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Learning Objectives and Outcomes:

e Understand the major semiconductor optoelectronic devices

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

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

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

e Understand the different types of solar panels and their
characteristics
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Tentative Class Schedule (F2F on odd weeks and online on even Weeks)

Week Date Topics Covered
1 14/;20;24 Introduction to optoelectronics and optoelectronic devices
2 21/19/24 Atomic Bonding, Type of Solids, Energy Diagram
Online
3 28/;2()':/24 Carrier Concentration in Semiconductors
4 04/1 ?/24 Carrier Drift and Diffusion
Online
11/11/24 . _ .
5 Online Light Emitting Diode
18/11/24 . . .
6 Online Light Emitting Diode
25/11/24
7 FoF LASER
8 02/1 .2/24 LASER
Online
09/12/24 ,
Photo-D
9 FoF oto-Diode
END OF YEAR BREAK
10 06/0?/25 Photo-Diode
Online
13/01/25 . .
11 FoF Optical Fibre
12 20/0?/25 Solar Cell
Online
27/F021F/25 Open-notes, Open-book, Class Test (30% of module weight)
14 03/0.2/25 Class Test Post-Mortem
Online
15 10/02/25 Revision

Online
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READING LIST

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

o  Bhattacharya P. (1997) Semiconductor Optoelectronic Devices, 2* Edition, Prentice Hall.

o Kasap S. (2012) Optoelectronics and Photonics: Principles and Practices, 2™ 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.


https://www.rishiheerasing.net/
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Slide Set 0

* Wavelength Utilization
* Growth of Internet Traffic
* Link Capacity Improvements
* Technological Trends

* Optoelectronics

What determines the wavelengths utilized?

1) Human eye response (indicators and displays)

2) Transmission media
* Fibers
* Atmospheric Transmission

3) Source of radiation (detectors)
* Sun (Solar Spectrum)
* Black body — T
* Lasers

4) Technologically available materials
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Growth of Internet Traffic
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Growth of Internet Traffic
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Link Capacity Improvements
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SONET/SDH Specifications

Beginner Intermediate Advanced Extreme

] L4

0C-48 0C-192 OC-768 0C-3072
2.5 Gb/s 10 Gb/s 40 Gb/s 160 Gb/s

OC - Optical Carrier rate, OC-1 = 51.84 Mbps

ELEC4105 Slideset 0




Page 6 of 62

Technological Trends

Computer performance continues to follow Moore’s Law
> Doubling of computing power every 18 months
> Device research indicates exponential growth until 2020
Network capacity is also increasing exponentially
> Gilder’s Law - “Communication capacity triples every 12
months”
> Growth at a rate greater than Moore’s law requires new
integrated, lower cost technologies
Required network capacity
>Desktop bandwidth needs limited only by the human eye (~2Gbps)
>Internet traffic is non local
>Number of users and hosts is growing exponentially

. Need long wavelength, high speed, low cost, vertical-
cavity surface-emitting lasers (VCSELs) and integrated
photonic ICs with higher functionality
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What is Optoelectronics?

Involving both electronic and optical
(photonic) processes:

— Electronic excitation through photon absorption

— Photon emission through electron relaxation

— Energy converted from electrical to optical or vice

versa

E, $ E, —E,;
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Absorption and Emission Issues

- What if E; occupied?  —#%¢—=

hv

e

e —
hv=E,~E,
ﬁ%EI
A

« What if E; has the same spin? ——=%
7} :
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Classification of Optoelectronic Devices

* Light Emitting Devices

- LED, Lasers, LEEC (Light-emitting electrochemical Cell)
* Light Absorbing Devices

- Photodetector, Solar Cell, Photoresistor (LDR)
* Light Manipulation Devices

- Involved in modulation, switching and guiding
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Applications of Optoelectronic Devices

* PhotoVoltaics
- Convert solar energy into electrical energy (PV)
* Displays
- LCD, LED, TFT, OLED
* Communications
- Optical Communication: Fibre Optics (FO), Free-Space Optics (FSO)
* Sensing & Monitoring
- CCD (Charge-Coupled Device), Infrared

ELEC4105 Slideset 0 11

Slide Set 1

* Atoms Bonding
* Types of Solids
* Energy Bands
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Atoms and Bonding

* In order to understand the physics of semiconductor (s/c)
devices, we should first learn how atoms bond together to
form the solids.

* Atom is composed of a nucleus which contains protons and
neutrons; surrounding the nucleus are the electrons.

* Atoms can combine with themselves or other atoms. The
valence electrons, i.e. the outermost shell electrons govern
the chemistry of atoms.

* Atoms come together and form gases, liquids or solids
depending on the strength of the attractive forces between
them.

* The atomic bonding can be classified as ionic, covalent,
metallic, van der Waals, etc.

* In all types of bonding the electrostatic force acts between

charged particles.
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The Periodic Table

Groups
3B,4B,5B,6B,7B,
8B lie in here
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The Periodic Table

. Ionic solids

Group 1A (alkali metals) contains lithium (Li), sodium (Na), potassium (K),...
and these combine easily with group 7A (halogens) of fluorine (F), chlorine
(C1), bromine (Br),... to produce ionic solids of NaCl, KCl, KBr, etc.

. Rare (noble) gases

Group 8A elements of noble gases of helium(He), neon (Ne), argon (Ar),... have
a full complement of valence electrons and so do not combine easily with
other elements.

*  Elemental semiconductors
Silicon(Si) and Germanium (Ge) belong to group 4A.

*  Compound semiconductors

1) I1I-V compound s/c’s; GaP, InAs, AlGaAs (group 3A-5A)
2) 1I-VI compound s/c’s; ZnS, CdS, etc. (group 2B-6A)
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Covalent Bonding

* Elemental semiconductors of Si, Ge and Carbon (as diamond)
are bonded by this mechanism and these are purely covalent.

* The bonding is due to the sharing of electrons.

* Covalently bonded solids are hard, high melting points, and
insoluble in all ordinary solids.

* Compound s/c’s exhibit a mixture of both ionic and covalent
bonding.
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Ionic Bonding

O Ionic bonding is due to the electrostatic force of attraction between
positively and negatively charged ions (between 1A and 7A).

© This process leads to electron transfer and formation of charged ions; a
ositively charged ion for the atom that has lost the electron and a
negatively charged ion for the atom that has gained an electron.

©  Allionic compounds are crystalline solids at room temperature.
© NaCl and CsCl are typical examples of ionic bonding.

© Ionic crystals are hard, high melting point, brittle and can be dissolved
in ordinary liquids.
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Ionic Bonding

The metallic elements have only up to the valence
electrons in their outer shell will lose their electrons and
become positive ions, whereas electronegative elements
tend to acquire additional electrons to complete their octet
and become negative ions, or anions.

Na Cl

ELEC4105 Slideset 1 7
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Covalent vs. Ionic Bonding
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Potential Energy Diagram for a Hydrogen Molecule

As r approaches zero, force is repulsive,
the overall potential energy increases
exponentially causes the system to become
more unstable

As r approaches r, from infinity, force is

attractive, the overall potential energy
decreases causes the system to become
more stable

This typical curve has a minimum at equilibrium distance r,, i.e. Bond length is 74 pm
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Metallic Bonding

< Valence electrons are relatively bound to the nucleus
and therefore they move freely through the metal and they
are spread out among the atoms in the form of a low-
density electron cloud.

“ A metallic bond result from the -
sharing of a variable number of [ @V @ | @ )

. !
electrons by a variable number of \_— A\ e "/

atoms. A metal may be described as  / \ \ \

a cloud of free electrons. $,. 9|9,
P S
/ \\// \\// N
% Therefore, metals have high | % + )‘ )
. P \ FAN J/ J/
electrical and thermal conductivity. PN N N
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Metallic Bonding

* All valence electrons in a metal combine to form a “sea” of
electrons that move freely between the atom cores. The more
electrons, the stronger the attraction. This means the melting
and boiling points are higher, and the metal is stronger and
harder.

* The positively charged cores are held together by these
negatively charged electrons.

* The free electrons act as the bond (or as a “glue”) between the
positively charged ions.

* This type of bonding is non-directional and is rather insensitive
to structure.

* Asaresult we have a high ductility of metals - the “bonds” do not
“break” when atoms are rearranged - metals can experience a
significant degree of plastic deformation.
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Van Der Waals' Bonding
* Itis the weakest bonding mechanism.
* It occurs between neutral atoms and molecules.

* The explanation of these weak forces of attraction is that
there are natural fluctuation in the electron density of all
molecules and these cause small temporary dipoles
within the molecules. It is these temporary dipoles that
attract one molecule to another. They are as called van
der Waals' forces.

* Such a weak bonding results low melting and boiling
points and little mechanical strength.
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Van Der Waals' Bonding

The dipoles can be formed as a result of unbalanced
distribution of electrons in asymettrical molecules. This is
caused by the instantaneous location of a few more
electrons on one side of the nucleus than on the other.

symmetric asymmetric

Therefore atoms or molecules containing dipoles are
attracted to each other by electrostatic forces.

ELEC4105 Slideset 1 13
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Classification of Solids

SOLID MATERIALS

CRYSTALLINE POLYCRYSTALLINE RiieRRHOUS
(Non-crystalline)
Single Crystal
e.g. salt e.g powder metal e.g. rubber
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Crystalline Solid

* Crystalline Solid is the solid form of a substance in
which the atoms or molecules are arranged in a
definite, repeating pattern in three dimension.
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Crystalline Solid

Single crystal has an atomic structure that repeats
periodically across its whole volume. Even at infinite length
scales, each atom is related to every other equivalent atom in
the structure by translational symmetry

Single Crystal

. i Amorphous Solid
Single Pyrite Crystal
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Polycrystalline Solids

Polycrystal is a material made up of an aggregate of many small single crystals
(also called crystallites or grains).

The grains are usually 100 nm - 100 microns in diameter. Polycrystals with
grains that are <10 nm in diameter are called nanocrystalline

Polycrystal
Polycrystalline
— Pyrite form
(Grain)
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Amorphous Solids

* Amorphous (non-crystalline) Solid is composed of
randomly orientated atoms, ions, or molecules that do
not form defined patterns or lattice structures.

ELEC4105 Slideset 1 18

Difference between Solids

ELEC4105 Slideset 1 19
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Semiconductors, Insulators and Metals

The electrical properties of metals and
insulators are well known to all of us.

Everyday experience has already taught us
a lot about the electrical properties of
metals and insulators.

But the same cannot be said about
“semiconductors”.

What happens when we connect a battery
to a piece of a silicon;

would it conduct well ?

Or would it act like an insulator ?
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Difference between Solids

The name “semiconductor” implies that it conducts
somewhere between the two cases (conductors or insulators)

Conductivity : (y

O'metals ~10*° /Q-cm
The conductivity (o) of a

semiconductor (S/C) lies
between these two
extreme cases.

S/C
Oiinsulators ~ 10?2 /Q-cm
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Band Theory of Solids

* The electrons orbiting
around the nucleus
have certain  well-
defined energy-levels.

* Electrons don’t like to
have the same energy in
the same potential
system.

* The most we could get
together in the same
energy-level was two,
provided thet they had
opposite spins. This is
called Pauli Exclusion
Principle.
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Difference between Solids

®  The difference in energy
between each of these smaller
levels is so tiny that it is more
reasonable to consider each of
these sets of smaller energy-
levels as being continuous bands
of  energy, rather that
considering  the  enormous
number of discrete individual
levels.

®  Each allowed band is seperated
from another one by a forbidden
band.

®  Electrons can be found in allowed
bands but they can not be found
in forbidden bands.
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Example

Consider 1 cm® of Silicon. How many atoms does this contain ?

Solution:

The atomic mass of silicon is 28.1 g which contains Avagadro’s number of atoms.
Avagadro’s number N is 6.02 x 10% atoms/mol .
The density of silicon: 2.3 x 10° kg/m?

s0 1 cm? of silicon weighs 2.3 gram and so contains

6.02x 10%
28.1

x 2.3= 4.93x 10* atoms

This means that in a piece of silicon just one cubic centimeter in volume,
each electron energy-level has split up into 4.93 x 102 smaller levels !
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Semiconductor, Insulators, Conductors

Full band Empty band

l |

All energy levels are
empty (no electrons)

All energy levels are
occupied by electrons

Both full and empty bands do not partake in electrical conduction.

ELEC4105 Slideset 1 25




Page 11 of 62

Semiconductor energy bands at low temperature

* At low temperatures the valence and
the conduction band is empty.

Conduction Electrons

* Assume some kind of energy is
provided to the electron (valence
electron) sitting at the top of the
valence band.

Empty * Recall that a full band can not . This el . ¢ h Empty
conduction conduct, and neither can an empty This electron gains energy from the conduction
3 band band applied field and it would like to band
g ’ move into higher energy states.
o
5 Forbidden * At low temperatures, s/c’s do not . . Forbidden
% energy gap [Eg] conduct, the}?behave like/insulators. * This e!eFtron cqntrlbutes .to the energy gap [Eg]
2 conductivity and this electron is called
u as a conduction electron.
Full * The thermal energy of the electrons Full
valence sitting at the top of the full band is . , valence
band much lower than that of the Eg at low * At OK, electron sits at the lowest band
temperatures. energy levels. The valence band is
the highest filled band at zero kelvin.
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Semiconductor energy bands at room temperature Conclusion

* When enough energy is supplied to
the e sitting at the top of the valence

band, e can make a transition to the
bottom of the conduction band. Empty
* When electron makes such a conduction
e . . . band
transition it leaves behind a missing
electron state.
* This missing electron state is called as
a hole.
Forbidden

* Hole behaves as a positive charge
carrier.

* Magnitude of its charge is the same
with that of the electron but with an
opposite sign.

Full
valence
band

ELEC4105 Slideset 1

energy gap [Eg]

* Holes contribute to current in valence band (VB) as electrons
are able to create current in conduction band (CB).

* Hole is not a free particle. It can only exist within the
crystal. A hole is simply a vacant electron state.

* A transition results an equal number of e in CB and holes in
VB. This is an important property of intrinsic or undoped
semiconductors. For extrinsic or doped semiconductors this
is no longer true.
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Bipolar (two carrier) conduction

* After transition, the valence
band is now no longer full,

it is partly filled and may
- conduct electric current.
2
g zls;eitr;;eﬁﬁ:gd * The conductivity is due to
|- occupied | Y both electrons and holes,
u and this device is called a
S bipolar conductor or bipolar

After transition device.
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What kind of excitation mechanism can cause an e- to make a transition from the top of the

valance band (VB) to the minimum or bottom of the conduction band (CB) ?

Answer : Partly filled
B

* Thermal energy ? IEQ

* Electrical field ? _
Partly filled

* Electromagnetic radiation ? Ve

Energy band diagram of
a s/c at a finite
temperature.

To have a partly field band configuration in a s/c, one must
use one of these excitation mechanisms.

ELEC4105 Slideset 1 31
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1 - Thermal Energy

Thermal energy at RTP =k x T =1.38 x 102]/K x 298 K = 25.7 meV

Excitation rate = constant x exp(-Eg / kT)

Although the thermal energy at room temperature is very small, i.e. 25
meV, a few electrons can be promoted to the CB.

Electrons can be promoted to the CB by means of thermal energy.

This is due to the exponential increase of excitation rate with increasing
temperature.

Excitation rate is a strong function of temperature.
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2 - Electric Field

* For low fields, this mechanism doesn’t promote electrons
to the CB in common s/c’s such as Si and GaAs.

* An electric field of 10'*V/m can provide an energy of the
order of 1 eV. This field is enormous.

