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Snell’s Law or Descartes’s Law? 

2 



E
C

E
 3

2
5

  
S
p
r
in

g
 2

0
1

9
 

D
r
.
 A

h
m

e
d
  
F
a
r
g
h
a
l 

L
e
c
t
u
r
e
 2

 

Snell's Law 

3 

1

2

sin

sin

n

n

t

i 




Neglect absorption and 

emission 

Light interfacing with a surface 

boundary will reflect back into 

the medium and transmit 

through the second medium 

Transmitted wave is called 

refracted light 

The angles 𝜃𝑖, 𝜃𝑟, and 𝜃𝑡 define 

the direction of the waves w.r.t. 

the normal to the interface 
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Derivation of Snell’s Law 

4 

A light wave traveling in a medium with a greater refractive index (n1 > n2) suffers 

reflection and refraction at the boundary. (Notice that 𝜆𝑡 is slightly longer than 𝜆.) 
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Snell’s Law 

5 

It takes time t for the phase at B on wave Bi to reach B  

                                      BB  = v1t = ct/n1   

During this time t, the phase A has progressed to A  

                                      AA  = v2t = ct/n2  

A  and B  belong to the same front just like A and B so that AB is 

perpendicular to ki in medium 1 and A B  is perpendicular to kt in 

medium 2. From geometrical considerations,  

 

                  AB  = BB /sin i and AB  = AA /sin t so that 

or  
  
A B 

v1t

sin i


v2t

sin t   

sini

sint


v1

v2


n2

n1

This is Snell's law which relates the angles of incidence and 

refraction to the refractive indices of the media.  

ti nn  sinsin 21 

constantsin n
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Snell’s Law 

6 

If 𝑛1 > 𝑛2, then obviously the transmitted angle > the incidence angle. 

When 𝜃𝑡 = 90° t, the incidence angle is called the critical angle c 

ti nn  sinsin 21 

1

2sin
n

n
c 

When 𝜃𝑖 > 𝜃𝑐 then there is no transmitted wave but only a reflected wave. 

The latter phenomenon is called total internal reflection (TIR). TIR 

phenomenon that leads to the propagation of waves in a dielectric medium 

surrounded by a medium of smaller refractive index as in optical 

waveguides, e.g. optical fibers. 

  

Although Snell's law for 𝜃𝑖 > 𝜃𝑐 shows that sin 𝜃𝑡 > 1 and hence 𝜃𝑡 is an 

"imaginary" angle of refraction, there is however an attenuated wave 

called the evanescent wave.  
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Total Internal Reflection 

7 

Light wave traveling in a more dense medium strikes a less dense 

medium. Depending on the incidence angle with respect to 𝜃𝑐, which 

is determined by the ratio of the refractive indices, the wave may be 

transmitted (refracted) or reflected.  

(a) 𝜃𝑖 < 𝜃𝑐 (b) 𝜃𝑖 = 𝜃𝑐 (c) 𝜃𝑖 > 𝜃𝑐 and TIR. 
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Prisms 

8 
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Example: Lateral Displacement 

9 

Lateral displacement of light, or, beam displacement, occurs when a beam 
if light passes obliquely through a plate of transparent material, such as a 
glass plate. When a light beam is incident on a plate of transparent material 
of refractive index n, it emerges from the other side traveling parallel to the 
incident light but displaced from it by a distance d, called lateral 
displacement. Find the displacement d in terms of the incidence angle the 
plate thickness L. What is d for a glass of n = 1.600, L = 10 mm if the 
incidence angle is 45   

Solution 

The displacement d = BC = ABsin(qi - qt). Further, L/AB = cosqt so that combining these 
two equation we find 








 


t

tiLd




cos

)sin(
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Example: Lateral Displacement (Continued) 

10 

Solution (Continued) 








 


t

tiLd




cos

)sin(

tt  2sin1cos 

Snell's law nsinqt = nosinqi 

tititi  sincoscossin)sin( 


















io

i
i

nnL

d






22 sin)/(

cos
1sin

Expand sin(qi - qt) and eliminate sinqt and sinqt  
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11 

Example: Lateral Displacement (Continued) 

Solution (Continued) 


















io

i
i

nnL

d






22 sin)/(

cos
1sin

L =  10 mm 

qi = 45  
n = 1.600 no = 1 

d = 3.587 mm 
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Light travels by total internal reflection in optical fibers 

