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Revisão: Propriedades elétricas

• Metais

• Semicondutores

Ver: (cap. 42 – Fundamentos de Física – Halliday,
Resnick, Walker, vol. 4 – 6ª. Ed.)
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Fermi energy

• The Fermi energy is the maximum energy occupied by an electron at 0K. By the Pauli exclusion
principle, we know that the electrons will fill all available energy levels, and the top of that "Fermi sea"
of electrons is called the Fermi energy or Fermi level. One of the remarkable things about the Fermi
energy is how large it is compared to the energies which electrons could gain by ordinary physical
interactions with their environment.interactions with their environment.

• The amount of energy available as a result of the temperature of the material is on the order of the
average thermal energy, for which kT= .026 eV at 300K is a representative number. This is very small
compared to the Fermi energy of 7 eV for copper. This tells us that that thermal energy can interact with
only a tiny fraction of the electrons (roughly .026/7 or about 0.4% of the energy range), since the
overwhelming majority of the electrons are separated from the top of the Fermi sea by much more than
thermal energy. This correlates well with the observation that electrons do not contribute significantly to
the specific heat of solids at ordinary temperatures. Only at very low temperatures does the electron
specific heat become significant.
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Energia Térmica  (kT)

• Elétrons próximos ao nível de Fermi irão para níveis vagos acima 
do nível de Fermi continuarão aprisionados nesta bandado nível de Fermi continuarão aprisionados nesta banda

• Distribuição de elétrons não difere muito da distribuição no zero 
absoluto 

• Energia Térmica = kT energia cedida ao elétron através do aumento 
de temperatura

• (k = constante de Boltzman = 8,62 x 10-5 eV/K)

• T=1000 K (727 oC) kT = 0,086 eV

• Pouca alteração na energia do elétron 
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Semiconductors

http://worldwatts.com/silicon_semiconductor.html
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This crystal has been doped with a pentavalent impurity.

The free electrons in n type silicon support the flow of current.
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This crystal has been doped with a trivalent impurity.

The holes in p type silicon contribute to the current.

Note that the hole current direction is opposite to electron current 
so the electrical current is in the same direction

Supercondutividade

• Supercondutividade - é uma propriedade física, de característica
intrínseca de certos materiais, quando resfriados
a temperaturas extremamente baixas, tendem a conduzir corrente
elétrica sem resistência nem perdas.

Walther Meissner e Robert Ochsenfeld concluíram que supercondutores quando colocados imersos em
um campo magnético externo e resfriados abaixo da sua temperatura de transição, tendem a ejetar todo o
campo magnético aplicado. Esse fenômeno é chamado de Efeito Meissner, mas não se resume apenas na
ejeção do campo magnético por parte do supercondutor, pois na verdade o campo externo tende a penetrar o
supercondutor mas apenas até uma certa profundidade definida por um parâmetro λ, denominado parâmetro
de penetração de London, decaindo exponencialmente a zero na maior parte do material supercondutor. O
efeito Meissner é uma característica primordial da supercondutividade, e para a maioria dos
supercondutores λ é da ordem de 100 nm.
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Nanotubos de Carbono

. "High Resolution TEM Observations of Single-Walled Carbon Nanotubes", Tara Spires and R. Malcolm Brown, Jr. Department of Botany, The University 
of Texas at Austin, Austin,Tx., 78713 [1996] 

Location: http://www.botany.utexas.edu/facstaff/facpages/mbrown/ongres/tspires/nano.htm 

2. "Crystalline Ropes of Metallic Carbon Nanotubes", Science 273, 483 (1996), Andreas Thess, Roland Lee, Pavel Nikolaev, Hongjie Dai, Pierre Petit, 
Jerome Robert, Chunhui Xu, Young Hee Lee, Seong Gon Kim, Andrew G. Rinzler, Daniel T. Colbert, Gustavo Scuseria, David Tománek, John E. Fischer, 
Richard E. Smalley 

