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1. Introduction @D CNDL A

1.1. Nanophase Processing Technique

Processing route Processing methods Product materials

Solid-liquid Mechanical milling Powder

Liquid Sol-gel Powder/film
Sonochemistry Powder
Hydrothermal Powder
Electrodeposition Powder/film
Gas atomization Powder
Laser beam melting Film
Melt spinning Continuous ribbon

Vapor Chemical vapor deposition Powder/film
Physical vapor deposition Powder/film
Aerosol processes Powder/film
Flame-assisted deposition Powder
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1. Introduction @ CNDL -

1.1. Nanophase Processing Technique

Processing Processing .
route methods Disadvantages
Solid-liquid Mechanical milling » Tedious and time consuming process
(Mixing, frinding, calcination, sintering, etc)
* Prone to contamination from milling media
« Suffering from chemical and phase
inhomogeneities
» Expensive and limited to the processing of
ultrafine powder
Liquid Sol-gel * Require a high number of processing steps
Sonochemistry (Pretreatment, mixing, chemical reactions,
Hydrothermal filtration, purification, drying, etc)
Electrodeposition - Tedious ad can cause contamination
Gas atomization + Waste treatment is difficult

Laser beam melting
Melt spinning

Carbon Nanomaterials Design Laboratory (CNDL)



1. Introduction

@cno.

1.2. Classification of Vapor Processing Techniques

/ PVD

*Evaporation

*Sputtering

\_

Vapor Pra

CVD \

*Thermally activated
Photo-assisted
Plasma-assisted

*Metalorganic

/
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2. Physical Vapor Deposition @CN/DI_!

2.1. Process Principle

* evaporation « collision . condensation
« sputtering (Ar+) e ionization * nucleation
« ion plating (high v) * growth

* jon bombardment

Gas phase - Gas phase
transport
I Evaporation l Condensation

Condensed phase Condensed phase
(solid or liquid) (usually solid)

Carbon Nanomaterials Design Laboratory (CNDL)



2. Physical Vapor Deposition @ CNDL |

2.1. Process Principle
Evaporation rates

» Heinrich Hertz equation (empirical egn.)

P* is the equilibrium vapor pressure of the evaporant at T.
P is the ambient hydrostatic pressure acting upon the evaporant in the condensed phase.

Experimentally, that the evaporation rate was proportional to (P* - P)
— Also, the evaporation rate could not be increased by supplying more heat unless the

equilibrium vapor pressure was also increased by this action.
— maximum evaporation rate when is only achieved in a vacuum, where P = 0.

The net evaporation flux is the difference
between the collision rates for the two fluxes

dN
46]?‘

= (2mmk,TY"*(P" - P)
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2. Physical Vapor Deposition @ CNDL |

/‘
2.1. Process Principle
: . dA Anr?

Evapora’uon rates » Solid angle da)zF, Max. o= " =4r

» Knudsen Cell The evaporant flux into a solid angle of dw from a source area
C of dA, e
co d4N€ :Nvdfg.osqo dA4, dw () dv
s

Maxwell distribution of velocity
%ﬁ'r Fraction of molecules within striking distance in time dt

d4, P Fraction of molecules entering the solid angle dw is dw/4tr

do _ Target solid angle, dw

4,7  Maximum solid angle

volume V

After simple mathematical operation, d’N, _ 7ok, T)™ 2 p
Total impingement rate is cM At

Mass evaporation rate through the orifice and the total mass of evaporated material are,

- / \512
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2. Physical Vapor Deposition @D CNDL |

2.1. Process Principle

Condensation
The deposited evaporant mass
per unit area of condensation

surface is do = dA, x Cosy dAc =

Solid angle, dw, is

r’do
2 b)

r CoSy
dAc

27 7wl2

d|\/|C = |\/|e COS(pd—w «{J'COSgoda)—j jCOSgpSin gpdgpdqﬁ:ﬂ]
/ O T Y

By Lambert’'s cosine law

>dM. M,
= —>COS@COoSy
dA., ar

d4,

 Lambert’s cosine law
volume V

&dp theradiant intensity observed from a "Lambertian”
/ surface is directly proportional to the cosine of the
angle
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2. Physical Vapor Deposition @ CNDL |

2.1. Process Principle
Condensation

Uniform coating r dM M,
on sphere COSp =COSy =—, = Uniform coating
g o, dA,  4mr?
Uniformity of an evaporated film across a flat surface
substrate wafer
A Reduction factor for edge thickness:
¥ ¥ - 2
d r2 r2
o = 0 _cospcosy =| —2—
dcenter rO + rW r0 + rW

| K-cell |

EXx) for a 3-inch diameter wafer suspended 18 inches above a Knudsen cell:
dedge/Aeenter = 0-986, or a non-uniformity of 1.4 %

Carbon Nanomaterials Design Laboratory (CNDL)



2.

