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Outlook

• What is nanotechnology?

• What are the components of nanotechnology?

• What are the main driving forces for development of nanotechnology?

• What is the present status of technology?

• Survey of conventional electronics:
• Electron transport (Drude model);
• Bipolar junctions (old-style technology);
• Planar technology and MOS-FETs

• Some limits and problems in miniaturization and the need for new 
approaches
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(Nano)technology

Technology: the ability to produce small (nano) systems useful for 
some application
i.e., the ability to manipulate matter in order to fabricate systems (or 
structures, or devices) with a size in the sub-micrometer range

Technology uses techniques, but it is not just a technical application: 
basic science is involved as well in designing new techniques and new 
structures with improved functionalities

(Nano)technology is strictly connected with basic science, but it is not 
just investigation/interpretation of processes in the nano-world

[concepts from M.Wilson et al., Nanotechnology (Chapman&Hall, 2002)]

Nanotechnology is a “complex” (and rather vague) matter
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Nanotechnology shares topics with other disciplines, 
but it should not be confused with:

-Chemistry, for the higher control of the involved processes;
-Materials science, for the specific interest in the small world;
-Physics, for the complexity of the systems under investigation;
-Engineering, for the specific interest in new systems
-Biophysics, (self assembly and replication) for the artificial systems

Nanotechnology is an “open” and strongly interdisciplinary field

Components of nanotechnology
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An hystorical example of nanotechnology

“Nanostructured” glass
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A more recent example

Fullerene (C60)

Single Wall
Carbon NanoTube

(90’s)

Mesoscopic systems 
(interesting for their physico-

chemical properties

An artificial system made of 
CNT and gold nanoparticle 
intended to be a prototypal 

single-electron device
(a couple of years ago)
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Our point of view

Selected topics of interest

1. Physical properties of nanostructures 
(quantum confinement) and issues 
associated with miniaturization of 
electronic devices

2. Physical methods for fabrication of 
nanostructures (i.e., evaporation, 
lithography, atom manipulation) and 
associated problems

3. Physical tools for nanostructure 
investigation (i.e., probe microscopy) 
and new tools for fabrication

“Special” interest in materials
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There is plenty of room at the bottom…I

Miniaturization means 
increase of “power”
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There is plenty of room at the bottom…II

Miniaturization means new (quantized) 
functionalities exploitable in novel applications

Nanomachines for, e.g., computation, 
drug dispensing, nanofluidics, …

Eric Drexler (1990)

Manipulation and control of the 
matter at the single atom level
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Driving forces for nanotechnology

Feature size 
(typ., fwhm of the smaller 

device features)

Electronics devices:
they are typically (and traditionally) 
made of “small” structures

1. Thin films are deposited
2. A pattern is tranferred to the 
multilayered structure

Device components (resistors, 
capacitors, transistors, …) are so 
defined in an integrated structure
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Progress in electronics (in the XX century)

Bipolar transistor

Planar (thin film) technology

Optical lithography

Very Large Scale Integration

Quantum confinement

Alternative materials 
and technologies

???
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The present status of miniaturization

http://www.apple.com
Feature size slightly below 100 nm 

(nanotechnology?)



Fisica delle Nanotecnologie 2005/06 - ver. 4 - part 1 - pag. 13

The “Moore’s law”
See http://public.itrs.net

“Miniaturization” increase by a factor 
3-4 in a 3-4 year period (still true?)
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Technical and fundamental problems

The rate of increase in miniaturization 
has been growing fast 
In information technology

Main motivations:
- Increase of “power” (computing 
efficiency, information storage, time 
response, …)
- Decrease of power consumption, 
usually associated with miniaturization
- Commercial reasons (a huge market!) 

Technical limitations: lack of control in the manipulation, limits of the materials

Fundamental limitations: in the techniques (e.g., optical diffraction in 
lithography), in the system operation (e.g., quantum behavior)

Need for novel approaches 

Da www.sia-online.org
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Basics of conventional electronics I

Diffusive electron transport (Drude)

“Microscopic” Ohm’s law:  
J = σ E

τ : time interval between collisions
m* : effective mass of the charge carriers

Drift (limit) velocity:
vd = τ eE/m*

but J = n e vd 
hence: σ = n e2 τ/ m*

Classical interpretation (Drude): 
Collisions betwen electrons and lattice ions lead to a 
friction force (and electrons do have thermal distribution 
of speed)
Quantum interpretation: 
Collisions are replaced by loss of translational 
invariance in the electron wavefunctions (and the Fermi 
velocity must be considered)

Diffusive means dissipative (resistance)
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Transport in conductive thin films

Thin film can be considered as a one-dimensional example of nanotechnological system

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

Neglecting (for the moment) 
any quantum-confinement 

effect

Resistivity tends to increase with 
decreasing film thickness due to the 
increased role of the electron 
collisions at the film interface

Interface gets importance in 
ruling the system behavior
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Transport in dielectric thin films

Barrier or thermal-activated 
processes tend to promote 
conduction even in bulk-dielectrics

Neglecting (for the moment) 
any quantum-confinement 

effect

Da M. Ohring, The materials
science of thin films
(Academic, 1992)
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General rule of thumbs for transport in thin films 

Processes associated with chemical/structural properties (grains, defects...)
Processes associated with surface/volume ratio (interface, surface scattering …) 

Roughly speaking: 
conductors less conductive; dielectrics less insulating

Possible exception: polycrystalline materials with a complex structure
Example: high-TC ceramic superconductors

