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Programme Director: Mr. Rishi Heerasing 

Programme Coordinator  Prof. Vinaye Armoogum (BEE21BFT) 

Module Coordinator: Mr. Rishi Heerasing 

Module Convenor: Mr. Rishi Heerasing 

Office:    Room G2.14 Level 2 SITE Block G 

Phone:    207 5250 ext. 34 

E-mail:                                                  rheerasing@utm.ac.mu 

Academic Tutoring:                          None 

Lecture Day and Time: Mondays: 11:00 – 14:00 BPML 0.02A 

Credits & Level: 6 credits, Level 4 

Pre-requisites (If  applicable):          None 

Co-requisites (If  applicable): None 

Method of  Delivery & Frequency: 45 Hours Blended Mode + 45 Hours Self-Study 

Method & Criteria of  Assessment: 70% Unseen Exam & 30% Coursework 
 
 
 

Module Description: 

 
Electronic and optical processes in semiconductors. p-n junction theory. Light-
emitting diodes, Laser: structures, properties and operating principles. Photo-
detectors. Optical Fibre Amplifier. Solar cells. 

 
 

 

Learning Objectives and Outcomes: 

 

• Understand the major semiconductor optoelectronic devices 

• Understand the operating principles, designs, uses, strengths and 
weaknesses of  these devices 

• Understand different types of  LEDs /lasers and their junction 
physics 

• Identify the different types of  optical fibres and understand their 
properties 

• Understand the different types of  solar panels and their 
characteristics

mailto:rheerasing@utm.ac.mu


 

Tentative Class Schedule (F2F on odd weeks and online on even Weeks) 
 
 

Week Date Topics Covered 

1 
14/10/24 

F2F 
Introduction to optoelectronics and optoelectronic devices 

2 
21/10/24 

Online 
Atomic Bonding, Type of Solids, Energy Diagram 

3 
28/10/24 

F2F 
Carrier Concentration in Semiconductors 

4 
04/11/24 

Online 
Carrier Drift and Diffusion 

5 
11/11/24 

Online 
Light Emitting Diode 

6 
18/11/24 

Online 
Light Emitting Diode 

7 
25/11/24 

F2F 
LASER 

8 
02/12/24 

Online 
LASER 

9 
09/12/24 

F2F 
Photo-Diode 

END OF YEAR BREAK 

10 
06/01/25 

Online 
Photo-Diode 

11 
13/01/25 

F2F 
Optical Fibre 

12 
20/01/25 

Online 
Solar Cell 

13 
27/01/25 

F2F 
Open-notes, Open-book, Class Test (30% of module weight) 

14 
03/02/25 

Online 
Class Test Post-Mortem 

15 
10/02/25 

Online 
Revision 



 

READING LIST 
 

 
RECOMMENDED TEXTS (as per availability in the UTM Resource Centre): 

 

• Bhattacharya P. (1997) Semiconductor Optoelectronic Devices, 2nd Edition, Prentice Hall. 

• Kasap S. (2012) Optoelectronics and Photonics: Principles and Practices, 2nd Edition, Pearson 

 

 
 
 

 

LECTURE NOTES 

 

The lecture notes are available on Nefertum's Shrine at https://www.rishiheerasing.net 

 
 

 

The notes are in .pdf  format so you will need Adobe Acrobat® Reader to view them.  

This reader can also be downloaded from the two above-mentioned sites in the Downloads Section. 
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Slide Set 3

Carrier drift
Carrier mobility

Saturated drift velocity
Mobility variation with temperature

Drift current equations
Band diagrams with an electric field present

Carrier diffusion
Flux equation

Einstein relation
Total current density

Carrier recombination and diffusion length
ELEC4105 Slide Set 3 2

We now have some idea of the number density
of charge carriers (electrons and holes) present
in a semiconductor material from the last slide
set. Since current is the rate of flow of charge,
we shall be able calculate currents flowing in real
devices since we know the number of charge
carriers. There are two current mechanisms
which cause charges to move in semiconductors.
These two mechanisms are drift and diffusion.

Drift and Diffusion

ELEC4105 Slide Set 3 3

Electron and holes will move under the influence of an applied
electric field since the field exert a force on charge carriers
(electrons and holes).

These movements result a current of

Carrier Drift

dI

:dI
:dV

drift current number of charge carriers per unit volume

charge of the electrondrift velocity of charge carrier

area presented in the direction of the flow of charge carriers:A

:q
:n

ELEC4105 Slide Set 3 4

Carrier Mobility μ

:E
:

applied field
mobility of charge carrier

is a proportionality factor 
E
Vd

So        is  a measure how easily charge carriers move under the influence of
an applied field or        determines how mobile the charge carriers are.

ELEC4105 Slide Set 3 5

N - type Silicon

+ -V

N – type Si

e-

dV

Electric field

Electron movement

Current flow

Current carriers are mostly electrons.

