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GaP-filled PCF with ultra-high birefringence and nonlinearity
for distinctive optical applications
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A gallium phosphide (GaP) based photonic crystal fiber (PCF) with hexagonal air hole
arrangements is introduced in this study that reveals high birefringence (Br) and nonlinear
coefficient (NLC). Numerous optical properties, such as birefringence, nonlinearity,
dispersion, confinement loss, effective area, core power fraction, etc. are studied by fine-
tuning the geometrical variables, applying the finite element method (FEM). The
numerical analyses demonstrate that an ultra-high Br of 59.1 x 1072 and NLC of
2.37 x 105 W~tKm~* with a large negative dispersion of —3875.21 ps.nm~*.km™ can
be accomplished at the wavelength of 1.55 um. Consequently, the developed PCF can be
applied in a plethora of intriguing applications, including supercontinuum generation,
telecommunications, etc.
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1. Introduction

A photonic crystal is a low-loss cyclical dielectric medium made up of an adequate cyclic
array of tiny air-holes that travels the length of the fiber. Photonic crystal fibers (PCFs) are a
unique and advance type of optical fibers that are based upon the optical characteristics of
photonic crystals. They were initially introduced by Russell et al. [1-5] and are one of the most
widely used optical fibers today. A new genre of optical waveguides has been established
employing PCFs capable of guiding an electromagnetic field (EMF) through an anisotropic form
of material [6]. It is worth noting that the core and cladding precincts of such advanced fibers are
formed employing a photonic crystal and eventually, light will transmit through the core region
using the notion of total internal reflection (TIF) since the core region has a higher RI than the
cladding region. The traditional optical fibers possess rigid design constraints, such as restricted
core size and material choices [7—9], resulting in light propagation over a small distance. However,
in PCFs, maximal light propagation occurs in the core area, which needs a higher RI than the
cladding area and this is achieved by constructing the clad via micro-structured air holes [10-11].
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Researchers and engineers have been influenced by the design freedom and tremendous
optical characteristics of PCF that are suitable for a wide range of applications, resulting in
improvements to the shortcomings of the traditional fibers. In light of this, a handsome number of
unique designs have been introduced in order to actualize their distinctive qualities in diverse
sectors of optics and photonics. Optical features, including ultra-high birefringence [12-13] and
nonlinearity [14], flexible chromatic dispersion [15], supercontinuum generation [16], indefinite
single-mode operation [17] and so on can be controlled by modifying structural forms and
geometry, giving significantly improved control over the mentioned factors. Furthermore, as
compared to the traditional fibers, PCF offers a wide range of adjustable qualities in core and
cladding regions, as well as in pitch, backdrop material and air hole diameter, etc. These special
traits are only achievable with PCF, although they would be impossible in regular optical fibers.
Among the above-mentioned features, the most important attributes of PCF are ultra-high
birefringence and nonlinearity. High birefringence offers a great number of intriguing uses,
including retaining polarization and fiber optic sensor arrangement [18]. There are several other
prominent aspects of high nonlinearity as well, including optical switching, non-linear optics,
supercontinuum generation, extraordinary power transmission, laser utilization [19], etc.