So , the use of the electric field as an excitation mechanism is
not useful way to promote electrons in s/c’s.
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3- Electromagnetic Radiation

E=h = h<- (6.62x10°*J - $)x(3x10°m/s)/} (m)= E(eV)= ‘1'24
I I (in g m)
h=6.62x10%]s
c=3x10°m/s Near
1eV=1.6x10"] infrared
T - 11 1 _1.24 1
Jor Silicon E_ =1.leV (um)—ﬁ—l.umn

To promote electrons from VB to CB Silicon , the wavelength of the
photons must 1.1 um or less

Direct Band-Gap

Conduction * The converse transition can also
Band happen.

* An electron in CB recombines with a
hole in VB and generate a photon.
* The energy of the photon will be in
l ~""—photon the order of Eg.
& * If this happens in a direct band-gap
s/c, it forms the basis of LED’s and
LASERS.

Valence Band
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Insulators Metals
* The magnitude of the band gap
determines the differences between B These two bands looks
insulators, s/c‘s and metals. . . .
’ like as if partly filled
s . }CB bands and it is known
* The excitation mechanism  of CB (completely empty) »CB that partly filled bands
thermal is not a useful way to ‘ conducts well
promote an electron to CB even the VB VB m This is th ’ b
melting temperature is reached in . This is the reason why
an insulator. Eg~several electron volts metals have  high
conductivity.

* Even very high electric fields is also !VB (completely full)
unable to promote electrons across

the band gap in an insulator.

Wide band gaps between VB and CB
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Touching VB and CB Overlapping VB and CB

* No gap between valance band and conduction band
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Page 13 of 62

The Concept of Effective Mass

Comparing
| Free e invacuum.. °* If the same magnitude of electric field is applied to
both electrons in vacuum and inside the crystal, the
electrons will accelerate at a different rate from
each other due to the existence of different

potentials inside the crystal.

In an electric field
m, =9.1 x 10

Free electron mass
* The electron inside the crystal has to try to make its
own way.

In an electric field
* So the electrons inside the crystal will have a

In a crystal different mass than that of the electron in vacuum.

e ‘ * This altered mass is called as an effective-mass.

o
M —seffective mass
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What is the expression for m’

* Particles of electrons and holes behave as a wave under certain
conditions. So one has to consider the de Broglie wavelength to link
partical behaviour with wave behaviour.

* Particles such as electrons and waves can be diffracted from the crystal
justas X-rays.

* Certain electron momentum is not allowed by the crystal lattice. This is
the origin of the energy band gaps.

n = the order of the diffraction
A = the wavelength of the X-ray
d = the distance between planes

nl = 2dsinf

6 = the incident angle of the X-ray beam
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nk =2d )

The waves are standing waves
By means of equations (1) and (2)

_ 2i certain e momenta are not allowed

A .
k is the propagation constant by the crystal. The velocity of the
- electron at these momentum values is
The momentum is zero. Energy
P=% @)
The energy of the free electron
can be related to its momentum
> h
/ —
F=t"
2m free emass , m, K
momentum

ﬁl_h2 k2

E versus k diagram is a parabola.

Energy is continuous with k, i,e, all energy
(momentum) values are allowed.
. h h2k 2 The energy of the free e E versus k diagram

o is related to the k or
Energy versus momentum diagrams

To find effective mass , m"

We will take the derivative of energy with respect to k ;

dE _ Wk
Kk m
-m* is determined by the curvature of the E-k curve
K
dk>  m -m* is inversely proportional to the curvature

Change m™ instead of m

h> | |
* This formula is the effective mass of
- 7 2 an electron inside the crystal.
d*E/ dk "y
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Direct-band gap materials

Direct-band gap s/c’s (e.g. GaAs, InP, AlGaAs)

*  For a direct-band gap material, the minimum
of the conduction band and maximum of
the valence band lies at the same
momentum, k, values.

*  When an electron sitting at the bottom of
the CB recombines with a hole sitting at the
top of the VB, there will be no change in
momentum values.

* Energy is conserved by means of emitting a
photon, such transitions are called as
radiative transitions.

ELEC4105
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Indirect-band gap materials

For an indirect-band gap material; the
minimum of the CB and maximum of the
VB lie at different k-values.

* When an e and hole recombine in an
E indirect-band gap s/c, phonons must be
involved to conserve momentum.

Indirect-band gap s/c’s (e.g. Si and Ge) *

Phonon

B Atoms vibrate about their mean position
at a finite temperature.These vibrations
produce vibrational waves inside the
crystal.

B Phonons are the quanta of these
vibrational waves. Phonons travel with a
velocity of sound .

®  Their wavelength is determined by the
crystal lattice constant. Phonons can
only exist inside the crystal.

VB
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Conclusion

* The transition that involves phonons without producing
photons are called non-radiative (radiationless) transitions.

* These transitions are observed in an indirect band gap s/c
and result in inefficient photon producing.

* So in order to have efficient LED’s and LASER’s, one should
choose materials having direct band gaps such as
compound s/c’s of GaAs, AlGaAs, etc...
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Calculation

*  For GaAs, calculate a typical (band gap) photon energy and momentum , and compare this
with a typical phonon energy and momentum that might be expected with this material.

E(photon) = Eg(GaAs) = 1.43 ev E(phonon) =h V=hv,/\ =hv,/a

E(photon) =h D=hc/A A (phonon) ~a, = lattice constant =5.65x10"° m

c=3x10*m/sec
Vs= 5x10°m/sec ( velocity of sound)

P=h/\ h=6.63x102* J-sec

E(phonon) = hv, / a,=0.037 eV

A (photon)=1.24 / 1.43 = 0.88 um
P(phonon)=h /X=h/a,=1.17x10%*kg-m/sec
P(photon) =h / A = 7.53 x 10?*kg-m/sec
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Phonons vs Photons

* Photon energy = 1.43 eV
* Phonon energy = 37 meV
* Photon momentum = 7.53 x 102 kg-m/sec
* Phonon momentum = 1.17 x 10 kg-m/sec

N /

h'd

Photons carry large energies but negligible amount of momentum.

On the other hand, phonons carry very little energy but significant
amount of momentum.

Positive and Negative effective mass

d*E/ dik*

* The sign of the effective mass is determined directly
from the sign of the curvature of the E-k curve.

Direct-band gap s/c’s (e.g. GaAs, InP, AIGaAs)

* The curvature of a graph at a minimum point is a
positive quantity and the curvature of a graph at a
maximum point is a negative quantity.

* Particles(electrons) sitting near the minimum have
a positive effective mass.

* Particles(holes) sitting near the valence band
maximum have a negative effective mass.

* A negative effective mass implies that a particle will
go ‘the wrong way’ when an extrernal force is

applied.
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Energy band structures of GaAs and Si Energy band structure of GaAs
4 Conduction o Conduction 4 : .
Gahs band Si band GaAs Conduction | Band gap is the smallest energy
3 separation between the
valence and conduction band
S edges.
5 51F s
o 5 Eg | = The smallest energy difference
' c
w - 0 ; w occurs at the same momentum
b value
. - [
Valence Valence ; Valance
. band : band ; band Direct-band gap
(11 0 [100] k (1111 0 [100] k i [111] © [100] k semiconductor
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Energy band structure of Si

The smallest energy gap is 4 si Conduction
between the top of the VB at k=0 B band
and one of the CB minima away 3
from k=0
¢ <
Indirect band gap ? - :
semiconductor S Eq |
*Band structure of AlGaAs? 0 o
*Effective masses of CB satellites? | 41
*Heavy- and light-hole masses in , Valenoe
VB? (111 o ooy K
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Direct transition

transition
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Indirect transition

indirect
transition
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Slide Set 2

Carrier Concentration in
Semiconductors

CARRIER CONCENTRATIONS IN SEMICONDUCTORS

Donors and Acceptors

Fermi level , E,

Carrier concentration equations
Donors and acceptors both present
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Donors and Acceptors

The number of carriers are
generated by thermally or
electromagnetic  radiation
for a pure s/c.

The conductivity of a pure
(intrinsic) s/c is low due to the
low number of free carriers.

For an intrinsic semiconductor

n=p=n,
n = concentration of electrons per unit volume
p = concentration of holes per unit volume

n,= the intrinsic carrier concentration of the semiconductor under consideration.

ELEC4105 Slideset 2 3
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n.p = n?

n=p
number of e’s in CB = number of holes in VB

This is due to the fact that when an e makes a
transition to the CB, it leaves a hole behind in VB. We
have a bipolar (two carrier) conduction and the
number of holes and e ‘s are equal.

n.p =n?

This equation is known as mass-action law.

ELEC4105 Slideset 2 4

n.p = n?

The intrinsic carrier concentration n, depends on;
the semiconductor material, and the temperature.

For silicon at 300 K, n, has a value of 1.4 x 10"°cm*
Clearly , equation (n = p = n,) can be written as

n.p =n2

This equation is valid for extrinsic as well as
intrinsic material.

ELEC4105 Slideset 2 5

What are doping and dopants impurities ?

To increase the conductivity, one can dope pure
s/c with atoms from column 1ll or V of periodic
table. This process is called as doping and the
added atoms are called as dopants impurities.

There are two types of doped or extrinsic s/c’s;
n-type
p-type

Addition of different atoms modify the conductivity of the
intrinsic semiconductor.

ELEC4105 Slideset 2 6

P-type doped semiconductor

+ impurity atoms

Have four Boron (B)
valence has three valence @ Electron Bond with
lect electrons _
electrons O Hole missing
® electron
O
Boron bonding in Silicon ‘ [ X J ‘ [ X J ‘
Boron sits on a lattice side °
([
Normal bond
with two
p>>n electrons
ELEC4105 Slideset 2 7

P-type doped semiconductor

Boron (column III) atoms have three valence electrons,
there is a deficiency of electron or missing electron to
complete the outer shell.

This means that each added or doped Boron atom
introduces a single hole in the crystal.

There are two ways of producing holes
1) Promote electrons from VB to CB,
2) Add column Il impurities to the s/c.

ELEC4105 Slideset 2 8

Energy Diagram for a P-type s/c

CB
U e E,= CB edge energy level
acceptor E
(Column Ill) atoms 9
00000 O®O®® [ - ,cccpiorenergy level
v
/-\ E,= VB edge energy level
VB @ Electron
Hole

‘ The energy gap is forbidden only for pure material, i.e. Intrinsic material.

ELEC4105 Slideset 2 9
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P-type semiconductor

The impurity atoms from column lll occupy at an energy level within E,

These levels can be:
1. Shallow levels which is close to the band edge,
2. Deep levels which lies almost at the mid of the band gap.

Majority & Minority carrier in a P-type semiconductor

Holes
Electrons

In
-5 ©
n

majority carriers
minority carriers

> Electric field direction
If the E, level is shallow i.e. close to the VB edge, each added boron atom Lt E®OReeeeN
accepts an e from VB and have a full configuration of e’s at the outer Il Iel XXX Holes movement as a
2 - 9 y . q A
shell. ) function of applied electric
These atoms are called as acceptor atoms since they accept an e~ from AL L L LIOL L L L LT
VB to complete its bonding. So each acceptor atom gives rise a hole in > Hole movement direction
VB. <
. . < Electron movement
The current is mostly due to holes since the number of holes are made direction
greater than e”s.
ELEC4105 Slideset 2 10 ELEC4105 Slideset 2 11
Phosporus bonding in silicon Conduction band
@ Electron A
0 = -@------- ®--
- - _ D P —— E a
" E, ‘ Weakly bound JIOL L L L L ¢ Neutral donor lonized (+ve)
electron E, centre donor centre
. Band gap is 1.1 eV for silicon E
E, [ J \
I '@ _______ @' E, Valance band E,
Y £ ( X J ( X J
20 00N v E.
[ J ® Eloct Neutral fonized (-ve)
¥ Electron .\ ectron accepiorcentic acceptor centre
O Hole ‘ Normal bond Shallow donor in silicon ‘ _ O __________ E
a
A with two
Shallow acceptor in silicon ‘ electrons - »
¥ Electron
‘ Donor and acceptor charge states
O Hole
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N-type doped semiconductor

. Extra e~ of column V atom is weakly attached to its host atom

Si + column V (with five valance e*)

E

c

- Bee-0--

E, = Donor energy level (shallow)

] ionized (+ve)
donor centre

Band s 1.1 oV for sil ¥ Electron
an ap s 1.1 eV for silicon
v gap! o (O Hole
Ev
n - type semiconductor
ELEC4105 Slideset 2 14

Np vs. Pn semiconductors

n-type, n>>p;nis the majority carrier
concentration n,

p is the minority carrier
concentration p,

p-type, p>>n;p is the majority carrier
concentration p,

1,

n is the minority carrier
concentration n,

Pn

Type of semiconductor

ELEC4105

Slideset 2 15
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Calculation

Calculate the hole and electron densities in a piece of P-type silicon that has
been doped with 5 x 10 acceptor atoms per cm?.

n,=1.4x10°cm?® (atroom temperature)

Fermi level , E,

This is a reference energy level at which the probability of occupation by an
electron is %.

Since E; is a reference level therefore it can appear anywhere in the energy
level diagram of a S/C ..

Undoped Fermi energy level is not fixed.
n=p=n Occupation probability of an electron and hole can be determined by Fermi-
P-type ;p>>n Dirac distribution function, F; ;
n.p=n? N,=5x10" p=N,=5x10"cm? 1
F FD = E _ E
n (1.4x10°cm ) 3 1+ exp(iF)
= = ———0———=3.9x10" electrons per cm® kT
D 5x10°cm B
p >>n,and n << n; in a p-type material. The more holes you put in the less electrons E. =Fermi energy level
you have and vice versa. k, =Boltzman constant
T =Temperature
ELEC4105 Slideset 2 16 ELEC4105 Slideset 2 17
Fermi level , E, Carrier concentration equations
Fop = N S The number density, i.e., the number of electrons available for
1+ exp(E - Ep ) conduction in CB is

B

E is the energy level under investigation.
Frp, determines the probability of the energy level E being
occupied by electron.

1 1

VE=Er—=2 Jm= 1 g0 2

1= Jw determines the probability of not finding an electron at
an energy level E; the probability of finding a hole .

ELEC4105 Slideset 2 18

. 3/2
2, kT E.-E
e o B o o iy
h ) kT

n= Ncexp—(E EF'E')

d n= n ex
= )  exp( T

The number density, i.e., the number of holes available for
conduction in VB is

. 3/2
20 m kT ) E.-E,
8 2 L. exp- (—F—="
P o i p- ( T )
E.-E E-E,
= N, exp- (2= = n exp(——£
p= Nyexp- ( T ) P = nexp( T )
ELEC4105 Slideset 2 19

Donors and acceptors both present

Both donors and acceptors present in a s/c in general.
However one will outnumber the other one.

In an n-type material the number of donor
concentration is significantly greater than that of the
acceptor concentration.

Similarly, in a p-type material the number of acceptor
concentration is significantly greater than that of the
donor concentration.

A p-type material can be converted to an n-type
material or vice versa by means of adding proper type
of dopant atoms. This is in fact how p-n junction diodes
are actually fabricated.

ELEC4105 Slideset 2 20

Example

How does the position of the Fermi Level change with

@@  increasing donor concentration, and
()  increasing acceptor concentration ?

(a) We shall use equation
E - F
n= N.exp- (———21)
kT

If 1 is increasing then the quantity E.-E; must be decreasing i.e. as the
donor concentration goes up the Fermi level moves towards the
conduction band edge E .

ELEC4105 Slideset 2 21
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Example Example
n, n, n
But the carrier density equations such as; hdd 00 bbb E.
2 *kT % E E """"""""" -E, T e T Ers
Tm -E.N | 7 e N
n=2 —2—| exp-| ~——L| and E,2 | e E,J2
h kT A ’ A
EV
g n,>n,>n,
! kT E 2 E 2 E 2
aren’t valid for all doping concentrations! As the fermi-level comes to within e,
about 3KT of either band edge the equations are no longer valid, because | | = —r—r—— E,  ——o——— - B
they were derived by assuming the simpler Maxwell Boltzmann oYe) 0000 000000 E,
statistics rather than the proper Fermi-Dirac statistic.
p1 pZ pJ
ps;>Pp,> P,
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Example Donors and acceptor both present

(b) Considering the density of holes in valence band;
EF - E |4

p= N, exp-
kT
It is seen that as the acceptor concentration increases, Fermi-level moves
towards the valance band edge. These results will be used in the
construction of device (energy) band diagrams.

