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Introduction



Electronic Materials

or temperature



Material States



Why III-V Compound? 

• Optoelectronic Devices
– Light emission (direct bandgap)

• 850nm, 1310nm, 1550nm wavelength
• Visible light

– Light detection
– High speed optical modulator and 

switch
• Electronic Devices

– High Speed switching
– High power operation

• GaAs
• GaN



Material Comparison



Crystalline Properties



Unit cell, Primitive cell

• The unit cell which has the smallest volume is called the primitive cell.
• The choice of a primitive cell is not unique.
• All possible primitive cells have the same volume and contains 
only one lattice point

• Primitive cell volume = (crystal volume) / (number of primitive cells)



Bravais Lattices
• Bravais proved that only 14 different ways of arranging 

points in space lattices such that all the lattice points 
have exactly the same surroundings. 

• One point could be a group of atoms



Bravais Lattices (cont’)



Seven Crystal Systems

• N-fold rotation 
symmetry

• Plane of symmetry
• Inversion center 

symmetry
• Rotation-inversion 

symmetry



Seven Crystal System



Face Centered Cubic

• Most semiconductors 
have underlying 
lattice that is either 
FCC or hexagonal 
closed pack (hcp)

Primitive basis vectors for the FCC lattice



Diamond, Zincblende Lattice



Diamond, Zincblende Lattice



Wurtzite Lattice (HCP)



FCC & Wurtzite



Miller Indices

• Miller indices is essential in dealing with semiconductor materials
and device structures.

h + k + i = 0



Example (cubic)

For cubic crystals, a plane and the direction normal to the plane
have precisely the same indices



Wafer Flats (Si)



Important Planes in Zincblende or 
Diamond Structures



(110) Plane



Important Planes in Zinc Blend or 
Diamond Structures

• This figures also show how many bond connect adjacent planes. 
This number determines how easy or difficulty it is to cleave the 
crystal along the these plans by cutting the bonds joining the 
adjacent plans 



(111) Plane



Band Theory



Observations of Quantization
• Black body radiation

– E = n ħω

• Bohr model for Hydrogen atom
– E = -13.6/ n2

• Wave-Particle Duality
- Photoelectric effect 
-(hv = Φ + Kmax)

- Compton effect



Schrödinger Equation
• Wave mechanics
• An empirical relationship
• Must satisfy 5 basic postulates
• No derivation at all, just like Newton’s law



Schrödinger Equation



Five Postulates

• There exists a wavefunction Ψ (x,y,z,t) which 
describes the dynamic behavior of the system 
and all system variables.

• Ψ can be determined by solving the time-
dependent Schrodinger equation.

• Ψ and ∇Ѱ must be finite, continuous and single-
valued for all x, y, z, t

• ∫v Ѱ∗Ψ dV =  1
• <α> = ∫v Ѱ∗αopΨ dV



1D Infinite Well Solution



Tunneling
You will understand the tunneling effect by solving a particle
confined inside a finite potential barrier



Electrons in an Atom
• Before examining electrons in a solid, let us examine electronic

states in an atom. Let us first examine a hydrogen atom.



Electrons in Two Atoms



From Atomic Level to Energy Band
• As atoms are 

brought closer and 
closer to each 
other to form a 
crystal, the discrete 
atomic levels start 
to broaden to form 
bands of allowed 
energies separated 
by gaps. The 
electronic states in 
the allowed bands 
are Bloch states, 
i.e., they are plane 
wave states.



Analogy to Photonic Crystal



Kronig-Penney Model
• Bloch theorem need to be simplified further
• Shape of the periodic potential poses difficulties to solve SQ



Electron in a Crystal



Cont’



3-D k Space



Si Band Structures



GaAs Band Structure



InAs, InP Band Structure



Band Structures Near Band Edges



E-K Plot

• dE/dk = 0, at the k-zone boundaries
• ħk is not the actual momentum of an electron in a crystal
ħk includes the interaction of the electron and the crystal



Carriers
• Totally empty bands 

do not contribute to 
the charge-transport 
process

• Totally filled bands do 
not contribute to the 
charge-transport 
process

• Only partially filled 
bands can give rise to 
a net transport



What are Holes?



How do Holes Move?



Action of Particles
• Wave-Particle duality
• Heisenberg uncertainty principle

ΔE Δt ≥ ħ

Δpx Δx ≥ ħ

• Wavepacket is the quantum mechanical analogy 
of a classical particle localized to a given space.