Nowadays, new articles are being proposed to enhance the optical characteristics of PCF
and the number of such articles is growing. In light of this, Paul et al. stated a Si;N; filled
rectangular PCF that displays a maximum nonlinearity of 48850 W~1Km™1! at 1 ym wavelength
[19]. Besides, Yang et al. stated a silica-based PCF that can achieve maximum birefringence and
nonlinearity up to the order of 1072 and 68 W ~1Km™! respectively at the functioning wavelength
of 1.55 um [20]. In another study, Yu et al. suggested a flattened hexagonal structured PCF with a
maximum birefringence and nonlinearity of 1.59 x 1072 and 52.80 W~1Km™! respectively at
1.55 um wavelength, where silica is used as the backdrop substance [21]. Also, Hossain et al.
reported a chalcogenide glass-based PCF where the circular air holes are arranged in a mere square
lattice form. Their designed PCF can obtain birefringence and nonlinearity as high as 29.78 x
1072 and 6585 W~1Km™1, sequentially [22]. Another group of researchers, Hui et al., submitted
a chalcogenide-based hexagonal lattice PCF with dual-rhombic air holes that can accomplish large
birefringence and nonlinearity of 4.1 x 10~2 and 4375 W~1Km™1, sequentially [23]. Moreover,
Zhangiang et al. came up with a chalcogenide-based PCF, composed of a focal defect core that is
enclosed by two distinct types of elliptical air holes that are each of a different size. Their
investigated structures can attain birefringence and nonlinearity as high as 11.76 x 10~2 and
49760 W~1Km™1, respectively [24]. In another study, Wang et al. reported a tellurite glass-filled
PCF, where the cladding and core air holes are systematized in hexagonal and rectangular
structures, sequentially. Their designed PCF is capable of obtaining maximum birefringence and
nonlinearity of 5.05 x 1072 and 1896 W~1Km™1, sequentially [25]. Consequently, Liu et al.
offered a tellurite glass-based PCF that can achieve large birefringence and nonlinearity of
7.57 x 1072 and 188.39 W~1Km™1 sequentially, at 1.55 um wavelength [26]. Besides, Ahmed et
al. stated a D-shaped PCF where the elliptical core is filled with graphene, as well as silica is
employed as the background material. It is worth noting that both of these materials have different
melting temperatures, making the fabrication process relatively complex and strenuous [27].
Moreover, Anas et al. purposed a GaP-based PCF that manifests high nonlinearity and
birefringence of 9.47 x 10*W~1Km™! and 25.9 x 1072 respectively, at 1.4 pm wavelength
[28]. However, they also used dual-material in their modeled PCF, where both materials consist of
distinctive melting temperatures, making the structure very complicated and it will be quite
challenging to fabricate such a tough design. In another article, Paul et al. introduced a circular-
shaped hybrid PCF that displays a high nonlinearity of 63435.74W~'Km™! at 1.00 um
wavelength [29]. The authors did not discuss various important optical properties, such as
birefringence, confinement loss and so on in their manuscript. They also employed two different
materials with two distinctive melting temperatures, which is another major setback of their
research study. Hassan et al. reported a D-shaped PCF, where they employed silica as the
background material and the core of the design is filled with As,S; and As,Sc. Their modeled PCF
obtain birefringence and nonlinearity as high as 25.4 x 1072and 9.114 x 10*W~1Km™1,
sequentially [30]. They also applied dual material in a sole PCF where both the materials are of
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separate melting temperatures. Moreover, due to their D-shaped structure, the polishing technique
will be required even if they manage to fabricate such a complex structure, which is quite
challenging in practice.

Consequently, Ahmed et al. offered a BK7 and ZBLAN filled PCF, where various optical
guiding traits are investigated between the wavelength range of 1.2 to 2um [31]. The
aforementioned literature shows that a decent number of background materials have been utilized
to adjust the guiding characteristics of PCF, including silica [20-21, 32-35], ZBLAN [31],
chalcogenide [23-24], tellurite [38, 56], graphene [31], GaP [44], As,S; [36-37], Si; N5 [19],
GaAs [39-41], TOPAS [54-55] and so on. Silica is the most often utilized background material
among the materials listed above. Nevertheless, it can only achieve low Br and minimal NLC
when used in this regard. As a result, taking the major setbacks of silica into account, various
additional substances are regularly employed in order to acquire greater Br and higher NLC
outcomes. GaP is the second most popular background material due to the numerous unique and
remarkable qualities it possesses. The high refractive index (RI) trait of GaP plays a notable role in
obtaining exceptionally high birefringence and nonlinearity. Furthermore, it should be noted that
GaP has recently gained immense popularity as a non-linear optical frequency mixing substance
for quasi-phase-matching (QPM) approaches, thanks to a decent number of appealing and
distinctive features, namely broad transparency continuing to the spectrum of visible wavelength,
extremely huge thermal conductivity, as well as it exhibits relatively minimal linear and nonlinear
absorption at a wide range of wavelength spectra [42]. As a result, GaP is considered the most
appropriate choice for applications requiring high Br and NLC properties.

We propose a novel GaP-based PCF with hexagonal air hole arrangements in the clad that
yields remarkably ultra-high Br and NLC of 59.1x 1072 and 2.37 x 105> W~1Km™!
sequentially, at the operating wavelength of 1.55 um. Our simulated and obtained outcomes, to the
best of our knowledge, are far superior to all the formerly reported investigations in this specified
research field. GaP is used as the background material in this research study due to the many
advantages it possesses over other existing materials. For instance, the high RI feature of GaP is
very influential in reaching particularly ultra-high birefringence and nonlinearity. Moreover, we
have rigorously addressed and explored the diverse relevant distinguished optical properties of
GaP-filled PCF, among which, birefringence, nonlinearity, core power fraction (CPF),
confinement loss (CL), effective area, dispersion, etc. are note-worthy. Furthermore, we have
discussed numerous conventional and advanced fabrication techniques in our research paper.
Conclusively, our modeled PCF design can play a critical role in numerous fields of optics and
photonics, namely supercontinuum generation, telecommunications, biomedical imaging and
signal processing, extremely high nonlinear utilization, etc.