ELEC4105 Slideset 2 24

* In general, both donors and acceptors are present in a piece of a semiconductor
although one will outnumber the other one.

* The impurities are incorporated unintentionally during the growth of the
semiconductor crystal causing both types of impurities being present in a piece of a
semiconductor.

* How do we handle such a piece of s/c?

1) Assume that the shallow donor concentration is significantly greater than
that of the shallow acceptor concentration. In this case the material behaves as an n-

type material and
n,=N,- N,

2) Similarly, when the number of shallow acceptor concentration is signicantly
greater than the shallow donor concentration in a piece of a s/c, it can be
considered as a p-type s/c and

pp:NA_ND

ELEC4105 Slideset 2 25

Donors and acceptor both present

For the case N,>N, , i.e. for p-type material

2
n,p,=n

n,t Ny= Nyt pp= p,t Ny-n,- N,=0

2
n;

p,X p,t ND—p—’— N,=0{= p;+ (ND—NA)pp—nl.z: 0
P

ELEC4105 Slideset 2 26

Donors and acceptor both present

-b Fb* - dac

pf,+ (N, - NA)pp- nl.2 = 0, solving for P, %"

2a
P,ﬁ% NA-ND+[(NA-ND)2+4nf}%] majority
n
n,= p_p minority
FLECA105 Slideset 2 -




Donors and acceptor both present
For the case N;>N, , i.e. n-type material

2 n;
n,-P, =n, = P, = 7

n,+Ny=Np+F, =n+N,—p,—N

n D

=0

2
N U SR

. - —b Fb? — 4ac
solving for n, ; x, ,= -y —
a

n, = i(N,) — N[V, = N+ 4n,::|%j\

ELEC4105 Slideset 2
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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

Drift and Diffusion

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.

ELEC4105 Slide Set 3 2

Carrier Drift

. 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).

F=qE

. These movements result a current of |d

[, =nqV, A

|d . drift current N : number of charge carriers per unit volume

V, : drift velocity of charge carrier (] : charge of the electron

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

Carrier Mobility M
V,=uE

E : applied field
u: mobility of charge carrier

[ ] = cm? is a proportionality factor MU= ﬁ
K= 1vs H E

% So [l is ameasure how easily charge carriers move under the influence of
an applied field or £ determines how mobile the charge carriers are.

ELEC4105 Slide Set 3 3 ELEC4105 Slide Set 3 4
N - type Silicon P - type Silicon
v
+ v - +I I -
Vv \
N - type Si Ezt P — type Si E:t
o hole
Vd «—0 Oo— d
Electric field Electric field

Electron movement

Current flow

Current carriers are mostly electrons.

ELEC4105 Slide Set 3 5

Hole movement

Current flow

Current carriers are mostly holes.

ELEC4105 Slide Set 3 6
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Carrier Mobility

Macroscopic understanding Microscopic understanding? (what the

carriers themselves are doing?)

ﬂZE z
=
m

In a perfect Crystal

=0
* E
m, <m, ingeneral
O —> 00
It is a superconductor me* 5 N-type
m," : P-type
ELEC4105 Slide Set 3 7

u

. 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 8

Mobility has two components

Mobility has two components

N

Thermal Velocity

. 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 of kT/2 per degree of
freedom. So, in 3D, electron will have a thermal energy of

3kT 1 3kT 3kT
E=3 o lp2 =35y, = 22
. . . 2 2 2 m*
Lattice interaction |mpunty interaction
component component
Vy, : thermal velocity of electron or hole
V,, is proportional to T'/?
V,, is inversely proportional to (m")!/?
ELEC4105 Slide Set 3 9 ELEC4105 Slide Set 3 10
Random motion result no current. Calculation

. 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.

ELEC4105 Slide Set 3 11

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.

V,=? RT=300K m,=118m,

th

V,=? E=1000 V/m pu=015m>/(V -5)

3kT
Vo= i — =V, =1.08x10°m /sec
N m

V,=#uE =V, =150 m/sec

ELEC4105 Slide Set 3 12
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Microscopic understanding of mobility?

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: T (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: ¢ (small Greek symbol Zeta)

ELEC4105 Slide Set 3 13

Calculation

Drift velocity=Acceleration x Mean free time

Force is due to the applied field, F=qE

\A :E* xr:dfr
m m

Vo =AE=>u=%f

ELEC4105 Slide Set 3 14

Calculation

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.

r=? [=? m =118m, m,=0.59m,
w,=015m7 IV =s)  p, =0.0458 m” /(V —5)

*
_ feﬁ?e

e

=10""sec 7,= A1 5451075 sec
q q

=1.08x10°m/s v . =1. 52x10°m/s

Y g

th,

=V, T = (1.08x10° m/ s)(107%s) =107 m
l, = vy T, = (1 52x10° m/ s)(1.54x107" sec) = 2.34x10 m

ELEC4105 Slide Set 3 15

Saturated Drift Velocities

V,=uE

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

or electrons

for holes

)

E E

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

ELEC4105 Slide Set 3 16

Saturated Drift Velocities

. The equation of V; =.LE does not imply that V,
increases linearly with applied field E.

* V, increases linearly for low values of E and then it
saturates at some value of V; which is close Vy, at higher
values of E.

. Any further increase in E after saturation point does not
increase V,instead warms up the crystal.

ELEC4105 Slide Set 3 17

Mobility variation with Temperature

H H

S

High Low
temperature temperature

1 1 1 | In
1 _ 1 1 iin(
Hr My Hip Peak depends

A on the density of
) V. H, impurities
This equation is called as
Mattheisen’s rule. In(T)

ELEC4105 Slide Set 3 18
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Variation of mobility with temperature

At high temperature as the =—=> M, component becomes significant.

lattice warms up
M, decreases when temperature increases.

3

p, =C, xT 2 =T

3
2 C, is a constant.

) -1.5
Itis calledasa T power law.

Carriers are more likely scattered by the lattice atoms.

ELEC4105 Slide Set 3 19

Variation of mobility with temperature

At low temperatures = M, component s significant.

M, decreases when temperature decreases.

3
U, = C2 % T 2 C, is a constant.

Carriers are more likely scattered by ionized impurities.

ELEC4105
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Variation of mobility with temperature

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

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

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!

HEMTs are high speed devices.

ELEC4105 Slide Set 3 21

A Derivation of Ohm’s Law

I, =nqV, A Vi =
| qr

J —_d —
d A M m"

J,=nqgV, =nquE

ELEC4105

UE
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A Derivation of Ohm’s Law

area

current
This is in fact ohm’s law which is written slightly in a different form.
1 Vv I 1V va TV
J =cE  E=g_=E=—_ [=—"—=_
’ A plL oL

ELEC4105 Slide Set 3 23

Drift Current Equations

For undoped or intrinsic semiconductor ; n=p=n;

For electron

J,=nqEu,

l l“-. \ ‘.\.\

drift

)

«

number mobility
current
for of free of

electrons  electron
electrons ;

per unit

volume

ELEC4105

For hole

/.= ks

!

drift ’

¥

number mobility
current of free of holes
for holes

holes per

unit

volume

Slide Set 3
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Drift Current Equations

Total current density

J=J +J,
J,=nqEp, + pgk,
since n=p= I’lj

J =nq(u, +u1,)E

_

For a pure
intrinsic
semiconductor

ELEC4105 Slide Set 3 25

Drift Current Equations

Jroral = ‘7 for doped or extrinsic semiconductor

n-type semiconductor;

n>p=J.=nqu l=Nqul

where Ny is the shallow donor concentration

p-type semiconductor;
p>n=J,=pqu k=N qukE

where N, is the shallow acceptor concentration

ELEC4105 Slide Set 3 26

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?

1 1
p:—:—
o nqu

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 27

Band Diagrams with Electric Field Present

At equilibrium ( with no external field )

All these B
energies | oo . E; Pure/undoped semiconductor
are
horizontal
Ev
How these energies will change with an applied field ?
+ | -
| I[ _— EC
qV €5 E
e e E
n —type
Orae.
————————————— Electricfield —_— F,
<+————— Electron movement
_ » Holeflow
ELEC4105 Slide Set 3

28

Band Diagrams with Electric Field Present

* 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.

|+ o
| —
I &
qV
____________ E.
p—type !
_
——— Electricfield E
\
—————— > Electron movement
-—_—  Holeflow \
O
hole
ELEC4105 Slide Set 3
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Under drift conditions

*Under drift conditions; 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

Work = Force x distance = electrostatic force x distance
work =—qEx L

-q i % L = work = —qV = gain in energy

V
Slope of the band = _qT = —qL = Force on the electron

E=— where L is the length of the s/c.

~I S

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

Electrostatic Force =—gradiant of potential energy = —(:TV
X

- B g L

dE
dx g dx O

one can define electron's electrostatic potential as

comparison of equations (1) and (2) gives,

V, = & is a relation betweenV, and E,
q

n
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Carrier Diffusion

Current mechanisms

— P =nkT

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.

Drift Diffusion
QP dn dn _ | dpP » A concentration gradient produces a
— —T e . pressure gradient which produces the force
hotons dx dx dx kT dx on the charge carriers causing to move
{ { { { P them.
dn 1 dP How can we produce a concentration gradient in a semiconductor?
dr kT dx
1) By making a semiconductor or metal contact.
Contact with a metal 2) By illuminating a portion of the semiconductor with light.
ELEC4105 Slide Set 3 33 ELEC4105 Slide Set 3 34
llluminating a portion of the semiconductor with light Flux

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

< 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.

Flux =-D, dn
dx

ELEC4105 Slide Set 3 35

[Flux]=m~ —s™
D=v,l, [D]=m’/s
The current densities for electrons and holes

J, =- (_Dn @] =qD, i for electrons
dx dx

P dx

3 =+q(—D dpj:_qu$ for holes
X

[Jn,p]:[’a‘/mzj

ELEC4105 Slide Set 3 36
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Einstein Relation

Einstein relation relates the two independent current mechanism
of mobility with diffusion;

D
D, | and 2o KL for electrons and holes
u, 14 H, 19
= —
—~

Constant value at a fixed temperature

cm’ [sec kT (J/K)K
_— / =volt —= —( )( ) =volt
em* [V —sec q C
k—T =25mV  at room temperatiire
q
ELEC4105 Slide Set 3 37

Total Current Density

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

3, = u,NE + gD,
dx

dp

J, = Qu, PE ~ 4D, -

=y £,

total

ELEC4105 Slide Set 3 38

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 105
cm3 ) with light that produces 10" cm- electron-hole
pairs.

. The electron concentration (majority carriers) hardly
changes, however hole concentration (minority carriers)
goes from 1.96 x 105 to 10" cm.

ELEC4105 Slide Set 3 39

Recombination Rate

«  Minority carriers find themselves surrounded by very high concentration
of majority carriers and will readily recombine with them.

» The recombination rate is proportional to excess carrier density, 0 o

y . . r
do p = _ 1_ S p — Sp(r) bp(())exp( —J
dt T 'n/ 4
- Excess hole cohcentration when t=0
I ) J
Lifetime of holes —

Excess hole concentration decay exponentially with time.

Similarly, for electrons;

ds 1 t
o e —6n O'n(r):dn(ﬂ)exp[——]
dt T, T
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Diffusion Length L

When excess carriers are generated in a specimen, the minority carriers
diffuse a distance, a characteristic length, over which minority carriers can
diffuse before recombining majority carriers. This is called as a diffusion

length, L.
Sy

Excess minority carriers decay exponentially with diffusion distance.

P

Sn(x) = 5n(0) exp{;J Sp(x) = 5 p(0) exp[—;]

n

#
Excess electron concentration when x=0

Diffusion length for holes
Diffusion length for electrons

—L-{Dr, 1,={Dy,
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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.

ELEC4105 Slide Set 4 2

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

Energy Usage Comparison

6
e 16,090 LED Lamp Manufacturing Energy Use
S 2011 2015
& __ 14,000
Ee
2 é 12,000 56%
St 75%
@ 10,000
& E
¢ 3 m Bulk Material w LED Package
w e 8,000
1 ;
= B Transport
ES 6000 ® Manufacturing
a8 Use
~N
&5 4,000 [SUSt SSVeN +
S 3
G=
& 2,000 b
-
0 & e o £ = £ i
Incandescent CFL LED (2011) LED (2015)
~22 lamps ~3 lamps ~1lamp ~0.6 lamps
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Luminous Performance Evolution
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Cellphone Traffic signals
(Nokia) (Gelcore)

Large Displays
(NASDAQ)

TVs (LED DLP™)

. (samsung) :
streetlights Automotive
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Aspire Tower, Doha, Qatar
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Takarazuka University, Japan
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6 Watt LED Desk Lamp

Halley LED Desk Lamp
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Air/Water Purification System

| » Fruit and Vegetable Storage Life Extended 1 week

ELEC4105

Mitsubishi Refrigerator MR-W55H,
UV LED 375 nm, 590 nm, Blue LED

Slide Set 4

« Water Purification: UV LED to kill bacteria

UV Water Purifier
(Credit: Hydro-Photon Inc.)

11

p———————

Costs associated with various white lighting

*Incandescent

Traditional bulbs that are inefficient, wasting 90% of their energy as heat. They emit
about |5 lumens per watt and have a lifespan of around 1,200 hours. Cost: $1
*Halogen

1 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

ELEC4105 Slide Set 4 12
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Luminous Efficacy

