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Introduction to
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Semiconductor lasers have important
applications in:
communications,

signal processing and medicine,
including optical interconnects,
RF links,

CD ROM,

gyroscopes,

surgery,

printers,

and photocopying

By: Dr. Jabbari
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Wavelength Division Multiplexing
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Increasing transmission capacity in optical fiber
communication systems:

a laying new fibers
costly

0 Increasing the effective bandwidth of existing
fibers

- Increasing the bit rate
- Increasing the number of wavelengths on a fiber

By: Dr. Jabbari
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Time Division Multiplexing(TDM)
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Signal Code ™~ fiber

from a

single-laser - Mux ’.‘*’.‘*’ TDM
wavelength  _

SDH is the standardized TDM based hierarchial
model where the following transmission rates

are defined:
STM-1: 155 Mbps
STM-4: 622 Mbps
STM-16: 2.5 Gbps
STM-64: 10 Gbps
STM-256: 40 Gbps

Gigabit Ethernet: 1 Gbps, 10 Gbps

By: Dr. Jabbari
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problems for high bit rates

- complex and costly
- chromatic dispersion
- nonlinear effects

- Polarization Mode Dispersion

11
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using:
Wavelength Division Multiplexing(WDM)
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fiber 30 Ghis

combining many wavelength onto a single fiber
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number of wavelength channels > 16
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L OO 000 A
5r QO O Qs
L OAUN QUK

12




Optoelectronic 1

s a—a
T 60

3 3T ol&iatd

Cwd g 9o

G. 692 standard: 81 channel in C band (1530-1565 nm)
Channel spacing= 50 GHz(0.4 nm)

1460-1530 S-band

1260-1360 O-band

Standard water pea O = Onginal
E = Extended
S = Short
G = Conventional
L =Long
U = Ultra-long

Attenuation (dBfkm)

Low water peak fiber

Wavelength {pum)

By: Dr. Jabbari
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central frequencies{wavelengths) for 100 GHz spacing

f.=193.1+mx0.1THz
A, =1332.52nm+ mx 0.8nm

central frequencies(wavelengths) for 50 GHz spacing

S, =193.1+ mx0.05THz
A =135252nm+ mx0.4nm

Channel Spacing(GHz): 400, 200, 100, 50, 25, 12.5

Channel Number:4, 8, 16, 32, 64, 128, 256, 512

14
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transmission capacity growth
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# WDM-channels
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Channel bitrate (Gb/s)
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Optical Fiber
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the transmission of light in optical fiber is commonly
explained using the principle of 7Total Internal
Reflection.

Acceptance or.
cfitical cone P

> -
--------
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. cladding
0., = arcsm( ]

e Confinement angle is the maximum angle that a
ray of light can have, measured with respect to

the axis of the fiber, in order to propagate in the
fiber.

e From geometry:

— 0ON°
gconﬁnement T ecrit =90

By: Dr. Jabbari -
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Acceptance Angle

e Total angle over which light in the air at the end of
the fiber can propagate into the fiber.

e Often the half-acceptance angle is used.
— Angle measured from axis of the fiber

sin Hhalf—acceptance = NA

[ 2 2
NA o \/ncore o ncladd
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Multimode

(Core diameter: 50 or 62.5 um Cladding diameter: 125 um)
Step-index
Graded-index

refractive

MM-SI
Multi-Mode
Step Index

MM-GI
Multi-Mode
Graded Index

By: Dr. Jabbari
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Single-mode
(Core diameter: 8-12 um Cladding diameter: 125 um)
If the fiber core is very narrow compared to the
wavelength of the light in use then the light cannot

travel in different modes and thus the fiber is called
“single-mode” or "monomode”.

refractive
|index

SM
Single-Mode - e mac T Smes ] ]

21
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Limitations in Fibers

Attenuation

- Absorption, Scattering

Dispersion

- Modal, Chromatic, PMD

Nonlinear effects
- SPM, XPM, FWM, SBS, SRS

By: Dr. Jabbari
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e Optical attenuation is the loss of signal
strength due to transmission along the fiber.

