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Abstract: In this work, a novel idea of optical switch design based on guided mode resonance in
the photonic crystal structure is numerically investigated. The designed switching device work on
the principle of optical amplification and wavelength shift of data signal with the help of a control
signal. The data signal can be coupled into the waveguide using guided-mode resonance, whereas, a
control signal is index-coupled into the waveguide to influence the data signal. The optical switching
action is optimized by introducing a photonic crystal cavity and varying the number of photonic
crystal elements, where the resonant wavelength, reflection peaks, linewidth, and quality factor
of the data signal can be adjusted. The device is based on low refractive index contrast dielectric
materials compatible with fiber optic communication and can operate in a near-infrared range of
around 1.55 um. The numerical simulations are carried out in an open source finite-difference time-
domain-based software. An optical switching action is achieved with 7% amplification in the data
signal at a central wavelength of 1.55 um with a maximum shift of the wavelength of 0.001 um. The
proposed device can be easily implemented in cascade designs of programmable photonic and optical
switching circuits.

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

1. Introduction

With the advancement in modern technology and the introduction of artificial intel-
ligence, the need for faster and high-performance computing is on the rise. Electronic
technology has already reached its limits in terms of speed, performance, and power
efficiency. Moreover, the current technology makes use of fiber optics for long-haul commu-
nication and electronic technology for information processing, which limits the processing
and power efficiency of the system. To address these limitations, scientists are exploring
new frontiers for the optical processing of information such as photonic computing [1].
Photonic computing has already been proposed for human brain-like computing [2], pro-
gramable photonic circuits [3] and photonic integrated circuits [4]. Keeping in mind the
basic building block for electronic logic flow, the electronic transistor, different techniques
to implement optical switching or optical transistor action have been under consideration
such as ring resonators [5], cross-waveguide structures [6], optical pumping [7], hybrid
electro-optical devices [8,9] and quantum dots [10]. Most of the device structures in the
suggested techniques are complex to implement in large quantities such as in design and
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fabrication of a photonic integrated circuit [11]. An easy-to-implement and compact de-
sign to make an optical switching device is to make use of the Guided-mode resonance
(GMR) also known as the Fano-resonance [12], a phenomenon in two-dimensional Photonic
Crystals (PhCs) structures which works on the principle of out-of-the-plane coupling of
light in the structures. During GMR, the free-space modes in the incident light interfere
with the leaks modes and the guided modes inside the structures using phase matching
mechanism to create resonances. PhCs are capable of guiding and manuplating the light
at wavelength scale [13] and their usage has been reported in various optical filtering [14]
and sensing [15,16] applications. This work presents a novel idea to implement optical
switching action using optical amplification in PhC structures by enabling interference of
in-plane index-guided modes and out-of-the-plane coupled resonances.

Optical switching action is proposed using different techniques including a cross-
waveguide geometry [6], Fano resonances-based structures [17], spontaneous generated
coherence (SGC) [18], and plasmons-induced enhancement of index of refraction [19]. A de-
fect mode design using PhCs to implement the optical switching phenomenon is presented
in [20]. Equally, a method to implement optical switching using the PhCs waveguides
and cavities is suggested in [21]. Whereas, refs. [22,23] investigate a photonic bandgap
microcavity-based design for optical switching. PhCs-based directional couplers are also
reported for optical switching by varying the refractive index contrast of the materials using
numerical simulations in Plane Wave Expansion (PWE) and Finite Difference Time Domain
(FDTD) domains [24]. The integration of the passive silicon (Si) PhCs-based waveguide
and the active III-V materials to reduce the coupling losses during the switching process
is presented in [25]. Similarly, Ref. [26] makes use of PhC-based point defect and line-
defect waveguide structures to investigate optical switching. The plasmonic property of
the materials is also explored in [27] to design an efficient optical switch using the ultra-
fast light-matter interaction property of the plasmons. Similarly, a ring resonator-based
design using graphene and Si rods between two waveguides is studied using the PWE
method in [28,29] to produce the characteristics of optical switching. Another structure
of the Erbium-doped fiber amplifier model is used for the design of the optical switch
for long-haul communication systems [30]. A design of the optical switch is presented
in [31] using the artificial epsilon-near-zero approach in metal-insulator-metal to cause the
phenomenon of reflectance at ultrafast speed. Moreover, Ref. [32] employs quantum dots,
where a primary signal is controlled with the help of another weak pump signal imitating
the idea of optical switching and [33] studies interference of two signals by GMR and total
internal reflection in PhCs to investigate optical switching. Moreover, PhC-based optical
logic gates have also been an exclusive topic of research nowadays. PhC waveguide-based
modulators [34], all half adder, XOR, and AND gates using 2D PhC structure have been pre-
sented in [35-38]. However, no research has been reported on a dual device implementing
optical switching and filtering of signal using GMR in 2D PhC structures.