« Luminous efficacy is a property of light sources, which indicates

-

Luminous Efficiency Comparison

what portion of the emitted electromagnetic radiation is usable o ; ) . -
.. . . . . ype Luminous efficacy (Lm/W)  Luminous Efficiency
for human vision. It is the ratio of emitted luminous flux to : :
radiant flux. Luminous efficacy is related to the overall efficiency Tungsten "z%rgobllélb’ typical, 15 2%
of a light source for illumination, but the overall lighting Class M star % "
efficiency also depends on how much of the input energy is (Antares, Betelgeuse), 3300 K °
converted into electromagnetic waves (whether visible or not). Black body, 4000 K, ideal 47.5 7%
« eIn S, luminous efficacy has units of lumens per watt (Im/W). Class G star (Sun, Capella), 93 13.60%
Photopic luminous efficacy (daylight) has a maximum possible SRR .
value of 683 Im/W, for the case of monochromatic light at a Black body, 7000 K, ideal 95 14%
wavelength of 555nm (green). Scotopic luminous efficacy (night) Ideal monochromatic 683 100%
reaches a maximum of 1700 Im/W for narrowband light of source: 555 nm (in air)
wavelength 507 nm.
ELEC4105 Slide Set 4 13 ELEC4105 Slide Set 4 14
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Flux
LED Principles
« The lumen (Im) is the Sl unit of luminous flux, a . If forward bias V is applied » voltage drop mainly occurs across the
measure of the perceived power of light is equal depletion region » Built-in potential Vo is reduced to Vo-V. > Allow the
to the amount of light emitted per second in a electrons from n+ side to diffuse (or become injected), into the p-side
unit solid angle of one steradian from a Iight » The hole injection component from p- into n+ side is much smaller.
source of 1 candela. . The recombination of injected electrons in the depletion region as well
. . . as in the neutral p- side results in photons emission.
« Luminous flux differs from radiant flux, the o . o . . .
measure of the total power of Iight emitted, in . Recomblnatlon.mamly oceurs |n5|.de depletion region and Wlthl!’l a
. . . volume extending over the diffusion length Le of the electrons in the
that luminous flux is adjusted to reflect the p- side. Recombination zone is called active region.
varying sensitivity of the human eye to different » The phenomenon of light emission from EH pair recombination as
wavelengths of light result of minority carrier injection is called injection
electroluminescense.
ELEC4105 Slide Set 4 15 ELEC4105 Slide Set 4 16
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lllustration of typical planar surface emitting
LED Structure .
LED devices
« The p- side is on the surface from which light is emitted
as is therefore made narrow (a few microns) to allow Light output Light output
the photon to escape without being reabsorbed. / “ nsulator (aride)
. ) A Epataan] Invers Epitaaial layer
. The n-side is heavily doped to ensure that the most of £ : I
the recombination takes place in the p- side. " substrate
. The photons which are emitted toward the n- side T T T e -
become either absorbed or reflected back at the
substrate interface depending on the substrate Piayer grown spiially on fé;ilﬁ!‘}é’ﬁ&‘::‘:{i‘l.ﬂ;‘i‘:?:&ﬂé?&?lﬁm
thickness and the exact structure of the LED. i
ELEC4105 Slide Set 4 17 ELEC4105 Slide Set 4 18
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| Inner Workings of a LED , Radiative vs. Non-radiative Recombination
+ | -
|
| ! (@) Bres aliciion (b) Vibrating atoms (phonons)
s
p-type _H_ n-type
O O O e o @ ’
| Oc 00 PeCe g ¢ 6°
l Q /o 0O OQ ®—¢ o o °® l
hole electron
d
. ® ® ® @ @ ® @ conduction band
"3M prp———— Y Fig. 2.5. (a) Radiative bination of an el -hole pair accc ied by the
T emission of a photon with energy /v = Eg. (b) In non-radiative recombination events, the
............ - €5 band gap energy released during the electron-hole recombination is converted to phonons (adopted
0000000 58 (forbidden band) from Shockley, 1950).
—_— valence band
ELEC4105 slide Set 4 19 ELEC4105 Slide Set 4 20
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| Recombination Mechanisms , Radiative Recombination
(a) (b) i (c)
= © o e e |
E(« T
Tnon-rad Tnon-rad Trad Ef )=
| Ep —— ’ U=
| ® ET | _
Gais N doped GaP Al doped SiC
Phot: Lo GaP is an indirect bandgap semiconductor.  In Al doped 5:iC, EHP
Fig. 2.6. Band diagram illustrating non-radiative recombination: (a) via a deep level, (b) . dir::t:r::l’;;:; ™ When doped with nitrogen there is an recomhbination is
via an Auger process and (¢) radiative recombination. semiconductor electron trap at E,. Direct recombination through an acceptor
between a trapped electron at E, and a hole level like E .
emits a photon.
ELEC4105 Slide Set 4 21 ELEC4105 Slide Set 4 2
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, LED Electrical Basics , Diode IV Characteristics
Shockley equation for p-n junction diodes T e
( (D : \ 98 (@) Ge Ey=0.7eV
‘ (D, oV KT ~ () si Eg=l1eV
= oA ' ot + |Za ( ¢ —1 . b : d £
! Al o Poo + 2= M0 \€ z 06 oy of Gl Ly (© GaAs  Eg=ldeV
y Z £ L ) GaAsP  Fy=20eV
s GalnN Eg=29eV
| P 2 — 5 O ’ 'ﬁ 04 (e) Galn e o
- i ( LS o L
W . =
i {% ~p VTn Na 7 i 02 - Fig. 42. Room-temperature
- current—voltage characteristics
VKT ) of p-n junctions made from
= I (C‘ -1 ) 04 different semiconductors.
PPN SNUPERTE ANETIPIS APETITETT AT IR AT
0 0.5 1.0 1.5 2.0 2.5 30
Diode voltage 1 (V)
where [, is the saturation current
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, LED Structure , LED Structure
Colored O A generic surface-emitting LED.
& epoxy lens
Cathode » Some photons are lost by reabsorption in the bulk, Fresnel reflection
Glass window from the surface, and total internal reflection.
*Metal can
| Anode |
' Metal header A‘\ / S
| : | S
| : | P VTN ;
Glass insulator lead~frame — Active layer
Reflector /
Cathode Anode n
(-) ) * Led Chip
Epoxy lens
(a) (b)
ELEC4105 slide Set 4 25 ELEC4105 slide Set 4 26
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, LED Structure , Methods for Generating white light
100 Im/W (2005)
‘White Light White Light
Light o T g B g T
s ——— Eiadie doing POBRO® il e e BRERERE
semscondacion —— otpaoe.
* * * ® VW e gsielele
| s pn functicn |
| = | [ e |
‘ Electrodes Electrodss ‘
Some light suffers Internal reflections can be reduced An ic method of UV + Phosphors Blue + Phosphors
and hence more light can be collected  allowing more light to _ =
::#e];:rr:.r:d by shaping the semiconductorintoa  escape from the LED Is best CRI, _ lowest cost
cannot escape dome so that the angles of incidence  to encapsulate it in a - color uniformity - 100 Im/W
at the semiconductor-alr surface are  transparent plastic dome - low cosl - 90% markel share
smaller than the critical angle 5 good Emdelw - improve I'ellabllily
- highest cost
- tunable color
ELEC4105 slide Set 4 27 ELEC4105 slide Set 4 28
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, LED Materials , LED Materials
. i . . Positive nucleus of N is less shielded = conduction electron in the
: Ther.e are various direct bandgal.? Semlc.onc.luctor materials tl?at ca?l t.:e . neighborhood of an N atom will be attracted and may traped at this site. =
readily dopejd to make commercial pn juction LEDs that emit radiation in N atom then have localized energy levels. or electron traps, Ey, near the
the red and infrared range of wavelengths. conduction band (fig b).
* Class of commercial semiconductor materials that cover yisible spectrum is The trapped electron then can attract a hole in its vicinity = recombine
the III-V ternary alloys (three elements) based on alloying GaAs and GaP, with it and emit a photon.
l which are denoted as GaAs, Py | The emitted photon energy is slightly less than E,.
* When y < 0.45, this alloy is a direct bandgap semiconductor and hence the A ) . ) .
‘ T ) N ‘ The recombination process depends on N doping = less efficient.
EHP recombination process is direct (fig. a). .
| . | Mainly used from green. vellow, and orange LEDs.
* The emitted wavelengths are 630 nm (y = 0.45) — 870 nm (y = 0). . B .
oL L *  Two types of blue LED materials: GaN alloy (InGaN) and Al doped SiC.
+ For indirect bandgap, y > 0.45, EHP recombination processes occur .
L ) o . S * The localized energy level captures a hole from the valence band and a
through recombination centers and invlve lattice vibrations (phonon). X X X N :
Isoelectronic i iti b i o th Vasp) S conduction electron then recombines with this hole to emit a photon (fig ¢).
soelectromic impuraties, S‘Em as nitrogen (in the same group V as P) +  More efficient blue LEDs using direct bandgap compound IT-VI
some N atoms substitute for P atoms. . ¥
semiconductors, such as ZnSe.
ELEC4105 slide Set 4 29 ELEC4105 slide Set 4 30
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| s AT m:m'“.‘:'.,.w, |
, . ] , LED Materials
Aumnum phosphede (NGainP)
oty vt G
Gatien arsenide phosphide (GaASP)
Ornge (590 <A<610 | Adminum gallum indum phosphice (NGakP)
JOuumi) sheophids (0F) * Other various commercial direct bandgap semiconductor material that emit
|Galwem arsemsde phosphede (GaAsP) .
Yolow (SI0<A<S30  |Amnum gallum indem phosphide (NGaP) the red and infrared wavelengths: ternary. quartenary alloys based on IIT
Galum{l) phosphede (GaP) .
o — and V elements.
LE D s, leiaiiese wmﬂm‘mﬂ . Emmed radiation ranges from 640 — 870 nm (from deep red light to
Pure greea: infrared).
‘ M t H | T T 1 + External efficiency 1, .. of an LED: efficiency of conversion of electrical
B0 Acs00 | e (3C) a9 subsirte energy into an emitted external external energy.
Sicon (S() as substrae—under deveiopment
‘ Vit |400<A<450 indeum galkum ntride (nGaN) ‘ .
[ [l ot LEDS, _ P, (Optical) o
Pupie | mutipletypes [blue wth red phosphos T ectemal = —————x100%
|0 white with purple plastic IV
Diamend (235 nm)
Unriiet A < 400 ol oo RN * The input power: product of diode current and voltage.
| Adaminaum gallum nasde (NGaN)
\mmmmnﬁm—hu?m_
e wih one ot phosghe ayers |
Pk mutiple types. yelow with red, orange or pek phosphor a3ded aterwards,
| |orwht wth prik pment o ¢y
Whte |Broad spectum |BueUV dode with yelow phosphor
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, LED External Conversion Efficiency , LED Materials and Colour
The external power or conversion efficiency 5, is defined as
__Optical power output B _PL
“* " Electrical power input T Materials Wavelen. Colour
. . . . GalnN 370
One of the major factors reducing the external power efficiency 1s the loss of photons in e 50
exfracting the emitted photons which suffer reabsorption in the pn junction materials, GalnN =25 =
absorption outside the semiconductors and various reflections at interfaces. = Wavelength Ny Photon Energy
R . o InGaAlP/GaAs 562 Sl {nm) TH) )
The total light output power from a particular AlGaAs red LED 15 2.5 mW when the T /GaAs =2
current 1s 50 mA and the voltage 1 1.6 V. T GﬁaP =50 T violt 20749 i 2872
Calculate its external conversion efficiency. / . e g s Ao
InGaalP 644 B oy 485-500 600620 248-256
. GaAlAs/GaAs 660 B oreen 00 - 965 530 - 600 219 -248
Solution GaP 700 Yotiow 65~ 590 50 - 530 210-219
GaaAlAs 880 W orange 500- 626 480~ 810 198-210
P 254100 W GaAs 940 W re 625-750 400 - 480 165-198
Now =L =—T———=————— =0.03125=3.125 %
IV (50x107 A)(1.6 V)
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Historical Development of LEDs

3 06960 ,, 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

LT/ A B i e o e o S PR S
] T L T T T T T T TA ‘A*(A\A(!, ]
a
TVYNN
100 b= AiGalnP/GaP g AAQ (d) =
F - Linear fluorescent (orange} N B
50 | = Compact fluorescent ( a AT (a) (b) (c) =
o = AlGalnP/GaP ]
30k o« (red, orange, yeliow) Replacement LED bulb A
< 20| Unfitered € A (CCT=3000KCRI=90): |
g = incandescent v AIGaa’InFIGW {a) Philips Endura LED bulb
E 1oL~ Yellow fittered (red, orange) 10W,940Im i
i OH (lab. demonstration) E
g g (red) (b} Philips Endura LED bulb
10 W, 940 Im G
I - Red filtered Loy 1
E ol i Nosss/Gars (commercial product) |
3 L {c) Samsung / G7 LED bulb N
2
= - Thomas Edison’s " 9 W, 900 Im
5 first bulb e raion) (commercial product) _|
GaP:N (green) 55 (d} Cree LED bulb, 7.3W,
3 P
SE Gapizn0 (red) 3250 Imfub demey). 3
sk White LED (CCT=5150K): ]
¥ (e) Cree LED, 303 Im/W
02 GaAsP (red) (Iab. demonstration) 1
PR L) T I I RN I LIS PR AT (A SR e

7

I Quaternary alloy Example

‘ InGaAsP on InP substrate

The guaternary alloy Inp.x Gax Asi.y Py grown on an InP crystal substrate is a suitable
commercial semiconductor material for infrared LED and laser diode applications.
The device requires that the InGaasP layer is lattice matched to the InP crystal
substrate to avoid ervstal defects in the InGaAsP layver. This in turn requires that y =
2.2x. The bandgap energy Eg of the alloy in eV is given by the empirical relationship:
Ep=1.35 - 0.72y + 0.12y2

Caleulate the composon of InGaAsE alloy for peak emission wavelength of 1.3 pm.

0 =x =047

1 (h= 6.626x10- Jg, KgT' = 00259 ¢V at 300K, ¢ = 3x10° m/fs, g = 1.6x107° ()

‘ The photon energy at peak emission is: % = E; + KgT inJoules
he

Rewriting equation in ¢V: £, i 0.0259 where & = LAX106m, T =300K
6626 % 107 3r10®
. 5 c
By = St — 00259 = 0.928 eV

The InGaAsP alloy must therefore satisfy: 0.928 = 1.35 = 0,72y + 0.12y%
0.12y2 - 0.72y + 0422 = 0
Bolving: v = 0,66 and x = 0,66/2.2 = 0.3

The quaternary alloy compaosition is Ing -Gap.3As0,34Po.6s

ELEC4105 Slide Set 4 36
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Radiation Pattern

LED radiation pattern

LED Symbols

Generic Schottky Shockley  Constant current
A—’i— K A—H— K A—H— K A—% K

20 w20
Zener Light-emitting Photo- Step recovery
Ao a6° > AnLED is a directional light source, with i e “'@\: « “'@C ¢ m e
the maximum emitted power in the St side
i J direction perpendicular to the emittin:
:, ; surface. perp ¢ anode (+) | | cathode (-)

N . - Tseres Tunnel Varactor PIN Vacuum tube

» The typical radiation pattern shows that o
most of the energy is emitted within 20°of A —P]— % A~k x A—PR K
the direction of maximum light.

» Some packages for LEDs include plastic A = Anode
lenses to spread the light for a greater
angle of visibility. K = Cathode

c W H
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Light Emitting Diode Types LED Spectral Patterns
LIGHT
\ Peak wavelength (1546 nm)

CONNECTIONS

Structure of a surface-emitting diode, Structure of an edge-emitting diode

Easy to fabricate Less modulation bandwidth  Difficult to fabricate Better modulation bandwidth

Easy to mount and handle Less optical power coupling  Difficult to mount and More optical power coupling

into low NA fiber handle into low NA fiber
Require less critical Light emitted from surface ~ Need critical tolerance on Light emitted from edge of
tolerances of active layer fabrication active layer
Less Reliable Wider spectral width Highly Reliable Narrow spectral width

Lower system performance  Maximum Internal Quantum  Higher system performance  Internal Quantum Efficiency
Efficiency is up to 60% is in the range of 60 to 80%

ELEC4105 Slide Set 4 39
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Spectral widths
broaden with
increasing wavelength

Relative output power

1480 1520 1560 1600 1640

Wavelength (nm)
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Optical Fibre coupling for Surface Emitting
LED

Fiber (malimods)
Fibar
Epouy resin o Mcrolens (Ti; 04510, glass)
Efched well
l— Double heterosmctare
5i0, (insulasor)
Elecmode

Light is coupled from a surface
emitting LED into a multimode fiber
using an index matching epoxy. The
fiber is bonded to the LED structure.

A microlens focuses diverging light
from a surface emitting LED into a
multimode optical fiber.

ELEC4105 Slide Set 4 41
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Surface Emitting LED Optical Coupling

Fiber

Circular

etched well Bonding material

Metalization

N
Substrate

Si0y isolation

heterojunction
layers

}’ Double-

Confi <

layers m

SiD; isolation | / I

Metalization \

Heat sink / \
/

\Cir\:ular metal contact

Active region
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Burrus Type LED Edge Emitting LED
A Burrus-type LED. This one uses a Double Heterostructure to confine the
carriers, making recombination more efficient. The etched opening in the LED
helps align and couple an optical fiber.

Q In an Edge-emitting LED, the higher-index active layer acts as a waveguide for
photons traveling at less than the critical angle.