L
VE

ELEC4105 Slide Set 3 6

+ -V

P – type Si

hole
dV

Electric field

Hole movement

Current flow

Current carriers are mostly holes.

P - type Silicon

L
VE
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ELEC4105 Slide Set 3 7

Carrier Mobility

E
Vd

Macroscopic understanding

In a  perfect Crystal  

0

It is a superconductor

Microscopic understanding? (what the 
carriers themselves are doing?)

*

q
m

ELEC4105 Slide Set 3 8

A perfect crystal has a perfect periodicity and therefore
the potential seen by a carrier in a perfect crystal is
completely periodic.
So the crystal has no resistance to current flow and
behaves as a superconductor. The perfect periodic
potential does not impede the movement of the charge
carriers. However, in a real device or specimen, the
presence of impurities, interstitials, subtitionals,
temperature , etc. creates a resistance to current flow.
The presence of all these upsets the periodicity of the
potential seen by a charge carrier.

ELEC4105 Slide Set 3 9

Mobility has two components

Mobility has two components

Impurity interaction 
component

Lattice interaction 
component

ELEC4105 Slide Set 3 10

Assume that s/c crystal is at thermodynamic equilibrium (i.e. there is
no applied field). What will be the energy of the electron at a finite
temperature?

The electron will have a thermal energy off kkTkT/T//TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 2 per degree of
freedom. So , in 3D, electron will have a thermal energy of

Thermal Velocity

ELEC4105 Slide Set 3 11

Since there is no applied field, the movement of
the charge carriers will be completely random.
This randomness result no net current flow. As
a result of thermal energy there are almost an
equal number of carriers moving right as left, in
as out or up as down.

Random motion result no current.

ELEC4105 Slide Set 3 12

Calculate the velocity of an electron in a piece of n-type
silicon due to its thermal energy at RT and due to the
application of an electric field of 1000 V/m across the piece
of silicon.

Calculation
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ELEC4105 Slide Set 3 13

How long does a carrier move in time before collision ?

The average time taken between collisions is referred to as 
relaxation time or mean free time: τ (small Greek symbol Tau)

How far does a carrier move in space before a collision?

The average distance taken between collisions is called as 
mean free path: ζ (small Greek symbol Zeta)

Microscopic understanding of mobility?

ELEC4105 Slide Set 3 14

Calculation

* *d

d

F qEV
m m

qV E
m

Drift velocity=Acceleration x Mean free time

Force is due to the applied field,  F=qE

ELEC4105 Slide Set 3 15

Calculate the mean free time and mean free path for
electrons in a piece of N-type silicon and for holes in a piece
of P-type silicon.

Calculation

ELEC4105 Slide Set 3 16

Saturated Drift Velocities

dV

E E

for r electrons

for holes

So one can make a carrier go as fast as we like just by 
increasing the electric field beyond the speed of light

(a) implication of above eqn. (b) Saturation drift velocity

ELEC4105 Slide Set 3 17

The equation of does not imply that VVd
increases linearly with applied field

es
d E

ns n
E.

• VVd increases linearly for low values off E and then it
saturates at some value of

r low
of VVd which is close

E anda
ee VVVth at higher

values of
s at s

E.

Any further increase inn E after saturation point does not
increase

ther
e VVd instead warms up the crystal.

EVd .

Saturated Drift Velocities

ELEC4105 Slide Set 3 18

Mobility variation with Temperature

)ln(

TT

ln( T )

Peak depends 
on the density of 

impurities

High 
temperature

Low 
temperature

I
L

This equation is called  as 
Mattheisen’s rule.
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Variation of mobility with temperature

At high temperature as the 
lattice warms up L component becomes significant.

L decreases when temperature increases.

It is  called as a            power law.

CC1 is a constant.

1.5T

Carriers are more likely scattered by the lattice atoms.

ELEC4105 Slide Set 3 20

At low temperatures

Variation of mobility with temperature

I component is significant.

I decreases when temperature decreases.

CC2 is a constant.

Carriers are more likely scattered by ionized impurities.

ELEC4105 Slide Set 3 21

This fact is used in high speed devices called High Electron 
Mobility Transistors (HEMTs) where electrons are made to

move in undoped material, with the resulting high 
carrier mobilities!

The peak of the mobility curve depends on the number 
density of ionized impurities.

Variation of mobility with temperature

HEMTs  are high speed devices.

Highly doped samples will therefore cause more scattering, 
and have a lower mobility, than low doped samples.

ELEC4105 Slide Set 3 22

A  Derivation of Ohm’s Law

2

2 1

d d d

d
d

x d x x

x x

I nqV A V E

I qJ
A m

nqJ nqV nq E J E
m

nq J E
m

ELEC4105 Slide Set 3 23

A  Derivation of Ohm’s Law

R
VI

V

L

area

current

This is in fact ohm’s law which is written slightly in a different form.

