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Nano

Nano is a millionth of a millimeter or a billionth of a meter, i.e. 1 nm = 10-9 m.

Atom is  about 0.1 nanometer - 10 atoms side by side make up 1 nm.

Human hair: 
50,000ɬ100,000 nm in diameter.
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Nanomaterialsand Nanotechnology
According to the EU Commission Recommendation 2022/C 229/01, a nanomaterial
is ɁÈnatural, incidental, or manufactured material containing particles, in an
unbound state or as an aggregate or as an agglomerate and where, for from 1 to
50% or more of the particles in the number size distribution, one or more external
dimensions is in the size range 1 nm-100ÕÔɂ.

The main driving force of nanotechnology is the positive economic impact it can have.

The European Union, Japanand the USA have contributed the majority of all nanotechnology patents.

Nanotechnology is the scienceof manipulating atoms and molecules to make
advanced nanomaterials

Advanced nanomaterials are new materials with enhanced properties
designed to provide superior performance.

Nanotechnology is the understanding and manipulation of matter in sizes
ranging from approximately 1 to 100 nanometers, where unique phenomena
enable new applications. It is an emerging, interdisciplinary field involving :
Physics,Chemistry, Biology, Engineering, Materials Science,Computer Science

European Commission, Joint ResearchCentre, Rauscher,H., Rasmussen,K., Linsinger, T. et al., Guidance
on the implementationof the CommissionRecommendation2022/C 229/01 on the definition of nanomaterial,
Publications Office of the European Union, 2023, https ://data.europa.eu/doi/ 10.2760/143118

https://data.europa.eu/doi/10.2760/143118
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Nanomaterials- in the range of 1-100 nanometers in at least one dimension.

"ÓÈÚÚÐŗÊÈÛÐÖÕȯɯÉÈÚÌËɯÖÕɯÛÏÌɯÕÜÔÉÌÙɯÖÍɯÍÙÌÌɯËÐÔÌÕÚÐÖÕÚ

0D nanomaterial: all three dimensions are in the nanoscale. 

(nanoparticles, colloids, quantum dots)

1D nanomaterial: one dimension beyond the nanoscale and two other dimensions in the nanoscale. 
(nanowires, nanorods, nanotubes & biopolymers).

2D nanomaterial: any two dimensions can be outside of the nanoscale and one dimension in the 
nanoscale. (plate-like shapes -ÕÈÕÖÓÈàÌÙÚȮɯÚÜÙÍÈÊÌɯÊÖÈÛÐÕÎÚɯÈÕËɯÛÏÐÕɯŗÓÔÚȺȭ

3D nanomaterial: all three dimensions can be outside of the nanoscale. Made of nanomaterials. 

(nanoparticle dispersions, nanowire/ nanotube bundles & multiple nanolayers).

Nanomaterials
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Nanomaterials: Main Types
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Nanomaterials: Compex Structures

There is a wide spectrum of different morphologies of NM.  
The morphology can be explained as a combination of geometric characteristics. 
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Nanomaterials: Gallery

0D nanomaterials 
single / composite / coated

single

composite

coated
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nanowires

1D nanomaterials 
nanowires / nanorods / nanotubes

nanorods

nanotubes

Nanomaterials: Gallery
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2D nanomaterials 
nansheets/ nanoplates / nanogrid

nanoplates

nanosheets

nanogrid

Nanomaterials: Gallery
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Nanomaterials: Gallery
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Nanomaterials: History

Roman glaziers (4th century) made a "Lycurgus cup" of soda-lime
glass dyed with Au and Ag nanoparticles that appears green (in
reflected light) and red (in transmitted light) .

In the Middle Ages: multi -colored window panes of
churches were stained with nanoparticles of various metals.

In the 16th and 17th centuries, an extremely strong
yet flexible Damascus sword was made using
carbon nanotubes and iron carbide (Fe3C)
nanowires. They were unusually strong, yet
flexible enough to bend from hill to tip .
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Michael Faraday (1857) attributed the color of stained-glass
windows to the presenceof metallic nanoparticles. He prepared
red gold nanoparticles (stored at the Royal Institution in
London) .

G. Mie (1908) explained the change in the color of glassesby
the size of metal particles scattered in glasses.

R.A. Zsigmondy (first decade of the 20th century)
studied the optical properties of gold and other
nanoparticles and received the Nobel Prize in
Chemistry in 1926.