This work numerically investigates all-optical switching actions for near-infrared
communication. The switching mechanism is implemented in 2D PhC structure, where
an out-of-the-plane coupled data signal is amplified with an index-guided control signal.
Moreover, presents a novel concept in terms of bringing the out-of-the-plane and index-
guided signals together, which investigates an easy-to-implement optical switch design.
Apart, from these, it offers the advantage to be used in different optical components i.e.,
optical filters, transistors, modulators, and logic gates [39]. The symmetric condition of the
arrangement is another advantage of the research, as the change in the radius of the cavity,
will bring a considerable change in the tunning of the GMR modes rather than having
cavities on both sides of the structure as compared to the already presented investigation
in [40]. A conceptual diagram representing the basic working of the optical switching device
integrated into the photonic logic circuit is shown in Figure 1a, where a 4-bit bus carrying a
data signal is optically switched using 4-bit control signals. A low-index contrast dielectric
material-based slab-waveguide PhC structure is used to make the device compatible with
fiber optic communication. A waveguide material based on Niobium pentaoxide (NbyOs)
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is deposited on a silicon dioxide (SiO,) glass substrate as an optical membrane and covered
with a S5iO; cladding layer as presented in Figure 1b. The refractive indices of Nb,Os and
5iO, for the NIR range are implemented as n,, = 2.2 and ng = 1.5 respectively, which are
taken as a reference from experimental results presented in [12,41]. The optical switching
action is optimized by varying the size and position of the PhC nano-cavity and the number
of PhC-elements. The proposed investigation presents a cost-effective, compact, and
easy-to-fabricate device based on dielectric materials suitable for a broad spectral range,
unlike semiconductor material based devices investigated in [4,10,19,24], which can have
limitations being bulky, expensive and difficult to fabricate designs.
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Figure 1. (a) Conceptual design of the optical switches in a photonic logic circuit (b) Schematic of the
designed optical switch.

2. Simulation Approach

The optical switching action is investigated using 2D-FDTD simulations in an open-source
software platform, the so-called MIT Electromagnetic Equation Propagation (MEEP) [42,43].
The time-domain simulations in MEEP compute the electric and magnetic fields by solving
Maxwell’s equations [41]. The FDTD offers the advantage to use a short Gaussian pulse to
compute the response of the system over a wide frequency range. The pictorial representa-
tion of the simulation domain is shown in Figure 2a where the multilayer structure with
a waveguide layer submerged between the substrate and cladding layer can be seen. A
plane-wave source above the structure indicates the data signal, which is coupled into the
PhC structure, where it is filtered by GMR. To implement the optical switching mechanism,
a control signal (shown on the left) is index-coupled into the waveguide. The date signal is
monitored above and below the waveguide as reflection and transmission flux as indicated
in the figure. The simulation cell is terminated using Perfectly Matched Layer (PML)
boundary conditions to absorb all the outgoing EM fields in both X and Z-directions. While
Figure 2b presents the real investigated structure comprising of a variable PhC-cavity at
the start of the structure. Figure 2c is the zoomed image of the PhC-cavity, showing its
geometrical parameters in terms of radius, depth of the PhC-hole and thickness of the
cladding layer. Moreover, the radius of the PhC-cavity is varied to investigate its effects on
the resonant wavelength in cylinderical PhC-elements. However, since this work is based
on 2D-FDTD simulations, the shape of these air-hole based PhC-elements appear to be
rectangular gratings.



