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Nanoscience and reduced dimensionality

ours is a three-dimensional (3D) world

nanoscience reduces dimensionality 
to objects that can be considered 0D

nanowires are, in practice, 1D

thin films and surfaces can be 2D



Nanoscience: from 3D � 0D
CONFINEMENT!! 2D
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Low-dimensional Nanostructures of Carbon

0D1D2D

graphene nanotubes buckyballs





Importance of Carbon

C atom 
electronic structure

1s2 2s22p2

(four bonding electrons)

Carbon is the sixth most abundant element on Earth
Carbon occurs in all organic life 
Carbon is the basis of organic chemistry
Carbon forms flammable compounds (hydrocarbons)
Carbon is added to iron to make steel

etc.

Methane: CH4

Carbon atom



Carbon bonding orbitals

C atom: 1s2 2s22p2

sp hybridization



Carbon bonding orbitals

C atom: 1s2 2s22p2

sp2 hybridization sp3 hybridization



Carbon, from the Latin word ‘Carbo’ = charcoal, coal

Charcoal is a blackish residue consisting of impure 
carbon obtained by removing water and other volatile 
constituents from animal and vegetation substances. 
Charcoal is usually produced by heating wood, sugar, 

bone char, or others substances in the absence of 
oxygen. It is 85% to 98% carbon with the remainder 

consisting of volatile chemicals and ash.

olentzero



Cave paintings made 
using charcoal and 

other materials have 
been dated as early 
as 30,000 years BC
(although this one, in 
Rouffignac, is ‘only’ 
from ~13.000 BC)

Head of the Virgin, by 
Leonardo da Vinci 

(~1510). 
Painted with charcoal 

and chalk.

Charcoal in Art



Charcoal and graphite pencil properties are very different. Graphite has a layered crystal 
structure with very weak chemical bonds between the layers. As a result, a graphite pencil 
slides easily over paper leaving marks which result from the shearing away of tiny shards of 
graphite from the parent crystals. A graphite pencil can also be sharpened to a fine point, 
enabling accurate, fine lines to be drawn. Charcoal, instead, has a rough texture which does 
not glide smoothly over paper. Marks made with charcoal result from the deposition of tiny 
carbon particles into depressions in the fibrous paper surface. Graphite pencils can never 
achieve as dark a black as charcoal, since pure graphite is grey and metallic in appearance, 
rather than black.

Charcoal and Graphite in Art

charcoal drawing pencil drawing
(started XVIth century)



Polymorphism (allotropy) of solid Carbon

diamond graphite
amorphous

Carbon

... + fullerenes!!!



Polymorphism (allotropy) of solid Carbon

diamond graphite

The chemistry is the same (just C atoms), but...
• Diamond is the hardest natural mineral. Graphite one of the softest.
• Diamond is an excellent electrical insulator. Graphite is a good conductor.
• Diamond is the ultimate abrasive. Graphite is a very good lubricant. 
• Diamond is usually transparent. Graphite is opaque.
• Diamond crystallizes in the Isometric system. Graphite in the hexagonal system.

fullerenes have different physical and chemical properties as well



Polymorphism of Carbon: Diamond

Diamond is the hardest known 
natural material

crystal structure:
a face-centred cubic (FCC) 
lattice, with a basis of two 

identical carbon atoms: one 
at (0, 0, 0) and the other at 

(1/4, 1/4, ¼)



Polymorphism of Carbon: Diamond



Polymorphism of Carbon: Graphite

In the XVIth century, an enormous deposit of 
graphite was discovered at the site of Seathwaite

Fell near Borrowdale, Cumbria, England. The 
locals found that it was very useful for marking 
sheep. This particular deposit of graphite was 

extremely pure and solid, and it could easily be 
sawn into sticks. This was and remains the only 
deposit of graphite ever found in this solid form.

Graphite is arranged
in a sheet like structure: 
hexagonal layers, with 

weak interaction among 
them

Graphite is the most 
stable form of solid C. It 

is one of the softest 
minerals



Polymorphism of Carbon: Graphite

Some words on graphite 
electronic properties: 

Each C atom is covalently bonded to three 
other surrounding carbon atoms. 