12 

An optical fiber link for transmitting digital information in 

communications. The fiber core has a higher refractive index so that 

the light travels along the fiber inside the fiber core by total internal 

reflection at the core-cladding interface. 
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13 

A small hole is made in a plastic bottle full of water to generate a water jet. When the hole is 

illuminated with a laser beam (from a green laser pointer), the light is guided by total internal 

reflections along the jet to the tray. The light guiding by a water jet was first demonstrated by 

Jean-Daniel Colladan, a Swiss scientist (Water with air bubbles was used to increase the 

visibility of light. Air bubbles scatter light.) [Left: Copyright: S.O. Kasap, 2005] [Right: 

Comptes Rendes, 15, 800–802, October 24, 1842; Cnum, Conservatoire Numérique des Arts 

et Métiers, France 
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14 
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Fresnel's Equations 

15 

Light wave traveling in a more dense medium strikes a less dense 

medium. The plane of incidence is the plane of the paper and is 

perpendicular to the flat interface between the two media. The electric 

field is normal to the direction of propagation. It can be resolved into 

perpendicular (⊥) and parallel components (∥). 

• Transverse Electric Field (TE) wave if 𝐸𝑖⊥, 𝐸𝑟⊥, and 𝐸𝑡⊥ 

• Transverse Magnetic Field (TM) wave if 𝐸𝑖∥, 𝐸𝑟∥, and 𝐸𝑡∥ 

 TE: Transverse electric 

 s: senkrecht polarized 

  (E-field sticks in and out of the plane) 

 

Polarization modes (= confusing nomenclature!) 

TM: Transverse magnetic 

 p: plane polarized 

  (E-field in the plane) 

 

perpendicular, horizontal parallel, vertical 

always relative to plane of incidence 
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Fresnel's Equations 

16 

Describe the incident, reflected and refracted waves by the 

exponential representation of a traveling plane wave, i.e. 

 Ei = Eioexpj( t ki r)  Incident wave 

 Er = Eroexpj( t kr r)             Reflected wave 

 Et = Etoexpj( t kt r)  Transmitted wave 

where r is the position vector, the wave vectors ki, kr and kt describe 

the directions of the incident, reflected and transmitted waves and 

Eio, Ero and Eto are the respective amplitudes.  

 

Any phase changes such as r and t in the reflected and transmitted 

waves with respect to the phase of the incident wave are incorporated 

into the complex amplitudes, Ero and Eto.  

Our objective is to find Ero and Eto with respect to Eio, i.e., amplitude 

reflection and transmission coefficients 
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Fresnel's Equations 

17 

The electric and magnetic fields anywhere on the wave must be 

perpendicular to each other as a requirement of EM wave theory.          

B (n/c)E 

B// (n/c)E  

We use boundary conditions 

                           Etangential(1) = Etangential(2) 

                                     Btangential(1) = Btangential(2)     

The boundary conditions can only be satisfied if the reflection and 

incidence angles are equal, r = i and the angles for the transmitted 

and incident wave obey Snell's law, n1sin 1 = n2sin 2 

Applying the boundary conditions to the EM wave going from 

medium 1 to 2, the amplitudes of the reflected and transmitted waves 

can be readily obtained in terms of n1, n2 and the incidence angle i 

alone. These relationships are called Fresnel's equations.  

Using the above boundary 

conditions for the fields at y = 0, 

and the relationship between the 

electric and magnetic fields, yields 

amplitudes of  reflected and 

transmitted waves in terms of the 

incident wave.  
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18 

Define n = n2/n1, as the relative refractive index of the system, then 

the reflection and transmission coefficients for E are, 

 
  2/122

2/122

,0

,0

sincos

sincos

ii

ii

i

r

n

n

E

E














r

Fresnel's Equations 

  2/122
,0

,0

sincos

cos2

ii

i

i

t

nE

E












t

The reflection and transmission coefficients for the E// are 

 
  ii

ii

i

r

nn

nn

E

E





cossin

cossin
22/122

22/122

//,0

//,0

//




r

  2/1222
//,0

//,0

//

sincos

cos2

ii

i

i

t

nn

n

E

E






t

Further, the above coefficients are related by 

  r// + nt// = 1 and r  + 1 = t  

If we let Eio be real, then 

phase angles of r  and t  

correspond to the phase 

changes measured w.r.t 

the incident wave. 

