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Light source in Nature - Bioluminescence

http://www.lifesci.ucsb.edu/~biolum/organism/photo.html

http://e-info.org.tw

http://e-info.org.tw/topic/lightbug/lighibug-open-1.jpg
http://www.lifesci.ucsb.edu/~biolum/organism/pictures/abraliopsis.html
http://www.lifesci.ucsb.edu/~biolum/organism/photo.html
http://www.lifesci.ucsb.edu/~biolum/organism/pictures/hydroidgfp.html
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• Semiconductor Principles, PN junction, Photon 

Generation

• Light Emitting Diode (LED): Structure and Characteristics

• Laser Diode: Structures and Characteristics

• Longitudinal Mode Control

• Laser Types 

• Direct Modulation of Optical Sources
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Ref: [Keiser Ch 4 and Ch 5.1, 5.2  ][Agrawal Ch 3]
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Semiconductor

• Solid-state materials include insulator, semiconductor, conductor.

• Semiconductor : a solid substance that is a non-conductor when 

pure or at low temperature but has a conductivity between that of a 

insulators and that of most metals when containing a suitable impurity 

or at a high temperature.

• Typical semiconductors : group IV elements (Si, Ge, ..) or III-V

compounds (GaAs, InP..)

Group: III IV V

B C N

Al Si P

Ga Ge As

In Sn Sb



Periodic Table of Element
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http://www.webelements.com/

http://www.webelements.com/
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Classification of Materials

INSULATOR

(Eg >> 1 eV)

SEMICONDUCTOR

(Eg ~ 1-10  eV)

CONDUCTOR

(Eg < 0)

INTRINSIC

(undoped)

EXTRINSIC

(doped)

n-types

(doped with V; donor)

p-types

(doped with III; acceptor)

group

IV or III-V 

Eg: energy gap

eV: electron volt
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• The conduction properties of semiconductor can be interpreted by the energy 

bands – the conduction band, the valence band, and the band in between the 

two that no electron is allowed to stay.

• The gap between conduction and valence bands is called energy gap or band 

gap, in which no energy level exists.

• For pure (intrinsic) crystal at low temperature, the valence band is full and the 

conduction band is empty.

• Considering Si atom, it has four electrons in its outer shell and forms covalent 

bond with its neighboring atoms in a crystal.

• The conductivity of a material depends on its energy gap value. At room 

temperature, the energy gap is 

~ 1.12 eV for Si; 1.42 eV for GaAs. eV: electron volt

> 9 eV for insulator.

< 0 eV for metals (conduction and valence band are overlapped).

Energy Bands
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• Group IV element (C, Si, Ge) • Group III-V compound (GaAs)

Ga As

Crystal Structure 



. .
. .

. .
. .

. .
. .

. .
. .

. .
. .

. .
. .

........

........

........ +4 
Si

+4 
Si

+4 
Si

+4 
Si

+5 
As

+4 
Si

+4 
Si

+4 
Si

+4 
Si

.
conductio

n electron

n-type Si (with donor – As) 9

Intrinsic and Extrinsic materials

• The conductivity of semiconductor can be greatly increased by adding 

impurity to intrinsic semiconductor. This process is called doping and 

the doped semiconductor is extrinsic material. 

(1) If group V impurity (e.g. P, As) is added to group IV, 4 electrons are 

bonded by covalent bond and one loosely bonded electron is 

available for conducting.  

→ The impurity is called donor ; n is increased; and this material is n-type.
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Schematic Bond Structure of extrinsic 

semiconductor

p-type Si (with acceptor – B)
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(2) If group III impurity (e.g. Al, Ga) is added to group IV, 3 electrons are 

bonded by covalent bond and one hole is created and can accept free 

electrons. 

→ The impurity is called acceptor ; p is increased; and this material is p-type.



• The Energy-level diagram below shows that electrons can be 

thermally excited to conduction band, leaving holes in the valence 

band. 

• Both conduction electrons and holes (the carriers) contribute to the 

material’s conductivity. 