Each C atom possesses an sp2 orbital 
hybridization. The π orbital electrons 

delocalized across the hexagonal atomic 
sheets of carbon contribute to the 

graphite's conductivity.

C-C sp2: interatomic distance = 1.42 Å
Graphite interplanar distance = 3.35 Å 



Polymorphism of Carbon: Fullerenes

1985: Harold Kroto, Robert Curl, and Richard Smalley
discover the buckyball C60 (they received the 1996 

Nobel Prize in Chemistry for that);
Kroto, Heath, O'Brien, Curl, and Smalley, 

'C60: Buckminsterfullerene', Nature 318, 162 (1985). 

1991: S. Iijima ‘discovers’ the MWCNTs
Helical microtubules of graphite carbon

Nature 354, 56 (1991).

1993: First reports of SWCNTs
S. Ijima and T. Ichihashi, Nature 363, 603 (1993)

D. S. Bethune et al., Nature 363, 605 (1993)



Previous works on Carbon low-dimensional systems

Monthioux and Kuznetsov, 
Carbon 44, 1621 (2006).



Carbon Nanotechnology in History

In medieval times, ‘Damascus blades’ were 
extraordinarily strong, but still flexible enough to bend 
from hilt to tip. And they were reputedly so sharp that 
they could cleave a silk scarf floating to the ground, just 
as readily as a knight’s body.

These superlative weapons gave the Muslims a great 
advantage, and their blacksmiths carefully guarded the 
secret to their manufacture. The secret eventually died 
out in the eighteenth century and no European smith 
was able to reproduce their method.

An electron microscope 
experimental analysis has recently 
shown that the steel in these 
blades contained carbon 
nanotubes, each one just slightly 
larger than half a nanometre.

Reibold et al., Nature 444, 286 (2006).



Previous works on Carbon low-dimensional systems: 
Carbon filaments in light bulbs

•1809: Sir Humphry Davy, Carbon Arc lamp
•1841: Frederick de Moleyns, powdered 
charcoal between platinum wires
• 1845: John W. Starr, light bulb made of 
Carbon filaments
• 1851: Jean Eugène Robert-Houdin publicly 
demonstrates incandescent light bulbs in Blois.
• 1854??: carbonized bamboo filament by 
Heinrich Göbel
• 1875-80: Joseph W. Swan, patent and 
commercialization of ligth bulbs, made of 
carbonized paper filaments
• 1878-80: Thomas Edison’s patents on Carbon 
filament based light bulbs.
• 1889: Hugues and Chambers patent on the 
fabrication of Carbon filaments from vapor 
phase.

Although these filaments were macroscopic, it was thus 
demonstrated that thick carbon filaments could be vapour-grown



Previous works on Carbon low-dimensional systems: 
Carbon filaments in light bulbs

Göbel made a claim for the invention of the first practical 
bulb which he designed in 1854, a quarter of a century 
before Edison's patent.
But Lewis Latimer demonstrated that the bulbs Göbel had 
purportedly built in the 1850's had in fact been built much 
later, and actually found the glassblower who had 
constructed the fradulent exhibits for Göbel.

Heinrich GöbelThomas A.Edison



Edison movies:

On Frankenstein
On street dance
On female boxing

Black Maria was Thomas Edison's movie 
production studio in New Jersey. It was built in 

1893 and is considered by many as 
"America's First Movie Studio."

Tomas Edison: not only bulbs



Previous works on Carbon low-dimensional systems: 
TEM images of C nanotubes (1952)

L. V. Radushkevich, V. M. Lukyanovich,
O strukture ugleroda, obrazujucegosja pri termiceskom 

razlozenii okisi ugleroda na zeleznom kontakte
Zurn. Fisic. Chim. 26, 88 (1952).

Figures clearly show carbon filaments 
exhibiting a continuous inner cavity, 
thereby forming tubes. The indicated 

magnification value allows one to 
calculate that the diameters of the carbon 
tubes imaged are in the range of 50 nm. 

