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Carbon contains 6 electrons: (1s)2, (2s), (2px), (2py), (2pz) 

sp3 hybridization in CH4
px, py, pz orbitals of carbon atom

zzyyxx ppps λλλ +++=Ψ

dumbbell structure
tetrahedral structure

Admixture of the 2S and 2P wavefunction

Nature of the Carbon Bond
Section 5.2.1



acetylene 

Green = Carbon   White = Hydrogen 

ethylene methane

linear compound planar compound tetrahedral compound



Diamond : tetrahedral bond through sp3 hybrid bonds

Graphite sheet: hexagon bond through sp2 hybrid bonds
3 nearest-neighbor carbons
carbon bond angle =120º

3 nearest-neighbor carbons
carbon bond angle =109º

Solid state carbon structures: Graphite and Diamond



cubane: C8H8 C20H20

square carbon dodecahedron

Hydrocarbon molecules with different carbon bond angles

Carbon angle = 90º Carbon angle = 108º~110º

Joined carbon pentagons



Fig. 4.2 Apparatus for laser evaporation of nanoparticles

Fig. 5.3 Mass spectrum of Carbon clusters. The C60 and C70 peaks are evident. 

small Carbon Clusters and discovery of C60
presence for 

every N



Fig. 5.4 Result of molecular orbital theory for the structure of small clusters

Odd N:   linear structure, sp hybridization
Even N: closed structure
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Optical extinction

Optical spectrum of light coming from stars in outer space. The peak at 5.6eV (220nm) is due to 
absorption from C60 presented in interstellar dust. 

Carbon Star (Red giant)

C60 molecules are created in the 
outer atmosphere of a “red giant”



Fig. 5.6 structure of C60 fullerene molecule

♠ Each C60 contains 12 pentagonal and 20 hexagonal

♠ The pentagons are needed to produce closed ( convex ) surfaces,
and hexagons lead to a planar surface.

　　1.388 Å (C=C:1.34 Å)

1.432Å (C-C:1.53 Å)

7.1 Å

Structure of C60



• Dissolves in common solvents like benzene, toluene, hexane
• Readily vaporizes in vacuum around 400°C
• Low thermal conductivity
• Pure C60 crystal is an electrical insulator
• C60 crystal doped with alkali metals shows a range of electrical   

conductivity: Insulator (K6 C60) to superconductor (K3 C60) < 30 K!

C60
3- with 3 ionized K+

6 neighboring C60

4 neighboring C60

K+

C60

Highly disordered material

Other superconducting compounds:
Rb3C60, Cs3C60, Na3C60

♠ In C60 crystals, C60 molecules are held together by van der Waals force, 
arranged in FCC structure with 1nm center-to-center distance.

C60 crystal:

26% 
empty space



Superconductivity in K3C60

K3C60 :18K
Cs2RbC60  : 33K

K3C60

A3C60, A=Alkali

High-Temperature Superconductivity in Lattice-Expanded C60 
Science 28 September 2001:
Vol. 293, pp. 2432 - 2434 117k

Superconductivity at 52 K in hole-doped C60 Nature 408, 549-552(30 November 2000) 

J. H. Schön, Ch. Kloc and B. Batlogg

retracted 

retracted 



C70

C20

The Smallest Fullerene 

Various sizes of fullerenes

Gas-phase production and photoelectron spectroscopy 
of the smallest fullerene, C20 [Nature, 407, 60 (2000)]



(a) Armchair (b) zigzag (c) chiral (d) by STM (e) by TEM, multiwalled



20-25V

Chemical vapor deposition:
method: methane (CH4) 1100ºC, with catalyst Co or Ni

Laser evaporation

1200ºC

with Co, Ni catalyst

1mm

500Torr He

Carbon electrode 
φ = 5~20µm

tubes
catalyst

Arc

Cooled substrate
with catalyst

Ch4 gas
produce tubes with open end

Fabrication:Fabrication:

1100ºC



symmetrical flat cap

Three common cap terminations
Capped nanotubes

symmetric polyhedral cap
asymmetric polyhedral cap



● Typically, outer diameter of carbon nanotubes prepared by a carbon 
arc process ranges between 20 and 200 Å, and inner diameter 
ranges between 10 and 30 Å.

