frequency of the Lorentz oscillator and ΓL is the bandwidth
of the Lorentz oscillator. Here, ωD/2π=2113.6 THz, γD/2π=15.92 THz, ΩL/2π=650.07 THz, and
ΓL/2π=104.86 THz.

The confinement loss (LC) can be expressed by [27]
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where the Im(neff) is the imaginary part of the effective refractive index of the core mode.
The confinement loss ratio (CLR) can be calculated by
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where LCX and LCY are the confinement losses of the X-polarized and Y-polarized core modes,
respectively.

The normalized output powers Pout of the X-polarized and Y-polarized core modes are
calculated as [28]
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where Pin(x, y) and L are the input power and fiber length, respectively.
The extinction ratio (ER) and insertion loss (IL) as the two important parameters for evaluating

the filter performance can be described by [28, 29]
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3. Numerical Results and Analysis

The real part Re(neff) of the effective refractive index of the X-polarized and the Y-polarized
core modes and the SPP modes as seen from Fig. 2 when the structure parameters of the Si-PCF
are chosen as following: d1=1.30 μm, d2=2.64 μm, d3=2.16 μm, Λ=2.1 μm, and t=50 nm. Based on
the coupled-mode theory [30, 31], the complete coupling between the Y-polarized core mode and
the first-order SPP mode occurs at the resonant wavelength 4.53 μm, while at the resonant
wavelengths 2.84 and 3.29 μm, the incomplete coupling between the Y-polarized core mode and
the third-order and the second-order SPP modes occur, respectively, as seen from Fig. 2(a). In
contrast, there is no coupling between the X-polarized core mode and different-order SPP modes.
In order to clearly show the coupling between the Y-polarized core mode and the different-order



SPP modes, the electric field distributions of the Y-polarized core mode at the three resonant
wavelengths are shown in Figs. 2(b), 2(c), and 2(d), respectively. From Figs. 2(b) and 2(c), the
weak energy transductions between the Y-polarized core mode and the third-order and the
second-order SPP modes occur at the resonant wavelengths 2.84 and 3.29 μm, respectively. While
at the resonant wavelength 4.53 μm, the strong energy transfer between the Y-polarized core mode
and the first-order SPP mode occurs, as seen from Fig. 2(d).

Fig. 2. The real part Re(neff) (a) of the effective refractive indices of the X-polarized and the Y-polarized core

modes and the SPP modes. (b), (c), and (d) show the electric field distributions of the Y-polarized core mode at the

three resonant wavelengths 2.84, 3.29, and 4.53 μm, respectively.

Fig. 3. The confinement losses of the Y-polarized and X-polarized core modes of the designed Si-PCF.

Because of the coupling between the Y-polarized core mode and the SPP modes, the
confinement loss of the Y-polarized core mode increases sharply, and it will be completely lost



after a short propagation. At this time, the filtering effect can be obtained because only the
X-polarized core mode is retained. The filtering performance is good when the mode coupling
between the Y-polarized core mode and the SPP modes is strong. The confinement losses of the
X-polarized and the Y-polarized core modes of the designed Si-PCF are given out in Fig. 3. It can
be seen that the confinement losses of the two modes at the three resonant wavelengths 2.84, 3.29,
and 4.53 μm are 9235.9, 27097.5, and 97818.3 dB/m, and 4.83, 9.2, and 62.4 dB/m, respectively.

For the designed Si-PCF polarization filter, it is expected that the confinement loss of the
Y-polarized core mode is large enough while the confinement loss of the X-polarized core mode is
small enough. Therefore, the CLR between the Y-polarized core mode and the X-polarized core
mode of the designed Si-PCF is shown in Fig. 4. The wavelength ranges corresponding to the
CLR of the Y-polarized and the X-polarized core modes from Fig. 4 are given out in the Table 1.
From Fig. 4 and Table 1, when the CLR of the Y-polarized and X-polarized core modes are larger
than 100, 200, and 300 times, the corresponding wavelength ranges are from 2.5 to 5.75 μm, 2.5
to 5.5 μm, and 2.52 to 5.21 μm, respectively. In addition, from Table 1, the wavelength range of
the designed Si-PCF polarization filter becomes narrower as the CLR increases. However, if the
CLR is very small, the filtering characteristic will also be affected. To achieve the broadband
filtering, the CLR > 200 times should be satisfied. At this time, the maximum confinement loss of
the X-polarized core mode is only 234.2 dB/m at 5.5 μm.