Nanomaterials: History- Optical Properties 
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In 1959, the American physicist Richard Feynman, in his
famous speech "There's Plenty of Room at the Bottom :
An Invitation to Enter a New Field of /ÏàÚÐÊÚɁ(a lecture
at the annual American Physical Society meeting at
Caltech) gave an idea of nanotechnologies, foresaw the
possibilities and potentialities of nanotechnologies

Feynman considered some ramifications of a general ability to manipulate matter on an atomic
scale. He was particularly interested in the possibilities of denser computer circuitry and
microscopes that could see things much smaller than is possible with scanning electron
microscopes. These ideas were later realized by the use of the scanning tunneling microscope, the
atomic force microscope and other examples of scanning probe microscopy.

He also presented the possibility of "swallowing the doctor" . This concept involved building a tiny,
swallowable surgical robot.

Nanomaterials: Persons 
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Gordon E. Moore (1965), co-founder of Intel Corporation, made an amazing prediction : the number of
transistors on a chip of a given area will double every 1.5 years, that is, the size of a transistor decreasesby 2
times every 1.5 years. The size of the transistor is reduced by 2 times every 1.5 years. His prediction indicated
that today's transistors would be 1-2 nm in size (this is true, but we have some problems)

Nanomaterials: Persons 
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The Nobel Prize in Physics 2010 was
awarded jointly to Andre Geim and
Konstantin Novoselov "for
groundbreaking experiments regarding
the two -dimensional material graphene"

Nanomaterials: Persons 

The Nobel Prize in Chemistry 2023 was awarded to
Moungi G. Bawendi, Louis E. Brus, and Aleksey Yekimov
"for the discovery and synthesis of quantum dotsɁ

ɁQuantum dots can be seen as one milestone for the whole
field of nanotechnologyɂsaid Professor Heiner Linke , a
member of the Nobel Committee for Chemistry
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Material properties describe how a material behaves under certain conditions.

Optical Properties: Example:
Zinc Oxide (ZnO)

Large ZnO particles: block UV light, scatter visible light, appear
white .

NanosizedZnO particles: block UV radiation, are so small compared
to the wavelength of visible light that they do
not scatter it, appear transparent

vs.

Mechanical and Electrical Properties Example: 
Nanotubes are long, thin cylinders of carbon.
They are 100 times stronger than steel, very
flexible, and have unique electrical
properties. Their electrical properties change
with diameter, ɁÛÞÐÚÛɂȮand number of walls .
According to their electrical behavior, they
can be conducting or semi-conducting .

Bulk vs. Nano 

vs.

Application to sunscreen
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1 Increasing the surface area to volume ratio

Activated carbon ɬspecific surface area up to 3550 m2/g Graphene ɬspecific surface area up to 2630 m2/g

Reasons for Special Properties of Nanoscale Materials
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2. Surface tension effect

The larger the sample, the smaller the fraction of atoms on the
surface.

Atoms on the surface have fewer neighbors than atoms inside
(Students at the edge of the classroom have fewer neighbors
than students at the center).

Only atoms on the surface can interact with another material
and take part in a chemical reaction (increasein reactivity) .

The surface layer has excess energy (surface free 
energy) compared to the bulk. Reducing the 

particle causes an increase in its surface energy, 
which leads to a change in properties.

Reasons for Special Properties of Nanoscale Materials
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3. Size effect (particle sizes approached the characteristic length for this material)

At the nanometer scale, properties become dependent on size.

(1) Chemical properties ɬreactivity, catalysis
(2) Thermal properties ɬmelting temperature
(3) Mechanical properties ɬadhesion, capillary forces
(4) Optical properties ɬabsorption and scattering of light
(5) Electrical properties ɬtunneling current
(6) Magnetic properties ɬsuperparamagneticeffect

Melting point example

MP is the temperature at which the atoms in a substance 
have sufficient energy to overcome the interatomic forces 

that hold them in a "fixed" position in a solid.

Å Surface atoms require less energy to move because 
they are in contact with fewer atoms of matter.

On a scale of macroscopic length, the melting point
material does not depend on size - both the ice cube and 

the glacier melt at the same temperature.

Size decreases ­ surface energy  increases ­
­melting point decreases

Gold nanoparticles

Heat transfer in materials is carried out by two different
mechanisms: lattice vibration waves (phonons) and free electrons.
Size effects will be observed when the particle size becomes close 
to the phonon or electron free path.

