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Lecture -29

Hello students. Welcome to lecture 29 of the online course on Nanophotronics,
Plasmonics and Metamaterials. Today's lecture will be on guided mode resonance. So,
here is the lecture outline. We will give a quick introduction to guided mode resonance.
We will go through the definition, the basic concepts and theory, some of the polarization
properties of the guided mode resonance.

Lecture Outline

= Intreduction to Guided Mode Resonances (GMR)

= Definition of GMR

= GMR: Basic concepts and theory

= Polarization properties of GMR

= Filter spectral response and Resonance Regime of GMR

= Summary
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And then we will see the filter design based on guided mode resonance. The filter
spectral response and resonance regime of GMR and then we will provide a summary of
this particular topic. So, the first question comes to mind is what is guided mode
resonance? So, we have seen resonance phenomena in photonics which actually allow
for strong localization of electromagnetic waves. And that has got numerous applications
something like narrowband filtering, chemical and biological sensing, lasing, harmonic
generation, Raman scattering, photovoltaics etcetera.

Now, the important parameters that describe a resonance feature are its intensity and the
spectral line width. That will actually decide the Q factor, the quality factor of the



resonance. In most practical applications, resonances with strong intensity and narrow
line width are desirable. As you can understand high Q resonances are always desirable
in most practical applications. There are applications where you actually look for
broadband absorption or broadband resonance.

Why Guided Mode Resonances (GMR)?

+ The resonance phenomena in photonics allow for strong localization of electromagnetic waves that is essential
for numerous applications, such as narrowband filtering, chemical and biological sensing, lasing, harmonic
generation, Raman scattering, and photovoltaics.

+ The important parameters that describe a resonance feature are its intensity and spectral linewidth.
+ For most practical applications, resonances with strong intensity and narrow linewidth are desirable.

+ Higher resonance intensity provides better signal-to-noise-ratio, while narrower linewidth signifies larger field
confinement.

+ However, most of the resonances are constrained by the trade-off between resonance intensity and linewidth.

+ This limits the possibility of independent tailoring of resonance features at will.
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Those cases will come in the subsequent lectures. Today we are looking for very very
narrow line width filters ok. So, high resonance intensity what are the benefits that can
give you better signal to noise ratio. And when you have narrow line width that actually
gives you very very strong field confinement. So, you are actually focusing your beam at
a very very narrow spot.

So, this is what is the thing you can relate to narrow line width. So, it can give you
larger field confinement. However, most of the resonances are constrained by a kind of
tradeoff between these two important parameters resonance intensity and line width.
And this limits the possibility of independent tailoring of the resonant features at will.
So, you are not able to kind of tune intensity and line width independently based on your
requirement.

So, that that lecture is not there. Now, when you think of guided mode resonance this is
where the guided mode resonance becomes very important. So, it can provide a
tailorable resonance intensity with narrow line width through geometrical design and
selection of material. So, this kind of filters the filters design based on guided mode
resonance can give you very high quality factor. So, due to this versatile nature of GMRs
they are found in wide range of applications.

One application we can see here is that high Q filter. So, this is how typically a GMR



will look like. So, it is a guided mode resonance there is a grating and then there is a
waveguide below this. So, as you can see there is light incident some part is getting
reflected and the remaining is getting transmitted. So, the refractive index here if this is
air.

Guided Mode Resonances: Introduction

* On the contrary, guided mode resonance (GMR) can provide tailorable resonance intensity with narrow linewidth
through geometrical design and selection of materials.

* Due to this versatile nature of GMRs, they have found wide range of applications such as:
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Extremely high-Q filters
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So, you can take refractive index to be 1 this is silica. So, it is 1.4 we are considering
the periodicity the lattice period to be 6.91 that is a grating period. You can think of high
low high low and these are made of germanium and selenium.

So, that is n equal 4 and 2.64. And when you actually look into the grating thickness
this is particular thickness of the grating that is 3.8 micrometer. And the fill factor of the
high material is 0.



Guided Mode Resonances: Introduction

* The GMR devices primarily comprise of a diffractive grating and an in-plane waveguide.

« The grating diffracts the incident light and couples it into the waveguide, which propagates as a guided
mode.

+ However, this guided mode is designed to be leaky, which then interferes with the free-space
propagating electromagnetic wave to give rise to the GMRs.

+ Through the selection of material, grating design, dielectric layer thickness, and angle of incidence,
GMRs can provide a wide range of spectral features.
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42. So, 42 percent of the grating period is basically germanium the remaining is Se ok.
So, with that when you see the diffraction efficiency we will see that over the wavelength
if this is the wavelength thing. So, this actually gives the spectrum. So, the blue one tells
you the transmission peak it is a very narrow peak as you can see ok. And it is giving
also a reflection dip.

So, that particular wavelength only one particular wavelength is able to escape and
remaining all are reflected. You can also look into the electric field profile at the peak
wavelength of TO and that corresponds to the T polarization state. And what is this
dashed line that is basically the effective homogeneous layer. So, here you see you do
not actually see any kind of resonance. So, the resonance comes from the grating and the
grating does something which because of which you are able to only allow one particular
wavelength to pass through it.

Remaining all are getting reflected. So, there is something very very interesting about
this particular phenomena. So, as you see the GMR devices primarily consist of a
diffractive grating and then you have a in plane waveguide. The grating will diffract the
in fact incident light and some some diffracted wave will basically coupled to the
waveguide and it propagates as the guided mode. And this guided mode is designed to be
leaky and it leaks out when it interferes with the free space propagating electromagnetic
wave and that gives that resonance GMR ok.



Guided Mode Resonances: Definition

Resonant waveguide gratings (RWGs) OR guided mode resonant (GMR) gratings OR waveguide-mode resonant gratings

* RWG are dielectric structures where the resonant diffractive elements benefit from lateral leaky guided modes from UV to
microwave frequencies in many different configurations.

* An BWG can be defined as a thin waveguiding film in optical
contact, or merged, with a grating.

* The waveguiding film operates usually by having a higher Vv ﬂ& N
refractive index than its surrounding media (the cladding),

Schematic of the four-port propagation channels, as

*  This film supports a discrete number of guided modes because of input (white arrows) or as output (light blue arrows)

its thin dimension.
Light can be incident from free space, coupled inte 2
* The waveguide modes can be limited to the fundamental (0® waveguide meode, and out-coupled resonantly in
made) in very thin waveguides or comprise a few modes having specular reflection or transmission,

different mode indices for TE and TM polarizations.
+ The substrate and superstrate, not represented here,

act as a cladding.
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So, through the selection of material grating design dielectric layer thickness angle of
incidence the GMR can provide a wide range of spectral feature. So, you can actually
tune the transmission or resonance peak or deep as you can see here depending on all
these parameters which are very easily tunable. So, that makes this GMR filters very
very interesting. So, there are other names of this particular device it is also called
resonant waveguide gratings RWG or we have already seen this name GMR grating or
you can also call them waveguide mode resonant gratings ok. So, this RWGSs as you can
see they are basically dielectric structures where the resonant diffractive element they
actually benefit from the leaky guided modes ok.

And they can be tuned from UV to microwave and other frequencies also ok for
different different configuration. Mainly they are used in this particular range and they
are they can also be tuned to optical and infrared ok. So, a resonant waveguide grating
can be defined can be defined as a thin wave guiding film in optical contact ok or it is
merged with a grating as you can see here ok. So, this particular one actually shows a
grating and then there is this waveguide below it ok. So, this particular figure shows a 4
port configuration.

So, 1, 2, 3, 4 there are 4 ports and the white arrows are basically the inputs ok and the
blue ones are basically the outputs ok. Light is considered to be incident from the free
space which is coupled into a waveguide mode. And then that can out couple resonantly
in a specular reflection or transmission and that is how it works. And here the substrate
and super straight they are not shown, but they actually act as a cladding. So, when you
think of this wave guiding film ok it operates usually by having a higher refractive index
than the surrounding media.