Air hole

GaP

—
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Fig. 1. Schematic diagram of the modeled GaP-based hexagonal-timbered PCF.
2. Modelling

The FEM-based COMSOL software is applied to perform an out-and-out investigation on
the guiding features of our propounded PCF adopting the circular perfectly matched layer (PML)
condition. Our proposed design is of hexagonal structure, where 5 rings are used and 6 air holes
are deliberately omitted from the fifth ring, as illustrated in Fig. 1. The space between two
neighboring air holes is designated as the pitch (A) in our design and the value of A is calculated to
be 0.2 um. Besides, a few air holes are omitted from the first and second rings of the core design
and placed in half ellipses on either side of the X-axis, whose major and minor semi-axes are
sequentially supposed to be m and n, where m =1.95 XA and n = 0.65 X A, as well as the
diameter of the circular fashioned air holes, d = 0.9 X A. It is worth addressing that the pitch is
the only self-reliant variable in our design on which the other parameters, such as d, m, n, etc. are
entirely dependent. Moreover, we have employed GaP as the background material in our design
owing to the high RI quality of it, which assists in gaining extremely high Br and NLC.
Furthermore, it should be stated that we have taken a 10% thickness of PML of the total PCF.

3. Equational analyses

Analyses of the RI of GaP at room temperature have been detailed in Ref. [43], as well as
required measurements have been carried out across a broad wavelength spectrum covering the
visible to microwave wavelength range. A Sellmeier expression consisting of several poles for
GaP has been displayed employing the frequency-dependent formula for the dielectric constant, as
derived in Ref. [43]. The expression is as follows [44]:

PA? P,? Py?
nh) = [1+= +— +— (1)
AM=Q A —Q A —0Q;

where P;, P,, P; and Qq, Q,, Q5 are sellmeier constants whose values are obtained from [44].
Birefringence (Br) is defined as the contrast of effective RI between the two polarized modes (X
and Y), which can be computed as follows [41]:

Br = |n, — ny| 2)

Effective mode area is an important parameter for optical fibers. It is defined as the
proportion of overall energy density per unit length of a mode to its peak energy density and it is
indicated as A.sf. It is worth noting that when it comes to nonlinear effects, the smaller modal
effective area is the most appropriate, while laser and communication devices benefit from a
greater modal effective area. It can be computed from the subsequent expression [45]:

_ (Jf E?dxdy)’

A _ = I
F 7 [ E*dxdy

(3)

where E represents the electric field of various modes. Nonlinearity is another leading aspect that
needs to be assessed. The high density of power required for non-linear effects to be meaningful is
provided by a minimal effective area. Nonlinearity is normally only seen at very high light
intensities, which is unusual. However, PCFs are projected to have significant nonlinearity since
they can restrict high-intensity light. It can be estimated from the subsequent equation [46, 53]:

2 n,

y =X

W1Km™? 4)
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Here, n, expresses the non-linear Rl of GaP and its value is obtained from Ref. [47].
Another crucial feature of PCFs is dispersion, which is represented by the symbol D(A4).
Dispersion is essential in data transmission since it allows faster data transfer. Using the FEM
technique, it is feasible to assess the optimum RI from the maxwell equation, as illustrated below
[48]:

A dzRe[neff]

D) = —oX e ps.nm~1. km™! 5)

Here, Re(nss), A and c indicate the real portion of RI, operating wavelength and light
velocity in a vacuum, sequentially. Power fraction is another leading trait of optical fibers that can
be computed from the subsequent expression [38]:

n
, _ i Yz
Core power fraction = —;

=L x100% (6)
ftotal SZdA

Here, ‘i’ denotes the core and cladding region, whereas S, expresses the time-averaged
Poynting vector. Confinement losses, symbolized as CL, are the types of losses that are largely
caused by the leaky character of the modes. These types of losses can be assessed through the
imaginary portion of the propagation constant, as illustrated in [49, 56]:

CL = 8.868 X ko X Ip[ness] x 10* [dB/cm] (7

(@) (b)

Fig. 2. Mode field distribution of (a) major and (b) minor fundamental modes at the wavelength
of 1.55 um.

4. Simulated results explorations
A special remark should be made of the fact that Figs. 2(a) and 2(b) represent the

polarization of major and minor fundamental modes, respectively, which are comprehensively
explored by COMSOL software.
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Fig. 3. Birefringence of the modeled PCF concerning the wavelength when the pitch is varied
for £2% of optimum.