ELEC4105 Slide Set 3 24

Drift Current Equations

For undoped or intrinsic semiconductor ; n=p=ni

For electron For hole
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Drift Current Equations

ELEC4105 Slide Set 3 26

Drift Current Equations

ELEC4105 Slide Set 3 27

Variation of resistivity with temperature

Why does the resistivity of a metal increases with
increasing temperature whereas the resistivity of a
semiconductor decreases with increasing temperature?

This fact is used in a real semiconductor device called a
thermistor, which is used as a temperature sensing element.

The thermistor is a temperature – sensitive resistor; that is its terminal
resistance is related to its body temperature. It has a negative temperature
coefficient , indicating that its resistance will decrease with an increase in its
body temperature.

ELEC4105 Slide Set 3 28

Band Diagrams with Electric Field Present

At equilibrium ( with no external field )

EC

Eİ

EV

All these 
energies 
are 
horizontal

Pure/undoped semiconductor

How these energies will change with an applied field ?
+ -

n – type

Electric field
Electron movement
Hole flow

EC

Eİ

EV

Efe-

hole

qV

ELEC4105 Slide Set 3 29

• With an applied bias the band energies slope down for the given
semiconductor. Electrons flow from left to right and holes flow from right to
left to have their minimum energies for a p-type semiconductor biased as
below.

p – type

Electric field
Electron movement
Hole flow

EC

Eİ

EV

Ef

e-

hole

qV

+_

Band Diagrams with Electric Field Present

ELEC4105 Slide Set 3 30

Under drift conditions

••Underr driftt conditionss; holes float and electrons sink.
Since there is an applied voltage, currents are flowing
and this current is called as drift current.

•There is a certain slope in energy diagrams and the
depth of the slope is given by qV, where V is the battery
voltage.
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Work done on the charge carriers

Since there is a certain slope in the energies, i.e. the energies
are not horizontal, the currents are able to flow.

ELEC4105 Slide Set 3 32

Work done on the charge carriers

1 (1)

'

(2)

(1) (2) ,

i i
x x

n
x

i
n n

dVElectrostatic Force gradiant of potential energy
dx

dE dEqE E
dx q dx

one can define electron s electrostatic potential as

dVE
dx

comparison of equations and gives

EV is a relationbetweenV an
q id E

ELEC4105 Slide Set 3 33

Carrier Diffusion

Current mechanisms

Drift Diffusion

1

P n k T

d P d n k T
d x d x

d n d P
d x k T d x

photons

Contact with a metal

ELEC4105 Slide Set 3 34

Carrier Diffusion

Diffusion current is due to the movement of the carriers from high
concentration region towards to low concentration region. As the
carriers diffuse, a diffusion current flows. The force behind the diffusion
current is the random thermal motion of carriers.

A concentration gradient produces a
pressure gradient which produces the force
on the charge carriers causing to move
them.

How can we produce a concentration gradient  in a semiconductor?

1) By making a semiconductor or metal contact.
2) By  illuminating a portion of the semiconductor with light.
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Illuminating a portion of the semiconductor with light

By means of illumination, electron-hole pairs can be
produced when the photon energy > Eg.

So the increased number of electron-hole pairs
move towards to the lower concentration region until
they reach to their equilibrium values. So there is a
number of charge carriers crossing per unit area per
unit time, which is called as flux. Flux is proportional to
the concentration gradient, dn/dx.
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Flux
2 1

2

2
,

,th

n n n

p p p

n p

Flux m s

D l D m s
The current densities for electrons and holes

dn dnJ q D qD for electrons
dx dx

dp dpJ q D qD for holes
dx dx

J A m
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Einstein Relation
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Total Current Density

When both electric field (gradient of electric potential)  and 
concentration gradient present, the total current density ;

n n n

p p p

total n p

dnJ q nE qD
dx

dpJ q pE qD
dx

J J J
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Carrier Recombination and Diffusion Length

By means of introducing excess carriers into an intrinsic
s/c, the number of majority carriers hardly changes, but
the number of minority carriers increases from a low- to
high-value.

When we illuminate our sample (n-type silicon with 1015

cm-3 ) with light that produces 1014 cm-3 electron-hole
pairs.

The electron concentration (majority carriers) hardly
changes, however hole concentration (minority carriers)
goes from 1.96 x 105 to 1014 cm-3.
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Recombination Rate
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LDiffusion Length
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Light Sources

LED – Light Emitting Diode

Solid State Lighting (SSL)

Solid-state lighting (SSL) is a type of lighting that 

uses semiconductor light-emitting diodes (LEDs). 

Organic light-emitting diodes (OLED), or polymer light-

emitting diodes (PLED) as sources of illumination 

rather than electrical filaments, plasma (used in arc 

lamps such as fluorescent lamps), or gas.
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Advantages of LED Lighting

Lifespan – Lifespan can exceed 50,000 Hours as compared to 
1,000 Hours for filament bulbs

Robustness – No moving parts, No filaments, No glass

Size – compact package typically 5 mm in diameter

Energy Efficiency – 30-70% less energy than other light sources.