For normal incidence ( i = 0): 

21

21
//

nn

nn




 rr
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Internal reflection 

19 

Light traveling from a more dense medium into a less dense one 

(𝑛2 < 𝑛1) 

(a) Magnitude of the reflection coefficients r// and r  vs. angle of 
incidence i for n1 = 1.44 and n2 = 1.00. The critical angle is 44 .  

(b) The corresponding changes // and  vs. incidence angle. 
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 Total Internal Reflection 

20 

In linearly polarized light, however, the field oscillations 

are contained within a well defined plane. Light emitted 

from many light sources such as a tungsten light bulb or 

an LED diode is unpolarized and the field is randomly 

oriented in a direction that is perpendicular to the 

direction of propagation. 

 

At the critical angle and beyond (past 44° in the figure), 

i.e. when i  c, the magnitudes of both r// and r go to 

unity so that the reflected wave has the same amplitude as 

the incident wave. The incident wave has suffered total 

internal reflection, TIR. 
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Reflection and Polarization Angle 

21 

44.1

1
tan

1

2 
n

n
p

 
 

0
cossin

cossin
22/122

22/122

//,0

//,0

// 





ii

ii

i

r

nn

nn

E

E




r

For both n1 > n2  
or  n1 < n2. 

Brewster's angle = polarization angle = 𝜽𝒑 is the angle at 

which r// becomes zero and the field in the reflected wave is then 

always perpendicular to the plane of incidence and hence well-

defined.  

Solving the Fresnel equation for r// = 0 

35p
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Polarized Light 

22 

A linearly polarized wave has its electric field oscillations 

defined along a line perpendicular to the direction of 

propagation, z. The field vector E and z define a plane of 

polarization.  
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Brewster's angle 

23 

Reflected light at qi = qp has only E^ 

for both n1 > n2 or n1 < n2. 

Reflected waves at angles > 𝜃𝑝 are linearly polarized because they 

contain field oscillations that are contained within a well defined 

plane perpendicular to the plane of incidence and the plane of 

propagation. 
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Phase Change in TIR 

24 

When i > c, in the presence of TIR, the reflection coefficients 

become complex quantities of the type 

                      r  = 1 exp( j ) and r// = 1 exp( j ) 

with the phase angles  and // being other than zero or 180°. The 

reflected wave therefore suffers phase changes,  and //, in the 

components E  and E//. These phase changes depend on the incidence 

angle, and on n1 and n2. 

 

The phase change  is given by 

i

i n






cos

sin

2

1
tan

22 











For the E// component, the phase change // is given by 

 
i

i

n

n




 

cos

sin
tan

2

22

2//2
1



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Evanescent Wave 

25 

In internal reflection (n1 > n2), the amplitude of the reflected wave 

from TIR is equal to the amplitude of the incident wave but its phase 

has shifted. 

What happens to the transmitted wave when i > c? 

According to the boundary conditions, there must still be an electric 

field in medium 2, otherwise, the boundary conditions cannot be 

satisfied. When i > c, the field in medium 2 is attenuated (decreases 

with y, and is called the evanescent wave. 

When i > c, for a plane wave that 

is reflected, there is an evanescent 

wave at the boundary propagating 

along z. 
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26 

)(exp),,( 2

, zktjtzyE iz

y

t 


 e

where kiz = kisin i is the wavevector of the incident wave along the 

z-axis, and 2 is an attenuation coefficient for the electric field 

penetrating into medium 2 

1sin
2 2

2

2

12
2 








 i

n

nn







The penetration depth of the electric filed in medium 2 (field of the 

evanescent wave) is 

 = 1/ 2   → 𝐸𝑡⊥ = 𝑒−1 

Evanescent Wave 
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27 

Beam Splitters 
Frustrated Total Internal Reflection (FTIR) 

(a) A light incident at the long 

face of a glass prism suffers TIR; 

the prism deflects the light. 

(b)  Two prisms separated by a thin low refractive 

index film forming a beam-splitter cube. The 

incident beam is split into two beams by FTIR.  

