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Lecture -08

Hello students, welcome to lecture 8 of the online course on Nanophotronics, Plasmonics
and Metamaterials. Today's lecture will be on reflection and refraction, mainly the
Fresnel equations. So here is a photograph of French physicist, Austin Jean Fresnel, who
put forward a transverse wave theory of light. And the equations describing partial
reflection and refraction are basically named in his honor. So Fresnel has made
important contributions in the theory of light diffraction. So here is the lecture outline, as
you can see we will discuss briefly what is reflection and refraction.

Lecture Outline

* Reflection and refraction

* TE/s and TM/p Polarization
* Fresnel Equations— s Polarization 4 2

* Fresnel Equations— p polarization

> |
* Brewster's angle —_

* Critical angle The French physicist Augustin-Jean Fresnel
(1788-1827) put forth a transverse wave
* Total Internal Reflection theory of light. Equations describing the par-
tial reflection and refraction of light are named
* Goos-Hinchen Shift in his honor. Fresnel also made important

contributions to the theory of light diffraction.

¢ Optical Tunneling
¢ Frustrated total internal reflection (FTIR)

* Transmittance & Reflectance
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I am sure everybody knows about it, still a very brief overview. Then we will revise the
basics of TE which is s polarization and also TM which is p polarization of light. And
then we will see how to derive the Fresnel equations for s and p polarization. While
doing that we will also introduce the concept of Brewster's angle, critical angle, total
internal reflection, Gouge-Henshin shift, optical tunneling, frustrated total internal
reflection, and finally we will see how to calculate transmittance and reflectance.

So let us look into what is reflection and refraction. So this particular diagram | am sure



you have seen this many many times in your school days as well. So here is an interface
between two dielectric medium, one has got a refractive index of ni and other has got
refractive index of n,. Let us assume that the incident ray is basically a plane
electromagnetic wave which is traveling in medium nz and after traveling some distance
So this is the interface of the boundary between two dielectric medium. And as soon as
there is an interface or boundary where there is refractive index mismatch or there is
impedance ~ mismatch, we  know  that there  will be reflection.

Reflection and refraction

* Light interfacing with a surface boundary will reflect back into the

. . . L . normal to surface
medium with reflection angle same as the incidence angle and partially .

1
transmits through the second medium. incident ray ‘ reflected ray
1
* Snell's law relates the angles of incidence and transmission (refraction) !
to the index of refractions of the media. b
sinf; _ my i "
sinf, n,
* Additionally, because the index of refraction is related to the speed (v)
of light in the material, the following equation is also true:
5in91 v refracted ray
sinf, u_z
n,>n;
+ Aslight crosses the boundary between two different materials, the light
will be refracted either at a greater angle or a smaller angle depending
on the relative refractive indices of each material.
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So some portion of this incident ray will be reflected back in the same medium. So how
do you know the reflection angle? We have seen or we have proven that reflection angle
is equal to the incidence angle. | am not going to derive that because that is very very
basic that you have studied in school. And how do you measure this angle? This angle
is measured with respect to the normal to the surface of the interface. Now some portion
of the light IS getting reflected.

What is happening to the remaining light? Remaining light actually enters the second
media that is n2. So n2 medium or you can say medium 2 which has got a refractive index
of n.. Same thing. Now depending on whether nz is greater than n1 either close to the
normal or it will be away from the normal. So, in this case let us assume this particular
case where
n2 is greater than ni.

In that case the light has actually entered a denser medium from a rarer medium. In that
case the refracted ray will be closer to the normal. So this particular law of refraction is
also known as Snell's law. So Snell's law basically relates this angle theta 1 that is the
incidence angle with the refraction angle that is theta 2. And how they are related?



: : ... sing, n : . .
They are related by this equality which is S—l = n—2 or you can write n,siné, =n,siné, .
I 2 1
Now we have seen refractive index is nothing but the ratio of the speed of light in
vacuum over the velocity of light in that particular medium. So, if you write n; as ¢ by v»
similarly n1 can be written as ¢ by vi. It means you can actually replace this ratio with the
ratio of the speed of light in each of this medium n; and n.. So, if you consider those

: sing, V. : . .
speed as v you can write thatﬁ =-1. So, I am also calling them like v by v» that is
I 2 V2
also same thing as V1 over V2.

So they are the same thing. So this is how you can also take Snell's law. You can
understand the meaning of Snell's law that sin theta 1 over sin theta 2 is nothing but v;
over vz the ratio of the velocity of light or plane wave in these two particular mediums.
Now let us move on to the concept of TE and TM polarization. In the previous lecture
we have seen that TE polarization is also called s polarization.

TE/s and TM/p Polarization

We use the labels “TE” and “TM” when we are describing the
orientation of a linearly polarized wave relative to a device.