Photonics 2022, 9, 580

40f16

Layer

Con'trol
Signal

(a)

Reflection Monitoring

Data Signal

\AAS

Photonic
~ Crystals

Waveg‘;#uid e

Transmission Monitoring
Layer

Substrate

o eme

Data Signal

A

Reflection Monitoring Layer

PhC-Cavity

o o o e = = . e e e e e e e e e e e e e e e e e e e e

Cladding

|

Waveguide

Field Decay

Monitor Point Substrate

1Nd

PML

Radius of cavity
2r

Layer

Cladding

Waveguide

Depth of PhC

(c)

Figure 2. (a) Basic simulation model showing the position of the data signal, control signal, boundary

condition, and field monitoring layers (b) Real investigated structure (c) Zoom image of the PhC-cavity.

3. Designing Parameters

To enable the device to operate in NIR telecommunication range around 1.55 um, the
lattice constant was designed to be a = 1 pm. All other design parameters are mentioned in
terms of lattice constant to enable rescaling of the device to a different wavelength range.
Moreover, the depth of the PhC elements is kept constant as 1.84. The optimized values of
the structural design parameters of the proposed device are summarized in Table 1 and

depicted in Figure 3.

Table 1. Optimized design parameters of the proposed optical switching device.

Parameters Symbol Value
Lattice constant a 1 um
Radius of the PhC-elements T 0.207a
Thickness of waveguide w 0.44a
Thickness of cladding - 0.68a
Refractive index of the substrate SiO, ng =15 ¢=225
Refractive index of the waveguide - nyw =22, ¢ =484
Resonant wavelength We 1.55 ym
Thickness of PML layer PML 3.0a
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Figure 3. The structure of the optical switch reflecting the details of the parameters used.

The data signal is defined as a Gaussian time profile source placed at a distance of
2.70a above the structure. Similarly, the control signal having the same spectral properties
is placed at the start of the waveguide to enable index coupling of fields. Moreover, the
pulse response of the system is computed for a user-defined number of frequency points
for both of the sources as n¢ = 550. The transmission and reflection monitoring layers are
placed at a distance of 0.8a below and above the structure respectively. Similarly, the field
decay monitor point monitors the field decay at a user-defined point in the domain with
a user-defined value of field intensity, where the simulation should terminate. To ensure
accurate and good-quality computational results, the grid size of the simulation domain
must be smaller than the smallest wavelength in the EM spectrum of the excitation sources.
A grid resolution value of 20 is used with a smoothing factor of 0.05, which is smaller than
wavelength /30 equaling a grid size of 0.052.

4. Results

In the first step, the design parameters of the device were optimized to achieve a
reflection peak with resonance at a central wavelength of w, = 1.55 pm. The design
parameters to be optimized include the thickness of the waveguide and cladding layer,
radius, depth of the air-holes, number of PhC-elements, and radius of the PhC-cavity.
Moreover, the spectral properties of the excitation sources also need to be optimized, which
include central wavelength, bandwidth, size and positions of the data, and control signal.
The optimized value of the mentioned parameters is given in Table 1 and the spectral
response of the device against these parameters with just the data signal is shown in
Figure 4. The transmission and reflection spectrum shows a resonant peak at w, = 1.55 pm
and reflection peak of 70% with 11 periods of PhC-elements and without the presence of a
cavity. This spectral result is used as a reference and the investigation of the effect of all
other design parameters on the spectral response as presented in upcoming the subsections.
In the first step, the investigations are carried out for a single source (data signal) and
later optical switching action is investigated with two sources (data and control signal
simultaneously).
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Figure 4. Transmission and reflection spectra of an 11 PhCs-based structure.