• For intrinsic materials, the electron and hole concentrations equal to 

the intrinsic carrier concentration ni.
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Energy-Level diagram#

(From G. Keiser)
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ni, n, and p are the concentration of 

intrinsic carrier, electron carrier, and 

hole carrier, respectively. me and mh

are the effective mass of electron 

and hole. kB is the Boltzmann’s 

constant, T is the temperature in oK, 

and h is the Planck’s constant.
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PN Junction

Depletion region
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• When p-type and n-type semiconductors are jointed, the majority

carriers (holes in p-type or electrons in n-type materials) diffuse

across the junction and combine with the carriers of opposite polarity

on the other side.

• A depletion region (space charge region) is created where no mobile

carrier exists and an electric field (potential barrier) is formed.

• Many useful components are made by pn-junction; e.g. diode,

transistor, laser diode, photo-diode, etc.



Recombination 
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Stimulated Emission

Recombination

Non-radiative

Radiative

Trap defects

Surface Recombination 

Spontaneous Emission

Auger Recombination 
(energy release by this recombination is given to

another ele/hole pair as kinetic energy)

• Recombination of electron and hole releases energy in different ways.

The process that generates light.
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Quantum efficiency

• Internal quantum efficiency

• External quantum efficiency

hext = external quantum efficiency (total emitting power degraded due 

to internal absorption, reflection at air-semiconductor interface)

N: carrier density

where Greek letter n is photon frequency, q is electron charge, and I

is the current injected to laser

h
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Interactions between photons and electrons

• absorption, spontaneous emission, and stimulated emission.

Before After

Absorption 

Spontaneous 

Emission

Stimulated 

Emission

Ec

Ev

hn Ec

Ev

Ec

Ev

hn
Ec

Ev

Ec

Ev

hn Ec

Ev

hn

hn
: photon : electron

hn

Electrons (carriers) in the valence 

band absorb energy from the 

incoming photons and are excited to 

the conduction band., leaving holes 

in the valence band.

Electrons in the conduction band 

recombine with the holes 

randomly.

Incoming photons stimulate the 

excited electrons in the conduction 

band to fall to valence band and 

recombine with the holes→ two 

emitted photons are coherent.

And these two phtotons further 

trigger other stimulated emission.



Stimulated emission is similar to NCR

16
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The Nobel Prize in Physics 1964

"for fundamental work in the field of quantum 

electronics, which has led to the construction of 

oscillators and amplifiers based on the maser-

laser principle”

(Ref: 
http://www.nobel.se/physics/laureates/1964/index.html )

LED and Laser

• LED: light emitting diode

• Laser: light amplification by stimulated emission of radiation

First demonstrated of stimulated emission by Townes, Gordon and

Zeiger in 1954. (maser)

1st laser: Theodore H. Maiman, 1960   (also see ref: Bell labs and the 

first ruby laser)

Charles Hard 

Townes
Nicolay 

Gennadiyevich 

Basov 

Aleksandr 

Mikhailovich 

Prokhorov

http://www.nobel.se/physics/laureates/1964/index.html
Reference/the first ruby laser.pdf
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LED and Laser (contd.)

• LEDs emit light by spontaneous emission.

→ incoherent light

– LED is a forward biased pn-junction without optical

feedback.

→ wider linewidth (spectral width).

• Lasers emit light by stimulated emission.

→ coherent light

– Semiconductor laser is a forward-biased p-n

junction with a "Fabry-Perot cavity".

→ faster response time and narrower spectral width

(linewidth).

Ec

Ev

hn

Ec

Ev

hn
hn

hn
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Typical specification for light sources

 SE-LED EE-LED MM-LD SM-LD 

average power  (dBm) 
     in SMF  
     in MMF  

 
-36 
-13 

 
-30 
-7 

 
>0 
- 

 
>0 
- 

modulation speed  (Mb/s) 100 200 300 >1000 

spectral width  (nm) 110 70 1-5 <1 

mean life-time@50C  (hr)   
(*1yr ~ 8760 hr) 

100M >1M 50-500K 50-500K 

drive circuit simple simple complex complex 

packaging simple > > complex 

cost low < < high 
 

SE-LED :surface emitter LED. EE-LED :edge emitter LED.

