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Outlook

• What is nanotechnology?

• What are the components of nanotechnology?

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

• What is the present status of technology?

• Survey of conventional electronics:
•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

T h l th bilit t f b i t t f l f li tiTechnology: the ability to fabricate systems useful for some applications
Nano: fabricated systems are “small”-sized (hard to figure out how small…)

i e the ability to manipulate matter in order to fabricate systems (ori.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: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
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[concepts from M.Wilson et al., Nanotechnology (Chapman&Hall, 2002)]



Components of nanotechnology

Nanotechnology shares topics with other disciplines, 
but it should not be confused with: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 fieldNanotechnology is an open  and strongly interdisciplinary field
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Nanotechnology in the natural world I

A functional property (hydrofobicity) depends on the 
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structural surface arrangement at the nanoscale



Nanotechnology in the natural world II

A functional/structural property (adhesion) depends on surface 
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nanostructures (their artificial fabrication is under way)



Nanotechnology in the natural world III

Termo-mechanical properties are enhanced when specific 
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geometries are attained (at the nanoscale)



Nanotechnology in the natural world IV

Observations made possible thanks to the 
availability of new techniques

Very diverse features can be explained when considering the 
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y p g
structure/morphology at the nanoscale



An historical example of nanotechnology

Interpretation:
“Nanostructured” glass
(i.e., containing gold and ( , g g

silver nanoparticles)
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A more recent example
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g
(a couple of years ago)



There is plenty of room at the bottom…I

Miniaturization means 
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increase of “power” in
Information Technology



Increasing the information density: an example
H d di k t h lHard disk technology

In hard disks (magnetic), information is retained 
in the magnetization status of nanosized systems

Reading small magnetic field variations 
requires sensitive systems based on 
nanostructured materials (GMR)

g y

10-15 nm

Magnetization vs magnetic field for a Co salt 
nanoparticle system
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Towards less conventional implementations
Di lith hDip pen lithography

Single atom manipulation by STMSingle atom manipulation by STM

“Nanosized microfilm” displaying the initial 
part of the Feynman’s speechp y p

Strict interplay between basic science (e.g., 
fundamental phenomena occurring at the 
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nanoscale) and applicative implementations



There is plenty of room at the bottom…II

Miniaturization means new (quantized) 
functionalities exploitable in novel applications

Eric Drexler (1990)

Nanomachines for e g computation

Manipulation and control of the 
matter at the single atom level
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Nanomachines for, e.g., computation, 
drug dispensing, nanofluidics, …

g



Driving forces for nanotechnology I

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

1 f1. Thin films are 
deposited
2. A pattern is tranferred 
t th ltil dto the multilayered 
structure

Device componentsDevice components 
(resistors, capacitors, 
transistors, …) are so 
defined in an integrateddefined in an integrated
structure

Traditionally, a top-down
h i d t d
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approach is adopted



Driving forces for nanotechnology II

Feature size 
(typ., fwhm of the smaller
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(typ., fwhm of the smaller 
device features)



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

“Mi i t i ti ” i b f t
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“Miniaturization” increase by a factor 
3-4 in a 3-4 year period (still true?)



The 2004 status of miniaturization (commercial)

http://www apple com Feature size below 100 nm
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http://www.apple.com Feature size below 100 nm 
(nanoelectronics)



The very present (2008) status of miniaturization (commercial)
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Skilled and smart fabrication and material processing

Striking results require combinations 
of different fabrication technologies
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of different fabrication technologies



Technical and fundamental problems

The rate of increase in miniaturization 
has been growing fast 
in information technologygy

Main motivations:
- Increase of “power” (computing 
efficiency, information storage, time 
response, …)
- Decrease of power consumption, 

ll i t d ith i i t i tiusually associated with miniaturization
- Commercial reasons (a huge market!) 

Da www.sia-online.org

Technical limitations: lack of control in the manipulation, limitations inherent to 
the materials

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



International Semicon Technol Roadmap
Need for new...

Alternative (new) 
technologies 

i d i lrequired simply to 
keep the pace of 
miniaturization
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http://public.itrs.net



Our point of view I

Besides nanoelectronics, development of nanotechnologies is a crucial point 
in a huge variety of applicative areas, including, e.g.:

improvement of mechanical/surface properties in coatings and structural- improvement of mechanical/surface properties in coatings and structural 
materials (nanocomposites, …);
- realization of new and more efficient approaches for diagnostics (and even 
therapy) in biophysics biomedicine (fluorescence markers drug dispensers );therapy) in biophysics, biomedicine (fluorescence markers, drug dispensers ,..);
- enhancement of data storage capabilities (DVD, hard-disks, …);
- enhancement of energy storage capabilities (fuel cells, …);
- realization of novel computation methods (quantum computers, …);realization of novel computation methods (quantum computers, …);
- design and fabrication of emitting devices (quantum-dot lasers, …);
- …

However, the “transition” from micro- to nanoelectronics appears as the most 
compelling and challenging area for:

“hi t i l”- “historical” reasons;
- the inherent miniaturized nature of electronic devices;
- the ability to point out both limitations and new possibilities offered by 
extreme miniaturization
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extreme miniaturization 



Our point of view II
Selected topics of interest

1. A physical picture of the state-of-the-art
in (micro)technology for electronics 

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 fabricationand new tools for fabrication

