hv

Ry Photonics

Review

Recent Progress in Photonic Crystal Devices and Their
Applications: A Review

Rahul Kumar Gangwar 19, Akhilesh Kumar Pathak >*

check for
updates

Citation: Gangwar, R K,; Pathak,

A K.; Kumar, S. Recent Progress in
Photonic Crystal Devices and Their
Applications: A Review. Photonics
2023, 10, 1199. https://doi.org/
10.3390/ photonics10111199

Received: 5 October 2023
Revised: 22 October 2023
Accepted: 26 October 2023
Published: 27 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

and Santosh Kumar 3*

1 Department of Physics, Rajdhani College, University of Delhi, M. G. Marg, Raja Garden,

New Delhi 110015, India; rahul0889@gmail.com

Center for Smart Structures and Materials, Department of Mechanical Engineering, Northwestern University,
Evanston, IL 60208, USA

Shandong Key Laboratory of Optical Communication Science and Technology, School of Physics Science and
Information Technology, Liaocheng University, Liaocheng 252059, China

*  Correspondence: akhilesh.pathak@northwestern.edu (A.K.P.); santosh@lcu.edu.cn (S.K.)

Abstract: The research field of photonic crystals (PhCs) remains active on a global scale. PhCs, which
are periodic optical nanostructures with the characteristics of excellent light field confinement and
numerous varying degrees of freedom, provide a solid foundation for controlling the movement of
light. Periodic variation of the index of refraction in two or three spatial dimensions with a substantial
high-to-low ratio generates a number of intriguing phenomena and enables a variety of potential
functionalities. Recently, intriguing devices based on PhCs, such as Y-branches, small-diameter bent
waveguides, and miniature resonator cavities, have been proposed and extensively utilized. PhC
waveguides are considered ideal candidates for a variety of applications, such as in power splitters,
logic gates, sensing and communication fields, etc. These exceptional characteristics may facilitate
the development of a dense integrated circuit. However, PhC technology is still relatively new and
therefore requires additional effort to fully exploit it. This paper reviews the most popular and
essential optical components based on PhCs, including power splitters, modulators, polarization
maintaining devices, sensors, and lasers, to summarize the most recent developments relating this hot
topic. These devices have superior performance and a smaller footprint compared to conventional
photonic devices.

Keywords: photonic crystals; photonic band gap; photonic crystal waveguide; photonic crystal fiber;
photonic crystal sensors; photonic crystal beam splitter; lasers

1. Introduction

Photonic crystals (PhCs) were discovered in 1987 and were first reported by Yablonov-
itch [1] and John [2]. Within PhCs, electromagnetic waves scatter. For some wavelengths,
destructive interference occurs, resulting in the formation of a photonic bandgap (PBG),
which is similar to the energy bandgap of electron waves in a semiconductor. It may
be able to influence the propagation of light due to the likelihood of producing a PBG.
PhCs are used in a number of notable applications, including self-collimation [3], negative
refraction [4], optical diodes [5], and light bending [6].

One-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) photonic
crystals represent distinct dimensions of periodic structures designed to control the flow
of light. In 1D photonic crystals, refractive index variations occur along a single direction,
enabling precise control over light in that dimension. Two-dimensional photonic crystals
expand this control to two dimensions, offering more complex light manipulation and
enabling the creation of planar structures with applications in waveguides and microcav-
ities. In contrast, 3D photonic crystals extend refractive index variations across all three
spatial dimensions, granting comprehensive control over light propagation in volumetric
structures. These dimensionality differences lead to variations in band gap properties,
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complexity of design and fabrication, and suitability for diverse applications, making each
type of photonic crystal well-suited for specific optical and photonic device requirements.
Although the development of 3D PhCs first attracted a lot of attention, planar 2D PhC
devices are now favored because of their comparatively simple production procedure.
Many 3D structural traits are present in 2D PhC structures. These factors have sparked an
increase in research and development for sub-micrometer and micrometer-sized active and
passive photonic elements like logic gates, polarizers, polarization maintaining waveguides
(WGs), lasers, and solar absorbers, among others.

PhCs are a good example of a resolution that encourages great performance in sensing
applications. PhCs provide strong optical confinement to a very tiny volume, enabling the
identification of chemical species classified according to their nanoscale size. The use of
PhC WG elements in microfluidic [7] and biochemical sensing [8] has lately come under
investigation. In sensing applications, a number of photonic structure designs based on
various platforms have been extensively researched and used [9-11].

A 1D PhC consists of a periodic variation of the refractive index in the direction of light
propagation. However, it provides a homogeneous medium in the other two directions [12].
The refractive index varies in two directions for 2D PhCs, but not in the third direction. This
can be realized just by introducing a hole in a high-refractive-index material, e.g., silicon [13].
Three-dimensional PhCs can be fabricated by varying the refractive index of the material
in all three directions, such as the stack of spheres made of some dielectric material kept
in air [14]. The propagation of light in a periodic structure can be studied by the periodic
arrangement of atoms, such as the propagation of electrons. PhCs are frequently mentioned
in theories like energy bands, the Bloch theorem, and Brillouin zones. One-dimensional
PhCs, also known as multilayers, lack a complete PBG, while 3D PhC fabrication is difficult
because of their narrow lattice constant. However, 2D PhCs comprise a full PBG and a
simpler fabrication step compared to 3D PhCs, making them more appealing to researchers.
A 2D PhC is composed of an air pore arranged in a dielectric substrate or a cylindrical
rod made of dielectric material submerged in air. The PBG of a PhC can be tuned by
altering the radius of the rod, the lattice constant, and the refractive index of the dielectric.
The resonant cavities are considered one of the potential candidates in order to create a
tunable optical filter for dense wavelength—division multiplexing (DWDM) systems [15-17].
For DWDM systems, the resonant cavities with a high quality factor (Q-factor) filter the
desired wavelengths with a suitable bandwidth. The adjustable filters can also be formed
by introducing composition improvements to these cavities. In 2010, Rostami et al. utilized
this technique to develop a demultiplexer [18]. The advantages of PhC cavities for optical
interconnects can be summed up in one number: the resonator’s interference order. The
free spectral range (FSR), and thus the capacitance, increase by reducing this number. The
conceptual limit of this theory is a PhC resonator, which often serves as the fundamental
cavity mode. Due to their wide FSR, single-mode (SM) PhC cavities with various cavity
resonances can be constructed in large arrays. When the PhC interacts with the incoming
light, it gets reflected from each interface. A high reflection is witnessed for the particular
wavelength of light when this condition is fulfilled.

Two dimensional PhCs, which are periodic in two directions and have a photonic
band gap for light propagating in the plane of periodicity, are extensively used in a diverse
range of applications, such as high Q-cavity devices for efficient light confinement [19],
slow light optical waveguide devices [20], and optical waveguides with sharp bands and
low losses for photonic integration [21]. Photonic crystal waveguides (PCWs), a class of
2-D PhC-based devices, offer an intriguing framework for making use of slow light effects.
The large group index, which is a result of in-plane back-and-forth scattering at optical
frequencies at the boundaries of photonic transmission bands, is where the slow light
effects in PCWs arise [22].

This review is organized in the following manner: Section 2 contains basic ideas of the
PhC structure; Section 3 describes the PhC-based polarization maintaining WGs; Section 4
covers the literature showing the role of PhC in the development of solar cells; Section 5
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covers the potential of PhC in sensing; Section 6 discusses the PhC-based logic gates; and
Section 7 presents an overview of the PhC-based amplifiers. Section 8 discusses the future
prospects and challenges related to PhC-based devices, and finally, an overall conclusion is
drawn in Section 9.

