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Nano 1]

Q

Nanois a millionth of a millimeter or a billionth of a meter, i.e.1 nm =10°m. 2
2

Atomis about 0.1 nanometer- 10 atoms side by side make up 1 nm. %

t e

Gold nano

e

Water Glucose Antibody Virus Bacterium Cancer Cell A period Tennis ball
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Nanodevices
Nanopores
Nanotubes
Nanoshells
Dendrimers
Quantum dots

Nanometers
Human hair:
50,003 100,000 nm in diameter.
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Nanomaterialsand Nanotechnology

O
Accorpling to the EU Commission Recommendation 2022C 22901, a nanomaterial E
Is ? Enatural, incidental, or manufactured material containing particles, in an pd
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 4.0

dimensions is in the sizerange 1 nm-1000 O 2

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

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.

European Commission, Joint ResearchCentre, Rauscher,H., Rasmussen,K., Linsinger, T. et al., Guidance
on the implementationof the CommissionRecommendatio2022C 22901 on the definition of nhanomaterial
Publications Office of the European Union, 2023 https ://data.europa.eu/doi/ 10.2760143118
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Nanomaterials

Nanomaterials in the range of 1-100 nanometers in at least one dimension.
"OEUUDr EEUPDOOCOWEEUI EwOOwWUT | wOUOET UwOIl wi Ul I
0D nanomaterialall three dimensions are in the nanoscale

S
T
V)

VRINID

(nanopatrticles, colloids, quantum dots)

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

2D nanomaterialany two dimensions can be outside of the nanoscale and one dimension in the
nanoscale. (plate-like shapes-OEOOOEal UUOQwUUUI EEI wE

3D nanomaterialall three dimensions can be outside of the nanoscale. Made of nanomaterials.

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

1D(Nanowire)
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Nanomaterials Main Types

VNNID

/- Inorganic Nanomaterials Metal chalcogenides (TMCs)
bttt pomrmemamy ’Ip..,
o Ag L e gam 700 | L p$r LB 9
4 ' Au : < ) y CuO bfh.._-:‘}h:b.. . . ° 0
e iPd . iTi0, | aaannas Ij‘i
i Cu ' Fey0, | alaatel ® 0
Metal | etc. ! Metal oxide/hydroxides ' etc. ! TMCs - MoS,, Bi,Se; etc. QDs y
& Organic nanomaterials
Compact polymeric
eby ety 1.1"'- "
_ e "o e e o
7 s s t @ ot B
% -" % ". e 5 O | d
Micelle Liposome Hybrid Dendrimer Nanosphere Nanocapsulej

/— Carbon nanomaterials

Pageo
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Nanomaterials: Compex Structures

Heterogeneous Nanostructured Materials with Different Morphologies

.

VNNID
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4.0

Carbon Nanotube
Based Composite Electrode | Graphene Based Composite

Core-5hell Manoparticle
Mesoporous Composite Electrode

e) k)

h)

Manoparticles Encapsulated)
|n flnll-:-w M anmgh“;-re Coazxial Manowine Array Carbon Coated Manoplates Microporous Composite Electrode

f) i) 1)

c)

Composite Nanoparticle Composite Manowine Aray Carbon Coated Nanobelts Future 3-D Electrode

PageZ  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
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0D nanomaterials
single / composite / coated
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Gallery

Nanomaterials

nanorods

nanowires

lals
/ nanorods / nanotubes

1D nanomater

nanowires
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nanoplates
nanogrid

. Gallery

nanosheets
2D nanomaterials
nansheets/ nanoplates / nanogrid

Nanomaterials
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C60-fullerene

Carbon nanotube

Londsdaleite
C540-fullerite

Graphite
Amorphous carbon

Carbon allotropes of carbon: 0D to 3D

Diamond

Nanomaterials: Gallery
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Nanomaterials: History

Roman glaziers (4th century) made a "Lycurgus cup" of sodalime
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 (Fe,C)
nanowires. They were unusually strong, Yyet
' flexible enough to bend from hill to tip.

Pagel2
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Nanomaterials: History Optical Properties

O

: : . Z
Michael Faraday (1857 attributed the color of stained-glass © -
windows to the presence of metallic nanoparticles. He prepared >
red gold nanoparticles (stored at the Royal Institution In 4.0

London).

o O O

30 mirm 40 rirm 60 rirm

G. Mie (1908 explained the changein the color of glassesby
the size of metal particles scatteredin glasses

1D .

