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Lec 15: Applications of 2D photonic crystals

Hello students, welcome to lecture 15 of the online course on Photonic Crystals Fundamentals and
Applications. Today's lecture will be covering applications of 2D photonic crystals.



Lecture Outline

* Introduction

* Light Emitters

* Optical Waveguides

* QOptical Fibers

* Wavelength Filters

* Photonic Crystal Sensors

= Topological Photonic Crystals
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Here is the lecture outline, we will look into the introduction, some light emitters, we will discuss
about optical waveguides and optical filters. So, as you can see in this particular figure The image
provides a detailed overview of various applications and properties of photonic crystals in the
context of optics and photonics. So if | try to provide a concise summary, you can see that photonic
crystals, which is central to this diagram, So, these all are different types of photonic crystals which
are basically structures with periodic optical properties that manipulate light at wavelengths
comparable to the spacing within the crystal. So, the periodicity is basically of the order of the
wavelength of the light that is interacting with the crystal.



If you look into various parts of this image, it shows beam deflection here, which is basically the art
of redirecting light beams to achieve desired propagation paths. You can also think of negative index
imaging that creates images using materials where the refractive index is less than zero. So, that
allows for novel imaging techniques such as perfect lens. you can think of waveguides and fiber
propagation which is basically directing light through specific paths efficiently which are crucial for
you know optical communication.

This is for long haul and this is for short haul you know on the chip. So, there are some other
associated optical properties as well which are something like you know reflection and refraction
So, these are basically the fundamental principles of light interaction with materials which are used
to guide and control light in devices something like lenses and mirrors. You can also see diffraction
effect here which is basically nothing but bending of light around obstacles which are basically used
in various optical devices to control light spread. You can also see resonance and holography which
uses interference of light waves to create holograms and enhance light matter interaction through
resonance. Here you can also look into another field which is nonlinear.

okay. It tells you about the non-linear optical effects which accounts for the phenomena occurring
at high light intensities which are typically used in switches and signal processing devices. There are
some advanced devices as well which are like DFB laser diode or distributed feedback laser diode or
DBR-LD which is distributed Bragg reflector laser diode okay. So, these are basically sources of
coherent light essential in systems requiring stable wavelength emission something like you know
optical sensors and optical communication system. You can also think of resonance filter these are
the devices that allow specific frequencies of light to pass through while blocking others okay and
these are important for applications such as in communication and spectroscopy.

So, overall this diagram effectively captures the extensive and expansive role of photonic crystals in
modern optical technologies by highlighting their importance in developing advanced optical
systems and devices. So, we shall discuss some of these applications in this particular lecture and we
will see how they are useful to us.
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So, when we are talking about photonic crystal the first thing that should come to our mind that
these are the crystal that allows us you know engineering photonic band gap. So, here you can see
the photonic band diagram which indicates that there are three different frequency ranges right for
light that can be utilized for real application. So, this is one range, this is another and this is the third
one.

So, you can start from the lowest frequency. So, this is the frequency axis and this is your you know
k vector. you can start with the lowest frequency range which is below the first zone folding of the
photonic band, okay. And the gradient of the lowest straight photonic band is determined by the
effective index n of the photonic crystal, okay. And it is different for different polarization as you can
see here.

So, classically this characteristics is called form birefringence because there are two different
refractive index for two different polarization means in two different direction there are two
different effective index okay. Since the photonic band calculation precisely predicts the effective
index of each polarization the index is artificially controlled by the photonic crystal structure. So, you
can actually engineer this by reference by designing the photonic band structure or photonic crystal
structure. The second one is the highlight okay, as you can see it is already shown in yellow. So, the
second one is basically showing you the photonic band gap, which means it is an omnidirectional
stop band.

So, any frequency that lies within this particular yellow band will be blocked from entering that
photonic crystal. So, it is one of the most unique properties of photonic crystals and actually it was
the main topic at the early stage of photonic crystal research. The photonic bandgap can be used as
a reflector for light that is to enter the photonic crystal from arbitrary directions. So, it is applied to
reflection type of devices something like you know lasers and waveguides. And the third one as you
can see here, the third one is the higher frequency range which is above the photonic band gap.



So, here complex photonic bands exist. And as you understand the slope of a photonic band is
basically proportional to the group velocity which is Vg of light, right. So, if you see that the
horizontal band at the band edge okay, means typically you are getting 0 group velocity, right and
that will give you localization of light energy. So, in 2D and 3D photonic crystals such 0 Vg or very
small Vg appears not only at the band edge but also in many other bands as you can see here, right.
So, they will be effective for the enhancement of various interactions of light with materials in the
photonic crystal.

In addition, the 2D or 3D distribution of bands and the so called dispersion surface provides unique

light propagation in the photonic crystal. Thus, the frequency range can be used in transmission type
functional devices. So the most devices that are presently studied use 2D photonic crystals because
they are relatively easy to fabricate and it is compatible with LSI planar technology.

Light Emitters

* PC light emitters are categorized into four types,

* Thisizasshownin figure.

