Nano Science and Biotechnology
Module-2 (12 Hours)
Nano-Device and Components:
Graphene: structure, synthesis and properties

Graphene is an allotrope of carbon consisting sihgle layer of atoms arranged in a
two-dimensional honeycomb lattice (see in Fig Hclicatom in a graphene sheet is connected
to its three nearest neighbors bg-#ond, and contributes one electron to a condudisnd
that extends over the whole sheet. This is the sgpgebonding seen in carbon nanotubes and
polycyclic aromatic hydrocarbons, and (partially) fullerenes and glassy carbon. These
conduction bands make graphene a semimetal wituahelectronic properties that are best
described by theoretical for massless relativigtiticles. Charge transport is ballistic over
long distances; the material exhibits large quantsuillations and large and nonlinear
diamagnetism. Graphene conducts heat and elegtrierty efficiently along its plane. The
material strongly absorbs light of all visible wégths, which account sheet is nearly
transparent because of its extreme thinness. Therialds also about 100 times stronger than
would be the strongest steel of the same thickness.
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armchair

Figure 1. Graphene is an atomic-scale Hexagonal lattice made of carbon atoms

Structure of Graphene

Three of the four outer-shell electrons of eaciaitoa graphene sheet occupy threghsbrid
orbitals — a combination of orbitals s,gmd g —that are shared with the three nearest atoms,
forming s-bonds. The length of these bonds is about 0.148maters.

The remaining outer-shell electron occupies arpital that is oriented perpendicularly to the
plane. These orbitals hybridize together to forra half-filled bands of free moving electrons,
p andp*, which are responsible for most of graphene’saht# electronic properties. Recent
guantitative estimates of aromatic stabilizatiod amiting size derived from the enthalpies of
hydrogenation@Hnydro) agree well with the literature reports.

Graphene sheets stack to form graphite with amglaear spacing of 0.335 nm (3.35 A).

Graphene sheets in solid form usually show eviddncdiffraction for graphite’s (002)
layering. This is true of some single-walled nangdtrres. However, unlayered graphene with
only (hk0) rings has been found in the core of pamgraphite anions. TEM studies show



faceting at defects in flat graphene sheets angesi@ role for two-dimensional crystallization
from a melt.

Properties of Graphene

1. The carbon-carbon bond length in graphene is Ont4.2

It is the thinnest (0.34 nm) and the strongest natever measured.

It is very light weight only about 0.77 mg?m

Its density is only about 1.5-2.0 gfm

Its specific surface area is up to 2608gror a size less than about 6000 atoms.

Graphene is thermodynamically unstable in compangith other fullerene.

If size increase larger than 24,000 atoms, it bexsomost stable.

Occurrence of freestanding atomic planes of grapiedifficult to obtain due to their

thermodynamic instability on the Nano scale and thiuey exhibit a tendency to scroll

and buckle.

9. Atomic structure of graphene consist of honey-cadatiice.

10. Graphene depicts very high electron mobility atmaemperature.

11. The thermal conductivity in graphene ranges fromuad.40 x 1805.77 x 168 mriK?t
near room temperature

12.Graphene produced by graphite oxide film shows kightrical conductivity and super
conducting properties.

13. Graphene possess an optical transmission rate & tinan 98%, which is higher than
that of indium tin oxide films (85%).

14.Graphene has very high mechanical properties, bemegof the strongest materials
produced.

15.1t possess a tensile modules1 TPa, Young's moail0s5 TPa.

16.1t exhibit hundred times greater breaking strermghcompared to steel of the same
thickness.

17.Graphene, being the lightest and strongest matmilpossessing a very thermal and
electric conductivity.
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Stability

Ab initio calculations show that a graphene she¢hérmodynamically unstable if its size is
less than about 20 nm and becomes the most staldeshe (as within graphite) only for
molecules larger than 24,000 atoms.

