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This work describes the suitability of a nano-dimension slot with low index material in the core
region to achieve a highly nonlinear, polarization maintaining and dispersion compensating photonic
crystal fiber. Our design is composed of a spiral shaped photonic crystal fiber with an elliptical
slot made of silicon nanocrystals in the core region. The simulated results show that high nonlinear
coefficients at the 1.55 μm wavelength for quasi-TE mode and quasi-TM mode are found to be
equal to 1348 and 638 W–1m–1, respectively. The proposed design offers high birefringence up to
0.2503 and large negative dispersion value –1228 ps/nm/km. The proposed fiber has immense
potential for realization of all-optical signal processing devices/networks and sensing applications
while maintaining its polarization. 
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1. Introduction
Over preceding two decades, photonic crystal fibers (PCFs) have center-staged eminent
significance due to their inherent remarkable properties and design flexibilities [1, 2].
PCFs have unique outstanding properties such as endlessly single mode operation [3],
high nonlinearity [4–8], controlled dispersion [7, 8], high birefringence [9, 10], low con-
finement loss [10], etc. In recent years, advanced developments have been made in fiber
structure. The structural developments in PCF have led to a new type of  PCF with nano-
scale slot in the core region. The term slot was coined by ALMEIDA et al. [11, 12] in
reference to the slotted waveguides which is where it was first utilized to enhance the
optical properties. The first expression of confining light in vertical slot-waveguides
was performed on silicon nitride/silicon oxide material system [13]. This was followed
by a study of group velocity dispersion of Si nanocrystal (Si-NC) filled horizontal slot
waveguides. Around this time, it was established that Si-NC has a high nonlinear refrac-
tive index coefficient in the third optical window [14]. Due to the slot effect, the electric
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field intensity gets further enhanced by a large factor. In 2014, a new structure spiral slot-
ted PCF was proposed to obtain the nonlinearity coefficients of value 224 W–1m–1 (quasi
-transverse-electric (TE) mode) and 226 W–1m–1 (quasi-transverse-magnetic (TM) mode)
with very low dispersion [15]. Furthermore, JIANFEI LIAO et al. proposed a simple circle
silicon microfiber design with a nano-dimensional low index slot inside to attain ultra-
high nonlinearity, large birefringence, with low dispersion values [16]. TIANYE HUANG

et al. proposed another spiral PCF structure with an elliptical slot in the core region to
get the benefit of a slot effect and nonlinearity values up to 1068 and 162 W–1m–1 and
birefringence in the order of 10–1 was achieved [17]. 

Recently, highly nonlinear PCFs are getting much attention because of their extensive
applications such as supercontinuum source generation [18–20], optical parametric
amplification, all-optical wavelength conversion [21], distributed in-fiber amplifica-
tion, pulse regeneration, optical monitoring, multiplexing and demultiplexing and
switching [22]. In highly nonlinear PCF, power requirement of the optical device can
be reduced [23] and the large nonlinearity can be achieved either by reducing the ef-
fective area of the core of  PCF or using a material with a high nonlinear refractive index
value [15, 16, 24–27]. To use effects of nonlinearity in photonic crystal fibers for ap-
plications, dispersion management is one of more pivotal concerns. Dispersion re-
stricts the information carrying capacity of fiber so it is necessary to design dispersion
compensation fiber to mitigate this effect. Besides nonlinearity and dispersion another
important property of  PCF is birefringence. PCF having high birefringence can be used
as single-polarization mode fibers or polarization maintaining fibers (PMFs). Further-
more, birefringent PCFs have a very long list of important applications in optical sensor
design, electro-optical modulation and signal processing systems [28, 29]. Recent
works show that high birefringence in PCFs can be attained by introducing a defect in
the core or generating asymmetricity in fiber structure [16, 17, 24, 26, 30]. As various
nonlinear effects are polarization dependent, therefore sustaining the state of polari-
zation is necessary for excellent performance. 

To design an optical fiber having high nonlinearity, negative dispersion and large
birefringence simultaneously is a continual challenge. Therefore, researchers are work-
ing on different geometries like hexagonal, octagonal, decagonal, spiral, etc. Our recent
research study asserts that by using a slot spiral fiber design, negative dispersion, ultra-
high nonlinearity and high birefringence can be achieved. Currently, with the progress
in fabrication techniques, silicon fibers which furnish a material compatibility with the
traditional fiber structures, have gained a substantial attention. Due to its wide avail-
ability and compatibility with established CMOS technology, silicon offers reduction
in structure sizes up to 10 nm at a very low cost [31, 32]. In this paper, slot spiral PCF
structure is designed to achieve ultrahigh nonlinearity, high birefringence and large
negative dispersion. Due to these properties, slot structures will have numerous appli-
cations in the optical field, i.e. biosensing [33]. For accurate analysis of optical char-
acteristics of PCF, the finite element method (FEM) is applied.
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2. Proposed structure of slot spiral PCF 