{a) Ultralow threshold micro laser having a point-defect
active region in a uniform PC,

=y Fi . Four ghotor tal light ernitters: (&) paint-defect
(b} High-power distributed feed back [DFB) laser d::,rj,ﬂ::?,,l_l:{,:‘;?a;::h.l :ll:lsé-: :dl :;h:‘,,l:ﬁ,l.:,nului:{?
utilizing the whole area of a uniform PC,
[c) High-power and stable single mode vertical cavity
surface emitting laser (VCSEL) with an air-hole
array, amd
(d} Light-emitting diode (LED] with high extraction
efficiency by PCs.
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So, now let us look into a few interesting light emitters based on photonic crystals. So, photonic
crystal light emitters can be categorized into 4 types.

So, the first one is a point defect laser as you can see here, it is the ultra low threshold micro laser
that has got a point defect active region within a uniform photonic crystal. The second one is a band
edge laser. So it has got a high power distributed feedback DFB laser utilizing the whole area of a
uniform photonic crystal. The third one shows VC cell. What is that? It is a high power and stable
single mode vertical cavity surface emitting laser.

which has got air hole array okay and this is how this VC cell is made and the last one is a light
emitting diode which has got higher extraction efficiency because of the photonic crystals. So, these
are the four different types of light emitters which are based on photonic crystals



Light Emitters

= Historical Context: | Paint-defectlaser |

= The concept of using defects in photonic crystals, analogousto
impurity doping in semiconductors, was first discussed in 1387
to lecalize electran waves near impurity atoms,

= Defects in PCs:
* In photoniccrystals, defects are used to localize light, akin to
how irnpurities localize electrons in semiconductors.

* These defects in a PC with a photonicband gap (PBG) act as g - n h)

ultrasmall laser cavities,
Figure. Localised modos at varipus dofects of 20 Photonic

crystal af triangular lagtice hobes

€Y uTuwssan | NPTEL  Swayam e s ok iy i ek o e ks

. let us look into point defect laser. So, the concept of using defects in photonic crystals which are
basically analogous to impurity doping in semiconductors was first discussed in 1987 okay. So, in
photonic crystal defects are used to localize light which is very similar to what impurities does in

semiconductor to localize electrons.

So, these defects in photonic crystal in a photonic band gap can act as an ultra small laser cavity. So,
as you can see here different localized modes at various defect sites in a 2D photonic crystal are
shown here okay. So, different types of modes can be localized based on the defect in a 2D photonic
crystal which is basically made of triangular lattice holes. So, you can also see cavity quantum
electrodynamic effects there, okay. So, the defect induced cavities in photonic crystals can control
spontaneous emission which offers potential application in the field of cavity quantum

electrodynamics.



Light Emitters

* Cavity Quantum Electrodynamic Effects:
+ Defect-induced cavitiesin PCs can control spontaneous emission, offering
potential applicationsin cavity guantum electrodynamics.

= Applicationsin Photonics and OQuantum Technologies:
. Development of ultralowthreshold lasers ar "threshold less” lasers.,
. Use asinternal light sources in densely packed photonic integrated circuits,
. - Figure. Localised modes at variows detects
. Utility In quantum communication and computation systems that operate with of 20 Photonk crystal of triangular lattice
single photons, Modas,

inl of & ini

* Types of Defects:
+ Simplest Defect: Involves the deformation or removal of a single unit cell in the
crystal structure.
. Complex Defects: Includes larger defects, line and point compasite defects, and
modified line defiects, These also strongly localize light.
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There are different applications of this in photonics and quantum technologies such as development
of ultra low threshold lasers or you can say threshold less lasers okay. You can make them use as
internal light sources in densely packed photonic integrated circuits and they can also be used in
guantum communication and computation systems which operate with single photons okay. So
there are different types of defects you can think of simplest defects that is basically involves
deformation or you know removal of a single unit cell in a crystal structure. And you can also think of
complex defects which will involve larger defects something like you know line or point composite
defects or modified line defects. So these are basically you know line defects or modified line defects
as you can see.

Light Emitters

# Field Profiles and Localization Modes: | e T |

* Analysis using finite-difference time-domain (FOTD} simulation demanstrates
that both small point defects and larger structural modifications can localize
light effectively.

* Light localization in composite and modified line defects is governed by the

cutoff conditions of the WEVEE‘.UidE mode. Figure. Localisad modes a1 variows debarrs
of 20 Photonk orystal of triangular |attics
* Waveguide Modes and Expandad Modes: i

+ Simple line defects can lead to expanded modes which are influenced by the
PB edge of a waveguide mode.
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So they can strongly localize light and these are basically know defect made of single unit cell. You
can study this field profiles and localization modes using you know finite difference time domain
kind of simulation. So, these are FDT dissimulations which demonstrate that both small point defects
and larger structural modifications are able to you know localize light effectively. So, these
simulations are the only way to visualize how the localization will look like in a real crystal before
you can actually fabricate them. Light localization in composite and modified line defect is governed

by the cut-off conditions of the waveguide mode.

