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1.4 BIG VISION FOR THE SMALL WORLD = = =R e

The recent origin of nanoscience and iechnology can be traced back to the predictions
made by Richard P Fevnman, one of the greatest scientific gemiuzes of the 20th
century, He demonstrated that theee 1s scope to decrease the size of things in a practical
way (what 38 possible according to the laws of physics). He envisioned that small
structores could be formed in the future by arranging the atoms ane by one, in the way
we want. He was very confident and speculated that if we can have some conteel on
the arrangement of tings at o small scale, we will get an enorrmously greater range of
I} possible properties that substances can have, and i) different things that we can do.
He theught about building electrical cirouits on a small scale (nanoscale) that work at
Righer frequencies die 1o reduced ransit tme of the carmers in smaller compoenents,
resulting in very low time constant of the cirewit. In addition, he envisioned that as
we gl to g very, very, small world, for example, a circuin consistng of a few atoms,
thes group of atoms on a small scale (read: the nanoparticles), forms an entirely new
system that obeys the laws of quantum mechanics, By working with different laws,
we can do different things invalving quantized energy levels, interaction of quantized
sping [values in muliplesof 42), e
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1.3 PHYSICAL SIZE SCALES m

L o | ey,

ﬁ Depending upon how many physical dimensions of nanostructures lie wit
nangscile. and consequently, degree(s) of charpe carrier con
classified into three categones—one-dimensional quantum w

in the
ont, they ar= further
tao-dimensional
quantun: wires, and three-dimensional quantum dots nanostruciures—that will
be discussed in detail in Chapter 3. Coaversely, the degreels) of free movems
of charge carriers in a nanoparticle will be the same as the number of physical
dimensions of size larger than 100nm. For example, a quantum wel! has one dezree
of carrier confinement. and two desrees of free carrier movement. 234 so on

In order 1o visualize the size-scale of nenomaterials with respect to the vast size
vartation of objects cxisting in the universc, we should look at the different size
scales in use, prior o the formal arrival of nanoma
brodader sense, material shieets can be re
the astronomical and subatoimic scales an the tw

crials in the late 19805, In a
ssenled on two stze-scales, |

and micrescepic, The mucroscopic scale refers 10 the |

FAMOT [ A IMTH M 19
i b lowwer suze lnng of these obypects, whach are visible o the naked ey
LML LEET] {Svmbal & stands for factor micriy = 107, m for matne, an ]
oy called micam, being ity of u matre), Thus, all abjects lareer Fan
‘n the mecroscopic soile, such us the |:_!h'| of o human ey
fre all, o house Ay, ond a hutfian hair, The haman baic's thi s

n the mnge of [3-[30pm. with the lower side being close to the visibility

All the nm.n;r:>-5x;:1plc objects obey the laws of classical

with average or bulk properties. DarTersnt Frorors vsed in
1.F

Tabi= 1.2 Facters usad i seendfic notaticn 1o express small and farge numbars in metric systemn

|
Predx [symbal) | Factor Name Prafic [symtol] | Factar | Mame

it {da) 1 e ey (d)

= centi {c) | hundredih
fig milli () -3 thousandily

| migro () miilionth

hillion fano (N}

pico (p) 142

famto (£ =14

0

10" rillion
1 il quadrillionth
0

S o
o

€54 [E) 1o atta {a) | g guintillionth
e (2) s zepto {2) [ 1o sextillionth
youto () 1 Yoen (] | 10~ | septillionth

[i:e objects that are smailer in size than the eye’s visibility limit and thae
: ICroscope (o be detectad or observed clearly, down o individual
I within the microscapic scale, Presently, glectron microscopes are
fimaging even the individual atoms. The scqn:;:?g-pmhu-:}rp-::'cl'c-::nu n
sscopes, particularly, the ztomic force microscope (AEMY and scanning
nel microscope (STM), are used in scientific investigations to image objects
as small in size as that of anatom. Thus, all ahjects with size variation between
10 m and an individual hydrogen atom of 0.1 nm may be considerad to lie on
hz mnicroscopic scale. As the size of objects decreases, they continue to abey
w2 laws of classical mechanics with average/bulk properties, independent of
pertcle size. The number of ztoms on the surface of such particles is guite
e ible. a8 compared to the number of atoms lying inside the particle, the

roperties being dom particle size approaches a sub-micron
imit of about O.1pm (100nm), 2 transition occurs in marteeial propertics,
iing their size-independent clagsical behaviour to size-dependent guantums

inant. Ast

i compared to those inside the particle, Obeving quantum mechamcal laws
woud mean that they possess discrete energy states like those of atoms or
sinz ller molecules. Theése material particles ure alled ‘nanoparucles’ and the
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be formed either from the central b

LEBF, or from the outer relatvely darker portion. called

R Phes 15 called as scanning transnuission

clron mieroscopy (STEM), In case of thicker samples, elastically backscattered
“Jeetrons can be collectad by a detector placed above the sample. Yet another signal

1+ abtained from inelastically backscattered electrons excited by the incident beam,

distinguwshied from e scanterad electrons by their lower energy. Lastly, af

incident beam

the enersy is hizh enough and sufficient w0 excite the core

electron: in

X -ravs from

0 Xeray detectors can be used to map the corresponding

1 chosen element in the sample, Thus, the atomic compaosition of the

sample can be mapped at a very high resolution,

2.8.2 Electron Crystallography

Electron crysiallog v. based on the combimation of electron diffraction and

atomic resolution electron microscopy with image processing techniques, has
emerged as a new powerful tool for crystal structure analysis. [t can be used for 3D
image reconstruction, which preserves both the phase and amplitude information
by focusing the diffract
of the reciprocal lattice points. The resolution obtained by experimental electron
u'firection instruments is very much dependent on focusing the electron beam of
focal lengths as short as | mm or less by using strong axial magnetic fields. Using

ed electron heam onto an image and allows better resolution

sech lenses in electron microscopes, the resolutions of ~1 A have been achieved.

By empioving such instruments, images showing individual isolated atoms of

moderatzly high atomic number may be obtained. The resolution 15 sufficient to

distinzuish neighbouring rows of adjacent atoms in the projected structures of
wed from favourable orentations [Cowley et al. 2006]. The

chnigque is particularly suited For nanoscale single crystals,
i < = -

thin ¢rystals wher
clectron diffraction
whereas other techniques would be limited to studying the diffraction from a
lticrvstalline or powder sample.

aron Kiug and D.J. DeRorier developed the 3D reconstruction method that

combines data from electron diffraction and electron microscopic images. This

2 has been the most widely employed technique in the determination of the crystal
. structure of numerous biological macromolecules, such as membrane proteins and
viruses. Aron Elug won the Nobel Prize for Chemistry in 1982 for recognition of hus

; work on development of crystallographic electron microscopy a nd determination

i ¢acid-protein compleses

setron crvstallography requires an understanding

'j' ol the wave-like nature of an electron as :_'i.'-'k:."l 1.'-:. the de |!‘-r-.1;'_|i-.‘ Squalicn A s !I-"J'.F. i

detailed discussion eiven in Chapter 3, Wavelength of electrons accelerated uneder
applied voltage in the electron microscope ¢an be caleulated From the energy

! eguation as follows:

: E L4 el




4N ﬂnnéq_ﬂ ¢ lectron mic vec Pn,}&d cg Vb

- - | ) o
rf‘l AS Stﬁmm} 0 0acheon micvoecope 5 @ T2 of ofectes
L i . U
ﬂ@.mﬂﬂ J-? > 1',:-‘[

"-.-" | ] I' i 0{1 Ir_-'ﬁ____

--‘;-umﬁ fF’fcdluch..Ch LW‘@@QR A g
, « 1L CuiQ J‘ boarm 04 ¢ u Orie

*:IL\ Coavtare ©Ofh @ Aotuie

Q(‘ﬂ_h‘mna L2 Sl : .

- [N l._f n"@ 'i"’fx 58 :
ﬂ‘»\ Magt  common' A L-t-ﬁ,.';»_uD. CO, f .
5 - Ay : tf " l : s Lo
¢ mf'*g:-jsl. otM  tho  glocton 2
C al ; )

&;“"'.rr[”f"“'i ’rl':'bQ

ploctson,  TOICTOSCPR

- e | o x ‘{il".i
i f ” Lﬁ{;) (0 TIVEL. Lo .0 S Geahn k_:;ng RUR )
o ﬁ”‘.ﬁ_{)ll I'}}-{l “fh-h:'___ S R ! ) } o ( / f ) I’
\ ]2 i {a o D L ENGF D ATE oy ieilie
Qaplo. NN ol TSt ." T

|
A 1 I
- |: y g |I(z ( :‘I“ ::. 7 F“c't i a ."f\:]"'ﬂ;
~ - bl e _,[..-:' } j-"..!"'\b WA B TR T
Coclt @2 QE:\_EPH_- n  Schermat !

I s . e
7‘7,1 SEN 5 Mﬂﬁ&mlﬁ ﬂ. Seenne ot @ *f[u-".:‘r’{ . t’?f“,lc'g:u.:*-l-r e}

2l A ﬁ 0

R TE . | I| o Ifl - .

e om ,.*h WL\ o Irf“..,r-.u.l vy |",‘..-....c_1) -:J_Ké" CE__'_IK."__I :"L.‘ “) CIne 1..r«‘J "n ?/i-:'(‘/
(_ T_“Q.f_ H-\ = e . !

. 'Ii uull :
e WY oari %{rL‘Hk\fm\ efectong ’,C.,E)*n 45 f"t“é(ﬁ
te j@m{ca;? @ 3p elechinic Nap.




':_'f.

UL

§ st the beam 1o control
mihcation as well as

ared Lo be scannad.

The beam 15 focused onta the stage, where a salid sample is glaced. Most

samples require same pr before being p

el in the vacuum

chambear,

v wariet

of different preparation pro
rior b SEM analysiz 2

widration of most b

. the 1

v mast ITI'_'-ITII'i'n-_I"!!':,-
¢ nan=conductive samples

|':'IZ]I-. al specimans.

In addition, all sampies need 0 be able Lo kan
vacupum chamber,

1 the low pressure inside t

E

incident, alec
d by the acceleration rate of i
mopunts of kinetle enaergy befon

ans and the surface of the sampls
ident electrans, which carry
focused onto the sampla,

is determin

cigmifice

Whan the incidant electrons come in

e released from th

vith the samale, energatic
of the sample, The scatter patlerns
: shape, taxture and

of detectors are us

rent types af

- incheding secondary and backscattared electrons as v

S M=Fays.

atler elag

3 wns are ncdental electrons reflected backws
de compositian data related to element and comaound d

cht

5, images
clion.
ned using @ hackscatter

;'r|'|'_'|"|'-? il

rming crystalline structuras as well as
atian of minerals and micro-fabocs

frarn neneatn Hhe s

HITATIN,

SEM produces black and white, thrae-dimy

slanal ima

mage magnification can be up to 10 ngnometers and, although it is not as
il a5 its TEM counterparl, the intense interactions that take plage on
the surlace af the speamen grovide a greatar depth of view, higher-

1 more detailed surface picture

resalution and, ultimately,

.'§_EI'-1 _Arﬂica tions

HEME nave a variety of applice
related fields

1d industry-
aberi

benaficial.

o addition o lopographical, morphalagical and
compostianal infarmation, 2@ Scanning Elactron
Blicr

seope can detect and analyvze surface
fracturas, provide infarmation i micros
examng surface canlaminations, reveal
variabians in Lhermis sitions, provide

qualitalive chermical analysas and identify crvstalline

SEM Advantages

Advanlages of a Scanning Electran Microscope include its wide-array of
applications, the detailed three-dimensicral and topoyraphical imaging an
Lhe versatile information garnered from different detectors.,

SEMs are also easy to operate

th the proper training and advances in
computer technolagy and associated software make aperation user-friendly.

s instrurment waorks fast, often completing SEL, BSE and EDS analyses in
utes, In addition, the technological advances in modern
Hawy for the generation of data in digital farm.
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Introduction ( Tenemicsign €lectron Micevecope.)

L

The use of optical microscope limited the ability to resolve an object because of it's
wavelength, TEM stands for Transmission Electron Microscopy was technigue developed to
obtain magnification and henece details of a specimen, to a much better level than the
conventional optical microscopes. In TEM a beam of electrons is passed through an ultra-thin
specimen interacting with the specimen as it passes through. When electrons are accelerated
up 1o high encrey levels {few hundreds keV) and focused on a material, they can scatter or
hackscatter clastically or inelastically, or produce many interactions, source of different
signals such as X-rays. Auger electrons or light. Some of them are used in transmission
clectron microscopy (TEM). An image is formed from the interaction ol the electrons
wansmitted through the specimen: the image is magnitied and locused onto an imaging
device. such as a fluorescent screen. on a laver of photographic film, or to be detected by a
sensor such as a CCD camera.

I'he probable interaction between an electron and a specimen is given as below

The development of TEM took into consideration the quantum mechanical behaviour of
electron. The interaction of electron with the material was obtained due to the inherent nature
of electron which is a quantum mechanical object. Since the electrons have both wave and
particle nature and the de Broglie wavelength of electrons are significantly smaller than that
ol light and so they have higher resolution capability, This enables the instrument's user o
examine fine detail—even as small as a single column of atoms. which is tens of thousands
tfimes smaller than the smallest resolvable object in a light microscope. TEM forms a major
analvsis method ina range of scientific fields, in both physical and biological sciences. TEMs
lind application in cancer research. virology, materials science as well

as pollution, nanotechnology. and semiconductor research.

The major purpose of this project is to comprehensively cover the aspects ol TEM. The
history behind successful development of first TEM is described next.
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Working Principle

M works like a slide projector. A projector shines a beam of light which transmits through
the slide. The patterns painted on the slide only allow certain parts of the light beam 1o pass
through. Thus the transmitted beam replicates the patterns on the slide, forming an enlarged
image of the slide when falling on the screen.

TEMSs work the same way except that they shine a beam of electrons (like the light in a slide
projector) through the specimen (like the slide). However. in TEM, the transmission ol
electron beam is highly dependent on the properties of material being examined. Such
properties include density, composition, ete. For example, porous material will ailow more
electrons to pass through while dense material will allow less. As a result. a specimen with a
non-uniform density can be examined by this technique. Whatever part is transmitied is
projected onto a phosphor screen for the user 1o see.
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TEM Applications
A Transmission Electron Microscope is ideal for a number of ¢
) medical, binlogical ar
analysis, gemalogy and

nanat alogy
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Advantages

ceCape is an impressive instroment with a

awerful magnification, potentially aver one

ange of applications and can be utifized in a

variety of differant scientific, educational and induslrial helds

\...-f': TEMs prowide information on element and compo Jnd strockure
" Tmages are gn-quality and detailed

e TEMS able ta vield information of surface features, shaps, size

and structure

- They are easy Lo gperabe with prapar training
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Disadvantages

-ons of elactron microscopeas include;

+ TEMs are large and very expensive

acts from sample preparation

and analysis requires special training

ra limited to those that are electron transparent, able Lo

talerate the vacuum chamber and small enouah to fit in the chambe

= TEM5 require special housing and maintenance
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What is the Cost?

