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Abstract: Recently, photonic crystals have paved the way to control photonic signals. Therefore, this
research numerically investigated the design of the optical switch using the guided-mode resonances
in photonic crystals operating in a communication window around 1.55 um. The design of the
device is based on a dielectric slab waveguide to make it compatible with optical waveguides in
photonic circuits. Moreover, two signals are used and are termed as the data signal and control signal.
The data signal is coupled into the optical waveguide using an out-of-the-plane vertical coupling
mechanism, whereas the control signal is index-guided into the optical waveguide to amplify the
data signal. The switching parameters of the optical switch are adjusted by changing the number of
the photonic crystal periods and implementing a varying radius PhC-cavity within the middle of
the PhC-lattice, where the optical characteristics in terms of resonant wavelength, reflection peaks,
linewidth, and quality factor of the data signal can be adjusted. The numerical simulations are
carried out in open-source finite difference time domain-based software. Congruently, 7% optical
amplification is achieved in the data signal with a wavelength shift of 0.011 um and a quality factor
of 12.64. The amplification of the data signal can be utilized to implement an optical switching
mechanism. The device is easy to implement and has great potential to be used in programmable
photonics and optical integrated circuits.

Keywords: optical switch; optical switching circuits; photonic crystals; finite difference time domain;
guided mode resonances; MIT Electromagnetic Equation Propagation

1. Introduction

Electronic technology has reached its climax at the current time and the utmost efforts
are being made to further increase its performance in terms of operating speed, power
efficiency and the reduction in heating effects. For this purpose, different mechanisms
are used, such as increasing the number of transistors, reducing the die size, grouping
different semiconductor materials and improving the interconnections. However, on-
chip heat production and the loss of information during long-haul communication is still
a persistent problem [1]. Therefore, the introduction of an alternate technology is the
need of the hour to address the rising issues of the already developed silicon technology.
Considering the above-mentioned issues, a good alternative can be optical technology,
which is still in its infancy stage [2]. Other than long-haul communication, the research
in optical technology has undergone a boost in the past decade, especially relating to
the design of the optical components i.e., switches, logic gates, modulators, decoders,
and other essential components used in the design of the optical integrated circuits [3].
Additionally, different phenomena from the optical fields are brought together for the
designing purposes of these components in the form of optical interference [4], Guided-
mode resonances (GMR) (also known as the Fano-resonances) [5], Kerr effect [6], and many
more. Similarly, diverse time domain mathematical approaches, i.e., Finite Difference
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Time Domain (FDTD) [7], Coupling method [8], Finite Integral Time Domain (FITD) [9],
Plane Wave Expansion (PWE) [10], along with frequency domain methods such as the
Finite Elements Method (FEM) [11], Method of Moments [12], Transfer Matric Method
(TMM) [13] and Fast Multi-pole Method (FMM) [14], are being used to design these
components. Mainly dielectrics and semiconductors have been utilized for the design of
optical components, which in turn can be modified into different forms to achieve various
functionalities, such as optical waveguides [15], directional couplers [16] and Photonic
Crystals (PhCs) [17]. By definition, PhCs are dielectric material-based nanostructures that
are capable of controlling light at the wavelength scale. PhCs exist in nature on the bodies
of insects and feathers of a different species of birds [18] and can be designed and fabricated
artificially to design different optical events and components [19]. Considering the optical
integrated circuits, the optical switching phenomena is of utmost interest to replicate the
function of electronic switching components, i.e., the transistor. Several investigations are
reported to implement optical switching mechanisms involving diverse combinations of the
optical waveguides [20], PhCs-based ring resonators [21], cross-waveguide geometry [22],
optical pumping [23], quantum dots [24], Opto-electro hybrid devices [25], thermo-optic
interferometric configurations [26] and combination of active-transparent materials [27].
However, these devices are complex to implement and fabricate in large quantities, such as
in the fields of biomedical sensors, communication systems and optical integrated devices.