Fig. 4. The CLR of the Y-polarized and the X-polarized core modes of the designed Si-PCF.

Table 1.Wavelength Ranges Corresponding to the CLR of the Y-polarized and the X-polarized Core Modes.

CLR Wavelength ranges of the
designed Si-PCF (μm)

CLR > 100 times 2.50~5.75

CLR> 200 times 2.50~5.50

CLR> 300 times 2.52~5.21

Moreover, the ER and the IL are shown in Figs. 5(a) and 5(b) when the Si-PCF length L
increases from 2, to 4, to 6, and to 8 mm, respectively. From Figs. 5(a) and 5(b), as L increases,
the ER and the IL become larger. Therefore, it is necessary to choose a suitable Si-PCF length L to
simultaneously obtain a larger ER and smaller IL. Thus, the final selection of L is 4 mm. For L=4
mm, the maximum peak value of the ER reaches -391 dB and the effective wavelength range of



the ER below -20 dB is from 2.75 to 5.75 μm. Therefore, by considering the wavelength range of
the CLR > 200 times and the ER of < -20 dB comprehensively, the filtering bandwidth is 2.75 μm
(from 2.75 to 5.5 μm), and the IL is less than 1 dB.

Fig. 5. The ER (a) and IL (b) as functions of wavelength for the different Si-PCF lengths.

To further prove the good filtering characteristics of the proposed Si-PCF polarization filter,
the relationships between the normalized output power of the X-polarized and Y-polarized core
modes at the three resonant wavelengths 2.84, 3.29, and 4.53 μm and L are shown in Fig. 6. From
Fig. 6, as L increases, the normalized output powers of the Y-polarized core mode at 2.84, 3.29,
and 4.53 μm drop sharply. When L exceeds 3.25 mm, the normalized output powers nearly
become zero. The normalized output power of the Y-polarized core mode decreases fastest at 4.53
μm, because the complete coupling between the Y-polarized core mode and first-order SPP mode
occurs. However, the normalized output powers of the X-polarized core mode at 2.84, 3.29, and
4.53 μm do not change significantly and remains above 0.94 as L increases. Therefore, when the
incident light is propagated in a 4 mm long Si-PCF, the Y-polarized core mode is completely lost,
and only the X-polarized core mode is left.

Fig. 6. The relationship between the normalized output power of the X-polarized and Y-polarized core modes at

the three resonant wavelengths 2.84, 3.29, and 4.53 μm and L.

Table 2 shows the comparison results between the proposed Si-PCF polarization filter and the
reported SiO2-PCF polarization filter. From Table 2, the Si-PCF polarization filter has a maximum
ER, and the bandwidth of the ER below -20 dB is up to 2750 nm. In addition, the IL of < 1 dB can
meet the actual requirement.



Table 2. Comparison with the reported SiO2-PCF polarization filters.

Reference Resonance wavelength
The value of the

maximun ER

Bandwidth of ER

below -20 dB

The value of the

maximun IL

[6] (2019) 1310 nm Not mentioned 1000 nm Not mentioned

[17] (2019) 1550 nm -326 dB 300 nm Not mentioned

[26] (2019) 1550 nm -272 dB 138 nm Not mentioned

[16] (2018) 1550 nm Not mentioned Not mentioned 0.22 dB

[28] (2017) 1300 nm -86.6 dB 850 nm Not mentioned

[30] (2015) 1270 nm, 1370 nm, 1740 nm about -68 dB 750 nm Not mentioned

This work 2840 nm, 3290 nm, 4530nm -391 dB 2750 nm Less than 1 dB

Fig. 7. The ER (a), (b) and IL (c), (d) as functions of wavelength when the designed fiber structure parameters Λ,

d1, d2, d3, and t have the distortion of ±1%.