4.1. Effect of the Number of PhC Elements on A Data Signal

14 145 15 155 16 165 1.7 175

The number of the PhC elements is an important aspect of the investigation, as it
affects the coupling of energy into the optical membrane and the effects of the control signal
on the data signal to perform the optical switching. Therefore, in this analysis, the number
of PhCs varied from 9 to 15 with an increase of 2 elements as shown in Figure 5 (reflection
spectrum), simulated by a data signal. It can be seen that as the number of the PhC-elements
increase, the energy of the resonant mode becomes stronger, and hence the reflection peak
rises. The reflection peak at the w, is 60% for 9 PhC-elements and it increases up to 79%
for 15 PhC elements. As R represents the reflection peak, the resonances characteristics of
Figure 5, are calculated and presented in Table 2, by using the following equations.

Reflection (R) = Ryax — Ryin

R
Finesse (F) = %
FSR

Linewidth = —
Finesse

Free Spectral Range (FSR) = Finesse x Linewidth

M

@
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)
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1 T T T T T T
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Figure 5. The reflection spectrum of PhC structure for variation in the number of periods of PhC-

elements for the data signal.



Photonics 2022, 9, 580

7 of 16

Table 2. Resonance characteristics of structures based on 9, 11, 13, and 15 PhC periods using
data signal.

Number of Single Source (Data Signal)

PhCs Periods Reflection % Finesse Linewidth (um) FSR (um)
09 PhC-elements 60 6.08 0.073 0.444
11 PhC-elements 70 8.763 0.07 0.613
13 PhC-elements 71 9.129 0.066 0.603
15 PhC-elements 79 13.298 0.061 0.811

From Table 2 it can be assessed that as the number of PhC elements increases, the
confinement of optical energy increases, increasing the percentage of the reflection peak at
w¢. Whereas, the value of F increases and the linewidth decreases improving the optical
filtering mechanism. Thus, it is preferable to have a higher number of PhC elements in the
structures for single soure operation. However, it was also found that a larger number of
PhC-elements decreases the effects of the control signal on the output of the data signal. This
is because by increasing the number of the PhCs, there is a change in the effective refractive
index of the waveguide and more accumulation of the air within the structure. Hence, this
affects the efficiency of the control signal to bring a significant amplification in the output
of the data signal. Moreover, it acts as analogous to the depletion region in the electronic
transistor, where the transistor act as an open switch when the depletion region is large
enough and when the base signal is applied, the depletion region narrows and transistor
acts as a closed switch. Therefore, this investigation was limited to 15 PhC-elements and as
a result, the unity figure for the summation of the transmission and reflection spectrums
is comprised.

4.2. Effect of the Radius of PhC-Cavity with A Data Signal

To investigate the optical amplification and switching mechanism, a PhC cavity is
placed at the start of the structure. Initially, the radius of the PhC cavity is varied for
different periods of PhC elements to study its effect on the data signal. The radius of the
cavity is varied from r. = 0.06a — 0.35a for the number of PhC-elements as 9, 11, 13, and 15
in reflection spectra as shown in Figure 6, with an inset showing the zoomed image of the
difference between the peaks.

The variation in the radius of the PhC cavity at the start of the membrane shifts the
w, to a noticeable range. As the radius of the cavity increases, w, undergoes a blueshift
and vice versa. This the because the drop in fill factor results in a decrease in the effective
refractive index of the periodic waveguide and a drop in the coupling of the energy into
the membrane. Similarly, when the radius of the cavity is slightly lower i.e., 0.150a as
compared to the radius of the PhC elements used in the arrangement i.e., 0.2074, the quality
of the spectrum is maximum in terms of reflection peak and linewidth. Correspondingly,
by increasing the radius of the cavity further to 0.35a, the w, undergoes a redshift and
the coupling of energy starts to decrease abruptly. Figure 6a depicts output spectra of the
9 PhCs-based structure with varying cavity-radius for data signal, where the reflection
peaks are lowest as compared to other cases. Whereas, Figure 6b depicts the reflection
spectra for 11 PhC periods showing an increase in the values of the reflection peaks and
coupling of energy into the optical membrane. Figure 6c shows an increase in the reflection
peak values where the radius of cavity is varied for 13 periods of PhCs. Figure 6d displays
the highest values of the reflection peaks for cavity-radius variation in 15 periods of PhCs.
Additionally, the position of the cavity was checked on both lateral ends of the membrane
which yielded the same results.
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Figure 6. Effects of radius of PhC-cavity on the reflection peaks for (a) 9 PhC-elements (b) 11 PhC-
elements (c) 13 PhC-elements (d) 15 PhC-elements.