Smalley's Website: http://cnst.rice.edu/reshome.html 

Location: http://cnst.rice.edu/ropes.html 

3 Energetics Structure Mechanical and Vibrational Properties of Single Walled Carbon Nanotubes (SWNT)" by Guanghua Gao Tahir Cagin* and

Referências: Nanotubos de Carbono

3. Energetics, Structure, Mechanical and Vibrational Properties of Single Walled Carbon Nanotubes (SWNT) , by Guanghua Gao, Tahir Cagin , and 
William A. Goddard III, [1997] 

Location: http://www.wag.caltech.edu/foresight/foresight_2.html 

4. "Fractional Quantum Conductance in Carbon Nanotubes", cond-mat/9908154, Phys. Rev. Lett. 84, 1974 (2000), Stefano Sanvito, Young-Kyun Kwon, 
David Tománek, and Colin J. Lambert. 

Location: http://www.pa.msu.edu/cmp/csc/eprint/prlxtsp/prlxtsp.html 

5. Stefan Frank et al., Science 280 1744 (1998) 

Nanotubes Lab: http://electra.physics.gatech.edu/group/labs/tubelab.html 

6. "Thermal Conductivity of Carbon Nanotubes", by Jianwei Che, Tahir Cagin, and William A. Goddard III 

Location: http://www.foresight.org/Conferences/MNT7/Papers/Che/index.html 

7. "Young's Modulus of Single-Walled Nanotubes", E. DUJARDIN, AND T. W. EBBESEN, AND A. KRISHNAN, AND P. N. YIANILOS, AND, M. M. J. 
TREACY Physical Review B 58(20) pp 14013-14019 15/Nov 1998TREACY, Physical Review B 58(20) pp. 14013 14019, 15/Nov 1998. 

Location: http://www.intermemory.net/pny/papers/youngs/main.html 

8. "Nanotubes: Mechanical and Spectroscopic Properties" .5em E. Hernández1 and Angel Rubio2 [1999] 

1 School of Chemistry, Physics and Environmental Science,University of Sussex, Brighton BN1 9QJ, England UK 

2 Departamento de Física Teórica, Universidad de Valladolid, E-47011 Valladolid, Spain. 

Location: http://www.fam.cie.uva.es/~arubio/psi_k/node5.html 

9. "Physics News Update, The American Institute of Physics Bulletin of Physics News, Number 279 (Story #2)", July 15, 1996 by Phillip F. Schewe and 
Ben Stein. 

Location: http://www.aip.org/enews/physnews/1996/split/pnu279-2.htm 

10. "Carbon Nanotubes", Anthony Kendall, Thomas A. Adams II, and Elizabeth Pfaff [1999] 

Location: http://www.msu.edu/~pfaffeli 



15/07/2013

17

11. "Richard E Smalley's Homepage", Richard Smalley 

Location: http://cnst.rice.edu/reshome.html 

Image Gallery: http://cnst.rice.edu/pics.html 

13. David Tomànek 

Personal Web Site: http://www.pa.msu.edu/~tomanek/tomanek.html 

Referências: Nanotubos de Carbono

14. Science and Application of Nanotubes, Edited by D. Tomànek and R.J. Enbody, Kluwer Academic / Plenum Publishers, New York, 2000 

15. J. Hone, M. Whitney, A. Zettle, Synthetic Metals, 103 2498 (1999) 

16. "Unusually High Thermal Conductivity of Carbon Nanotubes", Savas Berber, Young-Kyun Kwon, and David Tomànek, Phys. Rev. Lett. 84 
(2000) 

17. Z. W. Pan; S. S. Xie; B. H. Chang; C. Y. Wang; L. Lu; W. Liu; W. Y. Zhou; W. Z. Li; L. X. Qian, Nature Volume 394 Number 6694 Page 631 -
632 (1998) 