Properties of Graphene
Electronic

Graphene is a zero-gap semiconductor, becauseritkiction and valence bands meet at the
Dirac points. The Dirac points are six locationsmm@mentum space, on the edge of the
Brillouin zone, divided into two non-equivalent seif three points. The two sets are labeled
K and K'. The sets give graphene a valley degeyeshgv = 2. By contrast, for traditional
semiconductors the primary point of interest isegally , where momentum is zero. Four
electronic properties separate it from other coeddmatter systems.



However, if the in-plane direction is no longeriiite, but confined, its electronic structure
would change. They are referred to as grapheneribdoos. If it is “zig-zag” the bandgap
would still be zero. If it is “armchair”, the banaig would be non-zero.

Graphene’s hexagonal lattice can be regarded asrtedeaving triangular lattices. This
perspective was successfully used to calculatéo#imel structure for a single graphite layer
using a tight-binding approximation.

Optical

Graphene’s unique optical properties produce arxpewtedly high opacity for an atomic
monolayer in vacuum, absorbimg » 2.3% of light, from visible to infrared. Hera,is the
“universal low-energy electronic structure of man@r graphene that features electron and
hole conical bands meeting each other at the Dpwiot. Based on the Slonczewski-
Weiss_McClure band model of graphite, the interatatistance, hopping value and frequency
cancel when optical conductance is calculated usregnel equations in the thin-film limit.

Structure of carbon nanotube, Classification and piisical properties of CNT
CARBON NANOTUBES

Carbon is a unique element. It can exist in sevditierent allotropic forms at room
temperature, namely graphite, diamond, amorphatmmoacarbon clusters (likesé; Cro, etc.)
and carbon nanotubes. Diamond and graphite arénthevell-known forms of crystalline
carbon. Diamond has four-coordinate® sparbon atoms that form an extended three-
dimensional network, whose motif is the chair comfation of cyclohexane. Graphite has
three-coordinate $pcarbons that form planar sheets, whose motif ésfldt six-membered
benzene ring. The new carbon allotropes, the rles, are closed-cage carbon molecules with
three-coordinate carbon atoms tiling the sphencalearly-spherical surfaces, the best known
example being 6, with a truncated icosahedral structure forrhbgdwelve pentagonal rings
and twenty hexagonal ringSumio lijima observed, in 1991, that nanotuboliegraphite were
deposited on the negative electrode during thecdicairrent arcing of graphite for the
preparation of fullerenes. These nanotubes areetnc graphitic cylinders closed at either
end due to the presence of five-membered ringsotdes can be multi-walled with a central
tubule of nanometric diameter surrounded by graphayers separated by ,3.4 A . Unlike the
multi-walled nanotubes (MWNTS), in single-wallednotubes (SWNTS), there is only the
tubule and no graphitic layers. Since carbon ndvestiare derived from fullerenes, they are
referred to as tubular fullerenes or bucky tubes.

Carbon Nanotubes have a very broad range of efectitbhermal, and structural properties that
change depending on the different kinds of nanofdedéined by its diameter, length, and
chirality, or twist). To make things more interesgtj besides having a single cylindrical wall
(SWNTs), Nanotubes can have multiple walls (MWNA3eg)linders inside the other cylinders.

Carbon atoms can be chemically bonded to each efitiegr in the sp(graphite, carbon
clusters, CNT) or sp(diamond) hybridized state. In diamond-like carl§pih.C) films, there

is a random network of the two hybridized stategullerenes (&o, or ‘bucky ball’) the carbon
atoms are Sphybridized, but in contrast to graphite, they ao¢ arranged on a plane. The
geometry of G strains the bonds of the’dpybridized carbon atoms, creating new properties
for Cso. Graphite is a semi-metal, whereas & a semiconductor. Rick Smalley and co-



workers discovered fullerenes in 1985%0 @as the first fullerene prepared. It is a football
shaped (icosahedral) molecule with 60 carbon atborsded together in pentagons and
hexagons. Fullerenes get their name from Buckmirisiéler, an architect who built a dome
that has the same structure as that of fen®lecule. This is possibly the first time that an
architect’s name was associated with a scientiicavery.