4.3. Comparative Analysis of Spectral Properties for Variation in the Number of PhC-Elements and
Radius of PhC-Cavity for Data Source

A detailed analysis of spectral properties for variation in cavity radius in stuctures
with number of PhC elements as 9, 11, 13 and 15 is shown in Figure 7. Where Figure 7a
depicts the variation in reflection peaks and shifting of w, as the radius of the cavity is
changed. The graphical trends depict a maximum variation in reflection peaks and shifts in
w, for 9 PhC element-based structure. Whereas, the maximum values of reflection peak
are achieved for 15 PhC elements. Similarly, Figure 7b plots linewidth of resonant modes
against the cavity-radius in order to determine the optimum value of cavity-radius to get
the best quality of the data signal. Wherein, the structure with 9 PhCs, presents the highest
values of linewidth which means a lower optical filtering characteristics and confinement of
energy into the structure. Furthermore, as the number of the PhCs increases, the linewidth
reduces depicting better confinement of guided modes. Figure 7c shows the variation in
reflection peaks with respect to the variation in the cavity radius. It can be seen that as
the cavity radius increases, the reflection drops which corresponds to drop in the effective
refractive index of the periodic structure. Figure 7d, displays the electromagnetic (EM) field
distribution for two different cavity radii of r = 0.06a and r = 0.354 in a 11 PhC structure,
where the variation in the localization of resonant modes can be observed.

4.4. Analysis of the Quality Factor for the Variation in the Number of PhC-Elements and Radius of
PhC-Cavity for Data Source

The quality factor of resonant modes for a varying number of PhC-elements is shown
in Figure 8. The quality factor is calculated for cavity-radius in the range of r = 0.06a
to 0.35a for 9 to 15 PhC-elements. It can be observed that the highest quality factor is
achieved for 15 PhC-element-based structures regardless of the cavity-radius selection,
which indicates a better field coupling and confinement in larger number of PhC-elements.
Moreover, it can be seen that the quality factor is highest for cavity-radius value of r = 0.154
in all the cases ranging from 9 to 15 PhC-elements. It drops rapidly as the cavity-radius
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exceeds r = 0.154. The reason can be explained as the drop in fill-factor as the radius of the
PhC-elements increases which results in a drop in the value of the effective refractive index
of the waveguide.

' ' ' ' ' ' 1 0.11F PhC elements in the structure ' “
PhCelementsin the -
-f‘ structure g 0.1
v $ e9PhCs w11PhCs | =
u N ,
%" e 13PhCs u 15PhCs = 009}
° e
w» % 'E
on’ 2 0.081
(a) ' 5
) ) ) ° . ) ) 0.07 - l . . ‘ . =
1.48 1.5 1.52 1.54 1.56 1.58 1.6 1.62 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Wavelength (um) Radius of cavity (pum)
((E,)._.{ --------- S-Sl -
= Y R o SN -~
- = T S
_________ e, e Y
L T T a. o "
"""""""" ]
_______ o e
® e Tm
PhC elements in the structure "‘\.\‘ 1
@9PhCsm11PhCs @13PhCs w15PhCs T~ oy |

0.05 0.1 0.15
Radius of cavity ( um)

02 0.25 03 0.35

Figure 7. Analysis of spectral properties of PhC structures for variation in number of PhCs and cavity-
radius. (a) Reflection vs wavelength. (b) Linewidth vs cavity-radius. (c) Reflection vs. cavity-radius.
(d) EM field distribution for cavity-radii as r = 0.06a and 0.35a.