e Attenuation in optical fiber is caused by intrinsic
factors, primarily scattering and
absorption, and by extrinsic factors,
including stress from the manufacturing

process,
bending.
e Light can
tightly or

the environment, and physical

eak from a fiber that is coiled too
Kinked

e Microbends inside fiber jacket also cause losses

By: Dr. Jabbari
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P AbsorEtion

ST olsists caused by:

- intrinsic properties of the material
- Impurities
- atomic defects in the glass
Varies depending on wavelength

peak at 1400 nm due to the OH -ions in the fiber y

By: Dr. Jabbari
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Scatterin?
ayleigh scattering:

caused by small variations in the density of
glass as it cools

Causes a change in direction which usually causes

light to escape from the core

- more scattering at shorter wavelengths
Scattering varies inversely with 4th power of wavelength

2 —

25
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e Losses due to Attenuation profile

absorption and
scattering add . o

e The primary § s . Rayleigh
factors affecting %
attenuation in

optical fibers are
the length of the
fiber and the
wavelength of the
light.

10 log B
POM[ 26
L

By: Dr. Jabbari Loss(dB/unit length) =
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1460-1530 S-band

1260-1360 O-band .

Standard water peak fib O = Onginal
E = Extended
S = Short
G = Conventional
L =Long
U = Ultra-long

Attenuation (dBfkm)

Low water peak fiber —

Wavelength {pum)
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— o Even, the laser light consists of a range of
wavelengths.

e Modulation of the light also increases its
bandwidth.

e Different wavelengths propagate at slightly
different velocities in a fiber.

e A short pulse will become longer due to pulse
spreading (dispersion).

e When dispersion is too large, pulses run
together.

28
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=& When dispersion is too large, pulses interfere
with each other.

Max. opt. power

Amplitude

By: Dr. Jabbari

The received opt. power
- 4 determines the recovered
bit stream: 1?11

Receiver threshold
uncertainty

Bit-stream at launching in fiber
Bits widened after some travel in fiber
Power seen by receiver (notice uncertainty of bit 0 at t,)




s a—a
T 60

3 3T ol&iatd
Cwd g 9o

Dispersion Types

e Modal Dispersion
e Chromatic Dispersion

e Polarization Mode Dispersion

By: Dr. Jabbari
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o Modal Dispersion

Each ray (mode) travels a different distance, so it
arrives at a distant point of the fiber at a different time

Impulse entering the fiber Impulse exiting the fiber

Modal Dispersion is zero in Single Mode Fiber

31
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Modal dispersion in Graded-Index Fiber
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e The graded index increases the group velocity of higher-order
modes, relative to low-order modes, reducing dispersion

X .
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Chromatic dispersion

different wavelengths propagate at different Speeds
Chromatic dispesion is measured in ps/nm/Km

(picoseconds of dispersion per nanometer of signal
bandwidth per kilometer of distance travelled.

33
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Optical Sources

The optical source converts electrical
signal to optical signal.

e There are two kinds of devices that are used
as light sources:

- Light Emitting Diode (LED)
- Semiconductor Laser

34
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e Spontaneous emission is really the normal
case. When an electron is elevated to a high
energy state this state is usually unstable and
the electron will spontaneously return to a
more stable state very quickly (within a few
picoseconds) emitting a photon as it does so.
When Ilight is emitted spontaneously its
direction and phase will be random and the
wavelength will be determined by the amount
of energy change

Electrons
$ Conduction Band
Energy ~“NWe /)1
Level
Valence Band
35
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Stimulated emission is what happens in the operation of a laser.
In some situations when an electron enters a high energy (excited)
state it is able to stay there for a relatively long time (a few
microseconds) before it changes state spontaneously. When an
electron is in this semi-stable (metastable) high energy state it can
be “stimulated” by the presence of a photon of light to emit its
energy in the form of another photon. In this case the incident
photon must have the right energy (wavelength) within quite small
limits.

