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Abstract
A tunable single polarizing filter is proposed by selectively coating gold film on the air holes of photonic crystal fiber (PCF). 
The polarization properties of the PCF filter are evaluated by the finite-element method. Simulation results show that the 
loss of y-polarized core mode at 1250 and 1550 nm is 136.23 and 839.73 dB/cm, respectively. Furthermore, we innovatively 
combine stable modulation with flexible modulation. To be specific, the resonance wavelengths are slowly controlled in a 
small wavelength range by altering the diameter of the air-hole-coated gold film, while the resonance wavelengths are flexibly 
controlled in a wide wavelength range by altering the thickness of the gold film or the diameter of the small air holes. When 
the length of the PCF is 500 µm, the bandwidth of extinction ratio greater than − 20 dB is only 60 nm at the communication 
window of 1550 nm. It is beneficial to fabricate a narrow-band polarization filter.

1 Introduction

In recent years, photonic crystal fibers (PCFs), which are 
also known as holey fibers and microstructure optical fibers, 
have attracted more and more attention due to their unique 
advantages, such as low or high nonlinearity [1, 2], high 
birefringence [3], low loss [4], large mode area [5], and so 
on. In addition, the optical properties of PCFs can be greatly 
improved by selectively filling or coating different materials 
in the air holes, such as oil [6], liquid [7], liquid crystal [8], 
metal [9], and so on. In a metal coated or filled PCF, the 
air holes of the coated metal film or filled metal wire can 
be used as the core of the defect. When the incident light 
transmission mode in the fiber core matches with the surface 
plasmon mode, the light in the fiber core mode is coupled to 
the defect mode; thus, the surface plasmon resonance [10] 
is formed. Furthermore, due to the surface plasmon reso-
nance effect, the confinement loss of the incident light in the 
two orthogonal polarization directions varies considerably. 

Accordingly, this property can be used in the development 
of polarization filter.

In 2007, a selective coating technique for PCFs was dem-
onstrated by Zhang et al. [11], whereby a polarization filter 
based on PCF is proposed, and silver film was selectively 
coated on the air holes of PCF for the first time. In 2008, Lee 
et al. [12] proposed a new method for selectively filling gold 
nanowires in PCF. The results show that the PCF filled with 
metal has obvious polarization transmission characteristics, 
which is in good agreement with the finite-element simula-
tion results. In 2015, Chen et al. [13] proposed an ultra-
wideband polarization filter based on depositing the gold 
film on the polished surface of PCF and found surface plas-
mons and photons generate multiple resonances. In 2017, 
Zhang et al. [14] designed a simple polarization filter based 
on a single air hole coated gold film of PCF. The peak loss 
in y-polarization direction is 2138.34 dB/cm at the 1.31 µm 
communication window. However, the confinement loss in 
x-polarization direction is very low.

In this paper, we propose a tunable single-polarization 
filter based on a single air hole coated gold film in PCF. The 
polarization characteristics of our proposed PCF filter are 
calculated by the finite-element method (FEM) [15]. Simula-
tion results show that the peak losses in y-polarization direc-
tion are 136.23 and 839.73 dB/cm at the wavelength 1.25 
and 1.55 µm, respectively, while the confinement losses are 
very low in x-polarization direction. Moreover, the loss peak 
1 can be slowly modulated over a small wavelength range by 
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changing the size of large air holes. In addition, the loss peak 
1 can be flexibly modulated over a wide wavelength range 
by changing the thickness of the gold film or the size of the 
small air holes. Meanwhile, the polarization characteristics 
are compared by coating gold film or filling metal wire in the 
air hole of the PCF. It can be concluded that the gold-plating 
has a more pronounced effect on the polarization properties 
of PCF. When the length of the PCF is 500 µm, the extinc-
tion ratio is better than − 20 dB, and the effective filtering 
wavelength range is just from 1.52 to 1.58 µm. Therefore, 
our designed PCF can be applied to tunable narrow-band 
polarization filter.