TE/perpendicular/s — the electric field is TM/parallel/p — the electric field is

polarized perpendicular to the plane of polarized parallel to the plane of - 5
incidence. incidence The plane of incidence is the plane

that contains the incident ray and
the normal to the surface

plane of incidence

Material 1 ¥

%, y
; 8
b 1

% &
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S standing for strike out. It means we will see that in such cases where you have two
different materials, the material 1 and material 2 and this particular is the interface of the
boundary and there is an incident ray there will be a reflected ray something like this and
there is a normal to the surface. So you can draw a plane that contains all these three
vectors that is the incident or incoming radiation, reflected radiation and the normal. So
this particular plane is called the plane of incidence. Now in this plane of incidence there
are two possibilities of the electric field vector to lie that is what the polarization is.

So you can either have the electric field vector that shown as red arrow here, that is
basically parallel to the plane of incidence. So we can say this is parallel polarization or



p polarization. There is other case also possible that is this blue case. In blue case what
happens the electric field vector is basically out of the or it is basically striking out of
the plane of incidence. In that case you can call as s polarization.

So this is s (TE). So, you can say TE or perpendicular or s they are all carrying the
same meaning. So these are the two polarization. Now why we are studying this because
when a plane wave with a particular polarization is incident at the interface the way the
polarization will interact with the interface will be slightly different for S and P
polarization. That is why we have to analyze the reflection and refraction for these two
polarization cases differently.

Here we are not bothered about the polarization we have not discussed about
polarization but then we understood that with polarization the reflection of the light will
be different and that is what the contribution of Fresnel. So Fresnel equations tells us to
calculate or teaches us how to calculate the reflection and refraction or transmission.
Refraction can be taken as transmission also. So it can tell us how to calculate the
coefficient of reflection and transmission. So, let us assume this particular case we are
assuming the case of S polarization first.

Fresnel Equations— s-Polarization

* Beam geometry for light with its electric field sticking up
out of the plane of incidence (i.e., out of the page)

* Boundary Condition for the Electric Field at an
Interface:
The Tangential Electric Field is Continuous

* The component of the E-field that lies in the xz plane is
continuous as you move across the plane of the
interface.

* Here, all E-fields are in the z-direction, which is in the
plane of the interface.

* Thus, E@p=0)+E(y=0) = E(y="0)
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Now this is everything in the plane of incidence as you can see this is a 2D diagram. So
this is how the coordinates are marked. This is x axis this is y axis and z axis is basically

coming out of the screen. Now here you can see clearly that this is the wave vector ki. i
stands for incident.

So this is the incident ray. Then there is the reflection that is kr that is a vector and then
you have this transmitted one that is called kt. This is ni the incident medium refractive



index nt is the transmitted medium refractive index. This is the interface. Angles can be
marked very easily this is theta i this angle is theta r and this angle is theta t clear all these
things are marked.

Now we are assuming that this particular case is for S polarization. Now we know that
for S polarization the electric field is actually striking out. So this is how you put striking
out if the field used to go in you will show it like a cross. So this is where the field is
basically coming out. So when you have this field coming out upon reflection also it
remains same.

And while transmission also it remains in. So the electric field is throughout in the S
polarization that is out of this page. Now accordingly you can also mark what will be the
magnetic field direction. So how you do that? So always remember E cross B will give
you the direction of wave propagation. So here the wave propagation direction is known
E we have assumed that we are considering the one that is striking out.

So you can take E cross B and that should come in this particular direction that is in the
direction of k vector. So that way we will find that the Bi that is the magnetic field vector
is basically in this direction for the incident wave. For the reflected wave it is in this
direction and for the transmitted wave it is in this direction. You can easily do E isup E
cross B the thumb is showing the direction of wave propagation. So that way you can
always verify that whether these directions  are marked correctly or not.

Now let us apply the boundary conditions. So the boundary is basically here where Y
equals 0. And we have known from Maxwell's equation that in the boundary the
tangential fields, the tangential electric field and tangential magnetic field they are
continuous. So let us find out the component of the electric field that is lying in this
particular interface. So the component of the electric field that lies in the xz plane which
is this particular interface xz plane is the interface is continuous as you move along the
across the plane of interface make sense.

And here all these electric fields are all only in Z direction. So, when you write at this
particular interface you can write E,(y=0)+E, (y=0)=E, (y=0). So these are the two
fields on the one side of the interface and this is the field that is on the other side of the

interface. So exactly at the boundary you can write that these two fields will add up and
give you this field.



Fresnel Equations— s-Polarization

* Boundary Condition for the Magnetic Field at an
Interface:

The Tangential Magnetic Field is Continuous

* The total B-field in the plane of the interface is
continuous.

* Here, all B-fields are in the xy-plane, so we take the x-
components:

-B(y = 0) cos8,+ B,(y = 0) cosd, = —B(y = 0) cosb,

Y
L’i
z
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Okay. Understood. So this is the boundary condition for electric field. Now let us
apply the boundary condition for magnetic field. So, we know that the tangential
magnetic field should also be continuous. So, in that case we have to find out what is the
tangential component of the magnetic field because the magnetic field vector is making
an angle with the interface.

