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Outlook

• How to approach the optical properties in the (or semiclassical) terms:
Photons and quantized matter (e.g., the hydrogen atom)Photons and quantized matter (e.g., the hydrogen atom)

• Short resume on the electronic properties of (bulk) materials:
Metals vs Dielectrics (Semiconductors)( )

• Qualitative behavior of the material electrons upon optical excitation:
Optical transitions in semiconductors

• The optical properties of semiconductors and their exploitations in 
optoelectronics

• The need for small dimensions and the principle of operation of laser diodes

B d t l t i th l f t d t k i• Beyond optoelectronics: the example of quantum dots as markers in 
biological tissues
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Back to quantum physics: photons and matter

Photons as quanta of the radiation energyPhotons as quanta of the radiation energy

E

Bohr postulate:

n=4

Matter as a 
quantized system

Quantization of radius:

QuantizationQuantization ofof energyenergy:

n=2

n=3
n=4

QuantizationQuantization ofof energyenergy:
n=1
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Back to quantum physics: optical interaction with a single atom

E E

Discrete 
energy

E

n=2

n=3
n=4

hν
n=2

n=3
n=4

hν

energy
levels

n=2

n=3
n=4

hν

n=1 n=1 n=1

Spontaneous decay Absorption Stimulated emission

Energy Energy balancebalance: 
hν = ‐(Efin‐Ein)

FOTONE
PROTONE

Moreover: impulse
and angular
momentum must be

ELETTRONE

conserved, too
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Back to quantum physics: how to describe a solid state system

W th “i ” b h i ( h )We saw the “ion” behavior (e.g., phonons)

We now move to “electrons”

http://www.dsm.unisalento.it/webutenti/massimo.digiulio/public/ProprOttiche06.pdf
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Back to quantum physics: the electronic wavefunction
Single atom: quantum system (discrete energy levels)  Biatomic molecule
(manifold of levels)  solid (energy bands) 
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Classification of matter from the electronic point of view

Scuola Dottorato da Vinci – 2009/10 http://www.df.unipi.it/~fuso/dida – v. 1 ‐ part 7 –pag. 7Proprietà piccola e piccolissima scala



Optical transitions in semiconductors

(radiazione visibile: λ = 400-700 nm E ~ 1.5-3 eV)

Q alitati el light is absorbed b a semicond ctor if photonQualitatively: light is absorbed by a semiconductor if photon
energy is larger than the band gap

(in dielectrics, photon energy is so large that radiation in the UV ( , p gy g
range is needed)

Otherwise: in principle the material is transparent (obviosuly, 
reflection at the interface can occur as well)
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Technology: optolelectronics

S i d t ( i ll Sili ) th b idi bl k f l t iSemiconductors (especially Silicon) are the buiding blocks of electronics

Technology has been greatly interested in optoelectronics (e.g., detectors, sources)
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The real world: Silicon and its (unhappy) properties

Broad diffusion of optoelectronics driven by the availability of solid-state active media, but (bulk) 
semiconductors, e.g., Si, are not suited because of energy gap (in the IR) and indirect transitions

Band structure of Si (determined by 
its crystal structure)

The top of valence band and the bottom of the 
conduction band are displaced each otherp

Momentum conservation implies phonons to be 
involved in the absorption process

Transition probability is small (10-5-10-6 s-1) (and 
wavelength is in the IR, above 1 μm)

Bulk semiconductive materials can be
Da Yu and Cardona
Fundamentals of Semicond.
Springer (1996)

Bulk semiconductive materials can be 
hardly used in optoelectronics devices
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What’s the meaning of small, here

 f H d d  f Optics (in the visible, λ ≈ 400−700 nm ) 
vs nanotechnology (dimensions typ. < 100 nm)

Different dimensional scales!!

Tens of nmHundreds of nm

ButBut::

-Semiconductive nanostructures (e.g., MQW, QD) 
ti l f idi li ti l f tare essential for providing peculiar optical features

exploited, for instance, in diode lasers

- Nanosized metal structures exhibit peculiar opticalNanosized metal structures exhibit peculiar optical
response (e.g., plasmon resonances)

- Nanostructured materials can “manipulate” 
di ti ( h t i b d fi ld tiradiation (e.g., photonic band gaps, near-field optics

(we’ll see something later!)