Beam splitter cubes 

(Courtesy of CVI Melles 

Griot) 
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Optical Tunneling 

28 

When medium  B is thin (thickness d  is small), the field penetrates 

from the AB interface into medium B and reaches BC interface, and 

gives rise to a transmitted wave in medium C.  The effect is the 

tunneling of the incident beam in A through B to C. The maximum 

field Emax of the evanescent wave in B decays in B along y and but 

is finite at the BC boundary and excites the transmitted wave. 
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Optical Tunneling 

29 

Light propagation along an 

optical guide by total 

internal reflections 

Coupling of laser light into a thin 

layer - optical guide - using a prism. 

The light propagates along the thin 

layer. 
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External Reflection 

30 

Light traveling from a less dense medium into a more dense one,  

   n1 < n2 

This is external reflection.  

Light becomes reflected by the surface of an optically denser 

(higher refractive index) medium. 

 

r  and r// depend on the incidence angle i.  

At normal incidence, r  and r// are negative. In external 

reflection at normal incidence there is a phase shift of 180°.  

r// goes through zero at the Brewster angle, p.  

At p, the reflected wave is polarized in the E  component only.  

 

Transmitted light in both internal reflection (when i < c) and 

external reflection does NOT experience a phase shift. 

http://upload.wikimedia.org/wikipedia/commons/3/30/Partial_transmittance.gif
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External Reflection 

31 

The reflection coefficients r// and r  versus angle of incidence i for 

n1 = 1.00 and n2 = 1.44. 

n = n2/n1 = 1.5 

normal  

 
here, reflected 
light is linearly 
polarized; 
 𝑅∥ = 0 

RTE = 15% 

55.22° 

2

2

1

1














n

n
rR

at normal : 3.25% 

negative reflection 
coefficients 
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32 

Reflectance R measures the intensity of the reflected light w.r.t. that 

of the incident light. 

The reflectances R  and R// are defined by 

2

2

2







  rR

,

,

io

ro

E

E
and  

2

//2

//,

2

//,

// rR 
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ro

E

E

At normal incidence 

2

21

21
// 












 
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nn
RRR

Since a glass medium has a refractive index of around 1.5 this means 

that typically 4% of the incident radiation on an air-glass surface will 

be reflected back.  

Intensity, Reflectance and Transmittance 
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Example: Internal and external reflection 

33 

Consider the reflection of light at normal incidence on a boundary 

between a glass medium of refractive index 1.5 and air of 

refractive index 1. 

  

(a) If light is traveling from air to glass, what is the reflection 

coefficient and the intensity of  the reflected light w.r.t. that of the  

incident light? 

 

(b) If light is traveling from glass to air, what is  the reflection 

coefficient and the intensity of  the reflected light with respect to 

that of the incident light? 

 

(c) What is the polarization angle in the external reflection in a 

above? How would you make a polaroid from this?  
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Solution 

(a) The light travels in air and becomes partially reflected at the 

surface of the glass which  corresponds to external reflection. Thus 

n1 = 1 and n2 = 1.5. Then,  
 r//  r 

n1  n2

n1  n2


11.5

11.5
 0.2

This is negative which means that there is a 180° phase shift. The 

reflectance (R), which gives the fractional reflected power, is  

R = r//
2 = 0.04 or 4%.  

(b)  The light travels in glass and becomes partially reflected at the 

glass-air interface which corresponds to internal reflection. n1 = 1.5 

and n2 = 1. Then, 
r//  r 

n1  n2

n1  n2


1.51

1.51
 0.2

There is no phase shift. The reflectance is again 0.04 or 4%. In both 

cases (a)  and (b) the amount of reflected light is the same. 
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(c) Light is traveling in air and is incident on the glass surface at 

the polarization angle. Here n1 = 1, n2 = 1.5 and tan p = (n2/n1) = 

1.5 so that p = 56.3 . 

This type of pile-of-plates polarizer was invented by 

Dominique F.J. Arago in 1812 

56.3o 
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Transmittance 

36 

Transmittance T relates the intensity of the transmitted wave to 

that of the incident wave in a similar fashion to the reflectance.  

 

However the transmitted wave is in a different medium and 

further its direction with respect to the boundary is also different 

due to refraction.  

 

For normal incidence, the incident and transmitted beams are 

normal so that the equations are simple: 

2
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






 tT

n

n

En

En

io

to

,

,

or 

2

//

1

2

2

//,1

2

//,2

// tT 









n

n

En

En

io

to

 221

21
//

4

nn

nn


  TTT

Further, the fraction of light reflected and fraction transmitted must add to unity.  