Types of CNTs

The two main types of CNT are the single and mwuélled, but there are some other rare types
such as fullerite, torus, and nanoknot.

Single-walled carbon nanotubes (SWCNTS)

A single-walled carbon nanotubes (SWCNTSs) can Insidered to be formed by the rolling of
a single layer of graphite (called a graphene layeo a seamless cylinder (long wrapped
graphene sheets). As stated before, CNTs gendrallg a length to diameter ratio of about
1000 and more so they can be considered as naadimensional structure. Most SWCNTs
have a diameter of close to 1 nm. More detaile8YMCNT consists of two separate regions
with different physical and chemical propertieseTirst is the sidewall of the tube and the
second is the end cap of the tube (lijima and ki, 1993).

SWCNTs are a very important variety of a CNT beeatlsey exhibit important electric
properties that are not shared by the MWCNT vasiafihe most basic building block of these
systems is the electric wire, and SWCNTSs can belat conductors.

SWCNTs are still very expensive to produce, andltheslopment of more affordable synthesis
techniques is vital to the future of carbon nantetogy. If cheaper means of synthesis cannot
be discovered, it would make it financially impdssito apply this technology to commercial
scale applications

Roll-up EGe

graphene sheet SWNT

Figure 2. Rolling of a single layer of graphite sheet inWWGSNT.

Single-walled carbon nanotubes can be formed ieetldifferent designsArmchair, Chiral,
and Zig-zag The design depends on the way the graphene igpetainto a cylinder. For
example, imagine rolling a sheet of paper froncaner, which can be considered one design,
and a different design can be formed by rolling plager from its edge. A single-walled
nanotube’s structure is represented by a pairdi@s (n, m) called the chiral vector. The chiral
vector is defined in the image below.
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The structural design has a direct effect on tmnée’s electrical properties. Whenn m s
a multiple of 3, then the nanotube is describethreallic” (highly conducting), otherwise the
nanotube is a semiconductor. The Armchair desigitways metallic while other designs can
make the nanotube a semiconductor.

Multi-walled carbon nanotubes (MWCNTS)

Multi-walled carbon nanotubes (MWCNTS) can be cdestd as a collection of concentric
SWCNTs (consist of multiple layers of graphite edllin on themselves to form a tube shape)
with different diameters. The length and diametfdhese structures differ a lot from those of
SWCNTSs and, of course, their properties are alsg d@dferent (lijima and Ichihashi, 1993).
The interlayer distance in MWCNTSs is close to thstahce between graphene layers in
graphite, approximately 3.3 A. The special caddWCNTs (double-walled carbon nanotubes
DWCNTs) must be emphasised here because they cemeiry similar morphology and
properties as compared to SWCNT. DWCNT synthesithergram scale was first proposed
in 2003 (Flahaut et al., 2003) by the chemical wamteposition (CVD) technique, from the
selective reduction of oxides solid solutions intma@e and hydrogen (Figure. 3).
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Figure 3. Schematic diagrams showing different types of Cidiigd other carbon structures:
(A) Flat sheet of Graphite, (B) Partially rolledest of graphite, (C) SWCNT, (D) Structures
of the three CNT types; SWCNT, DWCNT, and MWCNTspectively.

Figure 4. The 2D graphene sheet diagram showing a vectoctsteiclassification used to
define CNT structure (Dresselhaus et al., 1996).

Structure of CNTs

Carbon nanotubes are sheets of graphite that heem itolled into a tube. A graphene sheet
can be in rolled more than one way, producing ckffié types of CNTs, (graphene is an
individual graphite layer, Fig. 2).