2. Photonic Crystal Structures

In the past decade, a strong effort has been made to control and manipulate light
propagation. The propagation of light in a periodic material has been a burning topic
of research for a large span of time. John [1] and Yablonovitch [2] separately reported
the concept of PhC in 1987, utilizing the concept of semiconductor crystals along with
the analogy of an electronic band gap. In general, PhCs can be defined as a periodic
dielectric material with periodicity in one, two, or all three orthogonal directions; therefore,
they are known as 1D PhCs, 2D PhCs, and 3D PhCs. Among these three structures, a
2D PhC combines most of the interesting optical characteristics with the availability and
accessibility of fabrication, and thus has wider research applications. It took a century to
discover 2D photonic band gap (PBG) materials after the identification of 1D band gaps.
The 2D system shows most of the significant properties of PhCs, ranging from nontrivial
Brillouin zones to topological sensitivity, even with a minimal index contrast. They hold
great potential for validating the most widely favored PhC devices. Understanding 2D
PhCs hinges on recognizing that the fields in two dimensions can be divided into two
polarizations by virtue of their symmetry: transverse electric (TE) and transverse magnetic
(TM). In the TE state, the electric field resides within the plane, while the magnetic field
extends perpendicularly to it. Conversely, in the TM state, the magnetic field lies within
the (xy) plane, while the electric field is perpendicular (z). Within 2D PhCs, a diverse array
of configurations is possible, thanks to variations in permittivity along two directions, with
the medium remaining uniform in the third direction. Utilizing PhCs with 2D periodic
lattices significantly broadens the scope for engineering photonic band structures. Two-
dimensional PhCs offer a broad range of configurations due to the periodic variation of
dielectric materials along two directions, while the third direction remains uniform. Two-
dimensional PhCs can be categorized into two types: (i) the air holes in materials of a
high refractive index and (ii) the rods of materials of a high refractive index. The former
type of 2D PhC can be easily fabricated just by etching holes periodically in high-dielectric
materials such as gallium arsenide (GaAs), silicon (5i), germanium (Ge), etc. [3]. Because of
the periodic variation of the refractive index, the PhC possesses a PBG, which is defined as
a range of frequencies that is prohibited from propagating inside the crystal. This particular
unique feature has been exploited widely in order to form waveguides by introducing
line defects in the PhC structure. The line defect in PhC introduces a guided mode in
PBG, and it can therefore be utilized to guide light from one point to another. The allowed
frequencies in the PBG are guided via defect and out-of-plane confinement based on the
total internal reflection (TIR) phenomenon. PhC WGs fabricated by removing holes from
a PhC structure are shown in Figure 1a. The dispersion relation diagram of the PhC WG
(considering 400 nm diameter holes arranged periodically in a hexagonal manner with a
lattice constant of 500 nm) is calculated using the plane wave expansion method and is
shown in Figure 1b. The grey-shaded region in Figure 1b represents the leaky zone, while
the black lines exhibit the guided modes [4].

A silicon-on-insulator (SOI) is generally preferred for fabricating PhC WGs due to
its favorable optical characteristic, which appears at 1.55 pm and complementary metal-
oxide semiconductor (CMOS) fabrication compatibility for cost-effective and high-volume
production. An SOI comprises a thin silicon guiding layer with a refractive index (RI) of
3.45 on a thick buried oxide cladding layer with an RI of 1.45, which provides a strong
confinement of the light. The high RI of the silicon guiding layer makes the SOI an excellent
choice to fabricate the PhC structure with a higher PBG, which is often required in various
applications. The thickness of the guiding layer plays a crucial role in determining the
properties of the PhC slab. If the guiding layer is too thin, then the PhC slab will provide
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weak confinement, as the guided mode will be very close to the light cone. On the other
hand, the thick slab generates higher-order modes, which may destroy the PBG. The
optimum thickness of the PhC slab satisfying the single-mode condition can be defined as
follows [4]:

2 2
A 1 np —ng

e = 5 ——— |+ tan | L2 (1)
T n2— n3 n? —n3

where Ay, 11, 1, and 1 represent the free-space wavelength, RI of the guiding layer, and
upper cladding and lower cladding, respectively. According to the above Equation (1), the
maximum optimized thickness of the guiding layer for a PhC on an SOl is k4 = 273 nm, op-
erating at a wavelength of 1550 nm. Therefore, the guiding layer thickness must be smaller
than 273 nm to satisfy the single-mode condition, which will increase the transmission.
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Figure 1. (a) Schematic of a W1 PhC WG slab. (b) Corresponding photonic band diagram.
Reprinted /adapted with permission from [4].

The 2D photonic crystal slab plays a crucial role among label-free optical biosensing
methods. The 2D photonic crystal slab biosensing holds significant promise for the minia-
turization, integration, and simultaneous detection of multiple targets when integrated
with microfluidic chips. Furthermore, the slow light effect inherent in 2D PhC slabs im-
proves light-matter interactions, while ultra-high quality (Q) factor cavities, proportional
to the cavity volume (V), enable the continuous reduction in detection limits through
innovative design. These characteristics collectively render the 2D PhC slab a favorable
option for the fabrication of optical biosensor transducers. The 2D PhC slab biosensor
generally utilizes the evanescent field, which is confined within the waveguide, in order to
detect the molecular interactions. This evanescent field behaves as an electromagnetic field
that appears along the surface of the waveguide during total internal reflection. It has the
ability to interact with nearby materials, forming an external region sensitive to changes
in the refractive index. When the measurand attaches to receptors on the waveguide’s
surface, the accumulation of molecules with varying refractive indexes changes the external
refractive index, perturbs the evanescent field, and subsequently influences the behavior
of the propagated guided light within the waveguide. The sensitivity of the devices is
formally quantified as the ratio of the minimum shift in the resonance wavelength to the
alteration in the refractive index, i.e., S = AA/An.

Creating a 2D PhC biosensor typically involves a two-step process. First, one must
devise an appropriate lattice structure to establish the frequency position of the band gap
and the desired mode type. The prevailing approach for this is the plane wave expansion



Photonics 2023, 10, 1199

5 0f 30

(PWE) method. Second, the sensor’s design needs to incorporate a practical sensing
component, which often entails the introduction of one or several defect states to capture
alterations in the spectrum caused by changes in the refractive index of the slab surface
due to biomolecule interactions. The finite-difference time-domain (FDTD) method is the
most commonly employed technique for this purpose.

3. PhC-Based Polarization Maintaining WGs

The polarization dependency of PhC structures is one of its distinguishing proper-
ties, which has been used to develop numerous polarization-maintaining devices such
as polarizers. Polarizers are very helpful in optical systems because they filter out unde-
sirable polarized light for specialized applications. The polarizer’s operation is based on
the polarization-dependent propagation of a PhC waveguide (WG), which differs from
standard polarizers. It is founded on the specific features of two-dimensional (2D) PBG ma-
terials. Unpolarized light may be split into two components: transverse electric (TE), which
have an E-field parallel to the periodic plane; and transverse magnetic (TM), which have a
magnetic field parallel to the periodic plane. In 2D PBG materials, TE and TM polarized
light propagations can occur independently of one another. It is important to note that the
band structures and PBGs of the TE and TM polarizations are distinct. Both passive and
active PBGs are possible. The Maxwell equations may be used to completely explain how
passive or active PBGs interact with light. Similar to how Bragg reflection and diffraction
gratings interact with and confine light, PBGs use multiple scattering and diffraction to do
the same. The local EM field may be significantly impacted by PBG defects. Consequently,
it has been demonstrated that these PBGs possess peculiar optical resonances, and their
characteristics may be customized by picking the suitable bandgap and generating defects.
The TE and TM polarizations propagate independently of one another in 2D PBG materials.
In other words, the PBGs and band structures for the TE and TM polarizations are distinct.
Figure 2 depicts typical band structures of a 2D PBG crystal projected in the direction of
incoming light, from which some general characteristics of EM wave propagation may be
suggested. The frequency of an EM wave and the band structure of the PBG crystal both
affect its transmission. Both TE and TM waves can transmit in areas where the TE and TM
bands overlap. Both TE and TM wave propagations are prohibited in the area where TE
and TM PBGs intersect. The propagations of the TE and TM polarizations in 2D PBGs are
independent of each other, or we can say that the TE and TM polarizations have their own
band structures and PBGs [23].