YBCO (YBa2Cu3O7-x)
Tc ~ 91 K (at x<0.5)

Superconductivity requires intergrain tunneling which 
can be favoured in a thin film due to a larger mutual 
alignment of the grains

AFM image of YBCO film
deposited onto metal subs.
(scan size approx 2x2 µm2, 
max. height approx 180 nm)
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Basics of conventional electronics II

Bipolar junction

Da F.Bassani, U.M. Grassano,
Fisica dello Stato Solido
(Bollati Boringhieri, 2000)

In the absence of an applied field, p and n charges are redistributed so to create a 
junction (a charge-free region  similar to a capacitor) 

⇒ the junction acts as a potential barrier for charges
⇒ transport is possible only when a direct polarization is applied 

⇒ a rectifying behaviour is achieved
(note: a similar behaviour is also in metal/semiconductor – Schottky – junctions)
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An historical look at the bipolar transistor 

A current (e.g., BE) is used to 
control a current flow (e.g., CE)

Power consumption issues!
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Old-style technology

“Linear” technology did not allow for miniaturization
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Basics of conventional electronics III

Planar technology (thin film multilayers of different materials)

Examples:

Semiconductor heterostructures

Dielectric thin films

Thin multilayered structures

Careful engineering of the material 
properties achieved by (one-dimensional) 

thickness control at the few (single!) 
atomic layer level
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The Field-Effect Transistor

Basic concept of a 
Field-Effect Transistor 
(FET)

The gate voltage is used to 
control the source-drain current

(better behavior in terms of power 
consumption)

Da F.Bassani, U.M. Grassano,
Fisica dello Stato Solido
(Bollati Boringhieri, 2000)

S-D current

S-D voltage

G-D voltage

J

pn junctions (inversely polarized)
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The MOS-FET I

Planar (thin film) technology is compatible with MOS-FET architectures

Key points: 
- Metal-Oxide-Semiconductor (MOS) multilayer
- Thin dielectric (oxide) layer (E=V/d!!) 
- Lateral definition of the structure
- Large scale integration possible



Fisica delle Nanotecnologie 2005/06 - ver. 4 - part 1 - pag. 25

http://people.deas.harvard.edu/~jones/es154/lectures/lecture_4/
mosfet/mos_models/mos_cap/mos_cap.html

The MOS capacitor I

The electric field produced by applying a voltage to the metal (gate) rules the density 
of charge carrier at the semiconductor/oxide interface. 
Example for p-doped semiconductor:
- accumulation: holes (positive carriers) are accumulated at the interface
- depletion: holes are depleted at the interface
- inversion: a thin layer of almost free electrons (negative carriers) is formed  
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The MOS capacitor II: energy diagram

Applying an electric field:
- Fermi level is raised/depressed (depending on the sign)
- conductive/valence levels are “deformed” (band bending - depends on space)

The cond. band crosses the 
“intrinsic” Fermi level ⇒ a thin, 
dense electron layer is formed
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The MOS capacitor III

R.Waser (Ed.), Nanoelectronics and 
Information Technology (Wiley-VCH, 2003)
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The MOS capacitor IV: capacitance

Total capacitance is a series of 
the oxide and semiconductor 

capacitance

It depends on the gate voltage
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The MOS-FET II

MOS-FET requires additional electrodes (and a longitudinal field) 

In the inversion and depletion conditions the 
interface charge creates a channel for the 
transport from source to drain
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The MOS-FET III

“Saturation” is achieved 
when no additional minority 

charges can be created
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A “miniaturized” (sub-micron) MOS-FET

MOS-FET with nanosized
features can be produced (we 

will see how)

Crystalline nature of Si is seen in HRTEM

G.Timp (Ed.), Nanotechnology (Springer, 1999)
presently, down to 70-80 nm

HRTEM
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Miniaturization issues

What happens if we start decreasing dimensions?

1. Reducing the gate (channel) length ⇒ quantum conf. (we’ll mention them)

2. Reducing the involved amount of charge ⇒ single electron (we’ll mention them)

3. Reducing thickness of oxide layer ⇒ materials problems (we’ll mention them)

4. Reducing the overall size ⇒ nanofabrication problems (we’ll mention them)

5. Specific issue to be mentioned now: homogeneity and doping

To be kept in mind:
whole set of issues must be addressed when trying to apply 

nanotechnology to MOS-FET
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Field distribution  and homogeneity

Relatively large field 
gradients in small regions

Need to accurately control the material at the nanometer scale

Limits in miniaturization
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Material modulation doping

Modulation doping for the semiconductor on a small scale
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Conventional doping techniques

Inter-crystal diffusion from 
vapor at high temperature

Ion bombardment at room 
temperature

Much more used, now!
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A few words on 
ion implantation

M.Madou, Fundamentals of Microfabrication (CRC-Press, 1997)

Dopant control at the atomic scale 
can be hardly achieved by 

conventional doping methods
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Conclusions

Nanotechnology is a wide area cross-related with many scientific and 
technical fields

Electronics is an important driving force

Filling the gap between micro- and nanotechnology has to face:
•Inherent limitations in scaling down the feature size;
•Material limitations due to the small size (ultra thin films);
•(Fundamental issues associated with quantum confinement)
•(Fundamental problems in the fabrication process)

New approaches are required for fabrication

New architectures are required for the device operation

New functions can be achieved 