TEMS are manuf

irad by com

and arg Beiromoly SXpensivie.
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rices for new TEM madeis in
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110 and 100,000 for a Mitachi F000.
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eroin size

ide=range of applcations in a variety of soentific, education,

gusiral nelds.

LRI ] " gasas 541,599 LHE, 9

Mew! Comments

Hawe waur say

comment in the &




e are bao Ty pes of eled

o amerescope iechnigues—Itransmission electron

rrcioseopy CTEMand scanning clectron microscopy (SEM L TEM uses electrons

tramsimitbed through o thin sample. whereas SEM uses backscattered electrons

Fronm the thick surface of the specinen Tor imaging, Interaction of elecirons with
the sodid specimen resubis iy backscatteris
L, X-riys, ek,

clectron beam. Electron microscopy poses several limitations such os vibrazion.

of clectrons, production of Ausw

clectron: UV and visible | and the defocusing ol the inciden Comdengor lens

contamination, e oo o ihe epeciimen doe o the intense eleciron hesm o
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13.4.1 Transmission Electron Microscopy

the other hand. s the dark hield,

CEM s g microscopy Lechnigue in which a high energy electron beam is made

diifracted bewm passes thro

foopass through a very thin sample in order 10 visushize its structure at il beam inleracts strongly with the

atormie TeveloA beam of electron generated by thermal emission from o tusgsicn bs, or particle sive

Hlament or by electron Reld emssion is sceelerated by an electric potential o
severial hundred kY and Tocused using electrostatic and clectromagnetic lensis

s tless than 200 nm) i vacoum and the image is created In

AN e sampl
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the interaction between the electrons and the specimen. which is observed on s

duorescent sereen and recorded by o OO camera, A schematic representating of

—im

TEM is presented in Fig, 13,3, Electrons are scattered into wide as well as small

angles, leading to o difference in their amplitude, thereby creating a contrast

Larger angle electrons are cut off by an objective aperture. A vacuum (low

pressure of the order of 107% w 107%kPa) is important to avold the absorpion ‘
or scattering of electrons by air. Sections of TEM are subjected to a differcwm
guality of vacuum with the help ol gate valves, which act as o preventive measure o
against the loss of vacuum in ontical locations like the electron gun upon e
E k- L v : iy A . X s s
insertion of the specimen in the stage inside the TEM. Generally, the sample grid i

i ; : T R ; i L : i
used for loading the specimen during the TEM analysis is made of brass witla *
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1) ELECTRON SOURCE (GUN):-

The Tirst and basic part of the transmission electron microscope is the source of
il 2
electrons. Tt is s usually a V- H]]:lpLd [|l;m] enl |1md\__l.; LaB6 or W HUHUHIL]E)’_H'I.:H 5

wreathed with Wehnelt clectrode (Wehnelt Cap), Due to negalivet potential of the
clechrode, llu, electrons are emitled 'mm a small area of “n filament (point scurce). A

4

noiM source 15 Jmportant bee ause it emils m onachromatic electrons (with similar

rA

Chnergy L

In this. a positive electrical potential is applied to the anode, and the filament
(cathode) is heated until a stream ol electrons is. produced. The clectrons are

Ale klu:md h\ the positive potential down the mlumn . ang L}uLdJlbL_l}l_UiLl cgalive

|ml\_n1|.1 of Ldp all electrons are repelled toward the optic axis. A collection of

"Ta,\,lmna OCCUrS 1n ﬂn, space bLh\ ween the -
Filament tip and | li ap . u]mh is called a space charge. Those electrons at the bottom n!'
M wplm,_h wge (nearest to the anode) can exit the sun area through the small (<
mm) hole i i the Wehnelt C ap and Lth move down EL u}h*nn* 1o be Tater used in

-—-!'—

TIE ’IH” -

2) CONDENSER LENS:-
e stream of the electron from the electron gun is then focussed to a small. thin.
coherent beam by the use of condenser lenses.

/ The first lens determines the “spot size™, the general size range of the final spot that
strikes the sample

The second lens actually changes the size of the spot on the sample.
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3) CONDENSER APERTURE:-
A condenser aperture is a thin disk or strip of metal with a small circular through-hole.
It is used to restrict the electron beams and filter out unwanted scattered electrons

before image formation,

4) SAMPLE: -

e LI 71 R i gty TR TR e kT e TS B A e gt W e At
[ e heam iraom e Conacnsed ~.‘|.=C;I.L1:'\; sinkes the sampic and the election- rlVi]

interaction takes place in three different ways. Onc s unscattered electrons
(transmitted beam), elastically scattered electrons (dilfracted beam) and inelastically

seattered electrons,

5) OBJECTIVE LENS: -

The main function of the objective lens is to focuses the transmitted electron from the

sample into an image.

0) OBJECTIVE APERTURI:-
Objective aperture enhances the contrast by blocking out high-angle diffracted

clectrons.

7y SELECTED APERTURE:-

Il enables the user to examine the periodic diffraction of electron by ordered

arrangernents of atoms in the sample.

8) PROJECTOR LENS:-
The projector lens are used 1o expand the beam onto the phosphor sereen.

0) SCREEN:-
Imaging systems in a TEM consists of a phosphor screen, which may be made of line
(10-100 micro meter) particulate zine sulphide, for direct observation by the operator.

10) IMAGE PATTERN:-

[he image strikes the phosphor screen and light is generated. allowing the users to see
& I i = =

the image.

The darker areas of the image represent those areas ol the sample that fewer electrons
are transmitted.

The lighter areas of the image represent those areas of the sample that more electrons
were transmitted.

APRL caHong  —




Advantages and disadvantages of TEM %),
" & = o
|} Low sampling volume and rather slow process of obtaining information.

u|/ High capital and running cost. |

_,,L’ Special tramning required for the operation of the equipment.

—< Difhicult sample preparation. Possibility of electron beam damage.

47 Samples which are not stable in vacuum are difficult to study.

' Magnetic samples require special care.
Tlﬁ Non-conducting samples recuire gold or carbon coating.
| Dafficulty in the iterpretation of images. In usual mode of operation information is
| integrated along the beam direction.
Advantages .
.1 Real (Image) and reciprocal space (diffraction pattern) information can be obtained from
same region of sample.
:.:"f Chemical information via EDX and EELS possible (with additional attachments). Energy
| filtered images possible via EFI S filter.

2 Hioh resolution imaging possible (via HR1 T & HAADF in STFEFM) |
Possible to obtam amphitode and phase conrast images. Many different kinds of phase ‘
contrast imagees can be ohtamed |
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in 1895

“-rays were discoverad by Wilhelm Rontgen, a German physicist

e i E AR e
=3 source of electrons
+3 means of accelerating the electrons at high speeds

»a target material to receive the impact of the electrans and interact with them,
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Frequancy (wavelength) depends on the

anade metal, often Cu, Mo, Co.
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Typical cathode element is W,
Potential difference is 20-50 kAW

knock out & fram K shell (n = 1], whic
filled by elections i
falling fram L shell
linas, whareas ¢ from
the K, lines. (K, and

no= 27 give riss
M oshell {(n =
 doublets,

Anode must be water conled,
=

Lftc!'r L] ™y /."‘ " |:'f.-_|

r\l
&

oy edeniale

In]

asio |

(i (-,1--:5-'{ @y o

W

-

{ & o
"-st?h oo Vil

%@

0

11
f SN A eyl
MY N 1




Electron gun

-
] Electron beam
First condenser lens — —
Spiay aperture ——— 4"
‘ ; S A Y

cond condenser lens |
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Deflection coils /|- 1 _

- Hnd Wy B -t Objective ler
Final lens aperture |- A B J€ |

—— A-ray detecic
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electron detector
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Rk SEM 4

Introducing Cryo Scanning Electron Microscopy

1. Basics

Cryo scanning electran micrascopy is effective in
imaging of samples conlaining moisture without
causing drying artifacts, Figure 1-1 shows an external

view of a general oryo SEM.

Figure -1 Exterpal view of general erve 2100

Figure 1-2 shows the companents of this general cryo
SEM
Cold knile oFp pace unit
Elehing heater )
Liguiel mitrespen tank

Evaparator head

stage. The cryo chamber incorporates a resistance
heating vacuum evaporator to coat samples with
gold, It also incorporates a heater for etching
(subliming) the ice formed in samples. Figure 1-3
shows a typical operating procedure of this cryo SEM
A mpisture containing sample needs to be rapidly
frozen with liquid nitrogen {physical fixation] bhefore
itis loaded into the cryo SEM. The frozen sample is
loaded onto the specimen process stage thraugh the
airlock system of the cryo chamber. The sample can
he cleaved with a cold krife inteprated in the
chamber for imaging of its internal structure, The
cleaved surface is etched in a controlled manner to
remove the ice using the heater (ice sublimation) as
needed, and is coated with Au for SEM imaging (or
can be imaged at low kW without metal coatingl.
There are two crucial points in the operating
procedure. One is the etching process where the ice
formed inside the sample is sublimated, And the
ather is the preliminary freezing {physical fixation)

technigue, These will be described in detail below.

4 liminary freezing (rapid freezing]
| I W = E
SN WY -Atmosphere (Eraiziue b athimphire: Betare I8t
Adrlach g sample irto coye chameer)
- — 2 Loading sample into crvo chambear
A Bample cutting
Ci il o *Crye chamber EWICH- Cold i)
4 Etching
_ Ciold slage (Sublimation of ice with heator)
nen hokder -
Heat transfer line ™y bl
maa._r'
The cryo SEM comprises a cryo chamber for cleaving 'fcrw’gx *Cold stage & Imaging
Figure 1-2. Components of general ervo SEM
_ _ Figure 1-3. Operating procedure of eryvo SEM
and coating of frozen samples and a cold stage for
i , ot .
SEM imaging. The system in the figure integrates the 2. Etching

crya chamber and the cold stage, allowing a single

liguid nitregen tank to coal the chamber and the

This process contrals the temperature of the

frozen sample in vacuum, allowing only the ice
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AFM summary

. Advantages
Works on any material
~ Wide range of ambients
Little sampl= preparation
. Drawbacks
Resolution compared to STM
Finite probe lifetime

Requires flat samples
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# Heinrich Rohrer (1933-2013)
==
Heinrich Rahrer was a Swiss physicist In 19
where he got his aducation fram eminent 5
I 19673, he joined the |BM Kesearch L
phase diagrams. In 1974, he spent a saobatical year al the University of California studying
rmagnetic resonance with Yince Jaccarinn and Alen King. He shared a quartsr of the §
Mobet Priza for Physics with Gerd Binnig for he dezign of the scanning funneliing microscopd

4 ha joined the Swiss Federal Institute of Technology 4
: Woligang Pauli and Faul Schermar
Ruschlikor whers ng studied magnetis

+3-5.2 Atomic Force Microscopy

T e i e L L Y G e
An AFM is an instrument that can be ased (o produce a near atomic resalitog,
Busic components of AFM are presented in Fig &1, In this I;:Chniq:.-:-,a"-
sharp ncedle attached to the end of = cantilever is pushed across the SRR N 38
of the sample with a constant foree. The distance mwavelled by 4 lager oo 4

et

rom ool thieoocedle up to {he delactir He

i froinc g mireor Hxe

wited, which gives information about the veroal pstion o tha !'|.'ni|-":ri'p
sndl hence the exact position of the tin. Thus, AFM monitors the foree exerted
setweer ihe surface and Lhe probe tip Jnd is sensitve wthe vertical conipesnert
of the surface forces .

AFM can operafe in contact mods in which coreslo-cone repulsive fonves

nate asowell as 10 non-contEct onode Tnowhich the van der waanls

aate. Aliernativeiy, a fowr-guidsng phetodetector can be used 1o wonse
sy ol the AN contilewer, which ceoalis teonn 5 sidewosvs fncionst g
il i e wasioalbe o aan aof Hae b

E rieton.

kel e sy a0t e

e itk by phetolithoaranitye e Ly

gusenites and can be easily eaes when daitaged. Mlalorials winen

duta can he visuaiized duveiny by modilving the tp of the sumpie w

—

Sample !

K-

i FIG. i Basic comoonants af AFN
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il
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.
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| neadle (probe ) is brons i at o distenee of abou

—_ [ Lo (with e Belo of o piesoeleciric drive)
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il b studied mnd 2 sl sotenia! differ d
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electrons.

£

S TN cun amaee surface Lopelogy i nwi wavs—aoonsiunt height mode asd

Clns

ARECLrCnL enode as shovwn i Fig 13000 [y constant cenent mode, the op
15 scanned across the surface while keeping the iunnelling carrent constart. The
surtace is scanned by moving the needle in x- 2nd y-directions in a raster paiters
with the help of a piezoslectric drive. During this process, & constant tunnelling
current is maintained by regulating the height of the need's by the movement
of is tp i the z-direction along the morphology of the surface (surface
topography). Thus, in this mode, the tip keeps moving up and down slightly
as 11 passes over a surface alom and the hollow surface sites. The differential
heights of the needle at each position can be used to obiain 2 picture of the
surfece topography.
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begin with a pattern generated on a larger
scale, then reduced to nanoscale.
-Rv n

i

ature, aren't cheap and quick te
manufacture
- Slow and not suitable for large scaie

¥ | de g
procuction.

- Bottom-~un methods
start with atoms or molecules and build up fo
nanostructures
-Fabricaticn is much less expensive
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There are two general approaches to the synthesis of

hanomaterials and

Bottom-up approach
These approaches include the
mimaturization of materials coniponentis
(up to atomic level) with further self
asscmhf}' process ix.*;adin.; to the formaiion
of nanosiructures. ‘
During self-assembly the phvsical forees
operating at nanoscale are used to combine
basic units into larger stable structures,
Typical examples are quaritum dot
formation during epitaxia! growth and
formation of nanoparticles from colloidal
E‘]iS]J(‘]‘:i:'(}I‘l.
pLﬁQﬂhﬁ-e PﬂD: VeI VE-S
of vePey  phase. cppeipd

the fabrication of nonostructures

Top-down approach
These approaches use larger
(macroscopic) initial structures,
which can be externally-controlled in the
processing of nanostructures.

Typical examples are etchin g ‘fhrough the
mask, ball milling, and
application of severe plastic deformation.
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Several specialized types of synchrotron machines are used today:

. A storage ring is a special type of synchrotron mn which the Kinetic encrey of
the particles 1s kepl constant.

. A synchrotron light source is a combination ol different electron acceleraton
types, including a storage ring in which the desired electromagnetic radiation 1s
ccneraied. This radiation is then used in experimental stations located on

different beamiines. In addition to the storage ring, a synchrotron light

SHTNCE
usually contains a linear accelerator {linac) and another synchrotron which s
sometimes called booster in this context. The linac and the booster are used 1o
successively accelerate the electrons to their hinal energy belore they e
magnetically "kicked" into the storage ring. Synchrotron hight sources in thew

entirety are sometimes called "synchrotrons”, although this s technicaly
Incoirect,
- A cvchie colhider is also a combination of difterent accelerator types

including two intersecting storage rings and the respective pre-accelerators
Principle of operation

e synchrotron evolved from the cyclotron, the first cyclic particle accelerator,

While a classical eyclotron uses both a constant guiding magnetic leld and
constant-frequency electromagnetic field (and 15 working in classical
approximation), its successor, the isochronous cvclotron, works by local variations

of the guiding magnetic lield, adapting the increasing relativistic mass ol particles

during acceleration.