For the proposed Si-PCF polarization filter, the required PCF can be fabricated by the
ultrasonic or femtosecond laser drilling method [20, 32, 33]. Sputtering or high-pressure
microfluidic chemical deposition is usually used for the metal coating [34, 35]. Sputtering coating
bombards the surface of the gold material with functional particles, so that the surface atoms of
the gold material obtain the enough energy to escape. The sputtered gold material is deposited on
the surface of the silicon substrate, forming the gold film. High pressure microfluidic chemical
deposition is used to generate the volatile gold gas under high pressure, and then transfer the gold
gas to the air hole of PCF so as to form the gold film on silicon substrate. With the two methods,



some works on the gold coating in the PCF air holes are reported [36-39]. At present, the main
challenge is the small air hole size. In this work, we coat the gold film on a large air hole. In the
actual fabrication, the slight deformation of the Si-PCF structure could occur. The ER and IL are
shown in Figs. 7(a), 7(b), 7(c), and 7(d) when the structure parameters of the Si-PCF d1, d2, d3, Λ,
and t change ±1%. From Figs. 7(a) and 7(b), the bandwidth of the ER below -20 dB remains
nearly unchanged. From Figs. 7(c) and 7(d), the maximum IL is only 1.2 dB within the considered
wavelength range. These results shown in Figs. 7(a) to 7(d) indicate that the proposed Si-PCF
polarization filter has good error-tolerant rate.

4. Design of other Si-PCF Polarization Filters with Different Bandwidths

Figs. 8(a), 8(b), 8(c), and 8(d) show the relationships between the confinement losses of the
Y-polarized core mode and changes of the fiber structure parameters d1, d2, d3, and Λ. Because the
fiber structure parameters have different influences on Re(neff) of the Y-polarized core mode and
SPP modes, the changes of them can determine the resonant position, coupling strength, and
resonant peak number. It can be seen from Figs. 8(a), 8(c), and 8(d) that with the increase of d1 or
d3, or decrease of Λ, each confinement loss peak of the Y-polarized core mode shifts toward the
shorter wavelength, and the number of the confinement loss peaks increases gradually. When the
third-order or second-order SPP mode is coupled with the Y-polarized core mode at different
resonant wavelengths, the confinement loss peak value of the Y-polarized core mode changes
slightly. In contrast, while when the first-order or zero-order SPP mode is coupled with the
Y-polarized core mode at different resonant wavelengths, the confinement loss peak value of the

Fig. 8. The relationship between the confinement losses of the Y-polarized core mode and changes of (a) d1, (b) d2,

(c) d3, and (d) Λ.



Y-polarized core mode changes greatly. From Fig. 8 (b), as d2 increases, each confinement loss
peak of the Y-polarized core mode shifts toward the longer wavelength. Although the wavelength
shift range is small, the number of the confinement loss peaks remains unchanged, and the
confinement loss peak value does not occur to change evidently. Therefore, it is concluded that the
change of d2 has little effect on the resonant coupling between the Y-polarized core mode and SPP
modes. It is better to adjust d1, d3, and Λ to achieve different filtering bandwidths.

Based on the above analysis, we choose the two groups of structure parameters as following:
Λ=2.5 μm, d1=1.55 μm, d2=3.12 μm, d3=2.58 μm, and t=50 nm, and Λ=3.0 μm, d1=1.82 μm,
d2=3.72 μm, d3=3.09 μm, and t=50 nm. At this time, the corresponding Si-PCF is called as
Si-PCF-1 and Si-PCF-2, respectively.

Fig. 9. (a) Re(neff) of the Y-polarized core mode and SPP modes, and (b) the confinement losses of the Y-polarized

and X-polarized core modes of the Si-PCF-1. The insets of (a) show the electric field distributions of the

Y-polarized core mode at different resonant wavelengths.

Fig. 10. (a) Re(neff) of the Y-polarized and X-polarized core modes and SPP modes, and (b) the confinement losses

of the Y-polarized and X-polarized core modes of the Si-PCF-2. The insets of (a) show the electric field

distributions of the Y-polarized core mode at different resonant wavelengths.