Environmental Safety – No Mercury or Lead. Easy to dispose

Versatility – available in a variety of colours and can be tuned

Cool – Less radiant heat than HID or Incandescent types

Luminous Efficacy – LED can produce up to 300 lumens/Watt
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Energy Usage Comparison
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Luminous Performance Evolution
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Global LED Market approx. 90 B$ in 2024
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LED in Architectural Lighting

Takarazuka University, JapanAspire Tower, Doha, Qatar
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Car Headlights
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Portable Desk/Task Lighting
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Indoor market 3 times larger than Outdoor
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Air/Water Purification System

ELEC4105 Slide Set 4 12

Costs associated with various white lighting
•Incandescent
Traditional bulbs that are inefficient, wasting 90% of their energy as heat.They emit 
about 15 lumens per watt and have a lifespan of around 1,200 hours. Cost: $1
•Halogen
A type of incandescent lighting that's more efficient than traditional incandescent 
bulbs, but less efficient than LED and CFL bulbs.They emit about 25 lumens per 
watt and have a lifespan of around 2,500 hours. Cost: $15
•HID
High-intensity discharge bulbs that are brighter and more efficient than 
halogens.They are used as running lights on vehicles.They have a lifespan of up to 
15,000 hours. Cost: $40
•CFL
Compact fluorescent lamps that are more energy efficient than incandescent 
bulbs.They emit 60 lumens per watt and have a lifespan of around 10,000 to 15,000 
hours. Cost: $30
•LED
Light emitting diodes that are the most energy efficient of all the light bulbs.They 
emit around 75 lumens per watt and can last up to 50,000 hours. Cost: $5
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Luminous Efficacy
Luminous efficacy is a property of light sources, which indicates
what portion of the emitted electromagnetic radiation is usable
for human vision. It is the ratio of emitted luminous flux to
radiant flux. Luminous efficacy is related to the overall efficiency
of a light source for illumination, but the overall lighting
efficiency also depends on how much of the input energy is
converted into electromagnetic waves (whether visible or not).

•In SI, luminous efficacy has units of lumens per watt (lm/W).
Photopic luminous efficacy (daylight) has a maximum possible
value of 683 lm/W, for the case of monochromatic light at a
wavelength of 555nm (green). Scotopic luminous efficacy (night)
reaches a maximum of 1700 lm/W for narrowband light of
wavelength 507 nm.
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Luminous Efficiency Comparison

Type Luminous efficacy (Lm/W) Luminous Efficiency

Tungsten light bulb, typical, 
2800 K

15 2%

Class M star 
(Antares, Betelgeuse), 3300 K

30 4%

Black body, 4000 K, ideal 47.5 7%

Class G star (Sun, Capella), 
5800 K

93 13.60%

Black body, 7000 K, ideal 95 14%

Ideal monochromatic 
source: 555 nm (in air)

683 100%
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Flux

The lumen (lm) is the SI unit of luminous flux, a 
measure of the perceived power of light is equal 
to the amount of light emitted per second in a 
unit solid angle of one steradian from a light 
source of 1 candela.
Luminous flux differs from radiant flux, the 
measure of the total power of light emitted, in 
that luminous flux is adjusted to reflect the 
varying sensitivity of the human eye to different 
wavelengths of light 
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LED Principles
If forward bias V is applied  › voltage drop mainly occurs across the 
depletion region › Built-in potential Vo is reduced to Vo–V. › Allow the 
electrons from n+ side to diffuse (or become injected), into the p-side

The hole injection component from p- into n+ side is much smaller.

The recombination of injected electrons in the depletion region as well 
as in the neutral p- side results in photons emission.

Recombination mainly occurs inside depletion region and within a 
volume extending over the diffusion length Le of the electrons in the 
p- side. Recombination zone is called active region.

The phenomenon of light emission from EH pair recombination as 
result of minority carrier injection is called injection 
electroluminescense.
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LED Structure

The p- side is on the surface from which light is emitted 
as is therefore made narrow (a few microns) to allow 
the photon to escape without being reabsorbed.

The n- side is heavily doped to ensure that the most of 
the recombination takes place in the p- side.

The photons which are emitted toward the n- side 
become either absorbed or reflected back at the 
substrate interface depending on the substrate 
thickness and the exact structure of the LED.
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Illustration of typical planar surface emitting 
LED devices
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Inner Workings of a LED
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Radiative vs. Non-radiative Recombination
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Recombination Mechanisms
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Radiative Recombination
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LED Electrical Basics
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Diode IV Characteristics
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LED Structure
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LED Structure
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LED Structure
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Methods for Generating white light
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LED Materials
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LED Materials
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LED 
Materials
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LED Materials
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LED External Conversion Efficiency
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LED Materials and Colour
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Historical Development of LEDs
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Quaternary alloy Example

Page 33 of 62



ELEC4105 Slide Set 4 37

Radiation Pattern
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LED Symbols
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Light Emitting Diode Types

