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Outlook

• Thin films as a basic component of micro (and nano) technology

• Two-dimensional  quantum confinement in thin heterostructures: excitons 
and optical properties

• Epitaxial growth: problems and limits in film thickness 

• Nanotechnology by evaporation (Feynman’s speech): Molecular Beam 
Epitaxy

• An overview of physical deposition methods (and a few words on chemical 
deposition methods)

• Examples of self-assembly in the organic world
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Thin films of inorganic materials

Solid state materials: typically they have a polycrystalline nature:
- “grains” with a well defined structure (proper lattice structure);
- large scale organization (mutual arrangement of different grains);
- grain size strongly depending on the material (and on the deposition method)

Thin films: 
- basic ingredients of solid state technology (micro- and nanotechnology);
- relevant also out of the electronics area (e.g., structural materials and coatings, 
tribological surfaces, …).
- thickness varying through a few monolayers (below 1 nm) to hundreds nm;
- “geometry” can be considered 2D (e.g., columnar growth of the grains)

AFM image (3D persepctive view) 
of YBCO film
deposited onto metal subs.
(scan size approx 2x2 µm2, 
max. height approx 180 nm)

Very bad example: ceramic materials
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Semiconductor materials engineering

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

See MRS Bull. 27 (July 2002)

Emissione nel blu con GaN

“Solid solutions” of alloys 
to tune band-gap 

Recent 
semiconductors for 
the blue range 
(blue lasers)
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Semiconductor heterostructures

Es.:  A=GaAs (EgA ~ 1.5 eV, lattice 5.653 Å)
B=AlAs (EgB ~ 2.3 eV, lattice 5.62 Å)

or B=Ga1-xAlxAs (con x typ. � 0.3)

typ.  thickness > 2 nm

typ.thicness  < 2 nm

Multiple Quantum Wells (MQW):
2DEG quantum confinement



Topics in Nanotechnology 2004/5 - ver. 1 - part 2  - pag. 6

Schrödinger equation

plane waves along  x and  y

infinite potential well

subbands

DOS 2D

heavy and light holes

Da Bassani Grassano,
Fisica dello Stato Solido, 
�Boringhieri (2000

MQW: 1D potential wells

Discrete energy level 
system (with partial 

degeneracy removal)
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Excitons in MQW

Excitons: electron-hole pairs, produced, e.g., by photon absorption
Electron-hole system is a bound system due to Coulomb force

hydrogen-like atom system 

Exciton formation is favored in 
type I MQW thanks to space 

superposition of electron-hole 
wavefunctions (quantum 

confinement)
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Problems in heteroepitaxy

Da M. Ohring, The materials
science of thin films
(Academic, 1992)

In principle, we aim at growing a thin layer of a (poly)crystalline material either over a 
substrate or another layer

Homo-epitaxy: no change in the lattice parameters (i.e., in the material!)
Hetero-epitaxy (or pseudo-epitaxy): “slight” changes of the lattice parameters

Lattice matching is a 
crucial issue
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Problems in the growth

“Systematics” of thin film defects

Large variety of defects can occur, often enhanced when nm-sized thickness 
is concerned
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Some requirements for epitaxy

Vicinal surface
(engineering of the 
surface through 
substrate cutting)

Da R. Waser Ed., Nanoelectronics and 
information technology (Wiley-VCH, 
2003)

Island growth and 
coalescence rule thin 

film formation
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Diffusion and Schwoebel barriers

x

E

Diffusion coefficientt:

D = D0 exp(-E/kT)

Local change of the energy felt by 
the particle during diffusion  close to 
the edge of  a step
D0 turns out to depend on the site

Thin film formation implies diffusion of the impinging particle over the substrate (or the 
underlying layer)

Material diffusion at the atomistic level  is a thermally-activated process involving a 
diffusion coefficient

In the initial stage, diffusion is affected by the substrate 
inhomogeneity at the atomistic level
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Heteroepitaxy

Heteroepitaxy is strongly depending on the 
“surface energies”
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Thin film deposition methods

BULK

FILM

“Chemical” 
(liquid) methods

“Physical” 
(vapor) methods

Lattice matching Temperature
(annealing?)