Guided Mode Resonances: Definition

* Depending on the wavelengths, this leads to a very high reflection A 4 i 4
or transmission, giving rise to a zeroth-order reflection Figure (a,b). o e S

7 hear

* Those efficient resonances can be as narrow as 0.1 nm linewidth i
and are very sensitive to angle and wavelength, with a typical
angular to spectral linewidth ratio of 0.1° nm™.
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Figure: An example of a) reflection and b} transmission
spectra for polarized light incident st normal at
resonance of a monomode RWG.
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Because that is how wave guiding will take place. Wave guiding typically happens
based on your total internal reflection for which the core, this will be the core in that
case, waveguide core has to have a higher refractive index than the cladding. The thin
film supports a discrete number of guided modes because of its thin dimension. So, the
finite number of modes are allowed and the waveguide modes can be limited to the
fundamental mode that is a zeroth order mode in case this is very very thin. Or it can
actually go up to few modes if they are bit slightly thicker and for TE and TM
polarization you can have different mode indices.

Now depending on the wavelength ah this leads to a very high reflection or transmission
giving rise to zeroth order reflection as you can see here ok. So, this is how the grating is
made on top of thin waveguide and you see this the incident plane wave. Some part is
getting reflected some is some is getting deflected and when this deflected mode couples
with the leaky mode ok it actually. So, this is how it travels ok and it leaks out as well.
So, this IS how you actually get the transmission ok.

So, in this particular example it has been designed to have a reflection peak and a
transmission dip. So, you can actually design the filters or the guided mode resonance
filters like that. So, those efficient resonances that you have seen here can be as narrow
as 0.1 nanometer line width and they are very very sensitive to the incident angle and the
wavelength. And you can see a typical angular to spectral line width ratio is like O.

1 degree nanometer inverse. So, you can actually see they are very very sharp. So, they
can give rise to very high Q resonance and they are also tunable. Now, depending on the
length and the phase delay that is accumulated during the propagation in the waveguide



the destructive interference can occur either in reflection or in transmission. Now, this is
why in the previous case we saw a transmission peak in this case we saw a transmission
dip. So, you can actually so the modes that are coming the waves that are coming out if
the destructive interfere they will cancel that particular transmission at that particular
wavelength.

Guided Mode Resonances: Definition

* For a given polarization and wavelength, an RWG can support lllustration of a standard RWG
various guided modes having a different mode index and )
therefore transverse propagation speed and momentum. P

* Light can be coupled into the waveguide modes by different
grating diffraction orders, depending on the incidence angle and
the wavelength (Figure).
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* Some of this guided light is diffracted out of the guide while
propagating, coupled back to radiation, and interferes with the

Figure shows propagation of light rays in the RWG
non-coupled reflected (blue) or transmitted (magenta) waves. g propsg gy

= A complets destructive interference happens in
transmissicn at a specific angle and wavelength of
incidence, resulting in & narrowband reflection.
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If they constructively interfere they will get a peak. So, you can actually design this
particular phase delay and that is accumulated along the propagation of the waveguide.
So, the length of this device also plays a important role. Now, for a given polarization
and wavelength an RWG can support various guided modes as you can understand
having different mode index and therefore, transverse polarization different transverse
propagation speed and momentum. So, light can be coupled to the waveguide modes by
different grating orders.



Guided Mode Resonances: Definition

* RWGs are therefore effective filtering structures, especially for £ 6
collimated light. A 2 4 ?

* Further, RWGs can be designed to be extremely efficient diffraction ; i ;
elements. I J .
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* Additionally, because the structure consists usually of dielectric T 5 .
materials only, it can be highly transparent and therefore used (al R b T

either in transmission or in reflection. B —
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Figure: An example of a) reflection and b} transmission

spactra for polarized light incident at noermal at
rescnance of a monomode RWG.

+  Moreover, RWGs do not suffer from thermal heating such as

|

metallic structures, which enable their use in a variety of high ~

optical power applications such as mirrors and diffractive elements. }
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So, diffraction grating if you remember not only the zeroth order there will be plus 1
plus plus 1 minus 1 plus 2 minus 2 plus 3 minus 3 and so on. So, all the diffraction
orders are possible. So, particular which angle that actually meet that that that is more
than the critical angle at this interface that will be totally internally reflected and that will
continue to propagate in this waveguide right. And some part of it will leak out and that
that is how the leaky waves are also coming. So, in this particular case you can see that
some of this guided wave is diffracted out of the waveguide while propagating coupling
back to the radiation and interferes with the non coupled reflected lights.

Guided Mode Resonances: Definition

« Each ridge and groove corrugating the waveguiding layer (Figure), or each of the discrete ribbons (Figure) of RWG
can be considered a scattering element connected to a thin-film waveguide, making a periodic array of scattering
elements in which guasi-guided modes, or leaky modes, can propagate.

* RWGs can therefore be considered as temporal or spatial optical integrators as well as be used to enhance local
electromagnetic field, as examples for sensing and nonlinear optics.
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corrugation of a waveguiding layer. (b) Double-sided rectangular ﬁbm 4
corrugation with a thin-film waveguida. (] Waveguiding layer
corrugated owver its full thickness, providing an array of discrete () iz - {f) - . .
ribbons. (d) array of ribbons on & waveguiding layer. (2) Single and ] o= m
(f) double-sided sinuscidal corrugation of a waveguiding layer. e e e ]
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So, here the reflected ones are basically ok the reflected ones this should be blue the
reflected ones should be ok there is there is a mistake here. So, the reflected ones are



basically magenta and transmitted ones are blue ok. So, yeah this this should be
corrected. So, this is how it it works ok. So, here you can actually see this light
yellowish kind of wave propagation inside.

So, when a complete destructive interference happens in the transmission that happens
at the specific angle and the specific wavelength you can actually get a narrow band
reflection. So, that is how you can actually get this particular feature as you have seen
here. So, it is clear that this ah RWGs or GMRs are very good at filtering ok and for
especially for collimated light they are very good filters and they have extremely
efficient diffraction elements they can be designed to be ok. And the structures usually
consist of all dielectric materials. So, they are highly transparent and they can be used
either in transmission or reflection mode.

There is nothing absorbing here there is no metallic component. So, these structures do
not suffer from thermal heating and they can be used for very high optical power
applications such as mirrors or other diffractive elements. So, these are safe to use they
will not heat up. Now, depending on the geometry there are different types of RWGs ok.
So, each ridge and groove corrugating the waveguide layer that you see this one this is
how you are corrugating the waveguide layer ok.

You can actually design different kind of RWGs. So, this one as you see this is a single
sided rectangular corrugation of the wave guiding layer, but this one is a double sided
corrugation ok. This one is a wave guiding layer corrugated to its full thickness. So, it is
basically you have just etched the entire thing ok and this is actually giving you discrete
ribbon kind of structure. And this is the same thing, but you are having this ribbons on
top of a wave guiding layer.



Guided Mode Resonances: Basic Concepts

* The most elementary structure is a planar, unslanted grating in

asymmetric waveguide geometry, shown below. .
1
region 1

The relative permittivity (dielectric constant) of region 2 is

spatially modulated as: (%)
fagion 2

waveguide
prating

(x) = g5 + AccosKx

where e; is the average relative permittivity, Ae is the &
modulation amplitude, and K = 2m/A, where A is the grating rgiond LT

. {substrate)
period.

Figure: Basic planar waveguide-grating model used.
Region 2 is a waveguide grating, and thus g, > €, 3. 8 P s greting

+ The angle of incidence (8"} is arbitrary
«  Theangles & represent the angles of the wave vector of the

We call this waveguide-grating resonance structure a guided- i** backward diffracted wave with respect to the z axis
mode resonance filter. or GMRE. « 8/ are the corresponding angles for the forward-diffractad
! wavas
. ) - = o Source: 5. Han et i, Advanced Optical Materials, 8(3), 1900953, 2020.
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This is a single sided sinusoidal corrugation of the wave guiding layer whereas, this one
is a double sided sinusoidal corrugation. So, these are different kind of corrugations that
you can make ok. And they actually decide the pattern of your quasi guided or leaky
modes and also tell what kind of mode can propagate. So, RWGs can therefore, be
considered as temporal or spatial optical integrators as well as they can be used to
enhance the local electromagnetic field as example for sensing or non-linear optics
applications.  Now, let us have a look at the basic concepts of GMR ok.

So, this is a grating structure and this is the waveguide that you have seen. Now, in
most elementary structure in this case is a planar unslanted grating ok in a asymmetric
waveguide geometry. Why we are calling asymmetric? Because epsilon 1 and epsilon 3
are not same here that we take them as different. And the relative permittivity or the
dielectric constant of this region 2 can be specially modulated like this.