Easy to fabricate Less modulation bandwidth

Easy to mount and handle Less optical power coupling 
into low NA fiber

Require less critical 
tolerances

Light emitted from surface 
of active layer

Less Reliable Wider spectral width

Lower system performance Maximum Internal Quantum 
Efficiency is up to 60%

Difficult to fabricate Better modulation bandwidth

Difficult to mount and 
handle

More optical power coupling 
into low NA fiber

Need critical tolerance on 
fabrication

Light emitted from edge of 
active layer

Highly Reliable Narrow spectral width

Higher system performance Internal Quantum Efficiency 
is in the range of 60 to 80%
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LED Spectral Patterns
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Optical Fibre coupling for Surface Emitting 
LED
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Surface Emitting LED Optical Coupling
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Burrus Type LED
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Edge Emitting LED
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Optical Fibre Coupling in Edge Emitted LED

GRIN = Gradient Index
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Type of Multimode Fibre
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Fibre Coupling Efficiency
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Light Sources

LASER

ELEC4105 Slide Set 5 2

Contents

Lasers
– Basic Principles
– Applications

Gas Lasers
Semiconductor Lasers
Semiconductor Lasers in Optical Networks
Improvement in Basic Design
Recent Advances
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Lasers: Basic Principle

Light Amplification by Stimulated Emission of Radiation

Key Terms:

– Stimulated Emission

– Metastable State

– Population Inversion
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Properties of LASERS
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Spontaneous vs. Stimulated Emission

An electron in an atom can be excited from one energy level E1 
to a higher energy level E2 by absorption → photon absorption 
hν = E2 – E1.   Note: ν is lowercase nu representing frequency.
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Spontaneous vs. Stimulated Emission

• Two possibilities of emission (an electron moves/transits down in 
energy to an unoccupied energy level -> emits a photon)

• Spontaneous
• Induced (Stimulated)

• Spontaneous emission: random direction -> random photon.
• Transition for E2 to E1 as if the electron is oscillating with a frequency ν
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Spontaneous vs. Stimulated Emission

• Stimulated emission: incoming photon of energy hν = E2– E1 
stimulates the whole emission process by inducing the 
electron at E2 to transit down to E1.

• Emitted photon: in phase, same direction, same polarization, 
same energy with incoming photon -> two outgoing photons.

• To obtain stimulated emission → the incoming photon should 
not be absorbed by another atom at E1.
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Spontaneous vs. Stimulated Emission

• Although we consider transitions of an electron in an atom, 
we could have just well described photon absorption, 
spontaneous and stimulated emission in term of energy 
transitions of the atom itself in which case E1 and E2 
represent the energy levels of the atom.

• Consider the collection of atoms to amplify light → we must 
have the majority of atoms at the energy level E2. Otherwise 
the incoming photon will be absorbed by the atom at E1.

• Population inversion: more atoms at E2 than at E1.
• In steady state incoming photon will cause as many upward 

excitations as downward stimulated emissions → for only two 
energy levels → we can never achieve atom population at E2 
greater than E1.
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Lasers: Basic Principle
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Lasers: Basic Principle
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Lasers: Basic Principle
‘’Negative’ Temperature concept

Question: What negative temperature would describe a system in which the
population of the upper energy level exceeds that of the lower level by 10% and 
the energy difference between the two levels is 2.26 eV?

Answer: 
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Lasers: Basic Principle
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Laser: Basic Principle
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Laser: Basic Principle
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Laser: Basic Principle

3 Energy levels laser 4 Energy levels laser
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Optical Fibre Amplifier

• A light signal traveling long distances will suffer attenuation. 
→ It is necessary to regenerate the light signal at certain 
intervals for long haul communications over several 
thousand miles.

• Practical optical amplifier is based on the erbium ion (Er3+) 
doped fiber amplifier (EDFA).

• The core region of an optical fiber is doped with Er3+ or with 
neodymium ion (Nd3+).

• The host fiber material is a glass based on SiO3-GeO2 or 
Al2O3. → Easily fused to a single mode long distance optical 
fiber by technique called splicing.
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Optical Fibre Amplifier

• Er3+ has energy level as indicated in the figure below.
• Er3+ is optically pumped from laser diode to excite them to E3.
• The Er3+ ions decay rapidly from E3 to E2 (long-lived) energy 

level ~ 10 ms.
• The decay from E3 to E2 
involves energy losses by
radiation-less transition
(phonon emission).
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Optical Fibre Amplifier

• The accumulated Er3+ ions at E2 leads to a population inversion 
between E2 and E1.

• Signal photons at 1550 nm have energy of 0.80 eV (E2 – E1), 
and give rise to stimulated 
transitions of Er3+ ions 
from E2 to E1.
• Meanwhile, any Er3+ ions 
left at E1will absorb in
incoming 1550 nm
photons to reach E2.
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Optical Fibre Amplifier
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Optical Fibre Amplifier
• Thus, to achieve light amplification we must have stimulated 

emission exceeding absorption.
• Only possible if more Er3+ ions at E2 (N2) than at E1 (N1).