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

_ Extinction efficiency (a.u)

0.3 0.4 0.5 0.6 0.7 0.8
E— T

Pagel3
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Nanomaterials: Persons

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 / T a U Fafeot@re
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. Theseideas 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 atiny,
swallowable surgical robot.

Pagel4d
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Nanomaterials: Persons

Gordon E. Moore (1965, co-founder of Intel Corporation, made an amazing prediction: the number of
transistors on a chip of a given areawill double every 1.5 years, that is, the size of a transistor decreasesbhy 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)

VNNID:=

B
o

Moore's Law
i Q CPU transistor count doubles roughly every two years.
10000 - O

c ] o 1e+10
c 0 o
S 1000 - P "
k% Q = Prediction based on
2 oo o 1e+08 Moore's Law .
S - % . -
- - o 2
N I DV § 1e+06
? 40- % = Intel 4004

b 2250 transistors .

] Intel Core i19-14900 T D", fes0s ¢, *

-~ e o
' Al7 Pro @ - 150
1- T T T T T T T T
1965 1980 1995 2010 1970 1980 1990 2000 2010 2020
Years Year the processor was introduced
Pagel5 Source data: https-/len wikipedia.org/wikiTransistor_count | Viz: Brian P. Dranka
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Nanomaterials: Persons

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

VNNID

4.0

© The Nobel Foundation. Photo: © The Nobel Foundation. Photo:

I
— ek W U. Montan U. Montan
‘ Andre Geim Konstantin Novoselov
Scotch tape piece of graphite Nobel prize Prize share: 1/2 Prize share: 1/2

2010

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 dots?

?PQuantum dots can be seen as one milestone for the whole
field of nanotechnology ? said Professor Heiner Linke, a
member of the Nobel Committee for Chemistry

© Nobel Prize Outreach. Photo: © Nobel Prize Outreach. Photo: © Nobel Prize Outreach. Photo:

Clément Morin Clément Morin Clément Morin

Moungi G. Bawendi Louis E. Brus Aleksey Yekimov

Piise chare: 113 Pamechare 13 Poiasiare 103 A guantum dot is a crystal that often consists of just a few

thousand atoms. In terms of size, it has the same relationship
to a football as a football has to the size of the Earth.
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Bulk vs Nano

O

Material properties describe how a material behaves under certain conditions. E
. . pd

Optical Properties: Example >

4.0

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 scatterit, appear transparent

Application to suns

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

-
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?‘;'*’ According to their electrical behavior, they
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can be conducting or semi-conducting.

Zig-zag Armchair Chiral
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Reasons for Special Properties of Nanoscale Materials

1 Increasing the surface area to volume ratio

] 11
@ 2 ==

Area= 6 X 1cm? =6 cm? Area= 6 x (1/2cm)? x 8 =12 cm? Area= 6 x (1/3cm)? x 27 =18 cm?

VNNID
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Activated carbort specific surface area up to 3558gnGraphend specific surface area upa2630m?/g
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Reasons for Special Properties of Nanoscale Materials

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) .

Pagel9
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Radius of nanoparticle nm

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.
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Reasons for Special Properties of Nanoscale Materials

@)
3. Size effect (particle sizes approached the characteristic length for this material) E
At the nanometer scale, properties become dependent on size. _ _ pd
. : . : Melting point example >
(1) Chemical propertidsreactivity, catalysis _ _ _
(2) Thermal properties melting temperature MP is the temperature at which the atoms in a substance 4.0
(3) Mechanical propertidsadhesion, capillary forces have sufficient energy to overcome the interatomic forces

(4) Optical propertie$ absorption and scattering of light ~ that hold them in a "fixed" position in a solid.
(5) Electrical properties tunneling current

i i | f ic length, the melting poi
(6) Magnetic properties superparamagnetieffect 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.

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

Size decreases surface energy increases
- melting point decreases

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

To explain the effect of quantumsize we must take a small leap and imagine what quantum physics is Q
dealing with . Z
Quantum Physicds a setof laws that explain observations of the tiny building blocks of all matter. p
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.

l 1 UUT | Udlassi¢dimgodel of atom

Electron Orbits ) ) ) )

> 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.

oL
Utmn The problem with the classical model
/ R The electron has a negative charge and revolves around a central positive nucleus.
Proton ® nuwiews 1he nucleus has a charge and therefore has a magnetic field.
«=se.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.