So, this is x direction this is z. So, epsilon x can be varied like this epsilon g is basically
the average hm relative permittivity. And delta epsilon is the modulation amplitude and
it is having cosine variation, where Kk is basically 2 pi by lambda where lambda capital
lambda is the grating period. Now, we understand that the waveguide grating ok this is
the waveguide grating. So, it should have a permittivity which is larger than both epsilon
1 and epsilon 3 ok.



Guided Mode Resonances: Basic Concepts

* For TE polarization (the electric field vector is normal to the

plane of incidence in Figure), the coupled-wave equations Incident
governing wave propagation in the waveguide grating can € wave .

i} 8. .
be expressed as: region 1 + 1 =0

X

waveguide
grating

T80 | lhey - kot sin 0 — 0/AVS) ()
dz region 2

+ R2AS,, (2} + Siy(2)] = 0 (L29.1)
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region 3
(substrate)

where §[ is the amplitude of the inhomogeneous plane wave of

the i{* space harmonic, ¥ = 2w /A, Ais the free-space

wavelength, and @ is the internal angle of incidence. Basic planar waveguide-grating model
s . . e Source: 5. Han et al., Advanced Optical Materials, 2(3), 1900953, 2020.
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So, this is where the waveguide grating is ok. So, this is also called as guided mode
resonance filter or GMRF. Now, for TE polarization you can consider the electric field
vectors to be normal to the plane of incidence in this figure ok. The coupled mode
equations which govern the wave propagation in this ah waveguide grating can be written
in this form. 1 will not go into the details of this, but I will just highlight the few
important factors that is this S cap is basically the amplitude of the inhomogeneous plane
wave of the ith space harmonic. So, you have got this i index, k is basically the free
space wavelength and theta is the internal angle of reflection and that is this one ok.

So, you start with the coupled mode equations and when you put delta phi equals 0 in
this equation ok you actually make this to be a unmodulated dielectric waveguide it
simply becomes a normal waveguide. So, in that case the equation also simplifies and it
looks like a normal wave equation of this form where beta is the propagation constant.
Now, a guided wave can be excited if the average or if the effective ah waveguide index
of refraction N that is given by beta by k is in this range. So, it has to be the modulus of
n should be lower than square root of epsilon g, but it has to be greater than or equal to
the maximum of the refractive index of this or this whichever is maximum. So, this is
how you can ensure that the mode will be propagating guided ok.



Guided Mode Resonances: Basic Concepts

+ As Ae —0, this equation has the appearance of the wave
equation associated with an unmodulated dielectric Incident
waveguide, given by: e
1
region 1
d2E(z)
dzz

X

+ (k% — BP)E(z) =0  (L29.2)

e2(x)
region 2

waveguide
grating

where f3 is the propagation constant.

€31
+ A guided wave can be excited if the -effective region3
waveguide index of refraction N = 8/kis in the range: (substrate) 5

Basic planar waveguide-grating model

max|/e;, V&) s |N| < Ve, (L29.3)
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So, this is very this is a very common kind of requirement that comes from the
waveguides that you can study in any other course ok. But one important thing is that
when you put this delta epsilon to be 0 in that equation and when you compare that with
the equation 2 that we have seen here ok you can find out that beta can be written as this
ok. So, that is basically the effective propagation constant in the waveguide grating and
this also corresponds to a effective refractive index, but there it corresponds to the ith
mode ok. So, n i can be written as beta i over k. Now, the propagation constant beta i of
the waveguiding in the limit that delta epsilon is 0 or tending to 0 ok is thus given in the
terms of the basic parameters something like basic wave guiding grating parameter that
is capital lambda epsilon g theta lambda i and all these things.

So, this is how you can actually see these 2 equations and you can put the same
arguments here also for the TM case and you will see that this equations are valid this
conditions are valid TE and TM polarization ok. So, here let us refer to the eigen mode
equations of this unmodulated slab waveguide ok. So, this will become slab waveguide
when delta epsilon tends to 0 as you can understand the corresponding eigen value
equation of the modulated waveguide can be written as this. So, you can actually find out
that tan delta tan kappa i d will be given by this one. So, kappa i is related to the
propagation constant in the different regions ok.



Guided Mode Resonances: Basic Concepts

Incident

* Letting Ae —0 in Eq. (L29.1) and by direct comparison with
(L29.2), we obtain the effective propagation constant of
the waveguide grating:

L

region 1

e2(x) waveguide
B — Bi = k(J/eg 5in 8 — iM/A). (L29.4) region 2 grating
=1
with a corresponding effective refractive index N, = B,/k. region 3
{substrate)
Basic planar waveguide-grating model
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So, this these are again all coming from the waveguide theory. So, we will just have a
quick look we will not go into very much details of this just | am just showing you the
formula here that will give you some idea that how this the GMR effect has come. So,
for TM polarization the eigen value equations looks like this. So, the previous one was
for TE this one is for TM.

Guided Mode Resonances: Basic Concepts

max{/ey, V&) < |N| < v, (L29:3)

Incident

B — B = k(Je, sin & — iN/A) (L29.4)
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region 1

+ The propagation constant f8;of the waveguide grating in

the limit of Ae —0 is thus given in terms of the basic . .
. . , . e(x) waveguide
waveguide-grating parameters A, €, 8,4, and i, which are region 2 prating
the integers labeling the diffracted waves.
€2
region 3

* Similar arguments can be applied to the TM case; (ubstrate)

inequality (L29.3) and Eq. (L29.4) are valid for both TE :

and TM polarization. Basic planar waveguide-grating model
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So, in the limit of delta epsilon tending to 0 ok. So, the equation that you have seen for
TE or TM and the range that is equation 3 this one they are all holding good. So, they all
govern the mode coupling. So, it all tell you that which all modes are possible ok this
that equation 3 and this also governs the resonant behavior of this waveguide grating
filter with the modified propagation constant beta i ok. So, here in this case ah this will



contain the grating parameters explicitly. What is d? You remember d is basically the
thickness of this waveguide grating.

Guided Mode Resonances: Basic Concepts

» By referring to the eigenvalue equation of the unmodulated Incldet
slab waveguide, the corresponding eigenvalue equation of £
the modulated guide for TE polarization can be calculated region 1
as:
(v: + 5) .
KilYi i ea(x) ;
= S e— L29.5 - wavegtide
tan{x,d) K;‘g _ 'Yisl' ( ) region 2 grating
where e
K = (egkz - Bil)l.” €2
— il region 3
Y= (Biﬂ - EI""‘EQ)'L/J (substrate) T

= (B — eh?)?

Basic planar waveguide-grating model
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So, these are the conditions that you have seen ok and for any parameter varied. In fact,
the resonance free ah parametric range in the limit of epsilon tending to 0 can be found
from these two equations.

Guided Mode Resonances: Basic Concepts

. I A
+  For TM polarization the eigenvalue equation is: max|ye;, V'Ea] s |N| < VEy (L29.3)
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tan(i.d) = (L29.6)
(k) e€sk” — €,2v;B; &
replon 1
* In the limit of Ae =0, the eigenvalue equation [Eqg. (%)
(L29.5) or Eg. (L29.6)] and the range condition region 2

[inequality (L29.3)] govern the mode coupling.

€z
region3 .
. . . batrate)
* This governs the resonance behavior of the waveguide- (substate) 3
grating filter with the modified propagation constant f3;,
which contains the grating parameters explicitly. Basic planar waveguide-grating model
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So, these are the eigen mode equations that tell you the modes which are allowed to
propagate in this particular grating and this you can find because all these coefficients
gamma i delta i and kappa i they depend on epsilon g theta lambda this is the wavelength
of light this is the grating period and this is the index ok. So, the resonance free region



ah especially represents a separation between the two modes make sense. So, every
resonant mode is there and there is also a region between those where different modes
can propagate in a equivalent unmodulated slab waveguide that corresponds to them
waveguide grating.

Guided Mode Resonances: Basic Concepts

il + 8;)
tan(kd) = —5——— (L29.5) £
K~ = ‘Ylal region 1
€,(eay; + €19;) X
t.an(l(gd) = %; e, e2(x) waveguide
€1€gk;” — €*V;B; ) o
region 2 gratng
+ For any parameter varied, in fact, the resonance-free €
parametric range in the limit Ae =0 can be found from Egs. region3
(L29.5) and (L29.6) since, (substrate) = 1
in general, the coefficients y;, §;, and i; depend on Eg 8,4, Basic planar waveguide-grating model

Aandi.