Light Emitters
Band-adge Laser
* lLasing Mode Understanding: B ’ A H L
W e o NN
L=l 00C
+ The lasing mode in this expanded setup can be understood in f&/(__; O
two ways: one is the zero group velocity (v ) at a band edge, j:_-"”“ | 3 eled
: LT | m——
and the other is as a standing wave created by coupled £ - D s oo eo e
modes, T i e | 3 X 1
E A 1 Pl
*  Advantages of the 2D PC Laser! ™ I 3 5 |‘ ;
£ e
x T ] 1] I
+  Offers coherent lasing cperation across a wide 20 area of a bt
uniform photonic crystal,
Figure: Photonsc Band diagram for a 2D photonic crystal and
. sChemate of oplical fesdback at varlous band edgss.
*  Unique far-field patterns [FFPs) confirm the coherent
operation, which are influenced by photonic bands (PBs),
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So, simple line defect can lead to expanded modes which are basically influenced by the photonic
band edge of a waveguide mode. So, now we will look into you know band edge lasers. So, this is a
photonic band diagram for a 2D photonic crystal right and we will see the schematic of optical
feedback at different band edge okay. So this band edge are marked as A, B, C, D, E. And we will
actually see that how the optical feedback works at different band edge.

So to understand the lasing mode, the lasing mode in this expanded setup can be understood in two
ways. one is the zero group velocity that is Vg at the band edge. So, this is more or less you know flat
line. So, you can take the slope which comes out to be 0 and the second thing is it is as a standing
wave created by coupled modes ok. So, you can think of two ways okay for understanding the lasing
mode.

One is the mode with zero group velocity so it is not moving anywhere it is kind of a trapped one
and the second one is a standing wave again it is not moving anywhere and that is created by
coupled mode. So, if you take the 2D photonic crystal laser they offer advantages such as you know
coherent lasing operation wide across 2D area of uniform photonic crystal and they also have
unique far-field patterns that confirm the coherent operation which are influenced by the photonic
bands. So, here you can see that how different you know optical feedback is giving rise to this
particular edges. So, more or less you can see at A, C, B and E okay you actually see that you know



here only two bands are there. So, you can see there are two modes which are opposite direction.

So, they are basically forming a standing wave kind of pattern okay. At C also the same thing
happens okay. For D there are many many bands. So, all these are taken care over here and that is
how you can interpret this particular tag. So, the fault field patterns that can be explained from the
photonic band diagram.

So, if you consider this triangular lattice of a 2D photonic crystal, you can see here that you know
each band edge like A, B, C and E contribute differently to the 2D feedback mechanism. So, you can
actually see that the contributions are quite different. And, you can also think of specific laser
characteristics like you know a diffracted beam in the vertical direction demonstrates a single lobe
furfield pattern. which will have single frequency and single polarization and it can be achieved by
utilizing the gamma point of the second band. So, you can actually go for this one and you can obtain
single lobe furfield pattern with single frequency and single polarization.

Light Emitters

* Far-Field Patternsand Band Structure: | Band-edge Laser |
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= Specific Laser Characteristics:
Figure: Phatonic Band diagram lor &
* Adiffracted beam in the vertical direction demonstrates a single-lobe Far Field Pattern, 20 ahotani crystal and schemasic
single frequency, and single polarization, achieved by utilizing the I paint of the second :__:::”I St
band.

s Potential Applications:

+ This type of laser is expected to serve as a high-power, single-mode surface-emitting
laser,
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So, that is a special characteristic for this particular band edge laser. So, what are the potential
application? This type of laser is expected to serve as a high-power single mode surface emitting
laser



Light Emitters

* Owverview of VCSEL: - WICSEL |

* The VCSEL s a type of microcavitylaser that utilizes optical feedback from a 1D
photonicerystal, specifically a semiconductor multilayer stack.

* Itis commercially available and commuenly used as a cost-effective light source In
local area networks.

Flgure: Schamatic ilhestration

* Limitations of Current VCSELs: achamving a WLSEL by using a fiber

*  Current models are limited to a light output of less than 8 mW, primarily dueto
unstable lateral modes caused by the large aperture of the devices,
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Next, we will go into the discussion of VCACL which is basically vertical cavity surface emitting laser.
So, here you can see the construction of this particular laser. So, it is a stack of multilayer distributed
Bragg reflectors and then you have a photonic crystal cladding and from here you will get the light
output.

So, this VCACL is a type of micro cavity laser that utilizes optical feedback from a 1D photonic crystal
that is this distributed Bragg reflector which is a semiconductor multilayer stack. This kind of laser is
commercially available and commonly it is used as a cost effective light source in local area networks
or LAN. okay and this mechanism involves use of a single mode propagation in holy fiber okay or
hollow core fibers which are made of photonic crystals which will be discussed to some extent in
this particular lecture. So, what are the limitations of the current VCACL? You can see that the
current models are limited to light output of less than 8 milliwatt. This is particularly due to the
unstable lateral modes which are caused by the large aperture of the device.



Light Emitters

*  Photonlc Crystal Integration:

+ Integration of photoniccrystals in WCSELs is proposed to improve performance by
suppressing higher lateral modes.

*  This mechanism involvesthe use of single-mode propagationin “holy fibers” or
hollow-core fibers made from photonic crystals.

Flgure: Schamatic ilhestration
achamving a WCSEL by usnga Rber
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Now, integration of photonic crystals in VCACL is proposed to improve the performance of the VCSEL
by suppressing the higher lateral modes.