Electron

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

Conclusion
Page21 Becausethe observation does not match the theoryd . either classical physics is wrong, or

Rutherford's model is wrong/incomplete .
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Quantum PhysicsAtom

O

R What is easier to believe? =

| Hundreds of years of laws and theories of physics are wrong. prd

OR >

Electron _ Neutron Rutherford's classical model of the atom of our atom is wrong. 4.0
| Answer:

I OUl wWEOEUUPEEOwxT AaUPEUWEOEwW1UUI T UI
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)

Page22
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Quantum PhysicsAtom

111
QO
Siealign DAt What is easier to believe? =
" Hundreds of years of laws and theories of physics are wrong. 2
OR >
Electron _ Neutron Rutherford's classical model of the atom of our atom is wrong. 4.0
| Answer :
I OUT wEOEUUPEEOwxT aUPEUWEOEwW1UU0IT 1T Ui
PRS0 § HNucleus But this is our idea of the atom for the most part wrong ...

4F Buina Fachs -

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

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 ask = hf

E is the energy of the quanta (J or eV)

fis the frequency of vibration

hDbUw/ OEOEOZUWEGCEHBHIUEOU wampt 61 1 4

B why

3 : = 9 , :
e nergy of person walkin . .
- Potential energy of pe r"“‘_f' valking Potential energy of person walking,
a y increase: : Ay :
g up ramp increases in uniform, up steps increases in stepwise,
continuous manner

quantized manner
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Quantum PhysicsAtom

Bohr model of the atom

VNNID
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Quantum PhysicsAtom

Bohrmodeloftheatom Q
An electron in an atom moves in a circular orbit around the nucleus, %
) m, u and e are the mass of the electron, the speedin the orbit and the >
charge,r is the radius of the orbit 4.0

L m
As a result, the electron experiences a centripetal acceleration

towards the nucleus of magnitude a= ¢//r.

We know from Newton's second law that a force F = mais required
to create an acceleration.

In this case,the electrostatic force is F = ke/r? (k is constanj.

Combining theseresults, we have the following relation: ke’/r? = mv/r

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

Thus, this condition is mur =n(h/2p) =0 A

Combining the force and angular momentum equations, we can find the radii of the allowed orbits.
Theresultis r,=(hY(4uwmké))n? n=1,23,0

Conclusion: Only certaincircular orbits areallowed

Page25
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Quantum PhysicsEnergy of Atom

)

The total energy of the hydrogen atom is also quantized. In fact, a direct E
calculation combining the kinetic energy (mu?2) and potential energy —
ooRE/r) shows that the total energy of the n-th Bohr orbit is >
E, a w N/gpkie/h?)/n?=-constant/r? 2.0

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

0 1 = 0
(—13.6eV)/9 n = 3 | Excited
states
(—13.6eV)/4 n=2
Page _ Ground

—13.6 eV

state



Oscillator

Pendulum

N

Maximum
potential energy

Electron in atom

Page27

Mass on a spring

Oscillation is a periodic movement in which the state of the
system is repeated at regular intervals.

Descriptionof PeriodicMotion

The duration of one cycleis 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 6 = 2uwf = 2WT is how many cycles the system
goesthrough in 2w

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

=&
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Oscillator. Classical Approach

O
c ¥ Classical Harmonic Oscillator E
\/ VAVAVAVAY - If the spring is unbalanced and released, it will make a harmonic motion. Z
o L "'a Pull the spring to the right and it will try to regain its length: Fer> , 3 < (Left force) %
;——- _________ In equilibrium: e= , 3= (No force) '
0 Move the spring to the left and it will try to regain its length: Fex , 7 > (Right for
."-T',*-ff"t-‘"“""i This is summarized by Hooke's Laywa (@& k isspring constant [N/m]

= —kx " . d*x ix " = k  Natural angular frequency of
F=ma— md_f dez ~ m a harmonic oscillator
t

The solutions to this 2nd order differential equation are the sines and cosines
x(t) = Asin(wt) + B cos(wt)