• The net optical gain Gop:
where K is a constant
which depends on the 
pumping intensity

Gop = K(N2-N1)
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Optical Fibre Amplifier

• Optical oscillators are inserted at the entry and exit to allow ONLY optical 
signals at 1550 nm to pass in one direction and prevent the 980 nm pump 
light from propagating back or forward into the communication system.

• Energy level E1, E2, and E3 are not single unit levels, but rather consists of 
closely spaced collection of several levels → range of stimulated transitions 
from E2 to E1 (1525 – 1565 nm) with 40 nm optical bandwidth → wavelength 
division multiplexed system (WDM) systems.
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Laser: Basic Principle
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Laser: Gas Lasers
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Laser: Gas Lasers
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Laser: Gas Lasers
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Overall Efficiency

ELEC4105 Slide Set 5 27

Laser: Gas Lasers
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Laser: He-Ne Gas Lasers
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Gas Laser Output Spectrum
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Gas Laser Output Spectrum
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Gas Laser Output Spectrum

ELEC4105 Slide Set 5 32

Gas Laser Output Spectrum
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Gas Laser Output Spectrum
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Optical Gain
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Optical Gain
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Example
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Example
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Solution
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Solution
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Laser Beam Divergence
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Optical Cavity Resonator
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Laser Oscillator
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Photodetectors

Photodiodes
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Photo-detectors: Principle of the P-N junction photo-diode

Schematic diagram of a reverse 
biased p-n junction photodiode SiO2

Electrode

ρ net

–eN a

eN d x

R

e–h+

Iph

hv  > Eg

W

E

n

Depletion
region

AR
coating

Vr

Electrode

Vout

Net space charge across the diode 
in the depletion region. Nd and Na 
are the donor and acceptor 
concentrations in the p and n 
sides. 

p+

Photocurrent is depend on 
number of EHP and drift velocity.
The electrode do not inject 
carriers but allow excess carriers 
in the sample to leave and become 
collected by the battery.
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Principle of pn junction photodiode

(a) Reversed biased pn junction 
photodiode.

• Annular electrode to allow 
photon to enter the device.

• Anti-reflection coating (Si3N4) 
to reduce the reflection.

• The p+-side thickness < 1 μm.

(b) Net space charge 
distribution, within SCL.
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Photo-detectors: Principle of the p-n junction Photo-diode

(b) Energy band diagram under reverse bias. 

(a) Cross-section view of a photo-diode 

(c) Carrier absorption characteristics.

Operation of a photo-diode
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A generic photo-diode

Photodetectors: Principle of the p-n junction Photo-diode
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Variation of photon flux with distance.

A physical diagram showing the depletion region.

A plot of the the flux as a function of distance. 
There is a loss due to Fresnel reflection at the surface, followed by 
the decaying exponential loss due to absorption. 
The photon penetration depth x0 is defined as the depth at which 
the photon flux is reduced to e-1 of its surface value.

Photodetectors: Principle of the p-n junction Photo-diode
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Photo-detectors: RAMO’s Theorem and External Photo-current

An EHP is photogenerated at x = l. The electron and the hole drift in opposite directions with 
drift velocities vh and ve.
The electron arrives at time telectron = (L-l )/ve and the hole arrives at time thole = l/vh.

t t

e-h+

Iphoto(t)

Semiconductor

V

x

 

l  L − l

t

vhole

0 Ll

e–h+

0
t

0

Area = Charge = e 

evh/L eve/L

photocurrent

ielectron(t)

E

L
e hv

⎟
⎠
⎞

⎜
⎝
⎛ + L

e
L

e eh vv

thole

telectron

thole ihole(t)

i (t)

telectron

thole
velectron

iphoto(t)
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As the electron and hole drift, each generates ielectron(t) and ihole(t).

The total photocurrent is the sum of hole and electron photocurrents each 
lasting a duration th and  te respectively.

( ) e
e

e ttL
eti <= ;v ( ) h

h
h ttL

eti <= ;v

( ) ( ) edttidttiQ he t

h

t

ecollected =+= ∫∫ 00

( )
transit

d ttL
teti <= ;v)(

( ) ( )
h

h
e

e
lttandlLtt vv =

−
= Transit time

( ) dttiVdxEedoneWork e⋅=⋅=
dt
dxv

L
VE e ==

Ramo’s Theorem

Photocurrent

The collected charge is not 
2e but just “one electron”.

If a charge q is being drifted with a velocity vd(t) by a field between two biased electrodes 
separated by L, the motion of q generates an external current given by

Photo-detectors: RAMO’s Theorem and External Photo-current
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Photo-detectors: Absorption Coefficient & Photo-diode Materials

][
24.1][ eVEm

g
g =μλ

Absorbed Photon create Electron-Hole Pair.