MM-LD: multimode Laser diode. SM-LD: single-mode Laser diode.

(value needs to be updated)
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General requirements for a light source

• output in single mode

• narrow spectral width (linewidth)

• emitting light in the desired transmission window (e.g. 1.3 or 1.55 mm)

• good current-to-light conversion efficiency : mW/mA

• fast modulation speed

• good linearity of P/I curve

• good heat dissipation (may need TE cooler)

• good stability of wavelength and output power with temperature

• low packaging (coupling) complexity

• good reliability (transmitter life time)

• low cost
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• A semiconductor laser diode is basically an LED together with two 

cleaved facets (act as partial reflection mirrors) that form a Fabry-

Perot cavity.

• Three conditions to lase (Lasing Principles)

– population inversion, N2>N1.  (N1 and N2 are the carrier density in the 

valence band and conduction band, respectively.

– gain  loss,

– feedback cavity

Basic Laser Structure

Cleaved facet +Vb Cleaved facet

p

n

Active layer

Loss

frequency

(wavelength)

Gain (N-dependent)
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Fabry-Perot Cavity

• A Fabry-Perot cavity is formed by a cavity with two end mirrors.

• Only signals with frequencies equal to the harmonics of c/(2nL) can 

exist inside this cavity. (n is the cavity’s refractive index)

• At steady state in the laser cavity,

frequency

... ...

Df=c/(2nL)

R1 R2

L

n

0 1 2 int 0 exp[( / 2)2 ] exp[ ( / 2)2 ]exp(2 )E g L R R L ikL E− =

2 2           or         / (2 )mkL m m c nL n n= = = 

g and int are cavity 

internal power gain 

and loss, respectively. 

Electric field's gain 

and loss are just half of 

those.

cavitymirror
RRL

g  =+=+= int

21

int )
1

ln(
2

1



Only signals of these frequency can pass through this cavity.
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The Nobel Prize in Physics 2000

• Alferov1/4 and Kroemer1/4 –

– "for basic work on information 

and communication technology, 

specifically for developing 

semiconductor 

heterostructures used in high-

speed-and opto-electronics"  

– They proposed in 1963, 

independently of each other, the 

principle for the heterostructure
laser

• Jack S. Kilby1/2 –

– "for basic work on information 

and communication technology, 

specifically for his part in the 

invention of the integrated 

circuit" 

Ref: http://www.nobel.se/physics/educational/poster/2000/kroemer.html

http://nobelprize.org/nobel_prizes/physics/laureates/2000/illpres/kroemer.html
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active region

Surface Emitting

Emitted light 

beam

• Emitted light is perpendicular to the plane 

of the active layer

• No need to dice the laser chips out of the 

waver to do measurements→ facilitate 

laser testing and reduce manufacturing 

cost

• Wider light beam width → easier to couple 

to fiber (but the efficiency is lower); lower 

packaging cost

Edge Emitting

Emitted light 

beam

• Emitted light is parallel to the plane of the 

active layer

• Need to dice the laser out to do measurements 

→

high manufacturing cost

• Narrower light beam width  

• The generated photons may be reabsorbed 

along the active layer or lost at the facet 

(reflection).

Surface Emitting vs. Edge Emitting

active region
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• Only certain frequencies (the Fabry-Perot modes) are allowed in the

laser cavity.

• The mode spacing is Df=c /(2 nL)

where c, n, and L are the light velocity, refractive index inside cavity

and cavity length, respectively.

Laser modes

Fabry-Perot Cavity Mode

Df=c/2nL

frequency

Mirror Mirror
Gain Medium

0 1 2 int 0 exp[( / 2)2 ] exp[ ( / 2)2 ]exp(2 )E g L R R L ikL E− =

2 2           or         / (2 )mkL m m c nL n n= = = 

g and int are cavity 

internal power gain 

and loss, respectively. 