CNTs are considered as nearly one-dimensionaltates: (1D Bucky tube shape) according
to their high length to diameter ratio. Most import structures are SWCNTs and MWCNTS.
A SWCNT is considered as a cylinder with only orrapped graphene sheet while MWCNTSs
are similar to a collection of concentric SWCNTheTength and diameter of these structures
differ a lot from those of SWCNTSs and, of cour$eit properties are also very differefhe
bonding in CNTs isp’ and consist of honeycomb lattices and are searsiiesgurewith each
atom joined to three neighbors, as in graphite. flilbes can therefore be considered as rolled
up graphene sheets.

The type of CNT depends on how the graphene skeetiented on rolling. This can be
specified by a vector (called chiral vector), whadfines how the graphene sheet is rolled up.
Fig. 4 showing how a hexagonal sheet of graphitelied to form a CNT in a vector structure
classification. The vector is determined by twegers , m). Two atoms in a planar graphene
sheet are chosen and one is used as origin. Tha ebctorC is pointed from the first atom
toward the second one and is defined by the relatio

C=na+ma

Where:n andm are integersa; anda. are the unit cell vectors of the two-dimensiomdiite
formed by the graphene sheets. The direction of2iN& axis is perpendicular to this chiral
vector. For example; to produce a CNT with theaedi(6, 3), say, the sheet is rolled up so



that the atom labelled (O, 0) is superimposed erotie labelled (6, 3). The length of the chiral
vectorC is the circumference of the CNT and is given lg/¢brresponding relationship:

c=|C] = a\/(n3 + nm 4+ m?)

Where the valua is the length of the unit cell vectar or a.. This lengtha is related to the
carbon—carbon bond lengix by the relation:

a=|a| = |a| = a.V3

For graphite, the carbon—carbon bond lengteds 0.1421 nm. The same value is often used
for CNTs. But due to the curvature of the tubeighslly larger value such a&c = 0.144 nm
should be a better approximation.

The relation thus gives using the circumferengalgth c, the diameter of the CNT:
d=c/

The angle between the chiral vector and zig-zagtudre axis is the chiral angjeWith the
integersn andm already introduced before, this angle can be ddflyy:

f = tan l(m\/i)/(m + 2n)

The pair of integeran( m) which is related to the chiral vector only delsercarbon nanotubes.
Three types of CNTs are revealed with these values:

m = 0 for all zig-zag tubes and € 30);
n = m for all armchair tubes and £ (®);
Otherwise, whem* mthey are called chiral tube and Qg < 30).
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Models of (a) armchair, (b) zigzag, and (¢) chiral nanotubes



The value of 1f, m) determines the chirality of CNT and affects thmieal, mechanical and
electronic properties. CNTs with 4 m=3i are metallic like as in (10, 10) tube, and thogl w
[n - M=3i £ 1 are semiconducting like as in (10, 0) tubés &n integer).

The armchair and zig-zag tubes structures havghadegree of symmetry. These terms refer
to the arrangement of hexagons around the circeméer While the chiral tube structure,
which in practice is the most common, meaning ithedn exist in two mirror-related forms.

The terminating cap of CNT is formed from pentagand hexagons. The smallest cap that
fits on to the cylinder of the carbon tube seemisetdhe well-known € hemisphere.

The smallest experimental value of CNT diamete@.@fnm is in good agreement with this
cap.

Specific surface area gives good information of Cdfiracteristics and properties. Using
some geometrical calculations, the theoretical regtespecific surface area for CNTs have
been determined. For one side of graphene sheevalbie obtained is 1315%gY but using
different multi-walled geometries and nanotubesdbesithe value decreases to 5@y

The easiest way to visualize how CNTs are builisufp start with graphite, the most stable
form of crystalline carbon. Graphite consists gkls of carbon atoms. Within the layers, the
atoms are arranged at the corners of hexagonshvihithe whole plane (in the idealized case
without defects). The carbon atoms are stronglydlamtly) bound to each other (carbon—
carbon distance 0.14 nm). The layers themselvesatirer weakly bound to each other (weak
long-range van der Walls-type interaction, integlagistance of 0.34 nm). The weak interlayer
coupling gives graphite the property of a seeminglyy soft material, the property that allows
using graphite in a pen to write with.

