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Mats-Erik Pistol and Nicklas Anttu 
 
 
Lectures:  
Week 4. 2x2h: Optical processes & Semiconductor Optics (Ch 16) [NA]  
 
Week 5. 2x2h: Photonic Crystal Optics & Microcavities (Ch 7 & 10) [NA]  
 
Week 6. 2x2h: Semiconductor Photon Sources (Ch 17) [MEP]  
 
Week 7. 2x2h: Semiconductor Photon Detectors (Ch 18 ) [MEP] 
 
Week 8. 2x2h: Mon: Cameras (CCD, CMOS, IR..) [MEP] 
                           Thu: Plasmonics (Ch 8.6 & hand-out material)[NA] 
 
Week 9. 2x2h: Mon: Solar Cells (hand-out material) [NA] 
                           Thu: Nano-photonics for Optoelectronic Devices (hand-out material) [NA]  
 
Week 10. 2x2h: Quantum cascade lasers, Modulators and other exotic devices  
                          (Ch 17.4, 20.5 & hand-out material) and repetition [NA & MEP] 
 
Book: Saleh & Teich, "Fundamentals of Photonics” 



Last week: Photons as quanta of energy (that is, photons as particles) 

Wave-particle duality: Photons exhibit both particle and wave properties 

This week: Photons as waves 



How do we describe the light? 

“Optoelectronics is the study and application of electronic devices that source, detect 
and control light, usually considered a sub-field of photonics.” (Wikipedia) 
 
Why consider photons as waves in a course in optoelectronics? 
 
From course description: 
“The course will provide a platform both for the selection of suitable devices for various 
optoelectronic applications and for the development of next generation devices.” 
 
For next generation optoelectronic devices, 
novel control of photon/light propagation in and around the devices is expected to be 
increasingly important.  
Not enough to consider light just as simple quanta of energy that interact with the 
charge carriers in the electronic device 

 
 

 



Ray Optics (chapter 1) 
•Light described as rays 
•Different materials described by their 
refractive index n 
•Works for many optical imaging 
systems 
•Includes Snell’s law 
•Includes total internal reflection 
 
•Fails to describe interference and 
diffraction phenomena 
•Not enough for  all our purposes in 
the course 

Snell’s 
Law 



Wave optics (chapter 2) 

Scalar wave function u(x,y,z,t) 
describes the light. 
Wave equation: 

Describes interference as 
superposition of two or 
more waves: 

I: intensity at output 
d: optical path difference between U1 
and U2 (or U1’ and U2’) 

•Does not include polarization 
•Does not describe magnitude of 
scattering/refraction of light at 
interfaces or from particles 
•Not enough for  all our needs in 
the course 



Electromagnetic optics (chapter 5) –  

Maxwell’s Equations 
(here for monochromatic waves in 
linear, nondispersive, homogenous, 
and isotropic medium - page 163) 

H: magnetic field 
E: electric field 
ε: permittivity (ε= ε0n2, ε0 permittivity of vacuum) 
μ: permeability (μ= μ0 for non-magnetic material) 

Simplest solution: Plane waves 

Includes polarization since E and H can 
have varying orientation (vectors) 

our  most general 
choice to 
describe light waves 

Hy 



Chapter 7 Photonic Crystal Optics 
 
7.1 Optics of dielectric layered media 
A. Matrix theory of multilayer optics 
B. Fabry-Perot etalon 
C. Bragg grating 
 
7.2 1-D Photonic Crystals 
A. Bloch modes 
B. Matrix optics of periodic media 
C. (Fourier optics of periodic media) 
D. Boundaries between periodic and homogeneous media 
 
7.3 2- and 3-dimensional photonic crystals 
Overview and applications 
  
Additional reading: Introduction to Photonic Crystals: Bloch’s Theorem, Band Diagrams,  
and Gaps (But No Defects), Steven G. Johnson and J. D. Joannopoulos, MIT 3rd February 2003 
 



A. Matrix theory of multilayer optics 
B. Fabry-Perot Etalon 
C. Bragg Grating 
 
To determine the optical properties/response we need to solve Maxwells equations for a periodic medium. 
This can be done analytically in 1D, but 2D & 3D solutions need computational techniques.  
 
 

Optics of dielectric layered media (Chapter 7.1) 
 

Approach 
 
Introduce Matrix Theory of Multilayer Optics 
 reflection and transmission properties at dielectric interfaces 
 behavior of the Fabry-Perot Etalon (free spectral range, finesse…) 
 behavior of Bragg Gratings (total reflection, stop bands) 

 
 a good platform for addressing the 1D Photonic Crystals (7.2) 
(Bloch modes, Dispersion Relation, Photonic Bandgaps) 
 

 
 
 



Optics of dielectric layered media (Chapter 7.1) – Matrix theory of multilayer optics 
 

…black board scribbling … 
 
(Pages 246 – 253 in the course book.) 



B. Summary of derivation for Fabry-Perot Etalon 

The Fabry-Perot etalon or interferometer consisting of 
a transparent plate with two reflecting surfaces (etalon),  
or two parallel highly reflecting mirrors with varying 
d(interferometer).  
 
Multiple Reflections in the system give rise to transmission of 
light with certain frequencies, uniformly distributed. 
  
Used as a filter or spectrum analyzer by controlling the path 
length.  
 