Moreover, there are numerous approaches designed to perform the phenomenon
of optical switching efficiently, as imitated in ref. [22], using a 2-Dimensional (2D) cross-
waveguide PhCs-based structure and a control signal to amplify or de-amplify a given data
signal using the concepts of couple-mode theory and FDTD. The usage of the PhCs on the
layers of the porous silicon (5i) to shift the photonic band gap edge [28] and its realization for
optical switching by removing a diagonal of the PhCs from its lattice, is studied in ref. [29],
along with the formation of a cross-waveguide-like structure. Thus, by putting a single
rod within the intersection of these diagonals, the optical switching action is implemented.
An approach of using the guiding layer and the GMR phenomena combined with optical
switching is realized in ref. [30], a structure comprising of the PhCs-based cavities using
the data signal and a pump signal of different intensities, which is investigated in ref. [31]
using the PhCs-based couplers and directional couplers in refs. [32,33]; utilizing granular
sub-base (GSB) materials to enhance the optical properties is imitated in ref. [34] and
through ultra-broadband Mach-Zehnder in ref. [35] for a similar purpose. A 2D PhCs-
based frustrated total internal reflection-based optical-switching is reported in ref. [36],
with qualities of the metasurfaces along the plasmon-induced Enhancement of Index of
Refraction (EIR) in ref. [37] to control the amplitude of the incident signals with the help
of coherent absorption [38] for all-optical switching action. The nanowires of group III-V
with the implementation of the PhCs-based cavity are considered in ref. [39] and designing
parameters for the switching gain in ref. [40], bringing in the concepts of the active and
transparent materials together. The short-length optical fiber is investigated in [41] to
achieve the phenomenon, using its multi-mode properties in the presence of the soliton [42]
and a weak pulse using a polarizer with 45° tilted fiber gratings [43]. A single optical
emitter is studied in [44], where a weak source signal is amplified or de-amplified by using
a second gate source, which is responsible for the rate of the propulsion in the optical
emitter according to its varying intensities, performing the electro-optical integration [45]
and the optical buffering to reduce the delays in the long-haul communication systems [46].
Additionally, a novel design of the optical switch based on GMR is investigated in ref. [47],
inducing a 2D PhCs-based cavity at the start of the optical membrane in dielectric structures,
to amplify or de-amplify the given data signal with the help of a control signal using the
FDTD approach [48]. Correspondingly, the field of PhC-based logic gates have seen a peak
in recent time, where vast research is dedicated to the design of optical modulators [49],
couplers [50], multiplexers [51], and logic gates i.e., NOT [52], OR [53], AND [54] and
universal logic gates i.e., NOR [55], NAND [56], XOR [57], XNOR [58] and their usage in
the optical integrated circuits. However, no such investigation is performed, using a dual
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source to implement the all-optical switching action in the 2D PhC structures using the
phenomena of GMR with a PhC-cavity in the middle of the PhC-lattice. However, the study
in ref. [48] has a close resemblance with the ongoing research, which is compared in the
discussion section of the research.

Therefore, this research numerically investigates all-optical switching in the near-
infrared region (NIR) for communication systems using low-index contrast dielectric
materials. The structure is implemented in the 2D FDTD domain using the phenomenon
of interference between GMR modes and index-guided modes inside the slab waveguide.
The phenomenon of GMR works by a phase-matching mechanism between the free-space
modes in the incident light and the guided modes inside the structure to cause the res-
onances. The data signal is coupled into the PhC slab waveguide structure using the
out-of-plane incidence and it is amplified or de-amplified using an index-guiding source
termed the control signal. Additionally, a PhC-cavity is implemented within the middle of
the PhC-lattice, which helps to tune the GMR modes and optimize the mechanism of the
optical switching by varying its radius ().

The conceptual diagram of the proposed optical switch design is shown in Figure 1a,
presenting an innovative, compact, cost-effective, and easy-to-fabricate device. The device
shows good suitability to be used in broad-spectral ranges due to the low absorption of
dielectric materials and a stable solid layer design. In contrast to this, semiconductor
material-based optical devices [59-62] have their limitations, such as high material cost and
higher absorption in most of the spectral ranges, making them difficult to use and fabricate
in densely populated optical integrated circuits. The proposed use of the presented optical
switching device in a photonic logic circuit is shown in Figure 1b, requiring rigorous
switching and amplification actions. They also find applications in data communication,
fiber-optics networks, quantum computing, industrial networks, optical sensors, filters,
and medical and measurement technologies.
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Figure 1. (a) Design of the proposed optical switching device. (b) Implementation of the proposed
optical switching mechanism in photonic logic circuits.

2. Simulation Approach

The design of the optical switch is investigated in 2D simulation using an open-source
software platform known as the MIT Electromagnetic Equation Propagation (MEEP) [63],
based on the FDTD technique [64]. At the start of the simulation, the structure is converted
into a finite arrangement of grids, also known as the YEE grid [65]. The electromagnetic
field propagation is calculated via Maxwell’s equations-based algorithm. Moreover, FDTD
allows solving a broad range of frequencies using a short Gaussian pulse providing both
near-field and far-field results requiring less computational resources and time as compared
with the frequency domain [66,67].