In a synchrotron, this adaptation is done by variation of the magnetic field strength

in time, rather than in space. For particles that are not close to the speed ol hiant,
the frequency of the applied electromagnetic field may also chanee 1w follow their
non-constant circulation time. By increasing these parameters accordingly as the
particles cain energy, their circulation path can be held constant as they are
accelerated. This allows the vacuum chamber for the particles to be a larpe
thin torus, rather than a disk as in previous, compact accelerator designs. Also, the
thin profile of the vacuum chamber allowed for a more efficient use of magnctic




SYNCHROTRON

A synchrotron is a cyclic particle accelerator in which a charge particle is

accelerated to very high energies in the presence of an alternating electric lield

while confined to a constant circular orbit by a magnetic field.

\ synchrotron is a particular tvpe ol cyclic particle accelerator, descended from

the evclotron. in which the accelerating particle beam travels around a fised
closed-loop path. The magnetic field which bends the particle beam into its closed
path nereases with time during the socelerating process, being sviichronized to the
increasing kinetie energy of the particles. The synchrotron is one of the first
accelerator concepts to enable the construction of large-scale facilities, since
bending, beam  focusing and  acceleration can be separated into  different
compoenents. The most powerful modérn particle accelerators use versions of the
vichrotron design. The largest synchrotron-type accelerator, also the largest
pirticle accelerator in the world, is the 27-kilometre-circumference (17 mi) Large
Hadron Collider (LHC) near Geneva, Switzerland, built in 2008 by the European
Orgamization for Nuclear Research (CERN). It can accelerate beams of protons 1o

sy of @5 teraclectronvolts TV
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ficlds than in a cyclotron, enabling the cost-effective construction of larger
synchrotrons.

While the first synchrotrons and storage rings like the Cosmotron and ADA strictly
used the toroid shape, the strong fecusing principle independently discovered
by Ernest Courant and Nicholas Christofilos allowed the complete separation of
the accelerator into components with specialized functions along the particle path,

Daping the path inte a round-cornered polygon. Some important components are
| e b ;‘mliv [’1'¢L]Lw|1m ceu';[ic*: [or Lii]'r;rcl m'uclcl'ulim: 'lipu‘li‘ magnels |“-"*{-':m'r}-':r

magnets !:*:' l‘mm un focusing.

Fhe combination of time-dependent guiding magnetic fields and the strong
locusing principle enabled the design and operation of modern large-scale
accelerator [acilities like colliders and synchrotronlight sources. The straight
scetions along the closed path in such facilities are not only required for radio
frequency  cavitics, but also  for particle detectors (in colliders) and  photon
oeneration  devices  such  as wigglers and undulators (in third  generation
vachrotron hight sources),

Ihe maximum enerey that a cyclic accelerator can impart 1s typically limited by

(e axioum strength of the wagnetic ficlds and the minimum  radiug

naximum curvature) of the particie path. Thus one method for increasing the
encigy limit is to use superconducting magnets, these not being  limited
le maenetic saturation. Electron/positron accelerators may also be limited by the

gnrission o 1\1\L]1|r'\| (1 *gdm[ oy, T esultin 14 n a ]hsrlld| loss of the R irticle beam's

kinetic energy, The limiting beam energy is reached when the energy lost to the
lateral aceeleration required to maintain the beam path in a circle equals the energy
added each cycle.

Mare powerful accelerators are built by using large radius paths and by using more
numerous and more powerful microwave cavities. Lighter particles (such as
clectrons) lose a larger fraction of their energy when deflected. J’|<1c1|czti]x'
speaking, the energy of clectron/positron accelerators is limited by this radiation
loss,  while  this  does not  play a significant role in the dynamics
ol proton or ion accelerators. The energy of such accelerators is limited strictly by
the strength of magnets and by the cost.

Applications

. [ife sciences: protein and large-molecule crystallography
. LIGA based microtabrication



. Drug discovery and research

. X-ray lithography

. Analysing chemicals to determine their composition

. Observing the reaction of living cells o drugs

. Inorganic material cerystallography and microanalysis
. Fluorescence studies

. Semiconductor material analvsis and structural studies
. Geological material analysis

‘ Medical imaging

. Particle therapy to treat some forms ol cancer

Advantages
e (Continuons spectrim

[

e iitgh Fluxaid brightness
e High coherence
« Able o detect nanoscale particles

Disadvantages

» Beam line instability

s Travel to beam line
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PROPERTIES

Nanoparticles are of great scientific interest as thev are. in effect, a bridge between bulk
naterials and atomic or molecularsiructures. A bulk material should have constant physical
propertics reeardless of its size. but at the nano-scale size-dependent propertics are ofien

wpin ipw

cd. Thus, the i‘.‘.-:'l|'|k‘|'|.ét'.\ ol malerials {‘..."Ié'lll;._'L' as their sire ';1]'5|"_~|'i'|;j|,‘_!1¢_~, the nanoscale and as

the percentage of the surface in relation 1o the percentage ol the volume ol a material becomes
wniticant, For bulk malerials larger than one micrometer (or micron), the percentage of the
irfave s msignificant in relation 1o the volume in the bulk of the material. The fnterestine and
loiimes anexpected properties of nanoparticles are thevefore lavpely due o the loree surfece

e it il wiich dominates the comiribuiony meade e e wmadl budk ol ithe meterial,

particles ofien possess unexpected optical properties as they are small enough o confine
then clectrons and produce quantum elTects. For example. gold nanoparticles appear deep-red to
il e solution. Nanoparticles of vellow eold and grey silicon are red in color. Gold
rnoparicles melt al much lower lemperatures (30007C for 2.5 nm sized than the vold slabs
063 20 Absorption of solar radiation is much higher in materials composed of nanoparticles
o thin Hlms ol continuous sheets of material. In both solar PV and solar thermal

cottialling the size shape. and material of the particles, it is possible w control

(metal-shelt {dielectric) nanoparticie has demonstrated 2
backward scattering with enhanced forward scatter g on Siosubstrate when surfuce plasmon
located i front of a solar cell. The core-shell nanoparticles can support simulianeousty hoth
et and magnetic resonances. demonstrating entirely new propertics when compared with
re metallic nanoparticles if the resonances are properly engincered.
size-dependent property changes imchude guantum

i ._-!';|i|-:!_..-“._‘.!.!. a

semiconduetor particles, surlace  plasmon  resonance in some  metal particies
el superparamagnetism i magnetic materials, What would appear ironic is that the chanees in
hvsical propertics are not alwavs desirable, Ferromagnetic materials smaller than 10 nm can
el their magnetisation direction using room temperature thermal energy. thus making them

msintahle for memery slorage.

Stspensions of nanoparticles are podsible since the interaction of the particle surface with
he solvent is strong enough to overcome density dilferences, which others ise usually result in o

material either sinking or floating in a liquid.

surface arca o volume ratio of pam

icles provides a tremendous driving foree
e diffusion. especially at elevated temperatures. Sintering can take place at lower temperatures.
shorter tie seales than Tor larger particles. In theory. this does not alfect the density ol the

Fnal product. though Mo difficulties and the tendency ol panoparticles 1o agelomerate

comphicates matiers. Moreover, nanoparticles have been found 1o IMpart some extra propertics 1o
variows day o day products, For example. the presence of titanium dioxide nanoparticles imparts
vhat we call the self-cleaning effect, and. the size being nano-range, the particles cannot be
observed. Zine oxide particles have been found 10 have stiperior UV blocking properties
vivpared 1o its bullk substitute. This is one of the reasons why it is ofien used in the preparation
ol simsereen lotions. is completely photostable and toxic.

{

v nanoparticles when incorporated into polvimer matrices increase reinforcement. leading (o
cr plastics. werifiable by a higher glass transition temperature and  other mechanical
tests. These nanoparticles are hard, and impart their propertics o the polymer (plastic).




Nanoparticles have also been attached o textile fibers in order W create smart and Tunclionad
clothing.

Metal. dielectric.  and semiconductor nanoparticles  have been  formed. as  well  as hybrid
structures (e.z.. core—shell nanoparticles). Nanoparucles made of semiconducting material n
UANEA LN o

also be labeled quantum dots it they are small enough (vpically sub 10 nmj

clectronic energy levels oceurs, Such nanoscale particles are used in biomedical applicitions
as drug carriers or imaging agents with work being done o iy to understand the Quid dyvnamic
properties (e.g. drag forces) in nanoscale applications . This has shown the relationship botwe

the Huid Torees on nanoparticles and the Nuid Reynolds and Knudsen numbers

Seini-solid and solt nanoparticles have been manulactured. A prototvpe nanoparticle o
solid nawre is the liposome. Various types of liposome nanoparticles are currently used clin:

iy delivery systems lor anticancer drugs and vaccines

\;:eunp;u'liciu. with one hall hydrophilic and the other hall” hydrophobic are termed Janos
particles and are particularly elfective Tor stabilizing emulsions. Fhey can self-assemble o
water/onl interfaces and act as solid surfactants,

Hivdrogel nanoparticles made of N-isopropylacrylamide hydrogel core shell can be dyved witly

allinity basts hternally, These alfinity baits alise the nareparticies o solate aod comoe.

Ll =iy :l:ulk.'ll.h WL \..!!:-.?. the i dol ehiYeoa.

Synthesis

| here e several methods for creating nanepariicles. micludi s
condensation. attrition, chemical  precipitation. ion implantation, pyrolysis and hvide Jln T L|I

swnthesis. In attrition. macro- or micro-scale particles are ground in o ball mill. & slanctaes badl
mill. or other sive-reducing mechanisn. The resulling particles are air_elassilied w recon

nanopartieles. I pyrolysis, a vaporous precursor (liquid or gas) is lorced tiroueh an orilice
high pressure and burned. The resulting solid (a version of soot) is air classificd 1 recover oside
particles  trom  by-product  gases.  Traditional pyrolysis ollen resulls i ageregiies aud
agelomerates rather than single primary particles. Ultrasonic nozzle spray pyrebysis (USPan e

other hand aids in preventing agglomerates from forming.

A\ thermal plasma can deliver the energy 10 vaporize small micrometer-size particles e
thermal plasma temperatures ave in the order of 10,000 K so that solid ponsder eastly evapories
Nanoparticles are formed upon cooling while exiting the plasma region. Fhe main types of the
thermal plasma torches used o produce nanoparticles are de plasma jet. de are plasmae and radic
lrequency (RE3 induction plasmas. In the are plasma reactors. the CNUrEyY  necessary o
eviperation and reaction is provided by an electric are formed between the anode and
cathode. Tor example, silica sand can be vaporized with an are plasma at atnospheric pressure
ar thin aluminum wires can be vaporized by exploding wire method. The resulting misture ol

Plasta gas and silica vapour can be rapidly cooled by guenching with oxveen. thus ensuring
quality of the fumed silica produced,

In RE mduction plasma torches. energy coupling o the plasma i1s accomplished throoel O
clectromagnetic feld venerated by the induction coil, The plasma zas does not come in cont
with electrodes, thus eliminating possible sources ol contamination and allowi ing the operation of
such plasma wrches with a wide range of gases including inert, reducing. oxidizing, and oihe
COrrosive -|||-h-w|1||;t'-:~+ he working frequency is typically between 200 k1 and -0 M 1.
Laboratory units run at power levels in the order of 30-50 kW, whereas the large-scale indusirial




tnits have been tested at power levels up 1o | MW, As the residence time of the injected feed
woplets in the plasma is very short, it is important that the droplet sizes are small cncigh in
rider o oblain complete evaporation. The RF plasma method has been used to svnthesize
defterent nanoparticle materials. for example synthesis of various ceramic nanoparticles such as

cetedes, carbours/carbides, and nitrides of T and 8§ (sce Induction plasma technology).

Inert-gas condensation is frequently used o make nanoparticles from metals with Tow melting
points. The metal is vaporized in a vacuum chamber and then supercooled with an mert gas
stream. The supercooled metal vapor condenses into nanometer-size particles, which can be
cirained i the inert gas stream and deposited on a substrate or studied in sity,

Sameparticles can alse be formed using radiation chemistry. Radiolvsis Trom samma ravs can

cote strongly active free radicals in solution. This relative ¥ simple technique uses a minimum
nennber of chemicals. These including water, a soluble metallic sall, a radical scay cnger {oflen a
weondary aleohol, and a surfactant (organic capping asent), High gamma doses on the order of
HE Gray are required. In this process. reducing radicals will drop metallic ions down o the zero-
valence state. A scavenger chemical will preferentially interact with oxidizing radicals (o prevent
Hhe re-oxidation ol the metal. Once in the zero-valence state. metal aloms begin to coalesce into
particles. A chemical surfactant surrounds the particle during lormation and regulates its growth,

ab concentrations. the surfactant molecules stay attached to the pal

This prevents

s "a.i-.||||l:.-'. i I':QJEIIFiIif;. clusicrs with aiher i“-;:t'}icf":a. turinaliog of enu:'mi-nl'ii'._ln.:N LS the
Holvsis method allows Tor tailoring of particle size and shape by adjusting  precursor
voncentrations and cama dose,

Sol—-gel

Phe sol gel process is a wel-chemical technigue {also known as chemical solution depasition)
widely wsed recently i the fields of materials seicnee and ceramic engineering. Such metionds
veused primanily for the fabrication of materials (typically a metal oxide) starting from

chemieal solution (sel. short for solution), which acts as the precursor for an integrated network

(o el of either discrete particles or network polymers.

Fvpical precursors are  metal alkoxides and  metal chlorides.  which  undergo hydrolysis and
polveondensation reactions (o loem either o netwuork "elastic solid” or
teolloidal suspensiontor dispersion) - a svstem composed ol diserete (olien amorphous)
suthmierenneier particles dhspersed to various r_!c:_;l'l_"ch in d host Quid, Formation ol a metal oxide
ivolves connecling the metal centers: with oxo (M=0O-M) or hvdroxo (M-OH-M) bridges.
therelore generating metal-oxo or metal-hydroxo polymers in solution. Thus. the sol evolves
oard the formation o a gel-like diphasic system containing both a liquid phase and solid [hase
vhose morphologies range from discrete particles to continuous polymer networks.

b the case ol the colloid, the volume fraction of particles (or particle density) may be so low that
A stenilicant amount ol Tuid may need to be removed mitially for the gel-fike properties w be
snized. | his can be accomplished in a number of ways. The simplest method 1s to allow time
for sedimentation to occur. and then pour off the remaining liquid. Centrifugation can also he
used to accelerate the process of '

Bemoval of the remaining liguid (solvent) phase requires a dryving process, which typically
causes shrinkage and densification. The rate at which the solvent can be removed s ultimately
determined by the distribution of porosity in the wel. The ultimate microstructure of the final
component will clearly be strong!

influenced by changes implemented during this phase of

processing. Aflerward. a thermal treatment. or [iring process. 15 olten necessary in order to favor




lurther polyconde

wsation and enhance mechanical properties and structural stability via {inal
sintering, densilication. and grain growth, One of the distinel advantages of using |
methodology as opposed w the moere traditional processing techniques is that densilication
often achieved aa much Yower lemperature.