2  Geometry of a PCF filter

Figure 1a shows the cross section of our proposed PCF. The 
blue part is the background material (silica) of the PCF. 
Many air holes in the space are arranged in a hexagonal lat-
tice, and the distance between each air hole is represented 
by � . The diameter of the white air holes is d1, and the 
diameter of the six green air holes is represented by d3. As 
we know, the effective refractive index of the air is equal to 
1. The purple air hole diameter d2, and coated with gold film. 
The thickness of the gold film is expressed by t. The fiber 
cladding consists of four layers of air holes that effectively 
confine the light within the core. A gold-coated large air 
hole is introduced above the core, destroying the symmetry 
of the structure and creating birefringence, which clearly 
distinguishes the loss in the x and y polarization directions. 
In addition, there are six small air holes around the large air 
hole coated with gold film, and by changing the size of small 
air holes, the coupling between the surface plasmon mode 
and the core mode can be easily adjusted, so that the surface 
plasmon resonance occurs more easily.

As shown in Fig. 1b, the finite-element method (FEM) 
mesh is used to discrete the physical field for calculation. 
We select the radio frequency (RF) module in the COMSOL 
Multiphysics software for numerical simulation. In the com-
putational domain settings, we set the outermost ring as the 
perfectly matched layer (PML), whose type is “cylindrical”. 
PML is a very good absorption boundary condition which 
can absorb radiant energy of incident light at various angles 
and not reflect energy. In the outer boundary of the PCF set-
tings, the scattering boundary condition (SBC) is taken as 
the outer boundary of the PML, which further reduces the 
reflection energy. Therefore, we can obtain more accurate 
mode loss characteristics. In the PCF-free mesh parameter 
settings, we use the predefined mesh size types as “coarse”. 
The cross section is discretized by triangular subdomains 
and the total number of mesh elements is 22,582. Thus, the 
simulation results are balanced between the simulation speed 
and the accuracy.

In this structure, the background material is pure silica 
and the dispersion relationship is calculated by the Sellmeier 
equation [16]. In addition, we calculate the dielectric con-
stant of the gold film by Drude–Lorentz model [17]. We take 
into account the propagation feature of PCF filters is greatly 
affected by the confinement loss, which can be defined by 
the following formula [18]:

where λ expresses the wavelength of light and Im(neff) 
expresses the imaginary part of effective refractive index. 
�1 and �2 are expressed as x- and y-polarized modes, respec-
tively. Here, we specify the unit of loss is dB/cm, and the 
unit of wavelength is µm. Under different structural param-
eters, phase matching is achieved when the transmission 
constants of the core mode and surface plasmon mode at a 
certain wavelength are the same. The “certain wavelength” 

(1)�(�1, �2) = 8.686 ×
2�

�
Im(neff) × 104,

Fig. 1  a Cross-sectional 
schematic of the proposed PCF. 
b FEM mesh and scattering 
boundary condition for compu-
tation
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is the resonance wavelength that corresponds to the confine-
ment loss peak. In this case, the light intensity in the core 
mode will be greatly weakened and transferred to the surface 
of the gold film. That is, the light field energy is transferred 
from the core mode to the surface plasmon mode, resulting 
in resonance phenomenon.

3  Numerical result and analysis

To facilitate the analysis of the dispersion relation (effec-
tive refractive index and confinement loss) between the core 
mode and the SPP mode, and the distribution of electric field 
intensity under different resonant wavelengths (1550 and 
1250 nm), we combine the dispersion relation with the elec-
tric field distribution in Fig. 2. Among them, Fig. 2c–j shows 
the distribution of electric field intensity under different res-
onant wavelengths. The red arrow in the figure shows the 
direction of the electric field in different modes. As shown 
in Fig. 2a, b, the black solid line and dotted line represent the 
y-polarized and x-polarized core modes, respectively. The 
blue and red solid lines represent the second-order and third-
order SPP modes, respectively. It is obvious that the effective 
refractive index curve of core mode and SPP mode intersect 
at the resonance wavelength 1550 and 1250 nm, respectively. 
Moreover, the wavelengths corresponding to the effective 
refractive index cross point (phase matching point) coin-
cides with the resonance wavelengths corresponding to the 
confinement loss. It is easy to see that the losses of the core 
mode and the SPP mode are not equal at the phase-matching 
points and are separated from each other. The maximum 

value of the loss in the core mode is less than the minimum 
value of the loss in the SPP mode. In reference [19], this 
phenomenon is known as incomplete coupling.