18. Min-Feng Yu, Bradley S. Files, Sivaram Arepalli, Rodney S. Ruoff, Phys. Rev. Lett. 84, 5552 (2000). 

19. C. Dekker, "Carbon Nanotubes as Molecular Quantum Wires", Physics Today, p22, May (1999) 

20. "Electronic and Mechanical Properties of Carbon Nanotubes", L. Forró, J.-P. Salvetat, J.-M. Bonard, R. Basca, N. H. Thomson, S. Garaj, L. 
Thien-Nga, R. Gaál, A. Kulik, B. Ruzicka, L. Degiorgi, A. Bachtold, C. Schönenberger, S. Pekker, K. Hernadi, Science and Application of 
Nanotubes, p297 (see ref14) 

21. "TEM & SEM Images of Nanotubes", Zettle Research Group 

Location: http://www.physics.berkeley.edu/research/zettl/projects/imaging.html 

22. S. Iijima, Nature, 354 56 (1991) 

23. Jeroen W. G. Wilder; Liesbeth C. Venema; Andrew G. Rinzler; Richard E. Smalley; Cees Dekker; Nature 391, 6662, 59-62 (1998) 

24. Teri Wang Odom; Jin-Lin Huang; Philip Kim; Charles M. Lieber; Nature 391, 6662, 62-64 (1998).

Estruturas de Carbono

a) Diamante
b) Grafite
c) Lonsdaleite
d) C60 
e) C540
f) C70
g) Carnono Amorfo
h) Nanotubo de Carbono 

(single walled)(single-walled)
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Estruturas de Carbono

Alotropia

Carbono: Hibridização

 Hibridização: formação de orbitais híbridos Hibridização: formação de orbitais híbridos. 

 subníveis atômicos: s e p se misturam formando orbitais híbridos sp, 
sp² e sp³.

 Sobreposição de orbitais semipreenchidos

 Explica a formação de algumas ligações e disposição geométrica
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Carbono: Hibridização

C (z = 6) = 1s2 2s2 2p2

2s2 2p2

1s2

Carbono: Hibridização
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Carbono: Hibridização

Carbono: Hibridização
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Carbono: Hibridização

Carbono: Hibridização
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Carbono: Hibridização

Hibridização
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Carbono: Hibridização

Carbono: Hibridização
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Nanotubos de Carbono

single wall (SWNT)• single wall (SWNT)

• multiple walls (MWNT)

Nanotubos de Carbono

Dependendo como o grafeno é “enrolado” podemos obter diferentes
formas de nanotubos.
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Single‐Wall Nanotubes SWNTs

Armchair (n,n)
The chiral vector is 
bent, while the 
translation vector 
stays straight

Graphene 
nanoribbon

The chiral vector is 
bent, while the 
translation vector 
stays straight

Zigzag (n,0) Chiral (n,m) n and m can be 
counted at the end 
of the tube

Graphene 
nanoribbon

Nanotubos de Carbono
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Nanotubos de Carbono

SWNT armchairSWNT armchair

SWNT zig-zag

SWNT quiral

Folha de Grafeno e Nanotubos de Carbono
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Nanotubos de Carbono

(0,0) 

(1,0) (3,0)

(0,0)

(1,1)

(2,2)



Folha de Grafeno e Nanotubos de Carbono
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Folha de Grafeno e Nanotubos de Carbono

Nanotubos de Carbono: Armchair
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Nanotubos de Carbono: zigzag
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Nanotubos de Carbono

Ângulo quiral

Nanotubos de Carbono

 armchair: caráter metálicoarmchair: caráter metálico

 n-m = 3k  semicondutores  baixo band gap

 SWNT com diâmetro entre 0,6 e 1,6 apresentam band gap entre 0,4 e 1,0eV

 MWNT apresentam interação fraca entre os tubos: van der Waals
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Nanotubos de Carbono: Propriedades

Nanotubos de Carbono: Propriedades

Fonte: SAITO, R., DRESSELHAUS, G., and DRESSELHAUS,M. S., 1993, J. appl. Phys., 73, 494.
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Síntese de Nanotubos de Carbono

Fonte: E.T. Thostenson et al. / Composites Science and Technology 61 (2001) 1899–1912

Síntese de Nanotubos de Carbono

Fonte: E.T. Thostenson et al. / Composites Science and Technology 61 (2001) 1899–1912
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Synthesis of Carbon Nanotube
1  Laser Ablation – Experimental Devices

‐ graphite pellet 
containing the catalyst put 
in an inert gas filled  quartz 
tube; 
‐oven maintained at a 
temperature of 1,200 ◦C;
‐energy of the laser beam 
focused on the pellet;
‐vaporize and sublime the 
graphite

Sketch of an early laser vaporization apparatusy p pp

The carbon species are there after deposited as soot in different regions: 
water‐cooled copper collector, quartz tube walls.