It is of fundamental importance to understand that when
stimulated emission takes place the emitted photon has
exactly the same wavelength, phase and direction as that
of the photon which stimulated it.

36
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For spontaneous or stimulated emission to occur,
energy must be supplied to boost the electron

from its low energy state to a higher energy
state. The energy comes from electric current.

Light Emitting Diode (LED)

e in its most basic form an LED is just a forward
biased p-n junction.

o forward bias voltage draws carriers to junction

e recombination produces spontaneous emission

37
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By: Dr. Jabbari
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the materials of which the optical source is made

determine the wavelength of light emitted.

he  1.2399
A = = ey
Material | Wavelength Range
A (um)
InP 0.92
InAs 3.6
GaP 0.56
GaAs 0.87
AlAs 0.59
(GalnP 0.64-0.68
AlGaAs 0.8-0.9
InGaAs 1.0-1.3
InGaAsP 0.9-1.7

39




Heterojunctions (Practical LEDs) Optoelectronic 1

Mi"::“ T When a layer of material with a particular bandgap energy is
sandwiched between layers of material with a higher energy
bandgap a double heterojunction is formed.

a— Heterojunctions

The double heterojunction forms a barrier which restricts the
region of electron-hole recombination to the lower bandgap
material. This region is then called the “active” region.

Recombination takes place in the n- InGaAsP and spontaneous

emission occurs. , T v i
: n-InP 5 n-InGaAsP ! p-InP

E Iectrons5\t : Conduc!/on Band

=,
- 1
pancasnegatadenadentt ¢ e .

By: Dr. Jabbari B e . - 10
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cisee | the material in the active region has a higher refractive

index than that of the material surrounding it. This means
that a mirror surface effect is created at the junction which
helps to confine and direct the light emitted.

LED Structures

e Surface-Emitting (Burrus)

OPTICAL FIBER ... ]“ S

EPOXY RESIMN

DOUBLE-
HETEROJUNCTION
LAYERS

7
CIRCULAR CONTACT REGION PRIMARY ACTIVE REGION

By: Dr. Jabbari Y
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Insulafor Ct
nnGaAsp —nGaAsE

n-InGaAsP

hctive Area
n-InGaAsP

In both types of LED a combination of insulating materials and
junctions is used to:

1. Guide the current flow to a small “active region” and

2. Guide the light produced out of the device and into an easy
position for coupling to a fibre.

42
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Coupling to Fiber
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Ball Lens
Direct coupling Lensed fibre end

il
=
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e Light-Emitting Diode (LED) characteristics

— Low cost.

— Low power (microwatts).

— Large linewidth (around 30-50 nm).
— Incoherent light.

— Low modulation speed (<300Mbps).

44

By: Dr. Jabbari



s =
T 00 60 |

o 3T olKiits
Cwd g 9o

Optoelectronic 1

Semiconductor laser Types

e Fixed wavelength
e Multi-wavelength

By: Dr. Jabbari

Laser array
tunable laser

45
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Fixed wavelength Laser Diodes
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b se Fabry-Perot (FP)

e The most common communication laser.

e The Fabry-Perot laser is conceptually just an
LED with a pair of end mirrors.

Annde

P-Twpe AlGass

Totally Reflecting

Pariially Refleciing
Mldrror Mictnr

Light Cuipest

Junckian
N-Type AlCaks

':atllfmde
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When the graph of possible resonant
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=r characteristics of the device we get a pattern
of possible modes.
-I".-m“."
7 .
mA c 4 \"-
2 / _
, LN
1490 1.4941.497 1.5 1.503 1.507 1510 T 58mm "
possible resonant wavelenghts, pm \ / Gain Spectrum
z)utput Spectral Width

Power at FWH M

.