Chun et al. proposed a PhC waveguide-based polarization-sensitive polarizer. Here, a
2D PBG crystal consisting of dielectric rods arranged in a square lattice form is designed and
used to make a polarizer. A polarizer with a 40 um long 1D PhC waveguide with a 40 dB
extinction ratio has been reported by Zhao et al. [24]. Similarly, polarizers with improved
extinction ratios have been designed using the 1D PhC waveguide structure [25-27]. Apart
from this, a transverse magnetic (TM) polarizer based on the 1D PhC structure has been
proposed with a high extinction ratio of 8.5 dB/pm by Kim et al. [28]. Recently, Pandey
et al. presented a brief report on the tunable dispersion characteristics of TE and TM modes
in a ternary polymer PhC composed of graphene, silicon, and polymer as nanolayers.
By employing a TMM, it has been investigated that the structure shows novel ideas of
tunability with variations in the incident angle and polymer thickness in which the Bloch
waves are affected [29]. The performance of some photonic devices using TM-polarized
light is astounding [30]. Additionally, TM-polarized light is useful for sensing applications
because, in contrast to TE-polarized light, its evanescent field penetrates farther into the
top and bottom cladding.

Additionally, TM-polarized light is used in polarization multiplexing devices to enable
the majority of the channel capacity. As a result, it is recommended that TM-polarization
pass devices are essential for effectively developing photonic-integrated circuits. In order
to profit from the large index contrast of silicon-to-silicon dioxide, strong structural bire-
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fringence, considerable optical nonlinearities, and well-established CMOS manufacturing
capabilities, a bulk of integrated circuits is being constructed on an SOI platform [31].

Both TE and TM
can transmit

TM can transmit

TE and TM can not transmit

Frequency

TE can transmit

Both TE and TM
can transmit

TE ™

Figure 2. Photonic band structures are projected along the direction of incident light for a 2D
PBG crystal.

Recently, Jerakani et al. proposed an ultra-compact polarizer by using the linear
birefringence effect of the uniaxial anisotropic material. They proposed a 1D PhC structure
having an anisotropic defect layer, which is used to break the degeneracy of the TE and TM
modes of resonance [32]. Figure 3 shows the 1D PhC structure used for the polarizer which
has alternating YVO4 and SiO; layers. The TE and TM band diagrams of the proposed
structure are shown in Figure 4, respectively.

ZA)—X

Figure 3. A 1D PhC is composed of alternating anisotropic (A) and isotropic (B) materials. The
periodicity is assumed along the x-direction. Reprinted /adapted with permission from [32].

There are several polarization devices presented by the researcher that are based on
photonic crystals [33—40]. In [41], Kang et al. show that by tuning the relative phase of
multiple inputs for coherent control, it is possible to attain coherent complete polarization
conversion. They experimentally demonstrated flexible polarization control in the terahertz
region using a silicon photonic crystal slab. The schematic diagram of the photonic crystal
slab is shown in Figure 5.
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Figure 4. The TE and TM band diagrams of the structure, which is made of alternating YVO4 and
SiO; layers as the high-index layer and low-index layer materials, and a single-defect layer of YVO4.
Reprinted /adapted with permission from [32].
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Figure 5. Schematic of the photonic crystal slab. Reprinted /adapted with permission from [41].

Also, Xintao shows 2D valley photonic crystals with dual-polarization by simul-
taneously opening two frequency degenerate Dirac cones. The opposite-valley Chern
numbers of the two band gaps with distinct polarizations are supported by opposite-phase
vortex distributions of the bulk modes and the opposing Berry curvatures. Due to this
circumstance, the bulk and edge modes, which are located in opposing valleys, exhibit
polarization-dependent refraction. In this instance, they also illustrated topological valley
transfer that is polarization-independent [42].

The fundamental parts of integrated photonics and communication systems include
polarization beam splitters (PBSs) [43,44] and optical power beam splitters (BSs) [45]. While
a PBS offers a distinct routing of light in the two polarization states known as the TE
and TM [46,47], a BS separates the entering light into many pieces at the output [48,49].
Two-dimensional PhCs can be used as polarizing beam splitters, another important device
necessary for electromagnetic wave polarization control, because their band gap profiles are
polarization-dependent. Such devices were created for a number of reasons, one of which
is that, unlike traditional polarizing beam splitters, they do not separate polarizations using
Brewster’s angle. Since retroreflection is a possibility, the angle between the wave vectors
of the transmitted and reflected beams can theoretically range from 0° to 180°. Beams
produced by a high-quality polarization splitter must be almost entirely polarized. This
means that the TM and TE band gaps must be separated in order for a 2D photonic crystal
to act as a polarizer. In this scenario, the photonic crystal can function as a polarizer in
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the area of the spectrum where the waves of one polarization are totally transmitted, but
the waves of the other polarization are virtually entirely reflected. Although the band
gap profiles for various polarizations often do not match completely for a 2D photonic
crystal due to the factors previously addressed, they may not be sufficiently separated
to create highly polarized beams. Because of this, some crystals might not possess the
required efficiency and/or practical bandwidth to be employed as polarizing beam splitters.
Because of their diminutive size, PBSs built on PhCs are very appealing [50,51]. Light
passing through a PhC could come into contact with a refractive index that is negative
or positive. The three factors of refractive index contrast, angle of incidence, and slab
thickness interact to produce the two refraction situations. By effectively utilizing these
qualities, simple and effective optical modules to steer the light are likely to be realized. As
an illustration, a passive optical device that acts as a PBS is shown, with the polarization of
the TM and TE waves twisted in the opposite positive and negative directions.

In 2003, Solli et al. experimentally demonstrated PhC-based polarizers and polarizing
beam splitters. They used a hexagonal-type PhC structure and obtained the transmission
and reflection characteristics of the proposed beam splitter [52]. The polarization extinction
ratio (PER), a crucial indicator of merit, is used to gauge PBS efficiency. In 2021, Butt et al.
proposed and examined a 2D PhC heterostructure compact design for a PBS and light
steering applications. Given their small size and great attractiveness, the PER that the
design provides is >30 dB [53,54]. There are several unique designs of PhC-based beam
splitters that have been proposed and studied extensively [55-58].

Recently, by using a 2D heterostructured PhC, a small PBS device has been quantita-
tively studied. The PhC formations are made using a special method that allows PhC-1 to
transport light with self-collimated TE- and TM-polarization. The design of PhC-2 creates a
PBG for TE-polarized light. However, an interference-free transmission of TM-polarized
light is possible. When these two unique PhC formations are merged at an angle of 45°, the
self-collimated TE-polarized light interferes with the PC-2 and is reflected at a steep 90°
bend, while the self-collimated TM-polarized light may flow through both forms since it
does not encounter any PBG on its path. Therefore, in a small space, both polarizations
are separated at a 90° angle [59]. The two optimum PC forms should be merged for the
polarization division-multiplexing system so that the light with the TE and TM polariza-
tions can divide at 90 degrees. The construction of a PBS, which may be used as an on-chip
PDM system, results from the unique union of PC-1 and PC-2. As seen in Figure 6, both
structures are united at a 45-degree angle. The normalized electric field mapping of TE-,
TM-, and TE + TM-polarized light at 1500 nm is shown in Figure 7.
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Figure 6. Graphical representation of heterostructure-PhC on-chip polarization division multiplexing.
Reprinted /adapted with permission from [59].
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TE-polarized light TM-polarized light TE and TM-polarized light

Figure 7. Norm of electric field mapping at 1550 nm for (a) light with TE polarization; (b) light
with TM polarization; and (c¢) TE + TM polarization of light. Reprinted /adapted with permission
from [59].

4. PhC-Based Solar Cells

The recent year witnessed a wide exploitation of PhCs in solar cells due to their
unique optical properties, i.e., PBG and slow photon effect. The introduction of PhCs can
successfully modulate the distribution and propagation of photons in solar cells. Therefore,
the key to improving the efficiency of photoelectric conversion can only happen through a
full understanding of the optical characteristics of PhCs. At present, PhC structures are
being utilized in quantum-dot-sensitized solar cells (QDSSCs) and dye-sensitized solar
cells (DSSCs), but comparatively few in the field of perovskite solar cells (PSCs) [60]. This
section summarizes the applications of various types of PhCs in sensitized solar cells and
silicon solar cells, and their possible limitations and advantages are analyzed.