Ihe precursor sol can be cither deposited on 4 substrate to form a (ilm (C.g. b
] with the desired shape (e, w0 ablain
nbranes. gerogels), wr

). The sol—gel approach is a cheap

the fine control of the product’s  chemica
composition. Lven small quantities of dopants. such as craanic dyes and rare carth metals. van |
mtroduced mothe sol and end up uniformly dispersed i the linal product. B ocan be ueacd
in ceramics processing and manufacturing as an inw estment casting material, or as o senns ol

producing very thin [ilms of metal oxides for various purposes. Sol-gel derived naterials

fal™ L
diverse applications in optics, electronics, cnergy. space. (biolsensors. medicineic.e. controlled

drug release) and separation {e.e., chromatography) technology.
lon implantation

lon hoplantation may be used to res

surlizees of dielectoie o

IRk ERE}

1 Fuy ' 1 . H v ]
Hea toomake composiies with ne
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il AAParsionns ol i

2t wwbicles, See o
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terabodd ler o

ton implantation is low-temperature process by which ions of one element are acee
solid targer. thereby changing the physical. chemical, or electrical propertics ol the tarect. lon
implantation s used in semiconductor device fabrication and in metal finishing. s well s

Fhe dons can alie

in materials scicnee resears vthe elemental composition ol the coeet G 1he

r y I & €. et e el ot epar T . TR A . e e e
s LLR "-"I"I!M:""HI":“ Hom e Largely il LTy ‘\I--':-' iy reeinn op i T T e P T HE !

|Aameese illdagy
cause also chemical and physical changes when the fons impinge on the vl al hivl
Ihe erystal structure of the targer can be damaged or even destroyed by the encrectic col
cascudes, and ions of sufficienty hivh ene

gy (10s of MeV) can cause nuelear transmutation

Applications

\Scientific research on nanoparticles is intense as they have many potential applicitions in

medicine, physicsoptics. and electronics) The UK. National Nanotechnoloey Initiative ofle
covernment lunding Tocused on nanoparticle research.

Fhe use ol nanoparticles in laser dye-doped polvimethyl methacrylate) (PMMA ) Liser B
media was demonstrated in 2003 and it has been shown Lo improve conversion efficiencies qi
o decrease laser beam divergence. Researchers attribute the reduction in |

inproved  do/d T characteristics of the organic-inorganic  dye-doped  nanocomposite,  he
aptimum composition reported by these researchers is 30% why of Sich (~12 [
PMVIMA,

e v ereeine.

g dve-doped

F £ o bt . — -
L.'\uwp:tnwlux dare peing investigated as potential drug delivery syvstem, Druges

Cerowlh Bictors o
other biomolecules can be conjugated 1o nano particles 1o aid targeted  delivery.  [his
nanoparticle-assisted delivery allows for spatial and temporal controls of the loaded drugs 1o
achieve the most desivable biological outcome. )

F = - . . . a a ' v
Nanoparticles are also studied for possible applications as dietary supplements for delivery o
biologically active substances, for example mineral elements./
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f Konstantin Sergeevich Kostya Novoselov (1974)

Konstardin Sergeavich Kosbyz | icvoseloy is 3 Russa-British physicistwhe shzmd the Mobel Prze far Fhysics
in 2010 with Ardre Geim for fei werk on graphene. Together, they isolated individual graphens planes oy
uging adrasive scolch tape i 2004, Noveselay has writhen mora than 100 papers on Hall magnetzmetry,
subatcric movements of magaetic domain walls, the disoovery of gecko tapa, and graphara

e was confemen upon with numeraus awarcs and honours like Nicholss Kurdi Europaan Scance
00T, i recognition of his weik on bigh magnetic fields and the Evrophysics Prizs i 2008 for
fisCoveding and isolating a se.cls free-standing atomic layer of carbon (gracinena) ano elucidating its
remarkabie eleciranic propertes

=125

543 Fr?pirties of Grathene

The termy graphene was propowndked By Hinns Peter Bochim in 1962 by corsbining
praphile and the suffiz “cie’, due 1o w;|[‘-1~ cace bemg an definitely laree aromalic
medecule, A aromatic compound contains g planar ring with $lo + 20 m elecirns,
el in sraphene s

mobeng IlUﬂ-”k‘Qﬁ“'x-".‘ imeger, Th-': r;'L'.?*fln--;'elr'lmn e
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sraphens depicts aorppiinge of de i o art bee shou? §oam. These vpplos
Beeree s owell ag extnasis

vstiils i the dherinld

i been reported poth due to s o
npisens The Irinsie reasos is e tnatn

sectamiions 0 graphene, whizreds the caird
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e graphene, T shows wn il:h!k‘Liﬂ! focneray eleciionie strgciere o which the

clectron and hole comcal taords e cacte othaer ot the [ voints, Electrons i
holes sre known as Erose formions wid the six comers of Briilowin sone are knows
as Divse poins, Flectreas snd holes wear [

daeihe relativistie pariecles descnbed by e equaiies (f - he ,‘.,ufq r ;1.

where B s energy, Rois the reduced Planck s coustant, v is the Iﬂn | velocily
me graphenc. &, and &, are wave veciors: showang Hocare dispersion reladon for
e eergies. Masstess Dirac Termioos 2ave beensshown by eraphene on 510 cven
withoul being transferred, Although coaeheie s qust coe-atom thick, i iy visible
o the mahed eve, as it absorhs about T 32050 o white lighe, I shows high opacity in
sicuum due Lo its Dirac cone structure
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Giraphenz exhibits anomalous quantum Hall effect in the presence of a magnetic
Aeld. which can be measured even at room temperature. The Hall conductivity
i fﬁi praphene is given by o, = =4 (N+ 14) ¢ “th, where N is the Landan level, Tt is
phitted by Y2 and a factar of 4 in comparison with the standard { Ne%/h). This unique
ehuvionr 15 a resull of the massless Dirac electrons in graphene. The specirom
6 craphene shows a Landas level with energy at the EMrac point. Factor 14 arises
g due e the half-filled Landzau level in graphene. while factor 4 arises due to the
“dochic valley and double spin degeneracy. o strong magnetic fields above 10

et

caddinonal plateans of Hall conductnany are observed ar o, = ve~/h. where
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Appf cations of Graphens

fiaphens fnds s appicatoas in various felds, Some of them are mentioned as

Ciraphenc can be used toomake 1.""'-'--!' and wponzer aviomobiies and wrcrstis,
e the trafiest gt Pmatenal ever procduced.

R i i.._.
Py shene can bBe o nsed 1o | | |-| 1 1 hin transisg
O B RO TR A e used 11 T LCD Wi n- Ve and pe l\T]L thin ira \ {33

vperaling ai GHz freguen
o poies ) cen be conigalied by the additios of melecules or metals, 21 electen

sasoan a doped praphene podsesses hish mobilitv at room lemperainee, s

ivs ds the ype and concentration of carriers (eleciran

Belpany o oy elfccl wansislor & oo emperalure

e o et the hish mechianical properiios of arapheone. NEMS such as prossiny
E SenRON WA CeEnE Foe e Pe made as those mechoulhe staba by requarements
- L By vving the magneh & the edge states in grapieae could be urnee

E sod of 1D s satoang 0 feasiblo e design carcuity and transistors ol of

; matertials D Lo spin selectivity, electoms ase ransmitied along the o

5 with almost ne imperfeetions, even i the edees are dirty, thus naking i1 uselul
E; 0 UARELTY Coineiers

:
L 5 Solar cells can be nnde wsing craphene. s i1 possesses o high electricad
2 £ 5 =

E comductivity as well i oplical lransparency

o Small bandoap and aumeroes Dirme peings o giaphene exhibilt sraphene’s

poalential 1o m
As graphens possesses zoro bandeap and universal optical absorption, it can
he sutursted o the visible 10 nearanflrared mnge by excitation leading 1o ihe
sossibility of fullbasd mode Jocking of fibre lusers using graphenc-hised
saturable absorber.

K. Gruphene does not pessess nuclear magnetic moment and possesses i small
spin arbit interaction, thus <howing a potential in the area of spintronics.

wowave and reraheriz pholonics devices.




172:  NANOTECHNOLOGY

9. Bragg's grating based on graphene shows excitation of surlace clectromagneic
waves in a periodic structure,

10, Transparent conducting elecivades for touch screens. liguid erystal displays,

organic light-emitiing divdes, organic photovoliaic cells, ete., wie all possibie 4
due 1o graphene's high conductivity, optical transparency, mechanics! strenzth

and fexibitiiy, :
1. Graphene—metal composites can be used as thermal interliwce materials for

therimal MaimZernent apulications,

wheng shows noslinear Kere offect, 10 ean 52 paed in graphene-hased.
S [l i 1y ¥ .
NIRRT pricioniva,

i} Graphens oxide memany

o8 wre selecibvely penineable w water, while being
impermeable to other liguids and gases; so it can be wseful in desaling
distillation processes.

11 wind
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.5 CARBON FULLERENES—BUCKYBALLS &

ihe name fullerene is assigned o any molecule composed cntrely of carbon,
winch is in the form of « hollow sphere. C,
wis first designed by American architee: 8, Buck
Jdome. In his honor, O was named as buckn
Solid crystalline fullevenes Sy
well-knowh of the Mullerenes

roderupe, o Gh-corbon atorm halli

fer B jerin s peodesg

sicnintlerene, or buckyha!l B8

also referred 1o as fullerites. O is the menbig
shape, and high relative vield. Néighbouring carbon atoms are connecied i@

200 hexagonal faces, arranged in the same icosahedn
geometrical configurdjon ay o soccer ball as shown ¥
Fig. 5.6, Twelve pentad :
arise by the trencation of
ab @n appropriate depth, The
upon the depth of truncation 3gd the edge length offa
pentagons and hexagons may be diffecent from each u:iw :
icosahedral point group has the highest symmetry inoa

FIG.56 Stucrsof  Euclidean space. Icosahedral symmetry of Cyy moleculdg
fullerere [Tyl is confirmed by the ohservation of four vibrationd§
absorption bands in IR spectroscopy.
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arbon nanotubes are large molecules of pure carbon that are long
tubes, about -3 panometers (1 mm '

I billionth of a metery in diameter. and hundreds 1o

dand thin and <haped ke
b ol nanometlers fonu.

R T sl -___-'il'..'Iiiill carbon
sadonal straciures, Despite their o e

currently used Tor structural

LSO D2 R0 a5 SCImicondiciors

Carhon nanotubes are allotropes of carbon with 2 cvhindrical manestructure, These cvlmdrical
IIRTE I

matecntes have wnusual properties, which or nanotechnoloey. electronics,

are valuahle

st e el o e !.;‘I-!""1."'1'!'-.'ii":. '._;"'i:l"_' _'!::II1_'k'!:E|:1|f""

Pvpes of earbon nanotubes and related siruvctinres

Sinsrle vl led
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Nli-walled.,
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morpholovics.
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METHODS OFPRODUCTIONS OF CNTS:

L PLASMA BASED SYNTHESIS Mi FHODS: a. Are Discharge Method

b, Laser Ablation Methaod:

I hermal Synthesis Process: a

a. Chemical vapor deposition (CVE)
b. Plasma Enhanced CVD (PECVI)

¢ Adcohol Catalviic CVD (ACCVN

3. The Hydrothermal Methods:

Synthesis

lechnigues have been developed o produce nanotubes in sizable gt

discharpe. laser ablation. chemical vapor deposition (CVID) and hie
dispropertionation (HiPCOY. Amo 12 these are discharge. laser ablation. chemical VIO
deposition {CWD) are batch by batch process and Hil

LLS s

nties, ineludine are

h-pressure carbon monoxide

YOO s pas phase continuous Process, hbost

cesses take place ina vacuum or with process gases. The CVID growth methad s

(. v e [,5::1'« Jiceurg
Ghlation— Suxgical 04 J




iy a 1 Ty, ! A e R 1
*. - - ¥ s
or M meaide Motk s
popular, as 1 vields hugh quantity and bas a degree of control over diameter. lenail i
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these methods, but achieving the repentability becomes a major problen with UMDY growth. 1
PO process advances in catalysis and  conlinuous growth are makine CMNEs wore

a high puriy sinule willed cxrbon

commercially viable The HIPCO process helps in product

manotubes in hizher quantity. The HIPCO reactor operates at high emperature SOU-THK

high pressure ~30-54) bar. i uses carbon monoxide as the carbon source and Michel won peiia

carbonyl s catalyst, These catadyst acts as the nucleation site for the nanolubiy o grov

carbon nanotube arcays are also erown by thermal chemical vapor depasiiiog

Y osuhslrale fquarts. stlicon. stainless stech, Cie.) s vounted Wil o calal)

SprULbering Loy BRIk nes:

aver, Typically thar layeris iron. and is deposited

30 nm underlaver of alumina is oflen also put down on the substril

o TP g § e | b | v ¥ 5 )
When the substrate s heatad ot IR

controllable wetting and good interfacial properties.

temperature (700 “C) the continuous iron film breaks up e small aslanads . oocach wshd ahe
auclentes o carbon nanotube. The sputtered thickness controls the island stz and th P

determines the nanotube diameter. Thinner fron fayvers drive down the diameler of the sl

and they drive down the diameter ol the nanotubes grown. The amount of time
ared can sioal ihe cvowth wemperanre s limed, os they ave mobale, and can mierae imdo lare.
.'t_!!|'_i_';|||i'|!' it e erosw i Leidiieral iy raelioes WY i ddEi sy e

CN Limim ) while inereasing the catalyst diameter.