]
ical
Op:ihef » GaAs
Iactive hiyer)
\r 1
0 AlGaAs
_pGaAs —
(active layer) |P Ak;w Q:\
pGaas
(cap)
Insulator
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Optical Fibre Coupling in Edge Emitted LED

differert modes. um Vl‘ﬂn‘.‘ m!nunu‘
|‘\ . 1833g 1401 oBAong 125
b @~ — © ©
3 Light from an Edge emitting LED is coupled into a fiber typically by \__ S e e "

using a lens or a GRIN rod lens

Step-index multimode fibers are mostly used for
imaging and illumination. Graded-index multimode
fibers are used for data communications and

Lans GRIN-red \ networks carrying signals moderate distances -
ELED Nultimods fiber ELED e Simgle mode fiber \ typieallysno m“v;gmszna :owle of kilometers
=& — =L

Active laver

Gradaddrdex Makimode Fiber

GRIN = Gradient Index
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Fibre Coupling Efficiency 5338 %gg & ale
i 1 B &
LED.Fiber coupling Efficiency s.ﬁg ggg% ' ._,g B2
8)  Ttis found that approximately 200 {W is covpled it a moltimade step index fiber Egﬁg gy 2|, % A2 Bl
from a surface emuthng LED when the curreat 15 75 maA and the voltage across the LED k) ga g 'E E-: Eo F sls
is about 1.5 V. What is the overall efficiency of operation” _gg; g‘g ggg- ol 2 =E s e
3 - 2% 1 g ] 2 ;
b) Expenments are corned out on couplmg hight from a 1310 nm ELED-Edge emtting LED! § ig‘géé :gg P ..: s é"-' g é
in mulnmode and single mode fibers zéa 1k igg 1o e s SE_‘ )
(i) At oom temperature, when the ELED current is 120 mA. the veltage is 13 V and E 8 5‘5 B ‘EE 2 1 £ G
light power coupled fato o 30 tan multimode fiber with NA = 0.2 15 48 yW, : Eﬁ "i;! g;ﬁ,’i g E“': |8 ‘-? 5
What i5 the overall efficiency? | ¥ ey i - = Gl B
(u) Atroom temperature, when the ELED current 15 120 mA, the voltage 15 1.3 V and é!; AEE E % 'EEE- Eg— ] .5 "!'J tE
light power coupled into 8 |im single mode fiber 33 7 W, HA SEED G QE_ s ¢ B
What is the overall afficiency? ; §-§§§ £ o "‘Eai E 2‘3 0 | N 2 v
L @ W =R L) o ‘:‘_ P D8
e A I EERS i s34 . ,|_- s
PRREE UL | R T T B2ss J‘E " E il B
T As V) gass ! » i b3 ] [ |
oo B a0t W Ejg g aﬁégg 3 -é ¢ ¢ n
o™ T T XI0Y AXLI V) - 00007 &Eg—ii (1 I
- T - g = !
W, B TH0tW - 0.0045% =3t E E E 83 g
Tt = 7= 120 %107 AN13 V) -:'sHE’ 5 'E.:'i E ¥ 78 8 g
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Light Sources Contents
Lasers
— Basic Principles
— Applications
Gas Lasers
LASER Sem!conductor Lasers ) )
Semiconductor Lasers in Optical Networks
Improvement in Basic Design
Recent Advances
ELEC4105 Slide Set 5 2
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Lasers: Basic Principle Properties of LASERS
Light A S E R © Monochromaticity
Key Terms:
v © Coherence
— Stimulated Emission .
© Beam Divergence
— Metastable State . )
: . © High Irradiance
— Population Inversion
. Properties vary with type of Lasers:
- Gas, Solid, Semiconductor
ELEC4105 Slide Set 5 ELEC4105 Slide Set 5 4
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Spontaneous vs. Stimulated Emission Spontaneous vs. Stimulated Emission
. . * Two possibilities of emission (an electron moves/transits down in
An electron in an atom can be excited from one energy level E1 energy to an unoccupied energy level -> emits a photon)
to a higher energy level E2 by absorption - photon absorption + Spontaneous
hv=E2-E1. Note:vislowercase nu representing frequency. « Induced (Stimulated)
¢ Spontaneous emission: random direction -> random photon.
E, * Transition for E2 to E1 as if the electron is oscillating with a frequency v
ho E,
£
'EI
ELEC4105 Slide Set 5 ELEC4105 Slide Set 5 6
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Spontaneous vs. Stimulated Emission Spontaneous vs. Stimulated Emission
* Stimulated emission: incoming photon of energy hv = E2—- E1 * Although we consider transitions of an electron in an atom,
stimulates the whole emission process by inducing the we could have just well described photon absorption,
electron at E2 to transit down to E1. spontaneous and stimulated emission in term of energy
* Emitted photon: in phase, same direction, same polarization, transitions of the atom itself in which case E1 and E2
same energy with incoming photon -> two outgoing photons. represent the energy levels of the atom.
* To obtain stimulated emission = the incoming photon should * Consider the collection of atoms to amplify light - we must
not be absorbed by another atom at E1. have the majority of atoms at the energy level E2. Otherwise
the incoming photon will be absorbed by the atom at E1.
- E * Population inversion: more atoms at E2 than at E1.
;“; * In steady state incoming photon will cause as many upward
hu In ) excitations as downward stimulated emissions - for only two
2 Crat K .
W energy levels = we can never achieve atom population at E2
. o greater than E1.
‘EI
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Lasers: Basic Principle Lasers: Basic Principle
Absorption and Radiation Processes
E( p : Density of State )
E, Boltzmann Distribution
B —— E,
E\ — Random phoetons  Coherent photons M Px " =p, f(E| )= II[.!1‘?[—0:1—1:_“ kT
] n, p. ' - (EeE
o ;«b: .h.v - > J\I{,\VH, E C _"191 n,=p, f(E,)= pz‘-'l (B
np —V \\> S\ in phase Thermal Equilibrium
E, —.# _ f(t-:):”zpi _ plFEERT] ["1]:["1 ]‘,[-m:-:,nn
Thermal Absorption Spontaneous  Stimulated F(E) mp, p:) \p
Equilibrium (Excitation) Emission Emission
e (23]
. (o . .
= If [p;]b[p.J can be achieved by pumping,
P AT <0 (negative temperature P{qufﬂﬁan inversion )
ELEC4105 Slide Set 5 9 ELEC4105 Slide Set 5 10
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Lasers: Basic Principle Lasers: Basic Principle
“Negative’ Temperature concept
Question: What negative temperature would describe a system in which the AbSOI'ptIOI'I and Radiation Processes
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: A L f\la.wu Mmoo exeliest siatn P i
%ﬁﬂ’_c“-h} frw E o= Boity mas coru e
J__( %:'_)"'{Ex B )/h T = Termpurrabuse . T >
.0 T, o v 1y s e o ;nhinnr photons
T g b i . n phase
o W I
Exifo« 2w f M. i sea in phase Same energy
Aasesgarte N 7 1T,
BT P Stimulated Same direction
2 xioE et wre) L P
freex® ar] jhi( Emission Same polarization
J' T - —a.-T5 AT kK
Aruwsen:- Mgasive Finporna bune o FIEABEE o 20 eoitt duenibe
a Ao
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Laser: Basic Principle | Laser: Basic Principle |
? ‘ Lasing Action ‘
4-Level Laser Example 3-Level Laser Example
E4t Py
,’T Fastrelaxation Sponteneous - & \i%n{&“’ —
E ey
3 Upper laser level o "'mmﬁ E PO
Population Tnersion g Laser transition Stmusted A ||
E — Lowerluver eVt
2 -—rg werleser E] K K
Festrelaxation  Spontencous Atoms in the ground  Atoms at E, rapidly decay As the states at E, are
state are pumped up 1o the metastable state at  long-lived, they quickly
to the energy level E; energy level E; by become populated and
by incoming photons  emitting photens or there is a
E1 Grouna state o:energy hv,y=E+E, emitting lattice vibrations; between E,
hvy, =E-E, and E,.
Basic requirement for La§|ng actuo.n: : ) A random photon (from a spontaneous decay) of energy hva=E £, can
Merastable state, Population inversion, Optical resonant cavily initiate stimulated emission. Photons from this stimulated emission can
th further sti iS5 leading to an he of
issions and photens being emitted.
ELEC4105 Slide Set 5 13 ELEC4105 Slide Set 5 14
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Laser: Basic Principle | | Optical Fibre Amplifier | |
Enersy Energy e Alight signal traveling long distances will suffer attenuation.
-> It is necessary to regenerate the light signal at certain
3 intervals for long haul communications over several
3 A thousand miles.
‘ Fast * Practical optical amplifier is based on the erbium ion (Er3+)
Fast 2 doped fiber amplifier (EDFA).
2 ) * The core region of an optical fiber is doped with Er3+ or with
p I _ Pump Laser neodymium ion (Nd3+).
ump ASE] 1 * The host fiber material is a glass based on SiO,-GeO, or
1 0 :Fa-‘il Al,O;. - Easily fused to a single mode long distance optical
fiber by technique called splicing.
3 Energy levels laser 4 Energy levels laser
ELEC4105 Slide Set 5 15 ELEC4105 Slide Set 5 16
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Optical Fibre Amplifier | Optical Fibre Amplifier |
*© Er3+ _has eljergy level as indicated in t.he figure b_elow. e The accumulated Er3* ions at E2 leads to a population inversion
e Er3+is optically pumped from laser diode to excite them to E3. between E2 and E1
. IThe IE:31+O|ons decay rapidly from E3 to E2 (long-lived) energy « Signal photons at 1550 nm have energy of 0.80 eV (E2 — E1),
el':/ed TS' Encrgy of the Er'* on and give rise to stimulated Enetgy of the EX* ion
. The decay from E3 to E2 in the glass fiber transitions of Er3* ions i the glass fiber
involves energy losses by h from E2 to E1
radiation-less transition 150 eV e B . o 34 v
(ph ission) L7 ey — E, Meanwhlle, any E.r ions ]"“ \\ £
phonon emission). . left at E1will absorb in = ’
S . Non-radiative decay . . Tee .. Non-radiative decay
050 Puinp N incoming 1550 nm s Pulnp
um 0.80 eV 5 980 nm 0.80 eV T
UTATYY g 1550 nm " 1550mm photons to reach E2. ALY, o g 1550 nm " 15%0m
AN | AN AVAYL e
In W Out In VAV o 8
0 E, 0 £
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Optical Fibre Amplifier

EDFA: Er-doped Optical Amplifier

Energy of the Er 7 ion
in the glass fiber

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).

A
1.59 ¢V | £ Energy of the Er' ion
1.27eV — E; e The net optical gain Gop: in the glass fiber
e . Non-radiative decay where K is a constant
e ; 154 eV EY,
980mm | Pump g g4 oy E, Stimulated emission Whl(:h. depends Pn the 127 eV — E;
J‘U\/W_.' 1550 nm 1550 nm pumping mtenSIty “'--HI\'on-mdiali\'cd:cn)'
n 'f\/'\_/—'" Out Gop = K(N2-N1) ogonm | Pump oo Y
. AN 1550 nm 1550 nm
0 i AR o
. . N . . . . In
Energy diagram for the EF™ ion in the glass fiber medium and light amplificatior 0 E
by stimulated emission fromF, to Ey. Dashed arrows indicate radiationless !
transitions (energy emission by lattice vibrations)
ELEC4105 Slide Set 5 19 ELEC4105 Slide Set 5 20
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Optical Fibre Amplifier || o 1
P P Laser: Basic Principle
| |
Er edoped | |
fiber (10 - 20 m) | |
Optical Wavelength-selective Optical ] |
Signal in pbior coupler Syhrr( (7 !sqh" BOMIOE Goal ot
— 1 I T — .
A= 1550 nm S=1ss0m o Excited atom
@ Ground atom
Pllll]p et diode Termination
A =080
A simplified schematic illustration of an EDFA (optical amplifier). The <
erbinm-ion doped fiber is pumped by feeding the light from a laser pranp LASER
diode, through a coupler, into the erbinm ion doped fiber, - - —
OUTPUT
* 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 v
light from propagating back or forward into the communication system. Rear mirror Surmulated photons l u Output mirmor
* Energy level E1, E2, and E3 are not single unit levels, but rather consists of (Totally reflecting) (Partially reflecting)
closely spaced collection of several levels - range of stimulated transitions Fangom pholans
from E2 to E1 (1525 — 1565 nm) with 40 nm optical bandwidth - wavelength ALASER SYSTEM
division multiplexed system (WDM) systems.
ELEC4105 Slide Set 5 21 ELEC4105 Slide Set 5 22
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Laser: Gas Lasers ' Laser: Gas Lasers ‘
| | |
He-Ne Lasers | | He-Ne Lasers |
| He Nl: |
) X 14.1y| Collisions (37 5s1)
Flat mirror Concave mirror 20,61 ¢V o R 632.5 nm
(Reflectivity = 0.999) (Reflectivity = 0.985) 'y Lasing emission
5a 1
Farar thi . (2p73p7)
Very thin tube « . A Fast spontanecus decay
} I Ll "1"-.600 nm
i ] L (0% )
Laser heam Electron impact &
He-Ne gas mixture
ﬁ Collisions with the walls
U The principle of operation of the
He-Ne laser. He-Ne laser energy
Current regulated HV DC/RF power supply levels (for 632.8 nm emission).
He atom to become excited by collision with drifting electrons 2 ] 6
b S o (1s7) (2p )
Grownd states— He-Ne laser energy diagram
ELEC4105 Slide Set 5 23 ELEC4105 Slide Set 5 24
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Laser: Gas Lasers

Various Lasing Transitions in the He-Ne laser

Ne

He
(1st2sh)

(1s'25h)

1.

Electron impad

20.6 8V
Collsions.

195eV

(2p°55)

E=

Fast sponsaneous decay

Overall Efficiency

. Optical Power Output
Overall efficiency —;P;_—p % 100%
Electrical Power Input

Typical commercial He-Ne laser characteristics
Wavelength 543.5 [594.1 |612 632.8 1523
(nm)

Green [Yellow Red  |[Infrared
Optical output 1.5 2 4 5 it

power (mW) |
Tvpical current 6.5 6.5 6.5 6.5 6

P S
— (mA) - — —_—
P Typical voltage 2750 2070 2070|1910 3380
. ' 5 Overall 0.0084 [0.015 [0.030 [0.040 [0.005
@ as) & efficiency = % % % % 7
‘H‘H"c.rund \me('/ Pm r“" i |
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Laser: Gas Lasers Laser: He-Ne Gas Lasers
Ar*-ion Lasers
Energy « By using dc or RF high voltage, electrical discharge is
A Art-ion laser energy diagram - obtained within the tube which causes the He atoms to
4p levels become excited by collisions with the drifting electrons,
AR 4ss.0mm He+e — He +e
_~;\V\A¢ 514.5nm « The excited He atom, He’, cannot spontaneously emit a
4s photon = large number of He™ atoms build up during the
electrical discharge.
) 72 um = When He’ collides with a Ne atom, it transfers its energy
Pumping to the Ne atom by resonance energy exchange.
15.75 eV— —_— ArT ion He™ + Ne — He + Ne’
1d stat L .
sroundstate * A spontaneous emission of a photon from one Ne™ atom
gives rise to an avalanche of stimulated emission
process = lasing emission with a wavelength 632.8 nm
Ar atom .
0 in the red.
ground state
ELEC4105 Slide Set 5 27 ELEC4105 Slide Set 5 28
\_; ——— — \_; —— —
F —————— IH-L —————

ELEC4105

g

.

Gas Laser Output Spectrum

« Doppler effect - resulting the broadening of the
- emitted spectrum - output radiation from gas laser

covers a spectrum of wavelengths with a central peak.
Given the average K.E. of (3/2)kT, radiation freq. u, (as
source frequency), due to Doppler effect, when gas atom
is moving away from the observer, the latter detects a

lower frequency v, v,
y=u|l-—

where v, is the relative velocity of the atom along the
laser tube (x-axis) with respect to observer.
When atom moving towards the observer, the detected

freq u, is higher:

v, = u,[l+i]
- ¢

Slide Set 5

29

Gas Laser Output Spectrum

+ Since the atoms are in random motion the observer will

__detect a range of frequencies due to Doppler effect.

« Resulting the frequency or wavelength of the output
radiation from a gas laser will have a *linewidth” Av = v,
= v;. Itis called Doppler broadened linewidth.