Possible Lasing Modes

47

By: Dr. Jabbari



e Optoelectronic 1

P N - Gain-Guided

o 3T olRidts
Cwd g 9o

»—The typical technique used to guide power into the
active region is to limit the area of electrical
contact on the surface of the device.

e Gain guided FP lasers produce a spectral width of
between 5 nhm and 8 nm consisting of between 8
and 20 or so lines. Linewidth is typically around

005 nm.
-GafAs Metal contact
High-resistivity - al conta
7one p-Gadlas
Insulator
\ (blocks
__________________ current flow)
n-GaAlAs Active layer
(Gais)
n-Gafs
/J'JI"
Current flow™

concentrated
in stripe Metal contact

48
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layers of semiconductor material with a high
bandgap energy (lower refractive index) around the
active region.

e Index guided FP lasers produce a spectral width of
between 1 nm and 3 nm with usually between 1 and
5 lines. Linewidth is generally around .001 nm. (Much
better than the gain guided case).

p-GaAs
p-GaAlAs

Metal contact

Insulator

n-GaAlAs

n-GaAlAs Gals

[ active layel

Current flow ™|

By: Dr. Jabbari Metal contact
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and not suitable for:
- extended distances
- wavelength multiplexing

Therefore:

modification by placing a diffraction grating within
the cavity.

Grating acts as a wavelength selective mirror.

— DFB & DBR lasers

narrow spectral linewidth, typically 0.2 to 0.3 nm.

50
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= p InP buffer layer
- InGaAsP waveguide layer

InGaAsP active layer
n InP huffer layer

n-lnP substrate
n contact layer

Distributed Bragg Reflector (DBR)

I

p contact layel—

p InP huffer layer—p-

InGaAsP waveguide layer

InGaAsP active layer
n InP buffer layer

n-InP substrate —jp
n contact layer

By: Dr. Jabbari

Optoelectronic 1

51




<4 Optoelectronic 1

. a—a
T

ie<c | In DFB and DBR lasers, for wavelenghts close

Cwd g 9o

to the Bragg wavelength the reflections from
the individual parts of grating are in phase
and constructive interference occures.

\ | cladding layer .

optical field distribution

gusermyer  f =2p

- . . . - -, -~

-
1 1 1
]

N

guide layer
.
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Vertical-Cavity Surface-Emitting Laser (VCSEL)

o

p i - Current -\‘ !

Tﬁp Mirror - {,DKldE Layers

e L:-IlﬁEI'.Cﬂ‘ilflt}r", . (Gain Region

Bottom Mirror —

53
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The mirrors are made of alternating layers
of material of different refractive indices

The stack forms a Bragg grating which is
a wavelength-selective mirror.

New low-cost design.

Can be used instead of LED with
multimode fiber.

Used in fiber LANs.
Use GaAs, emit about 750-1000nm.

54
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LED vs. laser spectral width

sSingle-frequency laser

(0.4 nm) Laser output is many times

higher than LED output; they
would not show on same scale

Standard laser
- (1-3 nm wide)

Wﬂride]

wWavelength

55
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a) Laser Arrays

Optical

Wavequides Light

DFB laser

Semiconductor
optical amplifier

b) Tunable Lasers

- External Cavity tunable lasers

- Monolithic Integrated Tunable Lasers
By: Dr. Jabbari
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~* '+ Changing the cavity gain characteristics

Gain

-Varying the wavelength dependence of the
active medium gain

-Using laser mirrors with a tunable wavelength-
selective mirror loss

57
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Gain

A —>

- Changing the optical length of the laser cavity
/
N L
e Simultaneous variation of both parameters

58
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- External Cavity tunable lasers

“ff‘““ 1-Micro-Electro-Mechanical Systems: MEMS
S

Wavelength tuning is achieved by applying a voltage to the MEMS
actuator, which rotates the mirror to allow a particular diffracted
wavelength to couple back into the laser diode.

