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Thin Film Interference

======================

Before you do this lesson, make sure that you have explained how CDs are read with a laser beam. This gets the idea of one beam splitting into two rays, and ray A and B either being in constructive or destructive interference. Also the depth of the pits must be (/4.

* Have video projector and (1) applet (2) sample photos
 http://webphysics.davidson.edu/physlet_resources/bu_semester2/c26_thinfilm.html
(http://www.phy.ntnu.edu.tw/ntnujava/)
http://mysite.verizon.net/vzeoacw1/thinfilm.html
WHAT IS IT? EXAMPLES:

· soap bubbles

· oil film on water

· antireflection coating (any optical coating)

· dichroic (coloured) mirrors

Why only thin films? not thick films? probably because the rays from the two surfaces are no longer coherent, and can’t interfere. (laser light can interfere in thick films ???) Or, when films are thick there are so many higher order colours that are reflected or transmitted that ….? it reflects all or transmits all? Probably transmits. Look at thick soap bubbles.

There three ways in that light can create rainbow effects based on the fact that it behaves like a wave:

1. Diffraction: rainbow colours on CDs, iridescent butterflies, …

2. Thin-film interference: oil on water

3. Polarized light: thin sections of minerals or transparent plastics, especially wedge shaped
(The other way is dispersion)

I. PRINCIPLES / THEORY / CONCEPTS:

1. Reflection/Transmission:

When light is incident on an interface between two different media it is normally either reflected or transmitted.  When we deal with thin films we look at both the transmission and reflection (i.e. partial transmission) at each surface. (For the film as a whole, we look at either reflection or transmission)

2. Surfaces of the film:

There are two places where reflection can occur: ( the top or front surface of  the film and ( the bottom or back surface  of the film. The reflected rays from these surfaces will be called rays A and B respectively. The rays that are transmitted are called rays C and D.
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3. Conditions for bright and dark reflections:

· For bright reflections, i.e. constructive interference, the two reflected rays must be in phase.

· It doesn’t matter if the reflected rays do have a phase change as long as both rays A and B change by the same amount so that they stay in phase.  Relative phase changes between rays A and B needs to be 0, (, 2(, 3(, etc.

· For dark reflections (ie. no reflection) rays A and B must cancel each  other out - they must be out of phase. Relative phase changes between rays A and B of 1/2 (  (or 3(/2, 5(/2, etc.) mean that the two waves are exactly opposite in phase.


· If a phase change is a multiple of a wavelength then it doesn’t change anything … just as sin(x) = sin(x+360)  Destructive interference will still be destructive and constructive will still be constructive. So ( and 0 give the same result, and 1/2 ( and 3(/2 do too.


· A strong reflection implies weak transmission. No reflection means complete transmission. You can work the problems out by either looking at transmission or reflection and get the same answers.

· “Phase change” means the total shifting of the wavelength of the wave due to both (i) extra distance travelled through the film and (ii) inversion of the wave at some interfaces.
4. Phase changes upon reflections:

When light is reflected from a medium with a higher index of refraction than the one that it is in, the ray undergoes a 180( phase change (the same as half a wavelength, (/2), i.e. it is inverted.  
Examples: light in air reflecting off water, glass, metal, etc.

If the medium that is doing the reflecting has a lower refractive index than the medium that the light is in, there will be no phase change. Examples: light in water reflecting off air (as at the surface of the water), or a light ray in glass reflecting off the boundary with air or water.

5. General types of films

There are two types of films that we will encounter:
1) soap bubble:  the indices of refraction go 1 (air) 1.33 (soapy water), 1 air.
L-H-L
2) oil on water or coating on glass. n=1, then n=1.29, then n=1.33

L-M-H
We could also have a tiny air gap between glass plates, then the indices of refraction would go H-L-H
Application of these concepts:

1. Prove that a sin(x) = sin(x + ()

2. Prove that inverting a sine wave = sine wave + (/2

3. How much of a wavelength must be added to a wave to make it interfere destructively?
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At which interfaces will the rays be inverted?
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II. APPLICATION OF THEORY:

Example: Reflection from a soap bubble.

1. A very thin soap bubble: (t << ()

Ray A reflects off of the front surface (.  Since ray A is in air and there is (soapy) water on the other side of the interface, ray A undergoes a 180o phase shift (henceforth referred to as a (/2 phase shift) (see point 4 above).

Ray B goes through surface ( and reflects off (. Since it is travelling through soapy water and is reflecting off of air, there is no phase shift.

Therefore, ray A is now 180o ((/2) out of phase with ray B. They interfere destructively and no light is reflected. (see figure 2(a) Nelson p513).

2. Finding the minimum thickness for a reflection to occur:


In example 1, above, we saw that ray A is shifted by 180o ((/2). There is nothing that we can do about that.  If we can also shift the phase of ray B by (/2 also when it exits the soap bubble at surface (, then the two rays will be in phase and we will have constructive interference.

   This can be done by having a film that is 1/4 ( thick. The time that it takes ray B to travel from ( to ( will make it out of phase with ray A by 1/4 (.  It is reflected at ( (with no phase change) and travels back to (. This delays it by another 1/4 (. Altogether ray B has now been delayed by ½(. Since ray A had a (/2 phase change also, the two rays are in phase and reinforce each other -- constructive interference and a bright reflection.

Other thicknesses that have the same effect are found by:  total path length = 2t  = (/2 + n(
.: t = (2m+1)(/4  ( t = (/4, 3(/4, 5(/4 …

[m? or n?]

· Note that the thickness of the film relates to the wavelength of the light IN THE FILM, as mentioned in class. (Just divide the vacuum wavelength by the index of refraction of the film.)
( is really (' = (/n

More examples:

3. We can now work out problems where the interface at ( is not water/air, but water/glass. In other words, there is a higher index of refraction on the other side of surface (.