Fig. 3 shows the birefringence response with respect to the wavelength. It is apparent from
Fig. 3 that the minimum Br is observed at the wavelength of 1.2 um and the wavelength increases
with the increment of Br. It is worth noting that the maximum birefringence is observed at the
wavelength of 1.55 ym. As the wavelength increases, the light asymmetry in the core also
increases, resulting in a difference between the major and minor axes confinements and
consequently, Br increases as well. Further, it is obvious from Fig. 3 that the optimum value of Br
slightly increases from 0.58563 to 0.59072 due to a —2% optimum variation in pitch, whereas the
optimum Br insignificantly reduces to 0.579202 when an optimum pitch variation of +2% is
performed at the operating wavelength of 1.55 um.

Thus, it can be stated from Fig. 3 that not much change is noticeable here as a result of the
variation. It is worth mentioning that the ultra-high Br traits are useful in a wide range of
applications. It aids in the reduction of the PMD effect, as well as in the prolonged distance
communication systems [38, 56], for example. Accordingly, we can conclude that our modeled
PCF is capable of playing a critical part in obtaining ultra-high Br.
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Fig. 4. The response of effective area vs wavelength when the pitch is varied for £2%
of its optimum value.
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Fig. 4 presents the behavior of the effective area concerning the wavelength. The
wavelength increases with the increment of the effective area, as illustrated in Fig. 4. Increasing
the wavelength increases the tendency of the light to move out of the core, which results in the
increment of the area light confinement. It is evident from Fig. 4 that +2% pitch variation results
in a very negligible change in our obtained result and for this reason, we hope that our proposed
design will perform significantly well even if fabricated.

=0=-2% of optimum A
-optimum A
+2% of optimum A |

Il<n'!'l]
bt
o
P
’

25

Nonlinear Coefficient [W~

1.2 1.25 13 1.35 14 145 1.5 1.55 1.6 1.65 17
Wavelength, A(;im)

Fig. 5. Nonlinearity vs wavelength when the pitch is varied for 2% of its optimum value.

Fig. 5 displays the nonlinear characteristics concerning the wavelength. The effective area
is inversely proportional to the nonlinearity of the system under consideration, as expressed in
equation 4. Besides, the effective area expands as the wavelength increases due to the fact
nonlinearity and effective area are inversely related and therefore, the nonlinearity diminishes as
the wavelength increases, as demonstrated in Fig. 5. So, taking the curves of Figs. 4 and 5 into
consideration, it can be stated the designed PCF performs well theoretically. It is further seen in
Fig. 5 that the maximum nonlinearity of 3.49 x 10° W~'Km™! is obtained at 1.20 um
wavelength, while the minimum nonlinearity of 2.012 x 10° W~1Km™! is reached at the
wavelength of 1.70 wm. It is worth noting that a nonlinearity of 2.37 x 10° W~1Km™?! is also
noticed at the operating wavelength of 1.55 um. Moreover, at 1.55 um wavelength, the
nonlinearity slightly increases to 2.438 x 105 W~1Km™! as a result of —2% pitch variation; on
the contrary, the nonlinearity lightly lessens to 2.3056 x 10> W~1Km™! when the pitch is set at
+2% of its optimum value. From this, we can say that our obtained optimum results do not change
much as a result of +2% variation, which is a great advantageous side of our modeled PCF. In
addition to the numerous other utilizations that high nonlinear fibers are capable of serving,
supercontinuum generation is among the most essential ones. For fibers with a high degree of
nonlinearity, it is feasible to generate large supercontinuum spectra in a relatively small length of

fiber [19, 41]. As a result, our designed PCF will be suitable for a wide range of ultra-high
nonlinearity purposes.
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Fig. 6. Dispersion response vs wavelength when the pitch is varied for £2% of its optimum value.

The dispersion response in terms of wavelength is seen in Fig. 6. The solely independent
variable in the modeled design is A, all other factors, such as d, m, n and so on, are completely
reliant upon it. It is evident from Fig. 6 that the designed PCF always shows negative dispersion
between the wavelength ranges of 1.2 to 1.7 um. The maximum negative dispersion of
—6737.86 ps.nm~ 1. km™? is observed at 1.2 pm wavelength. It is further seen in Fig. 6 that the
dispersion curve gradually becomes flattened after the operating wavelength of 1.55 um and at this
wavelength range, a negative dispersion —3875.21 ps.nm ™. km™1 is observed.
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Fig. 7. Power fraction behavior vs wavelength when the pitch is varied for £2% of its optimum value.