Initial conditions A x(t) = xo cos(wt) Mass on a spring

x(0)=xpand x(0) =0 *= i
(0) 0 (0) = X \ /\ /‘\ Potential energy (interaction y(x) =%kx2

B=xpand A=0
1 ; L . 1
% r W 2T ume? Kinetic energy (motion) T(x) = Em.ﬂic:2

displacemen

Page?8
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Harmonic Oscillator Classical to Quantum Transition

O
Z
: The energy of the pendulum ( harmonic oscillatojsat any time is equal to the pd
Classical : L
sum of the potential and kinetic components >
4.0
E, = (n + %) hw, wheren = 0,1, 2,3, ...
N Note that~ starts at 0
Maximum
potential energy Quantum Eera
L 3
UGx) | |
l:: Total :4 E
N Enew| k) N :
[ sl S [ |
'-. i : 1
AN L i
| y I i !
: \\H“x -~ FE : | i
- —— AT X | i
A Y | i
el - i i
Classically —A " A

Allowed
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Energy of Electron in Atom

E (hw) O
Pa(x) E
P3(x) %
YP2(x) 4.0

Pq(x)

Po(x)

The energy of an oscillator (electrons in an atom) can only have certain discrete val
Energy is quantized, each discrete value of energy corresponds to different orbitals
and different quantum states.

En = (n+3)ho, wheren = 0,1,2,3, ..

f o 11 .
/br:— > '@ |mportant conclusions

/ Ey=5ho 1. An electronin an orbital is equivalentto a standing wavepropagatingalongthe

/ES = 2 ho orbital.
Ey =% ho 2. When electronsbehavdike standing waves,they no longerradiateenergyin the
E =3 ho formofradiation- asthis appliesio particles(deBroglie’sidea)
Fy =L hao 3. At c;hangeln the energyof an electronis equivalentto a changein the qguantum
X state

4. A changean the energyof an electronis possibledueto the emissionor absorption

7o of energyby anatomin theform of electromagnetiovaves
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Particle=Wave

O
Any piece of matter moving at any speed can exhibit wave properties. _ _ E
Bridge between classicalphysics and quantum mechanics. E= mc,Z =hf -
Effectsfor classicalparticles are too small to be observed. >
A quantum particle, an electron, is not only a particle, but also exhibits a = mC2 40
wave nature. h - h

The de Broglie wavelength of the particleis  / = ——

TASK!

Find the de Broglie wavelength
| for a person with a mass of
70 kg traveling at about 1 m/s

U = 9.466A 1036 meters




Particle=Wave

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 .

Page32
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The Uncertainty Principle

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

VNNID

4.0
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The Uncertainty Principle

O
The Heisenberg uncertainty principle states that if a particle's position is measured with an E
uncertainty Dx and x-component of its momentum is simultaneously measured with an uncertainty —>
Dp,, the product of this two uncertainties can never be lessthan A 2 >
4.0

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 peatiele
duality provide a powerful framework for understanding the behavior of particles at the quantum level

Page34 S Uncertainties arise from the quantum structure of matter.
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Electrons in Atom

Eachelectronshellis composeof subshellswhichin turn are Q
madeup of orbitals The electronicsystemof the atomcanbe  { <= =
comparedo a multistorey hotelbuilding. Eachfloor of the hotel — jZ>
has rooms of different types (classes)All roomswithin each : P p p 70
classareidentical,but differentfrom roomsin anotherclass 2 s )—’ Ind shell
So, we think like this: ("floor")
- The hotel building = atom 1 C? .
- Each floor of the building = electron shell ("floor")
- Each set of identical rooms (of the same class) withina The "1stfloor" (15t shell) is the first electron shell (n =
floor = electron subshell which is the lowest in energy (closest to the nucleu
- Each room, regardless of its type =orbital This "floor" (shell) has only one "room" (orbital), whi
- Each hotel guest =electron is spherical in shape-orbitals.
The "2 floor" (2" shell) has a total of four "rooms" (four orbitals) of two . D (nInn]n
different"classes"(two subshells) One of the four is anothersphericalorbital ey
(s-orbital). The remaining three orbitals of the 2" shell are slightly higherin " floor | 1)
energyand havea "dumbbell" shapeOrbitals of this shapearereferredto asp- wnn e
orbitals All threep-orbitalsareidentical,exceptfor their orientationin space i aeor (1]
threeareperpendiculato eachother satoor [17] NI
The orbital of an electron is a part of space where the S o

Pagess probability of finding an electron IS nexero.