Reasons for Special Properties of Nanoscale Materials



Page 21

Quantum Physicsis a set of laws that explain observations of the tiny building blocks of all matter.
The quantum world should be able to explain the classicalworld we live in.
To understand the quantum world, we need to understand and believe in the equivalence of a single atom
and an electromagnetic wave.

1ÜÛÏÌÙÍÖÙËɀÚclassicalmodel of atom
Observations show that the atom is basically an empty spacewith a dense central
positively charged structure in the center. The electrons exist outside this nucleus
and revolve around it like planets around the sun.

The problem with the classical model
The electron has a negative charge and revolves around a central positive nucleus. 
The nucleus has a charge and therefore has a magnetic field.
Charged particles lose energy when passing through a magnetic field.
According to the classical electromagnetic theory, an electron must lose energy in its 
orbit and fall into the nucleus.

Observations
An atom is a stable structure made up of subatomic particles that do not normally decay during our lifetime.

Conclusion 
Becausethe observation does not match the theoryȱ. either classical physics is wrong, or
Rutherford's model is wrong/incomplete .

To explain the effect of quantumsize, we must take a small leap and imagine what quantum physics is
dealing with .

Quantum Physics: Atom 
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What is easier to believe?
Hundreds of years of laws and theories of physics are wrong. 
OR
Rutherford's classical model of the atom of our atom is wrong.

Answer:
!ÖÛÏɯÊÓÈÚÚÐÊÈÓɯ×ÏàÚÐÊÚɯÈÕËɯ1ÜÛÏÌÙÍÖÙËɀÚɯÔÖËÌÓɯÏÈÝÌɯÚÖÔÌɯÍÓÈÞÚȭ

But this is our idea of the atom for the most part wrong ....

The ingenious ideas of Max Planck (1918 Nobel Prize for the discovery of the quantum nature of energy)

Max Planck

Quantum Physics: Atom 
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What is easier to believe?
Hundreds of years of laws and theories of physics are wrong. 
OR
Rutherford's classical model of the atom of our atom is wrong.

Answer :
!ÖÛÏɯÊÓÈÚÚÐÊÈÓɯ×ÏàÚÐÊÚɯÈÕËɯ1ÜÛÏÌÙÍÖÙËɀÚɯÔÖËÌÓɯÏÈÝÌɯÚÖÔÌɯÍÓÈÞÚȭ

But this is our idea of the atom for the most part wrong ....

Energy is not a continuous stream but consists of chunks or discrete packets.
Energy is quantized (quanta flow)

Electrons can only have a certain discrete amount of energy

Each energy quantum can be defined as E = hf
E is the energy of the quanta (J or eV)
f is the frequency of vibration
hÐÚɯ/ÓÈÕÊÒɀÚɯÊÖÕÚÛÈÕÛɯȹƚȭƚƖƚɯßɯƕƔ-34 Js)

Quantum Physics: Atom 

The ingenious ideas of Max Planck (1918 Nobel Prize for the discovery of the quantum nature of energy)
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Bohr model of the atom

Quantum Physics: Atom 

Niels Bohr
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Bohrmodelof theatom
An electron in an atom moves in a circular orbit around the nucleus,
m, uand e are the mass of the electron, the speed in the orbit and the
charge, r is the radius of the orbit

Conclusion: Only certaincircular orbitsareallowed

As a result, the electron experiences a centripetal acceleration
towards the nucleus of magnitude a =u2/r.
We know from Newton's second law that a force F = ma is required
to createan acceleration.
In this case,the electrostatic force is F = ke2/r2 (k is constant).

Combining theseresults, we have the following relation : ke2/r2 = mv2/r

Thus, this condition is mur = n(h/2p) =ÕĄ

Bohr then suggested that the angular momentum in the allowed orbit should be an integer n
(the quantum number) times h/2ϣ, where h is Planck's constant. Sincethe electron moves with a
speedv in a circular path of radius r, its angular momentum is L = mur.

Combining the force and angular momentum equations, we can find the radii of the allowed orbits.

The result is rn = (h2/(4ϣ2mke2))n2 n = 1, 2, 3,ȱ

Quantum Physics: Atom 
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The total energy of the hydrogen atom is also quantized . In fact, a direct
calculation combining the kinetic energy (mu2/2) and potential energy
ȹǸke2/r) shows that the total energy of the n-th Bohr orbit is

EnǻɯǸȹƖϣ2mk2e4/h2)/n2 = -constant/n2

These energies are shown in the figure for various values of n

Quantum Physics: Energy of Atom  
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Oscillation is a periodic movement in which the state of the
system is repeated at regular intervals .