Da P.N. Prasad,
Nanophotonics, 
Wiley (2004)

Great (and partially new) 
interest on optics and small or 

lt ll t Wiley (2004)even ultra-small systems
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Matter and waves

Remember: according to the matter/wave duality and the deRemember: according to the matter/wave duality and the de 
Broglie principle a free particle with p impulse can be
described by a wavefunction , independently on whether a 
photon or a massive particle is concerned

Xp

V = 0

Xp

de Broglie : 
( , ) ( ) ( )
( )

ikx i t

ikx

x t e e x t
x e

ω ψ ϕ

ψ

−Ψ ∝ =

=
con p hk

( )ψ

de de BroglieBroglie wavelengthwavelength: : λdB=2π/k = h/p

con p = hk

Example: 
Electron, m ~ 10-30 kg, with speed v = 105 m/s:
This corresponds to a kinetic energy E mv2/2 5x10 19 J 4 eV
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This corresponds to a kinetic energy E = mv2/2 ~ 5x10-19 J ~ 4 eV
(i.e., an electron accelerated by a voltage V = 5 V!)
And to a de Broglie wavelength λdB = h/(mv) ~ 6 nm



Artificial materials grown layer by layer

Key points for MBE:
- clean process (UHV, p ≤ 10-10mbar)

- small continuous deposition rate (~ 1 µm/h)
- suitable with semiconductor

Thickness easily controlled at the monolayer level
(Relatively) low kinetic energy favors epitaxy

Heterostructures easily fabricated

Molecular Beam Epitaxy (MBE) 
and its variants
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Da Yu and Cardona
Fundamentals of Semicond.
Springer (1996)

Now, higher gaps achieved  with GaN

Semiconductive material choice

, g g p

Stable alloys

Pseudomorphic 
growth

See MRS Bull. 27 (July 2002)

A wide choice of semiconductors 
is available to tune the gap in a 

b d (f bl t IR)broad range (from blue to near-IR)
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Semiconductive heterostructures

Heterostructures(superlattices): 
sequence of layers made of 

semiconductors with different gapsemiconductors with different gap 
energies (as we have already seen!)

EgGaAs ~ 1.4 eV 

EgAlAs ~ 2.2 eV

Da Bassani Grassano,
Fisica dello Stato Solido, 
Boringhieri (2000)
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Quantum Well I
electrons

holes

Da P.N. Prasad,
Nanophotonics, 
Wiley (2004)
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Dimensionality and density of states (DOS)

Quantum confinement effects expected 
whenever boundary conditions are 
imposed by the size of the system

3DEG

imposed by the size of the system

2DEGDOS and dimensionality

L/h dp 1-D  
g(p) dp ∝  S/h2 2πp dp 2-D

DOS and dimensionality

g(p) dp ∝  S/h 2πp dp 2 D
V /h3 4πp2 dp 3-D

1DEG

dE /√E 1-D 
g(E) dE ∝ dE 2-D

√E dE 3-D

DOS expression as a function of energy
0DEG

DOS expression as a function of energy
turns affected by dimensionality
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Quantum Well II

DOS

Optical transitions in quantum confined systemsp q y

Interband transition energy is no longer EGAP
Intraband (intersubband) transitions available
Increased transition “strength” (oscillator strength)
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Whenever electron and hole wavefunctions overlap each other, a

Excitons (a few words)

Whenever electron and hole wavefunctions overlap each other, a 
quasi-bound system can be formed called exciton

In (type I) quantum wells there is a high probability 
of exciton formation due to confinement of

Hydrogen like energy levels!

of exciton formation due to confinement of 
electrons and holes in the same layer

Hydrogen-like energy levels!