Light Emitters
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* Initial studies invalved using photonic crystal {PC) slabs
and micropillararrays {shown in figure) to manipulate
the tangential component of the k vector,

Figure: Enhancement of ght sdraction efficiency measured and
calcdated for a GalnAsPYinP 20 pillar-type photome orystal

* This enableslight to meet a condition known as the
light cone for improved extraction.
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So, when you put the photonic crystal you know cladding what happens this mechanism will involve
the use of single mode propagation in holy fibres that we will be discussing in details okay or hollow
core fibre made from photonic crystal. So, that way you will be able to suppress the higher lateral
modes. The next one would be how do you use photonic crystals to improve the extraction
efficiency from light emitting diodes. So, if you look into normal LEDs they have very little light
extraction efficiency which is typically less than 10 percent ok.

And that basically limits their overall efficiency and making this enhancement very critical for future



displays and lighting. So, by using you know photonic crystals 2D photonic crystal you can actually
enhance the light extraction from LEDs multiple times and here you can see how it is done. So, this is
for light enhancement of light extraction efficiency which is measured and calculated. So, the solid
one is the measured calculated one and the dots are the measured values for gallium indium
arsenide phosphate and indium phosphate.

Light Emitters

* Efficiency Gains: | High extraction efficiency LED

+  Theoretically, these structures could boost extraction efficiency above B0%.

= Experimentally, microplliars demonstrated a significant enhancement, achleving over 20 times improvement In extraction
efficiency as validated through photoluminescence and carrier lifetime measurements.

= Challenges ldentified:

* Surfoce Recombination: The evaluation revealed substantial surface recombination, which decreased the internal
guantum efficiency to below 20%, negativelyimpactingthe total efficlency.

*  AMetol Electrode Formation: Creating metal electrodes for current injection is challengingin these structures.

Alternative Strategies: Subsequent research explored using a PC patiern that is separated from the light-emltting
area ko mitigate the first issue, though challenges related to thin slab structures with low refractive index claddings
persist.
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So, these are the 2D photonic crystal type. So, what happens you know we have seen that when you
use you know photonic crystal slabs and micropillar array something like this that can be used to
manipulate the tangential component of the k vector and that way you will be able to extract more
light you know through the light cone and that actually improves the efficiency. So, that is what is
mentioned here that this enables light to meet a condition which is known as the light cone for
improved extraction. So, theoretically this kind of devices could boost the extraction efficiency
above 80 percent which is otherwise only 10 percent right. So, experimentally it was seen that the
micro pillars demonstrated a significant enhancement achieving over 20 percent improvement in
extraction efficiency which was validated through photoluminescence and carrier lifetime
measurements. So, that was a significant enhancement or step towards making high efficient or
highly efficient LEDs.

Now, what are the challenges there? Surface recombination that is a challenge. The evaluation
revealed that you know substantial surface recombination which decrease the internal quantum
efficiency to below 20 percent are negatively impacting the total efficiency. than the formation of
metal electrode that is like creating metal electrodes for current injection okay. So, you can | will go
to the structure later is also challenging in these structures and what are the alternative strategies.
So, subsequent state research explored that using a in a photolytic crystal pattern that is separated
from the light emitting area to mitigate the first issue though the challenges.

related to thin slab structures with low refractive index claddings will still persist. So, here you can



see you know surface grating 2D photonic crystal. So, it is a simpler structure considered viable for
low cost LED production due to its straightforward design. So, you can see it's a triangular lattice
surface creating photonic crystal. So the period is A, and this is where the top electrode will be
placed, okay? So light coupling and propagation, you can see that the internal light from the active
layer is divided into guided light around the layer and free propagating light within the
semiconductor, right? Now the free propagating light that is not extracted due to total internal
reflection covers the largest solid angle.

Light Emitters

| High extraction efficiency LED

Tip- Tt

* Surface Grating 20 Photonic Crystal [PC):
+ A simpler structure, considered viable for low-cast LED production due to its straightforward g
design, is demonstrated in figure.

Tranglar Latirs
Sorfec Oradlag PO

* Light Coupling and Propagation:
# Internal light from the active layeris divided into guided light around the layer and free e

propagating light within the semiconductor, v Y
* The free propagatinglight that is not extracted due to total internal reflection covers the o

largest solid angle.

Flgure: Galn AP InF LED
* Enhancement of Extraction Efficiency: structura with surfaca grating 20
il i 2 : ; : photonk: crystal: schematic
*  The efficiency is improved by using the reciprocal lattice vector of the grating to alterthe k

structurs

vector of the free propagating wave, changing its angle to allow extraction into free space.
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So, what how do you can enhance the extraction efficiency? You can actually enhance the efficiency
by using reciprocal lattice vectors of the grating okay to alter the k vector of the free propagating
waves which are otherwise trapped okay and once you do that that changes its angle okay. So, you
can extract that light that guided light into free space. So, people have done simulation and
experiments and this particular figure as | mentioned it shows a result of FDDD simulation the solid
line and the experimental outcome which are measured for gallium indium arsenide phosphate
okay, indium phosphate LEDs with a 2D surface grating photonic crystal. okay. And they have seen a
confirmed efficiency improvement of 2 to 3 times which is influenced by the solid angle and the
diffraction efficiency.