« - Stimulated emission wavelength of lasing medium or
optical gain has distribution around i, = c/u,.

» The full width at half maximum FWHM in the output
intensity vs. frequency spectrum is:

—_—

2kT In(2)
Oprical Gain &L’l,-l = 2UD —
Mec*
(a) Dopp]cl. . .
¥ broadening where M is mass of lasing atom
or molecule
i
ELEC4105 slide Set 5 30
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" 4 ¢/’
| |
. Gas Laser Output Spectrum . Gas Laser Output Spectrum
= Let consider an optical cavity of length L with parallel )
_end mirrors (etalon — Fabry-Perot optical resonator). + The laser output thus has broad spectrum with peaks at
el R . -_certain wavelengths corresponding to various cavity
AR modes existing within the Doppler broadened optical
ﬂ'\f\ﬁﬁﬁﬁﬁf‘n gain
Stationary EM oscillations
Mirror Mirror (a)
= Any standing wave in the cavity must have an integer
’ number of half-wavelengths 3/2 that fit into the cavity I ,
‘ length L, ) '
‘ A where m is mode number ‘
m 3 =L ofthe standing wave. J—
owed Oscillations (Caviry Modes)
miA =L B
- Cavity mode: each possible standing wave within the ™ A Semtooary EM i
cavity (laser tube) which satisfy the above equation. - .
« Axial (longitudinal) modes: existing modes along the The output spectrum is determined by satisfying (a) and (b)
cavity axis. simultaneously.
ELEC4105 Slide Set 5 31 ELEC4105 Slide Set 5 32
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. Gas Laser Output Spectrum . Optical Gain
optical galn curve Optical gain between
= FWHM points Cavity modes
B \ B
S & H i MNumber of laser modes
&l i E (a) : Smodes  depends on how the
’ = I . Cawt_v I_l'lDdeS_iI“ETSECI
o ‘ 2 the optical gain curve.
| Allowsd Osciliztions {Cavity Worles) E oL In this case we are
‘ S = ‘ HE looking at modes
X = P 4modes  within the linewidth
SN £ ®) HE A
<Ll stationary EM oscillations [~ I | | I
;[ "‘”":” L Output Spectrum A
A
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. Optical Gain | Example
Fabry-Perot laser spectrum
A typical low power 5SmW He-Ne laser tube operate
at a DC voltage of 2000V and carrier a current of 7mA
. What is the efficiency of the laser?
’ ‘ Solution:
‘ ‘ Efficiency=output light power/Input Electric power
=5 x 10*W/(7 x 101-3A)(2000V)
=0.036%
Note that 5SmW over a beam diameter of 1mm is
6.4kW/m=2
Wanclrgth {nmb
ELEC4105 Slide Set 5 35 ELEC4105 Slide Set 5 36
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& P
Example Solution
a The central emission frequency is
4.2 The He-Ne Laser A particular He-Ne laser W= e/ = (3x10° m 57 / (632.8x10° m) = 4.7dx 104 s,
operating at 632.8 nm has a tube that is 50 cm long. The FWHM width of the frequencies A w12 observed will be given by Eq. (3)
' : o — 10 p
The opera_tlng temperature is 130 °C _ ' _ Aews —20 2D _2(_1_?_1&10.4)11’2(1_3?‘10 1(‘13(1+..?)11i2)
a Estimate the Doppler broadened linewidth (A4 in M (3:35x1077)(3 10
the output spectrum. = 1515 GHz
b What are the mode number 77 values that
satisfy the resonant cavity condition? How many modes To get FWHM wavelength width A4y, differentiate
are therefore allowed? J= c/v
c What is the separation A1, in the frequencies of o _ i
the modes? What is the mode separation A4, in v vw
wavelength 50 that Advr = Atnal=A0 = (1.515%10° Hz)(632.8<107 m) / (4.74=10% &)
or Adyz = 2.02¢10% mor 0.00202 nm.
This width 15 between the half-points of the spectrum.
ELEC4105 Slide Set 5 37 ELEC4105 Slide Set 5 38
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Solution Laser Beam Divergence
b For A= A= 632.8 nm. the comesponding mode number e is.
e = 2L A= (20,5 m) / (632.8<10% m) = 1580278.1 T
and actual mt- has to be the closest integer value fo 15802781, that 15 1580278 Laser t adlatlou
Consider the mini and lengths ¢ ling 1o the ext of the AT"
spectrum at the half-power points:
Ay = A, —hAAL™ 632798987
and Ao = 4, + HAA= 632801012 Laser tube
3 The freq ; 10m Ak of two v modes is
Aty =t -ty = A:.-_ _?: =+_j=L{
m=1) m
ar J[J_—L—m =3x10" Hz
2L 2(0.5%)
Thewavelength sepuiation of two consecutive medss is The output laser beam has a divergence characterized by
. A (e328-107% " . .
Ba=l™ 20s - H00HXITTmor 04004 pm. the angle 26 (highly exaggerated in the figure)
Note: Ar=Ltane. What is the diameter of the beam at a distance
Modes o Linewidth of spectrum A4y | 202 pm of 10m, if divergence is lmrad?
Separation of two modes A4, 04004 pm
ELEC4105 Slide Set 5 39 ELEC4105 Slide Set 5 40
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Optical Cavity Resonator Laser Oscillator
. (N: =N and P,
Reflecting N -N, P, = Lasing output power
surface (N3 = Ny froemeemmres e el --- Threshold population
R, ° : inversion
o Py P, Reflecting
surface
I Pallrat H
N . . > Pump rate
""" Steady state EM oscillations ----Cavity axis--- x 1
I, Threshold pump rate
A~
I > Ry Simplified description of a laser oscillator. (V2 — N|) and
coherent output power (Py) vs. pump rate under continuous
wave steady state operation.
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Photodetectors
Photodiodes
ELEC4105 Slide Set 6
ELEC4105 Slide Set 6 3 ELEC4105 Slide Set 6

Photo-detectors: Principle of the P-N junction photo-diod — . . .
oro-detectors: Principle of the BN Junction photo-dioce Principle of pn junction photodiode

O Schematic diagram of a reverse

biased p-n junction photodiode Vout (a) Reversed biased pn junction

photodiode.
* Annular electrode to allow
photon to enter the device.

»>Photocurrent is depend on
number of EHP and drift velocity.

>The electrode do not inject —No—
carriers but allow excess carriers
in the ple to leave and b

collected by the battery. Je Electrode * Anti-reflection coating (Si,N,)
— to reduce the reflection.
. P epletion
0 Net space charge across the diode net " region « The pside thick

in the depletion region. N, and N, g T The p*-side thickness <1 pm.
are the donor and acceptor e 5
concentrations in the p and n
sides. (b) Net space charge

en distribution, within SCL.

2

ELEC4105 slide set 6
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Photo-detectors: Principle of the p-n junction Photo-diode

QO oOperation of a photo-diode

(b) Energy band diagram under reverse bias.

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

(c) Carrier absorption characteristics.

ELEC4105 Slide Set 6

Photodetectors: Principle of the p-n junction Photo-diode

U A generic photo-diode

ELEC4105 Slide Set 6

Photodetectors: Principle of the p-n junction Photo-diode

QVariation 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 x, is defined as the depth at which
the photon flux is reduced to e of its surface value.

ELEC4105 Slide Set 6

Photo-detectors: RAMO’s Theorem and External Photo-current

» An EHP is photogenerated at x = I. The electron and the hole drift in opposite directions with

drift velocities v, and v,.
> The electron arrives at time t,,,,,, = (L-1)/v, and the hole arrives at time t,, = l/v,.

Lonoro(t)

ev, ev, ev,

T (T*T)
' Tonono(t)
Semi duct 'photo’
s, emiconductor JArea = Charge = e

- O‘e’V é Lotectron | )
electron tmls“_l ﬁ

t
0 ewl ew/lL
x i)
teleclmn isleumn (l)
t - photocurrent
il R C)
t t t
Slide Set 6 10
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Photo-detectors: RAMO’s Theorem and External Photo-current

» As the electron and hole drift, each generates i, q,(t) and i,(t).
»> The total photocurrent is the sum of hole and electron photocurrents each
lasting a duration t, and t, respectively.

te(t)=L— and th(t)=|— Transit time

-1
v, vy,
Work done=e-Edx=V -ie(t)dt/@! v, ﬁA
L S\

—

ie(t)=%; t<t, i(t)=""r: t<t, Photocurrent

The collected charge is not

te . .
Qeotectes = Io 'e(t)dt +I0 'h(t)dt @ 2e but just “one electron”.

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

Ramo’s Theorem

i(t)=ev+_(t); t<t

transit

ELEC4105 Slide Set 6 11

Photo-detectors: Absorption Coefficient & Photo-diode Materials

0 Absorbed Photon create Electron-Hole Pair.

A, [pm]= 1.24 Cut-off wavelength
’ E,[eV]  vs. Energy bandgap

Q Incident photons become absorbed as they travel in the
semiconductor and light intensity decays exponentially with

distance into the semiconductor.

I(x)=1,- ef@  Absorption coefficient

ELEC4105 Slide Set 6 12
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Absorption Coefficient

<~— Photon energy (eV)
7 3 2 1 99 08 07
| ) 1

* Absorption

. . . 1108 3
coefficient « is a E
material property. ]
<107 < Ing 7,Gag 3AS) 64P
* Most of the photon '3 TS0
absorption (63%) . INg 55Getg 4rAS
occurs over a 1,106 o
distance 1/« (it is ) 3
called penetration 1
11052
depth s) 3 '
b H
] \
1404 5 '
3 \
3 \
] H
\
1408 +————T—T——T 1T
0.2 04 0.6 08 1.0 12 14 16 18
Wavelength (pm)
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Photo-detectors: Absorption Coefficient & Photo-diode Materials

O Absorption The indirect-gap materials are shown with a broken line.
“— Photon energy (eV)

4
1x1055?l|?r|||}2r| - }Ulg S
1x10'7
E ]
5 1x10§
= 3
2 1
&= 7
T 1x10°
o E
c ]
2
2 4
IS 4
g 1x107
g 3
< 3
3
B30 Ry oy e e e B B
02 04 06 08 10 12 14 16 18
Wavelength (mm)
ELEC4105 Slide Set 6 14

Absorption Coefficient

m

* Direct bandgap semiconductors (GaAs,

InAs, InP, GaSb, InGaAs, GaAsSb), the c
photon absorption does not require
assistant from lattice vibrations. The Ec 4

photon is absorbed and the electronis > %% Eyg
\

excited directly from the VB to CB F
without a change in its k-vector (crystal e
momentum hKk), since photon

-k K

-~~~ Photon

momentum is very small.

K

(a) GaAs (Direct bandgap)
s — Kys = photon momentum~ 0

= Absorption coefficient « for direct band-gap semiconductors rise
sharply with decreasing wavelength from A, (GaAs and InP).

ELEC4105 Slide Set 6 15

Absorption Coefficient

* Indirect band-gap semiconductors
(Si and Ge), the photon absorption
requires assistant from lattice
vibrations (phonon). If K is wave
vector of lattice wave, then hK '7/\ “E

Photon —~~_ -
represents the momentum / ,,,,, eV
associated with lattice vibration j w;
>[Kisa phonon momentum.

-k k

Indirect Bandgap, Eq

(b) Si (Indirect bandgap)
ks — *kyz = phonon momentum= °K

= Thus the probability of photon absorption is not as high asin a
direct transition and the A, is not as sharp as for direct band-gap
semiconductors.

16
ELEC4105 Slide Set 6 16

Photo-detectors: Absorption Coefficient & Photo-diode Materials

Photon absorption in Photon absorption in

adirect bandgap semiconductor. an indirect bandgap semiconductor
E E
A

\/ﬁ,/\/
ECT Indirect Bandgap

Direct Bandgap  E, ]44\/\/‘ Photon

Ev¢ . Photon “W->/1 i =
" <L
B Phonons
>k &k €

& < > k
ELEC4105 slide Set 6 17

Photo-detectors: Quantum Efficiency and Responsivity

Q External Quantum Efficiency

_ Number of EHP geberated and collected lph/e
- Number of incidnet photons ~ Ry/hv

QO Responsivity

Photocurrent (A) I

= Incident Optical Power (W) - Py

Rep & =ptt .
=n hy =M. Spectral Responsivity

ELEC4105 Slide Set 6 18
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Photo-detectors

O Responsivity vs. wavelength for a typical Si photo-diode

17
0.9 ;
; 0.8 ] Ideal Photodiode i
< 0.7 QE = 100% (= 1)
2 0.6 i
S 1 !
2 ]
§_ 0.4 '19
& 0.3 Si Photodiode
0.2
0.1
O T T 1 T 1 1 T T T T II
0 200 400 600 800 1000 1200
Wavelength (nm)
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The pin Photo-diode

* The pn junction photo-diode has two ... 5"
draw

Electrode

D | layer capacitance is not
sutticiently small to allow photodetection S0 n'
at high modulation frequencies (RC time =)
constant limitation).

P

N nost a few microns) =
lo i incident photons are N T
absorbed outside SCL = low QE (b)

* The pin photo-diode can significantly
reduce these problems.

N,

B Intrinsic layer has less doping and wider region (5 — 50 pm).

20
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Photo-detectors: PIN Photo-diode

Photo-detectors: PIN Photo-diode

O Reverse-biased p-i-n photodiode  Q pin energy-band diagram

Reverse bias
voltage

T T Photogencrated
» . cloctron

i n Bndgwk,  p O
Depletion layer Load \
resistor ¥
— !
et | — | — @ ® = !
|
;

— Conduction band
Power o O— {_Conduction bund_
Eleetron Carrier drift Hole. Photon ___ | é
diffusion diffusion R A
Photogenerated
hole
|
L——‘V—‘l Jo—Depletion region—  Yalenee band
Q pin photodiode circuit |
Bias voltuge R, Load
" & rosistor
Photodiode Output
Hole Electron
®— —0
I
Photon
ELEC4105 Slide Set 6 21

O Schematic diagram of pin photodiode )
In contrast to pn junction

built-in-field is uniform

Sio
Electrode | Electrode ()
X
it
Prct
eNg
X
1, A
! R \im
,eNaf

> Small depletion layer capacitance gives high modulation frequencies.

» High Quantum efficiency.

ELEC4105 Slide Set 6 22

Photo-detectors: PIN Photo-diode

» 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.

+

p i-Si
Diffusion] ™
hv>E; e - E
7/ -
[(f)f' Drift

ELEC4105 Slide Set 6 23

Photo-detectors: PIN Photo-diode

p-i-n diode

(a) The structure;

(b) equilibrium energy band diagram;

(c) energy band diagram under reverse bias.

ELEC4105 Slide Set 6 24
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Photo-detectors: PIN Photo-diode

O The responsivity of PIN photodiodes

1.0

=
=

Responsivity (A/W)
b

]
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Photo-detectors: Photo-conductive Detectors and Gain

O Quantum efficiency versus wavelength for various photo-detectors

ELEC4105 Slide Set 6

Photo-detectors: PIN Photo-diode

O Junction capacitance of pin

C. = SDSrA » Small capacitance: High modulation frequency
dep W > RC,, time constant is ~ 50 psec.
0 Electric field of biased pin O Response time
v,V 0
E=EU+_"~_" tdriﬂ_v
W w
Ve = HE

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 pm, the drift time is about is about 0.1 nsec.
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Photo-detectors: PIN Photo-diode

Q Drift velocity vs. electric field for holes and electrons in Silicon.

105
T% 3 Electron
w -
E 104 4
> 10 E Hole
S 3
o i
(5]
> 3 ]
g 1073
= E
a 3
L e
104 105 108 107
Electric field (V m?)
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A i pin photodiode has an -5 layer of width 20 pm. The p* layer on the illumination side is very
thin (0.1 jum). The pin is reverse biased by a voltage of 100V and then illuminated with a very short
optical pulse of wavelength 900 nm, What is the duration of the photocurrent if absorption occurs
over the whole i-Si layer?

