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Introduction to the topic

Conventional fabrication methods in microelectronics are based on top-down 
approach:
-Thin film deposition (typically, several layers with different properties);
-Definition of a lateral pattern (lithography);
-Selective material removal (etching)

Frequently, the process is cycled until the final (complex) structure is produced

Transition from micro- to nano-electronics is somehow hampered by technical 
and fundamental limitations inherent to the methods (e.g., lateral definition 
limited to 70-80 nm in the actual industrial environment, see MOSFET, DRAMs)

Where do this limitations come from? We will try to answer to this 
question looking at the different steps involved in the top-down approach
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n-doped Si

Poly-Si

SiO2

70 nm

A simple and rough example

A nanosized MOS-FET

A possible recipe for fabrication

Film growth is a basic ingredient: either (poly)crystalline or amorphous materials 
must be deposited, but in any case high homogeneity and thickness control is 
desirable; materials of different natures must be deposited (or grown), including, for 
instance, semiconductors, metals, oxides (and also molecular crystal, i.e., organics)
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Outlook

1. A few words on the mechanisms ruling epitaxy

2. A few words on the basic surface phenomena involved in film 
growth (diffusion, nucleation, coalescence)

3. Some “physical” deposition methods:
A. Molecular beam epitaxy (MBE);
B. Sputtering;
C. Pulsed laser deposition (PLD)

4. Some chemical deposition methods:
A. Chemical vapor deposition (CVD);
B. Techniques involving solutions (CSD, LPE)
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1. Overview of some film growth problems I
Thin film: material layer with thickness << lateral size (typ., 1-100 nm)

Note: besides electronics, thin films are useful for a huge variety of applications (e.g., optics, 
wear protection, diffusion barriers, mechanics, ...)

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

In principle, we often 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

GaAs

AlAs

GaAs

c-axis
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Overview of some film growth problems II

“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

We assume arrival 
of adatoms from 
vapour (maybe, 
liquid) phase
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Diffusion and Schwoebel barriers

x

E

Diffusion coefficientt:

D = D0 exp(-E/kT)

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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2. Nucleation

Materiale tratto dal seminario di Barbara Fazio
IPCF/CNR Messina, Aprile 2003

Rate equation models to describe island growth (after Venables)
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Coalescence
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Experimental investigation of early growth stages

Coalescence/nucleation:
competitive processes

Substrate features enter in 
ruling the diffusion
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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 vaporDa R. Waser Ed., Nanoelectronics 
and information technology (Wiley-
VCH, 2003)

Thermodynamics-ruled process
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(Effusive) atomic beams can be produced by simply heating a solid bulk

Effusive vaporization
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3.A. 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

Coherent/incoherent Bragg interference
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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

Successes and main limitations of MBE

MBE is able to produce homogeneous 
layers with a very well controlled 
thickness and extremely low roughness 
(see, for instance, the success of 
quantum cascade lasers)

……BUT…BUT…
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3.B. Sputtering and charge bombardment 

Charged parricles  (ions or electrons) electrically accelerated to the surface of a bulk target 
lead to material desorption and vaporization (not only elemental, though)

Main advantages: 
- efficient also with “refractory” materials (e.g., ceramics, some metals with large 
vaporizarion temperature)
- large growth rate (up to several µm/h)

Da M. Ohring, The Materials
Science of Thin Films,
Academic (1992)
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DC, RF, Magnetron sputtering 

Charges typically belong to (or form) a plasma of an inert gas (e.g., Ar) produced 
by CW or RF excitation

In magnetron, magnetic fields do enhance 
collisional processes in the plasma, so 
improving the overall process efficiency

Main disadvantages:
-Presence of a foreign gas purity issues
-Backscattering possibility film damage
-Scarce efficiency of atomization poor 
control of the growth (i.e., thickness and 
compositional homogeneity)
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Sputtering vs vaporization

Da M. Ohring, The Materials
Science of Thin Films,
Academic (1992)
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3.C. Pulsed Laser Deposition (PLD)

Pulsed process with different steps

“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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Features of the laser/target coupling

Electron nature of the interaction non-thermal vaporization

Some PLD pros:
Huge efficiency with cirtually any kind 

of materials;
Highly localized interaction (reduced 

target damage);
Congruency of film and target 

composition
Excellent flexibility (ablation source is 

outside the deposition chamber and a 
foreign gas can be either used or not 
used)
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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

This step is practically absent when 
using ultrashort (sub-ps) laser pulses
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Main limitations of PLD

Some disadvantages of PLD:
- Relatively small areas are covered (~ cm2)
- Rather poor surface homogeneity (droplets)
- Rather poor overall efficiency (i.e., growth rate)

PLD broadly and rapidly diffused (starting from late 80’s) in worldwide labs for production of 
films of “difficult” materials (e.g., superconductive and ferroelectric ceramics, nitrides, 
silicides, carbides and other hard coatings)
It can be used also for nanoparticles formation (we have seen PLD in fullerenes and CNTs) 

Plume

Target

Substrate
Laser

1994

1989
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4.A. Chemical Vapor Deposition (CVD)

Chemical reactions are realized in the vapour phase, the 
resulting compounds are deposited onto a substrate
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Examples of precursors in CVD and MO-CVD

Chemical Vapor methods do strongly rely on the 
availability of suitable precursors, i.e., species able 

to efficiently react with the environment gas
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Other CVD examples I

A few common reactions for metals and semiconductors:

Si
Ni

Si

W

Mo

SiO2

SiO2

SiC

BN

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

GaAs
GaP
InP
InAsGaAs

Si3N4

Reactivity enhancement 
can be achieved by several 
methods, e.g., formation of 

a plasma (see Plasma-
Enhanced CVD for CNT 

fabrication!)

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

Other CVD examples II
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4.B. Examples of deposition from the liquid phase (CSD)
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Liquid Phase Epitaxy (LPE) and Sol-Gel

Sol-Gel: deposition from precursors in a gel solution

LPE: deposition from a super-saturated solution

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

Some advantages of chemical methods:
- Cheapness;
- Scalability;
- Growth rate

Main disadvantages:
- Poor control of the film homogeneity;
- Limited applicability (precursors are 
frequently needed!):
-Need of several process steps and 
integrability issues
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Conclusions

Thin films are an essential component for any nanotechnology 
application (not only, but especially, electronics)

Many deposition methods have been developed and applied

Film growth typically involves arrival of elemental materials onto 
a substrate (and subsequent surface processes, like diffusion, 
nucleation and coalescence): phyiscal and chemical techniques 
can be used to produce the elemental materials from a solid or 
gaseous (or liquid) material

Every technique holds specific advantages and limitations: no 
“universal” method exists