The nature of the bonding of a CNT is described@yylied quantum chemistry, specifically,
orbital hybridization. The chemical bonding of CN§somposed entirely af? bonds, similar

to those of graphite. This bonding structure, whilstronger than thep® bonds found in
diamond, provides the molecules with their uniguwergth. CNTs naturally align themselves
into ropes held together by van der Waals forcasddd high pressure, CNTs can merge
together, trading som&y bonds forsp® bonds, giving great possibility for producing stgon
unlimited length wires through high pressure CNiKilng.

Synthesis of CNTs
Chemical Vapour Deposition (CVD)

The chemical vapour deposition (CVD) method usearhon source in the gas phase and a
plasma or a resistively heated coil, to transfer ¢hergy to the gaseous carbon molecule.
Commonly used carbon sources are methane, carbooxmwle and acetylene. The energy
source cracks the molecule into atomic carbon.cHnleon then diffuses towards the substrate,
which is heated and coated with a catalyst (uswafiyst row transition metal such as Ni, Fe
or Co) and binds to it. Carbon nanotubes are formékis procedure if the proper parameters
are maintained. Good alignment as well as positiaoatrol on a nanometric scale are
achieved by using CVD. Control over the diametsnyvall as the growth rate of the nanotubes
is also achieved. Use of an appropriate metal ysitalermits preferential growth of single-
walled rather than multi-walled nanotubes.



CVD synthesis of nanotubes is essentially a twp-gteocess, consisting of a catalyst
preparation step followed by synthesis of the nalo@t The catalyst is generally prepared by
sputtering a transition metal onto a substratdpfiedd by etching by chemicals such as
ammonia, or thermal annealing, to induce the nticleaof catalyst particles. Thermal
annealing results in metal cluster formation ondhbstrate, from which the nanotubes grow.
The temperature for the synthesis of nanotubes\tly S generally in the 650-900 —C range.
Typical nanotube yields from CVD are around 30%tidas CVD processes have been used
for carbon nanotubes synthesis, including plasneeced CVD, thermal chemical CVD,
alcohol catalytic CVD, aerogel-supported CVD arsklaassisted CVD.

Plasma-enhanced Chemical Vapour Deposition

The plasma-enhanced CVD method involves a glowhdige in a chamber or a reaction
furnace through a high-frequency voltage applied btith the electrodes. Figure 1.4
showsaschematic diagram of a typical plasma CVIagtps with a parallel plate electrode
structure. A substrate is placed on the groundectrelde. To form a uniform film, the reaction
gas is supplied from the opposite plate. Catalytatals such as Fe, Ni and Co are deposited
on a Si, SiQ, or glass substrate using thermal CVD or sputterifter the nanoscopic fine
metal particles are formed, the carbon nanotubes gn the metal particles on the substrate
by the glow discharge generated from a high frequ@ower source. A carboncontaining gas,
such as @H», CHs, CoHa, CoHs or CO is supplied to the chamber during discharge.catalyst
has a strong effect on the nanotube diameter, droate, wall thickness, morphology and
microstructure. Nickel seems to be the most swétastalyst for the growth of aligned MWNTSs
by this technique. The diameter of the MWNTSs isuaib 15 nm. The highest yield of carbon
nanotubes achieved by Chen et al. was about 50&aueddtively low temperature (5330 —C).

Photonic Crystal

A photonic crystal is a periodic optical nanostuwetthat affects the motion of photons in much
the same way that ionic lattices affect electronsalids. Photonics crystals occur in nature in
the form of structural coloration and animal reftes and in different forms promise to be
useful in range of application.