3. Designing Parameters

To enable the operation of the device in the NIR communication window around
1.55 um, the lattice constant of the device was chosen to be (z = 1 um) and to make the
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design scalable to different wavelength ranges, other designing parameters are mentioned
in the form of the lattice constant. The optimized values of the structural parameters along
with their symbols are given in Table 1, where the depth (d) of the PhC-elements and
PhC-cavity is kept constant at 1.8 a.

Table 1. List of the design parameters used in the proposed optical switching device.

Parameters Symbol Value
Lattice constant a 1 um
Radius of PhC-elements r 0.207a
Radius of PhC-cavity re 0.060a—0.350a
Wavelength - Varying
Resonant wavelength - 1.55 um
Refractive index of the substrate ng 1.5
Refractive index of the waveguide Ny 2.2
Thickness of waveguide Wy 0.44a
Thickness of cladding - 0.68a
Thickness of PML PML 3.0a
Padding on either side Padding 4.0a
Field decay monitoring point value - 1e73

The design of the proposed device is depicted in Figure 2, where the material of the
optical waveguide is based on Niobium pentaoxide (NbyOs), having a refractive index
of ny = 2.2, and it is deposited on a substrate based on Silicon dioxide (S5iO;), with a
refractive index of n; = 1.5 and a S5iO,.based cladding layer on top of the waveguide. The
materials and the refractive index values are taken as references from the experimental
works presented in [5,19,48].
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Figure 2. Numerical design of the optical switch showing the details of the structural and simula-
tion parameters.

A Gaussian time profile source is used for the data signal placed at a distance of 2.7a
from the waveguide. While a similar profile source acting as the control signal is coupled
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into the waveguide from the lateral side of the device, using a user-defined number of
frequencies (n f) for both sources i.e., ny = 550, during the calculation. Similarly, the

flux-monitoring layers, i.e., the reflection and transmission monitoring layers are placed
at a distance of 0.8a above and below the waveguide. The field decay monitoring point is
kept with a user-defined position of 1.2a to terminate the process and conclude it using the
Perfectly Matched Layers (PML) at the boundaries of the structure to absorb the unwanted
EM radiations both in x and z directions [67] to save time and computational resources. The
PhC-elements used in the structure are selected to be cylindrical-in-shape. However, as the
2D-FDTD domain is used during this study, these PhC-elements appear to be rectangular in
a cross-sectional view. Moreover, for good-quality simulation results, the grid size should
be smaller than the smallest wavelength in the EM spectrums of both sources. Therefore,
this work uses a resolution of 20 for all of the simulations with a smoothing factor of 0.05,
which is lesser than the 55 equaling a grid size of 0.052, ensuring the precision of the results.

4. Results

Different structural parameters were investigated to reach the optimized spectral
results for transmission and reflection response of the device and tune them around a
resonant wavelength, i.e., 1.55 um. The investigated structural parameters include the
thickness of the waveguide (w,), the cladding layer, the radius (r) and depth (d) of the
PhC-elements, and the radius of the PhC-cavity (r.). Moreover, the spectral response is
investigated for a range of values for r, from 0.060a — 0.350a. Similarly, the properties
of the data signal and control signal are also optimized in terms of resonant wavelength,
bandwidth, size, and position.

Initially, the investigation is carried out using just the data signal to get the optimum
structural parameters. The spectral parameters such as reflection, linewidth, quality factor,
finesse, and FSR obtained for 9 to 15 PhC-periods (N) are listed in Table 2 and detailed
investigations regarding data signal can be found in previous work of the group [48].

Table 2. Details of the resonance characteristics for data signal for the different number of PhC elements.