1% floor ‘il
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Electrons in Atom

We are still preparing to explain the quantum size effect

VNNID

4.0

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

The next leap an electron in a crystal 40/’_0_0\‘

Page36 Q 0 o ‘
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Quantum Particle

A quantum particle has both corpuscular and wave characteristics.

An ideal particle haszero size \/\/W\/\M/\/\N\;
Thereforeit islocalizedn space \/WW\/\/\/\/

An ideal wave hasa single frequency and is infinitely long
Thereforelt is unlocalizedn space

A localized entity can be built from infinitely long waves

Several plane waves Wave packet

SVNNID

i -
N
@)

Multiple waves are superimposed so that one of its crestsisat x =0
Theresult is that all the waves add constructively atx =0

There is destructive interference at every point exceptx =0

The small region of constructive interference is called a wave packet
Thewave packet can beidentified as a particle

Ax
medium Ap —wave packet made of several waves

U/\U/\v/\v/\vﬂw \j&

<+« AX—>
large Ap — wave packet made of lots of waves

Momentum (- wavelength - colour)

Page37
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Electrons in Crystals

An electronin a crystal is in a periodic electricfield, which is createdby the nuclei of atoms (positively
chargedpandelectronsn 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, defectsthermalfluctuations

VNNID

4.0

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

Page38
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Electrons in Crystals

3T 1T wuUOoOUUPOOWUOWUT | w2ET UGgEDPOT 1 Uwi gUEUDC JwE
an electronin a given location.
This can be considered a law of energy conservation.

VNNIO

: : 4.0
The Planck constant h=h/2=n . , ) A mathemat_l-cal qpantlty
{59 constant of action infhs  L10S quatiity glescrlbes how called an “imaginary
dynamic geometrical process the wave function W changes }1qmber’.
iiatane senani Bl ae from one moment to another This 1s equal to
the passage of time. as the future unfolds the square root of

minus one.

\ The process is
squared representing
hz a dynamic geometry a
Indepe_nder_n electronic + = l
© approximation: 2 / at'

uy./ If this 1s reformulated as a linear Tgcl,lfcg: S;:(EE;S oﬂﬁe
2ET UgEDOT T Dwl BUEUDOQui OU Wil a BTG 01 k0 56

Mass is relative e tWo previous
2

% to this process vectors together. This naturally .
B 2 forms the Fibonacci Sequence 0, 1, Describes how W changes
Z—V L[J(r) +V (T)Lp (I‘) = ELP(I‘) 1,2, 3,5,8, 13, 21... Over a period its geometrical shape as a
m of time ﬂllS forms the Fibonacci process that foms the
Kinetic Potential Total Spiral in plant growth. passage of time.
Page39 =
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Electrons in Crystals

The wave function doesn'ttell you wherethe electronis - asin the caseof & 2
classicabhysics- it tells you the probability that the electronis here,or there, Z
or somewherelse P
To visualize a wave function, think of it asa probability cloud. %

The wave function can be interpreted as the probability amplitude of “=o - oo =
finding a particle at a specific point in space at a spec:lflc moment in
time. # " _ ;

oy ""_q..., 1A

Max Born was awarded the o
1954 Nobel Prize in Physics ;i%-' M

for his "fundamental 'll
research in quantum s
mechanics, especially in

the statistical
interpretation of the wave
function "
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Electrons in Crystals

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 shapeis more
Interesting.

In quantum mechanics, 2 E | U g E Bcéilisialthought 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. =

oA Can the cat be alive and dead
i at the same time?

Lot

Pagedl

@

Zero
probability
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Crystals

Crystalline materials are characterizedby the long-range orderedperiodic Q
arrangement®fatoms %
The unit cell is the basic repeating unit that defines the crystal >
structure. The unit cell contains the symmetry elements necessaryfor 4.0

the unambiguous determination of the crystal structure.