This is the same as the oil-on-water diagram on p____. (sample problem: Nelson p515)

4. The same principles can also be used to solve problems involving the

transmission of light THROUGH thin films -- as on Nelson p515.

5. Multi-layer thin films.

Multilayer thin films are very important in industry, and their properties can be worked out from the same basic principles. This, however, is quite tedious and there are other equations and short-cuts that will give results faster.  These problems would be done in a 2nd/3rd year physics course at university. You get much high reflectivities or transmissitivies with multilayer films.

Summary

1. REFLECTION

FILM TYPE: L-H-L (e.g. soap bubble in air)


            a  b

	Situation
	Phase change of ray
	Relative path difference (B)-(A)

	(i) t << ((/4


(so thin that we can ignore t)
	(A)  (/2
(B)   0
	(/2 = destructive

	(ii) t = (/4
	(A) (/2
(B) 2t = (/2
	0 = constructive

	(iii) t = (/2
	(A) (/2
(B) 2t = (
	(/2 = destructive


2. REFLECTION

FILM TYPE: L-M-H  (e.g. air-film-glass)


            a  b

	Situation
	Phase change of ray
	Relative path difference (B)-(A)

	(i) t << ((/4


	(A) (/2
(B) (/2
	0 = constructive

	(ii) t = (/4
	(A) (/2
(B) 2t + (/2
     = (/2 + (/2 = (
	(/2 = destructive

	(iii) t = (/2
	(A) (/2
(B) 2t + (/2
     = ( + (/2 = 3(/2
	( = constructive


3. TRANSMISSION

FILM TYPE: L-H-L (e.g. soap bubble in air)
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	Situation
	Phase change of ray
	Relative path difference (B)-(A)

	(i) t << ((/4


(so thin that we can ignore t)
	(C)  t
(D)  3t
	2t = negligible   .: 0 = constructive

	(ii) t = (/4
	(C) t
(D) 3t 
	2t = (/2 = destructive

	(iii) t = (/2
	(C) t
(D) 3t 
	2t = ( = constructive


4. TRANSMISSION

FILM TYPE: L-M-H  (e.g. air-film-glass)






 
                    c    d

	Situation
	Phase change of ray
	Relative path difference (B)-(A)

	(i) t << ((/4


(so thin that we can ignore t)
	(C)  t
(D)  3t + (/2
	2t = negligible   .: (/2 = destructive

	(ii) t = (/4
	(C) t
(D) 3t + (/2
	2t + (/2
= (/2 + (/2 =  ( = constructive

	(iii) t = (/2
	(C) t
(D) 3t + (/2
	2t + (/2
= ( + (/2 =  3(/2 = destructive


	type of film
	L-H-L
	L-M-H

	
	reflection
	transmission
	reflection
	transmission

	t << (/4
	NO
	YES
	YES
	NO

	t = (/4
	YES
	NO
	NO
	YES

	t = (/2
	NO
	YES
	YES
	NO

	t = 3(/4
	YES
	NO
	NO
	YES

	t = (
	NO
	YES
	YES
	NO

	…
	
	
	
	


Note that very thin films (t << () are not wavelength specific. They will transmit or reflect all wavelengths.

Worked out Numeric Examples

1. What thickness should a soap film be in order to reflect violet light (( = 410nm)?

(i) t = ('/4

t = (410 nm) /4(1.33) = 77 nm
(ii) another thickness would be t = ('/4 + ('/2   (does adding ('/2 work, or do we have to add (?)
      t = 3('/4 = 3 times the number in (i) = 231 nm

Long solution:

For reflections we need rays A and B to be in phase (i.e. differ by 0, (, etc).
The phase change for ray A is (/2 because it is inverted at the first interface.
The phase change for ray B is 2t + 0 inversion.

For A and B to have the same phase shift, 2t = (/2 

.: t = (/4.  This is really ('.
.: t = (410 nm)/(4*1.33) = 77 nm

Alternatively:
The difference between A and B is :  | A – B | = (/2 – 2t 

As seen above, this must be equal to 0 or ( or 2(, ...
So  (/2 – 2t = 0
.: 2t = (/2 

.: t = (/4

2. What thickness should a soap film be to transmit violet light?
(i) any very thin soap film will transmit all colours.
.: t << ('/4    t << 77 nm , so maybe around 30 nm or less
(ii) t = ('/2

t = (410nm)/2(1.33) = 154 nm

3. What colours are reflected from the soap film in #2? (actually, what is the main wavelength reflected?)
t =154 nm

light is reflected when t = ('/4
.: 154 nm = (/4(1.33)
( = 820 nm
( this is near infra-red. You wouldn’t see it.
I suppose there is some sort of percentage of red light that is reflected, but not all would be reflected.

4. What colour does a 200 nm film of oil on water reflect?
noil = 1.29

nwater = 1.33
Since this is not a very thin film, it reflects when t = ('/2
200 nm = (/2(1.29)
( = 516 nm   (I think that this is cyan)
Work these out using the Alternative method above.
5. What thickness should an MgF2 antireflective coating be – designed for violet light?

A film thickness of t = ('/4 will not reflect anything, transmit everything.
n MgF2 = 1.4
t = 410nm / 4(1.4) 

t = 73 nm
The film could also be 3 or 5 times this thick (220 nm or 366 nm).

Note that we are only looking at examples where the incident ray comes in at 0o (perpendicular to the surface) – so that we don’t have to worry about angles of refraction. �I can’t draw the diagrams this way since all of the rays would be on top of each other. If the angle of incidence is anything other than this you would have to use Snell’s law.