Fig. 7 illustrates the response curve of core power fraction (CPR) with respect to the
wavelength. It is apparent from Fig. 7 that as the wavelength increases, the tendency of the light to
spread outward from the core increases, resulting in a decrease in CPR. It is worth noting that 86%
of the total light confine through the core at 1.2 um wavelength. However, when the wavelength
increases to 1.55 pum, the CPR of the system decreases to 74.28%.

Confinement loss is another leading feature of a PCF. Fig. 8 demonstrates the confinement
loss behavior concerning the wavelength. It is obvious from Fig. 8 that increasing the wavelength
increases the tendency of the light to move out of the core and as a result, the confinement loss
also increases. Here, an optimum pitch variation of +£2% is shown and it is perceived that not
much change has been noticed in the result as a result of the variation, which implies that our
designed PCF will perform just fine even if fabricated.
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Fig. 8. Confinement loss vs wavelength when the pitch is varied for 2% of its optimum value.

Table 1. A tabular representation of comparison between our modeled PCF design with other
previously published works in the relevant field.

Reference Birefringence Nonlinearity Dispersion Material Wavelength
W~tkm™1 (um)
[19] - 48,850 - Si;Nj3, Silica 1
[25] 5.05 X 1072 1,896 -500 Tellurite 1.55
[26] 7.57 x 1072 188.39 - Tellurite 1.55
[28] 259 x 1072 94,700 - GaP, Silica 1.40
[29] - 63,435 - GaP, Silica 1
[30] 25.4 x 1072 91,100 —2560.12 As2S3, Silica -
Proposed 59.1 X 1072 237,098 -3875.21 GaP 1.55

From the above table, we can see that the obtained results of our proposed PCF design,
such as birefringence, nonlinearity, negative dispersion, etc. are multiple times higher than all
other previously reported articles. Nowadays, many researchers are depending on multiple
materials to achieve higher optical results. Nevertheless, using two materials simultaneously is
troublesome since their melting temperatures will not match, which will make the fabrication
process relatively strenuous. However, it is mention-worthy that we have obtained such extremely
remarkable outcomes employing a single material (GaP) only so that the fabrication process of our
modeled PCF will be comparatively feasible.

5. Fabrication feasibility

One of the most relevant challenges with PCFs lies in fabrication feasibility. Based on our
suggested PCF, we can observe in Fig. 1 that it is composed of hexagonally shaped air holes. For
this reason, it is fundamental to have fabrication processes that can create a structure with
hexagonal geometry to manufacture the PCF that has been presented. Keeping that in mind, there
exist a variety of conventional as well as advanced fabrication processes today, including drilling,
extrusion and 3D printing, capillary stacking, sol-gel, stack-and-draw, etc. that possess the ability
to fabricate a PCF. [52] Among the mentioned fabrication techniques, the stack-and-draw is
considered a very popular one. However, such approaches are confined to geometries with the
tightest packing like honeycomb or triangular lattices, as well as are not capable of readily
constructing circular patterns, as is the case with other methods. Besides, the drilling procedures
allow for hole size and spacing adjustments. Nevertheless, they are also most frequently confined



138

to a modest number of air holes and circular forms. Moreover, the extrusion approaches allow for
more design flexibility, although they are ordinarily restrained to soft glasses. A capillary stacking
approach was suggested by Argyros et al. [50]. It is possible to efficiently fabricate the suggested
PCF employing this approach. Nevertheless, there is a chance that the missing air holes might
cause undesired tension during the manufacturing process. So, taking this stress issue caused by a
lack of air holes into consideration, we must look for an alternate solution. Conclusively, the sol-
gel method was advanced by Bise et al. [51] to create PCFs having any structure, as well as the
size and shape of the air holes and the required spacing can all be modified separately.
Accordingly, this technique may give necessary extra design freedom for the proposed PCF.
Consequently, the stated PCF can be fabricated thanks to the up-to-date advancements in existent
fabrication processes.

6. Conclusion

We come up with a unique GaP-based PCF with hexagonal air hole arrangements in this
research article that exhibits an ultra-high Br and NLC of 59.1x 10~ 2and
2.37 x 10> W~1Km™? sequentially, at the wavelength of 1.55 um. Besides, we have precisely
adjusted geometric parameters of the GaP-filled PCF by employing the FEM-based COMSOL
software. Moreover, we have rigorously assessed several other critical guiding properties
concerning the optical wavelength, among which, CL, CPF, effective area, dispersion, etc. are
mention-worthy. Conclusively, we believe that our advanced PCF will be an excellent candidate in
the diverse fields of optics and photonics, namely supercontinuum generation,
telecommunications, biomedical imaging and signal processing, exceptionally high nonlinear
utilization and so on.
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