Electric field's gain 

and loss are just half of 

those.

cavitymirror
RRL

g  =+=+= int

21

int )
1

ln(
2

1



Only signals of these frequency can pass through this cavity.
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Side mode suppression ratio (SMSR or MSR)

• The gain medium that provides optical gain is wavelength-dependent. The 

mode that is closer to the gain maximum grows faster than the other modes, 

and it depletes the gain after several round trips of reflection. 

→ The rich gets richer, the poor gets poorer.

Q: What are the problems with multimode 

laser operation?

Q: How to achieve better SMSR?

0 1SMSR   /  P P

P0

P1P2

frequency

frequency

frequency

gain profile

initial mode 

intensity

steady state

mode intensity

The mode spacing is    Df=c /(2 nL)

For single-mode operation, typically 

SMSR > 20 dB.
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Types of Laser Diodes

Fabry-Perot (FP) Lasers
• MSR ~10 - 20 dB

• usually support multi-longitudinal mode 

operation

Gain Medium

n

R1 R2

Reflective end facets

Distributed Feedback (DFB) Lasers

waveguide layer 

active layer

• MSR > 30dB

• wavelength selection by integrated 

distributed gratings over the whole 

active layer

Distributed Bragg Reflector (DBR) Lasers

active region
• MSR > 30dB

• wavelength selection by integrated 

distributed gratings as Bragg reflector 

outside the active layer 
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Types of Laser Diodes (2)

Surface Emitting Lasers (SEL)
• Edge-emitting lasers have the problem that the output light beam from the 

narrow aperture is highly divergent due to diffraction; also large cavity size →

harder to fabricate high-density laser array on a single chip

• Emitting direction can be changed by output grating coupler or by angular 

reflector

• Vertical cavity surface emitting lasers (VCSEL)
• shorter cavity length

• DBR stacks for wavelength selection

GaAs substrate

GaAs/AlAs 

DBR

GaAs/AlAs DBR

Active region

light output

n-InP 

substrate

n-InP(cladding)

p-InP(cladding)

p-GaInAsP 

(active)

SiO2

Si/SiO2 DBR

Si/SiO2 DBR
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• similar to double heterostructure, but the thickness of the active layer is 

extremely small (< 500 Å)   (1 Å=0.1nm) 

• carriers are confined in a finite potential well

*Types of Laser Diodes (3)

Quantum-Well (QW) Lasers

AlxGa1-xAs barriers

AlyGa1-yAs 

cladding

GaAs wells

MQW

GaAs AlGaAsAlGaAs

< 500Å

active layer barrier layerbarrier layer

Eg(GaAs) QW

• multiple active-barrier layers are joined 

together  to form the active region

→ Multiple Quantum Wells (MQW)

 carriers not captured by the first well 

can be captured by a subsequent one

 good carrier confinement                     

→ low threshold current

(Also see the Nobel Lecture of Zhores I. Alferov)
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Types of Laser Diodes (4)

→Wavelength Tunability can be achieved by, e.g.,

• multi-section laser → use pump current to control gain, phase and 

grating separately

• external cavity with electro-optic/acousto-optic filters

Tunable Lasers

l

l

l

Coupler

Reflector

Combined 
Output Tuning Range: 40-60 nm @1550nm

SMSR >30dB, output power ~ 0 dBm

Side mode suppression 
ratio (SMSR)

Example: Grating-assisted co-directional Coupler with Sampled grating Reflector (GCSR) Laser

Optical Spectra for all 100 Wavelength Channels
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Types of Laser Diodes (5)

edge-emitting lasers

• DFB laser integrated with electroabsorption modulators

• multiple (edge emitting or surface 

emitting) lasers are fabricated on a 

single substrate

• need to consider coupling among 

the laser modes

• useful in interconnections in optical 

computing (optical backplane)

Integrated Lasers

Laser Array

Q: advantage?
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Consideration of tunable lasers:

• tuning range

• tuning speed

• linewidth

• stability (wavelength and power stability)

cont: continuous tuning of wavelength)

AO: acousto-optic

Ext. Cavity DBR 2-section DFB AO GCSR

tuning 

range

70 nm 4nm(quasi cont.)

10nm(cont.) 