Electron and hole system bound by 
C l b fCoulomb forces

Exciton behaves like an hydrogen atom 
(but for some degeneracy removal(but for some degeneracy removal, 

e.g., light and heavy hole states)
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Minibands in MQW

“Minibands” formed due to 
interaction of different wells
Consequences in QC lasersConsequences in QC lasers
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Electroluminescent systems: lasers (and LEDs)

Basic ingredients for a laser:
-Active medium (amplification through stimulated 
emission);
Optical cavity (feedback of the active medium-Optical cavity (feedback of the active medium 

for coherent emission)

Note: if cavity is missing, an incoherent emitting 
d i (i LED) i bt i ddevice (i.e., a LED) is obtained

In diode lasers (and LEDs) pumping is 
hi d b l t i l t flachieved by electrical means: current flow 

promotes electrons into the conduction band 
(and holes remain in the valence band)
Electron/hole recombination leads to emission

If gain is large, couplers can be made of 
transitions between media having different 
refractive indexes (e.g., semiconductor/air)

Process is “enhanced” in the presence of excitons

“Conventional” diode lasers (with 
emission in a variety of spectral 
intervals) exploit quantum wellsintervals) exploit quantum wells 
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The first diode laser (1962)
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“Conventional” (heterojunction) diode laser

cavity

free spectral range for afree spectral range for a 
plane-parallel cavity 

with length = L
Δν = c/2L

MQW frequently used as the activeMQW frequently used as the active 
medium in order to enhance amplification 
(and reduce the threshold current)

hν
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Market issues

Huge figures, but there is still space for 
f thfurther progress
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Completely new approach to lasing action with the goals: 

“Nanotechnological” diode lasers III: QC

-Mid-IR lasers with possibility to engineer wavelength (e.g., for trace analysis);
-Huge efficiency (low threshold, high power)

 

hν

See http://www.unine.ch/phys/meso
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Quantum Cascade lasers I

The slope is due to the electric field applied

Careful engineering and manufacturing of electron injector and 
active layers allow to achieve an efficient cascade behavior
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Quantum Dots and photoluminescence

Energy

0 DEG DOS

Important photoluminescence features

0-DEG DOS

Important photoluminescence features 
in quantum dots
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NC in colloidal solutions

CdSe nanocrystals in solution

GAPGAP

Bulk Eg~ 1.8/1.9 ev Wide “tunability” of PL range

C.P.Poole F.J.Owens
Introd. to Nanotechnology
(Wiley, 2003)
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AFM images
QDs nanoislands on surfaces

InP islands gro n on andInP islands grown on and 
capped with InGaP

(fabricated via MetallOrganic 
VaporPhaseEpitaxy)VaporPhaseEpitaxy)

Spectral signatures of excitonic 
behavior: 
sharp and strong PL (observedsharp and strong PL (observed 
at room temp)

See Hessmann et al. 
APL 68 (1996) Bulk Eg~ 1.5 ev
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Core/shell Quantum Dots
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Functionalization of core/shell QDs
http://faculty.washington.edu/stenkamp/strep.html

TEM image

See www.qdots.com

Preparazione:
Core (CdSe)

Cd(CH3)2 e Se in TBP o TOP( 3)2
reazione a 360°C e raffreddata 290°C, temp ambiente
controllo crescita tramite spettro di assorbimento

Shell (ZnS)
(TMS)2S e Zn(Et)2 in TOP  
reazione a 190°Creazione a 190 C
controllo crescita spettroscopia UV-Vis e
fotoluminscenza                                          

The shell can be further 
functionalized in order to be

Materiale tratto dal seminario di 
Marco Cirillo, Apr. 2004

functionalized in order to be 
compatible with organics
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Fluorescence marker applications

QDs preferred to molecular dyesQDs preferred to molecular dyes 
for:
-Larger quantum efficiency;
-Larger “compatibility”;-Larger compatibility ;
-High degree of versatility See www.qdots.com
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Conclusions

Quantum physics (i.e., the semiclassical approach) offers a viable
handle to understand many properties of matter depending on the 
electronic wavefunctions

Despite of the (often complicated) details, the optical properties of
semiconductors can be understood based on simple (energy balance) 
considerations, involving interband transitions of electrons

However, practaical exploitations are often hampered by the actual
arrangement of the energy levels (especially in Siilicon)

Technology invented the way to assemble “artificial” semiconductors
ith th i d b d ( d ffi i t t iti )with the required band-gaps (and efficient transitions)

Diode lasers (and LEDs) are typically based on those materials

The same technology can be also used in a completely different field, 
where light-stimulated emission (photoluminescence) is required, e.g., 
fluorescence markers
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fluorescence markers