Actuator
Laser Chip

l Lens

Mirror Rotation
{around Pivot)

N

Mirror Surface

Output Beam

P Diffraction Grating
Virtual Pivot

59
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2-Acousto-Optically(AO) and Electro-optically (EO)

tunable laser

the tunable filter (AO or EO) determines the wavelength that
is reflected back to laser diode

| aser GRIN Mirror
Lens
AOTF
or
EOTF

60
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(VCSEL)

Laser output
Tuning o
contact n—type distributed ptype

Bragq reflector distributed
| Bragg reflector

Cantilever
arm

Quantum-well
active region

n-type distribute
Bragg reflector

Oxide

icolation Indium phosphite

substrate
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I, I I

InGaAsP
(Ag=1550 nm) —L.,.—L.,.—L
N P-InP | I
-In I I
L 'I'F“"Isulatiun"' I'I'
| [

< e —————
Light o Inp (Mg =1300 nm)

output ' I
.. L a :-I-t L p Pt L g™
| H | I | |
| Gain | Phase | Bragg |

I , optical gain
I,,location of comb-mode spectrum
I;, Cavity gain peak wavelength(Bragg wavelength)
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P-InP | |

+ . Active region

Light

output n-InP |  Pphase shift

; LS I L. e LSJ

I, , optical gain (higher than threshold current)

I, tuning current that is a little less than or equal to threshold
current)
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- In the gain section, current injection controls output power.

- In the front and rear mirror sections, injected carriers induce a
change in refractive index which tunes the lasing wavelength
through shifts in DBR reflectance spectra.

- phase section tunes cavity modes

Front Mirror Gain Phase Rear Mirror

64
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10 +13 dBm —w i
= E O‘j
Fixed wavelength lasers S o] P
2 4 SMSR
3 -30.:
* Operating wavelength 2 o]
1 H = -50-
e Linewidth 8-60,-%/\): kd
-70

O Output power 19380 19385 19390 19395  194.00
o Side Mode Suppression Ratio (SMSR)

Tunable lasers

e Tuning range
e Tuning speed

65
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Start

Phenomenal

Rate Equation with gain

4

Fundamentals of the
Quantum Theory and the Solid State(QM)

. N

Quantum Mechanics

Quantum Mechanics Described Electromagnetic Equations
described the gain media

~_ _—

Applications such as LED Laser and so on

66
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La S e r; light amplification by stimulated

emission of radiation

A name briefly considered light oscillator
By stimulated emission of radiation

67
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Nice Properties: Lasers have larger bandwidth than other sources

Irt
\ /,‘/_K Livetand .
— = l Stim
High speed =

I—_‘ C
@
—w\\-t—b)\
LED: 5mm  tasFR

megg ¥

Bright coherent sources

69
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2-mode fibers

LP01 mode LP02 mode

LP modes intensity pattern



The lower order transvers modes of laser

TEMOO

: Laser optical cavity mirror

TEMy, TEM;
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Basic component of laser:

Gain medium: amplifier light
Pump: add energy to medium
Positive feedback: oscillator
Output coupler: extract a sifnal

.}.
3t Speh G
marfor ‘ s -
b
éi /U\ m t ::_ i
atijtn".uﬂ conwect TIR
L sﬁ\%ﬁ CeuTie Batder u; Wirter

/2
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Engineers---------- - Oscillation and feed back
Physicists-----—> Matter — light interaction

Active region ’ ‘

Gain: Semiconductor , GaAS prototype can have other
Gas: HeNe Argon Co2

Solid state: Ruby, Doped glass (Fiber)

73
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IPL= Inplane Laser,, Edge emitting
Cleaved and etched mirrors
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Vertical cavity surface emitting laser

VCSEL

" AWs=
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Basic Components and the Role of Feedback

Partial
Mirror mirror

I Gain —
F

aut

Pump

/
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) = E;'Ps
Py = Piy + Pf . P, — gfjm
1 1 —(g/w)
P =—F
fF=g ®

Unlike Op-Amp laser has g=g(constant)
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G = G(wW)

Waee

osctllates of
Fiteauenc\é W

since  Jlup) % B
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=1 Basic Properties of Lasers

The “brightness,” defined as the amount of output power per
unit frequency, determines the spectral purity of the source.