This is consistent with their perfect 
electron transparency in-between the 

dark contrast representing the tube walls.
The nanotubes imaged are obviously of 
MWCNT type, with walls being made up 

from 15-20 graphenes, assuming a 
concentric texture (which cannot be 

ascertained).

electron microscopy, 
necessary for nanometer 

resolution, was developped 
in the late 1930’s



Previous works on Carbon low-dimensional systems: 
more TEM images of CNTs (1958)

M. Hillert and N. Lange, 
The structure of graphite filaments, 

Zeitschr. Kristall 111, 24 (1958)

It is quoted that 
‘‘Filamentary growth of graphite 

... has recently been discovered again, ...’’



Previous works on Carbon low-dimensional systems: 
more TEM images of CNTs (1976)

A. Oberlin, M. Endo, T. Koyama, 
Filamentous growth of carbon 

through benzene decomposition. 
J. Cryst. Growth 32 , 335 (1976).

TEM image of what could be a SWCNT 
specifically from the bare part between 

arrows. However, considering the 
diameter of this tube (~5 nm) and what 

is expected from calculations of the 
energetic stability of a SWCNT, it is 
unlikely that a nanotube with such a 

large diameter could be single-walled.



Previous works on Carbon low-dimensional systems: 
prediction of C60 fullerenes by Osawa (1970)

Corannulene C20H10

Eiji Osawa of Toyohashi University 
of Technology, noticed in 1970 

that the structure of a corannulene
molecule was a subset of a 

soccer-ball shape, and he made 
the hypothesis that a full ball 

shape could also exist. His idea 
was reported in Japanese 

magazines, but did not reach 
Europe or America.



First report of C60 buckyballs (1985)

Kroto, Heath, O'Brien, Curl, and Smalley, 
'C60: Buckminsterfullerene', Nature 318, 162 (1985).



First report of C60 buckyballs (1985)

Kroto, Heath, O'Brien, Curl, and Smalley, 
'C60: Buckminsterfullerene', Nature 318, 162 (1985).



Naming buckyballs and fullerenes:
Richard Buckminster Fuller 

Richard Buckminster Fuller (1895-1983) 
American inventor, architect, engineer, 
mathematician, poet and cosmologist

(according to the Buckminster-Fuller Institute). 
And theorist of Geodesic Domes

A sphere encloses the most volume with 
the least surface. Thus, any dome that is a 
portion of a sphere has the least surface 
through which to lose heat or intercept 
potentially damaging winds.

A geodesic dome uses a pattern of self-
bracing triangles in a pattern that gives 
maximum structural advantage, thus 
theoretically using the least material 
possible. (A "geodesic" line on a sphere is 
the shortest distance between any two 
points.) 



Physical and chemical properties of C60

• Buckyballs are very stable (indeed this is one of the reasons why Smalley, Curl, 
and Kroto initially considered its spherical-like geodesical shape).
• They are resilient to impact and deformation. 
• They are very inert, and are not as prone to reactions as other carbon molecules.
• Since they have cyclo-hexanes in abundance, they are very aromatic (delocalized 
electrons)



‘First’ report of multi-walled Carbon nanotubes (1991)

S. Iijima, 
Helical microtubules of graphite carbon
Nature 354, 56 (1991).

this article is the first 
unambiguous evidence for the 

possibility of growing nano-sized 
carbon nanotubes without the 

need of any catalyst



‘First’ report of multi-walled Carbon nanotubes (1991)

S. Iijima, 
Helical microtubules of graphite carbon
Nature 354, 56 (1991).



First reports of single-walled Carbon nanotubes (1993)

S. Ijima and T. Ichihashi, Nature 363, 603 (1993)
D. S. Bethune, C. H. Klang, M. S. De Vries, G. Gorman, R. Savoy, J. Vazquez, and R. Beyers, 
Nature 363, 605 (1993)



First reports of single-walled Carbon nanotubes (1993)



Electronic properties of single-walled Carbon nanotubes



Electronic properties of single-walled Carbon nanotubes



Electronic properties of single-walled Carbon nanotubes

Carbon nanotubes are cylindrical carbon molecules with novel properties 
that make them potentially useful in a wide variety of applications. 
Nanotubes are composed entirely of sp2bonds, similar to graphite.