Thus R + T = 1. 
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Question  A light beam traveling in air is incident on a glass plate of refractive 

index 1.50 . What is the Brester or polarization angle? What are the relative 

intensities of the reflected and transmitted light for the polarization perpendicular 

and parallel to the plane of incidence at the Brestwer angle of incidence? 

Solution  Light is traveling in air and is incident on the glass surface at the 
polarization angle qp. Here n1 = 1, n2 = 1.5 and tanqp = (n2/n1) = 1.5 so that qp = 
56.31°. We now have to use Fresnel's equations to find the reflected and 
transmitted amplitudes. For the perpendicular polarization 

385.0
)31.56(sin5.1)31.56cos(

)31.56(sin5.1)31.56cos(

o22o

o22o





r

On the other hand,  r// = 0.  The reflectances R  = | r |2 = 0.148 and R// = |r//|
2 = 0 

so that R = 0.074, and has no parallel polarization in the plane of incidence. 

Notice the negative sign in r , which indicates a phase change of p.  

ii

ii

i

r

n

n

E

E





22

22

,0

,0

sincos

sincos










r

Reflection and Transmission – An Example 
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615.0
)]31.56(sin5.1[)31.56cos(

)31.56cos(2
2/1o22o

o




t

667.0
)]31.56(sin5.1[)31.56cos()5.1(

)31.56cos()5.1(2
2/1o22o2

o

// 


t

Notice that r// + nt// = 1 and r  + 1 = t , as we expect.  

2/122
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Reflection and Transmission – An Example 
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852.0)615.0(
)31.56cos()1(

)69.33cos()5.1( 2

o

o









T1)667.0(

)31.56cos()1(

)69.33cos()5.1( 2

o

o

// 







T

Clearly, light with polarization parallel to the plane of incidence has greater 

intensity.   

If we were to reflect light from a glass plate, keeping the angle of incidence at 

56.3°, then the reflected light will be polarized with an electric field component 

perpendicular to the plane of incidence. The transmitted light will have the field 

greater in the plane of incidence, that is, it will be partially polarized. By using a 

stack of glass plates one can increase the polarization of the transmitted light. (This 

type of pile-of-plates polarizer was invented by Dominique F.J. Arago in 1812.) 

To find the transmittance for each polarization, we need the refraction angle qt.  
From Snell's law, n1sinqi = ntsinqt i.e. (1)sin(56.31 ) = (1.5)sinqt, we find qt = 33.69 .   
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Reflection and Transmission – An Example 
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Example: Reflection of light from a less dense 

medium (internal reflection) 

A ray of light which is traveling in a glass medium of refractive 

index n1 = 1.460 becomes incident on a less dense glass medium of 

refractive index n2 = 1.440. The free space wavelength ( ) of the 

light ray is 1300 nm. 

 

(a) What should be the minimum incidence angle for TIR?  

(b) What is the phase change in the reflected wave when i =  87° 

and when i = 90°?  

(c) What is the penetration depth of the evanescent  wave into 

medium 2 when  i = 87°  and when i = 90°?  
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Solution 
(a) The critical angle c for TIR is given by 

  

 sin c = n2/n1 = 1.440/1.460 so that c = 80.51° 

 

(b) Since the incidence angle i > c there is a  

 phase shift in the reflected wave. The phase  

 change in Er,  is given by .  

 

 Using n1 = 1.460, n2 =1.440 and i = 87°, 

 

        = 2.989 = tan[1/2(143.0 )]  

 
 

)87cos(

460.1

440.1
)87(sin

cos

sin
tan

2/1
2

2

2/122

2
1































i

i n






so that the phase change  = 143°.  
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 
 

 


 





2
1

22

2/122

2
1

//2
1 tan

1

cos

sin
tan

nn

n

i

i

so that 

 

tan(1/2 // + 1/2π) = (n1/n2)
2tan( /2) = 

 

    (1.460/1.440)2 tan(1/2143°) 

 

which gives  // = 143.95 180  or 36.05° 

 

Repeat with i = 90° to find  = 180  and // = 0 . 

 

Note that as long as i > c, the magnitude of the reflection 

coefficients are unity. Only the phase changes. 