DescriptionofPeriodicMotion
The duration of one cycle is the period T
The reciprocal of the period is the frequency f = 1/T
Frequency is how many cycles per unit of time (1 second) the
system goesthrough
The maximum displacement is determined by the amplitude A
Angular frequency Ϭ= 2ϣf = 2ϣ/T is how many cycles the system
goesthrough in 2ϣ

Mass on a spring

Pendulum

Electron in atom

Examples of harmonic oscillators. Yes, the orbiting electron is an oscillation

Oscillator
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Classical Harmonic Oscillator

If the spring is unbalanced and released, it will make a harmonic motion.

Pull the spring to the right and it will try to regain its length: For ●> , ╕< (Left force) 
In equilibrium: ●= , ╕= (No force) 
Move the spring to the left and it will try to regain its length: For ●< , ╕> (Right force) 
This is summarized by Hooke's Law: ╕ǻɯǸ▓x, k isspring constant [N/m]

Natural angular frequency of 
a harmonic oscillator

The solutions to this 2nd order differential equation are the sines and cosines

Potential energy (interaction)

Mass on a springInitial conditions 

Kinetic energy (motion) 

Oscillator: Classical Approach
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The energy of the pendulum ( harmonic oscillators) at any time is equal to the 
sum of the potential and kinetic components 

Classical 

Quantum 

Note that ▪starts at 0 

Harmonic Oscillator- Classical to Quantum Transition
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The energy of an oscillator (electrons in an atom) can only have certain discrete values of En

Energy is quantized, each discrete value of energy corresponds to different orbitals 
and different quantum states.

Important conclusions
1. An electronin an orbital is equivalentto a standingwavepropagatingalong the

orbital.
2. When electronsbehavelike standing waves,they no longer radiateenergyin the

formof radiation- asthis appliesto particles(deBroglie'sidea).
3. A changein the energyof an electronis equivalentto a changein the quantum

state.
4. A changein theenergyof an electronis possibledueto theemissionor absorption

of energyby anatomin theform of electromagneticwaves.

n=5

y5(x)

Energy of Electron in Atom
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2E mc hf= =

The de Broglie wavelength of the particle is

2mc
f

h
=

Any piece of matter moving at any speedcan exhibit wave properties.
Bridge between classicalphysics and quantum mechanics.
Effects for classicalparticles are too small to be observed.
A quantum particle, an electron, is not only a particle, but also exhibits a
wave nature. h

m
l

u
=

Particle= Wave

Find the de Broglie wavelength 
for a person with a mass of 

70 kg  traveling at about 1 m/s

TASK!

Louis de Broglie

Ϟ= 9.466 Ǻ10-36 meters
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Davisson-Germer Experiment

If the particles are of a wave nature, then under the right
conditions they should exhibit diffraction effects.

Davisson and Germer measured the wavelength of
electrons.

This confirmed the hypothesis, advanced by Louis de
Broglie in 1924, of wave-particle duality

The principle of complementarity states that the wave and
corpuscular models of matter or radiation complement each
other.

None of the models can be used solely to adequately
describe matter or radiation .

Particle= Wave



Page 33

In classical mechanics, one can make measurements with an arbitrarily small uncertainty.
Quantum theory predicts the fundamental impossibility of simultaneous measurements of the
position and momentum of a particle with infinite accuracy.

The Uncertainty Principle

Werner Heisenberg
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The Heisenberg uncertainty principle states that if a particle's position is measured with an
uncertainty Dx and x-component of its momentum is simultaneously measured with an uncertainty
Dpx, the product of this two uncertainties can never be lessthan Ąɤ2

Classical system  - electron trajectory after slit is definite 
Quantum system - electron trajectory after diffraction is statistically uncertain

The combination of wave functions, uncertainty principle, probability distributions, and the wave-particle 
duality provide a powerful framework for understanding the behavior of particles at the quantum level.

Uncertainties arise from the quantum structure of matter.

The Uncertainty Principle
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Eachelectronshell is composedof subshells, which in turn are
madeup of orbitals. The electronicsystemof the atom can be
comparedto a multistoreyhotelbuilding. Eachfloor of thehotel
has roomsof different types (classes). All roomswithin each
classareidentical,but differentfromroomsin anotherclass.
So, we think like this:
- The hotel building = atom
- Each floor of the building = electron shell
- Each set of identical rooms (of the same class) within a 
floor = electron subshell
- Each room, regardless of its type =orbital
- Each hotel guest =electron

The "1st floor" (1st shell) is the first electron shell (n = 1), 
which is the lowest in energy (closest to the nucleus). 