Further properties of single-walled Carbon nanotubes

Single-wall carbon nanotubes can behave like metals or semiconductors, 
can conduct electricity better than copper, can transmit heat better than 
diamond, and rank among the strongest materials known.

the space elevator
One end of the elevator would be attached 
to a satellite or a space station and the other 
end would be anchored someplace on Earth. 
When you want to go up into space or put 
something into orbit, all you would have to 
do would be to press a button. Impossible? 
What would it take? First of all, it would take 
a very very strong cable. A cable so strong 
that it could lift thousands of pounds. It 
would also take a very very long cable, 
probably about 100 miles long. One way to 
build a light and strong cable could be to use 
carbon nanotubes. 



The space elevator
From NASA web site:
http://science.nasa.gov/headlines/y2000/ast07sep_1.htm



The space elevator



Further types of fullerenes

functionalized fullerenes, e. g.
PCBM= Phenyl-C61-Butyric acid Methyl ester

other sizes

endohedral fullerenes (containing metal atoms)



Computer-generated model of a 60-carbon molecule enclosing a potassium ion.

fullerenes as cages



More CNTs

arrays of CNTs

Peapods: 
CNTs filled with C60 molecules

The joining of two carbon
nanotubes with different 

electrical properties can form 
a diode



layers of fullerenes

Angle-resolved photoemission of a buckyball 
monolayer (K3C60) on a silver substrate yields 
features of the electronic structure, including 
the the two-dimensional intensity map in 
reciprocal (momentum or k) space of electrons 
with energy around the Fermi energy (Fermi
surface). 
Yang et al., Science 300, 303 (2003)



FCC

HCP

FCC

HCP

herringbone reconstruction 
of Au(111) surface

PCBM=
Phenyl-C61-Butyric acid 

Methyl ester

PCBM on Au(111)

118nm × 132nm

0.6 ML

parallel twin chains are connected 
laterally to form a well-ordered 

2D arrangement

LASUAM, UAM, R. Miranda group



molecular electronics

Molecular Electronics combines Nanoelectronics 
with Synthetic Supramolecular Chemistry. 
Nanotubes are good candidates to act as 
‘conducting wires’ because 
- their length can be of the order of micrometer, 
- they can act as ideal one dimensional conductors,
- they are among the strongest materials in nature 



Scanning electron-microscopy (SEM) 
image of a carbon nanotube 
attached to a cantilever tip 

(Swiss Nanoscience Institute SNI)

See for instance 
Using an electroconductive carbon nanotube probe tip in scanning nonlinear dielectric microscopy
by K. Ishikawa and Y. Cho, Rev. Sci. Instrum. 77, 103708 (2006) 



Large scale use of Carbon Nanotubes



Nanotubes have become the 
stars of scientific graphic 

design, the icons of 
Nanotechnology.

Two-dimensional imaging of electronic
wavefunctions in carbon nanotubes

S.G.Lemay et al., 
Nature 412, 617 (2001)









High-performance nanotube devices
Nature Nanotechnology

April 2007



"Quantum Reality (Large Buckyball Around Trees), 2006. Steel and Maple trees. Diameter 30' (9 m).

Location: Tryon Creek State Park, Portland, Oregon, USA, 

By Julian Voss-Andreae



Carbon nanofoams

Nanofoam is the most recently discovered allotrope of carbon. It is constructed 
of groups of carbon atoms, which come together forming a loose three-
dimensional web. Each of these groups are formed up of 4000 carbon atoms 
linked in a crystal lattice similar to that of the graphite allotrope. Unlike
fullerenes these are made up of heptagons, which give it a negative curvature, 
making it opposite, in shape, to the fullerenes. The most unusual physical 
property of the nanofoam allotrope is it becomes magnetic at -138°C. It is also 
the lightest known solid (density = 0.002 g/cm3), 



Graphene: the next big thing?

(as appears in Physics World, November 2006)



Graphene: the next big thing?

See review in
Geim and Novoselov, 

Nature Materials 6, 183 (2007)

A pure 2D material, first obtained in 2004 
[Science 306, 666 (2004)], in which exotic physics 
and high-tech potential are combined.