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

The crystal system describesthe shape of the unit cell.
The lattice parameters describe the size of the unit cell

Crystal System: hexagonal

: . e e L Lattice Parameters
Pages2 with certainsymmetryofthe spatialdistribution. 4.9134x 4.9134x 5.4052@(90 X 90X 1209

SiO, crystals consistof periodicallyorderedatomsSi and O




Band Structure Formation o

O

The magnitude of the influence of neighboring atoms Sorlation pd
depends on the type of atoms (the number of electronsin band prd
atomic shells and protons in nuclei), the environment of 3 >
4.0

each atom (lattice symmetry and distance), and also on T
the location of an electron within agroup of atoms.

— 00— 00 -0 4£-0—

Following the Pauli exclusion principle, when a Energy
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.

Forbidden
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Energy Bands

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

A
Eg=0.1-3.0 eV Eg>3.0 eV
wbwd

metal semiconductor insulator

VNNID

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.

4.0

Energy ———»

_

One electron volt is defined as the energy gained by an ele

Conduction band: contains energy levels that electrons when it is accelerated through a potential difference of 1 v

can access when they gain sufficient energy. Electrons in e
the conduction band are free to move and contribute to leV = 1.610""oules
electrical conductivity.

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 theband gap.

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.
Paget4  Insulator : There is a large band gap between the valence band and the conduction band.
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Quantum Confinement in Nanomaterials

When the length of a particle is , Q
reduced to the sameorder as the wave a) Bulk b) Quantum well c¢) Quantum wire d) Quantum dot -
packet, i.e., to a few nanometers, the pd
guantum confinement effect occurs, >

4.0

and the material properties are altered.
This confinement leads to discrete
energy levels, rather than continuous
bands, resulting in quantization of

)

energy states 2D 1D oD
Depending on the dimension of the W v W

) : : @) O O
confinement, three kinds of confined a) o )
structures are defined: quantum well,

guantumwire, and quantumdot Energy Energy Energy Energy

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 (OD) leadsto the formation of an atom-like system.

Pagets The energy distribution of electrons in a quantum ddaimilar tothe energy level of atorhs
there is no band structure, but the density of single levels is greater.
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Quantum Confinementn Nanomaterials

Confinement width
Quantum confinement is responsible for _ = =
increasing the energy difference between Conduction band gl R
the energy statesand the band gap. * s ——

VNNID

|
ll

4.0

A phenomenortightly relatedto the optical
andelectroniqropertieof thematerials

The size of the nanoparticle decreases H
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.

Bandgap E;

Energy

&
&

Hl\ |
I |

Valence band Valence band

qu

Naneccrystal diameter

0

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

Bulk of Semiconductor Nanocrystal of Semiconductor
(CdSe single crystal) (CdSe Quantum Dots )

Page46




Quantum Dots as Artificial Atoms

]
=]
=
(=
=
T
=
=]
=1

ATOM BUT: different energy/length scales as in real atoms.

many-body interactions can become important!!

E | |

= & "

0D

< confine | | %
ff

1D

Semiconductor
nanocrystals are called
artificial atomsdue to their
atom-like discrete electronic

structure resulting from
guantum confinement.
Artificial atoms can also be
assembled into artificial molecul
or solids, thus, extending the
toolbox for material design.

=&
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Quantum Dots

core emission wavelength 0O

Quantum dots are fragments of a semiconductor with a bulk bond (size & composition) =
geometry and with surface states eliminated by enclosure in a material -
that hasalarger band gap >
4.0

QDs contain from 100to 1000 electrons and are 2 to 10 nanometers in
diameter or 10to 50 atoms. Changing the band gap of semiconductors is
the most attractive due to its fundamental and technological
iImportance. Widely tunable bandgap semiconductors are considered
materials for new generation flat panel displays, photovoltaic,

optoelectronic devices, lasers, sensors,photonic bandgap devices, etc.
Dot Rod Tetrapod Hyper-branched

. o

shell surface passivation

_' — 20 nm J

Properties of quantum dots

A High extinction coefficient
High electron mobility
Bandwidth and position adjustment DOCEATIARI &
Solution process capabilities R

>\ I I >

<
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Bulk
semiconductors

L 3
Conduction
Band

Energy
Gap

E=aN

Page49

Quantum Dots

Energy
Gap

UV <250 nm Visible 400-700 nm Infrared >1000 nm
!!! !!II ‘gll‘e
ZnSe A Te
ZnSe “Case . PbSe/Te
InP PbS
—_—
InAs

MAPDX,, FAPbX;, CSPbX,

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