Sticking onto the substrate

In general: solid state material is converted into an elemental phase (e.g., atomic, 
molecular, …) and let re-aggregate over a substrate (or another layer)
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Deposition from a vapor
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Effusive vaporization
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Molecular Beam Epitaxy: MBE, MOMBE

Da M. Ohring, The Materials
Science of Thin Films,
Academic (1992)

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

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

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

Heterostructures easily fabricated

OrganoMetallics
(MO-VPE or MOMBE)

Example of effusive oven (MPI)

Inert materials used (but difficult with oxides!)
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MBE sources

Da M. Ohring, The Materials
Science of Thin Films,
Academic (1992)

Large size 
homogeneity 
achievable
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In-situ thickness control

Rutherford High Energy Electron Diffraction 
(RHEED) frequently used to diagnose film coverage 

and to measure film thickness
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An example of advanced capabilities of MBE

Quantum cascade lasers (novel sources 
for the IR range)

Each semiconductor layer is the place 
where exciton recombination occur

Thickness must be carefully tuned in 
order to have operation at the desired 
wavelength

MBE is able to control thickness at the 
monolayer level while ensuring an ultra 
high level of purity
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Limitations of MBE and alternative techniques

Main limitations of MBE (from the nanotechnological point of view): 
- poor suitability with refractory materials (too high temperature);
- poor suitability wih complex materials (e.g., reactivity with oxygen);
- low kinetic energy of the particles and need for an annealing treatment

Alternative physical method: sputtering 
Vaporization achieved through collisions with high energy particles (electrons, ions)
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Sputtering vs vaporization

Da M. Ohring, The Materials
Science of Thin Films,
Academic (1992)
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Another physical method: pulsed laser deposition (PLD)

“Collisions” with energetic photons lead to:
- bond breaking;
- local and abrupt material heating

UV laser sources:
- excimer (XeCl 308nm, KrF 248nm, 
ArF 193nm,…)
- Nd-YAG 1064 nm  (III or IV 
harmonics)
- pulse duration: ~ 10 ns (sub-ns as 
well, even fs)
- fluence: 1-5 J/cm2 (i.e., hudreds of 
MW/cm2 )
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Some peculiarities of PLD

Plasma formation

Arrival of high energy particles onto the substrate

Radiation target coupling

PLD is a pulsed process

1. UV laser energy is efficiently transferred 
to the target

2. A plasma is formed following interaction 
of the laser pulse with the vaporized 
material

3. Vaporized material (plume) expands in 
a highly peaked beam

4. High energy elemental materials 
impinges onto the substrate favoring 
thin film formation even without post-
annealing. 

Reactivity in the vapor phase
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A few words on precursor-based (chemical) methods

Choice and operation of the precursor set the essential advantages/limitations
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A few words on solution-based (chemical) methods
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Linear molecules with an head group (chemically reacting with the substrate) and 
an end group (with possibile specific functions)

An example of (nanotechnological) solution-based approach
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Linear molecules comprised of an alkyl 
chain and a thiol head make a 
spontaneous chemical bond with noble 
metal (Au) surfaces

Da G. Timp, Nanotechnology
(Springer-Verlag, 1999)

Self-Assembling Monolayers (SAMs) I

Example: alkanethiolates

Thiol group
Alkyl chain

Monolayers (thickness < 1 nm) spontaneously 
formed by simple dipping the substrate into a 

SAM solution
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S atom of the thiol group  
chemically bond  on Au
(energy ~30 kcal/mol)

Van der Waals forces between alkil chains rule 
self-assembly (energy ~ 10 kcal/mol)

Alkanethiolates
on Gold (111)

Self-Assembling Monolayers (SAMs) II

Virtually defect-free layers 
can be formed with a 
controlled (monolayer) 
thickness

Main role of SAMs in nanotechnology:
- molecular “templates” (i.e., a system to “hold” molecules/clusters on a surface)

- molecular resist in advanced lithography processes
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SAM templates I
See Andres et al., 
JVSTA 14 1180 (1996);
Science 272 1323 (1996)

STM measurements

XYL: p-xylene-α,α’

SAM “holds” small Gold clusters 

Coulomb-blockade and 
single-electron behavior
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SAM templates II

SAM “holds” intramolecular electronic components (e.g., 
“Tour wires”) allowing their selective addressing through 

STM

Da  J.M. Tour, Molecular Electronics
(World Scientific, 2003)
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Conclusions

ü A fundamental building block of technology (micro- and nano-) is 
represented by thin films

ü Thin films play a major role in a variety of fields (electronics, but also 
nanomaterials for structural or hard coating applications, …)

ü A “classical” example (especially for optoelectronics and photonics): 
MQW structures

ü Growth of thin films is a complex process involving different 
phenomena at the atomistic level

ü Most relevant film deposition methods are based on vaporization (e.g., 
MBE)

ü An alternative route is represented by self-assembly with organic 
materials (linear molecules)

ü Use of SAMs in nanotechnology as templates and resists (to be 
discussed in the next lecture) 