One of the most promising ways to improve the performance of a thin film solar cell
is to improve light trapping [61]. Light trapping in the thin film is usually improved via
a surfaced metal back reflector that allows for the dispersion of light inside the absorber
layer and therefore significantly increases the optical path length of the photons, which
improves the light trapping inside the thin solar cells. PhCs can be integrated along with
a suitable absorber, which helps in selective solar absorption. By varying the structural
parameters and moving the PBG, the absorption cut-off can be tuned. Additionally, PhCs
can significantly boost absorption by tuning the quality factor [62]. In 2019, Cen et al.
reported a numerical analysis and exhibited a perfect absorption of monolayer graphene,
showing a high quality factor and high sensitivity [63]. The author studied the single-band
absorption of graphene via impedance-matching and the critical coupling effect. The
analysis exhibited a high Q-factor of 664.2, achieved by varying the ratio between the
structural period and the radii of the elliptic cylinder air hole. A PhC offers the benefit of
incorporating diffraction, where the photon momentum (k) can be dispersed away from
the specular path with k = k; + g, where g is a reciprocal lattice vector and k; is the incident
wave vector.

In 2012, Mavrokefalos et al. reported on the light absorption within the crystalline
silicon, which was significantly improved by inverting the nanopyramid light-trapping
technique for crystalline silicon thin films, as shown in Figure 8a [64]. In this reported work,
the author proposed an inverted nanopyramid light-trapping technique for crystalline
silicon thin films, fabricated at a wafer scale using a cost-effective, wet, etching procedure
that significantly enhances the absorption of light within the crystalline silicon thin films.
Furthermore, the author also validated that the absorptivity of crystalline silicon thin films
with a thicknesses less than 10 um is significantly comparable to that of planar crystalline
silicon wafers with a thicknesses greater than 300 um, as shown in Figure 8b. From the
investigation, it was observed that these structures can not only significantly minimize
the processing costs, but also provide the improved efficiency required to enable viable
crystalline silicon thin film solar cells in the future.
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Figure 8. (a) SEM image of inverted pyramid solar cells. (b) Maximum efficiency at a normal
incidence as a function of thickness for simulated inverted nanopyramids (blue solid line) and
a planar film (brown dashed line), with 90 and 63 nm SiNx antireflection coatings, respectively.
Reprinted /adapted with permission from [64]).

In 2014, Yu et al. reported semitransparent polymer solar cells (STPSCs) utilizing a
PhC reflector to achieve 5% conversion efficiency [65]. The 1D PhC comprises multiple
optimized layer WO3/LiF pairs, as shown in Figure 9. This optimized 1D PhC reflected
light back into the STPSCs because of the PBG. The STPSCs with eight pairs of 1D PhCs
exhibited an attractive performance, along with a short-circuit current density (Js) and
power conversion efficiency (PCE) of 9.76 mA /cm? and 5.16%, respectively. A maximum
enhancement of 20.2% in Js. was achieved, while the PCE was obtained to be increased by
~21.7%.

Figure 9. Device architecture of an ST—PSC with eight pairs of 1D PhCs. Reprinted /adopted with
permission from [65].

In 2015, Sergey et al. reported a numerical solution of Maxwell’s equations, near-
perfect solar light trapping and absorption over the 300-1100 nm wavelength band in
PhC architectures, amenable to fabrication using the wet-etching technique, and requiring
less than 10 um of crystalline silicon. The PhC comprises a square lattice of inverted
pyramids with sides consisting of several (111) silicon facets, and the pyramid center-to-
center spacing was used, varying from 1.3 to 2.5 um. On the wet-etched slab with a height
of 10 pm and a lattice constant of 2.5 um, the author observed a maximum photo current
density of 42.5 mA /cm?, falling not far from 43.5 mA /cm?, corresponding to 100% solar
absorption. The author also investigated that these wet-etched structures required double
the volume of silicon compared to the overall numerically optimum PhC structure. In
the same year of 2015, Zhang et al. introduced TiO, /SiO, 1D PhCs as active layers into
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photonic solar cells [66]. To maintain a high reflectivity, the TiO, and SiO, microstructure
layers were optimized in order to reduce the thickness of the photonic crystal layer. On
the other hand, the author utilized the photonic crystal structure color to visualize and
realize multicolor, non-transparent photonic solar cells with blue, blue—-green, and green
hues. At the same instance, the PhC reduces thermal gain and improves the reflectance of
the incident light at a specific frequency, which is highly beneficial for the enhancement of
the conversion efficiency for practical applications. In 2016, Ramos et al. utilized angular
physical deposition to accurately control the growth of nanorods [67]. They reported the
preparation of three types of 1D PhCs that can be used as photonic solar cell photoanodes by
controlling the angle of physical deposition. With the reported design, the author achieved
conversion efficiencies of 6.39%, 10.94%, and 12.03%, respectively.

In 2017, polymer solar cells were reported as an important category of the next gen-
eration of new thin-film solar cells. This technology has gained huge attention in recent
years, as its energy conversion efficiency was reported to be more than 13% [68]. Following
the results, Shi et al. reported a 1D PhC with various Bragg reflection wavelengths and
implemented it in translucent polymer solar cells [69]. The bulk heterojunction active layer
of the translucent polymer solar cell was 90 nm thick (PTB7-Th: PC7 BM). Considering
the advantages of this high-performance thin film device structure, the author fabricated
semitransparent photonic solar cells by introducing an ultra-thin transparent silver cathode
by replacing a thick silver mirror cathode, resulting in high-performance, semitransparent,
photonic solar cells with a conversion energy of over 6% and an average visible transmit-
tance between 20% and 30%. In the same year of 2017, Gupta and Janyani improved the
performance by using a 2D PhC-based thin layer heterojunction gallium arsenide (GaAs)
solar cell with a periodic pattern [70]. In their reported work, the authors compared two
structures: (i) having a PhC structure extended from the top transparent, conducting oxide
to the p-AlGaAs window layer placed above the GaAs material; and (ii) the PhC structure
etched only in a transparent conducting oxide. A comparative analysis of the structure with
the planer cell and Lambertian light trapping limits was also performed, and a significant
increment in the efficiency was observed for thinner active layers, showing the advantage
of a wavelength scale. The ‘Lambertian’ term refers to a type of surface or material that
exhibits diffuse reflection, meaning it scatters incident light in all directions uniformly. In
the context of solar cells, ‘Lambertian’ surfaces are often used to enhance light trapping and
absorption within the cell structure. The results exhibited that the PhC structure (etched
inside p-AlGaAs)-based solar cell exceeded the efficiency of the double-antireflection coat-
ing (ARC)-based structure by more than 18% for a 50 nm thin active layer cell. Later, in
2018, Zhang et al. proposed a numerical analysis of a multi-junction solar cell structure [71].
The designed structure was a combination of grating and a 1D PhC considered to be made
of crystalline silicon and silicon dioxide. It uses gratings to increase its effective optical
path. The design was optimized carefully, leading to remarkable efficiency for the cells
with very thin silicon active layers due to the significantly enhanced absorption. In 2019,
Bhattacharya et al. achieved 29% power conversion efficiencies by utilizing thin, crystalline
silicon, following the efficacy of wave-interference-based light trapping and carrier trans-
port in a parabolic—pore PhC [72]. In the reported work, the author demonstrated the
geometry of a simple PhC solar cell which enables the power conversion efficiency of a
single-junction c-Si solar cell to exceed the previously reported theoretical limits.

In the most recent article published in 2022, Morsy and Saleh reported another PhC
solar cell utilizing GaAs to develop nano-solar cells [73]. A nano-solar cell based on a
2D PhC ARC trapping layer and a 2D-graded-index GaAs active layer was reported and
numerically investigated using the finite-difference time domain (FDTD). The proposed cell
absorption and conversion efficiency were analyzed as a function of the cell layer thickness
in comparison with the Lambertian absorption and cell efficiency limits. All the simulations
were performed in the range of 300 to 1100 nm using the FDTD technique, where the
2D PhC structure was shown by indium tin oxide nanorods in an air background. The
study exhibited that the design of a 100 pm? nano-solar cell achieved a 39.2% conversion
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efficiency. In addition to these structures, several other structures were also reported in the
past decades, which are summarized in Table 1.