2 Synthesis with CO2 laser
Vaporization of a target at a

fixed temperature by a
continuous CO2 laser beam (λ =
10.6μm). The power can be varied
from 100Wto 1 600 Wfrom 100Wto 1,600 W.

The synthesis yield is controlled
by three parameters: the
cooling rate of the medium
where the active, secondary
catalyst particles are formed,
the residence time, and the

Fig. 3.10 Sketch of a synthesis reactor with a 
continuous CO2 laser device

the residence time, and the
temperature (in the 1,000–
2,100K range) at which SWNTs
nucleate and grow.
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3 Electric-Arc Method – Experimental Devices

After the triggering of the arc
between two electrodes, a
plasma is formed consisting
of the mixture of carbon
vapor the rare inert gasvapor, the rare inert gas
(helium or argon), and the
vapors of catalysts.
The vaporization is the

consequence of the energy
transfer from the arc to the
anode made of graphite
d d h l

Sketch of an electric arc reactor. It consists 
of a cylinder of about 30 cm in diameter 
and about 1m in height.

doped with catalysts.

Nanotubos de Carbono: Funcionalização

Fonte: Banerjee, S. et al., Adv. Mater. , 2005, 17.
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Nanotubos de Carbono: Funcionalização

Fonte: Banerjee, S. et al., Adv. Mater. , 2005, 17.

Nanotubos de Carbono: Funcionalização

Fonte: Banerjee, S. et al., Adv. Mater. , 2005, 17.
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Espectroscopia Raman

Raman Spectroscopy: Some Sources

General Principles and Instrumentation:  

Principles of Instrumental Analysis, by Douglas A. Skoog, F. James Holler, Timothy A. Nieman

Inorganic:

Infrared and Raman Spectra of Inorganic and Coordination Compounds : Theory and Applications 
in Inorganic Chemistry (Volume A) by Kazuo Nakamoto

Infrared and Raman Spectra of Inorganic and Coordination Compounds : Applications in Coordination, 
Organometallic, and Bioinorganic Chemistry (Volume B) by Kazuo Nakamoto

Organic:

The Handbook of Infrared and Raman Characteristic Frequencies of Organic Molecules
by Daimay Lin-Vien, et al
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Raman Spectroscopy:  Overview

•  A vibrational spectroscopy

- IR and Raman are the most common vibrational spectroscopies for 
assessing molecular motion and fingerprinting species

- Based on inelastic scattering of a monochromatic excitation source

- Routine energy range:  200 - 4000 cm–1

•  Complementary selection rules to IR spectroscopy

- Selection rules dictate which molecular vibrations are probed

- Some vibrational modes are both IR and Raman active- Some vibrational modes are both IR and Raman active

•  Great for many real-world samples

- Minimal sample preparation (gas, liquid, solid)

- Compatible with wet samples and normal ambient  

- Achilles Heal is sample fluorescence

Raman Spectroscopy:  General

•  IR and Raman are both useful for Fingerprinting

•  Symmetry dictates which are active in Raman and IR



15/07/2013

38

•  Group assignments identify characteristic vibrational energy

Raman Spectroscopy:  General

Raman Spectroscopy:  Classical Treatment

•  Number of peaks related to degrees of freedom

DoF = 3N - 6 (bent) or 3N - 5 (linear) for N atoms

•  Energy related to harmonic oscillatorgy

•  Selection rules related to symmetry 

Rule of thumb: symmetric=Raman active, asymmetric=IR active

CO2

 or  
c

2
k(m1m2)

m1m2

H2O 

Raman: 1335 cm–1

IR: 2349 cm–1

IR: 667 cm–1

Raman + IR: 3657 cm–1

Raman + IR: 3756 cm–1

RamanRamanRaman + IR: 1594 cm–1
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Raman Spectroscopy:  Absorption, Scattering, and Fluorescence
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Raman Spectroscopy:  At NTUF, you pick the Laser Excitation

Near IR
785 nm

Visible
514 nm
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∆ ∆ ∆ ∆

Stokes Anti-Stokes
Stokes Anti-Stokes

Excitation Energy,  (cm–1)
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Muito bom !!!