Photonic crystals are composed of periodiclediac, metallo-dielctric or even
superconductor microstructures or nanostructureat thffect electromagnetic wave
propagation. Photonic crystals contain regularfyesging regions of high and low dielectric
constant. Photons (behaving as waves) either padp#gough this structure or not, depending
on their wavelength. Wavelengths that propagatecalied modes and groups of allowed
modes from bands. Disallowed bands of wavelengtasalled photonic band gap. This gives
rise to distinct optical phenomena, such as inioibibf spontaneous emission, high deflecting
Omni-directional mirrors, and low-loss- wave guiglinnductively, the band gap of photonic
crystals can be understood to arise from the ddsteuinterference of multiple reflections of
light propagating in the crystal at the interfaoéthe high and low-dielectric constant regions,
akin to the band gaps of electron solids. The plaity of the photonic crystal structure must
be around half the wavelength of the electromagvedives to be diffracted.



(a) One-dimensional photonic crystal:
In a one-dimensional photonic crystal, layers dfedént dielectric constant may be
adhered together to form a band gap in a singkctiom. One-dimensional photonic
crystal can be either isotropic or anisotropic cgdtswitch.

One-dimensional photonic crystal can form asiminite number of parallel
alternating layers filled with a Meta material amalcuum. This produces identical
photonic band gap (PBG) structures for TE and TMieso

The 1D photonic crystal is better known aadsy reflector or mirror, a periodic
structure composed of alternate layer of two défifeimaterial one with high refractive
index h, and another with lower refractive indbx and thicknessl = | /4h, wherel
is the wavelength of light for which the reflecierdesigned. The Bragg reflection of
an electron wave at the Brillouin zone boundaryhis cause of energy band gap in
solid. The Bragg’s condition is given by kt=np/a, which is characteristic of the wave
propagation in crystals. If the path differencei@qsf the reflected waves form the
adjoining planes is half the wavelength, they vitterfere destructively and cannot
propagate n the lattice, which in the result ofgeaodicity of the lattice and the wave
nature of the electron in solids. This is also fruthe case of the interaction of photons
with the photonic crystal, which is a periodic sture and the photon possesses dual
nature as corpuscle and wave.

(b) Two dimensional photonic crystal:
In 2D photonic crystal designed with dielectric sodrranged in a periodic
triangular/hexagonal structure, separated by aicsps shown in fig. which has shaded
circles representing the upper end of the rodsligterpendicular to the plane of the
paper.
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If one rod is removed, it introduces a level in tdidden photonic band gap, creating
a resonant cavity in the structure (dashed cirglb)ch behaves as the wave guide for
light. The resonant cavity can also be created lgnging the radius of the roe,
introducing a level in the photonic band gap (dap for light).

The photonic crystal fiber can be made by takidgdyical rods of glass in hexagonal
lattice and then heating and stretching them,rihadle like air gaps between the glass
rods becomes the holes that confine the modes.

(c) Three dimensional photonic crystals
Wooder structure: rods are repeatedly etched wathnb lithography, filled in, and
covered with a layer of new material. As the precepeats, the channels etched in
each layer are perpendicular to the layer below, @arallel to and out of phase with
the channels two layers below. The process repgdilshe structure is of the desired
height.
Inverse colloidal crystal: sphere (such as polgstgror silicon dioxide) can be
allowed to deposit into a cubic close packed latsigspended in a solvent. Then
a hardener is introduced that makes a transpaddickt sut of the volume
occupied by the solvent. The sphere are then dsdalith an acid such a HCI.
The colloids can be either spherical or non spheéric
Circular polarization uses 3D laseranotechnology to exploit circular
polarization to built a microscopic prison that tans in excess of 750,000
polymer Nano rods, light focused on this beam tgplftenetrates or is reflected
depending on polarization.

Quantum well (Density of state in two dimensional:

In two-dimensional materials such as a quantunh, wiglctron motion is confined along one
direction (say, z) and they are free to move alesgtwo directions (X, y). thus electron energy



is quantized in one dimension. Total energy of théderial in the sum of the energy along the
guantized direction and the energy along the dtker(i.e., free) direction.

It can be expressed as,
E=h%k22m+ h%k%2m=E, + E xy
Where k? = ké+ky? andk,= 2 /L, and n = 1,2,3...

E = energyk = magnitude of wave vector.
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