Right. So if this angle is theta i we can find out that this angle is also theta i and again
we can say that this angle is also theta i. So Bi will have a x component it is going in the

minus x direction. Okay. So, the x component which is along this will be —B; cos(4,).

Right. So minus Bi cos theta i and we are equating it at the interface. So Y equals zero.
Similarly, if you take this one you can find out the component is nothing but this will be
along plus so there is no question of putting a minus here. So, you can simply write
—B.(y=0)cosé + B, (y=0)cosd. =-B,(y=0)cosé,. Again, this one this angle will be
theta t, I am not sure just do the same thing in all the cases here also you will see that this
component is minus Bt cos theta t and Bi should be evaluated at Y equals zero.

So you have got the two equations. Right. One is this one that tells you about the
continuity of the magnetic field or the tangential magnetic field at the interface. You also
have the other equation that is this one E(y=0)+E,(y=0)=E (y=0). Okay that the

tangential component of the electric field are continuous. This is the tangential magnetic
field across the interface is continuous.

So you have got these two equations. Now one equation is in the form of E another is in



the form of B. So we need to now convert everything to electric field because that is how
we will be able to find out the ratio of the electric field vector that is reflected over the
incident reflected field that will give us the reflection coefficient. That is our final goal.
And also, we have to find out the ratio of E; over E; that will give you the amount or the
ratio of the electric field that is being transmitted. So, with that objective let us see how
we can proceed further.

Fresnel Equations— s-Polarization

¢ Ignoring the rapidly varying parts of the light wave and
keeping only the complex amplitudes:

Ey + By, = E,
— By, cos(6,) + By, cos(8,) =—B,, cos(6,)

* We know that E is perpendicular to k, so the magnitude of k x
E is simply | k| |E| = kE. Then, the magnitudeof the k x E = wB

relation tells us that o
kE=wB = FE= EB

e Thus, B=E/(c,/n)=nE/c, and 6 =6,.
n(E,, —E,)cos(0)=-nE cos(6,)

* Substituting for E,, using E,; +E,, = E,,

n(E,, —E,)cos(6)=—n,(E, +E,)cos(b,)
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So, we know that E is perpendicular to k that we have seen. So, you can also write that E
cross k can be simply written as so the cross product so they can be written as|k || E |. So,

you can simply write k E fine. The other thing would be that this vector k x E can also be
written as omega B.

Okay. So, this is the relation we know thatk xE =B . Okay. And you can write
E-9B. So, this is how you know electric field and magnetic field are related. So, if

you take that you can actually convert all the magnetic field here into electric field.

Okay. So, B can be written as E divided by this factor %and %can be also written as

(c,/n). What is n? n is the refractive index of the medium. So, if you simplify this
equation it becomes nE/c,. So that's much simpler form. So, B the magnetic field can
be written as nE/c,



And we already know that 8, equals ,. Okay. So, with that if you put it here so §, and
6, are same they can be written as theta i altogether. So, you take cos theta i common.

So, what you are left with this term and this term they are both converted into electric
field NOW.

So you get ni common. Okay. And then you have E. Why n; for both? Because both
are in the same medium n;. Right. Reflection and incidence are in the same medium.

So, you have got ni that this one (E,—E;)cos(4)

Right. And then you will have this term which is minus n: because n; is the refractive
index of the medium where the transmission is taking place. So, you have n, cos(6,) and

then you will have also Eot. So, finally you see you have got everything in terms of the
electric field. Now you can substitute Eot using Eoi plus Eor from the first equation. And
once you do that you get everything in terms of Eo and Eor.

So Eo is also removed. So, this is the thing. So, now if you take this equation and
rearrange the terms and put everything like Eor on one side and Eor on another side you
get this is what you are getting. This is simply you know side changing and finally you
get this. And from this equation it is very simple. You can simply do Eor over Eqi and
that IS your reflection coefficient.

So you can call it as small r. And why it is given perpendicular because you are doing it
for s polarization. So, you can get this one. So, r perpendicular is nothing but Eor over
Eoi and that is nothing but the ratio of this over this. So, you get

[n,cos(6,)—n; cos(6,)]/[ n;cos(6,)+n cos(6,)]. So, this is the equation for reflection

coefficient for S polarized light.



s-Polarization— Reflection & Transmission Coefficients

Rearranging n,(E,, — E, )cos(8,) =—n,(E,, + E, )cos(6,) yields:
E,, [, cos(6,)+n, cos(8,)] = E,, [ n, cos(8,) - n, cos(8,)]

* Solving for E,, / E; yields the reflection coefficient:
1, = E, | E, =[n,cos(6,)—n, cos(8,)]/[n, cos(6,) +n, cos(6),)]

* Analogously, the transmission coefficient, Ey, / Ey; is

t, =E, / E, =2n, cos(ﬂr):’[n' cos(f,) +n, cos(8, )]

Y
, X ¢ These equations are called the Fresnel Equations for
perpendicularly polarized (s-polarized) light.
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Similarly, you can calculate what is it for Eo: over Eoi and you will see that you are
getting this particular equation that is 2n, cos(&i)/[ni cos(6,)+n, cos(et)]. You see the

denominator remains same only the numerator is changing. So, these equations are
called the Fresnel equations for perpendicular polarized light or s polarization or TE
polarization. So, the same exercise needs to be also done for p polarization. So, in p
polarization the electric field is basically parallel.