15/07/2013

42

The radial breathing mode is a commonly used technique to evaluate the diameter of carbon nanotubes. In nanotechnology, a 
Raman microscope can be used to analyze nanowires to better understand the composition of the structures.

Radial breathing mode of an (8,4) nanotube. The arrows show the phonon
eigenvector. The RBM leads to a periodic increase and decrease of the tube
diameter as shown by the wire model of the tube.
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(a) Raman spectrum of a HiPco SWNTs
suspension after centrifugation at 6.000 g
for 1 h and after centrifugation at 154 000 g
for 4 h. (b) RBM frequency region.

J. Phys. Chem. B, Vol. 109, No. 21, 2005

Grafeno
• Graphene is an allotrope of carbon. In this material, carbon

atoms are arranged in a regular hexagonal pattern. Graphene
can be described as a one-atom thick layer of the
mineral graphite (many layers of graphene stacked togethermineral graphite, (many layers of graphene stacked together
effectively form crystalline flake graphite). Amongst its other
well-publicised superlative properties, it is very light, with a 1-
square-meter sheet weighing only 0.77 milligrams.

• The Nobel Prize in Physics for 2010 was awarded to Andre
Geim and Konstantin Novoselov at the University of
Manchester "for groundbreaking experiments regarding
the two dimensional material graphene" In 2013 graphenethe two-dimensional material graphene". In 2013, graphene
researchers led by Prof. Jari Kinaret from Sweden's Chalmers
University of Technology, secured a €1 billion grant from the
European Union to be used for further research into
development of potential applications of graphene
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Brief history of graphene

The term graphene first appeared in 1987 to describe single sheets of graphite as one of the
constituents of graphite intercalation compounds (GICs). Larger graphene molecules or sheets
(so that they can be considered as true isolated 2D crystals) cannot be grown even in principle. In
the 1930s, Landau and Peierls (and Mermin, later) showed thermodynamics prevented 2-d, ( , ) y p
crystals in free state, an article in Physics Today reads:

"Fundamental forces place seemingly insurmountable barriers in the way of creating [2D
crystals] ... Nascent 2D crystallites try to minimize their surface energy and inevitably morph
into one of the rich variety of stable 3D structures that occur in soot. But there is a way around
the problem. Interactions with 3D structures stabilize 2D crystals during growth. So one can
make 2D crystals sandwiched between or placed on top of the atomic planes of a bulk crystal. In
that respect, graphene already exists within graphite ... One can then hope to fool Nature and
extract single-atom-thick crystallites at a low enough temperature that they remain in the
quenched state prescribed by the original higher-temperature 3D growth.”q p y g g p g

In 2004: Andre Geim and Kostya Novoselov at Manchester University managed to extract
single-atom-thick crystallites (graphene) from bulk graphite: Pulled out graphene layers from
graphite and transferred them onto thin silicon dioxide on a silicon wafer in a process sometimes
called micromechanical cleavage or, simply, the Scotch tape technique. Since 2004, an
explosion in the investigation of graphene in term of synthesis, characterization, properties as
well as specifical potential application were reported.

Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms that are 
densely packed in a honeycomb crystal lattice

Introduction to graphene

The name ‘graphene’ comes from  graphite + -ene = graphene

High resolution transmission electron microscope images
(TEM) of graphene

Molecular structure of graphene
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A. K. Geim & K. S. Novoselov.  The rise of graphene.  Nature Materials Vol . 6 ,183-191 (2007).