Single Source (Data Signal)

Number of
PhCs-Periods Reflectance % Finesse Linewidth (um) FSR (um) Quality Factor
09 PhC-elements 60 6.08 0.073 0.444 7.6
11 PhC-elements 70 8.763 0.07 0.613 10.43
13 PhC-elements 71 9.129 0.066 0.603 11.66
15 PhC-elements 79 13.298 0.061 0.811 12.57

It can be seen from the data trends that when the N is increased, the coupling of
energy into the periodic structure is increased and the reflection peaks rise with an overall
increase in the value of the Finesse (F) and the quality factor. Furthermore, a decrease in the
linewidth of the resonant modes occurs, which improves the optical filtering characteristics
and selectivity of the structures. Thus, it is preferable to have a high value of N, in the
case of the single source, i.e., the data signal. However, having a higher value of N, while
using both sources simultaneously (data signal and control signal), reduces the influence
of the control signal on the output of the data signal. This is due to the fact that a higher
value of N improves the optical filtering characteristics of the structure and increases its
energy confinement properties. Moreover, this value of N acts analogous to the depletion
region of the electronic transistor, i.e., when the depletion is large enough, it acts as an
open switch, applying a base signal; the depletion region narrow-downs and the transistor
acts as a closed switch, and, as a result, the value of N is limited to 15 in this research to
overcome its adverse effects. Therefore, the unity factor cannot be achieved in the output
of the structures, as the propagation losses of the control signal due to gratings remains a
common problem and are added to the absorption losses of the materials.
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4.1. Effects of Variation in the Radius of the PhC-Cavity Using the Data Signal

To investigate the effects of variation in the r, located in the middle of the PhC-lattice
on the quality of the data signal, the values of N is varied from N =9, 11, 13,and 15.
While 7, is varied from 0.060a — 0.03504, in all the arrangements for which the reflection
spectra are shown in Figure 3.
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Figure 3. Reflection spectra of the structures based on the number of the PhC-elements with a
varying radius of PhC-cavity. (a) 9 PhC-elements. (b) 11 PhC-elements. (c) 13 PhC-elements.
(d) 15 PhC-elements.

Varying the r. from 0.060a — 0.350a shifts the resonant wavelength from a longer
wavelength towards a shorter wavelength and vice versa using the data source. Similarly,
besides shifting, the reflection peaks tend to increase from 7. = 0.06a — 0.250a and decreases
onwards from 7, = 0.250a — 0.350a. This is attributed to a drop in the fill factor resulting in
a decrease in the effective refractive index of the waveguide and the coupling of the energy
as a whole. Therefore, the quality of the reflection spectra is maximum when r, = 0.250a in
arrangements comprising of the N = 9 and 11 PhC-elements. Similarly, in arrangements
comprising of N = 13 and 15 PhC-elements, the quality of the spectra is maximum, when
rc equals to the r of the PhC-elements, i.e., ¥ = 0.207a. Figure 3a depicts the structure where
N = 9 PhC-elements with reduced reflection peaks and coupling of energy. Figure 3b
imitates structure with N = 11 PhC-elements, representing an increase in the reflection
spectra, the coupling of energy and well-defined GMR modes with a decrease in the second-
order modes at a longer wavelength. Figure 3c displays a structure comprising of N = 13
PhC-elements, with an overall increase in the peaks of the reflection spectra. Figure 3d
shows the arrangement of an N = 15 PhC-elements-based structure, where the reflection
peaks are nearer to the unity factor and the guided modes are well-defined. Moreover, in
arrangements where N = 9 and 11, some non-Fano shapes appear at smaller values of the
rc ie., 0.060a, 0.100a, and 0.150a of the PhC-cavity, which is due to a change in the effective
refractive index and reduction in the coupling of energy into the optical waveguide, thus
changing the shape of asymmetric Fano modes to more symmetric Lorentz modes [5].
Therefore, the implementation of the PhC-cavity in the middle of the PhC-lattice and
variation in its r., produces profound effects on the output and the resonant wavelength of
the structures beneficial in the design of numeral optical devices and integrated circuits.
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4.2. Effects of Variation in the Number of PhC-Elements and Radius of PhC-Cavity for Data Signal