Re(neff) of the Y-polarized and the X-polarized core mode and the SPP modes and the
confinement loss of the Y-polarized and the X-polarized core modes of the Si-PCF-1 and the
Si-PCF-2 are shown in Figs. 9(a) and 9(b) and Figs. 10(a) and 10(b), respectively. From Figs. 9(a)
and 10(a), the complete coupling between the Y-polarized core mode and the zero-order and the
first-order SPP modes of the Si-PCF-1 and the Si-PCF-2 occurs at the resonant wavelengths 5.95,
4.62, 6.92, and 5.22 μm, respectively. Meanwhile, the incomplete coupling between the
Y-polarized core mode and the second-order and the third-order SPP modes of the Si-PCF-1 and



the Si-PCF-2 occurs at the resonant wavelengths 3.53, 3.08, 3.92, and 3.40 μm, respectively.
There is also no coupling between the X-polarized core mode and different-order SPP modes.
From Figs. 9(b) and 10(b), the Y-polarized core modes of the Si-PCF-1 and the Si-PCF-2 generate
the four strong resonant peaks in the considered wavelength ranges, and the maximum
confinement losses of the Y-polarized core modes are up to 79169.3 and 63396.0 dB/m,
respectively, while the maximum confinement losses of the X-polarized core modes are only
192.6 and 140.6 dB/m, respectively.

The CLRs of the Si-PCF-1 and the Si-PCF-2 polarization filters are shown in Fig. 10. The
wavelength ranges corresponding to the CLR of the Y-polarized and the X-polarized core modes
in Fig. 10 are given out in Table 3. From Fig. 10 and the Table 3, when the CLR is larger than 200
times, the wavelength ranges of the Si-PCF-1 and the Si-PCF-2 polarization filters are from 2.66
to 6.80 μm and 3 to 7.80 μm, respectively. When the CLR is larger than 300 times, the wavelength
ranges of the Si-PCF-1 and the Si-PCF-2 polarization filters are from 2.73 to 6.77 μm and 3.06 to
7.80 μm, respectively.

Fig. 11. The CLRs of the Y-polarized and the X-polarized core modes of the Si-PCF-1 and the Si-PCF-2.

Finally, the ER and IL of the Si-PCF-1 and the Si-PCF-2 polarization filters are shown in Figs.
12(a), 12(b), 12(c), and 12(d), respectively. From Figs. 12(a) and 12(b), the maximum peak value
of the ER reaches -316 dB when L of the Si-PCF-1 is 4 mm. At this time, the wavelength range of
the ER below -20 dB is from 3.04 to 6.80 μm, and the IL is lower than 0.8 dB. From Figs. 12(c)
and 12(d), the maximum peak value of the ER is -253 dB when L of the Si-PCF-2 is 4 mm. At the
same time, the wavelength range of the ER below -20 dB is from 3.66 to 7.80 μm, where the
CLR > 300 times and the IL is lower than 0.6 dB.

Table 3.Wavelength Ranges Corresponding to the CLR of the Y-polarized and the X-polarized Core Modes of the

Si-PCF-1 and Si-PCF-2.

CLR Wavelength ranges of the
Si-PCF-1 (μm)

Wavelength ranges of the
Si-PCF-2 (μm)

CLR > 100 times 2.58~6.80 3.00~7.80

CLR > 200 times 2.66~6.80 3.00~7.80

CLR > 300 times 2.73~6.77 3.06~7.80



Fig. 12. The relationships between (a), (c) ER and (b), (d) IL of the Si-PCF-1 and Si-PCF-2 and wavelength for

different L.

5. Conclusion

In summary, a mid-infrared Si-PCF polarization filter based on the SPR effect is proposed. The
Y-polarized core mode confinement losses at the three resonant wavelengths 2.84, 3.29, and 4.53
μm are 9235.9, 27097.5, and 97818.3 dB/m, respectively. The maximum X-polarized core mode
confinement loss is only 234.2 dB/m at wavelength 5.5 μm. The maximum peak value of the
extinction ratio reaches -391 dB when L of the Si-PCF is 4 mm. Meanwhile, the insertion loss is
less than 1 dB and the filter bandwidth is 2.75 μm. By choosing the appropriate fiber structure
parameters, the final filtering bandwidth can be obtained within the mid-infrared spectral region of
2.75 to 7.80 μm. The proposed Si-PCF polarization filter has some advantages such as ultra-wide
filtering bandwidth, short length, large extinction ratio, and so on and has significant applications
in the mid-infrared laser systems.
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