Solution  The absorption coeffictent at 900 mm s ~3 X 10° m s that the absorption depth is
~33 wm as apparent in Figure 5.3. We can assume that absorption and hence photogeneration
occurs over the entire width W of the i-Si layer. The field in the i-Si layer is

ExV/W = (100V)/(20 X 10%m) = 5 X 10°Vm™,

At this field the electron drift velocity v, is very near its saturation at 10° m 5™, whereas the
hole drift velocity v, is about 7 X 10*ms™ as shown in Figure 5.7, Holes are slightly slower than
the electrons. The transit time f, of holes across the i-Si layer is

ty= Wi = (20 X 10%m)/(7 X 10ms™) = 286 X 1075 01 03 ns.
This is the response time of the pin as determined by the transit time of the slowest carri-
ers, holes, across the i-Si layer. To improve the response time the width of the i-5i layer has to be

narrowed but this decreases the quantity of absorbed photons and hence reduces the responsiv-
ity. There is therefore a trade off between speed and responsivity.
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A reverse biased pin photodiode is illuminated with a short wavelength photon that is absorbed
very near the surface as shown in Figure 5.8 The photogenerated electron has to diffuse to the de-
pletion region where it is swept into the i-layer and drifted across. What is the speed of response
of this photodiode if the i-Si layer is 20 pm and the p” layer is 1 pm and the applied voltage is
120V'? The diffusion coefficient {D,) of electrons in the heavily doped p* region is approximate-
Ir3 ® 10— m?s™

* i-5i FIGURE 5.8 A reverse biased pin
isil it witha
short wavelength photon that is ab-
sorbed very near the surface, The
electron has to dif-
fuse to the depletion region where it
is swept into the i-layer and drifted

Sotution  There is no electric field in the p* side outside the depletion region as shown in Fig-
ure 5.8. The photogenerated electrons have to make it across to the #™ side to give rise to a pho-
tocurrent. In the p” side, the electrons move by diffusion. In time £, an electron, on average, diffuses
a distance ¢ given by®

€ = [2D.a]?

The diffiusion gime Ly is the time it takes for an electron to diffuse across the p* side (of
length €) to reach the depletion layer is

fas = €/(2D,) = (1 > 10°m)*/{2(3 x 10* m*s~)] = 1.67 X 10~ s or 1.67 ns.

On the other hand, onee the electron reaches the depletion region, it becomes drifted across
the width W of the i-Si layer at the saturation drift velocity since the electric field here is
E = V/W = 120WV,/20 pm = 6 X 10° V m " and at this field the electron drift velocity v, saturates
at 10° m s The driff time across the i-Si layer is

fagn = W/v, = (20 x 10 m)/(1 % 10°m s7') = 2.0 X 10* s or 0.2 ns.

Thus, the response time of the pin to a pulse of short i thatis
near the surfacs is about fyy + fauy oF 1.87 ns.
ELEC4105 Slide Set 6
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) Example
A 8i pin photodiode has an active light receiving area of diameter 0.4 mm. When radiation of I
wavelength 700 nm (red light) and intensity 0.1 mW ¢m™ is incident it generates a photocurrent
of 56.6 nA. What is the responsivity and QE of the photodiode at 700 nm? -
Solution The incident light intensity / = 0.1 mW cm™ means that the incident power for con-
version is I
(b)
3 3 2 7 i S —— U
P, = Al = 7002 cm)}{! % 107 Wem™2) = 1.26 x 107 W or 0.126 pW. :
« nd.
The responsivity is
R = L,/P, = (566 x 107 A)/(1.26 X 107 W) = 045 AW Solution
The QE can b found from (a) ( -= 600 nm, we need £ = hv = E_ so that,
he (662 X 107 5)(3 X 10°ms™) - 1 A=(6.626x10" ] s)(3x10° m 5)/(600x10° m) = 2.07 eV
=R = (045 AW = 0.80 = 80%
n=Rg={ ) (1.6 x 107 C)(700 X 10 m) -
(b) 4 x107 em? and 1, = 20107 W/enr®,
1 wer is
I = (5107 em?)(20x 107 W/em?) = 10 W
N, = number of photons arriving per second =
= (107 W)/(2.059x1.60218x V)
=2.9787x10" photons s = z.v/5/x10" EHP s
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Example Example
1 1
:the '
I ole 1
I
fen LU PHULUUCICL LT UFC 3THMMLIVE U LT § AUt fEwin & Lrasad 1asce . vy Il!"‘-’ - dhu
Solution
(¢) For GaAs, £_=1.42 eV and the corresponding wavelength 56261004 ] (@ the intensity of incoming radiation (enerey flowing per unit area per
s)3x108 m s)/(1.42 eVx L= 10" JeV) =873 nm (invisible mngth of ! ¥ II ng II i ( ll‘by ing per uni ) pc
emitted radiation due to EHP recombination is 873 nm. wewwnd), I exp(=a d') is the transmitted intensitv through the specimen with
thickness o and thus [, exp(—a d ) is the “ab "intensity
(d) For Si, E_ = 1.1 eV and the corresponding cut-off wavelen; =hel E =
(6,626 10 J 8)(3=10° m s')/(1.1 eVx 162107 JeV) = 1120 nm
Since the 873 nm wavelength is shorter than the cut-off wavelength of 1120 nm, the Si
photodetector can detect the 873 nm radiation (Put differently, the photon energy
col 7, of Si which mean that the
Si
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Example Example
1 1
ark
| . {a) ice
(b) For Ge,a= 5.2 x 10 mr' at 1.5 pm incident radiation. (b) the
s 1—exp(-a-d)=0.9
1 1 1 1 Responsivity (A/W)
d=— In( J = < In[ ] =4.428x107"m = 4.428 um 1
a \1-09) 52x10° \1-09 q
0.
s L e O The responsivity of an InGaAs
For In Ga, As, a= 7.5 x 10° m' at 1.5 gm incident radiation. pin photodiode
d=— o[ L) =3.07x10m = 3.07m e
= 25x10° 1209/ =8 - 1000 1200 1400 . ._00
Wavelength (nm)
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Solution

(a) AtA=1.55x10°m, from the responsivity vs. wavelength curve we have
R ~ 0.87 A/W. From the definition of responsivity,

Photocurrent (A) _

~ Incident Optical Power (W) Py

lw 21 2x5x10°(A)
p =t Sdak 2RV RSY VY _115nW
wehave  Fo = = TR T 087 AIW)

From the definitions of quantum efficiency 7 and responsivity,

e ed
R=p—=pn2
ﬂhu 'Ihc
—34 8
"= het;l'?:(6.62x10 J-sec)(3x10 m/s)(O.87A/W)=0.70 (70%)

(1.6x10™°coul)(1.55%10™°m)

Note the following dimensional identities: A=Cs?and W=] s sothat AW'=CJ.
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) AtA4=1.3x10° m, from the responsivity vs. wavelength curve, R = 0.82 A/W.
Since P is the same and 11.5 nW as in (a),
I =R-P,=(0.82 A/W)(1.15nW)=9.43nA
The QEat4A=1.3 pmis

_hcR _ (6.62x107*J -sec)(3x10°m/s)(0.82A/W)

ed (1.6x10™coul)(1.3x10°m)

~0.78 (78 %)
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Photo-detectors: Avalanche Photo-diode (APD)

+g -
= Q Impact ionization processes resulting
Electrode | -SIO, 'WD avalanche multiplication
hvo>E, ﬂoﬁr —— —
v e
NN~ p| = _ * © g
ﬁ | o
L E - d % Lo
s €
Pt Electrode J %%Ko
np °p ¥4
+ Avalanche region
e
X =%
E/
E
h
- X
eAbf:grlz:on} > Impact of an energetic electron's kinetic energy
Avalanche region excites VB electron to the CV.
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Photo detectors: Avalanche Photo-diode (APD)

O Schematic diagram of typical Si APD.

Electrode
Anti-reflection coating

I W o ring
g
n Avalanche breakdown =
ot o
< < <
Substrate Substrate
Electrode
Si APD structure without a More practical Si APD
guard ring

»> Breakdown voltage around periphery is higher and avalanche is
confined more to illuminated region (n*p junction).
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Photodetectors

Solar Cell

*  Solar energy spectrum
° Photovoltaic device principles

I-V Characteristics

ELEC4105 Slide Set 7

Solar Energy Spectrum

Photovoltaic devices (solar cells) convert the incident solar
radiation energy into electrical energy.

Absorbed photons = photogeneration < current (photo-
current) in external circuit

Power range: from < mW (calculator) to few MW (photovoltaic
power generation) *°

50 Black body radiation at 6000 K
Spectral = i iR

Intensity
dW em 2 (um)! H‘I .

1.5

or 1.0 "
kW m-2 (um)-! f
0.5 o
ol —_—
0 4 0.6
Waversugn
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Solar Energy Spectrum

+ Spectral intensity I,: Intensity per wavelength.
+ [,0A: intensity in a small interval 6A.
« Total intensity I: integration of I, over the whole spectrum.

* Solar constant or air-mass zero (AMO0): the total intensity
above earth’s atmosphere, approx. constant at 1.353 kW m™.

25

20 FAN—— Black bodv radiation a1 6000 K.

Spectral
Intensity i5
dW cm2 (um)-! L5
or 1.0 I
kW m2 (pmy!
05
04 06 20
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Solar Energy Spectrum
On sunny day, light intensity on earth’s surface is about 70% of
the intensity above the atmosphere.
Absorption and scattering effects increase with the sun beam’s
path through the atmosphere.
The shortest path through the atmosphere is when the sun is
directly above that location and the received spectrum is
called air mass one (AM1).
Air mass m (AMm): the ratio of the actual radiation path h to
the shortest path h,, m =h/h,. J, |

Since h = hsec8, AMm is ' /
AMsec8.
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Solar Energy Spectrum

* The spectral distribution AM1.5 has several sharp absorption
peaks at certain wavelengths which are due to those
wavelength being absorbed by various molecule in the
atmosphere, such as ozone, air, and water vapor molecules.

* Dust particles scatter the sun light - reduces the intensity
and gives rise to the sun’s rays arriving at random angle.

25

, 2wt nody radiation at 6000 K

Spectral < 0

Intensity s )

dW eme2 (pm)! AMLS
or 1.0

kW m2 (um)!
0.5

o
[ Y

N EE
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Solar Energy Spectrum
Thus, the terrestrial light has a diffuse

component in addition to direct
component.
= =

Cloud and sun position = increase
diffuse component = spectrum shifted
toward the blue light.

Scattering also increase with decreasing wavelength.

On a clear day, diffusion component can be about 20% of the
total radiation.

The amount of incident radiation depends on the position of
the sun. Flat photovoltaic device flat will receive less solar
energy by factor cos8. However it can be tilted to directly face
the sun to maximize the collection efficiency.
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PV Modules have efficiencies approaching 17%

PV Cells have efficiencies approaching 21.5%
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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 E,.

. Neutral Neutral
® FElectrode at n-side mregon  E, e
must allow 1o

ri H
3 i i Long :K\/¥
1llurn1n2'1t1on to enter - -3
the device and at the  egiums. L

Back
electrode

same time result in a

small series resistance. shotx ~\_~ :

. . Finger ——>] >t

L] ThlS electrode 1S electrode

formed from array of
finger electrodes.

! Depletion
region
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Photovoltaic Device Principles

Photons are absorbed in SCL within the neutral p-side (1) =
photogenerated EHP in this region.
The electron drifts and reaches the neutral n' side whereupon it

Photovoltaic Device Principles

Therefore the existence of built-in field E, is important to

create accumulated electrons in the n-side and holes in the p-
side.

makes this region negative by an ~= ==t =€ -t-meme - * For long wavelength pho*-=~ > absorbed in the neutral p-side
® Similarly, hole drifts and - = no E field > diffusion ;
reaches the neutral p-side ® Minority carrier — T m
and thereby makes this diffusion length L. -
side positive -> open M ok :
circuit voltage between clectrode L =y2Dz, - H
terminals of the device. s ® 1 recombination lifetim
= [f there is external load, / :H of electron. i - i “o— |
e]:ectraﬁ will tdravel . — : = D,: diffusion coefficient ow L i L
through it and recombine — in the p-si Py : d ;
with the excess holes in p- LE=PV— in the p-side. -
s;.-l,. - o "+ Ip*:
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Role of Diffusion Length Role of hole diffusion length and s/c current
’ lOn]y those EHP_S photoginera]l‘lted w1{:h1.n tt;: L. to the depletion * For EHPs photogenerated by short-wavelength photons
ayer can contribute to the photovoltaic effect. absorbed in the n-side, within "™ “on length L,, can reach
+ Those photogenerated EHPs further away from SCL than L, are SCL and swept across to the p-
nnnnn | PEPRIERS ey —
lost by - ' The photogenerated of EHPs th itribute to the
" ’]fhus, 11 -ax) photovoltaic effect occurs in a 20f L, + W+L,
ava & . fan s
. [ | absorpti
¢ 4 ’ ® If the terminals are shorted 1\ ) 20:_\%2;2::
: vy vuvoing S ~ . then the excess electrons in — .
1 0 be p-type the n-side can flow through -
\ . electrons to . o the external circuit to —_— §
) — - neutralize the excess holes
) | M- T £ in the p-side -> this current
si > the hole diffusion - is called photocurrent. LA i
length, ke -
I
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Photovoltaic Device Principles Device optimization and carrier losses
° Under steady state operation = no net current through an * For long wavelengths, 1 - 1.2 ym, a is small = absorption
open circuit solar cell - Photocurrent inside the device due to depth 1/a is typically greater than 100 pm. > Need a thick p-
photo generated carriers must be balanced by a flow of side and long minority carrier diffusion length L.
carriers in the opposite direction. nowd N ® Thus, p-side is 200 - 500 ym N
= Those are minority - = DlﬁUSIZ:eglon and L, is shorter than that. ' [ | absorption
carriers that become | «Lﬂ/& " SihasE,=1leV-> |Micm
injected by the I~ > x

Medium %

Back
electrode

appearance of the
photovoltaic voltage g0
across the pn Finger
. . . electrode
junction as in normal

diode.

! Depletion
| region
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correspond to a threshold
vt e - The ’ :
i1 i
W cexpse S then -
W ). |

P »sorbed and o L L
recombined near the B ' :
crystal surface - losses. ot
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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.

ELEC4105 Slide Set 7 19

Solar Cells Materials, Devices & Efficiencies

100% Incident radiation

* For a given solar spectrum,
conversion efficiency depends on the x0.74 e ientphoronenergy
semiconductor material properties ’
and the device structure.

. . . . . Excessive photon energy
Si based solar cell efficiencies 18% for Near surface EHP recombination

polycrystalline and 22 - 24% for =08 ho>Eq
single crystal devices.

° About 25% solar energy is wasted > — Colletion effcency of photans
not enough energy - unable to
generate EHPs. 0.6 Vo = (06E(ekg)
° Considering all losses, the maximum 085 FF~085
electrical output power is ~20% for a | e eficiency
high efficiency Si solar cell. 7 ~21%
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Solar Cells Materials, Devices & Efficiencies

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

Inverted pyramid textured surface substantially reduces reflection
losses and increases absorption probability in the device
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Solar Cells Materials, Devices & Efficiencies

* Semiconductor alloy I1I-V = different bandgap with the same
lattice constant = Heterojunction.

_p- . um
ace
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Solar Cells Materials, Devices & Efficiencies
° Example n-AlGaAs with p-GaAs.