- Electronic properties
- Thermal properties
- Mechanical properties

Properties of graphene

p p
- Optical properties
- Relativistic charge carriers
- Anomalous quantum Hall effect

Electronic properties

- High electron mobility (at room temperature ~ 200.000  cm2/(V·s),,  ex. Si at RT~ 1400 cm2/(V·s), carbon 
nanotube: ~ 100.000 cm2/(V·s), organic semiconductors (polymer, oligomer): <10 cm2/(V·s) 

- Resistivity of the graphene sheet ~10−6 Ω·cm, less than the resistivity of silver (Ag), the lowest resistivity 
substance known at room temperature (electrical resistivity is also as the inverse of the conductivity σ
(sigma), of the material, or  

Where υd is the drift velocity in m/s (SI units)
E is the applied electric field in V/m (SI)
µ is the mobility in m2/(V·s), in SI units.
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B

A

B

B

B

Triangular sublattices of graphene. Each atom in one sublattice (A) has 3
nearest neighbors in sublattice (B) and viceversa.

Properties

•Electronic
•Optical
• Excitonic
•ThermalThermal
•Mechanical
•Spin transport
• Anomalous quantum Hall effect
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Electronic

• Intrinsic graphene is a semi-metal or zero-gap
semiconductor
• remarkably high electron mobility at roomremarkably high electron mobility at room
temperature, with reported values in excess
of 15,000 cm2·V−1·s−1.
• Fermi velocity vF ~ 106 m/s
• resistivity of the graphene sheet would
be10−6 Ω·cm. This is less than the resistivity of silver,
the lowest resistivity substance known at room
temperature!

Electronic

GNR band structure for zig-zag orientation. Tightbinding calculations show that
zigzag orientation is always metallic.
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GNR band structure for arm-chair orientation. Tightbinding calculations show that
armchair orientation can be semiconducting or metallic depending on width (chirality).

a) Raman spectra of 7 layered GO
thin films recorded with  = 633nm
laser with a lateral beam dimension
of 2 mm. Spectra of pristine GO
(black curve), reduced GO via
exposure to hydrazine
monohydrate vapor at 80 8C
followed by annealing at 200 8C
(red curve) and GO reduced by
annealing only at 1100 8C (yellow
curve) are shown. In the inset, the
I(D)/I(G) ratio and the related
average sp2 cluster sizes of GO
thin films before and after reduction
reported in the literature along with
our results are shown. b) TEM
image of few layered chemically
reduced reduced GO (Scale bar
200 nm). Corresponding diffraction
patterns are taken from c) pristine

Adv. Funct. Mater. 2009, 19, 2577–2583

patterns are taken from c) pristine
GO and d) chemically reduced GO
followed by annealing. Both
diffraction patterns show the six-
fold rotational symmetry expected
for diffraction with the beam
incident along the [001] direction.
The innermost diffraction spots are
from (100) planes (d-spacing 0.21
nm) while the outer are from (110)
planes (d-spacing 0.12 nm).
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Material Electrical Conductivity (S·m-1) Notes

Graphene ~ 108

Silver 63.0 × 106 Best electrical conductor of any known metal

Copper 59.6 × 106 Commonly used in electrical wire applications due to 
very good conductivity and price compared to silver.

Annealed Copper 58.0 × 106

Referred to as 100% IACS or International Annealed 
Copper Standard. The unit for expressing the 
conductivity of nonmagnetic materials by testing using 
the eddy-current method. Generally used for temper and 
alloy verification of aluminium.

Gold 45.2 × 106 Gold is commonly used in electrical contacts because it 
does not easily corrode.