This "floor" (shell) has only one "room" (orbital), which 
is spherical in shape (s-orbitals).

The " 2nd floor" (2nd shell) has a total of four "rooms" (four orbitals) of two
different "classes"(two subshells). One of the four is anothersphericalorbital
(s-orbital). The remaining threeorbitals of the 2nd shell are slightly higher in
energyandhavea "dumbbell" shape. Orbitals of this shapearereferredto asp-
orbitals. All threep-orbitalsareidentical,exceptfor their orientationin space-
threeareperpendicularto eachother.

Electrons in Atom

The orbital of an electron is a part of space where the 
probability of finding an electron is non-zero.
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We are still preparing to explain the quantum size effect

The next leap - an electron in a crystal

Now we can imagine electrons in an atom and 
realize that this visualization  is not quite correct

Electrons in Atom
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A quantum particle has both corpuscular and wave characteristics.

An ideal particle haszero size
Therefore,it is localizedin space

An ideal wave hasa single frequency and is infinitely long
Therefore,it is unlocalizedin space

A localized entity can be built from infinitely long waves

Multiple waves are superimposed so that one of its crestsis at x = 0

The result is that all the waves add constructively at x = 0

There is destructive interference at every point except x = 0

The small region of constructive interference is called a wave packet

Thewave packet can be identified as a particle

Quantum Particle
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An electronin a crystal is in a periodicelectric field, which is createdby the nuclei of atoms(positively
charged)andelectronsin theshellsof atoms(negativelycharged)
The periodicity scale is of the order of the de Broglie wavelength of an electron, about 0.1 nm.
Periodicityis idealization: impurities,defects,thermalfluctuations

The Schrodinger equation defining the position of the electron is both 
energy and time dependent.

Electrons in Crystals

$ÙÞÐÕɯ2ÊÏÙġËÐÕÎÌÙ
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Independent electronic 
approximation:

2ÊÏÙġËÐÕÎÌÙɯÌØÜÈÛÐÖÕɯÍÖÙɯÈɯÚÐÕÎÓÌɯÌÓÌÊÛÙÖÕȯ

Electrons in Crystals

3ÏÌɯÚÖÓÜÛÐÖÕɯÛÖɯÛÏÌɯ2ÊÏÙġËÐÕÎÌÙɯÌØÜÈÛÐÖÕɯÐÚɯÈɯÞÈÝÌɯÍÜÕÊÛÐÖÕɯÛÏÈÛɯÎÐÝÌÚɯÛÏÌɯ×ÙÖÉÈÉÐÓÐÛàɯÖÍɯÍÐÕËÐÕÎɯ
an electron in a given location.
This can be considered a law of energy conservation.
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The wave function doesn't tell you wherethe electronis - as in the caseof
classicalphysics- it tells you theprobability that theelectronis here,or there,
or somewhereelse.
To visualize a wave function, think of it asa probability cloud.

Electrons in Crystals

Max Born

The wave function can be interpreted as the probability amplitude of
finding a particle at a specific point in space at a specific moment in
time.

Max Born was awarded the
1954Nobel Prize in Physics
for his "fundamental
research in quantum
mechanics, especially in
the statistical
interpretation of the wave
function ".
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The interpretation of the probability cloud is simple: the electron is
most likely to be found where the cloud is densest.
The probability of finding an electron near the nucleus or far from it
is small.
The probability clouds for the excited states of hydrogen have the
same interpretation as for the ground state, but their shape is more
interesting .

In quantum mechanics,2ÊÏÙġËÐÕÎÌÙɅÚcat is a thought experiment
that illustrates the paradox of quantum superposition . In the
thought experiment, a hypothetical cat can be considered
simultaneously both alive and dead, while not being observed in a
closed box, since its fate is tied to a random subatomic event that
may or may not occur.

Electrons in Crystals
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The unit cell is the basic repeating unit that defines the crystal
structure. The unit cell contains the symmetry elements necessaryfor
the unambiguous determination of the crystal structure.

The unit cell might contain more than one molecular unit (not
molecules!).

The crystal system describesthe shapeof the unit cell.

The lattice parameters describe the size of the unit cell

Crystal System: hexagonal
Lattice Parameters:
4.9134x 4.9134x 5.4052@(90 x 90 x 120Ș)

SiO2

SiO2

Crystalline materialsare characterizedby the long-range orderedperiodic
arrangementsof atoms.