14 L T T T T T T ]
_______ -
o 12| @@ O b ]
8 —————— - - g 9. T ~u
9 10 - B .-
o Tl A S ®
.ﬂ? 8+ @ I O @ . S .
TS 6 L O~ b |
B . e
ol PhC elements in the structure =~ = e PY
4 @9 PhCsm11 PhCs@13 PhCs =15 PhCs ’
2 1 1 1 1 1 L
0.05 0.1 0.15 0.2 0.25 0.3 0.35

Radius of cavity [pum]

Figure 8. The quality factor of PhC structure for variation in the number of PhC-elements and PhC
cavity-radius for the data signal.

4.5. Transistor Action in Different PhCs Structures Using Both the Signals (Data and Control)

After investigating the effects of the cavity-radius and number of PhC-elements on
spectral properties of the device using a data signal, the next step is to implement the control
signal to study the optical switching action. The goal is to choose the values of structural
design parameters in such a way that the control signal must interference and significantly
amplify a weak data signal to perform an optical switching action. The reflection spectra
for variation in cavity-radius for different numbers of PhC-elements using both data and
control signal are shown in Figure 9. To visualize the optical amplification, the reflection
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Figure 9. Reflection spectra of PhC structures for both data and control signal to investigate optical
amplification and switching action. The cavity-radius is varied for a case study in different number
of PhC-elements. (a) 9 PhC-elements (b) 11 PhC-elements (c) 13 PhC-elements (d) 15 PhC-elements.

To investigate the optimum value of cavity-radius, it is varied for three selected values
of r = 0.1004, 0.207a, and 0.350a for 9, 11, 13, and 15 PhC-elements. In all the considered
cases, the data signal is being amplified and w. is being shifted when the control signal is
activated. Additionally, as the cavity-radius increases, the guided modes undergo a redshift
in all the cases. Figure 9a shows variation in the cavity-radius for 9 PhC elements, where the
highest amplification of the data signal is observed for r = 0.10a and 0.207a. Similarly, also
for the case studies with 11, 13 and 15 PhC-elements, the highest amplification is observed
for cavity-radii of r = 0.10a and 0.207a. Moreover, the few numbers of PhC-elements in the
structure offers lower reflection peaks and a wider linewidth, resulting in a lower quality
factor of resonant modes. However, on the contrary to this, fewer number of PhC-elements
show a better optical amplification and switching effect. Considering these facts, the best
results for optical switching action are observed in the structure with 9 PhC-elements
and cavity-radius as r = 0.10a. A detailed report on the numerical results of the spectral
parameters in terms of differences among the different PhCs-based structures in terms
of w, reflection peaks, linewidth, number of PhC-elements, and cavity-radius for both
excitation with data as well as control signal is provided in Table 3.

4.6. Comparative Analysis of Reflection Peak against Variation in the Number of PhC Elements for
Optical Switching Action

To give a more detailed insight into the optical switching action, the values of reflection
peaks are plotted against the cavity-radius for all four cases of a varying number of PhC-
elements (Figure 10). The reflection peaks for a single source (the data signal) are shown in
solid circles, whereas, the reflection peaks of the data signal after turning on the control
signal are shown with hollow circles. All the three considered cavity-radii values are
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depicted in different colors. It can be concluded from the graphical analysis that the
best optical switching and amplification effect can be achieved with the device having
9 PhC-elements and cavity-radius as r = 0.10a.
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Figure 10. Reflection peaks vs the cavity-radius with single source response plotted in solid circles and
dual source (data and control signal) plotted as hollow circles. (a) 9 PhC-elements (b) 11 PhC-elements
(c) 13 PhC-elements (d) 15 PhC-elements.