Aluminium 37.8 × 106 Commonly used for high voltage electricity distribution 
cables[citation needed]

Sea water 4.8 Corresponds to an average salinity of 35 g/kg at 20 °C.[1]

Drinking water 0.0005 to 0.05
This value range is typical of high quality drinking water 
and not an indicator of water quality

Conductivity is lowest with monoatomic gases present;

Deionized water 5.5 × 10-6

Conductivity is lowest with monoatomic gases present; 
changes to 1.2 × 10-4 upon complete de-gassing, or to 7.5 
× 10-5 upon equilibration to the atmosphere due to 
dissolved CO2

[2]

Jet A-1 Kerosene 50 to 450 × 10-12 [3]

n-hexane 100 × 10-12

Air 0.3 to 0.8 × 10-14

Properties of graphene

- High Young’s modulus (~1,100 Gpa)
High fracture strength (125 Gpa)

Mechanical properties

g g ( p )

- Monolayer graphene absorbs πα ≈ 2.3% of white light (97.7 % 
transmittance) where α is the fine structure constant

Optical properties

A representation of a diamond tip with a two nanometer radius 
indenting into a single atomic sheet of graphene (Science, 321 (5887): 
385)

- Graphene is as the strongest material 
ever measured, some 200 times stronger 
than structural steel

transmittance), where α is the fine-structure constant.
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Preparation and characterization  graphene

Preparation methods

Top-down approach
(From graphite)

Bottom up approach 
(from carbon precursors)

- By chemical vapour deposition (CVD) 
of hydrocarbon 
- By epitaxial growth on electrically 
insulating surfaces such as SiC
- Total Organic Synthesis

- Micromechanical exfoliation of graphite (Scotch 
tape or peel-off method)
- Creation of colloidal suspensions from graphite 
oxide or graphite intercalation compounds (GICs)

Ref: Carbon, 4 8,  2 1 2 7 –2 1 5 0 ( 2 0 1 0 ) 

Characterization methods

Scanning Probe 
Microscopy (SPM):

Raman 
Spectroscopy

Transmission electron 
Microscopy (TEM)

X-ray diffraction 
(XRD)Microscopy (SPM):

- Atomic force microscopes (AFMs)
- Scanning tunneling microscopy (STM)

Spectroscopy Microscopy (TEM) (XRD)

Atomic force microscopy images of a graphite oxide 
film deposited by Langmuir-Blodgett assembly
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Raman 
Spectroscopy

TEM images show the nucleation of (c) one, (d) three, or (e) four 
layers during the growth process

Transmission electron 
Microscopy (TEM)

X-ray diffraction 
(XRD)

XRD patterns of 400 um diameter graphite flakes oxidized for various lengths of time.
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Top-down approach
(From graphite)

Graphite oxide methodGraphite intercalation compoundDirect exfoliation of

Preparation methods and discussions

pp p
graphite

Nature nanotechnology ,vol 4, APRIL (2009)
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Direct exfoliation of graphite

Dispersions of microcrystalline synthetic graphite have a concentration of 0.03 mg 
mL-1. Dispersions of expanded graphite and HOPG are less concentrated (0.02
mg mL-1).

Direct exfoliation of graphite

Graphene sheets ionic-liquid-modified by 
electrochemistry using graphite electrodes.

Liu, N. et al. One-step ionic-liquid-assisted electrochemical synthesis of ionicliquid-
functionalized graphene sheets directly from graphite. Adv. Funct. Mater. 18, 1518–1525 (2008).



15/07/2013

54

From graphite intercalation compound

Li +

Li-THF-Naphthalene
GICs

d = 3.365 A0 d
1 
= 12.8 A0

RT 2 d

N+

R
R

R
R

- -

--
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d
2
 = 21.27 A0

Microwave

Acetone or DMF

exfoliation

NG

GICs

tetraalkylammoniumbromideion- exchanged

RT, 2 days

Ultrasonication
Worm -like structure

NGPs

Quang Trung Truong and Dai Soo Lee, IC-ME&D 2010, Sunchon, Korea ( Manuscript for Journal of nanosciences and nanotechnology)
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Fig. 1. XRD patterns of NG, ternary NG-Li-THF and GICs of NG with TAAB: tetramethyl (NG-TMAB), tetraethyl-(NG-TEAB) and 
tetrapropyl- (NG-TPAB). G denoted graphite phase (002) and asterisk * denoted unidentified phases.
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Graphite intercalation compound