 

For the Er// component, the phase change is 
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(c) The amplitude of the evanescent wave as it penetrates into 

medium 2 is 

                  Et, (y,t)  Eto, exp(– 2y) 

 

The field strength drops to e-1 when y = 1/ 2 = , which is called the 

penetration depth. The attenuation constant 2 is  

 

2 
2n2



n1

n2











2

sin
2
 i 1















1 / 2

i.e.  
 

2/1

2

2

92 1)87(sin
440.1

460.1

m 101300

440.12




























 = 1.10 106 m-1. 

The penetration depth is, 

 1/ 2 = 1/(1.104 106 m) = 9.06 10-7 m, or 0.906 m   

 

For 90°, repeating the calculation, 2 = 1.164 106 m-1, so that  

  = 1/ 2 = 0.859 m   

 

The penetration is greater for smaller incidence angles 
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AR Coatings on Solar Cells 

44 

When light is incident on the surface of a 

semiconductor it becomes partially reflected. 

The refractive index of Si is about 3.5 at 

wavelengths around 700 - 800 nm. Thus the 

reflectance with n1(air) = 1 and n2(Si)  3.5 is 

309.0
5.31

5.31
22

21

21 
















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
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




nn

nn
R

30% of the light is reflected and is not available for 

conversion to electrical energy; a considerable reduction in 

the efficiency of the solar cell. 
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AR Coatings on Solar Cells 

Illustration of how an antireflection coating 

reduces the reflected light intensity.  

n1(air) = 1, n2(coating)  1.9 and n3(Si) = 3.5 

Light is first incident on the air/coating surface. Some of it becomes 

reflected as A in the figure. Wave A has experienced a 180° phase 

change on reflection because this is an external reflection. The wave 

that enters and travels in the coating then becomes reflected at the 

coating/semiconductor surface.  

We can coat the surface of the 

semiconductor device with a 

thin layer of a dielectric 

material such as Si3N4 (silicon 

nitride) that has an 

intermediate refractive index. 

In this case 

n1(air) = 1, n2(coating)  1.9 

and n3(Si) = 3.5 
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AR Coatings on Solar Cells 

Since c =  /n2, where  is the free-space wavelength, the phase difference 

 between A and B is (2 n2/ )(2d). To reduce the reflected light, A and B 

must interfere destructively. This requires the phase difference to be  or 

odd-multiples of , m  where m = 1,3,5,  is an odd-integer. Thus 

d

Antireflection

coating

Surface

n1 n2 n3

A
B

Semiconductor or

photovoltaic device

C

D

Incident light
This reflected wave B, also suffers 

a 180° phase change since n3 > n2.  

 

When B reaches A, it has suffered a 

total delay of traversing the 

thickness d of the coating twice. 

The phase difference is equivalent 

to kc(2d) where kc = 2 / c is the 

propagation constant in the coating, 

i.e. kc =2 / c where c is the 

wavelength in the coating.  
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AR Coatings on Solar Cells 

or 



md

n

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
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
2

2 2











24n
md



Thus, the thickness of the coating must be odd multiples of the 

quarter wavelength in the coating and depends on the wavelength 

Phase change = (n2k)(2d) = m(p) 

m = 1,3,5…odd integer 

Destructive interference requires 

To obtain a good degree of destructive interference 

between waves A and B, the two amplitudes must be 

comparable. We need 𝒏𝟐 = 𝒏𝟏𝒏𝟑 
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AR Coatings on Solar Cells 
For a Si solar cell, (3.5) or 1.87. Thus, Si3N4 is a good choice as an 

antireflection coating material on Si solar cells. 

 

Taking the wavelength to be 700 nm,  

 

d = (700 nm)/[4 (1.9)] = 92.1 nm or odd-multiples of d. 

 
2
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Reflection is almost entirely extinguished 

However, only at 700 nm. 

Chapter 15—Fig. 15.8 Comparison between an 
eyeglass lens 
without antireflective coating (top) and a lens 
with antireflective coating (bottam). Note the 
reflection of the 
photographer in the top lens and the tinted 
reflection in the 
bottam. The photograph was taken by Justin 
Lebar; used with 
permission from Mr. Lebar. 
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Dielectric Mirror or Bragg Reflector 

49 

Schematic illustration of the principle of the dielectric mirror with many low and high 

refractive index layers 
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A dielectric mirror has a stack of dielectric layers of alternating 

refractive indices. Let 𝑛1 = 𝑛𝐻 > 𝑛2(𝑁𝐿)n1 (= nH) > n2 (= nL) 

 

Layer thickness d = Quarter of wavelength or layer   

layer = o/n; o is the free space wavelength at which the mirror is 

required to reflect the incident light, n = refractive index of layer.  