Light Emitters

= Simulation and Experimental Results: l MMM“D J

g4
* The adjacent figure presents both FOTD simulation and experimental outcomes for a i
GalnAsPfInP LEDs with a 20 surface grating PC. Sk
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+  The surface grating process features shallow etching {(~0.5um), large lattice constants Piteh ar [um]
{several pm), low wavelength sensitivity, and robustness against structural imperfections. Figure: Galn AsPyinF LED

structure with surface grating 20
photonic crysTa: messured and

+ Adaptabletovarious materials, it is suitable for semiconductor LEDs and other cabculatad enhancement in total

spontaneousemission-based emitters like organic electroluminescent devices. efficiency of LED
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So, what are the advantages of the structure? So, the surface grating would allow you know the
process This surface grating process features shallow etching okay, so you do not need to make
those difficult structures you can you know make shallow etching like 0.5 micrometer and then you
can use large lattice constants of the order of several micrometers, low wavelength sensitivity and it
is also robust against structural imperfection. It means making those structural grating or surface

grating is not that challenging. Now, it is also adaptable to various materials and thus it is suitable for
semiconductor LEDs and other spontaneous emission based emitters something like organic
electroluminescent devices.

Optical Waveguides

R

* Introduction of Line Defect in PC Waveguides:

+  Aline defect introduced into a uniform phatoniccrystal (PC)
acts as an optical waveguide. %’

* This phenomenonis known as the PC line-defect waveguide. [a b} (c) (d)
* Initial Demonstrations: FApurs: Variom vaveguides sinstures leved an photonic cryatal lee delectc
«  |nitially demonstrated through numerical simulations for |ab phatenie eovetal iak by (5] gillar B, {23 30 veod-pile tyga) [0 s

square and triangular lattice 2D PCs composed of dielectric elorkg typs

pillars with infinite height.
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So, these are something very very encouraging. Now, we move on to optical waveguides another
application of 2D photonic crystals. So with introduction of line defect in a photonic crystal, you can



actually form waveguides. So we can actually see various type of waveguide structures over here,
which are basically in the form of line defects. so here you can see what has happened this is like a
missing row of holes that can create a line defect here the holes can be of slightly a larger diameter
that can create a line defect so this is in a photonic crystal slab okay so it's a 2d photonic structure
with a finite height You can see this as a pillar type photonic crystal 2D photonic crystal where the
pillar diameters are larger along this particular line. You can think of you know 3D structure, wood
pile structure and also auto cloning structure.

There also you can introduce line defects right. So introducing this kind of line defect will give you
photonic crystal line defect waveguides. So, initially they were basically demonstrated through
numerical simulations for square and triangular 2D photonic crystals composed of dielectric pillars
with infinite height because that is what is easy to simulate ok. So, you can only do a 2D simulation
and see the characteristics ok.

Optical Waveguides

 Line-Defect Waveguide in a Photonic Crystal Slab. |

= Polarization Limitation: The studies were limited to TM (transverse magnetic] mode, where the electric field is parallel ta the
pillars, taking advantage of the photonic bandgap within the 2D plane.

= Challenge in Air Channel PCs: When the channelis air, confininglight within the 2D plane is difficult, leading to the use of a
ditferent structural approach in practical applications.

* Use of PC Slab with Holes: Experimaents utilized a photonic crystal stab composed of holes instead of pillars, which exhibits a
wider photonicbandgap (FBG) for TE {transverse electric) polarization parallel to the 2D plane.
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And then you know when you go into the details of line defect waveguide for the first example that
is the photonic crystal slab you can say that you know this studies show polarization limitation. It
means the studies were limited to TM transverse magnetic mode where the electric field is parallel
to the you know pillars taking advantage of the photonic band gap within the 2D plane.

There is challenge in air channel photonic crystal. So, when the channel is air confining light within
the 2D plane becomes difficult that leads to the use of different structural application or approach in
case of practical usage. Now, use of photonic crystal with holes okay, so when experiments utilized a
photonic crystal which has used holes instead of pillars in that case the it exhibits wider photonic
band gap for TE polarization parallel to the 2D plane. So, these are some of the near field patterns
which are observed from the top of the photonic crystal slab type waveguide which are fabricated
by bonding this film on top of a indium phosphide silica host substrate. So, here you can see a
different wavelength this near field patterns are captured. So, these are basically dielectric bands,



these are within the photonic band photonic band gap okay and these are in the air band okay.

Optical Waveguides

=i om 2

= Vertical Confinement:
= In the PC slab, light Is vertically confined by total internal reflectlon, facilitated by
the dielectric nature of the line defect.

= Practical Implementation and Observations:
=  The first experiment involved a GalnAsP semiconductor film with hales, bonded on
an 50, film.

* Observations of light propagationwere made at fiber communication wavelengths,
showing dependencies on wavelength and polarization related to photonic band
properties,

Figure: Near-fisld patterns chserved from
the top of the photonic crystal slab type
waveguide fabricated by bonding
GalnAsFfInf film on top of the InP /5l
host sustrate
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So, you can see the vertical, so this column is for TE polarization, this one is for TM polarization. So
what you can see here the vertical confinement that is in the photonic crystal slab light is vertically
confined and that confinement comes from total internal refraction which is basically facilitated by
the dielectric nature of the line defect. And so this was the first experiment that involved a gallium
indium arsenic phosphate okay, indium phosphate semiconductor film okay with holes which was
actually bonded on a silica film, okay. And what you see here that light propagation was studied at
different fiber communication wavelengths and it showed that the propagation characteristic
depends on both wavelength and the polarization, okay. So, that is how it differs

Optical Waveguides

* [nitial Observations:
*  The experiment showed the guided mode was leaky, with light EI
propagating from the top, similarto conditionsin light El
extraction for PC LEDs. -

Sermaluzl Frmgarmy a'?