Here, we observe the variation in spectral properties of the device for . in the struc-
tures comprising of N = 9, 11, 13, and 15 PhC-elements using the data source as shown in
Figure 4. Therefore, Figure 4a presents the change in resonant wavelength and reflection
peaks, as the value of the N is increased, the peaks of the reflection spectra increase show-
ing an increase in the coupling of energy and well-defined GMR modes into the optical
structure and decreases with an increase in the values of . of the PhC-cavity, presenting
overall loss of energy and GMR modes. Figure 4b imitates the change in the linewidth
against the variation in the . of the PhC-cavity, reflecting the highest value of the linewidth
in the structure comprising of N = 9 PhC-element showing lower filtering characteristics
and coupling of the GMR modes. Similarly, the lowest value of the linewidth is achieved
in N = 15 PhC-elements-based arrangement. Congruently, at a value of r. = 0.250a, the
linewidth remains almost similar in all of the structures. Onwards from r. = 0.250a, the
value of the linewidth remains higher in structures comprising a higher value of N in the
following sequence, i.e., 15, 13, 11, and 9 PhC-elements. Moreover, a non-homogenous
behavior is investigated in linewidth of the structures, which is due to a change in the effec-
tive refractive index of the optical structure due to the implementation of the PhC-cavity
and the changing value of the N in the PhC-elements. Figure 4c investigates the change
in reflection peaks against the r. of the PhC-cavity in all of the four PhC-elements-based
structures. Thus, it replicates a drop in the reflection peaks with a reduced coupling of
energy as the value of the . increases, i.e., 7. = 0.060a — 0.350a. This is because as the value
of the r, increases, there is a drop in the fill factor, which in turn results in a drop in the
effective refractive index of the waveguide. Additionally, the values of the reflection peaks
are almost similar at higher values of r. i.e., 0.3002 and 0.350a. Figure 4d displays the EM
radiations in the structures containing a PhC-cavity of . = 0.060a and 0.0350a based on
N = 11 PhC-elements, showing resonant cavity modes.
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Figure 4. Spectral analysis of the PhC-elements-based structures and EM field distribution based on
the number of the PhC-elements (a) Reflection vs wavelength (b) Linewidth vs radius of PhC-cavity
(c) Reflection vs radius of PhC-cavity (d) EM field distribution.
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4.3. Quality Factor Analysis for Variation in the Number of PhC-Elements and Radius of
PhC-Cavity for Data Signal

The quality factor is an important aspect of the investigation, which will determine
the appropriate structure to achieve a higher value of optical filtering and selectivity based
on the value of N and r, of the PhC-cavity. The detailed analysis is presented in Figure 5.
Therefore, the quality factor retains a higher value in the arrangement comprising of N = 15
PhC-elements, which is due to the high coupling of energy and enhanced localized-GMR
modes and a lower value in an arrangement containing N = 9 PhC-elements due to a
decrease in the fill factor and effective refractive index of the optical structure. Moreover,
the quality factor increases as the r. of the PhC-cavity is increased from 0.06a — 0.207a
and decreases onwards from 0.207a — 0.3504. Similarly, the r. of the PhC-cavity with the
lowest value of quality factor is achieved in r. = 0.06a, and highest in 7. = 0.207a in
structures comprising of N = 11, 13, and 15 PhC-elements and in 7. = 0.150a in N = 9
PhC-elements-based structure.

N
N

Quality factor

N
o

oo

9-09 PhCs
11 PhCs

13 PhCs
915 PhCs

| |

0.1 0.15 0.2 025 03 0.35

Radius of cavity (um)

Figure 5. Analysis of quality factor vs change in radius of the PhC-cavity based on the number of
PhC-elements.

4.4. Investigation of Optical Switching Action in Different PhC-Elements-Based Structures Using
Both Signals (Data and Control)

To investigate the phenomena of optical switching, the control signal is implemented
along with the data signal. Moreover, to determine the designing parameters in such
a way, that the control signal helps to perform the phenomena of the interference and
produce an ambient amount of optical amplification. Therefore, Figure 6 visualizes the
output reflection spectra of the structures comprising N = 9, 11, 13, and 15 PhC-elements,
respectively. The output spectra of the data signal are denoted by a (solid) line, while the
(dotted) line depicts the spectra when both the data signal and the control signal are turned
on simultaneously.
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Figure 6. Output reflection spectra signifying the phenomenon of the optical amplification and
switching using the control signal along the data signal (a) 9 PhC-elements (b) 11 PhC-elements (c)