 

Reflected waves from the interfaces interfere constructively and 

give rise to a substantial reflected light. If there are sufficient number 

of layers, the reflectance can approach unity at o.  
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r12 for light in layer 1 being reflected at the 1-2 boundary is  

r12 = (n1 n2)/(n1 + n2) and is a positive number indicating no phase change.  

r21 for light in layer 2 being reflected at the 2-1 boundary is  

r21 = (n2 n1)/(n2 + n1) which is –r12 (negative) indicating a p phase change. 

The reflection coefficient alternates in sign through the mirror 

The phase difference between A and B is  

 

0 +  + 2k1d1 = 0 +  + 2(2pn1/lo)(lo/4n1) =  2 .  

 

Thus, waves A and B are in phase and interfere constructively.   

Dielectric mirrors are widely used in modern vertical cavity surface emitting 

semiconductor lasers.  
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Dielectric Mirror or Bragg Reflector 

Dl = Reflectance bandwidth 

(Stop-band for transmittance) 
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Dielectric Mirror or Bragg Reflector 
Consider an “infinite stack” 

This is a “unit cell” 

For reflection, the phase difference between A and B must be  
 

2k1d1 + 2k2d2 =  m(2 )  

 

2(2pn1/l)d1 + 2(2pn2/l)d2 =  m(2 ) 

 

 

 
n1d1 + n2d2 =  ml/2 
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Dielectric Mirror or Bragg Reflector 

n1d1 + n2d2 = l/2 

d2 = l/4n2 
d1 = l/4n1 

Quarter-Wave Stack 
d1 = l/4n1 and d2 = l/4n2 
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Dielectric Mirror or Bragg Reflector 
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Example: Dielectric Mirror 
A dielectric mirror has quarter wave layers consisting of Ta2O5 with nH =  1.78 and SiO2 with 
nL = 1.55 both at  850 nm, the central wavelength at which the mirror reflects light. The 
substrate is Pyrex glass with an index ns = 1.47  and the outside medium is air with n0 = 1. 
Calculate the maximum reflectance  of the mirror when the number N of double layers is 4 
and 12. What would happen if you use TiO2 with nH = 2.49, instead of Ta2O5? Consider the N 
= 12 mirror. What is the bandwidth and what happens to the reflectance if you interchange 
the high and low index layers? Suppose we use a Si wafer as the substrate, what happens to 
the maximum reflectance? 

Solution 

%40or4.0
)55.1)(47.1/1()78.1(

)55.1)(47.1/1()78.1(
2

)4(2)4(2

)4(2)4(2

4 











R

n0 = 1 for air,  n1 = nH = 1.78, n2 = nL = 1.55, n3 = ns = 1.47, N = 4. For 4 pairs of 
layers, the maximum reflectance R4 is 
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Solution 

%6.90or906.0
)55.1)(47.1/1()78.1(

)55.1)(47.1/1()78.1(
2

)12(2)12(2

)12(2)12(2

12 











R

N = 12. For 12 pairs of layers, the maximum reflectance R12 is 

Now use TiO2 for the high-n layer with n1 = nH = 2.49,  

R4 = 94.0% and R12 = 100% (to two decimal places).  

 

The refractive index contrast is important. For the TiO2-SiO2 stack we only need 4 double 

layers to get roughly the same reflectance as from 12 pairs of layers of Ta2O5-SiO2. If we 

interchange nH and nL in the 12-pair stack, i.e. n1 = nL and n2 = nH, the Ta2O5-SiO2 reflectance 

falls to 80.8% but the TiO2-SiO2 stack is unaffected since it is already reflecting nearly all the 

light.  
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Solution 
We can only compare bandwidths Dl for "infinite" stacks (those with R  100%) 
For the TiO2-SiO2 stack 















12

12arcsin)/4(
nn

nn
o 

For the Ta2O5-SiO2 infinite stack, we get Dl =74.8 nm 

 

As expected Dl is narrower for the smaller contrast stack 

nm254
55.149.2

55.149.2
arcsin)/4)(nm850( 












 
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Thank you 