Cut-off wavelength 
vs. Energy bandgap

xeIxI α−⋅= 0)( Absorption coefficient

Incident photons become absorbed as they travel in the 
semiconductor and light intensity decays exponentially with 
distance into the semiconductor.
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Absorption Coefficient

• Absorption 
coefficient α  is a 
material property.

• Most of the photon 
absorption (63%) 
occurs over a 
distance 1/α  (it is 
called penetration 
depth δ )
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GaAs
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12345 0.9 0.8 0.7

1×103
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1×106
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1×108

Photon energy (eV)

α (m-1)

1.0
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Absorption The indirect-gap materials are shown with a broken line.

Photo-detectors: Absorption Coefficient & Photo-diode Materials
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• Direct bandgap semiconductors (GaAs, 
InAs, InP, GaSb, InGaAs, GaAsSb), the 
photon absorption does not require 
assistant from lattice vibrations. The 
photon is absorbed and the electron is 
excited directly from the VB to CB 
without a change in its k-vector (crystal 

ħmomentum k), since photon 
momentum is very small.

E

CB

VB

k–k

Direct Bandgap Eg Photon

Ec

Ev

(a) GaAs (Direct bandgap)
0 momentumphoton VBCB ≈=− kk hh

Absorption coefficient α  for direct band-gap semiconductors rise 
sharply with decreasing wavelength from λ g (GaAs and InP).

Absorption Coefficient
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16

• Indirect band-gap semiconductors 
(Si and Ge), the photon absorption 
requires assistant from lattice 
vibrations (phonon). If K is wave 

ħvector of lattice wave, then K 
represents the momentum 
associated with lattice vibration 

 �K is a phonon momentum.

E

k–k

(b) Si (Indirect bandgap)

VB

CB

Ec

Ev

Indirect Bandgap, Eg

Photon

Phonon

Kkk hhh ==−  momentumphonon VBCB

Thus the probability of photon absorption is not as high as in a 
direct transition and the λ g is not as sharp as for direct band-gap 
semiconductors.

Absorption Coefficient

17Slide Set 6ELEC4105

E

CB

VB

k–k

Direct Bandgap Eg

E

k–k

VB

CB
Indirect Bandgap

Photon

Phonons

Photon absorption in 
an indirect bandgap semiconductor

EgEC

EV

EC

EV

Photon absorption in 
a direct bandgap semiconductor.

Photon

Photo-detectors: Absorption Coefficient & Photo-diode Materials
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Photo-detectors: Quantum Efficiency and Responsivity

ν
η hP

eI
photonsincidnetofNumber

collectedandgeberatedEHPofNumber ph

0
==

 External Quantum Efficiency 

0(W)
(A)

P
I

PowerOpticalIncident
ntPhotocurreR ph==

 Responsivity 

ch
e

h
eR λη
ν

η == Spectral Responsivity
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  Responsivity vs. wavelength for a typical Si photo-diode
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Photo-detectors
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  Reverse-biased p-i-n photodiode

Photo-detectors: PIN Photo-diode

  pin energy-band diagram

  pin photodiode circuit
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SiO2

  Schematic diagram of pin photodiode

p+

i-Si n+

Electrode

ρnet

–eNa

eNd

x

x

E(x)

R

E0

e–
h+

Iph

hυ > Eg

W

Vr

Vout

Electrode

E

Small depletion layer capacitance gives high modulation frequencies.

High Quantum efficiency.

In contrast to pn junction
 built-in-field is uniform

Photo-detectors: PIN Photo-diode
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A reverse biased pin photodiode is illuminated with a short wavelength 
photon that is absorbed very near the surface.
The photogenerated electron has to diffuse to the depletion region 
where it is swept into the i- layer and drifted across. 

hυ > Eg

p+ i-Si

e–

h+

Wℓ

Drift

Diffusion

Vr

E

Photo-detectors: PIN Photo-diode
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p-i-n diode

(a) The structure; 

(b) equilibrium energy band diagram; 

(c) energy band diagram under reverse bias.

Photo-detectors: PIN Photo-diode
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  The responsivity of PIN photodiodes

Photo-detectors: PIN Photo-diode
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Quantum efficiency versus wavelength for various photo-detectors

Photo-detectors:  Photo-conductive Detectors and Gain
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W
AC r

dep
εε 0=

 Electric field of biased pin 

  Junction capacitance of pin

Small capacitance: High modulation frequency

RCdep time constant is ∼ 50 psec.

W
V

W
VEE rr ≈+= 0

 Response time 

d
drift

Wt v=

Edd μ=v

The speed of pin photodiodes are invariably limited by the transit time of 
photogenerated carriers across the i-Si layer.

For i-Si layer of width 10 μm, the drift time is about is about 0.1 nsec.