AN > ()

x@f ()
Y &
N4

A heterojunction solar cell between two different bandgap
semiconductors (GaAs and AlGaAs)
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Solar Cells Materials, Devices & Efficiencies

* To further increase the absorbed photons = tandem or
cascade cells (use t " “atandem), such as GaAs -
Gasb.

maMN1 7 MmN iC ~ L X\
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This question paper contains 4 questions and 5 pages.
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ATTEMPT ALL FOUR QUESTIONS

QUESTION 1: (25 MARKS)

a) Describe two mechanisms by which electrons can be excited from the valence band to the
conduction band?
(4 marks)

b) Given that the direct-band gap energy for Gallium Nitride (GaN) is 3.4 eV at room
temperature, calculate the phonon energy and phonon momentum that you can expect
from such a material with a lattice constant of 3.186 A and velocity of sound of 5x10° m/s.

(3+2 marks)

c) Given a P-type semiconductor with Na and Np atom concentrations of 8x10" cm? and
3x10° cmrespectively, calculate the electron concentration assuming n; = 1.4x10" cm™.
(3 marks)

d) What do you understand by the Fermi Level of a crystal? According to the Fermi-Dirac
function, what is the temperature at which there is 1% probability that a state, with an
energy 0.5 eV above the Fermi energy, will be occupied by an electron?

(7 marks)

e) Given a piece of N-type silicon at 0 °C,
i. Calculate the thermal velocity of an electron with an effective mass of 1.18m, and a
mobility of 0.25 m2V-'s™",
ii. What is the electric field that needs to be applied to make the electron drift at a
velocity of 1000 ms™'?
(4+2 marks)
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QUESTION 2: (25 Marks)

a)

b

-

9)

d

-

e)

Describe five advantages of LED lighting over conventional incandescent lighting.
(5 marks)

State two impairments that reduces the radiant flux of a surface-emitting LED. lllustrate
one way how any one of these impairments may be addressed?
(4 marks)

lllustrate how white light can be generated using a blue Gallium Nitride (GaN) LED.
(3 marks)

Find the composition of the quaternary alloy In,..Ga.4s,P.., for making semiconductor LEDs

operating at 1.27pm. The bandgap energy Eg of the quartenary alloy in eV is then given
by the empirical relationship E, = 1.35- 0.72y + 0. E._N where y=2.2x.
(6 marks)

Given a particular Gallium Nitride (GaN) Edge-emitting LED drawing a current 50 mA
when the voltage is 1.5 V and operating at 450 nm wavelength with light power of 5 pyW
coupled with a 9 um single-mode fibre.

i)  What is the colour of the light emitted from the LED?

Calculate the overall efficiency of the LED.

) Calculate its internal quantum efficiency given that T, = 50ns and T, = 70 ns.
iv) Hence, calculate the internal optical power generated by the LED.

(1+2+1+3 marks)
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QUESTION 3: (25 Marks)

a) State four general properties of lasers.
(4 marks)
b) Describe why 'population inversion' is a necessary condition for sustained lasing action?
(4 marks)
c) Consider a 400 mW nitrogen-carbon dioxide laser operating at 10.6 pm. The operating
temperature is 350 °C and the current is 20 mA. (Mass of CO; molecule= 7.16x10" kg)

Energy
& Transfer (001)
0.3 eV . T4
F 3
10.6 pun

— E3

=

2

8

i

] E2

=

w

El
Nitrogen Carbon Dioxide
& 100 cm |
I |
|
3000 V
Cathode Anode

' D)
b7 Gas Out K— Gasli
Mirror X
Vacuum nOw
Pump W_ru

i) Calculate the energy value at level E3 in eV and state which level is meta-stable?

i) Describe Mirror X in the diagram above and calculate the efficiency of the laser?
ii) Estimate the Doppler broadened linewidth (Av) in the output spectrum.

iv) What are the mode number m values that satisfy the resonant cavity condition?
v) What are the mode separations in frequency (Av,) and wavelength (A4,)?

(4+3+4+2+4 marks)
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QUESTION 4: (25 Marks)

a) State six desirable requirements of a generic photo-detector.

(6 marks)

b) A gallium arsenide pin photo-diode has an intrinsic layer of width 1 pm. The diode is

o
~

o
—

)
~

reverse-biased by a voltage of 3 V and then illuminated with short optical pulse of
wavelength 800 nm.
i) Deduce the penetration depth to know if absorption will occur across the whole width.
i) Calculate the electric field across the intrinsic layer width.
ii) Estimate the electron drift velocity.
iv) Estimate the duration of the photo-current across the whole width of the diode.

(4x2 marks)

A photo-diode has an active circular area with radius 2 mm. When radiation of wavelength
800 nm and intensity 0.25 mW/cm? is incident it generates a photo-current of 0.3 pA.
What is the responsivity and quantum efficiency of the photo-diode at 800 nm?

(4+2 marks)

A 0.5 cm?photo-detector is shone with 850 nm light of intensity 75 mW/cm?. Assume that
each photon generates one EHP, calculate the number of EH pairs created per second.
(3 marks)

What is the thickness of a Germanium crystal layer that is needed for absorbing 85% of

the incident radiation at 1 pm?

(2 marks)

**END OF EXAM PAPER***
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ATTEMPT ALL FOUR QUESTIONS QUESTION 2: (25 Marks)

QUESTION 1: (25 MARKS) a) Describe five advantages of LED lighting over conventional incandescent lighting.

(5 marks)
a) Describe three mechanisms by which electrons can be excited from the valence band to
the conduction band? b) Describe two ways to reduce loss of radiant flux in an LED due to total internal reflection
(6 marks) of photons at the output interface.
(4 marks)
b) Given that the band gap energy for Indium Phosphide (InP) is 1.344 eV at 300K, calculate
the photon momentum that you can expect from such a material. c) Explain how white light can be generated using a UV LED.
(3 marks) (3 marks)
c) Given a N-type semiconductor with Na and Np concentrations of 1x10” atoms cm™ and d) Find the composition of the quaternary alloy /n,.Ga.As,.P, for making semiconductor
x10'° cm™ respectively, calculate the electron concentration assuming n; = 1.4x10"cm?. s operating at 1.5um. The bandgap energy Eg of the quartenary alloy in eV is then
3x10"cm? tivel Iculate the elect trati i 1.4x10"%cm® LED. ti t1.5 The band Eg of th rt lloy in eV is th
(3 marks) _ . . 5
given by the empirical relationship Eg = 1.35 - 0.72y + 0.12y“ where x=0.5y.
d) What do you understand by the Fermi Level of a crystal? According to the Fermi-Dirac (6 marks)
function, at what temperature can we expect a 40% probability that electrons in Gold will
have an energy which is 5% above the Fermi level? (Er (Gold) = 5.5 eV) e) Given a particular Gallium Nitride (GaN) LED drawing a current 75 mA when the voltage is
(6 marks) 3 V with an external conversion efficiency of 10% and operating at 400 nm wavelength.
i) What is the colour of the light emitted from the LED?
e) An electron is moving in a piece of lightly doped silicon under an applied field at 27 °C so ii) Calculate its external optical power output.
that its drift velocity is one-tenth of its thermal velocity. ii) Calculate its internal quantum efficiency given that 7, = 35ns and T, =50 ns.
i. Calculate the average number of collisions it will experience while drifting a region iv) Hence, calculate the internal optical power generated by the LED.
1um wide given m,* = 0.26m, and electron mobility = 0.1414 m?V-'s™". (1+2+1+3 marks)

i. What is the applied voltage across this region?
(5+2 marks)
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QUESTION 3: (25 Marks) QUESTION 4: (25 Marks)

a) State four general properties of lasers. a) State five desirable requirements of a generic photo-detector.

(4 marks) (5 marks)
b) Why is 'population inversion' necessary for sustained lasing action?
(4 marks) b) Describe two drawbacks that are addressed by pin photo-diode compared to conventional
c) Consider a hypothetical Er3* doped optical fibre amplifier (EDFA) below: pn junction photo-diode.
Energy of the Er3+ (2 marks)
ion in the glass
| fibre c) An AlGaAs/GaAs pin photo-diode has an intrinsic GaAs layer of width 1 ym. The p*layer is
very small at 10 ym. The diode is reverse-biased by a voltage of 1.75 V and then
xev .. & illuminated with short optical pulse of wavelength 700 nm.
Pump ,/.‘ i) Estimate the absorption coefficient of the photo-diode.
0.8V = i) Deduce the penetration depth to know if absorption will occur across the whole width.
um::.m:u — Y nm i) Calculate the electric field across the intrinsic layer width
N— | = = m our iv) Estimate the hole drift velocity
v) Hence, calculate the duration of the photo-current across the whole width of the diode.
Et (241+2+1+2 marks)
i) Calculate the value of Xin eV at level E3. d) A photo-diode has an active light receiving area of 15 mm? When radiation of wavelength
i) Describe what happens between level E3 and E2 as shown by the dotted arrow? 650 nm and intensity 0.5 mW/cm? is incident on it, it generates a photo-current of 0.2 pA.
) Calculate the value of Y in nm between level E2 and E1? What is the responsivity and quantum efficiency of the photo-diode at 650 nm?
(2+4+2 marks) (3+2 marks)

d) A particular 2 Watt Krypton laser operating at 400 nm has a tube that is 30 cm long. The e) A 0.5 cm?photo-detector is irradiated with 750 nm light of intensity 75 mW/cm?2. Assuming
operating temperature is at 400 K at a voltage of 110 V drawing a current of of 10 A. that each photon generates one EHP, calculate the number of pairs created per second.

- -25
(Mass of Krypton atom = 1.39x10% kg) (3 marks)

. . .. o
) Whatis the efficiency of the laser’ f) What is the thickness of a Germanium crystal layer that is needed for absorbing 75% of

Estimate the Doppler broadened linewidth (Av) in the output spectrum. the incident radiation at 1.5 ym? (For Ge, a = 5.2 x10° m™ at 1.5 um incident radiation)

i) What are the mode number m values that satisfy the resonant cavity condition?
(2 marks)

iv) What are the mode separations in frequency (Avn) and wavelength (AAm)?

(1+3+1+4 marks) **END OF EXAM PAPER***
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QUESTION 1: (25 MARKS)

a) Describe two mechanisms by which electrons can be excited from the valence band to the
conduction band?
(4 marks)

b) Given that the direct-band gap energy for Zinc Phosphide (Zns;P,) is 1.5 eV at room
temperature, calculate the phonon energy and momentum that you can expect from such

a material with a lattice constant of 8.0889 A and velocity of sound of 330 m/s.
(3+2 marks)

c) Given a n-type semiconductor with Na and Np atom concentrations of 3x10° cm™ and
7x10" ecm respectively, calculate the hole concentration assuming n; = 1.4x10" cm™.
(3 marks)

d) What do you understand by the Fermi Level of a crystal? According to the Fermi-Dirac
function, what is the temperature at which there is 5% probability that a state, with an
energy 0.5 eV above the Fermi energy, will be occupied by an electron?

(7 marks)

e) Given a piece of p-type silicon at 300 °K,
i. Calculate the thermal velocity of a hole with an effective mass of 1.15m, and a
mobility of 0.045 m2V-'s™.
ii. What is the electric field that needs to be applied to make a hole drift at a velocity of
90 ms™?

(4+2 marks)
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QUESTION 2: (25 Marks)

a) Describe three advantages of LED lighting over conventional incandescent lighting.

b)

o
~

)
~

(3 marks)

State two impairments that reduces the radiant flux of a surface-emitting LED. lllustrate
one way how any one of these impairments may be addressed?
(4 marks)

lllustrate how white light can be generated using a Blue Gallium Nitride (GaN) LED. Give
two advantages of this technique.

(3+2 marks)

The bangap energy Eg in eV for In;.. Ga As, Py, |attice-matched to InP is given by the
empirical relationship E, = 1.35- 0.72y + Q.Eew where y=2.15(1-x). Calculate the fraction

of Gallium suitable for a 1.15 pm emitter.
(6 marks)

Given a particular Indium Gallium Aluminium Phosphide (InGaAIP) edge-emitting LED
drawing a current 50 mA when the voltage is 1.5 V and operating at 560 nm wavelength
with optical power that is coupled in a multi-mode fibre through a lens is 1.5 mW.

i) What is the colour of the light emitted from the LED?

i) Calculate the overall efficiency of the LED.

) Calculate its internal quantum efficiency given that 7, = 15 ns and T, = 40 ns.
iv) Hence, calculate the internal optical power generated by the LED.

(1+2+1+3 marks)
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QUESTION 3: (25 Marks)

a) State four general properties of lasers.

(4 marks)

b) Describe why 'population inversion' is a necessary condition for sustained lasing action?

(4 marks)

c) Consider a hypothetical Ytterbium Doped optical Fibre Amplifier (YDFA) below:

Energy of the Yb3+

A

\ fibre

ionin the glass

1140 nmj|

Pump|

E3

i) Calculate the value of X in eV at level E3.

i) Which level is the meta-stable state?

) Explain what happens between level E3 and E2 as shown by the slanted dotted arrow.

iv) Calculate the value of Y in nm between level E2 and E17?

(2+1+3+2 marks)

d) A particular 50 W Krypton-Fluoride laser operating at 248 nm has a tube that is 50 cm

long. The operating temperature is at 75 °C. It operates at a voltage of 2 kV and carries a

current of 500 mA. (Mass of an Krypton atom = 1.39x10% kg)

i) What is the efficiency of the laser?

i) Estimate the Doppler broadened linewidth (Av) in the output spectrum.

iii) What are the mode number m values that satisfy the resonant cavity condition?

iv) What are the mode separations in frequency (Av,) and wavelength (A4,.)?

(1+3+1+4 marks)
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QUESTION 4: (25 Marks)

a)

b)

o
~

o
—

)
-

State five desirable requirements of a generic photo-detector.
(5 marks)

A silicon pin photo-diode has an intrinsic layer of width 20 ym. The p*layer is very small at
0.5 uym. The diode is reverse-biased by a voltage of 100 V and then illuminated with short
optical pulse of wavelength 900 nm.

i) Estimate the absorption coefficient of the photo-diode.

i) Deduce the penetration depth to know if absorption will occur across the whole width.

) Calculate the electric field across the intrinsic layer width

iv) Estimate the hole drift velocity

v) Hence, calculate the duration of the photo-current across the whole width of the diode.
(2+2+2+2+2 marks)

A photo-diode has an active light receiving area with diameter 1 mm. When radiation of

wavelength 900 nm and intensity 0.3 mW/cm? is incident it generates a photo-current of

0.25 pA. What is the responsivity and quantum efficiency of the photo-diode at 900 nm?
(3+2 marks)

A 0.5 cm? photo-detector is irradiated with 840 nm light of intensity 40 mW/cm?. Assuming
that each photon generates one EHP, calculate the number of pairs created per second.
(3 marks)

What is the thickness of a Germanium crystal layer that is needed for absorbing 90% of
the incident radiation at 1.5 um? (For Ge, a = 5.2 x10° m™ at 1.5 um incident radiation)

(2 marks)

**END OF EXAM PAPER***
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Constants:
h=6.626 x103* m?kg/s
Vr=kT/q=25mV @ 300K
g=1.6x101C
k=1.38x1023 J/K
mp =9.1x1031 kg
c=3x108 m/s
Ny =6.02x1023 mol?

Miscellaneous Formulae:

n=p=n;

1
f(E) = mﬁ. VT e

1
Pr=5[Na—Np+ [(Ng—Np)?+4nf]

1s = nqVaA

3kT

Vin =

2kTIn2
Mc?

hc
A

_ Rhe
Nint = 1

NHE
Po
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Appendix - ELEC4105

<— Photon energy (eV)

I 0.9 08 0.7
w 1 1 L

1x10%

1107

Ing 53Gay 47As

54

1x106

1l

a(ml)

1x103

1l

1104

_x_o»._._____._____.
02 0.4 0.6 1.0 1.2 1.4 L6 L

Wavelength (um)

108

T=300K
— Electrons
= === Holes

Carrier drift velocity (cm/s)

10* 10°
Electric field (V/cm)
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