The proposed slotted silicon PCF structure [15, 16] is shown in Fig. 1. All the circular
air holes of the varying radius in the cladding are arranged in a spiral lattice. To obtain
the good mode confinement in the core region, diameters of air holes in cladding region
are in increasing order d1 ˂ d2 ˂ d3 ˂ d4. The spiral lattice structure has six arms and
each arm has four air holes. The radius of the first ring of circular holes is r. The air
hole arranged in an arm is at an angular increment of θ = 30° with respect to the previous
one. Position and angle of different air holes are:

– d1: x = rcos(π/6), y = r sin(π/6);
– d2: x = 2rcos(2π/6), y = 2r sin(2π/6);
– d3: x = 3rcos(3π/6), y = 3r sin(3π/6);
– d4: x = 4rcos(4π/6), y = 4r sin(4π/6);

where d1 is the reference point, and order of increment is 30°. Value of θ for reference
point d1 = 30°. 

The benefit of using the spiral lattice structure is that the number of air holes gets
reduced compared to regular hexagonal or triangular lattice. This results in small effec-
tive mode area. To get the benefit of slot effect, an elliptical hole consisting of a material
having a low index like Si-NC is embedded in the center of the core. At the interface
of high index contrast, the electric field discontinuity is the primary principle of light
confinement in nanometer size low index materials. The ratio of the refractive index
of silicon to that of the slot material Si-NC enhances the electric field inside the slot
region because the normal component of electric displacement (D = εE ) should be
continuous across the interface [11]. Materials with high refractive index contrast at
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Fig. 1. Cross-sectional view of slotted spiral PCF. 
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the interface are preferred in order to boost the field enhancement in the low index slot
region. The background of PCF is made of silicon which has a refractive index of  3.48
at 1.55 μm [34]. An elliptical slot is inserted in the core region having a semi-minor
axis of a and semi-major axis of b. Refractive index of Si-NC can be calculated from
the Sellmeier equation [14] 

(1)

where B1 = 0.01, B2 = 1.96, B3 = 1.41, C1 = 0.09 μm2, C2 = 0.005 μm2, C3 = 770.6 μm2

and λ is the wavelength of operation.
In comparison to a conventional fiber, the elliptical slot spiral PCF offers enhanced

freedom in engineering nonlinearity, dispersion and birefringence. Nanometer size slot
introduces asymmetry between the two axes and hence large birefringence is obtained.
Due to the slot effect, light intensity gets enhanced leading to large nonlinearity. Our
design consists of a slot core region surrounded by four rings of air holes in a spiral
lattice whereas the design suggested in [15] has three rings of air holes in a spiral lattice.
In our proposed design, air holes are enlarged in an ascending order to increase the
index contrast which in turn improves the confinement whereas all air holes are of same
size in the design considered in [15]. Hence, our proposed design gives us better results
than the previously tried structure. Due to large variation in size of air holes, the pro-
posed fiber structure shows large asymmetricity as compared to the design discussed
in [15]. This large asymmetricity provides large birefringence compared to previous
design. In [16] JIANFEI LIAO et al. have proposed a slotted microfiber without air holes
in cladding which reduces the control over fiber properties like effective area, non-
linearity, birefringence, dispersion and confinement. While our proposed design con-
sists of a slot core region surrounded by air holes which are enlarged in ascending order
to increase the index contrast that results in better confinement. However, the proposed
fiber provides reduced effective area that improves nonlinearity. Different size of air
holes in the cladding region also generates asymmetricity in the fiber, which leads to
high birefringence. Hence, the proposed design has better results than earlier proposed
structures. Our design also displays high negative dispersion, which has been a limiting
factor in the structures proposed earlier.

Due to rapid advancements in fabrication techniques [35–38], it is possible to fab-
ricate silicon photonic crystal fibers with less hassle. Firstly, a silica PCF with an elliptical
shaped air hole in the core of the fiber is fabricated. Then, silica PCF is converted to
silicon microstructured fiber by using a magnesiothermic reduction technique. Finally,
Si-NC layer is deposited in an elliptical air hole by applying the modified chemical
vapour deposition (MCVD) method and then the proposed structure could be fabri-
cated [39]. In the structure, the losses originating from multiple mechanisms can be
classified into three groups – confinement loss, scattering loss and absorption loss.
Scattering loss occurs due to imperfections in fiber surface which can be reduced by
using upgraded fabrication techniques. The confinement loss of the design is low be-
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cause the imaginary part of a quasi-TE mode is on the order of 10–7. Confinement losses
can be further reduced by employing more layers of air holes. It should be noted that
the silicon fiber having losses nearby 5 dB/cm is feasible [40]. On that account, it is
concluded that the proposed design can be used to realize all-optical signal processing.