Source: 5. Han et ol Advaniced Optical Materials, 8(3), 1900959, 2020.
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So, whenever there is grating there are some specific modes. So, in between there will
be some resonance free region. So, we will also look into those how to identify those
particular region. Now, if the i th diffracted wave corresponds to the guided mode then
the resonance free range in the thickness in thickness for both TE and TM polarization
can be given as delta d which is pi over kappa i and you can write this as expand this in
this particular form. So, let us take one example.
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kil + ) €
tan(kd) = —5——— (L29.5) e
K~ = Y0 region [
X
e ki(eay; + €15;) _
tan(x,gfl) = L:u (LZQ'G) & (x) waveguide
er€ak’ — €, %vB; region2 rating
+ The resonance-free range essentially represents the €3
separation between the various modes propagating in the (“E‘Tﬂi}
. . suhs
equivalent unmodulated slab waveguide that corresponds g
to the waveguide grating.
Basic planar waveguide-grating model
. - o Source: 5. Han et al, Advanced Optical Materials, 8(3), 1900959, 2020,
ﬁ IHGllWIlﬂhl (")N PTEL sway:ﬁl rtSiurcE:;:. '.B'.rangerzf.,nppli;omics,r;a-q. 2606-2613, 1993.



So, if you are looking at the TE eigenvalue equation. So, the TE eigenvalue equation
was written as this ok and solve when you solve for lambda that gives a free spectral
range that can be written as delta lambda FSR nu and that is basically the resonance at nu
plus 1 minus the resonance wavelength at nu. So, nu is basically your 0 1 2 and so on
these are the integers which are used for labeling the waveguide modes.

Guided Mode Resonances: Basic Concepts

Incident

B . . wave
If the i™ diffracted wave corresponds to a guided mode, £

the resonance-free range in thickness for both TE and TM region 1
polarization is:

+1 o=

X

N e2(x) waveguide
- = =6 — : : 2)-1/2 region 2 Fraftg
Ad = w/k; = 2[55 (Veg sin @ — iA/A?]"Y2  (L29.7)
€3
region 3
(substrate) “°
Basic planar waveguide-grating model
e . Y Sk Sowrce: 5. Han et al., Advanced Optical Materials, (3], 1900959, 2020
ﬁ T Guwahati | (")N PTEL swaya% Source: 5. 5. Wang et al., Applied optics, 32(14), 2606-2613, 1393.

Now, since the eigenvalue expressions for TE and TM modes are different and the
resonance occur at different parametric locations ok. So, that that is that is easily
understood that the eigenvalue equations for TE and TM modes are different. So, the
resonance for TE and TM mode will occur at different parametric location So, these are
the two equations for your quick reference.
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Incident
* Expressing, for example, the TE eigenvalue equation as &
region 1
X
t.an[m(}\}d] = M{@ (L29.8) a(x) waveguide
K*(N) = ¥i(A)3(N) region 2 pratng
€z
» Solving for A gives the free spectral range as Adggs, = region 3
Apyr — Ay where v = (0, 1, 2, .. .) are the integers labeling (substrate)
the waveguide modes.
Basic planar waveguide-grating model
. . - San Source: 5. Han et al, Advanced scal Materials, 8(3), 1900955, 2020,
ﬁ IOT Guwahati | 6)NPTEL swﬁ Source: 5. S.tWang etal, .&popﬁ?ed optia::, 32[14?. ]2505-2513, 1993,

Now, you can consider this as parameters ok and that that will allow you to calculate.
These are like some parameters that you can take and you can calculate what will be the
positions of the TE and TM resonance modes. Now, to quantify the TE, TM polarization
separation of the filters you can apply this equations to produce this particular graph.
So, this is how you are plotting the TEO and this TMO ok.

Guided Mode Resonances: Polarization Properties

» Since the eigenvalue expressions [Eqgs. (L29.5) and

(L29.6)], for the TE and TM modes are different, the Incident
resonances occur at different parametric locations for €
TE- and TM-polarized incident waves. egion 1
Kki(vi + 8)
tan(kd) = % — v, (L29.5) ex(t)
region 2
d) = EgK:'[EaYi + Elai} (L29.6)
tan(ikd) = —— 55— 3
E1€gK" — €7i0; €
region 3 :
(substrate)
* The parameters are €; = 1, €, = 3, €5 = 2.161, and ) . )
9" - 0° ( lincid | Basic planar waveguide-grating model
=0° (normal incidence).
) - e Source: 5. Han et al,, Advanced Optical Materials, 8(3), 1900959, 2020.
ﬂ ]HG‘“"I“uI (")N PTEL swayaﬁl rgiurce:;;. '.D-.rangerzf.,nppnel:omics,"aazs[mﬁ. 2606-2613, 1993.

This is TEL1, TM1 and this is TE2 and TM2. So, what are these? These are basically
showing you the TE, TM polarization separation and this all these are normalized.
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K'('Y' + 6] TE/TM polarization separation and the normalized
tan(K ) - (L29.5) resonance-free ranges in wavelength and in thickness for a
! KI.Q — ;0 guide-mode resonance filter
! 1 | L
1.73
) = sgilegyi + €1d) (L29.6) [
tan(k; )-Ee T iys, _
1€3K; g 111 1.665
. . . 3 164
* To quantify the TE/TM polarization separation of t
the filters, we can apply Egs. (L29.5) and [
(L29.6) to produce the plot shown in Figure. 1.535
t
1.47
0
; . (e Source: 5. Han et al., Advanced Optical Materials, 8{3), 1900353, 2020.
ﬁ 1T Guwahati | (’)N PTEL swaya% rgiurce::.;. '.a'.rang erlr:f., .-:ppn.: omics,n;Z?H}. 2606-2613, 1993.

So, this is basically the grating thickness normalized by its period this is the lambda
normalized to the grating period. So, these are normalized one this also tells you about
the separation between the ah modes ok and it also tells you the resonance free regions.
So, these are the regions which are free of resonances. So, for a given normalized filter
thickness ok d lambda the normalized wavelength separation between TE and TM mode
you can find from here ok.
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* For a given normalized filter thickness d/A, the TE/TM polarization separation and the normalized
normalized wavelength separation between the TE resonance-free rar::lges illcnlntavelength arfuli in thickness for a
ide- ilt
and TM modes can be read off the plot. gulde-made resonance titer

1734
. 1.665 <
*  For example, if we assume d = A = 1000 nm, the !
wavelength separation between the fundamental [
. =
(1 =0) TE and TM resonances is 24 nm. 3 189
1.535
. L
* Separations of other modes such as TE; and TE, -
can also be found from Figure. 147 ;
e ) . - ok Source: 5. Han et ol,, Advanced Optical Materials, 8(3), 1300953, 2020
ﬂ I[TGUWIlﬂtll C“)N PTEL myaﬁ‘ Source: 5. 5. Wang et al., Applied optics, 32(14), 2605-2613, 1993.

So, for a particular value you can find out what is the lambda separation for the zeroth
order TM mode and zeroth order TE mode you can use this graph and find it out. So, if
you assume that d equals say 1000 nanometer ok and you can see that the fundamental



the mode that is nu equals 0 and if you consider the separation between the TEO and TMO
you will find that the resonances are separated by 24 nanometer.
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» Since 8 = 0° in this example, inequality (L29.3) TE/TM polarization separation and the normalized
and Eq. (L29.4) (with i = +1) give resonance-free ranges in wavelength and in thickness for a
a- : +ie guide-mode resonance filter

1.47 < AfA < 1.73, which defines the normalized 178+ o e SR TN B
wavelength range used in Figure. [

1.665 =

max/e;, Jeg} < [N| < Vg,  (1293) 3 re-
B — B: = k(g sin 6 — iA/A) (L29.4) .
i
47—
o
25, : N Source: 5. Han et al,, Advanced Optical Materials, 8(3), 1900359, 2020.
ﬁ ur G“‘“hml (")N PTEL 5Wﬂy§1 urfs;rce:;g.r\.ﬂ'\ranger:f.,ApQ;?jomia::,n;ﬁm[l, ]2606-261.3,1393_

So, that you can find from this particular graph ok. Other other kind of separations like
what is the separation between TEO and like this particular when you take this value you
can actually have TE1 mode as well as TEO mode you can actually find out what is the
lambda corresponding to this two resonances. So, this particular figure is very important
because it gives you all this resonance positions and also it tells you about the resonance
free regions ok.