4. Physical properties of nanostructures 
(quantum confinement) and issues(quantum confinement) and issues 
associated with miniaturization of 
electronic devices
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“Special” interest in materials



What is electronics made of

Electronics means the ability to control charge transport and requires:
- regions/materials where charge can move almost freely (e.g., interconnects, 
electrodes);electrodes);
- regions/materials where charge motion is forbidden (e.g., dielectrics, 
capacitors);
- devices where charge motion is “controlled”- devices where charge motion is controlled

Conventional (micro)electronics achieves those tasks mostly by using 
inorganic materials (crystalline and/or amorphous conductors, 
semiconductors, dielectrics) and suitable architectures which, usually, can be ) y
(ideally) scaled down in size

Miniaturization may find osbtacles
even when “conventional” (bulk-like) 

processes are concerned
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p



Progress in “electronics”

Bipolar transistor

Planar (thin film) technology

Optical lithography

Very Large Scale IntegrationVery Large Scale Integration

Quantum confinement

Alternative materials 
and technologiesg

???
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The role of semiconductors in electronics

Most progresses experienced by electronics in the last decades rely on the 
availability of (solid-state) semiconductors

Semiconductor-based devices can be easily made to control charge flow, thus 
behaving as active devicesg

Silicon has been mostly used (along with binary/ternary solid-state mixtures, like 
GaAs) especially because of ease of fabrication (we will see some methods soon)GaAs) especially because of ease of fabrication (we will see some methods soon)

Presently, organics are investigated as “replacements” for silicon in many 
applications (we will see examples later on)applications (we will see examples later on)

A fundamental feature of semiconductors used in electronics:
possibility of (p- or n-) doping
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Conventional doping techniques

Inter-crystal diffusion from 
vapor at high temperature

Ion bombardment at room 
temperatureg p

Much more used, now!

Si-doping is a highly common technique which requires a mask for lateral definition
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Si-doping is a highly common technique which requires a mask for lateral definition
(a good example to start facing technological problems)



A few words on 
ion implantation

Dopant control at the atomic scale 
can be hardly achieved by 

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



Reminders on Fermi level in intrinsic semiconductors

I i t i i (iIn an intrinsic (i.e., 
non-doped) non-
degenerate (i.e., at 
moderate temp.) 
semiconductor, the 
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Fermi level lies at 
mid gap energy



The effects of doping:
reminders on Fermi level inreminders on Fermi level in 
doped semiconductors I
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G.Grosso and G.Pastori Parravicini, 
Solid State Physics (Academic, 2000)



Reminders on Fermi level in doped semiconductors 
II

High T

Low T

Intermediate T
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Basics of conventional electronics I

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)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
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(note: a similar behaviour occurs also in metal/semiconductor – Schottky – junctions)



An historical look at the bipolar transistor 

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

P ti i !Power consumption issues!
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Old-style technology

“Linearly shaped” technology did not allow for miniaturization
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Da F.Bassani, U.M. Grassano,
Fisica dello Stato Solido
(Bollati Boringhieri, 2000)

Basics of conventional electronics II

Basic concept of a 
Field-Effect Transistor 
(FET)

( g , )

pn junctions (inversely polarized)(FET)

J

S-D current

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

(better behavior in terms of power
G-D voltage

(better behavior in terms of power 
consumption)

S-D voltage
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Towards planar technologies (’60s-‘70s)

Planar technology (thin film multilayers of different materials)

Examples:Examples:

Semiconductor heterostructures

(Dielectric thin films

Thin multilayered structures)Thin multilayered structures)

C f l i i f th t i lCareful engineering of the material 
properties achieved by (one-dimensional) 

thickness control at the few (single!) 
atomic layer levelatomic layer level
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The MOS-FET I

MOS-FET architecture is compatible with planar technologies

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

I th i i d d l ti diti thIn the inversion and depletion conditions the 
interface charge creates a channel for the 
transport from source to drain

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

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



The MOS capacitor II: energy diagram

Applying an electric field: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 
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Information Technology (Wiley-VCH, 2003)



The MOS capacitor IV: capacitance

Total capacitance is a series of 
the oxide and semiconductorthe oxide and semiconductor 

capacitance

It depends on the gate voltage
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p g g
(may be relevant for high-speed applications)



The MOS-FET III

“Saturation” is achieved 
when no additional minority 
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y
charges can be created



Material modulation doping

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



Field distribution  and homogeneity

Relatively large field 
gradients in small regionsg g

Need to accurately control the material at the nanometer scale

Limits in miniaturization
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A “miniaturized” (sub-micron) MOS-FET

MOS-FET with nanosized 
features can be produced (we

HRTEM
features can be produced (we 

will see how)

Crystalline nature of Si is detected by HRTEMy y

tl d t 70 80 5/0 b l
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G.Timp (Ed.), Nanotechnology (Springer, 1999)
presently, down to 70-80 nm  ~ 5/0 nm, or below



Miniaturization issues

What happens if we start decreasing dimensions?

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

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

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

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

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

nanosized MOS-FETs
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Conclusions

Nanotechnology is a wide area cross-related with many scientific and gy y
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;

( f )• 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 operationNew architectures are required for the device operation

New functions can be achieved 
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