Table 1. A summary of the PhC nanostructures utilized in photocatalytic degradation, PEC water
splitting, and solar cells to improve their solar conversion efficiencies [74].

Photonic Nanostructure Material Photocurrent Density Power Conversion Efficiency Reference
Fe203 - [75]
Cu20/2n0 0.35 at 1.23 Vrye 01 [7]
Microcavity TiO; - [77]
Polymer solar cells 4.5 [78]
Semitransparent polymer - 24-27% [79]
WO3/Ag/WOs3 - 8.37% [80]
TiOz /ZI‘OZ - - [81]
BiVOy 1.35at1.2Vvs. Ag/AgCl - [82]
Mo:BiVOy 2at1.0 Vvs. Ag/AgCl - [83]
PhC Bi,WOg - - [84]
WO; 2.5at1.0 Vvs. SCE - [85]
TiO; nanodisk - 18.7%. [86]
Silicon - 31% [871]
CdS/TiO, 484 at0Vvs. Ag/AgC - [88]
Au/TiO, - - [89]
Au/TiO, - - [90]
PhC + Plasmon Au/BivVO, 3.1at1.23 Vgug . [91]
TiO,/Au - 4.67 [92]

From the above discussion, we can clearly see improvement in the performance of
various types of PhC solar cells. However, can also be observed that the technology still
faces a huge research gap due to the limited exploitation of the features of PhCs. To
overcome various challenges, researchers should fully understand the PhC light control
performance, the selection of the appropriate PhC structure, and the illumination direction.
At present, photonic crystal structures are widely used in dye-sensitive solar cells and
quantum-dot-sensitive solar cells, but relatively few in the field of perovskite solar cells.
It is worth noting that although PhCs have several excellent optical control properties, it
is difficult to achieve the thickness requirements of a perovskite solar cell because of the
limitations of the preparation technology and structure of PhCs.

5. Photonic-Crystal-Based Sensors

Because of the growing demand for sensing devices, PhCs emerge as a potential tool
in healthcare [93,94], physical parameter monitoring [95,96], defense [97], food quality
control [98], and aerospace [99]. The surface of PhCs is made of a periodically modulated
dielectric material that can be modified in order to create a PBG, which helps prevent light
from propagating at particular wavelengths [100]. Consequently, the local optical modes of
a PhC can be utilized as a label-free and highly sensitive platform for monitoring chemical
and physical changes in the surrounding environment. In order to evaluate the sensing
performance of such devices, several parameters were investigated such as sensitivity,
response time, selectivity, stability, and the limit of detection (LoD) [101].

In their initial days, PhCs were popular among gas-sensing applications, as they
required light to be modulated through the waveguide and recorded on the detector.
PhCs based gas sensors were considered the safest way to detect hazardous gas without
compromising sensitivity and selectivity compared to electrochemical, chemiresistive, and
ratiometric sensors. Gas sensors based on PhCs are reported for the mid-infrared range for
various toxic gases; for example, CHy, CO,, and CO exhibited absorption lines in the mid-IR
wavelength region. A high-precision gas index sensor based on a PhC air—slot cavity was
proposed, offering a sensitivity of 510 nm/RIU [102]. In 2012, Jun reported that a surface
plasmon resonance (SPR) nanocavity antenna array for gas sensing application achieved a
maximum sensitivity of 3200 nm/RIU [103]. A guided-mode resonance gas sensor with
a sensitivity of 748 nm/RIU was reported [104]. In addition to gas sensing applications,
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PhCs also gained huge popularity in chemical- and biological-sensing applications. From
a technical point of view, the optical sensors based on PhCs, including PhC optical fiber,
also known as PCF, and integrated planar PhCs, are suitable for label-free detection and
multiplexing. For example, in 2012, Zou et al. reported large-scale chip-integrated PhC
sensor microarrays, and demonstrated their application in biosensing on an SOI-based
platform [105]. These days, integrated PhC-based optical sensors are considered the most
popular class of photonic sensors, which are generally utilized to monitor physical and
chemical parameters. In 2013, Lu et al. also fabricated an integrated temperature sensor
based on an enhanced pyroelectric PhC [106]. The sensing response of the devices was
achieved with the pyroelectric effect of lithium—niobate, in which a suitable air-membrane
PhC cavity has been fabricated. The wavelength position of the cavity mode is tuned
at 11.5 nm for a temperature variation of only 32 °C. The reported device exhibited an
average temperature sensitivity of 0.359 nm/°C for an active length of around ~5.2 um. The
main advantages of these sensing configurations are their high light confinement, excellent
sensitivity, and selectivity in the sensing mechanism.

In 2014, Shafiee et al. utilized nanostructured PhCs for the label-free detection and
quantification of intact viruses (HIV-1) from biologically relevant samples [107]. Figure 10
illustrates the schematic of a nanostructured PhC HIV sensor platform. In the proposed
scheme, the PhCs resonantly reflect a very narrow wavelength band during illumination
with a broadband light source. The surface of PhC-adsorbed biotarge induces a shift in
the resonance spectral peak, which is detectable with a <10 pm wavelength resolution.
The process allows for the successful detection of a small number of viruses that sparsely
populate the transducer surface. In the reported work, the authors successfully detected
HIV-1 in serum and phosphate-buffered saline (PBS) samples with viral loads varying from
10* to 108 copies/mL.
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Figure 10. (a) The bottom surface of PhC biosensor microplate wells is composed of a nanostructured
sub-wavelength grating that is coated with TiO,. (b) Binding events within the close vicinity of the
sensing area change the bulk index of refraction; thus, the peak wavelength value (PWV) of the
reflected light is altered. Reprinted /adopted with permission from [107].
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In 2015, Bouzidi et al. reported a tiny and portable gas-sensing system using 1D
PhCs [108]. The sensor comprises a 1D PhC formed using alternate layers of magnesium
fluoride (MgF,) and silicon (Si), with a vacant layer in the middle. The empty layer was
later filled with the polluted air, which had a refractive index closest to that of pure air,
varying from 1.00 to 1.01. Transmission spectra were used here for the real-time detection of
gaseous environments. The peak frequency of the transmission spectra was observed to be
sensitive to the air-gas mixture with a high sensitivity of 700 nm/RIU. In 2016, Farhat et al.
reported a surface-plasmon-resonance-based liquid crystal photonic crystal fiber (PCF)
sensor for a temperature sensor [109]. The reported work briefly exploits the coupling
characteristics between the fundamental mode inside the designed PCF infiltrated with
a nematic liquid core and the plasmonic mode on the surface of a nanogold wire. The
designed sensor exhibited a high sensitivity of 10 nm/°C for temperatures ranging from 30
to 50 °C. In 2017, Liu et al. reported an refractive index sensor using high quality factor
bound states in free-space-coupled PhC slabs [110]. Figure 11 illustrates the schematic
diagram and key parameters of the proposed design, with angle and polarization defined
for the incident light beam. The reported paper demonstrates a numerical investigation
over single and coupled bi-layer PhC slabs that possess a simultaneously high S and Q near
the bound states in the continuum. The reported article validated the performance of the
device experimentally and numerically. The numerical analysis exhibited S > 800 nm/RIU
and Q > 107 for refractive index sensing in the 1400-1600 nm optical wavelength band,
while experimentally, the value achieved 94 nm/RIU and 1.2 x 10* for S and Q, respectively.

Analyte

,

\‘

(2) (b)

Figure 11. Schematic and key design parameters of the proposed sensor structures, with angle and
polarization defined for the incident light beam: (a) single-layer PhC slab, and (b) coupled bi-layer
PhC slab. Reprinted/adopted with permission from [110].