13 PhC-elements (d) 15 PhC-elements.

To perform the optical switching, three values of the . of the PhC-cavity, i.e., 0.207a,
0.2504, and 0.300a are selected based on their high reflection peaks and coupling of energy in
all of the four PhC-elements-based structures. Therefore, the implementation of the control
signal and change in the 7. amplifies the data signal and shifts the resonant wavelength
and GMR modes with the highest peaks of the reflection spectra achieved in a PhC-cavity
of r. = 0.2504 in structures of N = 9 and 11 and r. = 0.207a in structures of N = 13 and
15 PhC-elements, respectively. Figure 6a shows the arrangement of N = 9 PhC-elements,
representing a lower value of coupling of energy and wider linewidth with lower quality of
the resonant modes. However, with a lower value of N, i.e., 9 PhC-elements, the amount of
amplification produced by the control signal is maximum. Figure 6b represents a structure
of N = 11 PhC elements, where the value of the reflection peaks and coupling of energy is
increased with narrow linewidth as compared with a 9 PhC-elements-based structure with
a maximum value of optical amplification produced in . = 0.207a and 0.250a. Figure 6¢
depicts N = 13 PhC-elements-based structure, with an increase in the value of the reflection
peaks, well-defined GMR modes and a narrower linewidth due to more ratio of coupling
of the energy into the optical structure. However, the effect produced by the control signal
gradually decreased in this case. Figure 6d displays a structure comprising of N = 15
PhC-elements, where the normalized value of the reflection peaks is close to the unity
factor. Moreover, this Figure reflects distinct GMR modes and a narrower linewidth,
which increases the quality of filtering and selectivity of the optical signals. However, to
implement the mechanism of the optical switching, the change produced by the control
signal is minimum in this case as compared with all of the above-mentioned structures.
Therefore, the arrangements based on N = 9 and 11 PhC-elements with . = 0.207a2 and
0.250a are appropriate for the design of the optical switch.

4.5. Analysis of Reflection Peaks against Variation in the Number of PhC Elements for Optical
Switching Action

To investigate the effects of the control signal on the output of the data signal and
make the phenomenon of the optical amplification ambient, the reflection peaks against
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variation in the 7. of the PhC-cavity are shown in Figure 7a—d, using the four PhC-elements-
based arrangements. Moreover, three values of the r, are selected, i.e., r. = 0.207a, 0.2504,
and 0.300a represented by different colors, where (solid) circles are used to show the
reflection spectra of the data signal, while (hollow) circles are used for the output of the
data signal when the control signal is implemented along it. Therefore, comparing the four
arrangements, a greater value of optical amplification is achieved in a structure comprising
of N = 9 PhC-elements with a value of r. = 0.207a with a reduced coupling of energy.
Whereas, increasing the value of N, the coupling of energy increases, however adversely
affects the value of the optical amplification with the lowest value achieved in a structure
containing N = 15 PhC-elements and in a PhC-cavity, i.e., 7o = 0.300a in all of the
PhC-elements-based structures.
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) (a) ©0207200207a | © (b) ©0.207a 00.207a
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Figure 7. Spectral analysis of the effects of the optical amplification and switching mechanism
in terms of reflection peaks vs radius of PhC-cavity (a) 9 PhC-elements (b) 11 PhC-elements
(c) 13 PhC-elements (d) 15 PhC-elements.

4.6. Analysis of Linewidth against Variation in the Number of PhC Elements for Optical
Switching Action

The change in linewidth is observed by varying the value of N in all of the four
PhC-elements-based arrangements using the data signal only. The same phenomenon is
applied to observe the change in linewidth by applying a control signal along the data
signal, as shown in Figure 8a—d. Thus, it can be seen that in the arrangement comprising of
N = 9 PhC-elements, the linewidth is wider using a data signal (solid) circle, which in turn
decreases the optical filtering by the structure. However, implementing the control signal
(hollow) circle narrow downs this linewidth, thus increasing the optical characteristics
of the structure with the highest change produced by the control signal in a PhC-cavity
of r. = 0.207a followed by r. = 0.250a. Correspondingly, increasing the value of N, the
linewidth of the structure increases with a data signal. However, by implementing the
control signal, the change brought in linewidth decreases as shown. Congruently, as an
important aspect of all the PhC-elements-based structures, the linewidth of the structure
increases by implementing the control signal in PhC-cavity of ¥ = 0.300a. Thus, for
better optical characteristics in terms of higher coupling energy, narrow linewidth and
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Figure 8. The analysis of the effects of the optical amplification and switching mechanism on the
linewidth of the PhC-elements-based structures (a) 9 PhC-elements (b) 11 PhC-elements (c) 13 PhC-
elements (d) 15 PhC-elements.

4.7. Analysis of Quality Factor against Variation in the Number of PhC Elements and Radius of
PhC-Cauity for Optical Switching Action

To better understand the quality factor and its behavior when the control signal
(hollow) circle is implemented along the data signal (solid) circle as depicted in Figure 9a—d,
investigating the change in quality factor against the variation in the r, of PhC-cavity.
Thus, it can be seen that the optical characteristics in terms of filtering and selectivity
of the resonant modes increases, when the control signal is implemented. Therefore,
the highest quality factor is achieved in an arrangement comprising of N = 15 PhC-
elements with r. = 0.207a and lowest in N = 9 PhC-elements with 7. = 0.207a. Moreover,
the maximum change achieved in the quality factor using the control signal is in the
arrangement containing N = 9 PhC-elements at v, = 0.207a, and minimum change is
observed in the structure containing N = 15 PhC-elements at r. = 0.300a.