As shown in Fig.  2b, at the resonance wavelength 
1550 nm, the confinement loss of the y-polarized core mode 
can reach to 839.73 dB/cm, while the loss of the x-polarized 
core mode is very low. At the same time, it can be seen 
from Fig. 2c that the energy of the x-polarized core mode is 
completely limited to the fiber core and no other energy is 
coupled to the surface of the gold film. Therefore, no surface 
plasmon resonance phenomenon was observed. However, 
in Fig. 2d, the energy of the y-polarized core mode is par-
tially limited to the fiber core and the other part of energy is 
clearly coupled to the surface of the gold film. Therefore, the 
surface plasmon resonance phenomenon was observed. As 
a result, the loss of y-polarized core mode is much stronger 
than the x-polarized core mode. This is mainly due to a part 
of the energy transferred from the fiber core to the gold film 
surface.

In addition, it is obvious in Fig. 2b that the loss of the 
y-polarized second-order SPP modes is much stronger than 
that of the y-polarized core modes. The above phenomena 
can be explained by comparing the electric field distribu-
tion of Fig. 2d, f. The y-polarized core mode (d) and the 
y-polarized second-order SPP mode (f) appear very simi-
lar in the energy distribution. However, we can see clearly 
that the y-polarized core mode is superior to the y-polarized 
second-order SPP mode in terms of the energy constraint 
of the fiber core. In other words, the energy in Fig. 2f is 
more transferred from the fiber core to the gold film sur-
face, so that it has a higher confinement loss. Therefore, 

Fig. 2  Relationship between a 
effective refractive index and b 
confinement loss. the electric 
field distributions of c x-polar-
ized, d y-polarized core modes, 
and e x-polarized, f y-polarized 
second-order SPP modes at the 
wavelength of 1.55 µm. The 
electric field distributions of 
g x-polarized, h y-polarized 
core modes and i x-polarized, 
j y-polarized third-order SPP 
modes at the wavelength of 
1.25 µm. In addition, the PCF 
parameters are d1 = 1.6 µm, 
d2 = 2.0 µm, d3 = 1.2 µm, and 
t = 25 nm
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the phenomenon of incomplete coupling is produced. Mean-
while, the simulation results show that the imaginary part of 
the refractive index of Fig. 2d (0.002385i) is less than Fig. 2f 
(0.003015i). Therefore, Fig. 2d shows the y-polarized core 
mode and Fig. 2f shows y-polarized second-order SPP mode.

Next, at the resonance wavelength 1250 nm, the con-
finement loss of the y-polarized core mode can reach to 
136.23 dB/cm, while the loss of the x-polarized core mode is 
low. In Fig. 2g, it can be seen that the energy of the x-polar-
ized core mode is completely limited to the fiber core. How-
ever, in Fig. 2h, most of the y-polarized core mode energy 
is confined to the fiber core, and only a small fraction of the 
energy is coupled to the gold film surface. As a result, the 
loss of y-polarized core mode is slightly stronger than the 
x-polarized core mode. This is because the small fraction of 
the energy transferred from the fiber core to the gold film 
surface. As shown in Fig. 2b, the loss of the y-polarized core 
mode is not very high. In addition, it is obvious in Fig. 2b 
that the loss of the y-polarized third-order SPP modes is 
much stronger than that of the y-polarized core modes. The 
above phenomena can be explained by comparing the elec-
tric field distribution of Fig. 2h, j. We can see clearly that 
the energy of the y-polarized third-order SPP mode (j) is 
completely coupled to the surface of the gold film. In other 
words, Fig. 2j almost all of the energy is transferred from 
the fiber core to the gold film surface, so that it has a higher 
confinement loss. Therefore, the phenomenon of incomplete 
coupling is produced.

In the end, we can find that the y-polarized core mode is 
suppressed and only x-polarized core mode can be guided. 
Therefore, we get the effect of the single-polarization filter.

Table 1 compares the performance of several PCF-based 
polarization filters. On one hand, Refs. [18, 21] and this 
work are single air hole-coated gold film, yet Refs. [20, 22, 
23] are two air holes coated gold film. In actual operation, 
single-hole gold plating is easier than double-hole gold-plat-
ing. On the other hand, at the communication wavelength of 
1550 nm, the value of the confinement loss of 839.73 dB/cm 
is much higher than the previous reports in Refs. [18, 21], 
which are 242.89 and 410.04 dB/cm, respectively. It can 

be observed that the polarization properties of PCF-based 
polarization filters we proposed have been significantly opti-
mized and improved.

