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Introduction to the topic

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

Different dimensional scales!!

But:But:
-Semiconducive nanostructures (e.g., MQW, QD) 
are essential for providing peculiar optical features 

exploited, for instance, in diode lasers

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

- Nanostructured materials can “manipulate” 
radiation (e.g., photonic band gaps, near-field optics

(we will see more on that!))

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

Tens of nmHundreds of nm
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Outlook

Only inorganic materials will be treated (emission in organics to be discussed 
later on!) 

Issues relevant for near-field optics will  be treated elsewhere

Major issues

1. “Conventional” (heterostructure) diode lasers vs “nanotechnological” lasers 
(e.g., DBR, QD, VCSEL, ...) exploiting quantum confinement in 
semiconductors (electroluminescence)

2. Quantum dots and nanocrystals for photoluminescence applications

3. Metallic nanostructures (nanoparticles) and a few words on plasmon 
resonances

4. A few words on manipulation and confinement of radiation in nanostructured 
samples (e.g., photonic crystals)
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1. How to build a diode laser (or a LED)

Broad diffusion of lasers 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

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

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)

Band structure of Si

Da Yu and Cardona
Fundamentals of Semicond.
Springer (1996)

Bulk semiconductors can be hardly 
used in optoelectronics devices



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 5 - pag. 5

Semiconductive heterostructures

Heterostructures(superlattices): sequence 
of layers made of semiconductors with 

different gap energies

Heterostructure growth through MBE 
--> Lattice matching (pseudomorphism) 
--> strain/stress 
--> critical thickness (and dislocation) 

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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Confinement of holes

In zinc-blende type crystals (as most QWs) 
hole energy diagrams show a splitting

“Light” and “Heavy” Holes states appear

Da Yu and Cardona
Fundamentals of Semicond.
Springer (1996)
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Quantum Well II

DOS

Optical transitions in quantum confined systems

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 
quasi-bound system can be formed called exciton

Hydrogen-like energy levels!

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

electrons and holes in the same layer

Excitons (a few words)

Electron and hole system bound by 
Coulomb forces

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

e.g., light and heavy hole states)
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Multiple Quantum Wells

“Minibands” formed due to 
interaction of different wells

Consequences in QC lasers (see 
later on!)
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Kinds of MQW

e.g.:  A=GaAs (EgA ~ 1.4 eV, lattice 5.653 Å)
B=AlAs (EgB ~ 2.2 eV, lattice 5.62 Å)

or B=Ga1-xAlxAs (x typ. ≤ 0.3)

typ. thickness > 2 nm

typ. thickness < 2 nm

Most relevant configuration: electrons and 
holes are confined in the same layer
Most favoured for exciton formation
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Da Yu and Cardona
Fundamentals of Semicond.
Springer (1996)

Stable alloys

Now, higher gaps achieved  with GaN

Pseudomorphic 
growth

See MRS Bull. 27 (July 2002)

Semiconductive material choice

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

broad range (from blue to near-IR)
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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 
for coherent emission)

Note: if cavity is missing, an emitting device (i.e., 
a LED) is obtained

In diode lasers (and LEDs) pumping is 
achieved by electrical means: current flow 
promotes electrons into the conduction band 
(and holes remain in the valence band)
Electron/hole recombination leads to emission

Process is “enhanced” in the presence of excitons

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

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

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

cavity

free spectral range for a 
plane-parallel cavity

Δν = c/2l

hν
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Waveguide

λ = 1.32 μm

C.P.Poole F.J.Owens
Introd. to Nanotechnology
(Wiley, 2003)

QD lasers appealing for enhanced gain (but 
fabrication of QD arrays is far from obvious)

“Nanotechnological” diode lasers I: QD

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



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 5 - pag. 16

See MRS Bull. 27 (July 2002)

Vertical Cavity Surface Emitting Laser

VCSEL advantages: 
- Surface emission for integration in 

optoelectronics;
- “short” cavity: temp. stability, optical 

quality, ...;
- Small overall size, low threshold

Distributed Bragg Reflector structure (1D photonic crystal) “Bragg mirrors” can be built by 
depositing alternate layers with 
different refractive index and highly 
controlled thickness 

“Nanotechnological” diode lasers II: VCSEL
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Completely new approach to lasing action with the goals: 
-Mid-IR lasers with possibility to engineer wavelength (e.g., for trace analysis);
-Huge efficiency (low threshold, high power)

 

See http://www.unine.ch/phys/meso

“Nanotechnological” diode lasers III: QC

hν
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Quantum Cascade lasers I

Careful engineering and manufacturing of electron injector and 
active layers allow to achieve an efficient cascade behavior
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(es.:monitor for trace analysis of CO)

Quantum Cascade lasers II
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Ultra high purity MBE is the key for 
QC fabrication

Further implementations

Quantum Cascade lasers III
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2. Quantum Dots and photoluminescence

Important photoluminescence features 
in quantum dots
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Si NC in porous Silicon

100 nm

1.8 nm

nanocrystalline regions

TE diffraction

TEM
HRTEM

See Amato et al.
Struct. and Opt. Prop. of 
Po-Si nanostructures
(Gordon and Breach (1997)