• The wavepacket consists of a linear combination 
of constant-E wavefunction solutions closely 
group about a peak.



Action Modeling (effective mass)
• Reaction of the wavepacket to external forces and 

its spatial evolution with time provide the equation 
of motion for an electron in a crystal.

• The equation is identical to Newton’s second low 
of motion except that the actual particle mass is 
replaced by an effective mass m∗. This implies that 
the motion of electrons in a crystal can be 
visualized and described in a quasi-classical 
manner. 

• Because of this simplification, device analyses can 
often be completed with minimal direct use of the 
quantum mechanical formalism, unless you want 
to calculate the band structure.



Effective Mass

• Carriers in a crystal with energies near the top or 
bottom of an energy band typically exhibit a 
CONSTANT effective mass.



Effective Mass



Electronic Properties



Energy Band Model



Band Bending



Carrier Statistics



Carrier Distributions



3-D Density of States
• Apply Bloch Theorem

• For non-infinite 
crystals, the 
wavefunction is the 
same at the opposite 
end of the crystal



Cont’

Note that if the origin of the energies has not been chosen to be the bottom of the 
band, then E would be replaced by E- Ec

and parabolic approx



Density of States Effective Masses

• The effective mass used in the density of states 
expression must be some combination, an appropriate 
“average” of the band-structure effective masses. 

Holes Electrons



2-D Density of States



Comparison

Quantum Well Quantum Wire Quantum Dot



Energy Distribution Functions



Extrinsic Semiconductor



Dopants



Temperature Dependency



Temperature Dependency



Cont’



Compensation

• A semiconductor in which the number of 
free carriers produced by one type of 
dopant is reduced by the presence of the 
other type of dopant

• no = ND – NA   , po = NA – ND

• Compensation ratio < 0.1
• Charge neutrality: no + NA

– = po + ND
+



Heavy Doping (Degenerate)
• The Fermi level approaches the band
• The density of states function are perturbed, resulting in 

bandtail states
• Bandgap narrowing which would change the laser 

operation
Eg = 1.424 – 1.6 x 10-8 (p1/3 + n1/3) (eV)

• When Fermi level is within the conduction or valence 
bands, the ionization energy of the impurity center, 
donors, or acceptors goes to zero. The free-carrier 
concentration becomes temperature-independent and all 
the impurity centers are ionized. The discrete impurity 
levels broaden into bands.



Degeneracy of Semiconductor



Bandtail



Cont’



Carrier Dynamics
• Equilibrium

– The static situation is 
maintained by the self-
balancing of each 
fundamental process and 
its inverse.  G = R = 0

• Steady-State
– The condition is 

maintained by a trade-off 
between processes 
G = R ≠ 0



Quasi-Fermi Level

May not be steady-state



Con’t



Cont’



Optical Processes
Light Emission and Absorption



Terms

• Generation
• Recombination
• Emission
• Absorption

Carrier process

Photon process



Basic Optical Processes for Light 
Emitting Devices



Generation & Recombination

Generation
• Light pumping
• Carrier injection
• Electron bombardment 

Nonradiative recombination
- Energy wasted by generating phonon (heat)

Radiative recombination



What is a Phonon?

• Originated from crystal vibration
– Could be transverse or longitudinal elastic wave

• Wave in crystal
– Derive band structure (dispersion curve) for phonons

• By wave-particle duality, a wave in crystal can 
be envisioned as a particle (phonon)

• The energy of a lattice vibration is quantized, like 
that of a photon.



Classification of Recombinations

• In terms of light emission
– Radiative recombination
– Non-radiative recombination

• In terms of recombination path
– Band to band recombination (radiative or non-radiative)
– Deep level recombination (impurity or defect; nonradiative)

• Bulk 
• Surface

– Impurity recombination (nonradiative)
– Auger recombination (nonradiative)
– Exciton recombination (radiative)



Classifications of Absorption
• Band to Band Absorption (direct or indirect)
• Donor to Acceptor Absorption
• Impurity to Band Absorption
• Excitonic Absorption
• Low Energy Absorption

– Impurity band
– Intraband
– Free carrier 

• Electroabsorption
– Franz-Keldysh
– Stark Effect 



Absorption Generation

Recombination

Emission



Optical Processes

• Recombinations
• Absorptions
• Emission



Band to Band Recombination

Radiative

Non-radiative



Defect Recombination

• Nonradiative
recombination 
usually takes 
place via surface 
or bulk defects 
and traps. 