[he as-proparea carbon nanotubes abways bhove mpunbes such ds o ol Fornmes ul e

l;|;1‘.;'--'|3|mli~- carben. Tullerene. etc ) and non-carbonaceouns  impurities Dinelsl pos dsad b

catalyser, Phese mmpuriiies necd o De removed Lo ke wse ol e warbaetr il i

~||'.|1-i. AR,

Properties
Mechanical

Carbon nanaelo

hes are the stroneest and stiltest materials yel dhiscovered motermis ol lenstiie

streneth and elastic modulus respectively. This steength results Trom the covalent sp bearacds

formed Between the individual carbon atoms. o 20000 a multi-walled corbon nanetubic i

tested o have a tensile strength of 63 gigapascals (9,100,000 psiy. (For illusiration, tos transkites

Psl) N

ity Lo endure tension of @ '-'nlj_'|.-l L valenl to G422 Kilograms-loree (0

1t e
L1160 1bE) on a cable with cross-seetion ol 1 square millimewre (00016 sy ind. b Facther studies

such as one conducted in 2008, revealed that individual TN shells have strengths of up o =l

[ TATN’ ke | TR " Tk PR TR { Lo 1 % Tt
pascals 1 E3.000.000 psi). which s i agreement with quantumiatomisiie mkleis. =
carbion naanoiubes have @ lowe density for a sohd of |3 o Ld giom ks speciiic strenglh ol anps e

000 EN-meke "is the best of  known  materials.  compared Lo high-carbon  sieel

f 24 kol

Adthough the strength ol individual CNT shells s k':\li'\,'|l|L:|I\ ﬂijﬁf]. wedk sl nleractivng
hetween adjocent shells and tubes lead 1o significant reduction in the elfective strength ol muolu

witlled carbon nanotubes and carbon nanotube bundles down 1o only a few Gl Phis G Hiatio
has been recently addressed by applying high-energy electron iradiation, which « rossbingks nne
shells and tubes. and elfectively increases the strength of these materials Lo =60 Cilra toe ol
walled carbon nanetubes and =17 GPa for double-walled carbon nanetube bundles ONTs are vl

nearly as strong under compression. Because of their hollow structure and high aspect ranio. i

tend w underuo buckling when placed under compressive, torsional, or hending stress




(0 ithe other hand. there was evidence that in the radial direction they are rather soft, The

sl transmission electron microscope observation of radial elasticity suguested that even the van
der Waals forces can deform two adjacent nanotubes, Later. nanoindentations with atomic force
migroscope were performed by several groups o quantitatively measure radial clasticity of
multiwalled carbon nanotubes and l'l|‘.||1'||1t>-'~':n|"'i-:_'i mode atomic force microscopy was also
perlormed on single-walled carbon nanotubes. Young's modulus of on the order of several GPa
dvved that UN s are in Tact very solCin the radial direction,

Flectrical

like eraphene. which is a vwo=dimensional semimelal, carbon nanotubes are cither metallic or

niconducting along the wbular axis. For a given (nm) nanotube, 180 = m. the nanotube s
mwtadbic: i - 15 a multiple of 3 and 1 ¢ m and nm # 0. then the nanotebe | 'IL'hi metallic
the o very small band gap. otherwise the nanotube 15 a moderale semiconductor.™! Thus all
grmchair (=@ nanotubes  we metallic. and  nanoiobes  (G02) (R 1), ele.  are

cimtcenducting. Carbon nanotubes are not semimetallic because the degenerate point (that point
here the 7 [honding] band meets the 1% janti-bonding| band. at which the energy noes w zero)

ahitly shified away from the K point in the Brillouin zone duc to the curvature of the be
wirlace, causing hvbridization between the &% and 7% anti-bonding bands. modifving the hand

S R R R

e iale regarding inciabhic versus semiconductor behavior has exceplions. because curvature
clleets i small diameter tobes can strongly inlluence elecirical properties. Thus. a (53.0) SWON1
that should be semiconducting in fact is metallic according to the caleulations. Likewise. zigzayp
i chiral SWONTs with small diameters that should be metallic have a fie gap (armchair
nanotubes remain metallic), Tn theory, metallic nanotubes can carey an cleawric current density ol
P10 Adem. which is more than 1.000 times greater than those of metals such as copper.
rere Ao copper inlerconnects current densities are Himited |'.|_\'|:|-:.L:1|'n;v|1'1|.~h_l_:".|l|n|~.. Carhon
pamotnhes are thes being explored as interconnects, conductivity enhancing components in
composile materials and many groups are atiempting to commercialize highly i_‘n“|:|lil_"il'|i'
clectical wire assembled from individoal carbon nanotubes. There are signilicant challenges 1o

overcome. however. such as undesived current saturation under voltage, the uma:h o
resistive nanotube-to-nanotube junctions and impurities, all of which lower the electrical

nductivity of the macroscopic nanotube wires by orders of magnitude, as compared o the
comrduetivity of the individual nanotubes.

o

Fecanse of s nanoscale cross-section, clectrons propagate only along the tube’s axis. As a resudt,
corbon manotubes  are frequently  referred 1o as one-dimensional  conductors. The
mrimum electrical conductance of a single-walled carbon nanowbe s 266, where Gy = 2e7/lis
the conductance ol a single ballistic quantum channe!

e e the rele ol the m-electron system i determining  the electronic properties ol

araphenc. L|-::|“.1§:‘|;_3 i carbon nanotubes ditfers from that of balk ervstalline wn'|i;n!1:|||i'lt:-1'u [1om

the s LT

viod the periodic table (e.g. sthcon). Graphitie substitution of carbon atoms in the
nanotube wall by horon or nitrogen dopants leads to p-tvpe and n-type b |~.Em'_ respeciively, as
I

would be expected Inosilicon. Hlowever, some non-substitutional Gimtercalated  or adsorbed)

dopamts imtrodoced into o carbon nanotube, such as alkalt metals as well as electron-rich
metaHocenes. result in n-type conduction because they donate electrons to the n-clectron system
ol the nanotube. By contrast,  m-electron  acceptors such as FeClhor  electron-deficient
netallocenes function as p-type dopants since they draw m-electrons away from the top of the
valence band.




fntrinsic superconductivity has been reported. althouuh other experiments found no evidence 6F

this. leaving the claim o subject ol debate,
Optical

Carhon nanotubes  have  useful absorption. photoluminescence ( uorescence ). and Raman
spectroscopy propertics, Spectroscopic methods ofler the possibility ol quick and non-
destructive charactesization of relatively large amounts ol carbon nanotubes. Phere s o strong
demand for such characterization from the industrial point of view: numerous paramclers ol

(ST § TS A R TR TR AN AT

(e nanotube synthesis can be changed, imentionally or unintentionally. te

qualitv. As shown below. optical absorption. photoluminescence and Raman SPeCIrosCopies
allow quick and reliable characterization of this "nanotube quabity” e terms ol -t
carbon content. steucture (chirality) of the produced nanotubes, and structueal detects
features determine nearly any other properties such as optical. mechanical. and clecen

propertics,

1’5_'-%”_'[:.1”-, "'11:"..".1.&&1':‘3“. Are ||||E,.‘|..|L_' "ane-dimensional \._‘-,nlt.‘l‘.'uh'- which can be envisioncd s rolled

sinule sheets ol sraphite (or more precisely sraphene). This rolling can be done ar diflerent
L araphie | Voaraphene &

aneles and curvatures resulting in difterent nanotube properties. Fhe diameter typicatly vares i

the raree 04-400m (e "only" ~ 100 times), bul the length can vary - FOROULLUOL. TG
FEorrr ot beE i y R W R L L T i |..,-'.-.|_" pr el e b by oo d
[IFORT w. b<g LEY Lo OO0, Bl IOl .;I_‘-\.J‘.-l,i_.l. LadRAEl, Lk e |,_||E|'||-|'|._-._,|.||_|-L|_|,| Febbiaa, o

hoas 132.000.000: Lwhich is wiegqualicd by any other material. Conseguently. ail i

properties ol the carbon  panotubes  relative o those ol typical  semiconductor
extremely anisotropic (directionally dependent) and tunable.

Whereas mechanical, electrical and electrochemical (supercapacitor) propertics ol the carbon
nanotubes are well established and have immedine applications. the practical use ol apiad

propertics 15 vet unclear, The alorementioned wnability of properties s potentially usclu
i opl

1

nu diodes (LEDsand photo-detectors based on

-5 and photonics. In particular, light-emitti

a single nanetube have been produced in the lab, Their unigue feature 15 not the elficiencys. which
is vet relatively low, but the narrow selectivity in the wavelength ol emission and detection ol
light  and  the  possibiling: of its fine wning  through  the nancube structure. o
addition, bolometer and  optoelectronic memory devices have been realised on ensembles o

single-walled carbon nanotubes.

Crystallographic defects also aflect the tube's electrical propertics, A common resull s o ered
conductivity through the detective region of the wbe. A detect in armehair-type tubes (which can
conduct clectricitvy can cause the surrounding rezion 1o become senmconducting., el smuh

monatomic vacancies induce magnetic propertics.
Thermal

All nanotubes are expected 10 be very good thermal conductors along the tube, exlubiting

property  known as “ballistic conduction”. but good insulators lateral 1w the ube axis
Measurements show that an individual SWNT has a room=-temperature thermal conductivils
along its axis of about 3300 Wem K ' compare this o copper, a metal well known for s
vood thermal conductivity. which transmits 385 W-m K oAn individual SWN T has o room
temperature  thermal conductivity across s axis (in the radial directiony of abour |

Wem K, which is about as thermally conductive as soil. Macroscopic assemblics ol
nanotubes such as [ilms or fibres have reached up 1o 1500 Wem K so fae The emperature
stability ol carbon nanotubes is estimated o be up to 2800 *C in vacuum and aboul 73000 0 aic




Crvstallographic defects strongly alfect the tbe's thermal properties. Such defects lead
ti phonon scattering. which in wen increases the relaxation rate of the phonons. This reduces
the mean free path and reduces the thermal conductivity of nanotube structures. Phonon Lranspor
simudations indicate that substitutional defects such as nitrogen or boron will primarily lead to
scattering ol high-lrequency optical phonons, However. larger-scale defects such as Stone
Wales's delects cause phonon scattering over a wide range of frequencics. cading 1o a greater

vedoction in thermal conductivity

Applications
. Carvier for Drug delivery: Carbon nanohorns (CNHs) are the spherical aggregates of CNTs
with drregular horn like shape. Research studies have proved CNTs and CNIHs as a potential

carrier Tor drug delivery system.
) ) a1 aq [ 1 et P £ | P T S = 1.| [ E T PO i, A I ‘ol e
2. Functiemalized carbon nanotubes are reported {in targeting of Amphotericin B o Cells.

3. They can be used as lubricants or glidants in tablet manufacturing due to nanosize and shiding
nature ol graphite lavers bound with Van der Waals forces.

doin Genetie Engineering:
3. Bromedical applications
O, Artificial implants.

7. Prescrvative,

o

- Diagnostic toal.
B As catalvst,
[ As Biosensors

Field Emitters/Emission: « Conductive or reinforced plastics « Molecular electronics: CNT hased
non volatile RAM = CNT based transistors » Encrgy Storage « CN'T based fibers and [abrics
CNT based ceramies « Biomedical applications ele

Structural ONTs possesses remarkable properties and qualities as structural materials.(a)
Textiles—CUNTs can produce waterproof and tear-resistant fabrics. (b) Body armor—CN
libers are being used as combat jackets. The jackets are used to monitor the condition of the
wearer and 1o provide protection from bullets. (¢) Conerete —CNTs in concrete increases its
tensile strength and halt crack propagation. (d) Polyethylene— CNT fibers can be used as
polvethylene, The CNT based polyethylene can increase the elastic modulus of the polymers by
30 %o {e) Sports equipment—Golf balls, golf clubs, stronger and lighter tennis rackets, bicyele
parts, and bascball bats. (1} Bridges—CNTs may be able to replace steel in suspension and
bridges. {g) Flywheels—The high strength/weight ratios of CNTs enable very high rotational

speeds. (h) Fire protection—Thin layers of buckypaper can potentially protect the object from




fire, The dense, compact layer of CN'T or carbon fibers in the form of buckypaper can efficient]y

rellect the heat,

Electromagnetic CONTs can be  l[abricated as clectnical conductors,  semiconductors and
insulators. Such applications include: (a) Buckypaper—Thin nanotube sheets are 230 tmes
stronger and 10 times lighter than steel. They can be used as heat sink for chipboards. backlight
for LU screens, or Faraday cage to protect electrical devicesfaeroplanes. (b) Light bulh
filament—CNTs can be used as alternative to tungsten filaments in incandescent famps (¢
Magnets—A strong magnetic feld can be generated using multi-walled CNTs coated
agnetite. (d) Solar cells—Germanium N diode exploits the photovoltaic effect, In some
ircetls nanotubes are wsed to replace the VTO (ndium tn-oxide) o allow the Tight w pass w
e active lavers and generate photocurrent. {¢) Electromagnetic antenna—CNTs can act as an
antenna Tor radio and other electromagnetic devices due to s durability. liehl weieht an
conductive properties. The skin elTect in CNTs is negligible a high frequencies due w additiona!

Kinetic inductance. This results in low power dissipation. resulting in high antenna efticiencs

W Ay s e ST T ey e by ey Frwl R T i R R EATeT, e
Eleetroacoustie- The application of ONT in the field of electroacoustic is: Loudspeaker

b0 Ll

LS PeaRers can Do manuzactures hrioonm sheets o ooaratiel ONTs soch a o IS

senerile sound similar 1o the sound of lightening producing thunder.

Chemical CNTs finds wremendous applications in the chemical field also. few of them are as
follows: (o} Air pollution filter— CNTs are one of the best materials for air filiers because Ll
possess high adsorption capacity and large specific area. The conductance of CNTs changes
when pollured gas comes in its contacl. This helps in detecting and filtering the polluted air. CN
membranes can successfully filter carbon dioxide from power plant emissions. (b} Water
filter— ONT membranes can aid in filtration. It can reduce distillation costs by 75 %, These
tubes are so thin that small particles (like water molecules) can pass through them, while
Blocking larger particles (such as the chloride ions in salt), CNTs have high active site and
controlled  distribution of pore size on their surface. This increases not only ity sorption
capabtlities, but also its sorption efficiency. UNTs have effective sorption capacity over hroad
pIl range (particularly for 7 to 10 pH) . (¢) Chemical Nanowires—The CNTs finds their
applications in nanowire manufacturing using materials such as sold, zine oxide, gallium
arsenide, ete. The gold based CNT nanowires are very selective and sensitive to fyvdrogen
sulphide (1125) detection, The zine oxide (ZnQ) based CNT nanowires can be used in
applications for light emitting devices and harvesters of vibrational energy . (d) Sensors N/
bused sensors can detect temperature. air pressure, chemical pases (such as carbon monoxide.
ammoniaj, molecular pressure, strain, ete. The operation of a CNT based sensor is primarily
dependent on the generation of current/voltage. The electric current is generated by the flow of
free charged carier induced in any material. This charge is typically modulated by the

adsorption of a target on the CNT surface.

Mechanical The potential application of CNTs can be found in the following areas al

mechanical engineering as well : (a) Oscillator—Oscillators based on ON'Ts have achieved

higher speeds than other 1echnologies (=30 GHz) . Researchers reported @ molecular oscillato




with frequencies upto several gigahertz. The operation of this oscillator is primarily based on the
fow friction and low wear bearing properties of a multi-walled CNT with a diameter ranging
fom 1 nm to a few tens of nanometers. (b) Waterproof--CNTs can he used to prepare
superhydrophobic cotton fabric by dip-coating approach. This approach is solely based on the
chemical reactions caused by UV -activated nitrene solution. The solution is used to transform the
cotton labric surface from hydrophilic to superhydrophobic with an apparent water contact angle
of 154° Since CNTs are covalently attached on the surface of the cotton fabric, the

superhvdrophobicity possesses high stability and chemical durability.

Optical Carbon nanotubes are grown like a field ol grass. where each nanotube is separated like

o hlade of grass. Thus. a particle of light bounces between the nanotubes. In this process. light is
completely absorbed and it 1s converted 1o heat. Therefore, the absorbance of CNT is extremely
high in wide ranges from FUV to Flk.

Flectrical Cireuits CNTs are attractive materials in fundamental science and technology, They
have demonstrated unique electrical properties for building electronic devices, such as CNT
ficid-clleet transistors (CNTFETs) and CNT diodes. CNTs can be used to form a p-n junction
dinde by ehiemical doping and polymer coating, These types of diodes can be used o form o
computer chip, CNT diodes can potentially dissipate heat out of the computer chips due fo their

) F Sty .
LEFVICpue thermal transmission Praparies.