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

To investigate the bandwidth and quality of the resonant modes, a comprehensive
study on variation in the linewidth of the resonant modes for the change in structural
parameters and implementation of the optical switching action is discussed in this section.
The graphical representation of the linewidth against the cavity-radius for all of the four
PhC based structures are investigated with the effects of the control signal on the output
of the data signal, the approach in reflected in Figure 11a—d. For all the considered cases,
the overall variation of linewidth is from 0.069 to 0.100 pm. As a generalized trend for
optical switching, the linewidth of the data signal is decreased after the application of the
control signal. Whereas, the minimum value of linewidth and the smallest difference of
linewidth of the data signal after application of the control signal is achieved for 15 PhC-
elements (Figure 11d). As explained earlier, the more the number of PhC-elements, the
better the coupling and confinement of energy into the periodic structure. The case study
in Figure 11a, with 9 PhC-elements offers the largest linewidth of the modes and a larger
difference in linewidth of data signal without and with the application of the control signal.
It can be concluded here that for better optical filtering and field confinement characteristics,
a larger number of PhC-elements is preferred would yield a narrow linewidth and a better-
quality factor. Whereas, for optical amplification and switching effect, a structure with
lesser number of PhC-elements is preferred which would yield a broader linewidth.
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Figure 11. Variation in the linewidth of resonant modes in optical switching action for different
numbers of PhC-elements and change in cavity-radius. Single source signal shown in sold circles and
dual source signal with hollow circles. (a) 9 PhC-elements (b) 11 PhC-elements (c) 13 PhC-elements
(d) 15 PhC-elements.

4.8. Comparative Analysis of Quality Factor against Variation in the Number of PhC Elements and
Radius of PhC-Cavity for Optical Switching Action

To evaluate the spectral characteristics of the designed optical switching device, a
comparative analysis of the quality factor of the resonant modes is graphically presented in
Figure 12. It can be observed in all the subplots (Figure 12a—d) that the quality factor of the
data signal is improved with the application of the control signal which largely justifies the
device design for optical switching action. The highest quality factor is achieved for the
structures with 15 PhC-elements and cavity-radius of 0.100a and the lowest quality factor
of 9.74 is achieved for 9 PhC-elements and cavity-radius of 0.3054. In addition to this, the
9 PhC-elements arrangement offers the largest value of quality factor improvement in data
signal when the control signal is applied which again adds to the quality of optical switching
offered by the device. Summarizing, the quality factor improves to 11.87 for 11 PhC
elements, 13.23 for 13 PhC-elements, and 13.80 for 15 PhC-elements. The different number
of PhC-elements and cavity-radii shown in Figure 12a—d, gives the user a wide range of
quality factor selection making the device suitable for different optical amplification and
switching scenarios.

Table 3, gathers a detailed overview of the spectral characteristics of all the investigated
PhCs structures with different numbers of PhC-elements and cavity-radii for both single
and dual source action. The reported spectral characteristic includes w,, reflection peaks
and linewidth. By analyzing these parameters, an appropriate design of the optical switch
can be chosen to yield the desired spectral characteristics for a specific application.
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Figure 12. Quality factor of data signal before and after amplification for different number of
PhC-elements and cavity-radii of 0.100a, 0.207a and 0.350a. Single source excitation is shown in
solid circles and dual source action in hollow circles. (a) 9 PhC-elements. (b) 11 PhC-elements.
(c) 13 PhC-elements. (d) 15 PhC-elements.
Table 3. Comparative analysis of spectral characteristics of different designs of the proposed optical
switch for single (data signal) and dual source (data and control) action.
Radius of Cavity Resonant Wavelength (um) Reﬂ(e)c(ti(())go/f )e aks L“:e‘:;ll)d th
(9 PhCs) w
Single Sour Two Sources Single Source Two Sources Single Source Two Sources
0.100a 1.55 1.551 0.706 0.779 0.0858 0.0799
0.207a 1.546 1.546 0.695 0.755 0.0914 0.0836
0.350a 1.556 1.549 0.5116 0.4806 0.1079 0.1090
Radius of Cavity Resonant Wavelength (um) Reﬂ(e)c(ti([;go/l’ )e aks Lm(e";l;l th
(11 PhCs) ° -
Single Source Two Sources Single Source Two Sources Single Source Two Sources
0.100a 1.549 1.55 0.805 0.8677 0.0737 0.0731
0.207a 1.545 1.545 0.8114 0.859 0.0778 0.0738
0.350a 1.55 1.547 0.6419 0.614 0.0929 0.0937
Radius of Cavity Resonant Wavelength (um) Reﬂ(e)c(ti([))go/f ;3 aks Lu:e?;l)d th
(13 PhCs) u
Single Source Two Sources Single Source Two Sources Single Source Two Sources
0.100a 1.545 1.546 0.883 0.929 0.0713 0.0702
0.207a 1.543 1.543 0.8678 0.9165 0.0744 0.0707
0.350a 1.546 1.545 0.731 0.7107 0.0854 0.0854
Radius of Cavity Resonant Wavelength (um) Reﬂf;tigg; )e aks Ln}e";l)d th
(15 PhCs) ° a
Single Source Two Sources Single Source Two Sources Single Source Two Sources
0.100a 1.542 1.544 0.9518 0.9592 0.0701 0.0697
0.207a 1.542 1.543 0.9112 0.9228 0.0725 0.0696
0.350a 1.544 1.543 0.7985 0.7811 0.0809 0.0803
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5. Discussion