Wavelength and Energy

E=hw=h L=2m/k c=vi=uwa/k E ‘.= 124{}},!'.;

3.0
- AP T=300K Far Infrared  Visible Ultra-  Soft
25 05 infrared violet ~ X-rays
i 2.0 E - 06 g Dicde
Luo E — ; Ar
o C — L
T 11 2 Rub
§ 10F {12 & CO; y
o C HeNe HeNe
0.5 E _ 1 1 1 1 1
- -14 30 10 3 1 03 0.1 0.03
) S I I I T T Emission wavelength (um)
53 54 55 56 57 58 59 6.0 6.1 6.2

Lattice constant a (angstroms)
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Introduction to Matter and Bonds

Classification of Matter

By: Dr. Jabbari

Gases

Liquids and Liquid Crystals

Solids
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Bonding and the Periodic Table

Dangling  Dihedral
bonds angle

'1"/‘

Optoelectronic 1

® L 2 L 2 L
o L ] o o
Periods | A VII A 0
1.0079 1.0079 | 4,00260
ol v | A WA IVA VA VIA | HO1D | Hel2)
6,941 |9.01218 10,81 12,011 | 14,0067 | 15,9994 | 13,9984 | 20,179
2 | W) | Beta) Bis) | ce) | N7 | ol | Fie) [Nero)
22,9898 | 24,305 VIII 26,9815 | 25,086 | 30,9738 | 32,06 35,453 | 39,948
3 |napnfMeli2| 18 we ve ViR viB 1B 18 |AI3 | s | Pns) | sne) | cig | Adie)
39,008 40,08 | 44,8550 | 47,90 | 50,9414 | 51,005 | 56,9350 | 55,347 | 58,9332 | 5571 63546 85,38 69,72 T2,59 | 74,9216 | 73,96 79,904 83,80
4 | kne) |carzo)|sez | Tiz2) | viza) | crza) |Mnizs)| Feize) | corz7)| Nit28) | Culze)| zn(30) | caian |Gels2) | Asi33 [ se(34) | Biris) | kii36)
85,4678 | 87,62 |88,9058 | 91,22 | 92,0064 | 8594 | 98,9082 | 101,07 [102,9055| 1064 107263 | 112,40 | 11482 118,69 | 121,75 | 127,60 |126,9045| 131,30
5 |rbman|siss) | vize) | zd40) | Nopa1)|Motaz| Te[43) | Ruta41| Rnjas)| Paras) | Agia7) | caras)| Intag] | Snisor | sbrst) | Ters21| 11531 |xels4)
132.905&| 137.3& 178.49 |180.9&79| 183.85 185.2 1202 19222 19509 |[1965.9666| 200,656 | 204.37 207.2 |20a.s80a| (20 (210) (222)
6 |csiss)|2arse) 57711 Hi172) | Tar7a)| wiza) [Ref7s)| Osi76)| 14771 | Pi7a] | Auizel |Hareor| Tiis11 | Pbis2] | B183) |Pofse)| Atas] |Rnise)
(223) |226.0254&
7 |Fisn Ra[8s] [isa-10s1| [104] | [105] | [108] | [107] | [109]
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FIGURE 1.4.7

Total energy of two atoms as a function of their separation distance.

'\1.,\
LS

!
(s0=(s

O=C

An n-type dopant atom embedded in a silicon host crystal. -
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Sy e Introduction to Bands and Transitions
Intuitive Origin of Bands
(s) (s) ©
Photm @.@
© (8D © © e@
FIGURE 1.5.1 FIGURE 1.5.2

. ) o Cartoon representation of transition from VB to CB.
Cartoon representation of silicon crystal at 0 K.
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The total energy of a conduction electron can be written as

L=PE+KE=L,

p=m,

VB

1
S, v
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pz ch E ch E
=
2m
i c
K
".'I{E\
vb vb

Temperature =0 Either T not O or
light is absorbed

An elementary band diagram for gallium arsenide
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—— Indirect Bands, Light and Heavy Hole Bands
Indirect bandgap ' F' — ﬁk — H!:EI-:I.
chy E
\\/ ch E
Bl \ /
i k
K
{f“-\ H ﬁ\\
Temperature = 0 LH
FIGURE 1.55 FIGURE 1.5.6
A semiconductor at zero degrees Kelvin with an  GaAs has a light LH and heavy HH hole valence
indirect bandgap. band.