3. Characterization and optical properties of slot spiral PCF
The finite element method (FEM) is used to determine the modal properties of the slot
PCF structure. FEM has an automatic adaptive mesh refinement that is helpful in ob-
taining results with smaller error. The fiber design is simulated using COMSOL Multi-
physics software. The cross-section of PCF is divided into small discrete elements;
these allow us a better approximation of the PCF structure. Guided fundamental mode
is the symmetric quasi-TE mode which has a high power confinement factor in the slot
structure [41], the modal properties of another guided mode, quasi-TM mode, is also
studied. 

The field distribution of fundamental modes of the fiber at 1.55 μm is shown in Figs. 2a
and 2b with optimum fiber parameters as Pitch(Λ) = 450 nm, a = 32 nm, b = 220 nm,
d1 = 400 nm, d2 = 600 nm, d3 = 800 nm, and d4 = 1000 nm. The effective indexes of
quasi-TM and quasi-TE modes are 2.7252 and 2.4749, respectively. 

From Fig. 2a we can see that power confinement outside the slot region is very low
for quasi-TE mode. The term vertical slot implies that at a vertical interface, electric
field discontinuity takes place, meaning that the design supports quasi-TE polarization
This electric field discontinuity is the main reason for the existence of a strong electric
field inside the slot. When the slot is rotated in a horizontal direction, a quasi-TM mode
will become the polarized mode.

3.1. Birefringence

The region to study the impact of slot geometry parameters on modal birefringence
and the effects of slot width and height on the fiber birefringence is taken to be 1.495
to 1.825 μm. By using the FEM method to solve the Maxwell equation, we can obtain
the optimum value of neff . Once we obtained the value of neff , birefringence B can be

a b

Fig. 2. Field distribution of fundamental modes. Quasi-TE mode (a) and quasi-TM mode (b) at 1.55 μm
wavelength for vertically aligned Si-NC slot.
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obtained by calculating the difference of effective indices of two fundamental modes
as given by the following expression:

(2)

where  and  denote the refractive index of x polarization mode and y polari-
zation mode, respectively. The ellipse-shaped slot significantly breaks the symmetry
of PCF leading to a large variation in effective indices between the two fundamental
modes. Progressively increasing the diameter of circular air holes in the cladding re-
gion not only provides a good mode confinement but it also disturbs the symmetry of
the structure. Due to which very high birefringence is achieved.

In Figure 3a, birefringence increases as a increases. An increase in the slot width a
leads to a higher confinement of light that will result in a large difference between fun-
damental modes. But this characteristic shows different behaviour for b values that
are shown in Fig. 3b. Initially, birefringence values are increasing as the fiber param-
eter b increases for constant a = 32 nm, but after 220 nm the value of birefringence
decreases. Because for small values of a, the maximum field is confined in the slot
region but for higher values of b field enhancement weakens. This results in the re-
duction of effective refractive indices of two fundamental nodes. For optimum values
of design parameters, the value of birefringence is obtained as 0.2503 at 1.55 μm wave-
length.
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Fig. 3. Birefringence vs. wavelength for a vertical aligned slot in the core with variation in semi-minor
axis a for b = 220 nm (a) and semi-major axis b for a = 32 nm (b).
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If the slot is arranged in a horizontal direction, properties of the PCF design are
changed slightly. At the following fiber parameters Λ = 450 nm, a = 32 nm, b = 220 nm,
d1 = 400 nm, d2 = 600 nm, d3 = 800 nm, and d4 = 1000 nm, the electric field intensity
distribution of fundamental modes is shown in Fig. 4. 

The effective indexes of quasi-TM and quasi-TE modes are 2.4926 and 2.7179,
respectively. For a horizontally aligned slot region, we have more flexibility to increase
the dimensions of the slot. In this structure, due to a larger gap between two air holes
along the vertical direction, the semi-major axis b can be varied for long length as com-
pared to previous one.