Crystals

SiO2 crystals consistof periodicallyorderedatomsSi and O
with certainsymmetryof thespatialdistribution.
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The magnitude of the influence of neighboring atoms
depends on the type of atoms (the number of electrons in
atomic shells and protons in nuclei), the environment of
each atom (lattice symmetry and distance), and also on
the location of an electron within a group of atoms.

Following the Pauli exclusion principle, when a
system consists of many identical atoms, the
individual energy levels of the electrons of
individual atoms turn into energy bands.

An energy band is an energy range with many
allowed adjacent energy levels very close to each
other.

Band Structure Formation 
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Electrons in the same orbit have different energy levels. 
The grouping of these different energy levels is known as 
an energy band.

There are three types of bands:
Valance band: represents the range of energy levels 
occupied by the valence electrons, which are the 
outermost electrons in an atom and are involved in 
bonding between atoms. The valence band is typically the 
highest energy band filled with electrons at absolute zero 
temperature.

Conduction band: contains energy levels that electrons 
can access when they gain sufficient energy. Electrons in 
the conduction band are free to move and contribute to 
electrical conductivity.

Due to the band gap, materials can be divided into three groups:
Conductor : The valence band and conduction band overlap.
Semiconductor: There is a small band gap between the valence band and the conduction band.
Insulator : There is a large band gap between the valence band and the conduction band.

One electron volt is defined as the energy gained by an electron 
when it is accelerated through a potential difference of 1 volt.

1eV = 1.6Ǻ10ǸƕƝɯJoules

Energy Bands

Forbidden energy gap: the energy gap between the valence band and the conduction band. 
The energy difference between the valance band and the conduction band is known as the band gap .
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When the length of a particle is
reduced to the sameorder as the wave
packet, i.e., to a few nanometers, the
quantum confinement effect occurs,
and the material properties are altered.
This confinement leads to discrete
energy levels, rather than continuous
bands, resulting in quantization of
energy states.
Depending on the dimension of the
confinement, three kinds of confined
structures are defined: quantum well,
quantumwire, and quantumdot

The density of states (DOS) is the number of different statesat a certain energy level that electrons can occupy,
that is, the number of electron statesper unit volume per unit energy.

The dimensionality reduction causedby the confinement of electrons from bulk (3D) to a thin crystal layer (2D)
leads to a sharp changein their behavior and transformation of DOS. A further decreasein the dimension of the
electron environment to a one-dimensional quantum wire (1D) and eventually to a zero-dimensional quantum
dot (0D) leads to the formation of an atom-like system.

The energy distribution of electrons in a quantum dot is similar to the energy level of atoms ɬ
there is no band structure, but the density of single levels is greater.

Quantum Confinement in Nanomaterials
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Quantum confinement is responsible for
increasing the energy difference between
the energy statesand the band gap.

A phenomenontightly related to the optical
andelectronicpropertiesof thematerials.

The size of the nanoparticle decreases
from left to right, and the corresponding
increasein the band gap is reflected in the
change in the color of the
photoluminescence from red to violet .

For instance, as the size of semiconductor
nanoparticles decreases, their bandgap
widens, leading to a shift in the
wavelengths of light they absorb or emit.
This property is exploited in various
applications such as quantum dot displays,
solarcells,andbiologicalimaging.

Quantum Confinementin Nanomaterials
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Semiconductor 
nanocrystals are called 

artificial atoms due to their 
atom-like discrete electronic 

structure resulting from 
quantum confinement. 

Artificial atoms can also be 
assembled into artificial molecules 

or solids, thus, extending the 
toolbox for material design.

Quantum Dots as Artificial Atoms
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QDs contain from 100 to 1000 electrons and are 2 to 10 nanometers in
diameter or 10 to 50 atoms. Changing the band gap of semiconductors is
the most attractive due to its fundamental and technological
importance. Widely tunable bandgap semiconductors are considered
materials for new generation flat panel displays, photovoltaic,
optoelectronic devices, lasers,sensors,photonic bandgap devices,etc.

Quantum dots are fragments of a semiconductor with a bulk bond
geometry and with surface states eliminated by enclosure in a material
that has a larger band gap

Properties of quantum dots
Á High extinction coefficient
Á High electron mobility
Á Bandwidth and position adjustment
Á Solution process capabilities

Quantum Dots
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Different type QDs and their emission spectrum range that can be 
adjusted by their size/shape 

Quantum Dots
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Quantum Dots