In 2018, Maurya et al. proposed a 2D layered nanomaterial (graphene, MoSe,, MoS;,
WSe; and WS,)-decorated 1D PhC refractive index sensor based on the Kretschmann config-
uration [111]. The 2D nanomaterial shows an excellent sensing response due to its superior
adsorption, as well as absorption properties. The reported design comprises alternate layers
of 2D nanomaterials and silicon, as shown in Figure 12. The performance of the design,
including sensitivity, quality factor, resolution, and evanescent field penetration depth,
was investigated and compared with a 1D PhC decorated with polymethyl methacrylate
(PMMA) in place of silicon. An increased shift in resonance angle was obtained along with
a high quality factor by replacing PMMA with silicon, but at the cost of poor resolution.
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Figure 12. Schematic of 2D-material-decorated 1D PhC refractive index sensor. Reprinted /adopted
with permission from [111]).

In 2019, Snapp et al. reported a colloidal PhC strain sensor integrated with a graphene
phototransducer [112]. In the reported work, the author used a colloidal solution to de-
velop a PhC which changes color in the presence of externally applied strain. This hybrid
sensing system allows for a direct visual perception of strain, while strain quantification
via electrical measurement of the hybrid system outperforms that of crumpled graphene
strain sensors by more than 100 times. In 2020, Resende et al. developed a PhC sensor for
the label-free and target-specific detection of urinary venous thromboembolism biomark-
ers using molecularly imprinted polymers [113]. The molecularly imprinted photonic
polymer (MIPP) was achieved by manipulating an imprinted polymer on highly ordered
silica nanoparticles assembled via vertical deposition. Owing to the hierarchical sensing
configuration, the resulting MIPP exhibited optical properties that changed upon rebinding
of the target analyte. The sensor exhibited a linear response, varying from 0.2 ng mL~! to
22 ng mL~!, and showed a lower limit of detection of 0.13 ng mL~!. In the most recent
article published in 2022, Kawasaki et al. reported the application of PhCs for monitoring
SARS-CoV-2 in saliva to tackle the global pandemic [114]. The sensor comprises an im-
printed photonic crystal thin film functionalized with an anti-SARS-CoV-2 spike protein
antibody, enabling label-free, highly sensitive, and selective detection using a smartphone-
equipped optical setup. The sensing response of the sensor was examined with artificial
saliva, and a specific and quantitative detection of the spike protein was successfully ob-
tained, with a low LOD of 429 fg/mL. Additionally, the author also provides an IoT-based,
user-friendly interface to store the result data and return it immediately to the patient. The
schematic of the reported sensors is shown in Figure 13.
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Figure 13. Schematic of the reported PhC sensor for SARS-CoV-2 showing (a) image of an IPCF chip,

(b) SEM image of the fabricated PhC surface, (c) experimental setup used to characterize the sensor,
and (d) reflection spectrum of the sensor. Reprinted /adapted with permission from [114]).

Sensor applications based on PhC also hold significant promise in the realm of liquid-
based sensing. In 2011, Pu et al. reported such a study and explored the influence of
temperature on the band gap properties of magnetic fluid-based PhCs [115]. In the reported
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article, a method was developed to extract temperature-dependent structural information
from existing data, yielding crucial parameters for band diagram calculations. The research
reveals that temperature has a limited impact on the mid-frequencies and positions of
forbidden bands, but it can alter the number of forbidden bands at specific magnetic
field strengths. Later, in 2016, Su et al. numerically designed a novel PhC magnetic
field sensor, featuring a shoulder-coupled resonant cavity filled with magnetic fluid [116].
By tracking the changes in the resonant wavelength, the sensor achieves magnetic field
sensing, with greater sensitivity and improved performance obtained through specific
infiltration schemes, resulting in an optimal structure with eight air holes filled with
magnetic fluid. PhCs’ inherent ability to seamlessly interact with liquids opens doors
to several practical applications. Such devices can be employed to monitor and analyze
a broad range of materials in liquid form, from biological molecules and pathogens to
environmental contaminants. This versatility positions PhC-based sensors as powerful tools
for advancing fields like medical diagnostics, environmental monitoring, and food safety,
where precision and sensitivity are paramount. The ease with which photonic crystals can
be infiltrated with liquids underscores their potential to revolutionize liquid-based sensing,
offering a path to more effective and efficient detection and analysis methods. In addition
to several advantages, such as its small size, immunity to electromagnetic interference,
high sensitivity, strong light confinement, etc., it also possesses a limitation in terms of its
fabrication and implementation. The sensing material is disadvantaged by poor adhesion
during its deposition on a PhC [97]. In some cases, the author fabricated the Panda fiber by
integrating the sensing material into the silica cladding and monitoring the birefringence
to detect hydrogen leakage [117]. Overall, the sensing devices based on PhC offer a huge
possibility, ranging from biomolecules to gas detection, and can hence be considered a
potential candidate for the next generation of sensing. In addition to the PhC sensors we
reviewed above, there are some other sensors that have been reported in the past decades,
which are summarized in Table 2.

Table 2. A summary of various PhC-based sensors, along with their sensing response and detec-

tion range.
Type of PhC Sensing Material Target Detection Range Sensitivity Reference
Gas Sensors
D shape fiber Ag/Porous TiO, Isopropanol 20-100% 1.35nm/% [118]
PhC long-period - Methane 0-3.5% 6.39 nm/% [119]
grating
Microtube PhC - Propene 33 vol% 8.6-10.1% [120]
hybrid Dop o - Methane - 21.2% [121]
PC slab (PCS) - Carbon di oxide 0-2130 ppm - [122]
2D defect PCS Polymer Hexane and ethanol 0-3 ppm 123.4 nm/RIU [123]
PhC cavity - Tetrahydrofuran 0-31.5 mmol.L ™! 0.128 nm-mmol.L~? [124]
PCF NA Sulfur Dioxide 1.3406-1.3388 83.64% [125]
Nitrous Oxide and 73.822%
PCE i Benzene 1295713 76.422% [126]
Periodic PCS Graphene gas - - [127]
Sulfuric Acid and o
2D PhC - . 0-90% 575-600 nm /RIU [128]
Hydrogen Peroxide
Physical sensor

Bragg grating PhC - Temperature sensor 5°C-160 °C 0.082 nm/°C [129]
Dual-core PhC fiber Fe;0,4 Magnetic field sensor 89.9-271 Oe 305.8 pm/Oe [130]
Elliptical hole PhC Platinum Temperature sensor 20-160 °C 77 nm/°C [131]

Fiber
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Table 2. Cont.
Type of PhC Sensing Material Target Detection Range Sensitivity Reference
Gas Sensors
MME-PCF - Strain sensor 0-1600 pe ~—14.89 pm/pue [132]
. Magnetic field and 5°C—-65°C —1.25nm/°C
D shaped PCF Au film temperature sensor 30 Oe~270 Oe 0.21 nm/Oe [133]
PhC Self-adhesive Underwate? motion 0-200% ~2.09 nm /% [134]
hydrogel detection
2D PhC GaAs Pressure sensor 0-5 GPa 17.00 nm/GPa [135]
PhC micro ring - Pressure sensor 0-0.5 GPa 25.26 nm/GPa [136]
resonator
2D PhC - Pressure Sensor 0-6 GPa 3.1 nm/GPa [137]
PCF Silver Temperature sensor 15-35°C 2nm/°C [138]
Refractive index sensor
D-shaped PhC Fiber Gold film Refractive index 1.43-1.46 7700 nm/RIU [139]
Dual drilled channel Gold nanowire Refractive index 1.31-1.40 90,500 nm/RIU [140]
H shaped fiber Gold nanowire Refractive index 1.33-1.40 4000 nm/RIU [141]
Tapered PCF - Bio-chemical 1.30-1.32 722.3 nm/RIU [142]
Hollow core Cu nanowire Refractive index 1.33-1.38 12,400 nm/RIU [143]
Hollow core PCF - Poisonous chemical - 92.08% [144]
. 347.99-473.38

2D PhC - Refractive index 1.33-1.481 nm/RIU [145]
Single channel PCF - Petrol adulteration 1.415-1.440 20,161.2 nm/RIU [146]
1D defect PhC Super;c;‘e‘i‘;ftmg Biosensing 0-50% 68.18-85.22nm/RIU ~ [147]
1D PhC - Hemoglobin 10-150 g/L 1916.77 nm/RIU [148]
2D PCF Au film Protein 0-10 pg/L 1073 pg/mL [149]