Figure 5a depicts that as the values of a are increasing, more asymmetry is gener-
ated within the structure that will lead to higher birefringence. Similarly, for increasing

a b

Fig. 4. Electric field intensity distribution of fundamental modes for quasi-TM mode (a) and quasi-TE
mode (b) at 1.55 μm wavelength for a horizontally aligned slot. 
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Fig. 5. Birefringence vs. wavelength for a horizontally aligned slot in the core with variation in semi-minor
axis a for b = 220 nm (a) and semi-major axis b for a = 32 nm (b). 
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values of b, increased birefringence is also obtained as shown in Fig. 5b. For optimum
values of design parameters, the obtained value of birefringence is 0.2253 at 1.55 μm
wavelength. The polarization-holding capability of a birefringent fiber is known as
beat length Lb, which is given by

(3)

where βx and βy denote the propagation constant and Δneff denotes the effective indices
difference of two modes which are orthogonal at wavelength λ; Lb denotes the light
propagation length after which the two fundamental modes are in same polarization
state. If birefringence is high then beat length will be small and have polarization main-
taining capacity. Due to this reason, this design has the property of maintaining the
SOP of the input wave.

3.2. Nonlinear coefficient

Another key property of photonic crystal fibers is nonlinearity. Nonlinear coefficient γ
of proposed PCF can be obtained by using the following numerical equation [42]:

(4)

where n2 denotes nonlinear refractive index of material, λ is wavelength of operation.
Here, the nonlinear refractive indices of Si and Si-NC are 5 × 10–18 m2/W [43] and
0.47 × 10–16 m2/W, respectively [44]. Effective area of PCF (Aeff) is calculated by the
following equation:

(5)

The effective area of PCF depends on the electric field confinement in the core of
the fiber. Small effective mode area results in large nonlinearity which would have
many applications like parametric amplification, supercontinuum generation, soliton
pulse transmission, four wave mixing (FWM) and many nonlinear applications [42].

In Figure 6, the nonlinear coefficient γ of PCF for both fundamental modes is shown
with varying semi-minor axis a and semi-major axis b. It is evident from Fig. 6a that
as we increase the value of a, the value of nonlinear coefficient decreases. The reason
is that as we are increasing a, the effective mode area is increasing and hence the light
confinement ability or confinement factor decreased. In Figure 6b, depicts the effect
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of b on nonlinearity. As we increase b, nonlinearity increases as light becomes more
confined. At 1.55 μm we have found that the nonlinear coefficient γ is 1348 and
638 W–1m–1 for quasi-TM and quasi-TE modes, respectively. In this proposed design,
by varying the parameters, 1890 W–1m–1 is the highest achievable nonlinearity. For
horizontal slot structure, the nonlinear coefficient γ for quasi-TE and quasi-TM modes
are 1290 and 634 W–1m–1, respectively.

3.3. Chromatic dispersion

As dispersion limits the transmission distance and speed, it is necessary to compensate
it for long haul transmission. For this purpose, we need to have a large negative dis-
persion for compensating the broadening of the pulse due to the inherited dispersion.
Having large negative dispersion can also nullify the need of long fibers and help in
reducing the cost. The summation of the material dispersion and the geometric disper-
sion is defined as the total chromatic dispersion. The wavelength dependence of the
fiber material determines the material dispersion, the value of which cannot be changed
after fabrication. On the other hand, the geometrical dispersion can be varied by alter-
ing the parameters of the fiber like pitch and hole size.

The total chromatic dispersion of the PCFs is calculated using given expression [42]: 

(6)

where c is the speed of light in vacuum and λ denotes the operating wavelength.
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A strong light confinement region is created due to the large index contrast region
between Si-NC and silicon. In this structure, dimensions of the slot region are at the
nanometer scale. A small variation in any dimension of the slot region leads to large
variation in total chromatic dispersion. Waveguide dispersion dominates the overall
dispersion. In this particular region, the slot dimensions govern the total dispersion.

Figure 7 depicts the variation effect of semi-minor axis a and semi-major axis b on
the chromatic dispersion of the proposed PCF design. One can notice from Fig. 7 that
as values of a are increasing, dispersion values are decreasing rapidly. Similarly, for
increasing values of b, dispersion values are decreasing sharply. So this large negative
dispersion value makes this PCF design to be a good dispersion compensation element.
At optimum parameters values at 1.55 μm wavelength, large negative dispersion value
–1228 ps/nm/km is achieved. Whereas, in horizontally aligned slot structure for opti-
mum design parameters, the dispersion of –1005 ps/nm/km is obtained at 1.55 μm.

4. Conclusion
By introducing a highly nonlinear elliptical slot in the core region, we are able to achieve
ultrahigh nonlinearity and high birefringence with large negative dispersion. It has
been shown through numerical results that by optimizing the fiber parameters, nonlinear
coefficient of the fundamental mode, birefringence and dispersion at the wavelength of
1.55 μm are found to be equal to 1348 W–1m–1, 0.2503 and –1228 ps/nm/km, respec-
tively. The proposed design can be used for nonlinear signal processing applications.
This high birefringence can also be used in polarization maintaining fiber and many
other applications such as sensing applications.
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