● Graphene is a one-atom-thick sheet of carbon that 
was isolated for the first time in 2004 – a feat long 
thought to be impossible.
● Graphene’s 2D nature and honeycomb atomic 
structure cause electrons moving in the material to 
behave as if they have no mass.
● Electrons in graphene move at an effective speed 300
times less than the speed of light in a vacuum, allowing 
relativistic effects to be observed without using particle 
accelerators.
● A key experimental signature of graphene is the way it 
modifies the quantum Hall effect seen in metals and 
semiconductors.
● The electrons in graphene can travel large distances 
without being scattered, making it a promising material 
for very fast electronic components.



clusters



clusters as crossroads

cluster = a group of atoms or molecules

clusters � nanoparticles



atoms and 
molecules 

solid state

physics

chemistry

unidad de física de materiales

clusters as crossroads

UFM



unidad de física de materiales

clusters vs. bulk

UFM

metal clustersmetal single crystals

geometric structure simple complex

electronic structure electron bands discrete spectrum

chemical properties fixed tunable

optical properties continous behavior Mie: resonance behavior



unidad de física de materiales
UFM

size of clusters

Å nm µm

number of atoms 101 103 107

size

properties depend
sensitively on the 
number of atoms

large surface areasproperties vary 
monotonically with

cluster size

types of clusters

van der Waals clusters (Ar, Ne)

metal clusters (Al, Ag)

ionic clusters (NaCl)

gas phase

supported on surfaces

embedded in solids

environment



SUPERATOMS: 
Atomic clusters: Building blocks for a class of solids 

S. N. Khanna and P. Jena
Phys. Rev. B 51, 13705 - 13716 (1995)

Atomic clusters with suitable size and composition can be 
designed to mimic the chemistry of atoms in the Periodic Table. 
These clusters which can be viewed as ‘‘super atoms’’ could then
form the building blocks for a class of solids with unique structural, 
electronic, optical, magnetic, and thermodynamic properties. 

the concept of superatoms



the concept of superatoms

According to Mendeleev's roll call, an element's 
chemistry can be deduced from where it sits in the 
periodic table. Reactive metals like sodium and 
calcium occupy the two columns on the left. The 
inert "noble" gases make up the column on the far 
right, flanked by typical non-metals such as chlorine 
and sulphur.

Now this neat picture is being disrupted by
superatoms - clusters of atoms of a particular 
chemical element that can take on the properties of 
entirely different elements. The chemical behaviour
can be altered, sometimes drastically, by the 
addition of just one extra atom.

Philip Ball,  
New Scientist 2495, 30 
(16 April 2005)



the concept of superatoms

TWO SIDES OF SUPERATOMS: 

-Chemical properties of clusters 
can be very different from those of 
their constituents.

- Chemical properties of clusters 
can change drastically when 
adding just a single atom 



superatoms

0
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70

3d IP is divided by 2.5

2d IP is divided by 1.8

H  He  Li  Be  B  C  N  O  F  Ne  Na  Mg  Al  Si  P  S  Cl  Ar  K  Ca

.

First, second, and third ionization 
potentials (in eV’s) of the first 20

elements in the periodic table (Jim 
Heath, UCLA).

Ekardt, PRB 29, 1558 (1984)

the same origin: filling of electronic shells!



The van der Waals forces lead to enhanced stability of cluster geometries based on the most dense 
icosahedral packing. The most prominent peaks in mass spectra of argon clusters correspond to 
completed icosahedral shells of 13, 55, 147, 309 etc. atoms. The origin of these magic numbers can 
be understood on the basis of the classical equations. 

Na clusters

Ar clusters

magic numbers



Magic numbers in clusters



Understanding the magic numbers of metal clusters is pretty well equivalent 
to understanding its electronic and ionic structure. A good example of this 
kind occurs for Na clusters. In this case, the magic numbers arise from the 
formation of closed shells of delocalised electrons, one from each atom.

Na clusters

Ar clusters

magic numbers



Na clusters carrying a single positive charge 
(hence a cation) were predicted to exhibit magic
numbers that are shifted by 1, namely at sizes 
containing 3, 9, 21, 41, etc. atoms as they 
respectively contain 2, 8, 20, 40, etc. valence 
electrons, 
Rao et al., PRL 58, 1188 (1987).