* Detailed Photonic Band [PB) Analysis:
= Detalled Investigations shawed that the light cone for leaky
modes was ata higher frequency range than the pure guided o
mode reglon in the PR diagram.
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So, here you can see the photonic bands of a single line defect in photonic crystal slab for TE
polarization and TM polarization. So, the experiment showed that the guided mode was leaky with
light propagating from top which is similar to the conditions in light extraction from photonic crystal
LEDs. And if you look into the details of the photonic bands it shows that the light cone for the leaky
modes at higher frequency range lies at you can say that the light cone for leaky modes was at a
higher frequency range than the purely guided modes region in the photonic band diagram. So,
these are basically, so this is the band gap as you can see here and this is called the dielectric mode
or dielectric band and this is called the air band and here also you can see that the band below the

photonic band gap is the dielectric band.

Optical Waveguides

 Line-Defect Waveguide in a Photonic Crystal Slab |
# Conditions for Pure Guided Mode: 64

Hole Digmeter: It is essential to have a relatively small diameter of
holes,

e &

This is to ensure that the waveguide mode photonic bands are
below the light line, which marks the boundary between guided
and leaky modes, Shak el Ergivn

Sgrrnalised §

Ssrmalual Frogaemy u'

Air Cladding: Employing air cladding around the slab allows far a " Wb £l
wider frequency range and a larger group velocity {1,), facilitating
better confinement.

E] (bl
Figure: Fhotonic bhamds of 3 single line datect n & pholank

crystal siabe (a) TE-like polarization; (b TM-like polarizatan
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So, usually dielectric band will have lower frequency. So, it has got the higher wavelength or larger
wavelength and air band has got a higher frequency than the photonic band gap. So, they will have
shorter wavelengths. So, what are the conditions for pure guided modes? First thing is the hole
diameter. So, it is essential to have a relatively small diameter of the holes. So, this will basically
ensure that the waveguide mode photonic bands are below the light line.

So, that will mark the boundary between the guided mode and the leaky modes. and then air
cladding. So, if you employ air cladding around the slab that will allow wider frequency range and
larger group velocity which will basically ensure you have got better confinement. So, what are the
fabrication challenges or how do you improve the fabrication? So, use silicon on insulator wafers and
gallium arsenide or indium gallium arsenide films as high quality transparent substrate for fibre
communication wavelengths. you can fabricate the waveguides by simply drilling holes and forming
air bridge structure to meet these predefined conditions.
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* Fabrication Improvements: T L
It e
fl
o Use 501 wafers and Gads/AlGads films as high-quality, [ i
tranzparent substrates for fiber communication wavelengths. | |I
+  Waveguides were fabricated by simply drilling holesand
forming an air-bridge structure to meet these refined
conditions,
* Observation of Pure Guided Modes: T WL
Sstrrmleced | errein gy u'h
*  With these improvements, a pure guided mode showing no I3l (]
light leakage was abserved. Figure: Fabricated single bne defect waveguide and

propaganan loss! (a) picture of waveguide fabrcated onan
SO0 waler; [b) measured propagation koss spectrum
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And this is how the picture of a waveguide looks like when it is fabricated on a silicon on insulator
substrate or wafer ok. And with this kind of improvement you will see that there is a pure guided
mode which shows no light leakage ok

Optical Waveguides
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= Current Challenges and Future Potential: . [ |' o .Ii
E lu\.l: 1
+  Propagation Loss: The propagation loss in the wavegulde § m} | |
is currently evaluated between 1 to 10 dB/mm. § oo} |
i 1
This is mainly due to light scattering caused by ?-'_ ”
structural imperfections. E_|

*  Potential Reduction in Loss: Improved fabrication
techniques could reduce scattering loss significantly, as
the PB restricts radiation modes,

|a]

Figure: Fabsated single bne defalt waveguide and gropagaran loss
This indicates lower potentialloss than high-index- [a) picture of wavegulss fabricated on an 501 wafer; (b} measured

contrast waveguides, propagation kiss spectrum
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. So, What are the current challenges and future potential? So, you can see the main challenge in a
waveguide will come from the propagation loss. So, the right now the propagation loss is evaluated
somewhere between 1 to 10 dB per millimeter and this is mainly because of the light scattering due
to structural imperfections, otherwise there is no reason why light there will be so much of loss,
okay. You can also see for normalized frequency A by lambda and then you know this is the
wavelength scale and this is where the propagation loss is.



So, you can actually keep the propagation loss minimal if you operate in this particular wavelength
range. Now, with improved fabrication techniques you can reduce the scattering loss significantly
and that will happen when the photonic band restricts the radiation modes right and this indicates
lower potential loss than high index contrast waveguides. So, let us now in this particular section let
us compare you know different type of waveguides. So, they are basically the conventional silica
waveguide, high contrast waveguide which are basically silicon photonic wear and you can also think
of silicon photonic crystal waveguides okay. So scattering loss is considered to be the dominant
factor in waveguide loss for comparison as you can see this particular one tells you about the
scattering loss which is pretty high in case of silicon photonic wear okay and very less for silica and
also less for silicon photonic crystal okay.