[nterconnects Carbon nanotubes (CNTs) have emerged as one of the most potential interconnect
material solutions in current nanoscale regime. The higher current density of 1000 MA/sg-cm of
an isolated CNT can eliminate the electromigration reliability concerns that plagues the current
nanoscale copper interconnects. Therefore. CNT interconnects can potentially offer immense

advantages over copper in terms of crosstalk, delay and power dissipation.

Transistors CNTs can [orm conducting channels in transistor . DTwo  different device
architectures have been developed for the wansistor configuration. In both cases, CNTs connect
the source and drain electrodes and show exeellence behavior in the arca of memory designing.

ampliliers. sensors and detectors. ele. In one device architecture, the source and the drain are

connected by a single nanotube. In other device architecture, a random array ol nanotubes,




=
o

NeOaYeS . 2 il pdtale o Y - Ty I -
LWk Ea WLy = (31_ ki B T X ':“_-:'-f"ll' TER S a5 ol f'f}.’.f—-’{j':l" Bk 2 tog, e
I/] oo ] o — P fad F . T
LY P i ; Lo T ; |
00 fe Mg | »
PEVE I ' A= b T o . q:(; e on )l 1 .
W L I-.'Ir::_ \.\_ E I-\. ':-b Lt_ "\rn { 1‘--r L t,l (] .-. LA Pl :l [T« W L 1

1 I oL | e Y
i ; - et SO L IR L A
108 -0 Praluce. ki I}_,[H zmr -

J oy W
- . ] L L TR P Y o TN T N
" w2 ety R [t-; o | \'f-'.'l |rl._ K Y -.f!_ r.-lr-.tff'-
nah POYlevmaree &t e Mot yeatz CATRRATA Do g
| ARt b S L% i | ¥
[ | hot| i W I Y
; I , Y, o - . oy S
: i . T A FCTO T rwiee Oy
eeode e Olger (L2  th [ & SO CON At CT0x o Sy
L F _'.- ok Ky d i } &)
) | e
o s | | v 2
ot veducld thyeny A0S




CRAPHENE

Orapthene” 15 a combination of "graphite” and the suffix -ene. named by Hanns-Peter Bochm and
oleagues, who produced and observed single-laver carbon foils in 1962,

Bochm ot al miroduced the term graphene in 1986 1o deseribe simgle sheets of graphite
Coaphene can be considered an "infinite alternant” (only six-member carbon ring) polvevelic

aromatic hvdrocarbon,

Craphene s torm of carbonr consisting of planar sheets which are one atom thick. with the atoms

v honeveomb-shaped lattice.

eaphiene = g semi-melal with small overlap between the valence and the conduction hands. s

an alletrope of carbon consisting of a single Taver of cacbon atoms arraneed inoa hexavonal

Structure

Cuaphene is g crvstalline allotrope ol carbon with 2-dimensional properties. Its carbon atoms are
fensel packed oo regular atomic-scale chicken wire (hexagonal) paticrn.

ach atoam has Tour bonds: one ¢ bond with cach of its three neighbors and one m-bond that is
. g - 3 by o
oricated ot el plane, The atoms are about 1.42 A apart. 24 & m Y

dapheacs hexaconal latlice can he regarded s twointerleaving '.I'iilll_‘-_".l|?1t' [attices. This
prective was successiully used 1o caleulate the band structure for asingle graphite laver using

ehi-hindding approximation.

Coaphienc's stability is due (o its tightly packed carbon atoms and a sp” orbital hybridization - a
canbination of arbiials o py and 5 that constitnte the o-bond, The Ninal p. electron makes up the
i-bond. The a-bonds hvbridize wgether o form the a-band and m+-bands. [hese bands are
vesponsible Tor most ol araphene’s notable electronic properties. via the hall~filled band ihal

porinls free-maoving electrons.

Ciraphene sheets in solid form nsually show evidence in diffraction for graphite's (002} lavering,
s is true ol some single-walled nanostructures, However, unlavered graphene with only (hk()
Fings has been found o the core of presolar graphite onions, TEM studies show [aceting at
detects in flat graphene sheels and suggest a role for two-dimensional crystallization from a melt




Giraphent can selt-repair holes in ils sheets. when exposed to molecules containing carbon. such

s hydrocarbons. Bombarded with pure carbon atoms. the atoms perfectly align into hexagons

completely g the holes.

Fhe atomic structure ol isolated, single-layer gl‘alphcﬂv vas studied by TEM on shects ol
ruphene suspended between bars ol a metallic geid, Electron ditTraction patterns showed the

expected honeveomb lattice, Suspended graphene showed rippling" of the flat sheet. weth

amplitude of about one nanometer. These nipples may be intrinsic o the material as g result ol
il

e instability of two-dimensional crystals. or may originate from the ubiguitous dirt seen i all
M images of graphene. Atomic resolution real-space images ol solated. siele-laver eraphen
1 Si0- subsirates are available via scanning tunneling microscopy (S 1M). Photoresist residue:
which must be removed Lo obrain atomic-resolution images, may be the "adsarbates” abserved
FEM images. and  may -.rxpl;m'. the observed rippling. Rippling  on 5i0: s consed by
conformation of graphene o the underlyving SiCh and is nol mtrinsic

' ww",,x
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Properties

Electronic

Graphene is a zero-gap semiconductor, hécanse its conduction and valence bands meet ol e
Dirac points. which are six locations in momentum space, on the edge ol the Brillowin zone

divided into 1w non it puivalent sels ol three |]L]IIHH Fhe two sets are labeled K and K5 The sl

vive graphene a valley degencracy of gv = 2. By contrast. For traditional sennconductors e
primary point ol interest is generally ', where momentum is zevo. However. b the m-plan

divection is confined. in which case it is referred 10 as a nanoribbon, ils clectronic struciure is
different. 11 it is "rig-zae”. the bandgap is zero. 0 is "armchair”. the bandgap is non-sorg e
leure).

Civaphene displays j-hnulllmhla_ electron mobility at room lemperature, with reported values in
excess of 13000 cm™V s ' Hole and eleciron mobilities were expected o be nearly identical
['he mobility 15 nearly II;L|U|}UIH|EIH ol temperature between 10 K and [D0 Eowhich implies thal
the  dominant  scattering  mechanism is defect  scattering.  Scaltering by wraphene’s



AcoLst |1|m1~|h||'l||||~|x.1|n limits room  temperature mohility 1o 200000 cm -V sat a
wrier density of 1007 em L 4.5 107 times greater than copper.

lhe covresponding resistivity of graphene sheets would be 10 L-em 'his is less than the
resistivity ol silver. the  lowest olherwise  known  al  room  lemperature.  Fowever.
o Sit substrates, seattering ol electrons by optical phonons ol the substrate is a larger cflect
than seattering by graphene’s own phonons. This limits mohility o 40000 e W Ls L Charge
tansport is aflected by adsorption of contaminants such as water and oxyvegen molecules. This

leadds to non-repetitive and large hysteresis -V characteristics.

frons propagating through - graphene's hones comh dattice clfectively lose their mass,
nducing quasi-particles that are described by a 2D analoguc of the Dirac equation rather than

the Schradineer cquation for spin->4 particles
z |

Superconductivity has been observed in twisted bilaver graphenc
Optical

Coaphene's unique optical properties produce an unex wpectedly high opacity for an atomic
]

monelaser i YAaCLun. i]:'l:-‘l!:lll'lll'lf;_'_ i 23% 0 red |!g]]l where e¢is  the fine-structure

constant This is o conseguence of the "unusus i low-enerey electronie structure of monolaver

an and heiceenical bands me

gach other at the Dirac pant..

shone sl tealues o

Pwhichiy s quatitanvely aillorent Trom more cominon qundratic massive bands.™ Based on the
nerensk Weiss MeClure (SWheC) band  model ol eraphite; the inleratomic  distance

culated using Fresnel

hopnine value and frequeney cancel when optical conductance 15 C
cquations in the thin-film limit,

thoweh confirmed experimentally. the measurement is not precise enough o improve on other

s Tor determining the fine-structure constant.

ulti-parametric surface plasmon resonance wis used to characterize hoth thickness and
elractive index of chemical-vapor-deposition (CVD)-grown graphenc films. The measured
Fefietive indes and extinetion coeflicient values at 670 nm wavelength are 5.1 35 and (L.8%7

ctively. The thickness was determined as 3.7 A from a (1.5 mm area. which agrees witl

A A reported for laver-to-layer carbon atom distance of graphite crystals,

e method can be used for real-time label-free interactions of graphene with oraanic and
moreanic suhstances. The existence of unidirectional surlace plasmons in the nonreciprocal
craphene-hbased  ayvrotropic interfaces has been demonstrated  theoretically. By cfficiently
contralling the chemical potential of graphene. the unidirectional working frequency can be
aatinuousiy funable from THz to near-infrared and even visible. Particularly. the unidirectional
lrequencs bandwidih can be |2 orders of magnitude larger than that in metal under the same
renetic field which arises lrom the superiority of extremely small elfective clectron mass mn

craphene Graphene's band gap can be tuned from (1o 0.25 eV (aboul 5 micrometre u:nduuglln

apply g e 1o u dual-gate bilaver graphene field-cffect transistor (FETY at room
temperature. The optical 1\,‘-1‘l111*-.\_ of graphene nanoribbons is tunable into the ter: !hul; regime
v an applicd magnetic lield. hldpltuk ‘eraphene oxide systems exhibit electrochromic behavior,

allonw ine tining of both linear and ultrafast optical propertics.

v praphene-based Bragg grating (one-dimensional photonic crystal) demonstrated its capability
lewr excitation nI surlace clectromagnetic waves in the periodic structure us sing a 633 nm He—Ne

Laser as the lieht source.




Saturable absorption

such unigue absorplion could become saturated when the iiput optical inlensity s above

theeshold value. This nonlinear i1|1li._'il| -'h'||”'--ixH' is termed saturable absorption and the threshold
value is called the saturation fuence, ( raphenc can be saturated re Iklll'\- under strong cxe .|.|=!L:-|;
aver the visible to near-infrared region, klm Lo the universal optical absorption and sero o
gap. This has relevance Tor the mode log king of fiber lasers, where |l:-||‘1:|.’|u| modde loeking
been achieved by a graphenc-based saturable absorber, Due to this special properly. eraphenc
has wide application in ulirafast photonics. The optical response of graphene/eraphene oxide
styers can be tuned electrically, Saturable absorption in graphene could oceur at the Miceo

and leraherty bands. owing o its wideband uptical .|“\-=I|‘.|[.u1 praperty. The microwave

turable absorption in graphene demonstrates the [rassibi ol grup ||h.... meros e and

teraherts photonics devices, such as g microwave x;ll;;’.':ll‘.-h absorber, modulator. polarize

microwave signal processing and broad-band wireless nccess networks,
Nonlinear Kerr effect

Uinder more intensive laser illumination, graphene could possess a nonlinear phase shift due 10
the optical nonbinear Kerr effect. Based on g |\|W|L<L vpen amd close  apertuee -

y ol Gt il s i ;
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povwerful nonlinear Kerr medium. with the |‘-;-.~;:x|:*.i:il_'~ of abserving a variety o nonlin

the most important of which is the soliton, A 2016 study has shown that the n -.'-|:'i|'.-;;|| clriliv,
dex of graphene is negative. Thermal lens spectroscopy can be used for measuring the thermo

aplic coethicient ol :-:=‘||'-| ene and I‘|5".\|.II i its thernal nlineariiy

Quantum dots

Several techniques can prepare nanostructured graphene. ¢g. graphene quantum dols (G s
these wehniques mainly include electron beam it hography, chemical synthesis. clectrochemical
preparation. graphene oxide (GO reduction, C60 catalytic truns Formation
the microwave assisted  hydrothermal - method  (MAH ). the Soft-Template  miethod
the hydrothermal methad, and the ultrasonic ex foliation method.

Thermal

Thermal conductivity

ermal transport in graphene is an active area of research which has atracted atlention because
al’ the potential for thermal management applications. Early measurements of the thermal
conductivity ol suspe uiul graphene reported an exceptionally large thermal conductivity ol
upproximately 3300 Wem SK' compared with the thermal conduclivity ol pyrolytic graphite of
approximately 2000 ‘-.‘u-m SR Dat room temperature. However, later studics have
whether this ulirahigh value was overestimated. and instead measured thermal
petween [500-2300 Wem K for suspended single layer graphene.

4R8N S TR R RS
COMCLCT vities

[ e FE R Fnge Can e

awributed to large measurement uncertainties as well as variations in the graphene quality and
P|L|k.'-._"|">||""" conditions. In addition. when single-layer eraphene is Nll|‘J|JU’lu| (- an mm;r;m:u
wterial, the thermal conductivity s mlL.mI o about SU0-600 W-m K ' al room lemperilur

as a resull of scattering of graphene lattice waves by the substrate, xmn;l can be even lower

fayer wraphene encased in amorphous oxide. Likewise. polymeric residue can contribute 1o

L9

stmilar decrease for suspended graphene o approximately S00-600 W K o

Erlaver
graphene,




b bulk graphite. These intrinsic properties could lead 10 applications such as NEMS as pressure

sensors and resonators. Doe oo its large surlace eneregy and oul ol plane ductitity. (1

sheels ave unstable with respect to serolling, e, bending into a cvlindrical shap

lower-energy slale,

As s true ol'all matervials. regions of graphene are subject o thermal and quantum Mectualions in
relative displacement. Although the amplitude ol these Nuetuations is bounded i 30 stuciore
teven an the limit of inlinite size), the Mermin—Wagner theorem shows that the amgplitude
long-wavelength Nuctuations grows logarithmically with the scale o a 21 structure and would
therelore be llII|"l]l.'r1L|L'-'= i structures of infinite size. Local delormation and elastic sieain are
negligibly alfected by this long-range divergence in relative displacement, It is belicved that

sulficiently laree _.?' Structure i the absence of

shied laterad tenston. will bend and vru )l

Borm a |..--.|L'|:_I;_|-,!'|_:_-' A strueture j{i|1|1|\."~ have been observed in .‘\.'.|."||."L'I"II.|L'I.| i:l_'n'l- ll'.:_:i'..l.|'|"l.'!i. i
has been proposed that the ripples are caused by thermal luctuations in the material, A

onsequence ol these dynamical deformations, it is debatable whether araphene is tuly o 21
structure, o 2004 10 was shown that these cipples. i amplified throuzh the intvoduction ol
vacaney delects, can fmpart a negative Poisson’s ratio into wraphene. resulting i 1he

thinnest auxetic material known.

¢ nanosiects can b ineorparated Inte a nichel matvix thromigh a plating process 1o o
\|- craphene composiies on a tareel substrate, The enhancement i|| mechanical properties of ih
vurmposites is attributed o the high interaction between Nioand sraphene and the prevention ol
the dislocation sliding in the Ni matrix by the graphene.

Fracture toughness

Despite s strength, graphene s also relatively brittle, with a lracture ol ghiness ol abour -
MPashn]. This indicates that imperfect graphene is likely to crack in a britde manner like ceramic

materials, as opposed 1w m any metallic materials that have lracture loughnesses in the

| 530 M Pay n|| Graphene shows g greater ability 1o distribute loree from an mpact than any
lnomn e

Aal. ten times thae of steel per unit weight, The torce was tansmitled
Kilometres per second (3.8 mifs),

Biological

b 2001 graphene was shown o accelerate the osteogenic differentiation ol humn mesenchyvimal

sten cells without the use of biochemical inducers.