This prediction was indeed later verified 
experimentally and suggested that the stability of 
metal clusters can be altered by manipulating their
number of valence electrons,
Bhaskar et al. PRB 36, 4418 (1987).

magic numbers

Rb clusters



unidad de física de materiales
UFM

DFT calculation of a jellium cluster
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Kohn-Sham equations
solved self-consistently



unidad de física de materiales
UFM

evolution of the density of states as a function of size

DFT calculation of the density of states in a 
jellium cluster of rs=4



First report of C60 buckyballs (1985)

Kroto, Heath, O'Brien, Curl, and Smalley, 
'C60: Buckminsterfullerene', Nature 318, 162 (1985).



Therefore, there are sizes of clusters with exceptional stability. This is 
analogous to the exceptional stability of the atoms of the inert gases
helium, neon, argon, krypton, and xenon and of the so-called magic 
number nuclei—i.e., the sequence of unusually stable atomic nuclei 
beginning with the α-particle, 

magic numbers

after Booth & Combley 

link to atomic physics

link to nuclear physics
(shell model)



(courtesy of Uzi Landman, Georgia Tech)

properties can be tuned at wish!!!



Billas, I. M., L., Becker, J. A., Chatlain, A. & de Heer W. A. 
(1993) Phys. Rev. Lett. 71, 4067–4070.

size dependent properties: magnetic moment of Fe clusters



unidad de física de materiales
UFM

experimental measurements of size-dependent electron dynamics

Voisin et al., 
Size-dependent electron-electron
interactions in metal nanoparticles

PRL 85, 2200 (2000)

A sharp increase of the electron energy exchange rate
is demonstrated for nanoparticles smaller than 5 nm.
... due to surface induced reduction of the Coulomb

interaction screening.

Ag nanoparticles

Gerhardt et al., 
Fast electron dynamics in small Al clusters

CPL 382, 454 (2003)

... very effective relaxation mechanism, 
independent on the electronic structure (phonons?)



emergence of new properties

Clusters are not atoms any more but not yet solids. Their properties 
can differ substantially from those of the two extremes and new physics 
can be derived. 

Cluster properties provide a better understanding of the transition from 
the single atom or molecule to the solid state limit. Modern 
experimental techniques have made it possible to study this transition. 
By increasing the cluster size, one can observe the emergence of the 
physical features in the system, such as plasmon excitations, electron 
conduction band formation, superconductivity and superfluidity, phase 
transitions, fission and many more. Most of these many-body 
phenomena exist in solid state but are absent for single atoms.



emergence of new properties:
Au clusters are not noble anymore 

Au bulk hardly reacts with molecular atmospheric oxygen or 
water and is therefore very much used, for instance, in jewelry. 
But small gold clusters, however, do react with oxidation. 
Thereby, the reactivity largely depends on the number of atoms 
forming the cluster. The extraordinary properties of gold cluster 
and gold nanoparticles regarding to chemisorption, not only of 
CO and O2 but also other adsorbents such as N2 and H2, suggest
gold nanoparticles as possible nanocatalysts. 

2CO+O2+Au � 2CO2+Au



emergence of new properties:
Pt small clusters become magnetic 

Magnetization measurements of well-
characterized monodisperse Pt clusters 
consisting of 13±2 atoms in a zeolite
confirm the predicted extraordinary 
magnetic polarization with up to 8 
unpaired electrons on a cluster, 
corresponding to a magnetic moment of 
0.65(5)µB per atom.

Liu et al.,
Phys. Rev. Lett. 97, 253401 (2006)



The phrase cluster was coined by F.A. 
Cotton, a reputated chemist well known 

for his work on the chemistry of transition 
metals. Cotton used the term cluster for 

the first time in the early 1960s when 
referring to compounds containing metal-

metal bonds. 