According to the current manufacturing process, the con-
finement loss of our proposed PCF is higher than 1 dB/m 
which is much greater than the material loss of silica. There-
fore, the material loss is neglected. Thus, the output power 
of Pout (β1, β2) is obtained by the equation:

where Pout

(

�1, �2
)

 is normalized. Moreover, Pin (β1, β2) is 
the input power and is considered to 1, the length of PCF is 
represented by L, and the confinement loss is represented 
by (β1, β2). The extinction ratio (ER) is proposed as [20]:

Figure 3a shows the output power of the x-polarized mode 
and y-polarized mode at different PCF lengths. As the trans-
mission length increases, the output power in two orthogo-
nal directions decreases obviously. In the wavelength range 
1.2–1.3 and 1.5–1.6 µm, the output power of x-polarized 
mode is close to 1, while the output power of y-polarized 
mode is close to 0. In the wavelength range we mentioned 
above, there is a big gap between the output power in the 
x-polarized and y-polarized direction. In other words, we 
chose the appropriate fiber length to keep the output power 
in the x-polarization direction at a high level, while the out-
put power of y-polarization direction is reduced to a small 
enough. In this way, we can get a fine ER, as shown in 
Fig. 3b. Figure 3b shows the relationship between ER and 
different fiber lengths. It can be seen that as the PCF length 
increases from 300 to 500 µm, the ER is gradually reduced. 
When the length of the PCF is 500 µm, the extinction ratio 
is better than − 20 dB and the effective filtering wavelength 
range is only from 1.52 to 1.58 µm. As far as we know, 
the bandwidth is very narrow. Therefore, it is advantageous 
to make narrow band filter. Sum up: it is obvious that the 

(2)Pout

(

�1, �2
)

= Pin(�1, �2)exp
(

−�(�1, �2)
(

ln10

10

)

L

)

,

(3)ER = 10log10

(

Pout(�2)

Pout(�1)

)

.

Table 1  Different polarization filters based on PCF are detailed and systematically contrasted

PCF structure and references Peak loss at 
1.55 µm (dB/
cm)

The air holes are arranged in a square lattice and the two small holes are deposited by a thin layer of gold (Liu et al. [20]) 102.00
Two small air holes are set inside the fiber core, and a single air hole around the core is filled with gold wire (Li et al. [18]) 242.89
Two large air holes compressed fiber core (high birefringence), and a single hole coated with gold film (Liu et al. [21]) 410.04
The small air hole in the fiber core is filled with pure water, and two air holes are coated with gold film (Jiang et al. [22]) 536.25
The air holes are arranged in a rhombic lattice, two air holes near the core are coated with gold layer (Dou et al. [23]) 630.20
A single air hole is coated with a layer of gold, surrounded by six small air holes (This work) 839.73
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proposed polarization filter of PCF has a very good filtering 
effect.

4  Tunable polarization filter

We innovatively combine stable modulation with flexible 
modulation. The resonance wavelengths are slowly mod-
ulated in a small wavelength range (the wavelengths of 
1.54–1.57 µm) by altering the diameter of the air hole-coated 
gold film. In addition, the resonance wavelengths are flexibly 
modulated in a wide wavelength range (the wavelengths of 
1.45–1.74 µm) by altering the diameter of the small air holes 
or the thickness of the gold film.

In the first place, the resonance wavelengths of the loss 
peak 1 are slowly modulated in a small wavelength range 
(1.54–1.57 µm) by altering the diameter of the large air hole. 
On one hand, as shown in Fig. 4b, with the diameter of the 
large air hole increases from 1.6 to 1.8 µm, the resonance 
peak 1 of y-polarized core mode causes a red-shift and the 
value of confinement loss increases from 517 to 803 dB/
cm. It is revealed from Fig. 4a that the large air hole diam-
eter increases from 1.6 to 1.8 µm resulting in a real part 
of the 2-SPP mode refractive index increases. However, it 
has a weak influence on the dispersion characteristics of 
the y-polarized core mode. Therefore, the y-polarized core 