J. Mater. Chem. 2005, 15, 974.
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Graphite oxide method ( Most common and high yield method)

Oxidation (Hummers’method)

H SO / KMnO

Graphite Oxide

Graphite

H2SO4/ KMnO4

H2SO4/KClO3

Or H2SO4/HNO3

……………….
H2O

Ultrasonication (exfoliation)

Graphene Oxide
monolayer or few layers

Fuctionalization (for better dispersion)

monolayer or few layers

Making composite with polymers

Chemical reduction to restore graphitic structures

Graphite oxide method 

Tung, V. C., Allen, M. J., Yang, Y. & Kaner, R. B. High-throughput solution
processing of large-scale graphene. Nature Nanotech. 4, 25–29 (2008).
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More intercalation for better exfoliation to monolayers

Graphite oxide method 

Graphite oxide
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Bottom up approach 
(from carbon precursors)
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Total Organic Synthesis

Yang, X. Y.; Dou, X.; Rouhanipour, A.; Zhi, L. J.; Rader, H. J.;
Mullen, K. J. Am. Chem. Soc. 2008, 130, 4216.

Graphene nanoribbons
(from carbon nanotube)

NATURE, Vol , 458, 16 , April (2009)



15/07/2013

60

Potential application of graphene

- Single molecule gas detection

- Graphene transistors- Graphene transistors

- Integrated circuits

- Transparent conducting electrodes for the replacement of ITO

- Ultracapacitors

- Graphene biodevices

- Reinforcement for polymer  nanocomposites: 
Electrical thermally conductive nanocompositesElectrical, thermally conductive nanocomposites, 
antistatic coating, transparent conductive 
composites..ect 

Electrical, thermally conductive nanocomposites

Nature, Vol. 442, 20,July (2006)
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Transparent conducting electrodes
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Reinforcement for polymer  nanocomposites

ACS Nano, 2009, 3 (12), pp 3884–3890
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Quantum Hall Effect

• Integral Quantum Hall effect can be accurately modeled as 
a non-interacting electron gas in a magnetic field

• The Fractional Quantum Hall effect involves composite fermion 
quasi-particles which are electrons with attached flux quanta

Classical Hall Effect

B Metal RH

Experimental Values*
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- - - - - - - - - - - - - - - - - -
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Integer QHE
Discovered in 1980,

Nobel Prize awarded to von Klitzing in 1985
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Impurity Effects

Isolated      -fn potential localizes one 
extended state



Extended States Only 
extended

Localized States
E

DOS

extended
states carry 

current!

Form a closed loop w/ Hall bar

The Laughlin Argument for the Integer Hall effect
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Fractional QHE

Filling factor is a rational fraction

q

p
v

h

e
vxy  ,

2



Cannot be explained in 
t f f l tterms of free electrons

Composite Fermion Picture

Electrons IQHE

Composite Fermions FQHE

Fractional Hall effect encompasses states with filling factors:
12 *

*
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v
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Composite fermions can be viewed as electrons with attached flux quanta
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E
ne

rg
y

Lowest Landau level splitting for composite fermions

1v 5/2,2*  vv

The fractional filling of electrons is really the integral filling of composite fermions

v=1 lowest Landau Level splits into levels separated by *
ch

g y g g p

http://www.youtube.com/watch?v=bHo6_jltfc8
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Observation of the fractional quantum Hall effect in 
graphene

Kirill I. Bolotin, Fereshte Ghahari, Michael D. Shulman, Horst L. Stormer & Philip Kim
Nature 462, 196–199 (2009)

Comparison between conventional and unconventional integer QHE. (a) Schematic illustration of the
conventional integer QHE in 2D semiconductor systems by showing the Hall conductivity versus the carrier
density, where orange and blue peaks represent the density of state of Landau levels . (b) The experimental
measurements of the Hall conductivity and longitudinal resistivity versus the carrier density in graphene .

K. S. Novoselov, et al. Nature Physics 2, 177 (2006).
A. K. Geim, and K. S. Novoselov. Nature Materials 6, 183 (2007)