Table 3 presents a detailed overview of the spectral characteristics in terms of resonant
wavelength, reflectance, linewidth, and quality factor of all the investigated structures in
this research based on the value of N of the PhC-elements, 7. of PhC-cavity, using one
source i.e., data signal and then two sources (data + control) simultaneously. Therefore, this
table helps to determine a specific structure according to the needs and requirements of the
device and its usage in optical integrated circuits.
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Figure 9. Spectral analysis of the effects of the optical amplification and switching mechanism in
terms of a quality factor vs radius of PhC-cavity (a) 9 PhC-elements (b) 11 PhC-elements (c) 13
PhC-elements (d) 15 PhC-elements.
Table 3. Presenting detailed change in terms of resonant wavelength, reflectance, linewidth, and
quality factor using one source (data) and then dual sources (data + control) to acknowledge the
phenomenon of optical switching.
Reflect Linewidth lity fact
Radiusof | Resonant wavelength (um) cllecance newi Qualityfactor
PhC-cavity
(9 PhCs) One source Dual One source Dual One source Dual One source Dual
sources sources sources sources
0.207 (um) 1.546 1.546 0.6950 0.7550 0.0914 0.0836 7.600 9.030
0.250 (um) 1.536 1.536 0.7679 0.8183 0.0714 0.0692 10.75 11.83
0.350 (um) 1.517 1.518 0.7398 0.7708 0.0645 0.0652 11.47 11.93
Reflect Linewidth lity fact
Radius of Resonant wavelength (um) (e x TSO?)E)CQ Htivr\;:) Qua lty actor
PhC-cavity
(11 PhCs) One source Dual One source Dual One source Dual One source Dual
sources sources sources sources
0.207 (um) 1.545 1.545 0.8114 0.8590 0.0778 0.0738 10.43 11.64
0.250 (um) 1.534 1.534 0.8314 0.8695 0.0696 0.0688 11.95 12.64
0.350 (um) 1.516 1.516 0.7614 0.7851 0.0677 0.0687 11.25 1143
Reflect Li idth lity fact
Radius of Resonant wavelength (um) (eX igoi;:)ce m(ivr\;:) Quali E’ actor
PhC-cavity
(13 PhCs) One source Dual One source Dual One source Dual One source Dual
sources sources sources sources
0.207 (um) 1.543 1.543 0.8678 0.9165 0.0744 0.0707 11.66 12.96
0.250 (um) 1.533 1.533 0.8639 0.8949 0.0699 0.0694 12.36 12.90
0.350 (um) 1.515 1.515 0.7614 0.7794 0.0712 0.0727 10.70 10.72
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Table 3. Cont.
Reflectance Linewidth uality factor
Radius of Resonant wavelength (um) (x100%) (um) Q t?’
PhC-cavity
(15 PhCs) One source Dual One source Dual One source Dual One source Dual
sources sources sources sources
0.207 (um) 1.542 1.542 0.9112 0.9518 0.0725 0.0696 12.57 13.68
0.250 (um) 1.533 1.533 0.8876 0.9131 0.0708 0.0704 12.54 12.97
0.350 (um) 1.514 1.515 0.7558 0.7708 0.0773 0.0797 9.800 9.700

5. Discussion

A comparative analysis of this work with reported similar ideas is given in this section
to investigate the optical amplification and switching mechanism. In ref. [68], different
concentrations of the Ar* ions are used within the PhC-cavity to create dislocation loops,
which in turn induces the recombination of the carriers and as a result achieves the qualities
of the optical switching. To achieve, a higher optical amplification of the optical signal, a
structure based on the properties of the PhCs-line-defect model is investigated in ref. [69].
Therefore, using the injection current, variation in the length of the device, cladding layer,
depth of the air-hole and interaction of the incident wave with the PhCs determine the
design of the optical amplifier with notable optical gain using a 3-Dimensional (3D) FDTD
approach. Another study is given in ref. [70], using 1-Dimensional (1D) PhC acting as the
quantum dot (QD) and three-laser sources to achieve specific levels of the transmitted and
reflected pulses using a weak-probe source. In ref. [71], two PhC-based line defects are used
for input and output signals and graphene rods surrounded by the Si rods, forming the
shape of a ring-resonator. Thus, when an input signal is applied, it changes the refractive
index of the Si rods, which changes the effective index of the ring resonator and as a result,
the phenomenon of optical switching is achieved. Moreover, graphene rods are used to
enhance the light-material interaction and in turn decreases the threshold intensity for
the switching mechanism. Similarly, using a PhC-based cavity within the middle of the
PhC-lattice and a line defect is investigated in ref. [72] for the design of the optical switch,
using a diamond-shaped rod across the PhC-cavity. Henceforth, by changing the refractive
index across the PhC-cavity, the phenomenon of optical switching is efficiently achieved.
Differently, styled PhC-cavities in the form of varying sizes, nano-beams, line defects and
the number of the unit-cells are presented in ref. [73].