mode and 2-SPP mode phase-matching point move to the 
long-wave direction (red-shift). On the other hand, as shown 
in Fig. 4b, with the diameter of the large air hole increases 
from 1.8 to 2.0 µm, the resonance peak 1 of y-polarized 
core mode causes a blue-shift and the value of confinement 
loss increases from 803 to 839 dB/cm. It is revealed from 
Fig. 4a that the large air hole diameter increases from 1.8 
to 2.0 µm resulting in a real part of the 2-SPP mode refrac-
tive index decreases. However, it has a weak influence on 
the dispersion characteristics of the y-polarized core mode. 
Therefore, the core mode and 2-SPP mode phase-matching 
point move to the short wave direction (blue-shift). In sum-
mary, it can be seen from Fig. 4b that the resonance loss 
peak 1 of y-polarized core mode increases with the diameter 
of the large air hole. As far as we concerned, the large air 
hole is coated with gold film, and the thickness of the gold 
film is constant. However, as the diameter of the large air 
hole coated with gold film increases, it is closer to the fiber 
core. This makes it easier to transfer some energy from the 
core to the surface of the gold film, and eventually resulting 
in increased confinement loss at the resonance wavelength.

Therefore, we finally came to a conclusion: With the 
increase of the diameter of the large air holes, the reso-
nance peak 1 has undergone red-shifted and blue-shifted, 
and the value of peak 1 loss has been increasing.

Fig. 3  a Output power of 
x-polarized mode and y-polar-
ized mode and b extinction 
ratio curve at different PCF 
lengths, and the PCF parameters 
are d1 = 1.6 µm, d2 = 2.0 µm, 
d3 = 1.2 µm, t = 25 nm
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Next, the resonance wavelengths of the loss peak 
1 are flexibly modulated in a wide wavelength range 
(1.45–1.74 µm) by altering the diameter of the small air 
holes or the thickness of the gold film. Figure 5a, b shows 
the effect of size of six small air holes to the polarization 
characteristics of the PCF. It can be seen from Fig. 5b that 
the loss peak of y-polarized core mode experiences a blue-
shift as d3 increases. It is revealed from Fig. 5a that the 
six small air holes diameter increases from 1.0 to 1.2 µm, 
resulting in a real part of the 2-SPP mode refractive index 
decreases. However, it has a weak influence on the disper-
sion characteristics of the y-polarized core mode. There-
fore, the core mode and 2-SPP mode phase-matching point 
move to the short wave direction (blue-shift). In addition, the 
diameter of the d3 varies from 1.0 to 1.2 µm, the height of 
the y-polarized loss peak 1 increases, while the height of the 
y-polarized loss peak 2 decreases. As far as we concerned, 
when d3 decreases (d3 is reduced from 1.2 to 1.0 µm), the 
interaction area between the fiber core and large air hole (d2) 

coated with gold film increases, making the energy between 
them easier to couple and resulting in a wide range of reso-
nance [wider FWHM (full width at half maximum)]. Then, 
through the law of conservation of energy, the energy of loss 
peak 1 is reduced, some of the energy is transferred to the 
loss peak 2, and the other part of the energy increases the 
FWHM of resonance peak.

We all know that the surface plasmon waves are very sensi-
tive to the thickness of the gold layer. Figure 5c, d shows the 
effect of gold film changes on the polarization characteristics 
of the PCF. When the gold film thickness is 25 nm, the loss 
peak 1 of y-polarized mode is up to 839.73 dB/cm. There is 
no doubt that the loss peak 1 of y-polarized mode experiences 
a blue-shift and the value of loss peak 1 becomes lower with 
the increase of the gold film thickness. It is revealed from 
Fig. 5c that the thicknesses of the gold film increases from 
25 to 31 nm resulting in a real part of the 2-SPP mode refrac-
tive index decreases. However, it has a weak influence on 
the dispersion characteristics of the y-polarized core mode. 