Photo-detectors: PIN Photo-diode
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  Drift velocity vs. electric field for holes and electrons in Silicon.
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Photo-detectors: PIN Photo-diode
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Solution

(a) At λ = 1.55×10-6 m, from the responsivity vs. wavelength curve we have 
R ≈ 0.87 A/W. From the definition of responsivity,

we have

From the definitions of quantum efficiency η and responsivity, 
∴

Note the following dimensional identities:  A = C s-1 and W = J s-1 so that A W-1 = C J-1. 
Thus, responsivity in terms of photocurrent per unit incident optical power is also 
charge collected per unit incident energy. 
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Solution

(b) At λ = 1.3×10-6 m, from the responsivity vs. wavelength curve, R = 0.82 A/W. 

Since Po is the same and 11.5 nW as in (a), 

The QE at λ = 1.3 μm is
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π p+

SiO2Electrode

ρnet

x

x

E(x)

R

hυ > Eg

p

Iphoto

e – h+

Absorption
region

Avalanche region

Electrode

n+

E

Photo-detectors: Avalanche Photo-diode (APD)

h+

πn+ p

e–

Avalanche region

E 

e-

h+

E c

E v

Impact ionization processes resulting 
avalanche multiplication

Impact of an energetic electron's kinetic energy 
excites VB electron to the CV.
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SiO2

Guard ring

Electrode
Anti-reflection coating

nn n+

p+

π

p

Substrate
Electrode

n+

p+

π

p

Substrate
Electrode

Avalanche breakdown

Si APD structure without a 
guard ring

          More practical Si APD

  Schematic diagram of typical Si APD.

   Breakdown voltage around periphery is higher and avalanche is  
      confined more to illuminated region (n+p junction). 

Photo detectors: Avalanche Photo-diode (APD)
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Photodetectors

Solar Cell

Solar energy spectrum
Photovoltaic device principles

I-V Characteristics
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PV Cells have efficiencies approaching 21.5%
ELEC4105 Slide Set 7 8

PV Modules have efficiencies approaching 17%
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Photovoltaic Device Principles
Consider pn+ junction with very narrow n-region.
The illumination is through then thin n-side.
The SCL extend mainly in p-region with built-in field E0.

Neutral
n-region

Neutral
p-region

W

Eo

Voc

Medium λ

Long λ

Depletion
region

Diffusion
Drift

Finger
electrode

Back
electrode

ln
lp

Le

Lh

Short λ

Electrode at n-side 
must allow 
illumination to enter 
the device and at the 
same time result in a 
small series resistance.
This electrode is 
formed from array of 
finger electrodes.
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Photovoltaic Device Principles
Under steady state operation  no net current through an 
open circuit solar cell  Photocurrent inside the device due to 
photo generated carriers must be balanced by a flow of 
carriers in the opposite direction. Neutral

n-region
Neutral
p-region

W

Eo

Voc

Medium λ

Long λ

Depletion
region

Diffusion
Drift

Finger
electrode

Back
electrode

ln
lp

Le

Lh

Short λ

Those are minority 
carriers that become 
injected by the 
appearance of the 
photovoltaic voltage 
across the pn 
junction as in normal 
diode.
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Sources of carrier losses
Photons are absorbed and recombined near the crystal surface 

 losses  severely reduce efficiency.
Crystal surface and interface contain high concentration of 
recombination-center.
Those facilitate the recombination of photogenerated EHP 
near the surface.
The losses due to this event as high as ~ 40%.
These combined effect bring the efficiency down to about 45%.
Anti-reflection coating is also contributing the reduction of 
photons collection due to imperfection with factor of 0.8 – 0.9.
And including the limitation of photovoltaic action the upper 
limit to a photovoltaic device that uses single crystal of Si is 
about 24 – 26% at room temperature.
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Solar Cells Materials, Devices & Efficiencies
For a given solar spectrum, 
conversion efficiency depends on the 
semiconductor material properties 
and the device structure.
Si based solar cell efficiencies 18% for 
polycrystalline and 22 – 24% for 
single crystal devices.
About 25% solar energy is wasted  
not enough energy  unable to 
generate EHPs.
Considering all losses, the maximum 
electrical output power is ~20% for a 
high efficiency Si solar cell.

100% Incident radiation

× 0.74 Insufficient photon energy
hυ  < Eg

× 0.59

Excessive photon energy
Near surface EHP recombination
hυ  > Eg

× 0.95 Collection efficiency of photons

× 0.6 Voc  ≈ (0.6Eg)/(ekB)

× 0.85

η  ≈ 21%

FF ≈ 0.85

Overall efficiency
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Si homojunction solar cell efficiencies ~24%. Single crystal 
PERL (Passivated Emitter Rear Locally-diffused) cells.

Light
Oxide

n
p

Inverted pyramid textured surface substantially reduces reflection
losses and increases absorption probability in the device

Le

Solar Cells Materials, Devices & Efficiencies
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Example n-AlGaAs with p-GaAs.

2 eV

1.4 eV

Ec

Ev

Ec

Ev

(a)

(b)

n p

GaAsAlGaAs

A heterojunction solar cell between two different bandgap
semiconductors (GaAs and AlGaAs)

Solar Cells Materials, Devices & Efficiencies
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