However, the investigated structure in ref. [48] closely resembles the structural design
of this research in terms of the designed model and referenced values for materials of
the substrate and waveguide. Similarly, the values of r. = 0.060a — 0.350a for the PhC-
cavity are equivalent, except the position of the PhC-cavity investigated in ref. [48] is at
the start of the PhC-lattice, while it is in the middle of the PhC-lattice in this research.
Moreover, helps to tune the GMR modes and enhance the coupling of energy into the
optical membrane. Therefore, this investigation presents a compact, easy-to-implement,
and fabricate, designing approach, using a control signal to enhance and de-enhance the
data signal as opposed to previously presented arrangements, which are bulky, hard to
implement and fabricate as a whole.

6. Proposed Fabrication

The fabrication of the PhC-based-structure proposed in this work can be performed
using conventional methods widely used in the photonics industry. For the deposition
of the SiO; base, either the Plasma Enhanced Chemical Vapor Deposition (PECVD) or
Ion-Beam Sputter Deposition (IBSD) method can be used based on their merits [74,75]. As
a next step, the thin layer of Nb,Os can be deposited over the silica base using IBSD [5]
or by employing the spin coating technique (SCT) [76], that results in a uniform layering
of the material with lesser physical defects. As a final stage, the holes to form PhCs can
be milled by using focused ion-beam (FIB) technology [77-79]. FIB is a tried and tested
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PECVD
IBSD

technique in carving PhC holes in 2D and 3D structures and is precise to the nanometer
scale [80]. Moreover, in refs. [66,67], the structure comprising the PhC-based-waveguide
slab is already fabricated and used in the design of optical filtering and sensing applications.
Figure 10 illustrates the stepwise cycle of the proposed fabrication.

SCT

IBSD Hb

Figure 10. A stepwise cycle of the proposed fabrication.

7. Conclusions

In this paper, a compact design of the optical switch using the GMR phenomenon is
investigated using two light sources termed data signal and control signal. Moreover, the
data signal is coupled into the optical waveguide using an out-of-plane GMR mechanism,
while the control signal is index-guided into the structure, helping in the amplification of
the output of the data signal to achieve the effects of the optical switching. Similarly, the
number of the PhC-elements in the structure is varied with a change in the radius of the
PhC-cavity, to optimize the spectral properties of the data signal and optical switching. The
number of the PhC-elements is varied from 9 to 15, with a change in the radius of PhC-cavity
from 0.207a to 0.300a to tune the GMR modes and its optical filtering characteristics in
terms of the resonant wavelength, reflection peaks, linewidth, and quality factor of the data
signal and then along the control signal simultaneously in the output spectra. Therefore,
a PhC-cavity of radius 0.207a and 0.250a provided the best values of amplification in
all of the PhC-elements-based structures. However, it is observed that a larger number
of PhC-elements in the structure, i.e., 13 and 15, yield a higher percentage of reflection
peaks, coupling of energy, narrow linewidth, and higher quality factor but lower switching
effects. While a lesser number of the PhC-elements i.e., 9 and 11, produces less pronounced
reflection peaks, wider linewidth, and a moderate quality factor, however, better optical
amplification and switching mechanism can be well observed. Therefore, the structure
comprising 11 PhC-elements with a radius of PhC-cavity as 0.207a and 0.250a is selected for
the design of the optical switch. In terms of optical switching, a maximum amplification of
5-7% with a 0.011 um shift in resonant wavelength and a quality factor of 12.64 is achieved.
Therefore, the proposed device is suitable to be used in all types of optical amplification and
switching scenarios, such as in optical sensors, filters, logic gates, and integrated circuits.
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