Now as we have considered normal incidence in this example. So, here what are the
parameters if you see the parameters this will be the parameters considered ok. So, we
are considering normal incidence and other parameters are also given. So, the inequality
actually boils down to this. So, this is the condition when you put epsilon 1 and epsilon 2
and other parameters you will see this is the condition that will actually give the
normalized wavelength range that you see.
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TE/TM polarization separation and the normalized
resonance-free ranges in wavelength and in thickness for a
* Figure can additionally be used to find the guide-mode resonance filter

resonance-free ranges in filter wavelength (for d /A =
const.) and in thickness (for A/A = const.)

1.73

1.665 4
¢ The analytical expression for the resonance-free [
range in thickness given hy

A
Ad = 7/k; = 3 [eg = (Vegsin 0 = iA/AP"V2  (L29.7)

+ Thisis in agreement with Figure. b

Source: 5. Han et al., Advanced Optical Materials, 2(3], 1900959, 2020
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So, this particular range 1.47 to 1.73. So, this is the range that you have plotted here.
So, this has basically come from this one ok. So, this actually tells you. So, you have
actually put i equals plus minus 1 in this equation ok and you have obtained epsilon 1
epsilon 3 are the values that you have shown there.

So, once you put that you will get this particular range. So, this is why this particular
range is considered because in this configuration or the material choice this will be the
normalized wavelength that you have to consider. Now the figure also additionally can
be used to find out the resonance free region as | told you. So, you can actually see this
regions ok in filter wavelength and thickness in both parameter which region is
resonance free you can find out. So, you can actually take d by lambda equals constant
like this and obtain those region where resonance is not there or you can consider the
thickness and see whichever portion has no resonance.

So, the analytical expression you can obtain for resonance free range. So, when you
calculate. So, you will see the delta d that is the in thickness what is that thickness where
there is no resonance you can obtain it like this. | am not going to the details of this
equations there are complicated equations even you can obtain them from this particular
paper, but this actually tells you how this separations are basically obtained. And when
you combine this inequality of this equation and this one you will actually get this
particular equation because the relationship between beta by k is basically your N.
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# Inequality (L29.3) and Eq. (L29.4) can be combined to give: muxhie_h ‘;E;] < |N| < \.-’E_g (L29.3)
max{\e;, Veg} < |Ve; sin 8’ — iA/A| < Ve (L299) B — B: = k(Je, sin 6 — ir/A) (L29.4)
Incident

where /€] sin®' = f€_sin® with &' being
£

the external angle of incidence. rgion 1

Eyix) waveguide
region 2 grating

2y

region 3
(substrale) --:

2 ; : A1

Sowrce: 5. Han et al,, Advanced Optical Materials, 2(3), 1900959, 2020
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So, you can put this guy here and you will get this particular expression. So, here you
can also see that if you want to make epsilon square root of epsilon 1 that is n 1 sin theta
1 equals the refractive index of this one that is square root of epsilon g sin theta ok. So,
that way you will be able to make a range which are the allowed angles for your
particular device. So, with that you can identify the resonance regime ok. So, this
expression allows you to define the parametric regime where the guided mode resonance
actually occurs.

Guided Mode Resonances: Resonance Regimes

max{Je,, Ve < |Ve; sin 0’ — iM/A| < g (L29.9)

by
+ This expression permits the definition of parametric E?' I
regions within which the guided-mode resonances ! r
occur. E T
2 _
*  Figure gives the result for selected values of average 5 B
permittivities with the diffraction-order index i as a g SMA> Ap/A -
parameter. = + only zero-order |
. ¢ Propagating waves
T T
0 0.5 1 1.5 2 2.5 3
ATA

* The parameters are €,= 1, €5 = 3, and €3 = 2.161. .
Figure: Resonance regimes of waveguide gratings.

Source: 5. Han et o, Advanced Optical Materials, 8(3), 1900959, 2020.
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So, this is particularly a plot that shows those resonance regime ok. So, on the x axis
you have the normalized wavelength and on the y axis you have angle theta okay. So,
this actually gives you the selected values of the average permittivities with the



deflection order i as a parameter. So, here you see this is for i equals plus 1, this is i
equals minus 1, this is i equals plus 2, this is i equals minus 2 ok. And again, the
parameters that you have considered here is €1 is 1, & is 3 and €3 is 2.161. So, the solid
curves that you see here on the left side of the inequality ok. So, here the left side of the
inequality is actually coming from this solid line ok and the right side is shown by this
dashed line that is coming from this one. So, the right side inequality gives you this one
for a particular i ok and the left side in equality gives you this solid line ok for that
particular i. And the shaded region between the two lines are basically those parameter
values for which resonance can takes place. So, this can be called as resonance regime
ok and these are the boundaries for i equalsl right. So, the solid boundaries correspond
to the deflected order i at the grazing angle ok at which the classic Rayleigh anomaly is
associated.

Guided Mode Resonances: Resonance Regimes

max({/e;, Ves} < |Ve; sin 8’ — iN/A| < Vg (L29.9)

Resonance regimes of waveguide gratings
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+ The solid curves indicate the left-hand side of inequality
(L29.9), and the dashed curves represent the right-hand side of
inequality (L29.9).

*+  The shaded regions between these lines indicate the parameter
values for which a resonance can occur; i.e., the resonance
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So, we will see what what is that Rayleigh anomaly in the next slides. So, here one
important thing is to note that at the intersection of the two solid curves a double
Rayleigh anomaly takes place ok something like this. Now when you say about Rayleigh
anomaly this is nothing, but a anomalous or abnormal behaviour of light that is being
reflected from a periodically corrugated surface or diffraction grating that was observed
in the form of rapid variation of intensity of the diffraction orders as a function of the
wavelength. So, it happens like this a sharp intensity variation and related exclusively to
the emergence of diffracted beams when the incident beam is at glazing angle and you
will also get beams which are parallel to the surface of the grating. So, Rayleigh was the
first to represent this particular effect and he was able to explain this.
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Resonance regimes of waveguide gratings
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» The solid boundaries correspond to the diffracted order i at the
grazing angle with which the classical Rayleigh anomaly is
associated.

At the intersection of two solid curves, a double Rayleigh 30

anomaly occurs.
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So, that is why the anomaly is named after him. It was pointed out that the anomaly in
reflection occurs at wavelengths for which one of the diffracted order becomes parallel
to the main plane of the grating like this ok and then eventually ah it will vanish at
greater wavelengths because after that you cannot actually like the reflected one cannot
go inside. So, that has to vanish ok. So, this changes the power distribution among the
remaining diffraction orders including the specular reflection or the zeroth order
reflection right. So, if one mode is not allowed or one particular order is vanishing.

Guided Mode Resonances: Resonance Regimes

Rayleigh Anomaly

+ Anomalous behavior of light reflected from the periodically corrugated surfaces or diffraction gratings was
observed in a form of rapid variation of intensity of the diffraction orders as a function of the wavelength.

* Rayleigh presented the first explanation of this effect.

* It was pointed out that the anomaly in reflection occurs at the gy ppldisiini
wavelengths for which one of the diffracted orders becomes parallel to
the main plane of the grating and vanishes eventually at greater | Sy i emerging
e T order

wavelengths.

) L . o ) . Figure: Rayleigh anomaly: A sharp
* This changes the power distribution among the remaining diffraction intensity variation and related exclusively

orders (including the specular reflection or the zeroth-order). to the emergence of the diffracted beam.

Source: A. A. Maradudin et al., Journal of Optics, 18(2), 024004, 2016
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So, the power has to be distributed among the remaining. So, that is how the anomaly
disturbs the system. Another cause of the anomalous behavior takes into account the
possible existence of leaky modes located at the surface. So, which are coupled to the



incident wave such as in the case of surface plus one polar atoms. So, there also you can
see in the case of grating it is mainly for those diffracted beam orders which are basically
parallel to the grating. Now, in the case of the flat surface the wave guides of such
surface waves are greater than the incident Waves.