Bulk Si electrochemically etched in HF to produce 
(filamentary) nanocrystals

Electropolishing (large current):
Si + 6F- → SiF6

2-

Porization (H surface evolution):
Si + 6F- + 2H+  → SiF6

2- + H2

+ 4e

+ 2e
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Da F.F. et al., J. Appl. Phys
91 5405 (2002)

PL SNOM

SNOM analysis of PL from po-Si microcavity

Photoluminescence of po-Si

Porosity and surface 
passivation play a role

Emitting centers detected by SNOM

Even Si, in NC state, 
can lead to strong PL



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 5 - pag. 24

NC in colloidal solutions

GAP

Bulk Eg~ 1.8/1.9 ev

C.P.Poole F.J.Owens
Introd. to Nanotechnology
(Wiley, 2003)

CdSe nanocrystals in solution

Wide “tunability” of PL range
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InP islands grown on and 
capped with InGaP

(fabricated via MetallOrganic 
VaporPhaseEpitaxy)

AFM images

See Hessmann et al. 
APL 68 (1996) Bulk Eg~ 1.5 ev

QDs nanoislands on surfaces

Spectral signatures of excitonic 
behavior: 
sharp and strong PL (observed 
at room temp)
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Core/shell Quantum Dots



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 5 - pag. 27

Functionalization of core/shell QDs

Materiale tratto dal seminario di 
Marco Cirillo, Apr. 2004

Preparazione:
Core (CdSe)

Cd(CH3)2 e Se in TBP o TOP
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°C
controllo crescita spettroscopia UV-Vis e
fotoluminscenza                                          

TEM image

The shell can be further 
functionalized in order to be 

compatible with organics

http://faculty.washington.edu/stenkamp/strep.html

See www.qdots.com
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Fluorescence marker applications

QDs preferred to molecular dyes 
for:
-Larger quantum efficiency;
-Larger “compatibility”;
-High degree of versatility See www.qdots.com
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3. Optical behavior of metal nanoparticles I

See: http://www.ndhu.edu.tw
/~nano/93041702.pdf

Au nanoparticles
in solution
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Optical behavior of metal nanoparticles II

Free electron coherent 
oscillations in metal nanoparticles

do rule the optical behavior
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Color depends on both 
size and spacing

Optical behavior of metal nanoparticles III

See MRS Bull. 26 (2001)

Au nanoparticle core surrounded by SiO2 shell

Plasmon explanation not 
(directly) connected to 
quantum confinement
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Reminders of plasma frequency and waves in metals I 

P.L. Braccini, Lezioni di Fisica II 
Per ing. TLC (Pisa, 2001)
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Metal response at optical 
wavelengths: ε < 0

Absorption depends on ωP / ω

Reminders of plasma frequency and waves in metals II 
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Reminders of surface plasmons

Longitudinal waves (excited, 
e.g., by evanescent waves) 
propagating on a metal surface

Plasmon resonance

Plasmon resonances can 
occur on a metal surface
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A few words on Mie scattering

1

Mie scattering applies to metal nanoparticles
and explains plasmon-like resonances in 

terms of electron collective motion
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Examples of preparation methods for metal nanoparticles
Materiale tratto dal seminario di 
M. Barnabò, Apr. 2004

Stretched samples (optical activity)

Plasmon res.
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4. An emerging technology: photonic crystals (a few words)

In solid-state physics:
In a crystal lattice, a periodic potential leads to 
the appearance of energy gap for the electron 
wavefunction

Possible interpretation for 
the gap occurrence:
Bragg-like interference

C.P.Poole F.J.Owens
Introd. to Nanotechnology
(Wiley, 2003)

Eq. Schroedinger --> eq. Helmoltz

Already seen in DBR:
Radiation and particles 
do behave similarly!!
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See http://nccr-qp.epfl.ch/qpproject9.htm

Photonic band gap crystals I

Band gap crystals can be 
produced for radiation 
(photonics) by building 
lattices comprised of 

elements showing 
different refractive indexes

Typical size range: fraction of 
wavelengths (hundreds/tens of nm)
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A simple 2D PC (reg. array 
of dielectric cylinders) 

Band gap

By engineering the array 
the band gap can be locally 
removed (or created)

Waveguiding effects

C.P.Poole F.J.Owens
Introd. to Nanotechnology
(Wiley, 2003)

Integrated waveguides with 
no minimum bending 
angle can be created

Photonic band gap crystals II
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Propagation losses are due 
to coupling with evanescent 

fields which can be 
observed with SNOM

Photonic band gap crystals III



Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 5 - pag. 41

Examples of PCs I

Huge interest in 
developing economic and 
reliable methods for PC 
mass fabrication
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See MRS Bull. 26 (Aug 2001)

Open question: 3D PC?

Examples of PCs II

Huge interest in developing 
economic and reliable methods 
for integrating PCs and 
optoelectronics chips in 
advanced photonic devices
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Conclusions

Optics, optoelectronics and photonics have gained tremendous 
impulse from nanotechnology developments

New diode lasers configuration available thanks to 
nanotechnology

New and challenging applications (e.g., fluorescence markers in
biology) envisioned for quantum dots

The very old-known dependence of color on size reveals the 
role of nanostructures in ruling the macroscopic optical behavior

New possibilities exist to condition radiation in integrated 
optoelectronic devices thanks to photonic band gap crystals