Optical Waveguides

* DominantLoss Mechanism: s /;Ff-?.:{.. :/z*,.'/' 4
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+  The PC waveguideis assumed to have a scattering loss 10 times e Ml B [ B ] (!

smaller than that of the 5i photonic wire, thanks to the suppression m (a0 [ ons? | oms [ =

of radiation modes by the photonic bandgap (PBG). ikl e i | = |oooa | 200
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+ Device size is primarily Influenced by the bend radius, which dictates —hi —

how compact the waveEu"dE can be, Figure: Comparison of silics waveguide, Si phobonic

e P waveguicle ard S photone crystal (PC)

waveguide for high-dansity photonic integration
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This one tells you about the roughness. So, this has got you know 50 nanometer roughness typically
okay. So, what you can see that the photonic crystal waveguide is assumed to have a scattering loss
which is 10 times smaller than the silicon photonic wire right. this is mainly because of the
separation of the radiation modes by the photonic band gap.

and device size ok. So, this is the chip size. So, you can actually compare the chip size and this is
significantly smaller as compared to the conventional silica waveguide ok. So, device size also
typically depends on the band radius. So, if you look into the band radius you can actually go very
very sharp or small band radius using photonic crystal. So, that way you will be able to get high
density photonic integration if you use silicon photonic crystal web guides. So, what are the
advantages associated with silicon photonic wear? You can see that it can achieve a significant
reduction in the device size okay and it also enables ultra high density integration which is beneficial
for compact and densely packed optical systems.
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* 5| Photonic Wire Advantages:

* Achieves a significant reduction in device size, & ::'/_f h // p
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reduced to less than 10 nm and scattering loss is decreased to
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+  This would improve both performanice and integration capacity. waveguide for high-dansity photonic integration
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When you look into the photonic crystal waveguides they could allow for large scale integration if
the process roughness can be reduced to less than 10 nanometer and if scattering loss can be
reduced to approximately 1 dB per centimeter and this will improve both the performance and the

integration capacity

Optical Fibers

= Dverview of PC Fibers:
* Three kinds of PC fibers are discussed as shown in the figure.

*  Common Manufacturing Process:

* These fibers are made by drawing a silica glass preform with [a) |6y {eh
air holes, forming pericdic cross-sections and uniform optical
axis structures,

Figures Cross-sarfions struciures of photond orystal filsers: {a)
hedey fiber; (0] photonsg band-gap fRber; () Brag fber
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. With that we move on to the last application that we will be discussing today that is optical fibres
and here you can see the cross section of the photonic crystal fibres which are basically the holy
fibre, photonic bandgap fibre and the Bragg fibre. So, these are the basically three types of photonic
crystal fibres which are popularly used. Their common manufacturing process is basically you know
these fibers are made by drilling, these fibers are made by drawing a silica glass preform with air
holes which forms periodic cross section and uniform optical axis structures. So, if you pay attention



to this particular cross sections you will see this wholly or microstructured fiber basically has a
dielectric defect at the center.

and this is otherwise a you know triangular array of air holes but at the center there is a defect
where the hole is missing you have a solid core okay and that basically serves as the fiber core. If you
look into the second one which is photonic bandgap fiber it is characterized by an air defect at the
center of the photonic crystal. So, you see a large air hole at the center and this basically acts as a

fiber core. For the last one, the Bragg fiber which is also called axially symmetric multilayer fiber.

Optical Fibers

* Types of PC Fibers:

*  Holey (or Microstructured] Fiber:
Featuresa dielectric defect at the center, serving as the
fiber core,

*  Photonic Band-Gap Filker:
Character|zed by an air defect at the center of the PC,

EICHHE as the fiber core. Figure: Cross-soctiomal strucures of photonic crystal fibars: {a)
iy fifieir; (b photanic band-gap fiber; (o) Bragg fiber
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+  Axiolly Symmetric Multilayer Fiber [Brogg Fiber):
Different from the first two types, this fiber features axialky
symmetric multilayersand has also been partiy
commercialized.
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So, this is basically slightly different from the first two types. This fiber features axially symmetric
multilayers and it has been also partially commercialized. So, let us first look into the holy fiber. So,
this is the cross-sectional structure which you have already seen. So, what is the light propagation
principle in case of holy structure or microstructured fiber? So, light propagation is basically
governed by total internal reflection here not by photonic band gap. So, the light is confined around
the center silica core due to the difference between the refractive indices of the core and the
cladding.



Optical Fibers

= Light Propagation Principle:

= Light propagation inthe holey fiber is governed by total Internal reflection, noet by a photonic
band-gap (PBG).

= Light is confined arcund the center silica core due to the difference between the refractive
index of the core and the effective index of the photoniccrystal (PC) cladding.

Figure: Crass-secisanial
SLruCTLIres of photonic
ciyitil fibers: holey fiber

& Reduction of Propagation Loss:

* Propagation loss was significantly reduced to approximately 0.5 dB/km by enhancingthe
uniformity of the heles and minimizing additional losses from absorption and contamination.
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So, this photonic crystal cladding will have a effective index which is slightly lesser than the core and
that is way it is typically very similar to how the conventional fiber operates. okay. So, propagation
loss was significantly reduced to approximately 0.5 dB per kilometer by enhancing the uniformity of
the holes and minimizing additional losses from adsorption and contamination. So, when you make

the structure uniform you can get rid of the scattering losses and that way the overall propagation
loss also decreases.