So we take this particular direction of the electric field. So, this is this wave directions
are fixed. So ki, kr, ki they are all known. So, this is how the reflection and transmission
will look like. Now if you assume that the electric field is along this direction again
using that you know E cross B should be in the direction of k you can find out the
direction of Bi that IS the magnetic field.

In this case it is actually coming out of the page. Given reflection this upward electric
field will become downward like this. So, in that case the magnetic field will also change
the orientation it will go into the page. But transmission will have more or less similar
feature that of the incident one just that the transmitted ray will be shifted more towards
the normal if we assume that this is a higher refractive index material than this one. So,
analysis remains very much similar. So first as we have actually done the calculation for
the previous case it was  straightforward for electric  fields.

Here the magnetic fields are only along z direction. So, the tangential component of the
magnetic field at the interface will be easier to find out. Let us assume the direction
upward as positive and inside it is going this direction we can take as negative. So here



you can write that Boi minus Bor will be equal to Bot. So, this is positive, this is positive,
this is negative.

Fresnel Equations—p polarization

* The reflected magnetic field must point into the
screen to achieve for the reflected wave. Note that the
x with a circle around it means “into the screen.”

* For parallel polarized light, By - By, = By,
L & Eycos(8) + Egeos(6)) = Eycos(6)

* Solving for E,, / E, yields the reflection coefficient, r:

1, = E,, | E, =[n,cos(6,)—n, cos(6,)]/[n, cos(6,) +n, cos(6,)]

* Analogously, the transmission coefficient, t,, = £,/ E,,

1
4 i t,=E, /| E, =2n,cos(8,)/[n, cos(8,)+n, cos(6,)]
X
z .

These equations are called the Fresnel Equations for
parallel polarized (p-polarized) light.
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So this is the equation that you get. And for the electric fields you can see that this is
the tangential component that is E; cos theta i. This one will have E; or you can say Eor
cos theta r and this one will have E; cos thetat. So, this is how the components will look
like. So, this is the equation that tangential electric field is also continuous. Now what
next? We need to convert this magnetic fields into electric fields.

How do you do that? B=nE/c,. Go back. nE/c,. So, this equation you can use here
and you get everything in terms of electric field and then when you take the ratio of Eor
over Eoi, so you will get this is the ratio [ n, cos(6,)—n,cos(6,)]/[ n,cos(6,)+n cos(8,)]
. S0, they look similar but they are not same. If you put both the equations side by side
you will be able to see the difference.

So just a quick look here it isn, cos(8). Here also it is n; cos(4,)but in the case of p

polarization it is basically n,cos(4,). Here also n,cos(6,). So that is how they are

different. Similarly, you can also find out what is the transmission coefficient that is
basically Eot over Eoi and this is the ratio. Always remember that reflection coefficient,
transmission coefficient that denominators are same, the numerators are different.

So this is the equation called Fresnel coefficients or Fresnel equation for parallel
polarized or p polarized or TM polarized light. So, this is the summary. Here | am
putting the equation side by side you will be able to appreciate it more. So, this is the
reflection coefficient for perpendicular or S polarized.



This is for t perpendicular. This is t parallel. This is r parallel. So, all these are the four
equations that will tell you the reflection and transmission for s or p polarized light. Well
and good. Now if the light is normally incident that is your theta i equals 0. So, when
you put theta i equals 0 you will see that the reflection coefficient for parallel and

perpendicular polarization they become same.
Fresnel Equations— summarize
s-polarized light: p-polarized light:
- cos(,)—n, cos(6,) s n cos(8,)—n, cos(6))
* n,cos(6,)+n, cos(6,) n, cos(6,)+n, cos(6,)
_ 2n, cos(8,) B 2n, cos(6),)
= n,cos(6,)+n,cos(6,) n, cos(6,)+n, cos(6,)
n — n
Putti 4 = = Iy = iy, =
utting ,=0,n;,=n,, and n,=n, n +m
2/1]
and t, =t =——
n +m
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n,—n . . -
It turns out to be nl nz Similarly, the transmission coefficients t parallel and t
1+ 2
. n . .
perpendicular also become same. They become - ln . It's very simple. You put theta i
1+ 2
equals 0 everywhere.