● Typical lengths of the arc-grown tubules are about 1 μm, giving rise 
to an aspect ratio (length-to-diameter ratio) of 102 to 103.

Multiwalled nanotube consists of 
capped concentric cylinders separated by ~ 3.5 Å

3.5Å

Multiwalled carbon nanotubes



20 nm 10 nm

22.5 nm
18 layers

TEM 相片：陳貴賢, 林麗瓊

Tubes produced by CVD in our lab.



Ropes of single-walled carbon nanotubes



Forests of multiwalled carbon nanotubes



chiral

Nature 391, 59, (1998)

Three major categories of nanotube 
structures can be identified based 
on the values of m and n

m = n “Armchair”
m = 0 or n = 0 “Zigzag”
m ≠ n “Chiral”

Three categories of single-walled carbon nanotubes:

zigzag armchair



Scientific American December 62 2000

seminmetal



Scientific American December 62 2000

“Zigzag”

“Chiral”

1

2

“Armchair” always metallic



≈2.5eV

zigzag (N,0)

Energy for zigzag nanotubes



Curves Nos 1-7 show a low conductance at low bias, followed by several 
kinks at larger bias voltages, however, the armchair tube does not show 
clear kinks in the range -1 to +1 V.

Gaps are indicated by arrows. Two categories of gaps: one with gap values 
around 0.5 - 0.6eV(semiconducting); the other with significantly larger gap 
values,1.7 - 1.9eV (metallic). 

Gap Egap versus diameter d for semiconducting tubes: solid line denotes a 
fit of Egap = 2γ0 aC-C/d with γ0 = 2.7eV.

van Hove singularities in 
the DOS, reflecting the 
one-dimensional character 
of carbon  nanotubes.

Tube no.9, (16,0)

Nature 391, 59, (1998)



Cross-section view of the vibration modes

Symmetric stretch Asymmetric stretch

Determination of the tube diameter
from A1g Raman vibration frequency

Figs. 5-19 and 5-20

One can then “guess” a set of (m,n) from( )( )mnmTan

amnmnad
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APL 60, 2204 (92)



http://www.cns.cornell.edu/documents/CornellUniversity_PN_Diode_2005_Final_1of3_000.pdf



A SWCNT “NOT” GATE

Two originally p-type CNTs are converted into n-type

The unprotected one 
turns back to p-type

10-3 torr O2 for 3min

Wiring two CNT in a CMOS circuit
form an inverter

V. Derycke, R. Martel, J. Appenzeller, and Ph. Avouris
Nano Letters, 1, 453 (2001)

n-type

p-type



A SWCNT CMOS device

1. Two p-type CNT FETs in series
2. Potassium bombardment on the unprotected one results in a p→n conversion
3. CMOS CNT FET with gain ≡ (Vout/Vin) > 1

V. Derycke, R. Martel, J. Appenzeller, and Ph. Avouris
Nano Letters, 1, 453 (2001)



Nanotube Molecular Wires as Chemical Sensors

Fig. 5.25 of the text book

Science, 287, 622 (2000)

NO2 binding causes transferring of charge
from CNT to NO2, resulting increased hole
concentration in CNT. 

NH3 : suppresses conduction
NO2 : increases conduction

J. Kong et al



Application in Field Emission Display
ITO=Indium Tin Oxide

vacuum



prospective



As we cool the FET down from 
room temperature to 4 degree 
Kelvin, we see the device behavior 
change dramatically. While the 
device acts like a field-effect 
transistor at room temperature, at 
4K it behaves like a single-
electron transistor (SET). 

Transition from
FET to SET

http://www.research.ibm.com/nanoscience/fet.html