To validate the novelty of the proposed optical switch design, an overview of the
pre-existing works which used similar structural designs and methods is provided in this
section. The research work in [44] reports a 3D-FDTD simulation with elliptical PhCs
arranged in a triangular lattice in silicon membrane having a centralized point-defect
nanocavity used as a fluid sensor. The quality factor and resonant wavelength are tuned by
changing the size of the point-defect and the number of PhCs. A higher quality factor in the
range of 10* is reported as refractive of n = 3.42 membrane is used and the device is meant
to achieve a higher sensitivity. Apart from this, another study in [45] presents a PhC-based
optical switch design with a silicon waveguide deposited on the top of a SiO, substrate and
covered with a polymer cladding. The PhCs are arranged in a triangular lattice and a line-
defect cavity is designed in the middle to tune with spectral parameters. The simulations are
performed in 3D-FDTD and the optical switching mechanism is implemented by changing
the refractive index of the polymer cladding. Moreover, the quality factor is tuned by
varying the radius of the cavity.

The above-cited works differ from the proposed work in many ways. First, both the
works are based on semiconductor materials and the type of cavities used are point-defects
and line-defects not a air-hole cavities as in the case of this work. Moreover, the cited
works place the cavity in the middle of the structure unlike the case of this work where the
cavity is placed at the start of the structure. Furthermore, Ref. [44] reports a fluid sensor,
and [45] reports an optical switch that works based on wavelength switching by varying
the refractive index of the cladding. This work proposes less complex structure and easy to
implement optical switching mechanism by amplification of data signal with the help of a
control signal, which makes the idea novel.

6. Conclusions

In this paper, a novel design of the optical switch working on the principle of GMR in
PhC structure is numerically investigated. The designed structure serves a dual purpose
of Fano-filtering the data signal to reduce the noise and implement an optical switching
action by using a control signal. The incident data signal is coupled out-of-plane into
the periodic waveguide using GMR, whereas it is optically enhanced using an in-plane
index-guided control signal. The spectral properties of the data signal and optical switching
action are optimized by varying the number of PhC-elements and the radius of the cavity.
The number of PhC elements varied between 9 to 15 periods to tune the optical filtering
and switching properties of the data signal. The PhC-cavity is introduced at the start of
the lattice to help shift the center wavelength w, and its radius is varied from 0.100a to
0.350a. The investigated spectral properties include a shift in w,, reflection peaks, quality
factor, and linewidth of the data signal in the output spectrum. Considering the optical
switching action, the best value of optical amplification was observed at a cavity of radius
0.100a despite the number of PhC-elements. It was observed that a higher number of PhC-
elements (i.e., 13 and 15) yielded a better quality of signal with a narrower linewidth and a
higher reflection peak but a lower number of PhC-elements (i.e., 9 and 11) provided better
control of data signal in optical switching action. Therefore, the structures comprising 9
and 11 PhCs with a cavity of radius 0.100a is preferred for the efficient design of the optical
switch. Considering optical switching action, maximum amplification of 7% is achieved
with a wavelength shift of 0.001 um and a quality factor of 11.87. The device is proposed
to be used in all kinds of applications where optical amplification is required including
optical switches, transistors, logical gates, optical circuits, filters, and sensors.
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