Optical Fibers

= Optical Confinement:
* Enhancedfor longer wavelength light as it penetratesinto the air holes of the PC cladding,
reducing the effective index and strengthening confinement in the core.

*  Moderately weakened for shorter wavelength light, which remains well confined within the
silica of the PC cladding, bringing its effective index closer to that of the core.

Figure: Cross-secisial
structures of photonic
crystil fibers: holey fiker




You can also see that The optical confinement can be enhanced for longer wavelength light as it
could penetrate into air holes of the photonic crystal cladding which reduces the effective index and
strengthening the confinement to the core. moderately weakened for you know shorter wavelength
light okay. Because if you consider shorter wavelength light your confinement will get weaker which
remains well confined within the silica of the photonic crystal cladding bringing its effective index
closer to that of the core. Now if you consider the holy fiber okay. The unique feature for this holy
fiber is that it gives you single mode condition that is maintained over a very wide range from visible
to near infrared and that is facilitated by the variation in the effective index of the cladding with
light wavelength.

Optical Fibers

& Unigue Features of Holey Fibers:

= Single-Mode Condition: Maintained over a very wide frequency ramge from visible to near-infrared, facilitated by
variationsin the effective index of the cladding with light wavelength.

= Application in Optical Technologies:
* Small core size enhances optical power density and nonlinearity, suitable for applications like rare-earth-metal-doped
amplifications, Raman amplification, faur-wave mixking, and super-continuurmradiation,

= Large core size reduces optical power density, altering nonlinearity characteristics.

= Experimental Demonstrations:
* \arious applicaticnssuch as rare-earth-metal-doped amplifications, Raman amplification, four-wave mixing, and super-
continuum radiation have been experimentally demonstrated.
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So what are the applications of this kind of fiber in optical technologies? The small core size
enhances the optical power density and nonlinearity. So it is suitable for applications like you know
rare earth, metal doped amplification, Raman amplification, 4 wave mixing and super continuum
radiation and so on. And the large core size could reduce the optical power density altering the
nonlinear characteristics. So, you have different applications depending on the size of the core. So,
there are experimental demonstrations people have shown various applications such as rare earth,
metal doped amplification, Raman amplification, 4 wave mixing and all these things okay
experimentally already.
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= This fiber relles on reflection governed by the photonic bandgap (PBG), controllable through lattice design and hole shapes,
* |t facilitates single-mode propagation ina large core and suppaorts tight bending radll, unattainable in traditional holey fibers
* The fiber characteristics are ideal for high power transmission with minimal nonlinearity.

* Recent improvements have significantly reduced propagation lossto the order of dB/km,

* A key challenge remains: the transmission range is relatively narrow, limited by the PBG's range.
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Now, moving on to the second type which is the photonic band gap fiber. This fiber basically relies
on the reflection governed by the photonic band gap. So, that is controllable through the lattice
design and the hole shapes. So, it facilitates single mode operation in a large core and it also
supports tight bending radii which is typically unattainable by that traditional holy fiber. Because the
cladding is a photonic band gap light cannot escape into that material.

So, you can actually afford much shorter or tighter bending radii using band gap fiber. The fiber
characteristics are ideal for high power transmission with minimal nonlinearity because the core is
made of air. So, recent improvements have significantly reduced the propagation loss to the order of
several you know dB per kilometer okay. So, it has it has reduced the propagation loss okay. And a
key challenge remains that the transmission range is relatively narrow because it is limited by the
photonic bandgap range.

So, that is a drawback of this photonic bandgap fiber
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# The fiber is based on the discovery that one-dimensional photonic crystals (1D PCs), specifically dielectric multilayer fil ms,
exhlbit omni-directional reflection,

* Classical optics theary Indicatesthat the stop band of an alternating stack of two different dielectric media depends on the
incident angle and polarization.

* By selecting appropriate refractive indices for the two media, a fixed stop band can be achieved for all directions and
polarizations,

* This characteristic has been utilized in the cladding of a hollow core fiber, often referred to as a Bragg fiber.

The fiber is anticipated to be effective for high-power transmission and optical communication, avoiding common loss
mechanisms found in silica fibers.
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Now, coming to the last type which is the Bragg fiber, this fiber is based on the discovery that one-
dimensional photonic crystals which is basically dielectric multilayer films, they can exhibit
omnidirectional reflection. So classical optics theory would indicate that you know the stop band of
an alternating stack of two different dielectric media depends on incident angle and polarization. But
when you select appropriate refractive indices of the two media, you can find a fixed stop band that
can be achieved for all direction and both polarization. So it becomes an omnidirectional reflector.
So, this characteristic can be utilized as a cladding of a hollow core fiber and this fiber is known as a
Bragg fiber fine.

So, this fiber is anticipated to be more effective for high power transmission and optical
communication avoiding common loss mechanisms found in the silica fibres.

So, this is all for the lecture on applications of 2D photonic crystals. We will cover some other
interesting applications of 2D photonic crystal. in you know | think lecture number 18 when we will
be discussing applications of 3D photonic crystals as well we will have some of the latest applications
of 2D photonic crystals there. So, regarding this lecture if you have got any queries you can drop an
email to this particular email address mentioning MOOC and photonic crystal on the subject line.
Thank you