And theta 2 you can also find out using Snell's law. That is your theta t because you
know n; and nz. So that way this equation gets simplified. It is also very clear from this
particular case if you go back to the definition that if you go here and you see that when
the incident angle is 0 that is you are actually having light incident like this. In that case
this plane and that plane they are also identical. Because in that case you will not have a
unique plane you can have plane either this way or that way because incident beam and
reflected beam are now in the same direction or like incident beam coming up and up
from top to bottom reflection will go from bottom to top but they are along the same
line because you are having normal incidence.

In short in normal incidence your both polarization become same or interchangeable.
That is why the equations also show the same. So, you will get similar reflection and



transmission coefficient for s and p polarization when you have normal incidence. Now
there is a concept called Brewster's angle that is very important. So, we have understood
that the two polarizations become indistinguishable when theta is 0.

Brewster's angle

* The two polarizations are indistinguishable at 8 = 0°. Total reflection
at 8 =90° for both polarizations.

0.8 —| Reflection coefficient
s g 0.6 <
* Zero reflection for parallel or p- polarization at: B 9,, r,
" 0.2 5 |
“Brewster's angle” (6,,) = tan™! (n—t) 0
i 0.2 __......,"r_f_’:/“./

4= 0 T

20.6 ]

0.8 -

-1

* Consider the case of “Air-to-Glass Interface”

’!Y‘I'I’l]l]f‘l]l‘
0 10 20 30 40 50 60 70 80 90

Incidence angle, 6;

Putting (n,=n, 1.5), 6,= 56.3".

R T Source: Kasap, Safa 0. Optoelectronics and Photonics: Principles and Practices, 2nd edition
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And you will also see that there is total reflection when theta equals 90. It means when
incident angle is 90 that you are actually having a light that is incident along the interface
what you will see, you will see the transmission is basically 0. So total reflection is
possible when angle incident angle is 90. Now there is a possibility of 0 reflection based
on the equations that if you look for p polarization when you look for p polarization in
this case there is a possibility that reflection can be 0 when this term and this term
becomes 0. And that is the case or that is the particular angle which is called the
Brewster's angle.

nt
n.

So you can have (ep) = tanl( jNow if you consider air to glass interface and air if

you take as 1 and n; that is the transmitted refractive index can be taken as n glass which
is 1.5. In that case you can calculate and find out that theta p is equal to 56.3 degree.

So this is a plot that shows the reflection coefficient versus the incident angle. So, as
you can see when the incident angle is O both the polarization this is for parallel
polarization this is for s polarization or perpendicular polarization. So, both polarizations
are having the same reflection coefficient when the angle is 0 but as the angle increases
they diverge both are having different values. But when the angle strikes 56.3 degree for
the case of parallel polarization that is the case when the reflection coefficient will be 0.
For parallel polarization it means the light will be only available in one particular



polarization.

So Brewster's angle can be used to make a unpolarized light polarized by means of
reflection only. So, if you actually change your incident angle to this particular angle
56.3 degree at an air glass interface means one side is air another side is glass you are
shining  light on the glass. If you shine light at a 53

6 degree angle the reflection light will be only perpendicular polarized. That means it
will be only s polarized the p component is not there. So, this is Brewster's angle. There
is another important concept called critical angle which you must have studied in those
school days also. So, these are all coming from the Snell's law on different kind of
possibilities that if you assume that this is a denser medium and this is a lighter medium
and that is written here nl is greater than n2 and we see that the angle of refraction is
larger. So, what happens when you have critical angle the transmitted ray is basically
goes along the interface.

Critical Angle

*  From Snell’s law:

sind; n,

sin8, ~ ny

* When the incident angle equals the critical angle (6,= 8. ), the angle
of refraction is 90° ( #,=90° ).

* Noting that sin (90°) =1, Snell’s law in this case becomes

. na . nz
sinf,= — - 8,= sin~! (—)
m ny
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That means the angle of transmission is 90 degree. So that is the definition of critical
angle. So, you get theta 2 equals 90 degree. Now in that case if theta 2 becomes 90
degree so this is 1. So, you can simply write theta 1 is nothing but your critical angle that
IS theta C.

So theta ¢ can be written as nz over ni. So, you can write what is 6, =sin‘1[&j. And
n1

this is only applicable when the light ray is propagating from denser to rarer medium. So,

this is the concept which also brings in what happens when light is incident at an angle

larger than critical angle. So that will bring you total internal reflection. Now when the

incident angle theta i is greater than the critical angle theta ¢ you will get no transmission



in the second medium.

All the light that is incident will be completely reflected back. So, there is no partial
transmission complete reflection. That is why it is called total internal reflection.
However, an evanescent wave actually propagates along the boundary. So that is
basically ~ high  loss electric  field propagating along the  surface.

Evanescent fields do not propagate too long because they are very lossy. So, these are
the three situations as you can understand. So here theta i is much smaller than critical
angle. So, you get the normal reflection and transmission. Transmission is nothing but
the refracted light.