Bulk Recombinations
• Steady state is produced by optical excitation or injection. 

– Δn = Δp is established in the crystal
– This equality is necessary for the maintenance of overall charge

neutrality
• When the excitation source is removed the density of 

carriers returned to the equilibrium values n0 and p0
• The decay of excess carriers usually follows an 

exponential law with respect to time ~ exp(-t/ז ), where ז
is defined as the lifetime of excess carriers.

• The excess carriers decay by radiative and/or 
nonradiative recombination, in which the excess energy 
is dissipated by photons and phonons. The former is of 
importance for the operation of luminescent devices. 



Deep Level Transitions
• Deep levels in the forbidden energy gap of semiconductors 

essentially act as carrier recombination or trapping center and 
adversely affect device performance.

• Native defects in the lattice, such as vacancies, interstitial or 
substitutional impurities of impurity-vacancy complexes can give rise 
to deep levels in semiconductors. 



Surface Recombination via Defects
• All bulk properties of a semiconductor come to an abrupt halt at a surface
• The surface usually consists of dangling bonds or bonds that are satisfied 

by atoms other than the host atoms in the bulk (oxygen)
• There is a distribution of defect states in the bandgap at the surface and the 

Fermi level is pinned by the overall charge state at the surface than by 
charge neutrality in the bulk. 

• Due to large density of such surface states, there is an enhanced 
recombination at the surface of the semiconductor.

• When light falls on a surface, most of it can recombine at the surface even 
before reaching the bulk. This is extremely detrimental to the operation of 
most optoelectronic devices. 



Auger Recombinations



Total Spontaneous Recombination



Exciton
• Excitons are formed in very pure 

semiconductors at low temperature
• A pure material with unintentional doping is 

applied with an electrical field, then the 
impurities will be ionized and the additional 
charge modifies the bandedge potential.

• In addition, the ionized carriers screen the 
Coulomb interaction between the electrons and 
holes, thereby inhibiting or preventing the 
formation of excitons.



Exciton Recombination



Exciton Recombination

• Free Exciton
• Bound Exciton

– Free exciton couples with the impurity
– The linewidth is ten times smaller

• We don’t see this effect in the inorganic 
light emitting devices



Optical Processes

• Recombinations
• Absorptions
• Emission



Direct and Indirect



Exciton Absorption

For indirect transition



Donor-Acceptor Absorption

The transitions are not always clearly identified because the resonances
occur very close to the absorption edge



Impurity-Band Absorption



Bandtailing



Low Energy Absorption

• Impurity-Band Transitions
• Intraband Transitions
• Free-Carrier Absorption



Effect of Electric Field on Absorption
Franz-Keldysh Effect Quantum Confined Stark Effect



Quantum-Confined Stark Effect



Cont’



Electroabsorption Modulator



Measurement of Absorption



Absorption Spectra



Absorption Spectrum



Kramers-Kronig Relations



Optical Processes

• Recombinations
• Absorptions
• Emission



Absorption and Emission Spectra



Band-to-Band Emission
• Conditions

– Temperature of the sample is high enough so that kBT
> Eex

– There are sufficient number of free carriers in the 
sample producing local fields to dissociate the exciton

• The energy position of the emission peak 
depends on the temperature and intensity of 
excitation. (band filling effect)

• For light hole, density and transition probability 
is much lower so the transitions involving light 
holes are normally not seen in the spectra



DA, BA and DB Emission

• DA transition gives rise to a broad peak in 
the emission

• BA and DB can not be distinguished on 
the spectra because the binding energy 
are too close. 

• DA transitions are 4 times higher than BA, 
DB transitions.



• Nonresonant excitation:
– Excess electron-hole population is generally created in the barrier, 

from which they quickly diffuse and thermalize to the lowest bound 
states in the well region. 

• Resonant excitation:
– Transitions between light hole bands and heavy hole bands can be

seen.
• For well sizes of 100Å or less, the luminescent properties of the 

quantum well are determined by the quality of the well material,
the perfection of the interface and the quality of the barrier 
material. The width (FWHM)of the luminescence spectrum can 
be analyzed to understand the optical quality of the quantum.