6. PhC-Based Logic Gates

All-optical systems have garnered significant interest among researchers in recent
years due to their exceptional applications in fiber optic communication, optical computing,
and optical signal processing [150]. For the realization of all-optical devices, PhCs are
offered a new avenue [151-153]. These devices utilize the periodic arrangement of crystals
with varying refractive indexes to regulate the passage of light. PhCs have great qualities
such as strong light confinement, compact size and high-speed light propagation, quick
response time, wide bandwidth, and low-power dissipation [150]. Light confinement is
strong in silicon PhC waveguides, making them appropriate for the design of combinational
and logical optical circuits. The periodic arrangement of atoms in a crystal gives rise to
energy bandgaps in PhCs. Another intriguing phenomenon that can be produced with
PhCs is the prevention of light transmission via optical switching techniques [154]. In this
way, researchers [155] have proposed a half-subtractor using PhCs as a possible structure
for usage in arithmetic logic circuits. To calculate addresses and increment or decrement
operators, a half-subtractor plays a crucial role. The most fundamental combinational
logic circuit utilized in digital electronics is the half-subtractor. This circuit allows for
the subtraction of two binary digits and creates two output bits (difference and borrow).
Similarly, Rao et al. [156] have designed the all-optical MUX using square lattice-type
silicon rods and a combination of T- and Y-shaped waveguides. Here, silicon rods have
been used for back reflection that also reduces the power loss. This structure consists of
a silicon rod with a diameter of 0.2a, a refractive index (RI) of 3.4, and a lattice constant
of 0.6 um. Using silicon junction rods with radii of r3 = 0.3a and r4 = 0.25a at junctions J1
and J2, respectively, prevents undesirable back reflections at the input ports. A PC-based
all-optical MUX is shown in Figure 14. The design is composed of two T-junctions and one
Y-junction, together with three horizontal and two vertical waveguides. Two horizontal
waveguides on the right side of the device are utilized as the reference (R) and select (S)
input ports, while another horizontal waveguide on the left side serves as output port Y. A
waveguide on the top is utilized for input port A, while a waveguide on the bottom is used
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for input port B. The suggested all-optical device is based on the phenomenon of beam
interference, as shown in Figure 15. The theory of wave optics states that interference occurs
within waveguides. Depending on the beginning phase and path covered by incoming
light signals, a constructive or destructive interference would ensue.
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Figure 14. Diagram of an optical MUX with T- and Y-shaped PhCs [156].
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Figure 15. Optical signal propagation through an all-optical 2 x 1 multiplexer for the input combina-
tions (a) 00, (b) 01, (c)10, and (d) 11 when S = 1. Reprinted /adapted with permission from [156].

Rao et al. [153] also proposed a reversible logic gate for a lossless digital system. It is
very impressive because it lowers heat generation and power consumption in a photonic-
integrated system. They have designed the Toffoli and Feynman logic gates using 2D PhCs
for low-power integrated circuits. These optical reversible gates are designed without
introducing any nonlinear materials, and the design is validated through FDTD-based
commercial software in the wavelength range of 1550 nm. The crosstalk ratio, insertion loss,
and transmittance of 32.5 dB, —0.04 dB, and 0.9 are obtained in the case of the Toffoli logic
gate. Similarly, the crosstalk ratio, insertion loss, and transmittance of 12.4 dB, —0.015 dB,
and 0.96 dB are found in the case of the Feynman logic gate. Thereafter, Rachana et al. [157]
proposed a 3-input AND logic gate using a T-shaped, silicon-based, 2D photonic crystal.
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There are various applications of this gate such as error correction, performance recognition,
code conversion, arithmetic operations, and encryption/decryption. The size of the 3-input
AND logic gate is 8.4 pm x 5.4 um; that is a reasonable size. The performance analysis of
this gate has been performed at 1.55 um wavelength using the FDTD method. The best
and worst CRs were found to be 24.533 dB and 8.6 dB, respectively. Also, its minimum
and maximum transmission efficiency were found to be 19.6% and 142%, respectively. The
reaction time of the gate is 18 fs and the bit rate is 55.5 Tbps, that provides high-speed optical
signal processing. Overall, this gate provides a high CR and consumes minimal space.

Rao et al. [151] also proposed all-optical photonic devices for large-scale integration
and high-speed optical computing. They have designed and analyzed the NOR, NAND,
and XNOR logic gates using a single structure. This is possible with the help of optimized
phase changes in the applied optical signal. The size is 7.2 pm x 5.4 um, and the CR is
14.3 dB, 17.59 dB, and 10.52 dB of the proposed NOR, NAND, and XNOR logic gates.

The same research group [152] has also used a photonic crystal to design the ultra-
compact, all-optical D flip—flop by optimizing the radius of the silicon rod and those
refractive indexes. The proposed D flip—flop helps reduce the complexity of digital circuits
and enhance optical computing and networking. The optical interference principle has been
utilized in the T-shaped waveguide to design the D flip—flop at a wavelength of 1550 nm.
This design is compact and operates at a low power level; the insertion loss is 0.87 dB, the
CR is 25 dB, and the transmission ratios are more than 96%.

As we know, in order to accomplish several operations in optical communication
technology, all-optical logic gates are necessary components. Thus, researchers of [158]
have also presented a revolutionary design for optical NAND, NOR, and XNOR logic gates
based on the optical interference phenomenon. The proposed topology for all-optical logic
gates is realized with 2D photonic crystal-based, Y-shaped waveguides made of silicon
rods with an air background. The proposed configuration for NAND, NOR, and XNOR
logic gates occupies a smaller area of 9 pm x 9 um and delivers a contrast ratio of 21.2 dB,
18 dB, and 17.16 dB at a wavelength of 1.53 um, with less insertion loss of 0.011 dB and
a greater-than-98% transmission ratio. Consequently, the proposed logic gates may be
relevant to optical processors and photonic-integrated devices.

NNX logic gates are built utilizing square lattice rods based on PhCs in an air back-
ground. This structure consists of Y-shaped and T-shaped waveguides, with a silicon rod
radius of 0.2a and a refractive index (RI) of 3.44, where a = 0.6 m. These waveguides are
created by introducing structural line faults. At the junctions J; and J,, reflecting rods
r; =0.12 um and rp = 0.138 pm, and junction rods rj = 0.18 um are employed to prevent un-
wanted back reflections into the input ports. One Y-junction and one T-junction with three
horizontal waveguides and one vertical waveguide comprise the design. The waveguides
located on the left side of the device serve as input ports A and B, and the distance between
these two input waveguides is 5a, allowing for the loss-free confinement of light within
the waveguides. The vertical waveguide at the top of the structure serves as the reference
input port R, while the horizontal waveguide on the right side of the structure serves as
the output port Y. This design functions flawlessly as optical NAND, NOR, and XNOR
logic gates across the wavelength range of 1.53-1.57 um [158]. Similarly, as indicated in
Figure 16, all-optical AND, OR, and XOR logic gates using square lattice silicon rods with
an air background can be developed.
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Figure 16. Schematic of AOX gates with T-shaped photonic crystals. Reprinted/adapted with
permission from [158].

7. PhC-Based Amplifiers

A form of optical amplifier that uses photonic crystals to improve and regulate the
amplification of light signals is known as a photonic crystal-based optical amplifier. In
the fields of photonics and optical communication, these amplifiers are very important.
Photonic crystals are periodic formations with alternating high- and low-refractive index
areas that may control light propagation at specified wavelengths. Wavelength selectivity,
enhanced light-matter interaction, efficient amplification, compact size, tunable gain, and
reduced noise are some of the main benefits and features of photonic crystal-based optical
amplifiers. Photonic bandgaps, which stop some light wavelengths from propagating,
are built into photonic crystals. The photonic crystal’s characteristics may be carefully
engineered to produce amplifiers that are incredibly selective for certain wavelengths or
small bands of wavelengths. Applications for photonic crystal-based optical amplifiers in
optical communication include WDM systems, fiber optic network signal amplification,
and the development of small and effective optical amplification components for use in
integrated photonics.