Guided Mode Resonances: Resonance Regimes

Rayleigh Anomaly

* Another cause of the anomalous behavior takes into account possible
existence of leaky modes located at the surface, which are coupled to the

incident wave, such as surface plasmon polaritons (SPPs).

Incident diffracted
beam orders

* In the case of the flat surface, the wave vectors of such surface waves are

greater than that of the incident wave, so that they do not interact. p—

order

* But in periodic structures, the wave vectors of the grating come into play and

. . Figure: Rayleigh anomaly: A sharp
make the coupling possible.

intensity variation and related
exclusively to the emergence of the
» As aresult, at certain frequency, the incident wave generates the leaky surface diffracted beam.

wave; therefore, the reflected power decreases.

+ This effect is resonant, so the reflectivity curve exhibits a narrow dip.
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So, that they do not interact, but when you look for periodic structures the wave factors
of the grating come into the play. So, because of that the grating or because of that the
coupling becomes possible and as a result at certain frequency the incident wave will
generate the leaky surface waves and in that case the reflected power will decrease. So,
this effect becomes resonant and because of that the reflection curve will get a narrow
dip very narrow dip and that will also give you a transmission maximum. So, for the
light diffraction at the periodic structure which has got a grating number of g okay.
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Rayleigh Anomaly

+ For the light diffraction at the periodic structure with the grating number G,
the Rayleigh's anomaly occurs if:

Incident diffracted

beam orders

(] - . Cir i
k., =nG =k - (h=1,2,...) (L29.10) \é - SETGING

Figure: Rayleigh anomaly: A sharp
where k is the wave number of the incident light and intensity variation and related

- . exclusively to the emergence of the
k, is its component parallel to the grating plane. diffracted beam.

e . . SR Source: A. A. Maradudin et i, Journal of Optics, 18(2), 024004, 2016.
ﬂ IT Guwahati I (")NPTEL smaﬁ' Source: ). Li et al., Applied Physics Letters, 123(5), 2023.

G can be written as 2 pi by the lattice period ok. You can say that Rayleigh anomaly
will occur if k x plus n times G will be equal to the incident wave factor. So, if this
matches so n is basically 1, 2, 3 this is happening because of the grating when there is a
match ok. So, a Rayleigh anomaly will take place the wave will leak in ok and you will
get a reflection dip. So, here k is the wave vector or wave number of the incident light
and k x basically is the component of the component that is parallel to the grating plane
of the wave vector right So, the 2 symmetric ah double Rayleigh anomalies can be seen
here when the incident angle is 0 degree.

Guided Mode Resonances: Resonance Regimes

*  Two symmetric double Rayleigh anomalies are shown in Figure

at@' = 0°, one for i = +1 and the other for i = +2. Resonance regimes of waveguide gratings

5 80 [ ' L
* An asymmetric double Rayleigh anomaly occurs at 8'= 30° for 3 70- L
i=2andi=-1. > 50+ -
o 50 1
) L

% 404 i
* During the interval designated as the resonance regime, the E 04 i
order i can, in accordance with inequality (L29.9), correspond E 20 i

to a guided mode. 2 104 Yz

L g ! s 3

max{\e;, V&3] < |Ve sin 0" — iN/A| < e (129.9) (RS A R Ak
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e = . Saa Source: 5. Han et ol, Advanced Optical Materials, 2{3), 1900959, 2020
ﬂ T Guwahati I (")N PTEL smyﬁ‘ Scurce: 5. 5. Wang et al., Applied optics, 32(18), 2506-2613, 1993.



You can see it for i plus minus 1 there is a degeneracy the other one is for i plus minus
2. So, these are basically symmetric double Rayleigh anomalies. There is also one
asymmetric double Rayleigh anomaly that happens at theta equals 30 degree when i
equals plus 2 and i equals minus 1 ok. Now, during the interval designated as this
resonance regime the order i can actually correspond to the guided mode. So, you can
say this is the first order, second order and so on and this is the equation that you have
already seen. So, this theta is the incident angle and this limit tells you that which all
modes including the order of the mode that can be allowed to propagate.

Now if you look into the dashed curve ok with the increasing wavelength now beyond
the dashed curve that is we are looking for this one the dashed curves ok. The order i is
neither propagating nor it is possible to beyond this it is not able to propagate or it is not
even guided. So, in order to actually strike a resonance with this particular regime the
eigenvalue equations need to be satisfied. So, these are the equations that need to be
satisfied to fall within this particular regime right. So, these are the supported modes
which basically can propagate and leak out and give you that resonance.

Guided Mode Resonances: Resonance Regimes

+ Beyond the dashed curve (i.e. increasing wavelength), the order

i is neither propagating nor is a possible guided mode. Resonance regimes of waveguide gratings

90+ e e
R T by o
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2 70- .
* In order to actually strike a resonance within the regime, the ® go- i
eigenvalue equations, Eq. (L29.5) for TE polarization and Eq. g 50 L
(L29.6) for TM polarization, need to be satisfied also. R i
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Now their solutions fall within the resonance regime with the location additionally
dependent on the thickness of the filter that is the parameter d. So, here you can see at 0
degree the resonance of plus minus 1 is indistinguishable because they are overlapping
here and at nonzero theta prime that is at nonzero degeneracy. So, you can put plus
minus 1 and you can actually see that they actually do not have the degeneracy anymore.
And the solid curve that you see here that is leveled as lambda r over capital lambda this
indicates the last propagating ah higher order diffracted mode that is here in this case it is
i equals plus 1 ok.
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+ Their solutions fall within the resonance regime with the
location additionally dependent on the wvalue of the filter
thickness d.

Resonance regimes of waveguide gratings
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*  From inequality (L29.9) at 8" = 0°, the resonances for i = +1
are indistinguishable;
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Source: 3. Han et al., Advanced Optical Materials, 3{3), 1900959, 2020,
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And it gets cut off at grazing angle okay, as the wavelength is permitted to increase. So,
as you keep on increasing it actually does not increase further it will actually get cut off
here. So, this R is basically the Rayleigh wavelength. So, you can actually call this as
the Rayleigh wavelength ok and when lambda is greater than lambda R ok you can say
only Oth order wave can propagate ok. So, in this regime only the Oth order mode will be
propagating not the higher order modes. So, the diagram such as this figure are also
useful in visualizing the resonance properties of diffraction gratings.
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* The solid curve labeled Ag /A indicates where the last Resonance regimes of waveguide gratings
propagating higher-order diffracted wave (i = + 1) gets cut off at
the grazing angle as the wavelength is permitted to increase.
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« AR is thus a Rayleigh wavelength.
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* For A > Ag, only the zero-order waves propagate.

+ Diagrams such as this Figure can be useful in visualizing the
resonance properties of waveguide gratings.

Source: 5. Han et ol Advanced Optical Materials, 2{3), 1900959, 2020,
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Now let us look at the effect of modulation amplitude ok. So, this particular figure
calculates an example of the spectral behavior of the symmetric high symmetric filter or



symmetric waveguide symmetric means epsilon 1 is considered to be same as epsilon 3
ok.

GMR: Filter spectral response

Effect of Modulation Amplitude

# Figure shows a calculated example of the spectral behavior of a

symmetric (€, = €3) high spatial frequency (A < A) waveguide TE spectral response of a guided-mode
grating at resonance. resonance filter
14 I v I I
+ The parameters of the GMR are: . N /”h_ DBy,
Vo
€1=€3=25,6;=3, g % \ |
=} . I
B'=0° (normal incidence) % 0.6 Gnen ; 1! ,
z R s e 1
=] | D& Dem |
A=d=1.0pm; Ae/eg=0.05 E el ™ .? (l ?~
center free-space wavelength 1 = 1669 nm E 02+ U 1~
= [ B : DE ]
. . . t. 1o H
linewidth of ~ 0.01 nm o !;_ emn LT ]
1.660128  1.665181  1.868253 1.880316  1.6689378
DE,g and DEsg represent diffraction efficiencies WAVELENGTH {um)
. - = Source: 5. Han et al, Advanced Optical Materials, 8(3), 1900959, 2020.
ﬂ T Glm'illitll (")N PTEL 5‘"3}“%1 e '.B"nfang er".ﬂ., n;:mijoptics,";z?mﬁ. 2606-2613, 1993.