Quantum Well Luminescense



Photoluminescence Measurement

• Photoluminescence is the optical radiation 
emitted by a material resulting from its 
nonequlibrium state caused by an external light 
excitation. 

• Three distinct processes take place to result in 
the light emission:
– Absorption of exciting light and thus creation of 

electron-hole pairs
– Partial radiative recombination of these electron-hole 

pairs
– Escape of this radiation from the system



Cont’
• The highest concentration is near the illuminated 

surface of the sample, the resulting carrier 
distribution is both inhomogeneous and 
nonequlibrium

• To regain homogeneity and equilibrium, the 
excess carriers will diffuse away from the 
surface while recombining radiatively and 
nonradiatively. 

• The emitted radiation is subject to self-
absorption; thus it will not propagate far from the 
emission region. 



Photoluminescence Setup



Carrier Transport



Conduction Process 

• Requirements
– A partially filled band; since a completely filled 

or a completely empty band will not conduct
• Doping
• Temperature

– An external force; because the carriers have a 
scattering limited thermal velocity which is not 
directional without such force. 



Directional Movement

• Drift
– With external force, the electrons and holes 

move in the opposite directions.

• Diffusion
– The carriers can acquire directional motion 

due to a concentration gradient



Cont’



Drift
• Electron and holes drifting in their respective 

bands is similar to conduction in metals
– The carrier acceleration is frequently interrupted by 

scattering events, i.e. collisions between the carriers 
and ionized impurity atoms, thermally agitated lattice 
atoms or other scattering center

– Ohm’s law   Jdr = -nqV = σE
• σ is the conductivity of the sample
• E is the applied electric field
• V = V D is the average scattering-limited drift velocity of the 

electron
– Carriers respond to thermal and external field at the 

same time, but thermal motion averages out to zero 



Effects of Temperature on Mobility

• Frequency of lattice scattering increases as temperature 
increases

• Frequency of impurity scattering increases as 
temperature decrease



Effects of Doping on Mobility



Diffusion

• Diffusion arises from a nonuniform density 
of carriers

• The carriers will diffuse from a region of 
high density to a region of low density

• The process is identical for neutral and 
charged particles



Drift + Diffusion

σ= nqμ



Comments
• The density of minority carriers in a 

semiconductor can be many orders of 
magnitude smaller than the density of majority 
carriers, the process of drift is essentially 
controlled by majority carriers.

• The process of diffusion depends on the 
concentration gradient. Since the density of 
minority is small, a concentration gradient of 
minority carriers is easily produced by current 
injection in a p-n junction or by intrinsic 
photoexcitation. Thus, diffusion is essentially 
controlled by the density of minority carriers.



Velocity



Electron Transferred Effect 

v = μE

μ = dv/dE



GaAs Band Structure



Velocity Overshooting
Non-equlibrium



Introduction of Devices



Semiconductor Laser Diode

• Introduction
• Confinement structure
• Material
• LD varieties



General Laser history

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Einstein predicts
stimulated emission

Townes invents and 
builds first MASER

Schawlow and Townes
propose LASER

Maiman builds first 
(ruby) LASER

Javan invents
He-Ne laser

Faist builds quantum
cascade laser

Nakamura builds 
blue laser diode

nanowire laser built
at UCB

Alferov builds first 
heterostructure laser

CD playerIBM builds first laser printerHall builds
semiconductor laser

Spectra introduces
Ti:Sapphire laser

first fiber optic communication 
system (Chicago)



First Semiconductor Laser

GaAs with a diffused p-n junction, it had polished facets and operated under 
pulsed conditions at cryogenic temperatures. (GE corporate research lab)



Oscillator



Optical Processes



Semiconductor p-n Junction



Forward Bias



LD Schemetic



Semiconductor Laser Diode

• Introduction
• Confinement structure
• Material
• LD varieties



Geometric Design Considerations

• Electrical carriers confinement
– Radiative recombination dominates
– Minimize the drift and diffusion current

• Optical transverse confinement 
– Waveguide
– Mode profile engineering
– Enhance the overlapping between the optical 

mode and the carrier confinement region 
(improved stimulated emission)



Vertical Structure Evolution

• Homojunction
• Single heterostructure (nobel prize)
• Double heterostructure
• Separate confinement heterostructure