I 2015 graphene was used 10 create biosensors with epitaxial graphene un silicon cachide, |
ind 1o 8-hydroxydeoxyguanosine (8-O1dG) and i capuble of selective Binding

SCNAOES
vith antibodies. The presence o 8-0OHJG in blood, urine and saliva is commonly wssociied
with DNA damage. Blevated levels of 8-OHAG have been linked 1o increased rish of set eral
cancers. A commercial version of a graphene biosensor has been used us o protetn bindimg sensi
i’J.'EI||:.>IIII.

2016 uncoated graphene was shown Lo serve as a neuro-interlace electrode withoul alicring o
L.l 1aging properties such as signal strength or formation of scar tissue, G phene electrades in
the |‘.-c.nl}- stay significantly more stable than electrodes of tunesten or silicon because of
properties such as flexibility, bio-compatibility and conductivity,

Potential applications




geested that the isotopic composition, the ratio of “C o °C, has a signilicant

mpact on thermal conductivity, For example, isotopically pure “C graphene has higher thermal

conductivity than cither a 50:30 isotope ratio or the naturally occurring 99:1 ratio. 10 can be
feven by using the Wicdemann—branz law, that the thermal conduction is phonon-dominated,
Howvever, for a gated graphene strip, an applied gate bias causing a Fermi energy shilt much
lreer than kpd can cause  the  electronic  contribution 1o increase and  dominate  over
the phonon contribution at low temperatures. The ballistic thermal conductance ol graphene is

1SOE e

Potential for this high conductivity can be seen by considering graphite. a 3D version of

sraphene  that has basal - plane theemal  conductivity of  over 1000 Wem K ' (comparable
toccdiamomd). In graphite, the c-axis (out of plane) thermal conductivity is over a Tactor of =100
e due o the weak binding forces between basal plancs as well as the larger lattice
spacmyg, Inaddition. the ballistic thermal conductance of graphene gives the lower limit of the
ballistic thermal conductances. per unit circumference and length of carbon nanotubes

Prospiie ats 2-1 nature, graphene has 3 acoustic phonon modes. The two in-plane modes {1LA.
LAY have a lincar dispersion relation. while the oul of plane mode (ZA) has a guadratic
dispersion relation. Due to this, the 7 dependent therma! conductivity contribution of the Hincar

sodes s dominzied an Tow emperatures by the T contribution of the ont-of nlape mode Sgme

craphene phonon bands display negative Grimeisen parameters (GPs1 At Tow  lemperatinres

iwhere most optical modes with positive GPs are still not excied) the contribution from the
negative OFPs will be dominant and thermal expansion coctTicient (which is directly proportional
to Gy nezative. The Towest negative GPs correspond o the lowest transverse acoustic A
nodes. Phonon frequencies for such modes increase with the in-planc laitice parameter since
At by the laver upon strelching will be less free to move in the £ direction. This is similar 1o
e hehavior of a stretched string that has vibrations of smaller amplitude and higher Treguency

Bk phenomenon, named "membrane effect”. was predicted by Lifshitz in 1932
Melting point

Voprediction that was published in 2015 suggested a melting point of =4125 K. more
ophisticated modelling has increased this temperature 1o at least S000 K. At 6000 K (the sun's

<urlace having an effective temperature of 5777 K) graphene melts into an agglomeration of

wesehy conpled doubled honded chains. before becoming a gas,
Mechanieal

Ihe carbon—carbon bond length in graphene is about 0,142 nanometers. Graphene sheets stack to

forn graphite with an interplanar spacing of 0.3335 nm

Ciraphene s the strongest material ever tested. with an intrinsic ensile strength of 13015 GPa and

Young's modulus of | TPa (150000000 psi), The Nobel announcement gave the strength as

S Nimzthe mass of | m” as 0.77 mg. and the electrical resistance of a square as 31 Q.

i

arge-angle-bent graphene monolayer has been achieved with negligible strain, showing
mechamical robustness of the two-dimensional  carbon nanostructure. Even with extreme
detormation, excellent carrier mobility in monolaver graphene can be preserved,

Phe spring constant of suspended graphene sheets has been measured using an atomic force
microscope (AFM). Graphene sheets were suspended over Si0s cavities where an atomic foree
microscope CAFM) tip was used to apply a stress te the sheel o test its mechanical properties. Hs
spring constant was in the range 1-5 Nim and the stiffness was 0.3 TPa. which differs from thar




- ﬁ
o G f °F fa¥s .¢ 2 - Dy o % (B
oy cdunay colvtafion . peaceck deil ATeathore e Pl o

My o e et St
. l._.zrﬁ {I“;-. i |II-L 3 I',;-\:EI{'_'\. "'\ .-{] )
Afeen i r”ir*i S5 ® vidogcend ks

] b 5 ! #

¢

- o - | e )
ante € sellect blue. 6@ tiequorse K
I L LA ! Al




Nanofluidics

.\'.umﬂllizii(:ﬁ 15 the study of the ':'mhm-'im' manipt |”11|Ut. dll[l ._[]l th]| xi'l-

'I|||r|' thal are confined lr- 1t'11illl s of nanomet i
characteristic dimensions (1 nm = 10-9 ). ~a
cl 1 ; ik A= I,

— B, Wi, . i ER g 511 |!. |
structures exlibit physicat-behaviarsnot-@hZerved in larger "lll1tlllli‘~ i | U s
3 S &
sl as those of micrometer dimensions and  above, becaose the It i 1 S

v -y

characteristic physical scaling lengths of the fluid, {eg. Debye length, LIE || {18
laleedynamic rading) very closely coincide with the dimensions of the &
nanasiructure itzel! \' 2
. : . . - / \
When slruchures ;'|_|:'||:":||'r_|;-'||'_"'.|'| the simo regime r_'J.:|‘|‘L_'3_[‘_|.f:|‘.1=i'.1|~_-; Loy modecular - —— b

P = \
sealing lengths, new physical constraints are placed on the hehavior of the B _-*’)'}L*':
Muicd. For example, these physical constraints induce regions of the fluid to - @
exhibit new properties not observed in bulk, e.g. vastly increased vise aaity \ i/
near the pore wall; they may effect changes in thermodynamic properties -

and mav alsn alter the chemical reactivity of species at the {lnd-solid

interface. A particularly relevant and useful exanple 2 displaved by

electrolyie solutions confined in nanopores that contain surface charges, MCAR The NOAM s oomi |
Le. at electrified interfaces, as shown in the nanecapillary array membrane large number of parallel
(NCAM) in the accompanying figure, EES i Aanocapilia

All electrified interfaces induce an organized charge distribution near the ipproximataly the san

surface known an the electrical double laver. Tn pumes of 1cinetar L

dimensions the electrical double laver may completely span the width of " ;

the nanapore, resulting in dramatic changes in the composition of the _I 2 :

fluid and the related properties of fluid motion in the structure. For ; i . T

example, the drastically enhanced surface-tosvolume ratio of the pore
results in a preponderance of counter-ions {i.e. ions charged oppositely to
the static wall charges) over co-ions (possessing the same sign as the wall charges), in many eases to the near-complete
exelnsion of co-ions, such that only one ionic species exists in the pore, This can be used for manipulation of species
with selective polarity along the pore length to achieve unusual Auidic manipulation schemes not possible in

mieromeler and larger struclures.
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In 1965, Rice and Whitehead published the seminal contribution to the theory of the transport of clectrolyte solutions

in long (ideally infinite} nanometer-dianmeter capillaries 1] Briefly, the potential, ¢, at a radial distance, r, is given by

the Poisson-Boltzmann equation,

T i e i
= =) P = K7,
dely dre

where i is the inverse Debye length,

B
| Bmne?

1'!, ekT '

determined by the ion number density, n, the dielectric constant, &, the Boltzmann constant, &, and the temperatur

T2 Knowing the potential, gfr), the charge density can then be recovered from the Poisson equation, whose soluti

may be expressed as a modified Bessel function of the first kind, I, and scaled to the capillary radius, a. An equalis
of mation under combined pressure and electrically-driven flow ean then be written,

L d d. 1L.ay °F,

2 T == o 1

*oAdr dr n dz n
where 5 is the viscosity, dp/dz is the pressure gradient, and F, is the body foree driven by the action of the applic
clectrie field, E,, on the nel charge density in the double layer. When there is no applied pressure, the radi

distribution of the veloeity is given by,

b [ In (k) ]
i“_[_]_ﬁ‘ f] "]( J

&1 LA mrl
drn " | In (ka) |

v, (r) =

L5
H1

Hy

|
tl

From the equation above, it follows that fluid flow in nanocapillaries is governed by the ka product, that is, the relalive

sizes of the Debye length and the pore radius. By adjusting these two parameters and the surface charge density of L

nanopores, flaid flow can be manipulated as desired,

Fabrication

Nanostructures can be fabricated as single cylindrical channels, nanoslits,
or nanochannel arrays from materials such as silicon, glass, polymers (e.g.
PMMA, PINS, PCTE)  and  synthetic  wvesicles!l  Standard
photelithography, bulk or surface micromachining, replication techniques
(embassing, printing, casting and injection molding), and nuelear track or
chemical etching, P18 48 commonly used to fabricate struclures which

exhibit characteristic nanofluidic behavior,

Applications

fad

| Because of the small size of the fluidic conduits, nanofluidic structures are
naturally applied in situations demanding that samples be handled in
exceedingly small quantities, including Coulter I.'Uth]’.E:‘]g.;_,‘H& analvtical

separations and determinations of biomolecules, such as proteins and

DNA B and facile handling of mass-limited s.allllplm) One of the more

promising areas of nanofluidics is its potential for integration into microfluidic svstems, i.c. micrototal analvtical

systems or lab-on-a-chip struetures. For instance, NCAMs, when incorporated into microfluidic doevi 8, el

¥




Nanollund

(A mamofluid is a fuid containing nanometer-sized particles, called nanoparticles. These NMuids
are engineered colloidal suspensions of nanoparticles in a base Nuid. The nanoparticles used in
nanedluids are tvpically made of metals, oxides. carbides, or carbon nanetubes. Common base
Hitid= include water, ethylene glyeol and oil.

( ™anoflnids have novel properties that make them potentially uscful in many applications in heat
transler. including microelectronies. fuel cells, pharmaceutical processes. and hybrid-powered
neines. enzine coolingdvehicle thermal management, domestic refrigerator. chiller,  heat

hanper, in grinding, machining and in boiler Nue gas temperature reduction. They exhibit
cnhanced thermal conductivity and the convective heat transler coeflicient compared to the base
Muidy Knowledoe of the rheological behaviour of nanofluids is found 1o be critical in deciding
their suitahility for convective heat transler applications, Nanofluids also have special acoustical
|\|'-1|'u*|"."|l:“ and in ultrasonic Nelds display additional shear-wave reconversion of an incident
compressional wave: the effect becomes more pronounced as concentration increascs.

I amalvsis such as computational Huid dynamics (CF D), nanotiuids can be assumed 'to be single
phiase Midds: however. almost all new academic papers use a two-phase assumption. Classical
theory of single phase Nuids can be applied. uhuL physical properties of nanofluid is taken as a
lunction ol properties of both constituents and their concentrations. An alternative approach
simulates nanofluids using a two-component model. The spreading of a nanofluid droplet is
chihanced by the solid-like ordering structure of nanoparticles assembled near the contact line by
diffusion. which gives rise 1o a structural disjoining pressure in the vicinity of the contact

Loy ~;|!J.~.|'- cobancement s naol ohaerved Tor simall :|||n"|IL S owith diameter of nanometer

hecause the wetting time scale is much smaller than the diffasion time scale

=1 - 1- 1

Synthesis

Manofloids are produced by several lechnigues:
Direct Dvaporation (1 step)
Cias comdensation/dispersion (2 step)
Chemical vapour condensation (1 step)

LoChemical precipitation (1 step)
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Applications

L Nanofluids are primarily used for their enhanced thermal propertics as coolants in heat
equipment such as heat exchangers, clectronic mnlmu systemisuch as fal plater and sadiaos)

J"‘I
Fleal wansfer over

it plate has been analyzed by many researchers. However, they are ol
uselul for their L'L‘.'HI:HIhd optical properties.Graphene based nanofluid has been foi
enhance Polvmerase  chain_ reaction efficiency (EL_!}_LJHU]LH in _solar _ collectors is  anothic
application where nanofluids are emploved for their unable optical propertics.

MNanopores

A nanopore is @ pore ol nanometer size. 1t may. for example, be created by o pore-tfuemin

protein-or as a hole in synthetic materials such as silicon or graphene,

When u nanopore is present in an electrically insulating membrane, it can be used 0 o sinul
molecule detector. It can be a biological protein channel in a high electrical resisine. lipid
bilayer. & pore in a solid-state membrane or a hvbrid of these — o protein channe! set in

: [ mnrang. The detection princinle is based on monitering 1he lonic current |

hanopore as a voltage is applied across the membrane. When the guanonone
II]L.ILLlIi\I: dunensions, passase ol molecules (w2 DNA)Y cause intercupticns ol the “opeh
current level. leading 1o a "translocation event" signal. The passage ol ENA or sigle-stoad,
DNA molecules through the membrane-embedded alpha-hemolysin channel (1.3 nm dizine
for example, causes a -90% blockage of the current (measured at | M KC| solution)

ILmay be considered a Couiter counter for much smaller particles,

Lrenve Lengzii

i plasinas and Llutlmfﬂu the Debye length (also called Debye radius), named aliee the el
Ak '-“I\_I*:| and physical chemist Peter Debye. is a measure of a charge carviers netl electioss
cllect in solution and Imu far its electrostatic effect persists. A Debye sphere is a volunw win

vadius is the Debye length, With cach Debye length, charges are increasinzly electrically
sereened
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Quantum wire

[n mesoscopic physics, a quantum wire is an electrically conducting wires in which quantum
effects influence the transport properties. Usually such effects appear in the dimension of
nanometers, so they are also referred to as nanowires.

nanowires can be defined as structures that have a thickness or diameter constrained to tens of
nanometers or less and an unconstrained length.
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Quantum dot

Vosemiconductor crystal ol nanometre dimensions with distinetive conductive propertics
determined by its size,

Nt Wl Ay ey sy | S TCT A tevr ey ety e s i ST ey A e y : 1
Cluanium dals ar VDY siltdl SCITLCD WS LOT rarfacies, Oy severdl nanomelres 1n siAe, so o sma

[ -y L . it g [Tl T P DR S e by . S 03 g eanq |
Lhat optical and electronie properties ditler from those of farger particles. They are a central
theme m nanotecht |l."|II I

Quantum  dots (QDs) are  tinv semiconductor particles a  few nanometres in - size.
having optical and electronic properties that differ [rom larger particles due 1w quantum
mechanics. They are a central topic in nanotechnology, When the quantum dots are illuminated
by UV light, an electron in the quantum dot can be excited to a state of higher energy. In the case
of a semiconducting quantum dot, this process corresponds to the transition of an electron from
the valence band to the conductance band. The excited electron can drop back into the valence
band ieleaging io -'.*ncr'f:}' by the crmission of light. This light cinission (photoluminescenca) i3
iHustrated in the figure on ihe right. The color of that light depends on the energy difference
between the c:nnthu:l:an{tl:: band and the valence band.