Some history on cluster research

But cluster science, as we currently understand it, as the science 
of size-dependent properties, blossomed in the early 80’s



Multidisciplinary cluster dynamics
PNAS, July 11, 2006

Although reference to the formation of 
aggregates and related nucleation 
phenomena can be found in literature 
dating from the 1930s and earlier, 
studies of clusters in mass spectrometer 
ion sources and later in molecular beams 
(1) began to emerge in the 1950s and 
developed rapidly as a subject of 
considerable interest in the 1970s and 
1980s. The advent of the laser
vaporization technique enabled 
researchers to produce clusters of 
virtually any element in the periodic table 
and spawned wide-ranging interest in the
studies of clusters of various 
compositions, beyond systems of volatile 
materials, which had been the focus in 
the beginning. For this community, in the
past 30 years clusters have come to 
symbolize a new embryonic form of 
matter that is intermediate between 
atoms and their bulk counterpart. 
Clusters bridge phases as well as 
disciplines.
A. W. Castleman, Jr. and Puru Jena, 
PNAS 103, 10552 (2006)



size effect!!





quantum dots



Quantum Dots

Quantum Dots (QDs) are made from
semiconductor nanostructures that 
confine the motion of conduction band 
electrons, valence band holes, or
excitons in all three spatial directions.

• A quantum dot has a discrete 
quantized energy spectrum. 
• The corresponding wave functions are
spatially localized within the quantum
dot, but extend over many periods of the 
crystal lattice. 
• A quantum dot contains a small finite 
number (of the order of 1-100) of 
elementary electric charges.

(CQD, Northwestern University)



Quantum Dots

Quantum Dots (QDs) are made from
semiconductor nanostructures that 
confine the motion of conduction band 
electrons, valence band holes, or
excitons in all three spatial directions.

• A quantum dot has a discrete 
quantized energy spectrum. 
• The corresponding wave functions are
spatially localized within the quantum
dot, but extend over many periods of the 
crystal lattice. 
• A quantum dot contains a small finite 
number (of the order of 1-100) of 
elementary electric charges (active 
electrons and/or holes).



Quantum Dots

Cross section image of an InAs quantum 
dot imbedded into a GaAs matrix obtained 
by Transmission Electron Microscopy (Gilles 
Patriarche, LPN, CNRS, Marcoussis, France).



Quantum Dots: artificial atoms

© Arakawa

It was 1982 that the concept of the "quantum dots" was proposed as artificial atoms for 
semiconductor laser applications by Arakawa and Sakaki.
(Appl. Phys. Lett. 40, 939 (1982).)



Methods of fabrication: Synthesis of colloidal Quantum Dots

Synthesis of CdSe nanocrystals
by injection of cadmium and 

selenium precursors into a high 
boiling point coordinating 
solvent at 360 degrees C. 

~3nm particles of CdSe are 
initially generated. The intense 
color results from the quantum 

confinement effect on the 
electron as a result of the

nanocrystal size being less 
than the Bohr radius of the 

electron. Thus, as the particles 
grow larger, they become 

redder in color. A size series 
was generated by allowing the 
crystals to grow at 280C over a 

period of ~2 minutes. The 
visible spectrum from 515nm 
(green) to 650nm (red) was 

covered. 



Methods of fabrication: Synthesis of colloidal Quantum Dots

Quantum confinement in semiconductors 
occurs in volumes roughly 100 angstroms 

across. The optical absorption threshold for
nanocrystallites of this size shifts to higher 

energies, away from the red end of the 
spectrum, as the crystallite becomes smaller. 
This effect appears most elegantly in CdSe 
clusters; the progression from deep red to 

orange to yellow as the diameter of the 
cluster declines can be clearly seen by the 

naked eye.

(Reed, Scientific American 1993)

Image: Michael L. Steigerwald of 
AT&T Bell Laboratories.



Methods of fabrication: lithography

The samples can be created by oxidizing lines on the surface of
a semiconductor heterostructure with a cantilever tip. The 

regions below the oxide lines become insulating, and in this way 
we are able to confine electrons to a small region in space.



Methods of fabrication: self-assembling
(Molecular Beam Epitaxy)

Self-assembled quantum dots 
nucleate spontaneously under 

certain conditions during
molecular beam epitaxy (MBE)
and metallorganic vapor phase 

epitaxy (MOVPE), when a 
material is grown on a

substrate to which it is not 
lattice matched. The resulting 

strain produces coherently 
strained islands on top of a two-

dimensional "wetting-layer".
This growth mode is known as

Stranski-Krastanov growth. The 
islands can be subsequently 

buried to form the quantum dot.



Methods of fabrication: self-assembling
(Molecular Beam Epitaxy)
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