1 1%E
Meg T2 Ok2
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Introduction to Band Edge Diagrams
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AlGaAs (GaAs AlGahs
FIGUEE 1.5.10

Earh:I—EdE;E diagram for heterostructure with a :-:ingle quantum well.
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The rate equations describe how the gain, pump, feedback, and output
couplermechanisms affect the carrier and photon concentration in a device.

il o0 0 961 s B S 39 g 5SIN 3 (y5igD omt Ty OGS Lt 55 Y Slae

The photon rate equation describes the effects of the output coupler

and feedback mechanism through a relaxation term incorporating the cavity
lifetime.
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Introduction to the
Rate Equations

335 (00 8 9 19390 I § JawS Jud 31 SOri0 (Sl o SR o 03Lo g 598 S 4

@ O=——0bmis contact

ptype

e—— p--a junction

wtype B

-

Flg. 8.12 An illustration of carrier recombination giving spontaneous emission of light in
a2 p—n junction diode.
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Density of photons (the number of photons 13l 9390 B yhol s 5 g3l
per cm3), ]'..ll
the density of electrons ; 4
n(#/cm”)
pump-current number density ¥ (#carriers/s/cm’),

A second set of equations uses variables describing the optical power P (W) and current | (A).

+ SEVERAL SETS of 'Pmme,ms
= #Pﬁahﬁ; | P= wATTS { ££ec4nc Fh,l(t
!

-

- | T = corrents \ ‘35 Al
= LC%\T )Y 1 a= chn | e 5
Q= charge | VoL
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Basic principle: Rapid change of state of an electron
Must go from high energy state to lower energy state
Scatterin
Loss of energy must appear somewhere f ’

Emitted in form of light @I =)
Lattice vibrations !

Electron can be bound to a particular atom or molecule or be free (part
of electron “gas”), as in most conductors

Two types of emission of light
Spontaneous
Stimulated

106
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Light production: spontaneous

Normal case

Electron in high energy state is unstable
Spontaneously returns to lower state
Occurs in a few picoseconds
Photon emitted in process
Direction, phase random

Energy of photon determined by transition
undergone by electron

107
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Light production: stimulated

Electron in high energy metastable state
Can remain there for a “long” time (¥*microseconds)
Can fall back spontaneously, or be “stimulated” to
emit its energy by another photon

Incident photon must have correct energy

Newly emitted photon will have same wavelength, phase,
and direction as incident (stimulating) photon
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dN , .
= Generation~Recombination N = nV
intrinsic semiconductor (n=p)
—_— e e 0 ee
We assume
J
two levels cooooo VP
oumping stimulated
Generation
Recombination )
absorption
spontaneous
_ — 110
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dr Emission Absorption P~ \ Recombination Recombination
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Deca
E, A— Nonradiative decay
Spontaneous Pumping AAASD Long lifefimg/(rw )
absorption Lasing - mefastable -
Reguires very high pump powers
Eo v because the final state of the
Y laser transitions is the ground
AVAV: 2 Three Level System state. Thus, over half of the
Ruby Laser (crystal) ground state atoms must be
O pumped into the metastable state
to achieve population inversion
ar Stimulated Stimulated Optical Fraction of
dt Emission Absorption Loss Spont. Emiss.
. Pum
Stmulated P Stimulated
recombination - x‘ absomtion
\ — -— cb
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By: Dr. Jabbari

Beforev After

Non-radiative
recombination

hd

fVY

or
Y

N
DN

112




s a—a
T 60

3 3T ol&iatd
Cwd g 9o

By: Dr. Jabbari

Optical Confinement Factor

. { . = ﬁm

} Clad

r=VvV/V,

Optoelectronic 1
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The Pump Term and the Internal

Quantum Efficiency

The number of electron—hole pairs that contribute to the photon emission process
in each unit of volume (cm3) of the active region in each second can be related to

the bias current | by

represents the

Internal Quantum Efficiency fraction of terminal
/K current | that
i f generates carriers in

the active region

where # represent the “pump-current number density,

TF | I »provides the actual current absorbed in the active region
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Pumping (whether optical or electrical)
initiates laser action when the carrier
population reaches the “threshold”
density (to be discussed later).