Total Internal Reflection

When incidence angle (&;) > critical angle (8,) there is

* no transmitted wave in medium
= Total internal reflection occurs
* an evanescent wave propagates along the boundary (i.e. high loss electric field propagating along the surface)

R Figure: Light wave travelling in a more

(refracted) light dense medium strikes a less dense
: i medium.

Depending on the incidence angle with

respect to ¢, which 1s determined by the

ratio of the refractive indices, the wave

Incident Reflected may be transmitted (refracted) or

light light reflected. (a) 8< 6. (b) 8,=0.(c) #,> 6,
(a) (b) (c) and total internal reflection (TIR).
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This is the case where your incident angle is exactly same as the critical angle. So, you
get this is the incident light you get some reflection and the transmitted light is exactly
along the interface. And when you have incident angle larger than critical angle you will
see that there is some reflection and this light is also now coming back in the same
direction. So, you are getting everything reflected just that a bit of electric field will be
propagating as a lossy wave that is evanescent wave along the interface. So, this is the
case of total internal reflection.

So total internal reflection gives rise to evanescent waves. And this allows you to
satisfy the boundary condition at the interface in case of total internal reflection. So, if
you look into the field in medium 2 so this is the field in medium 2 that propagates along
the boundary edge at the same speed as the incident wave and dissipates into the second
medium. So, you can take E: perpendicular the tangential transmitted one for the
perpendicular one polarization.



You can write it as (y,z,t). So, e *’so this is the y direction. So, this is how the field
decays that is how the amplitude of the evanescent field will decay exponentially into the
medium. And then it will also propagate as e so it will oscillate and propagate. And
the direction of propagation is along z so this direction is z we can take. So, the
evanescent wave vector is given as k, =k;sing,

Total Internal Reflection — Evanescent wave

* When @,> 6, there must still be an electric field in medium 2 or
the boundary conditions will not be satisfied

* The field in medium 2 is an evanescent wave that travels along the .
boundary edge at the same speed as the incident wave and
dissipates into the 2" medium

i Evanescent wave
B

E!,(y,Z,I) =¢ az."e;(u( k)

k. =k sing evanescent wave vector
2 2
m n .2
“ :Tz (_IJ sin”6, -1 attenuation coefficient
n, attenuation coefficie

The penetration depth of the electric field into medium 2 is

5=%z2 -2 E, =e?

.. 2 T Source: Kasaj i i inci i ti
P - > 2 p, Safa O. Optoelectronics and Photonics: Principles and Practices, 2nd edition
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So k;, =k;sing, that is basically the sin component of the incident wave vector. And

alpha 2 this alpha 2 that you see as | mentioned this is basically the attenuation
coefficient that can be calculated as 2zn,. So ny is the refractive index of this medium

2
over lambda what is the wavelength in vacuum into \/E&j sin®@ 1. So, this is how
n2
you get the attenuation coefficient. So, we can consider penetration depth in this
particular medium 2 as a depth where delta penetration depth is defined as delta, delta can
be taken as 1 over alpha 2. So, if you take y equal delta that is 1 over alpha 2 what do you

find? You find this field comes down to be =e*

So that is where the definition of penetration depth also comes in. So, where penetration
depth is the depth where the field goes to 1 over e of the initial value and that is how it is
obtained. So, I hope it is clear that when total internal deflection takes place there is an
evanescent field that is excited at the interface but the evanescent field decays
exponentially in the medium and it tries to propagate but it is a high because it is
decaying it is a very lossy one it will decay down and it will not be able to propagate any
further. So, it only decays or it stays there for a small distance short distance.



Goos-Hanchen Shift

The reflected light beam in total internal reflection
appears to have been laterally shifted by an amount
Az at the interface.

It appears as though it is reflected from a virtual plane B Virtual reflecting plane
at a depth d in the second medium from the interface. 2
The lateral shift is known as the Goos-Haenchen shift. ] -

N d P S
The lateral shift depends on the angle of incidence i P9
and the penetration depth. A : ~ :
—— Az —————!

Reflected

We can represent the reflection as if it were occurring ::;;'ld"“ light
from a virtual plane placed at some distance d from N
the interface, then from simple geometric
considerations, Az = 2d tand.
Here, d = & (penetration depth).
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There is another concept called Goos-Hanchen shift. So, that is also related to the total
internal deflection. So, if you see the total internal reflection the reflected beam in total
internal  reflection appears to be laterally shifted. It does not come from the exactly
same amount the same point where the incident field is. It is laterally shifted by some
amount called delta z. As if it is getting reflected from a virtual reflecting plane that is
somewhere inside. So as mentioned it appears that it is reflected from a virtual plane at a
depth d in the second medium from the interface and this lateral shift is known as the
Goos-Hanchen shift.

And this shift also depends on the angle of incidence and the penetration depth. So, you
can see the formula here. So, Az=2d tan&,. So, it depends on the angle of incidence and

d can be roughly taken as the penetration depth. So, it depends on both penetration depth
as well as the incidence angle. And when this second media becomes very thin in that
case the field will be able to penetrate this interface and go into this medium B and then it
will also be able to reach the other side of the interface.