Potential applications of quantum dots include single-electron transistors, solar cells, LEDs,
lasers, single-photon sources, second-harmonic generation, quantum computing, and medical
imaging, Thr:ir small size allows for some QDs to be suspended in solution, which may lead to
use I inkjet prinding and spin-coating. They have Leen used in cangmuir-Blodgett thin-llms,
These processing lechniques result in less expensive and less time-consuming methods of
semiconductor fabrication.

Production

. Colloidal synthesis

. Plasma synthesis

. Fabrication

. Viral assembly

. Electrochemical assembly

. Bulk-manufacture

. Heavy-metal-free quantum dots
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Nanomechanics

Nanomechanies is a branch of nanoscience studying fundamental mechanical {'\.lﬂ":\rl'l. 1*1*1 LmJ and kinelic) [Jri}p'*]lu-*x of

—— —————

p]nxud] svslems at the nr'mnm*tt*" ‘~L<31L \*c r'lOl'llL{'hdI]"LS hd:. armes ;i:u:l on the CIDEk oads of | nu hvsics, ll<1"‘~](r‘ mec]

'aohd slate p

HL‘* '\'-dt:‘w "-<11 l'l'lL‘LndTH{,*:- materials S'Clk.."l':..{" E:ulj cuan Ll'l'l'l 'Etl'f.‘['['lhl‘r Ag an area II]| DANQRCIENCe,

l.'l"ll'IL,-l]'.I.L'i.hmll cs provides a scientific foundation of nanotechnol ne;".

Nanomechanies is that branch of nanoscience which deals with the study
and application of fundamental mechanical properties of physical systems at

the nancscale, such as elastic, thermal and kinetic material properties,

Often, nanomechanics is viewed as a brarch of nanctechnology, i.e., an
applied area with a focus on the mechanical properties of engineered
nanostructures and nanosystems (systems with nanoscale components of
importance). Examples of the latter include nancmachines, nanoparticles,
nanopowders, nanowires, nanorods, nanoribbons, nanotubes, including
carbon nanotubes {CMT) and Loren nitride nanotubes {BNNTs); nanoshells,
Jli:L['I(I'rTl'iZh['i"ll"l.i':Q. NANGCOE IIII 2 r'lE’_.r'!U-’_f{_‘l['I'I]Jé'_"H'i.TII}.I"nE'II'IDS['!"J('!T‘.['.‘!.'".I."I. :‘:"Iﬂtf‘.]"i.‘-’!iﬂ._

{fluids with dispersed nanoparticles); nanomotors, ete.

4 fincsome is 2 biclogical machine that Some of the well-established flelds of nanomechanics are: nanomaterials,

¥

utilizes protein dynamics on nanoscales nanotribology (friction, wear and contact mechanics at the nanoscale),

nanoelectromechanical systems (NEMS), and nanofluidics.
L]

As a fundamental science, nanomechanics is based on some empirical principles (basic ohservations), namely general

mechanics principles and specific principles arising from the smallness of physical sizes of the object of study.
General mechanics principles include;

= Energy and momantum consenvation principles
= Veriational Hamilton's principle
» Symmetry principles

D tor smoallness of the studied object, nanomechanics also accounts for;

Diseretencss of the object, whose size is comparable with the interatomic distances
= Pluralily, bul finiteness, of degrees of freedom in the object

» |mportance of thoerme! fuctostions

= Importance of entrogic effects (sea configuration entrapy}

= Importance of guantum effects (see quanlum machineg)

These principles serve o provide a basic insight into novel mechanical properties of nanometer chiects, Novelty is
understood in the sense that these properties are not present in similar macroscale objects or much different from the
properties of those (e.g., nanorods vs. usual macroscopic beam structures). In particular, smallness of the subject itself gives
rise to wvarious surface effects determined by higher surface-to-volume ratio of nanostructures, and thus affocts
mechancenergetic and thermal properties (melting point, heat capacitance, ete.) of nanostructures. Discreteness serves g
fundamental reason, for instance, for the dispersion of mechanical waves in solids, and some special behavior of basic
elastomechanics solutions at small scales, Plurality of degrees of freedom and the rise of thermal fluctuations are the reasons
for thermal tunneling of nanoparticles through potential barriers, as well as for the cross-diffusion of liquids and solids.
Smallness and thermal fluctuations provide the basic reasons of the Brownian motion of nanoparticles. Increased
importance of thermal fluctuations and configuration entropy at the nanoscale give rise to superelasticity, entropic elasticity
{entropic forces), and other exotic types of elasticity of nanostructures. Aspects of configuration entropy are also of great
interest in the context self-organization and cooperative behavior of open nanosystems,

e



CQuantum effects determine forces of nteraction between mdividual atoms in physical objects, which are introduced in

nanomechanics by means of some averaged mathematical models called inferatomic potentials.

Subsequent utilization of the interalomic potentials within the classical multibody dynamies provide deterministic
mechanical models of nano structures and systems at the atomic seale/resolution. Numerieal methods of solution of these
models are called molecular dynamics (MD), and sometimes meolecular mechanics (especially, in relation to statically
equilibrated (still) models). Non-deterministic numerical approaches include Monte Carlo, Kinetic More-Carlo (KMC), and
other methods. Contemporary numerical tools include alse hybrid multiseale approaches allowing concurrent or sequential

utilization of the atomistic scale meth wds (useally, MD) with the continuum (macro) scale methods (usually, field emission

microscopy) within a single mathematical model. Development of these complex methods is a separate subject of applied
mechanics research.

Quantum eflects also delermine novel electrical, optical and chermical properties of nanostruclures, and therefore they find
even greater attention in adjacent areas of nanoscience and nanotechnology, such as naneoelectronics, advanced energy

svstems. o TH! 141 ~ T r - - ke | r?- e . O - [ {.\, .I'F':\I'rjn.l
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= Molecular machine
= Geomelric phase (seclion Stochastic Pump Effect)
= dNanaelectramechanical relay
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where. € and &, are the relative dielectric constant and the permittivity of the free
2 (8.85 = 107" Ffm) respectively. Thus, the stored charze () depends on the
pacitance (C) of the structure and the applied voltage. Since the thickness d of
¢ wnnel barriers has (o be kept within the unnel range < 10nm, the use of thicker
mstlator in keeping the capacitance small is not suitable for tunnel devices. The
{Ds are normally a few nm across and the capacitance value for the matching
wd cross-section i3 extremely small. As an example, the capacitance value for a
% 5nm? parallel plate capacitor with 2nm air separation is ~1.1 x 10°'% E. The
B electrostatic energy E, stored in the capacitor, required to separate the charges
nitially when applying voltage across the conducting electrodes, is
1 Al
E=CV= _{:F (.1)
The energy change for a single-electron transfer (AQ = g,) to the nanoscale
capacitor in the aforementioned example is ~0.73 eV, which is significantly larger
i compared 1o the energy change (negligible) for a macrecapacitor with an area of
*3mm?, keeping the electrode separation of 2 nm. Thus, itis evident that a single-
ectron wansfer involves large energy change for a nanocapacitor; whereas it is
neglizibly small for macro or gross capacitors. The potential difference established
Bt the clecirode interfaces of a charged capacitor is caused by polarization of the
dielectric medium as a result of the relative displacement of positive ions and
cmegative electronic charges, distributed across the insulator, resulting in a net
effective polaity betwesn the plates. In addition, the macrocapacitors carry
¢harging current in milliamperes or higher values involving a vast number of

9.3 SINGLE ELECTROM DEVICEE =

between small conducting islands. The basic principles beau
devices, such as the two-terminal single sleciroa box. three-fermi
wransistor {SET), and SET and their applications, are preseniad hore. TH
are opening new avenues in the develooment of tundarnents] understanding of oW §
quantum phenomena based on the concol of single electron wansportaticn and SET,
which affers prospects of replacing. conventional MOS transisicr mvaling 4 vast g
niember of electrons in charge ransporation. & modification of an -:L;L:nn. oo with .:
2 ane-dimensional {100 armay of two 0r more quantism islands separated by mnmel 8
harriers. called single-electron trap., offers & new feature of intermal memory (- or
multi-srability) with a setention capecity of several houss., Thus, several single electron §

devices are possible that may find practical applications in digital integrated cirouis.
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Q3= Coulomb Blockade in Manocapacitors
-l e
In case of a single electron transistor, the unnelling current fows
leads through the QD which is merely 2 small matenal reglon, 4850 cailed th
quancurm or Coulomb island, a5 shown'in Fig. 9.3. To understand the basc concepls
mentid the working of an SET, it has o be oW why un 5lﬁ:circn lr.zﬂfl'E:'.. .!:[E. 3
a quantum isiand requires a minimum charging anargy, whil cluses & LOoutmi,

{ jectzon, and what e
ments (s,

hetween 0w

Y hlockade, how much energy is neeced 1o wanster e nexl 2ic
¥ importance of the physical dimensizns and the matenals of th

Laad oo Lead

4 || | ! lectrons. Becall that an ampere cement fow AMOUNs to one Coulemb or 6.25 =
g FIG.9.3 Schamalic shows the twa keads ard 3 00 0 the micda that form an imparant gart of 2 = 0' unit charpes passing per Isecnnd. Even if the electrc:-niu.? charge.s: are di.screte
;i alactran transistor. Both e leas are segarzied fram the GO by & tin insulating layer tunnel barier) -in nature, the large number of electrons transfer coupled with the distribution of
i and form narecapaciors. When bissad, the 2urert fows between the leads via the Q0 by the luanelirg cthe polarization charges in the mediom, leads to a continuous variation of the
! ; process aorss these insulating barriers. electrostatic potential at the interfaces in a large capacitor.
ji i Congider a nanocapacitor thar undergoes change from an initial state with

Wi therefore, toust analyse the cherging behaviour and clectron wnnelling 3

o charges = and +£ 1o a final state with charges [0 —g.] and [+ +g.] on the two

g ‘een | ares of ¢ elling capacitor, which are depictad in Fig. 9.4 ¥ : : T g
'j between the plates of a tunnelling capacitor, which are depicies N i plates, respectively, due o tunnelling of an electron from the positive to negative
o R late. Tt can be shown using Eq. 9.1 that the difference of energy AE between the
:-:. I . - twi steres to be greater than zero for unnelling to oceur, leads to a condition
s | " . :
i —1 = - ] 0 Q}_qTr ar L"}—L (9.2)
| 7 20
—_— T figad Aparalial glale charged capacitor with hus Conversely, for tunnelling to occur in the reverse direction, we obtain a condition
| | | v it M. A 7 e W i
¥ mietal electrodes, reprasenting a lead and the QU e o
‘ T island, with = thin insulator in sabezen hemunder R V= Py (9.3
—— _}— — appied voltage, V' . H

Combining Eqgs 9.2 and 9.3, we vield
i . cirawdes of area 4 S g, i
icitlor berwoen bwo 2le = S g RO (9.4)

The charge sored in a parallel plate caps 4
. 20

oL s e i wirl . B ie @iy . Follows
separated by an insularor of thicknass d at an applied voltage ¥is given as follows,

i N By




Sl T

o

™ . ol
Thus, 3 su

1w take placa 4 BANGCUPac P
G nh b ‘e, For trans ;
term for single-glectron charge 4, by ag, in Eq %
The: charging energy £ raguired for adding a single electron o the conacin,
ainst the: rapulsive force, 15
g g :

The current Now betwesn the nanccapacitor plates will remain zero until the 3
charging voltage V. s reached for asingle electron W tunnel, The -3 charscicristicn

Hustrating the Coulemb blockade in a small capacitor are shown in Fig. 2.5 g

i T FIG.8.5 WV characterstcs of 3 nargcasacilor,
— illystrating the Coulamd bloskade efect, with
currznifow until charging wltage excesds the
Couamb tockade

The sforementionsd analysis holds good at T= 0K, At T > 0K, th
energy must be more than the thermal energy of the electron, that is, £, =
which applies well at practical working temperatieeas for nanocapacitors. Coulemh

blockade 15, therefore, observable even at rocm temperature for a nanccasaction

ajie |

However, in case of macrocapacitors, this condition requires use of extramely low
remperatures close o 0K, which can be difficult o achieve, to clserve the offect,

Classically, an ideal capacitor stores and releases elecrical energy, without 3

incurring any resistive loss. I aiso does not allow electron mnnelling events to ocourn
In reality, however, a capacitor may have imperfection: and can be considerad o be

. - ¥ a2 . - .
leaky, which involves loss of energy. The electron wnnelling through an insulating =4
b

the

barrier is a quantum mechanical phenomenon, which must be differentiated fror

leakage in a normal capacitor. In case of electron tunnelling, an ideal capaciter can 23

be modelled a5 a capacitor C in parallel with an appropriately high but finite mnael
resistance &, which is related to the encrgy barrier width between the capacior 2
plazes. Such a parallel combination of a capacitor snd tunnel resistance is ca'led 4
fwrened function (T1) of tunnel element, 25 shown in Fia, 9.0,

;

- -
M2, 96  Equivalent tircuit af 3 fnrel junciion (TJ)

--lfllﬁlll"'.il'\ medeled &5 & parallel metwark of an ides c2oactar
& C 2nd tunrel resislance R,

= RO
AR 2bsérving the guantum Coulomb Mockads  encountersd In aleciron
e, Cich =leciron
& Heisenbera’s uncertainty principle imposes & condition that the aneroy
55 than the charging enerov of i e TeIEY
nOEETALTY . gLl a Y £ ANCIApacitor, i
unieriany principle states thae oy Ihe

VA D s E
QEAEZ— or AEZ— or AFz .
2 2 “TaRrc 9.5}

to the tme constant of the |
element. The condition for ohserving © y ! N o
. e condition for ohserving Coulomb blockade, therefore, becomes

where, wmcertainty in time has been eguated

sl Eat T [T C s o ~r i
atiuting the values of the parameters in the aforementioned ralation. we o

:9.3.2 Coulomb Blockade in Quantum Dot Circuit

Fc:-rr.-.u;-._r_-; ima:’n: part of the SET system, a QD is coupled o external leads, as
:shc-'.vn it Fig 2.3 1t can be modellad as 2 retallic chru\:-:lr izland izolared I';{:-r“ 1:1:

bleads t-:.. the separation between the dot and the leads of the :v.-'o-!unnsl iun\:;;t‘n.:
Aand Lo A voltage source Ve Is connected across the lerminals, as .:-.huw;-.fin

3 jn'* 7 Rines Al Ao 2 - 1 S TVEE

_ Fj.a.:..f. ¢ ?u.r.x, an slaborate |1_':a'.f:;,;mncal description of the model of the D
p cirouic s beyond the scope of this chapter, only the salient features of the QD
p CLoviit are presented here. It is assumed that the QD is isolated from the external

eovironment, 48 the junctions are tennel leaky, as discussed previously in the cage

. o d d i LN L BT

of 4 nanscapacitor, and their nnel resislances are unequal 1o make the cireyir
¢ if

as,}-'snzr.::::*_cnl o abserve the Conlomb hlockads in the [V characteristics
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