Using the Matrix method just discussed we get 
an expression for the intensity transmittance of the etalon: 
 
 
 
 
 
, where 

d 



B. Fabry-Perot Etalon 

The amplitude transmittance can be expressed as [t=1/D with D the (2,2) element of M]: 
 
 
 
 
 
As a result the intensity transmittance of the etalon is (after some algebra) 
 
 
 
 
We can rewrite this (after some algebra) as 
 
 
 
 
 
 
, where               and 
 
               Finesse 
 
Finesse is a measure of the quality of the etalon! 
 
   

2 



Free spectral range 

B. Fabry-Perot Etalon 

Note: 
Finesse F increases when 
|r1| and |r2| increase. 
 
Etalon made of highly 
reflecting mirrors reflects 
most light, except at 
specific frequencies 
where total transmission 
occurs. 



http://www.repairfaq.org/sam/laserlia.htm 

Finally we can write Transmittance of the Fabry-Perot Etalon as a function of 
  
frequency where it is clear that it is a periodic function of the period    
(free spectral range):  

B. Fabry-Perot Etalon 



Fabry-Perot Etalon: Applications 

Applications 
 
1. Interference filters, which can be thought of as FP Etalons 
2. Laser cavities (light originates from inside the cavity).  
3. Optical spectrum analyzer 
 

High transmittance at controllable frequencies 



C. Bragg grating 

Black board entertainment… 
 
(Pages 257 –264 in the course book.) 



Example: Dielectric Bragg grating 

High reflectance at controllable frequencies (compare to 
controllable high transmittance of a Fabry-Perot etalon) 

If we make the Bragg grating longer and longer, it starts to resemble a crystal for 
photons (photonic crystal). 
In a crystal in solid state physics, band gaps show up for the electrons. 
The band gaps in the photonic crystal correspond to the stop bands in a Bragg grating. 



Photonic Crystals 



Introduction: What is a photonic crystal? 
  
“Definition”: Periodic arrangement of dielectric (metallic, polaritonic...) objects,  
where the  spacing (lattice constant) is in the order of the wavelength of light in the material 

Applications: filters, waveguides, resonators 
 
Example images: 

Self-assembled Si microspherers - Vaslov (Nature, 2001) 

Electron-beam defined 
photonic crystal 
[APL 96, 051123 (2010)] 



Photonic crystals (PCs) are materials with a spatial periodicity 
in their dielectric constants.  
 
They are designed to have, under certain conditions, a 
photonic bandgap (frequency window) for which light 
propagation through the crystal is inhibited (compare to 
electrons and holes in a semiconductor). 
 
PCs can 
1. create high-quality dielectric mirrors 
2. inhibit the propagation of light in certain frequencies 
3. make light go around tight bends 
4. guide light along narrow channels 
5. create high quality cavities   
 
Defects in the periodicity can alter the bandgap which gives 
intriguing properties (compare to doping in semiconductors) 
 
 
Note that the wavelength of the particle must be similar to 
the lattice period for it to interact with its environments.  
Thus PC lattice constants are on the order of 100 – 1000 nm.  
 
 Prof. Abstreiter LUM 

Introduction: Basics 
  



Position of photonic band gap can be shifted by geometrical design 
(for electrons: crystal lattice fixed – for fixed material fixed band gap): 
 
Scale structure (that is, dielectric function ε) by a factor a and the 
frequency scales by 1/a 



1D Photonic Crystals (Chapter 7.2) 
 

Bloch modes 

Photonic crystals (PCs) are materials with a 
spatial periodicity in their dielectric constants.  



Figure 7.2.3. Photonic crystal of period Λ 

Matrix method for 1 dimensional photonic crystal 

Translational invariance: Bloch’s theorem: 

Infinitely long Bragg grating. 
But now the field looks the same at m and (m+1) – we do not solve with incident field. 
[translational invariance since infinitely long]. 



0det[ exp( ) ] 0j  M I

Eigenvalue problem for Bloch modes 

Eigenvalues φ from: 

and with: 

we obtain: 

(same as for Bragg grating)  

How large band gaps open up 
depends on t(ω) 



Example: 1D photonic crystal 

Note: A Bragg grating can be considered as a finite photonic crystal. 
The stop bands (where R ≈ 1) correspond to the band gaps of the 
photonic crystal (no allowed propagating modes inside the photonic 
crystal  -  only exponentially decaying field into the photonic crystal at 
the surface - and reflection occurs) 



2D Photonic Crystals 
 

TE: 
Electric field 
parallel to 
rod/hole axis 

TM: 
Electric field 
perpendicular 
to rod/hole 
axis 

Red: 
TE band 
 
Blue:  
TM band 

Red: 
TE band 
 
Blue:  
TM band 



3D Photonic Crystals 
 

ε=12/1 (Si:air) contrast 

Requires a lot of design to create band gap in 
all propagation directions in 3D 



Defects in Photonic Crystals - waveguides and microcavities 
 

k conserved (backscattering 
 forbidden by Bloch) 

scattering forbidden  
by bandgap 

Compare to optical fiber 
that relies on total 
internal reflection and 
requires a minimum 
bending radius to not 
start leaking 



Defects in Photonic Crystals - waveguides and microcavities 
 

Tunneling 
Splitters 



Defects in Photonic Crystals - waveguides and microcavities 
 

Cavities 



http://www.theochem.kth.se/ 

Example and motivation 
  