And it has high spatial frequency. So, lambda is considered to be greater than the grating
period ok. And what are the parameters €1 = 3= 2.5 and &g = 3 this normal incidence
these are the parameters we have considered the center free space wavelength to be
1.669 and the line width we got is 0.01 nanometer and this DE10 these are basically the
diffraction efficiencies ok. So, 1 0 is reflected 3 0 is the transmitted one. So, you can
only see that the zero forward and backward diffracted waves propagate and in this case
all other modes are basically cut off right. And the diffraction efficiency represents the
intensity of the various diffracted wave.



Guided Mode Resonances: Filter spectral response

Effect of Modulation Amplitude

. TE spectral response of a guided-mode
= Only the zero forward- and backward-diffracted waves resonance filter

propagate with all higher-order waves cut off. , |
. s
ﬁ\\\ DEyy
0.8
b
]

= The diffraction efficiency represents the intensity of the various
diffracted waves.

DIFFRACTION EFFICTENCY
g, 4f
Nk
THTIT
il

+ Note the 100% energy exchange and the smoaoth lines that are § Atz n o= |
obtainable. 1.660128 1.669161  1.880263  1.880%16  1.660378
WAVELENGTH {um}
. - E Source: 5. Han et ol,, Advanced Optical Materials, 8[3), 1900959, 2020.
ﬂ 1T Guwahati | ®NPTEL swayaﬁl Source: 5. 5. Wang et al,, Applied aptics, 32(14), 2606-2613, 1993

So, here you can see that this is 3 0 the transmitted one is getting a dip and the reflection
10 is getting a peak ok. And there is a 100% energy exchange between these 2 modes
and the smooth lines can be obtained.

Guided Mode Resonances: Filter spectral response

Effect of Modulation Amplitucle

TE spectral response of a guided-mode
* Thus the symmetric waveguide-grating filter can produce a resonance filter
symmetric spectral response in reflection with nulls on both i ! |

N =

sides of the peak. . .
Z 08—
3] i
. . . . | Incident i
+ A corresponding notch filter response appears in transmission. % PO e = I
= [ - - 1
% p4-| DEo D ;‘ " }—
] i 1
* Note: when higher-order waves propagate also, pure nulls may E 0.2 ]»
not be abtained. A t ) } LE,, ]
P N oo |
1668128  1.669181 1.669253 1.668316  1.669378
WAVELENGTH {um)
e . . = Sowrce: 5. Han et al., Advanced Optical Materials, 3[3), 1900959, 2020,
ﬂ OT Guwahati | (-‘j)N PTEL swayaﬁl Source: 5. S. Wang et al., Applied optics, 37(14), 2606-2613, 1393,

And what is the good thing about this kind of symmetric filter the symmetric waveguide
grating filter they also produce very symmetric spectral response.



Guided Mode Resonances: Filter spectral response

Effect of Modulation Amplitude

* The spectral response of an asymmetric (e; # €3) high spatial frequency waveguide-grating filter is shown to
illustrate the asymmetric response typically obtained.

TE spectral response of an

The parameters are: guided-mode resonance filter.
€:=1,6;=2161,6; =3, I —— _'__\\;_ ———
Ilii,

L
—_—

8= 0° (normal incidence) ] 0.8 f / DEyp }
i
A=d=033pum g [ '
= gg toeide i '|I j..
E WATE 4
Aefe,=0.05 z —_— = |
) ) 2 g4 o R 1 [ b
center free-space wavelength 4, = 547 nm linewidth of ~ 0.02 nm 3] t :| | 1
DE,, and DE,, represent diffraction efficiencies. E 0.2 i e
= ! e

- L] 1 2
(A=l ) 210 pm

o : ) . i va iﬁ Source: 5. Han et i, Advanced Optical Materials, 8(3), 1900959, 2020.
ﬁ 1T Guwahati | G)N PTEL bl Aot Source: 5. 5. Wang et al., Applied optics, 32(14], 2606-2613, 1993,

So, you have 0 nulls on both side of the peak and that is a perfectly symmetrical filter
which is usually not the case with any other resonant kind of structure. And if you see
the transmission you get a very beautiful notch filter ok. And if you are allowing the
higher order waves to propagate you will see that pure nulls may not be obtained.

Guided Mode Resonances: Filter spectral response

Effect of Modulation Amplitucle
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* Figure shows the calculated normalized filter linewidth A1/4 as 10 'r jL

a function of the normalized modulation amplitude Ae/e; of = £

= 1
the waveguide-grating. < oS

= L

* The parameters are e; = 1, €5 = 2.161, €573, d/A=1at normal %
incidence. ]

=

* If we take, for example, A = 1 um, the calculated linewidth in
this case lies in the range 20 fm < Al < 200 pm for the
modulation range used. 6,01 o1

MODULATION INDEX, .ht'.;'E’

* The modulation amplitude adeg is therefore seen to be an Figure: Calculated relation between the modulation index
effective way to control the linewidths of the guided-mode and the linewidth of a guided-mode resonance filter for
resonance. TE polarization.

= . - - Source: 5. Han et al., Advanced Optical Materials, 2(3], 1900959, 2020

ﬁ 0T Guwahati | ("‘)N PTEL SWHYH% Source: 5. 5. Wanz et al,, Applied optics, 32(14), 2606-2613, 1993

So, one of these legs will be kind of asymmetrical and it will be different. So, if you
look into asymmetrical filter where you have €1 not equal to €3 and these are the
parameters. So, in that case surely your spectral response is not symmetrical and you do
not have null on both sides perfect null on both sides. Let us also look into the effect of
amplitude modulation ok. So, here it shows the normalized filter line width as a function



of the modulation amplitude of the waveguide grating.

Guided Mode Resonances: Filter spectral response

Effect of Mode confinement

~ The spectral linewidth can also be controlled by the degree of
confinement of the modes in the associated unmodulated
waveguide.

* Figure shows a numerically calculated plot of the normalized
linewidth of a symmetric (e; = e3) high spatial frequency
waveguide grating filter as a function of the refractive-index

difference An = fs, — /&

LINEWIDTH, AMA
=
|

168 i .
0.01 0.1 1
* The parameters are €, = 3, Ae/e, = 0.05, and A =d =1 um, with g - Vg
€1 = €3 varying from 1.0 to 2.95. Figure: Calculated relation between the refractive-index

difference V"'f_g_\fs_i and the linewidth of a symmetric

guided-mode resonance filter for TE polarization.
* Strongly confined modes (An — 1 in this example) exhibit the

plugT:whquhonEL swayam T ree's 5 Wangce o Anptedoptes 100, 2408 2613 1993
So, these are all kind of normalized. So, delta epsilon is the modulation index and delta
lambda is basically the line width and if you take these are the parameters. So, this is in
a symmetric parameter and you can see that if you consider grating period to be 1
micrometer the line width that you calculate falls in the range of 20 femtometer to 200
picometer. So, that is basically the range. So, you can understand how narrow these
resonance filters are and they are very very high quality resonance.

GMR: Electro-Optic Switching

# Figure illustrates the resonance line under variation of 1 ! PR 1

the average grating permittivity for an asymmetric

waveguide-grating structure. 0.8

0.6~ DEe oEg | L

0.4- L;“:% <ml 1 L

Hin
0.2 e -

* In this example, the Bragg condition is satisfied, but this
is not a requirement for the resonance to occur.

DIFFRACTION EFFICIENCY

» The Bragg condition A/A = 2 sinB is satisfied. 8 T ; T T
2.9086 2.0097¢ 2.99992 3.00008 3.00024 3[.0004

AVERAGE GRATING PERMITTIVITY, &;

Figure: Resonance line in terms of the average relative

» The parameters for this example are Aefe,= 0.005, d = = ! i == 7
g permittivity of the waveguide grating for TE polarization.

0.32 um, €; =1, €5 = 2.161, A= 1 um, and 8'= 31° DE,q,
DE,;, DE3g, and DEg, are diffraction efficiencies.

Source: 5. Han et o, Advanced Optical Matarials, 2{3), 1900953, 2020

ﬂ ETGIIWIIIIﬁl (")NPTEL Swﬁ Source: 5. 5. Wang et al., Applied aptics, 32(14), 2606-2613, 1993,
So, this is a graph that will tell you that for what kind of modulation you should have
what kind of line width. You can also think about the mode confinement from this



particular graph it allows you to see the spectral line width can also be controlled by the
degree of confinement of the mode in an associated unmodulated waveguide.