So you will see that what you are supposed to be a total internal reflection but as the
field is able to penetrate this thin layer B it is also able to reach somewhat outside. So,
this light was initially not allowed but because of this thin layer light has now tunneled
through this different medium although it is having that kind of condition. So, this
particular light is called optically tunneled light. So, let's see how do we describe this.
The phenomena in which an incident light is partially transmitted through a medium
where it is  forbidden in terms of simple geometrical  optics.



Optical Tunneling

¢  When medium B is thin, the field penetrates from the
AB interface into medium B and reaches BC interface, . '
and gives rise to a transmitted wave in medium C. . Optically tuineéled light

¢ This phenomenon in which an incident wave is partially 1 T T
transmitted through a medium where it is forbidden in / B ! ™
l’.. { + ' i " 5 =

terms of simple geometrical optics is called optical 2 e % #% PR BN g
tunneling. X, L _SNE Ny kr\; Y,

Ky \ ’ n,
Incident light *, K7, / Reflected light
. \ ’ ’

* Itis due to the fact that the field of the evanescent wave ‘ a>80
penetrates into medium B and reaches the interface BC ; ‘
befare it vanishes.

e . Source: Kasap, Safa O. Optoelectronics and Photonics: Principles and Practices, 2nd edition
€% OT Guwahati ' GNPTEL swayam (2013).

So if you take a simple geometrical optics and you make sure that your & > 6, that

means you are supposed to get a total internal reflection. It means no light should be able
to go on the other side of the medium. But what you have seen that because this
thickness is so thin but or you can say this layer is so thin that the field is actually able
to penetrate and go to this interface and from there it gives rise to a transmitted wave in
the medium C. So, it is basically optical tunneling. And this is happening all because of
the evanescent field that is able to penetrate into medium B and then it could reach the
interface of B and C before it vanishes and that is where this optical tunneling will come
into picture.



Frustrated total internal reflection (FTIR)

¢ Frustrated total internal reflection is utilized in beam splitters.

* In the beam splitter cube in Figure (b), two prisms, A and C, are separated by a thin film, B, of low refractive index.
Some of the light energy is now tunneled through this thin film and transmitted into C and out from the cube.

iy Reflected
B = Low reffactive index

transparent film ( n.,)

RN

Figure (a) A light incident at
the long face of a glass prism
suffers TIR; the prism deflects

Reflected
light

i % n FTIR Incident the light.
: light (b) Two prisms separated by a
LISty Te— thin low refractive index film
Incident % 2
(@) /4 A light 3 PG forrr?mg. a beam splintter .chbe.
Glass prism The incident beam is split into
J S S
two beams by FTIR.
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And this has given rise to a very interesting effect called frustrated total internal
reflection or FTIR and using this effect people are able to make beam splitter. Now let us
look into this particular prism this yellow one is a prism. So here you see you are
actually having an incident light and when the incident light angle is larger than the
critical angle you are getting total internal reflection. So, this is one glass prism. Now if
you bring another glass prism next to this first prism but introduce a small gap of air in
between that means you have a low refractive index transfer in film say n. in between.

In that case what is happening that this particular effect will take place that this is the
air region where the evanescent field will be able to penetrate and come to the third
region where it will be able to transmit again. Though it was forbidden but because of
this thin layer it is now allowing. So, what is happening the incident light will now get
split into two ways one is the reflected one, one will be the transmitted one and that is
how a beam splitter works. So, some portion of the light energy is now able to tunnel
through here this through this thin film and it can get transmitted into C and finally out of
the cube. So, these are very very important device people have used and continuously
using beam splitter that is based on this frustrated total internal reflection effect.



Transmittance (7)

; - ItAt
e T =Transmitted Power / Incident Power = 1—
idi
_ €0Co 2 Ae _ We _ cos(6¢) _
where, ] = (n—2 )IEOI . R e A = area “',7‘ 0
bon, ‘
Note: the beam has width w, n, ‘
0‘/w"
* The beam expands (or contracts) in one dimension on refraction t
[ guc;,J‘ 2
n 22 E,| 2 2
L) o ) E, ) fison E, ) : : : A
rtA _\ " 2 w | nl “'|, YW Gince | |, =7 s-polarized light: p-polarized light:
I,A‘ €0 E 2w II,‘E(”‘_ W, nw; |Em|.
Wy |Eal| _ n,cos(6,)—n,cos(6,) - By cos(8,) —n, cos(6))
* n,cos(6.)+n, cos(6,) " n,cos(6,)+n,cos(0)
— Tzl'(”l cos(ﬂ,))}l - 2n, cos(6,) o 2n, cos(6,)
(m cos(8)) * n,cos(6,)+n,cos(6,) " n,cos(6)) +n, cos(6))
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So understand with overall understanding of all these conditions of reflection and
refraction or transmission. Now let us finally calculate that transmittance capital T. All
the previous parameters were reflection coefficient transmission coefficient they were
given with small letters small r small t this is transmittance this is basically the ratio of
the transmitted power over the incident power. So, if you talk in terms of intensity so It
is the transmitted intensity multiplied by the transmitted beam area At is the area of the
transmitted beam over I; into Ai. So, what is | intensity it can be written as roughly we
say that intensity is proportional to amplitude square modulus or amplitude square or

exact relation is (n 80—20]|E0|2that is electric field amplitude square. And what is At over

Ai so upon transmittance we have seen that because the beam is going from one
refractive index medium to another refractive index medium there is a change in the
beam width.