Many optoelectronic devices, such as semiconductor lasers [159], optical waveg-
uides [160], semiconductor optical amplifiers (SOAs) [161], and all-optical switches [162],
have successfully benefited from the usage of PhCs in recent years. Semiconductor optical
amplifiers (SOAs) include a variety of special qualities that provide difficulties for those
who want to utilize them as linear amplifiers, while also creating considerable opportunity
for quick, all-optical signal processing. All-optical gates can be built with semiconductor
optical amplifiers as wavelength converters and OTDM demultiplexers [163].

Due to PBGs’ flexibility, PCs have drawn significant interest in the realms of optical
equipment, biosensing, anti-counterfeiting tools, and even quantum communications. Due
to the effects of light collection and amplification, PCs in particular are frequently utilized
in the present to amplify signals. They are suitable for constructing extremely compact
optical devices because of their capacity. Therefore, any optical devices that are compatible
with photonic-integrated circuits (PICs) may be designed on PCs [164,165]. A new device
known as a photonic crystal semiconductor optical amplifier (PhC-SOA) is created by
altering the semiconductor optical amplifier device utilizing a PhC structure [166,167]. This
gadget makes use of SOAs, as well as the benefits of PhC architecture. The SOA length can
be drastically reduced because of the improved interaction between light and matter in
PC structures [168-173]. The advantages of the optical current amplifier over conventional
current-sensing technologies are less electrical interference, incredibly quick reaction times,
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excellent computation accuracy, and reduced sensor load and length. Other than that,
optical sensing and communications are the main uses for optical amplifiers [174].

In [174], with adjusting the radius of the circular photonic structure from 340 nm to
390 nm at a pressure range from 0 to 10 GPa, where the lattice space retains 800 nm, the
germanium-based PC waveguide (L-shape) defect (15 x 15) of the electric distribution
field is calculated. By using peak electric field modeling work, the input and output power
of the electric field are carefully analyzed in relation to the incoming signal at 1.55 pm
for a germanium-based photonic crystal waveguide (L-shape defect). The relationship
between input power and output power demonstrates that under different pressures, the
output power is amplified in relation to the radius increment. A schematic diagram of
the L—defect-based PhC waveguide and distribution of the electric field are shown in
Figure 17a,b, respectively.

Output
Signal
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Power
meter

_a . Source
Lattice spacing  1.55um
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X2
Output vem
" Z0.8%1
signal

Figure 17. (a) L-defect-based photonic crystal waveguide at a pressure of 10 GPa. (b). Electric
field distribution of a 0.345 um radius at an applied pressure of 10 GPa. Reprinted /adapted with
permission from [174].

Concerning PhC devices relying on miniaturized resonant cavities, random lasers (RLs)
are also a very important application of PhCs [175-177]. RLs have garnered considerable
interest over several decades due to their captivating features, including the presence
of multiple emission spikes in the spectrum, a wide emission angle, and low spatial
coherence. These RLs have been observed in a variety of gain media, encompassing
disordered micro/nanostructures in semiconductors, polymers, organic materials, and
liquid crystals [178-180]. In the pursuit of engineering new advanced materials, natural
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photonic crystals have served as a wellspring of inspiration for diverse material designs.
For instance, dielectric materials emulating the photonic crystals found in butterfly wings
have been harnessed for vapor sensors [181], the creation of structural colors [182], and
infrared detection systems [183]. ZrO,-inverse opal thin films, mimicking photonic crystal
structures, have exhibited remarkable catalytic performance [184]. Moreover, the intricate
patterns on Lepidoptera wings have captivated scientists in their quest to harness laser
actions. Wang et al. accomplished random lasing by coating ZnO nanoparticles as a gain
medium on the surface of butterfly wings [185], and Zhang et al. ventured into creating a
liquid gain waveguide through biological scattering [186]. To explore the fascinating realm
of photonics, Hakan et al. introduced a semiclassical multimode laser theory [187], while
Oleg et al. contributed to this field [188]. Based on Fabry—Perot or waveguide resonance,
the ridges on the wings were primarily responsible for the lasing action in these studies.

Over the next ten years, it is anticipated that technology for making 3D PhCs, which
are currently thought to be more challenging to make than 2D crystals, will also advance.
Three-dimensional crystals are expected to undergo entirely new levels of light control that
will also enable an intricate “complete control of fields”.

8. Future Prospects

Over the next 10 years, it is anticipated that nanoprocessing technology will progress
significantly, and that the development of increasingly dependable and accurate devices will
continue. Two-dimensional PhC slabs provide the potential for significant improvements
in Si-based systems and advancements in integration with electronic circuitry. Combined
optical and electrical circuits with capabilities like optical switching, tuning, and delay
capability may be expected to make further advancements. It is anticipated that optical
components will make up the majority of these circuits, and that optical/electronic chips
will be created. Without a doubt, the size and power requirements of such devices will be
tens to hundreds of times lower than they are at the moment. It is also possible to anticipate
advancements in a wide range of applications, such as next-generation, miniaturized,
multiple-wavelength light sources with active functionality, single-photon light sources,
optical memory functionalities that demand a high Q-value, supersensitive sensors, etc.
Band-edge lasers are anticipated to permit surface emission across a sizable region with a
single wavelength, single light polarization, and single spot, and the beam pattern will be
completely programmable by adjusting the photonic crystal structure. Band-edge lasers
are anticipated to be used in a variety of disciplines in the future, including information
processing, communications, and bio-related fields. It is anticipated that significant ad-
vancements will be achieved in extremely efficient emission diodes, display technologies,
and the integration of PhCs into organic EL and blue LED devices.

In the realm of solar cell technology, integrating the concept of a photonic crystal with
a slow light effect holds immense promise [189-192]. The integration of slow light effects
in photonic crystal-based solar cells marks a groundbreaking development in renewable
energy technology. Photonic crystals, with their engineered periodic structures, can ma-
nipulate the speed and propagation of light, allowing it to linger within the material. This
prolonged interaction period offers several advantages, such as improved light absorption,
reduced energy losses, and enhanced absorption of specific wavelengths relevant to solar
energy conversion. Furthermore, the slow light effect enhances the absorption of weakly
absorbed or low-energy photons, which often go untapped in conventional solar cells. This
innovation not only boosts the overall efficiency of the solar cell, but also opens up oppor-
tunities for the use of thinner, more cost-effective photovoltaic materials. As we continue
to harness the potential of slow light in photonic crystals, we move closer to creating solar
cells that are not only more efficient, but also more sustainable and economically viable.

Over the next ten years, it is anticipated that technology for making 3D PhCs, which
are currently thought to be more challenging to make than 2D crystals, will also advance.
Three-dimensional crystals are expected to undergo entirely new levels of light control that
will also enable intricate “complete control of fields”.
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9. Conclusions

In this article, we reviewed several photonic devices and their applications in beam
splitters, polarizers, logic gates, solar cells, and sensors, along with their structural design
and response. The small, cost-effective, and miniature device in which the propagation of
electromagnetic fields can be modified makes it a highly versatile system that can be ap-
plied to a wide scale of our daily lives. Obviously, the experts and early researchers who are
interested in this field can not only see the unique features and flexibilities in the structural
design of such PhC-based devices, but also broaden their thoughts and understanding to
further exploit more applications. The states of the art of the development of PhCs are sum-
marized, providing a basic idea to the readers about the significance of this research topic
and its history. PhCs can be combined with an appropriate absorber to aid in the selective
absorption of solar energy. In recent years, several absorbers have been proposed and are
being utilized to achieve high performance and durability. From the above summary, one
can notice that strong optical confinement can be achieved even in a miniature system,
allowing for the detection of the surrounding environment, including stress, temperature,
chemical analytes, etc. Alongside that, such devices are being utilized on a large scale
in biomedical fields for the selective detection of proteins and immunoassays. Several
highly sensitive sensors based on various PhC configurations have been reviewed and
summarized here. Owing to the growth of scientific research in the field of MIP-based
sensors, we sincerely apologize to researchers for overlooking their important contributions
to the field; however, we tried our best to include most of the article in the manuscript.
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