2.1nm(cont.) >70nm 60nm

tuning 

speed

>1ms ~ ns ~ ns ~ ms ~ ns
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Laser P-I curve

• The laser output characteristic is governed by the P-I (output optical

power versus input current) curve.

• From the P-I curve, important parameters of a particular laser, such as

the threshold current, laser linearity (dP/dI, and d2P/dI2), can be

obtained.

• When different bias current is applied, the laser has different spectral

characteristics.

– When I < threshold current → spontaneous emission

– When I > threshold current → stimulated emission

P(mW)

I (mA)
Ith

frequency
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Laser Spectral width Measurement

(a) FP laser

3  dB

(b) DFB laser
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• CW (continuous wave) signal does not carry information. Light source 

needs to be modulated (amplitude, frequency, or phase)  to convey 

information.

• The max. modulation frequency determines the max. information

capacity that this transmitter can carry.

Direct/External Modulation of Laser

• For modulation at higher data rate, external modulation can be used.

• For the overall system capacity, additional bandwidth degradations due 

to  non-zero laser linewidth and fiber dispersion have to be considered.

External Modulation

Data

Signal

Constant 

injection 

current

CW Light

injection 

voltage

Light 

signal
Direct Modulation

Data

Signal
Injection 

current

Light 

signal
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Analog and Digital Modulation

I (mA)

P
(m

W
)

(a) Digital modulation

tim
e

time

I (mA)

P
(m

W
)

(b) Analog modulation

tim
e

time
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Direct Modulation of Optical Sources

Constant 

Current 

Source

Signal 

Source

LD/LED

AC

DC DC+ACBias-Tee

DC level

AC signal

Ground level

Current/signal biasing in laser diode and light-emitting diode

• The data signal has to be biased to a certain DC level in direct modulation of the 

optical source.

• Bias-Tee is used to combine the DC biased current and the AC data signal.

• The inductor in the bias-tee is to remove AC components (noises) from the 

constant current source while the capacitor in the bias-tee is to remove the original 

DC level of the data signal from signal source.



38

Ith

Output 

Optical 

Power

Driving 

Current

Two Important Parameters in Direct Modulation

IB

Is

input 

modulating 

signal s(t)

Ps-max

Ps-min

Ps-ave

Ps-amp

Output 

Modulated 

Signal Ps(t)

aves

amps

P

P
OMD

−

−
=

RF Modulation Index:

thB

s

II

I

m

−
=

=
current Threshold -current  bias DC

amplitudepeak  Signal

Optical Modulation Depth:

 )(ˆ1)( tsmPtP avess += −

10 mNormal operation:

)(ˆ ts :normalized version of s(t)
(with unit amplitude)

Direct Modulation of Optical Sources

t

t
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When m > 1 → Clipping occurs

Ith

Output 

Optical 

Power

Driving 

Current

IB

Is

Input 

Modulating 

Signal s(t)

Ps-max

Ps-ave

Output 

Modulated 

Signal Ps(t)
The output light signal is 

clipped

( ) 1
−

=−
thB

s
thBs

II

I
mIII

➔ Output waveform is 

distorted

➔Clipped portion will 

create extra frequency 

components

➔ distortions 

Direct Modulation of Optical Sources

Q: When will clipping occur in real applications?
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Laser Diode Packaging: Optics

Submount Lens 

submount

Fiber 

submount

Fiber

Lens
Laser 

Diode

Monitor 

Detector

V-groove

Mount / Heat Sink
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Coupling improvement by lensing scheme

• Several types of micro lens can be used to improve the coupling 

efficiency when the fiber core is greater than the emitting area.

• problems: fabrication difficulty and stability

Cladding

LED

Active

Area

Spherical-surfaced LED and 

spherical ended fiber

Core

Rounded-end fiber

Nonimaging microsphere

Imaging sphere Cylindrical lens

Taper-ended fiber
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Laser Packaging #

(Ref: New Port Laser Welder Presentation)

• Packaging will ultimately affect the performance 

and the cost.

– speed, output power, yield, reliability

• Require consistent packaging technique 

→ automation

• Automation considerations

– Package and Component Design

– Bonding Technology

– Component Parts Consistency

– Process Maturity
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