. . . cos( @
So the beam width can change to w: from w; and that can be written in terms of %
cos(6,

that means if you try to match the width at the boundary they have to be same and that is

. . . . . cos( 6,
how you can actually get this ratio. So, you can find this ratio as %
cos( &,



Reflectance (R)

IpAs

* R =Reflected Power / Incident Power =
iAj
where, = (n-g‘ﬂ) |Eol?, A=area

2 F) 6.6 %
W; n, ' w.
n, ‘
* Because the angle of incidence = the angle of reflection, the
beam’s area doesn’t change on reflection.
* Also, nis the same for both incident and reflected beams.
6 s-polarized light: p-polarized light:

* So, P2 since ’E()r| =2 ) cos(6,) —n, cos(6,) . _ m,c08(6) —n, cos(6)

|E(“ |: = n,cos(6,) +n, cos(6,) n, cos(6,)+n, cos(6,)

_ 2n, cos(6)) . 2n, cos(6))
© n,cos(6)+n,cos(6) " n,cos(6,)+n, cos(6))
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So finally you can find out what is transmittance t. So, it |s|—. So, this is how you

doit. Soﬁ=cos(9‘)
A~ cos(8)

. S0, when you do that you can find that you are actually getting a

2
ratio of |E°t|2 and |E°’| =t. Now depending on which polarization you are talking about
Bl |Eal
you are talking about s or p polarization you can put the formula for t perpendicular or t
parallel. So, this will be your t square right. So, this can be t parallel square or t

(n,cos(6,))

(micos(6)

perpendicular square and then you have to multiply it by this factor that is

So, this is the formula of transmittance. So, transmittance capital T is basically

. {(nt cos(6,))

(ncos(9))
or p polarization. Similarly, in the case of reflectance life is slightly easier because here
the beam width will be similar because the beam is basically in the same medium. So,
you do not need to worry about the area because the Ar and A;i will be same. Intensity you
have seen they are basically proportional to n and also E naught square again here n
remains same so only E naught square will be coming in the ratio right.

}tz. Now small t you will pick from either this or this depending on s



2
. : : E : g
So reflectance R will be simply you can put it as %and the ratio of the electric field
EOi
is basically small r right. So, when you take square of it is basically r2. So that becomes
capital R that is reflectance is basically nothing but reflection coefficient square. And
again, depending on the polarization of the electric field whether it is s or p polarized you

can choose either this formula for r perpendicular and or you choose this one r parallel.

R & T - Summary

+ Reflectance: Relative (%) intensity of the reflected light traveling through the media

2
Rle =RH =(H1 *HEJ
nl+n2

Here, 6, = 0 for normal incidence, n, = n,, and n,=n,

* Transmittance: Relative (%) intensity of the transmitted light traveling through the media

4 2
T=7=1= L.
(”1 +n, )~ . . . ;

s-polarized light: p-polarized light:
. n, cos(8.)—n, cos(d,) n, cos(8,)—n, cos(6)
* Sum of the transmittance and reflectance LT cos(@)+ n. cos(@) = cos(8)+ 1 cos(@)

in any conserved system must equal 1 S o

R+T=1 _ 2n, cos(8) f= 2n, cos(d)

= mcos(6)+n,cos(d) n, cos(f,)+ n, cos(6)
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So this is the summary of this r and t polarization that at normal incidence the
reflectance will be same. You will have r perpendicular will be equal to r parallel and
L n,—n
this is given by [1—2

2
J and you can also find out what is the transmittance in that case.
1 2

4nn,

So, transmittance will be . So, always remember that reflection coefficient and

(n1+n2)2

transmission coefficient they may not add up to 1 but because the power will be
maintained ok. So, whatever is the incident power some part of it is getting reflected
some part is getting transmitted. So, the reflection power and transmission power will be
equal to the incident power or you can say reflectance plus transmittance will be equal
to 1 which is not true for small r and small t this is only true for capital R and capital T
ok.

So, this is the summary of this particular reflection and transmission coefficients using
Fresnel equation. So, with that | will stop here in case you have any queries you can drop
an email to this particular email address mentioning MOOC on the subject line. So, in



the next lecture we will start discussion about absorption dispersion and scattering of
light. Thank you.