GMR: Electro-Optic Switching

+« The point is that the resonance can also occur under

Bragg conditions. 1 1 L .

. . . 0.8
= With nonzero-order diffracted waves also propagating,

as indicated by the inset, pure nulls are not observed
next to the resonance.

0.6

0.4

DIFFRACTION EFFICIENCY

*= Note that a variation in the average relative permittivity 024

DEjg
of the grating can induce a resonance. s

o 1 ¥ T I
2.9866 2.00976 2.90992 3.00008 3.00024 3.0004
AVERAGE GRATING PERMITTIVITY, &;

* Hence, electro-optic effect can be used to switch Figure: Resonance line in terms of the average relative
(linewidth of ~10% for this example) energy from the permittivity of the waveguide grating for TE polarization.
transmitted wave to the reflected wave (and vice versa)
with low applied voltage.

. = Source: 5. Han et al., Advanced Optical Materials, 8(3), 1900958, 2020.
ﬂ OT Guwahati | ®NPTEL myaﬁ' Source: 5. 5. Wang et al., Appliad optics, 32(14), 2506-2613, 1293,

So, if you do not have modulation and you can think of an effective unmodulated
waveguide. So, this particular figure shows the numerically calculated plot of normalized
line width. So, here you are taking a symmetric case, but you are considering the
difference in the refractive index to be your x axis and you are varying the line width.

GMR: Variation with angle of incidence

» Figure shows the calculated TE filter reflectivity as a function of the wavelength with the angle of incidence as a
parameter.

* The peak efficiencies are carefully determined by numerical calculations on a fine grid.
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WAVELENGTH, & (um)

Figure: TE filter reflectivity for 2 waveguide grating with square wave grating shape.
The angle & is the external (air) angle of incidence.
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So, here you will see that you are varying the parameters from 1 to 2.95 right. This is
the epsilon 1 that you are varying and this is how you actually get this variation okay.
So, strongly confined states something like delta n will be tending to 0 exhibit the largest




linewidth. You can also use this for electro optic switching in some applications
something like this particular filter illustrates the resonance line under the variation of
the average grating permittivity of an asymmetric filter or asymmetric waveguide grating
structure. So, here you can see there are many other modes which are getting diffracted.
So, here in this particular example the break grating is satisfied, but this is not a condition
requirement for the resonance to occur.

Guided Mode Resonances

* Resonance Regime: one peak is permitted at 8’ = 0 with linewidth of ~100 nm. As &' increases, the separation of the
resonances increases also. At 8" = 30°, at the shorter wavelengths, the guided-mode resonances corresponding to i =-1 and ¢
= +2 can both be excited in close proximity.

The large peak at B’ = 30° corresponds to i = -1 with the smaller peak caused by the wave with i = +2, as shown clearly on
the far left-hand side of Figure on left.
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Figure: Resonance ragime for the waveguide grating.
. . o Source: 5. Han et al,, Advanced Ogtical Materials, 8(3], 1900955, 2020.
ﬂ IIT Guwahati | ®NPTEL sway:% Source: 8. . Wang et af,, Applied optics, 32(14), 2606-2613, 1993

So, the break grating condition lambda over capital lambda equals 2 sin theta is satisfied
here and these are the parameters that we considered and you see that 1 0, 11,30 31
these modes are also present ok and that is why you you are not seeing perfect null in
this resonance.

Guided Mode Resonances

* Here the results for the TM case are demonstrated. 1 e 001 ety ]
6 = | | 4
5 j »° S I
z 0.8 3° I A | [ lae
» The resonances are narrower than those for the TE case. E [ hee | ;
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Figure: TM filter reflectivity for the waveguide grating.

= - = 3 Source: 5. Han et al., Advanced Optical Materials, 8(3), 1900959, 2020.
ﬂr IIT Guwahati l ("_)N PTEL sm“ Source: S. S. Wang et al., Applied optics, 32(14), 2606-2613, 1993.



The point is that here the resonance can also occur under break condition and with non-
zero diffracted wave also propagating as you can see here in this inset pure nulls are not
obtained next to the resonance and a variation in the relative average relative permittivity
can then introduce a resonance. So, in that case a electro optic effect can be used to
switch energy from the transmitted to the refracted because you can switch change
slightly the effective relative permittivity of this grating and that can introduce the
resonance or it can move out the resonance. So, you can actually use a electro optic
effect for getting this resonance or not ok. This particular figure shows the calculated TE
filter reflectivity as a function of  wavelength with different incident angle.

Guided Mode Resonances: Summary

= Thus, RWGs or guided mode resonances (GMRs) use the periodicity of a grating to couple light into a thin
waveguide.

= They have heen therefore used extensively as waveguide couplers for optical communication and signal
processing for the in-coupling and out-coupling of thin waveguide modes with strong wavelength, polarization,
and angular dependences.

¢ Their in-coupled quasi-guided modes can interfere dramatically with the incident illumination depending on the
phase delay accumulated in the in-coupling in the waveguide which create anomalous reflection and
transmission features, creating unique zeroth-order properties.

+ This mechanism makes them highly efficient narrowband or broadband reflectors, as well as transmission filters
with applications as laser mirrors, advanced detection systems, or spectrometers.

€ nrcmaiai| ONPTEL  swayain L G e

So, you have got theta equals 0 plus 10 minus 10 plus 20 minus 20 plus 30 minus 30 and
so on. So, the peak efficiencies they are all dependent on the incident angle as well. So,
here are the parameters which are used for calculating this and for this particular case you
have also obtained what are the resonance regime as we have seen. So, here you can
actually see that we have calculated for i equals plus 1 and minus 1 ok and there is a
large peak corresponds to i equals minus 1 with smaller peaks happening at i equals plus
2 ok because there is a case here corresponding to 30 ok. So, here you can see that at

yeah this is the case for theta prime equals 30 degree which corresponds to your plus 2
ok.

The large peak at theta prime equals 30 degree corresponds to i equals minus 1. So, this
one with a smaller peak caused by the wave with i equals plus 2. So, i equals plus 2 gives
this particular smaller width ok. So, this is basically seen from this one. So, the same
results can also be demonstrated for that other polarization case TM polarization case.
So, in this case you can see the resonances are even more narrower ok and with that we
will conclude what we understood in the GMR.



Guided Mode Resonances: Summary

* In another direction, cost-efficient fabrication processes and unigque appearance have enabled their applications
in optical authentication and document security.

+ Their polarization-dependent behavior has led to the development of polarizers, polarization rotators, and
waveplates.

+ The control of the optical near-field has found widespread applications in biological refractive index sensing,
fluorescence sensing, nonlinear effects, and optical switching, as well has enhancement of solar light harvesting.

+ We will discuss the features of GMR based devices in next lecture.

2. - == = Source: 5. Han et al,, Advanced Optical Materials, 3(3]), 1900959, 2020
ﬂ OT Guwahati | {"‘)N PTEL swayam Source: 5. 5. Wang et al., Applisd optics, 32(14), 2606-2613, 1993

So, RWG or GMR basically they use the periodicity of a grating to couple light into a
thin waveguide. They have been therefore, used very extensively as waveguide couplers
for optical communication and signal processing for both in coupling and out coupling of
thin waveguide modes with strong wavelength polarization and angular dependence.
Their in coupled quasi guided mode can interfere dramatically with the incident
illumination depending on the phase delay that is accumulated in the in coupling of the
waveguide which can create anomalous reflection or transmission features creating
unique zeroth order properties. So, you can actually get those very sharp reflection or
transmission peak or dip. This mechanism makes them highly efficient narrow band or
broadband reflectors as well as transmission filters with applications as laser mirror,
advanced detection systems, spectrometers etc. So, in other direction you can think of
cost efficient fabrication processes and unique appearance have enabled their
applications in optical authentication and document security.

Their polarization dependent behavior can help them to be used as polarizer,
polarization rotator, wave plates etc. The control of the optical near field has found
widespread application in biological refractive index sensing, fluorescence sensing, non-
linear effects, optical switching etc as well as enhancement of the solar light harvesting.
So, in the next lecture we will discuss some of these devices based on this effect. So,
with that  we conclude. Thank you for your attention.

In the next lecture we will consider and discuss the applications of matter surfaces and
this GMR based devices. If you have got any queries you can drop an email to this email
address mentioning MOOC in the subject line. Thank you.