(SCH)
• Multiquantum well active 
• Graded index-SCH



Double Heterostructure LD



Lateral Structure Evolution 

• Broad area - no lateral guiding
• Strip geometry 

– Gain guiding
• Metal contact stripe
• Proton-bombarded
• Zn diffused
• Ridge waveguide
• Channel substrate

– Index guiding
• Buried heterosturcture (BH)
• V-grooved substrate BH
• Double channel planar BH



Gain Guiding



Index Guiding
• Threshold current = 10-20 mA
• Active medium = 0.1 μm x 2 μm x 

300 μm
p-ohmic metal

dielectric

bond wire

p-InP

InGaAsP or MQW active layern-InP

n-InP substrate n-ohmic metal
100µm

300µm

2µm

200µm

0.1µm



Semiconductor Laser Diode

• Introduction
• Confinement structure
• Material
• LD varieties



無機半導體發光元件基礎



Compound Semiconductor



LD 材料選擇



Material Selection 



Nitride Based Material



Inorganic Wafer Production





Epitaxy Comparison
• MBE

– Ultra high vacuum 
(10-10 torr)

– Long downtime
– High maintenance 

cost
– Slow growth rate (1 

atomic layer /sec)
– Better thickness and 

interface control

• MOCVD
– Can grow under 

atmospheric 
pressure

– Dangerous toxic 
gases

– High growth rate
– Low cost

• LPE
– Low defect material
– Poor surface 

morphology
– Inability to grow 

extremely thin 
layers with abrupt 
interfaces

– cheap equipment



MOCVD System

Vacuum and
Exhaust system

Gas handle 
system

Computer
Control

Reactor



Control and Gas Handling



AIXTRON 2000



Material Considerations

• Direct bandgap material
• Substrate lattice has to match the intended 

active material
• Ternary or quaternary materials
• Strained quantum wells
• Regrowth



Direct and Indirect Bandgap
Energy bands depend on k (momentum)

E

k

direct semiconductor

EG

Direct semiconductor: 
electron and hole can easily 
recombine (GaAs, InP)

electrons

holes

k

E
indirect semiconductor

EG

Indirect semiconductor: 
recombination must involve a 
change in momentum (Si, Ge)

electrons

holes



Band offset



ELOG



Semiconductor Laser Diode

• Introduction
• Confinement structure
• Material
• LD varieties



active 
medium

p-contact

n-contact

end facets
with nair< nam

Spectrum
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Δλm Δλm

Dominant 
mode Side 
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intensity
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Ln2
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Wavelengths of the ith longitudinal mode

Longitudinal mode spacing

nL2

2
0λ

Δλm = Typical value : Δλm = 0.3 - 1 nm

Fabry-Perot Laser



光碟片演化



SONY Twin Waveguide Laser



SONY 三波長 LD 

The 3 lasers will not be emitted at the same time,
when the unit is in actual use 



DFB Laser

light reflected by internal grating built into laser structure

Wavelength  λ = 2 neffΛ

Λ

Active 
layer 
MQW’s

Grating 
layer

Grating period ≈ 240-245 nm !!
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Electroabsorption Modulated Laser



VCSEL

• Distributed Bragg Reflector (DBR) Mirrors
– Alternating layers of semiconductor material
– 40 to 60 layers, each λ / 4 thick
– Beam matches optical acceptance needs of fibers 

more closely

• Key properties
– Wavelength range 780 to 980 nm (gigabit ethernet) 
– Spectral width: <1nm
– Total power: >-10 dBm
– Coherence length:10 cm to 10 m
– Numerical aperture: 0.2 to 0.3

active
n-DBR

p-DBR



Tunable DBR LD

GCSR

SG



雷射二極體封裝

Butterfly type



LD Characterization



Laser Diode Output



Light Emitting Diodes





LED Material



LED 磊晶與分類



GaN Material



LED在波長及亮度之演進



LED Market Evolution



白光LED發光效率預測表
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產生白光之方法



Lumiled Luxeon



產生白光之方法



Nichia White LED Structure



Nichia GaN LEDs

White

Blue

Warm White



Typical GaN LED



Patterned Substrate and Electrode

Conventional

Patterned



Light Extraction



Chip Shaping



LED 封裝技術演化

From LUMILEDS



Light Emitting Diode





LCD 背光應用



Spectrum Comparison



全球主要LED廠商