Without carrier recombination, the
pump would continuously increase the
carrier population according to

dn/dt = § (recall 1 __;:r},
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dn  (Stimulated Stimulated V- Non-Radiative | [ Spontaneous
dt Emission Absorption Recombination Recombination
VA~ Vogy+ v —Lv
dt 887 T,

€

1
— — A4 Bn+4+Cn? and A=1/1,
Te

dn

" Rl
For good material, A=C=0 37 = V87t ] — Bn
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dy Stimulated \  ( Stimulated | /Optical Fraction of
Spont. Emiss.

dn |
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dy
dt
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Recombination—
Terms -
nonradiative

~—

- /“—/# ™ /7
radiative

produces photons usually as spontaneous emission
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g 30 Nonradiative recombination

occurs primarily through phonon processes by material with indirect bandgap

ch
Fhonon
A
The result is heat L
Fhaton

Wi
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—— Main process in the Laser
. . 1
Monomolecular (nonradiative) td_iflz _;_:2 —An R V = AnV

— bimolecular (radiative) ,
produces spontaneous emission

Auger recombination (nonradiative)

~—

occurs when carriers transfer their energy to other carriers, which
interact with phonons to return to an equilibrium condition

Auger recombination is important for lasers (such as InGaAsP) with emission
wavelengths larger than 1 mm (small bandgap)

RaugV = C1°V
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Rr — Rradi,alive + Rnﬁnradialive = An + B + Cn

lzﬂ-{—Hﬂ-{-Cﬂz

te

Spontaneous Emission Term

Of those photons that enter the waveguide, a
fraction of them have exactly the right
frequency to match that of the lasing mode

Stim

/ Spont

V}. R s — V,}. ﬁBHE 840 865

Wavelength (nm)

Emission rate
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The Optical Loss Term
AN A
All of the optical losses <—I - OOO O - l—>
contribute to an overall
relaxation time < N

Ty

called the cavity lifetime

which shows

ﬂr}‘ L,-'ﬁ? that the initial Absorption and Gain
L"' — - photon density 1.,
’ ﬂrf T., decays a=1i, f{L'g

exponentially

‘ as the carriers
are lost 1

s e {IE.?E
i) =7y,expl—— Ty

T,

By: Dr. Jabbari v, represents the group velocity of the wave. ™
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as distributed along the length of the cavity

a partial differential equation with boundary conditions at the mirrors must be solved

Tin

\ /
’ <—I - OOO QO =-—» I—»
7 I
result » = Vol :L—‘*'L.n(l /R)
L / \

both mirrors have the same power reflectivity R (0.34 for GaAs).

The loss per mirror must be # /2.

reciprocal of the cavity lifetime becomes — 4+ —

Vgt = Vgl(int + )

123

By: Dr. Jabbari



. .=
T 60

o 3T olRists
Cwd g 9o

—

types of gain _

N~—

Temporal Gain

Temporal Gain

Single Pass Gain

Material Gain

Material Transparency

Optoelectronic 1

Stimulated Emission—Absorption and Gain

Introduction to the Energy Dependence of Gain

The CB electrons and VB holes produce ““gain” in the sense that incident photons with the
proper wavelength can stimulate carrier recombination and thereby produce more photons
with the same characteristics as the incident ones.

By: Dr. Jabbari
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The word “stimulated’”” means that a photon must be incident on the material before
either stimulated emission or absorption can proceed

dy
Rstim V e V— ~Y

df stim

d~
Rﬂlim V — Vd_; ﬂlim= ng}‘

dy V
P 1 — —I - — ) — r "1
*gHm d . V}. gf..-’ gf,,r
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