Fig. 4  a Effective refractive 
indices of y-polarized core 
modes and 2-SPP modes at 
different diameters of the large 
air hole. b is the corresponding 
losses spectra of y-polarized 
core modes, and the PCF 
parameters are d1 = 1.6 µm, 
d3 = 1.2 µm, t = 25 nm
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Therefore, the core mode and 2-SPP mode phase matching 
point move to the short wave direction (blue-shift). As far as 
we concerned, when the coated gold film is too thick, the loss 
of y-polarized core mode will be correspondingly reduced. 
This is mainly due to that the gold coating is too thick, and the 
electric field is difficult to penetrate. This makes the excited 
SPR effect weakened, eventually leads to a decrease in the 
resonant peak.

All in all, a tunable PCF polarization filter is proposed. We 
innovatively combine stable modulation with flexible modula-
tion. The analysis results show that the designed PCF will play 
a significant role in the development of tunable polarization 
filter.

5  Comparison of different filling methods

To analyze and compare the performance of the polari-
zation filter, we proposed that we adopt different filling 
methods and different filled metals in the large air hole.

The comparison of the confinement losses of gold-
coated and without gold-coated large air hole is shown 
in Fig.  6. The PCF optimal structure parameters are 
d1 = 1.6 µm, d2 = 2.0 µm, d3 = 1.2 µm, and t = 25 nm. On 
one hand, for the PCF coated with gold film, the loss of 
y-polarized core mode can reach 136.23 dB/cm at 1250 nm 
and 839.73 dB/cm at 1550 nm. In addition, the loss of the 

Fig. 5  a Effective refractive indices of y-polarized core modes and 
2-SPP modes at different diameters of the six small air holes. b is the 
corresponding losses spectra of y-polarized core modes, and the PCF 
parameters are d1 = 1.6 µm, d2 = 2.0 µm, t = 25 nm. c Effective refrac-

tive indices of y-polarized core modes and 2-SPP modes at different 
thicknesses of the gold film. d is the corresponding losses spectra 
of y-polarized core modes, and the PCF parameters are d1 = 1.6 µm, 
d2 = 2.0 µm, d3 = 1.2 µm
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y-polarized core mode is stronger than that of the x-polar-
ized core mode. On the other hand, for the PCF without 
coated gold film, the x-polarized and y-polarized core 
modes are below 0.01 dB/cm. We all know that surface 
plasmon waves are very sensitive to the thickness of the 
gold layer. The energy of the y-polarized core mode (gold-
coated) has been coupled to the surface of the coated gold 
film, so that it has a higher confinement loss. Undoubtedly, 
by coating gold film in the large air hole, the polarization 
property of the PCF is greatly improved.

The comparison of confinement losses of the PCF with 
a metal-filled wire (gold or silver [24]) and a gold-coated 
layer is shown in Fig. 7. It is revealed from Fig. 7 that the 
gold film is coated in the large air hole, and the confinement 
loss in the y polarization direction can reach 839.73 dB/cm, 

which is much higher than that the metal-filled wire (gold 
or silver) in the large air hole. We all know that surface plas-
mon wave is extremely susceptible to the change of gold film 
thickness. The electric field is difficult to penetrate when 
the gold film is very thick, which weakens the excited SPR 
effect and eventually reduces the loss peak. In addition, we 
have found that the difference of the loss characteristics of 
the PCF filling with gold and silver wire, respectively, is 
not very clear.

In summary, we can conclude that the gold-coated layer 
has more remarkable influence on the polarization feature 
of PCF. Meanwhile, unlike other metal materials, gold is 
chemically inert and does not be oxidized easily.

6  Conclusion

A tunable single-polarization filter with gold-coated single 
air hole is put forwarded. The polarization characteristics of 
the PCF are analyzed by the finite element method. It also 
should be noted that the loss of y-polarized mode reaches 
to a highest value of 839.73 dB/cm at the wavelength of 
1.55 µm. In contrast, the loss of x-polarized mode is just 
14.7 dB/cm. Moreover, the loss peak 1 can be slowly modu-
lated over a small wavelength range. In addition, the loss 
peak 1 can also be flexibly modulated over a wide wave-
length range. We also analyzed the effect of the metal-filled 
wire and gold-coated layer on the loss of PCFs. The results 
showed that the gold-coated layer had more obvious influ-
ence on the polarization properties of PCF. When the PCF 
length is set to 500 µm, the bandwidth of extinction ratio 
greater than − 20 dB is very narrow. The above results 
show that it can be widely used as a PCF polarization filter 
with excellent performance in the field of communication 
transmission.
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