Physical Vapor Deposition

2.2. Advantages & Disadvantages

Advantages

Disadvantages

« ultrapure, fine film or powder can be
produced

* good structure control by care
monitoring of the processing conditions

 as-deposited materials are already
nanocrystalline in nature and do not
require any further work to reduce the
particle size or heat treatment to burn
out the precursor complexes

* deposition process needs to operate in
the low vapor pressure range

* the synthesis of multi-component
materials is difficult, except for the laser
ablation method

* Line of sight deposition process, which
causes difficulty in producing
nanocrystalline films on complex-
shaped components, and has poor
surface coverage

Carbon Nanomaterials Design Laboratory (CNDL)
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2. Physical Vapor Deposition

Generally, refractory metal

2.3. Evaporation

Vacuum pump (<10-4 mtorr)

«——

acnoL W

: Evaporation sources
Wire, sheet, rod, powder form

Mean free path
A=@1/v20)(KT/P)
{o : the collision crosssection of the gas}

Pressure,

Cross section Large /1

Temperature T

Carbon Nanomaterials Design Laboratory (CNDL)
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*Resistance : Joule heating evaporation
Induction

*Arc . Cathodic-arc deposition
E-Beam : E-Beam evaporation
sLaser . laser ablation
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2. Physical Vapor Deposition @ CNDL |
2.3. Evaporation

Feature of Evaporation Method

The material to be vaporized can be in any form and purity

The residual gases and vapors in the vacuum environment are easily monitored

The rate of vaporization is high

The line-of-sight trajectories and point sources allow the use of deposition onto defined
areas

The cost of thermally vaporizing a given quantity of material is much less than that of
sputtering the same amount of material

However, limitations of utilization of material, non-stoichiometric deposits

QUEDD
P HY
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2. Physical Vapor Deposition

2.3. Evaporation

Shadowing or step coverage

Source

Partially Totally
shadowed shadowed
region region

Carbon Nanomaterials Design Laboratory (CNDL) %

@CN/L-

o Shadowing and Step  Coverage
Problems Can Occur in Low Pressure
Vacuum Deposition in which the Mean
Free Path is Large

2 When evaporation is performed in poor
vacuum or close to atmospheric
pressure, the resulting deposition is
generally non-uniform and tends not to
be a continuous or smooth film. Rather,
the deposition will appear fuzzy or
cloudy.
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2.

2.3. Evaporation

Inert-Gas Condensation

Transportation
via natural gas
convection

For small particle size,
higher evaporation
rate is required

Carbon Nanomaterials Design Laboratory (CNDL)

Liquid N,
'

Physical Vapor Deposition

@cno. W

Energy loss by colliding with inert gas
(Need short collision mean free path)

|

Generate a high super-saturation or vapor locall

Homogeneous gas phase nucleation

-

scraper l

collection

.

4_
Rotating
cold finger
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Cluster and particle growth
Inert gas
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2. Physical Vapor Deposition @ CNDL |

2.3. Evaporation Excimer : mostly used 193nm(ArF), small pulse width(6-12ns)

Laser Ablation Nd:YAG laser, ruby laser, CO, laser

Laser beam _
Quartz window

Heated
substrate—_|

Rotating target

deposition

» Producing multi-component materials
with well-controlled stoichometry by accurate transfer of the target composition to the coating
» High production cost

HERS

Carbon Nanomaterials Design Laboratory (CNDL) (&5
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2. Physical Vapor Deposition @ CNDL |
2.4. Sputtering

0 Sputtering is a term used to describe the mechanism in which atoms are ejected from
the surface of a material when that surface is struck by sufficiency energetic particles.

0 Alternative to evaporation.

0 First discovered in 1852, and developed as a thin film deposition technique by
Langmuir in 1920.

0 Metallic films: Al-alloys, Ti, TiW, TiN, Tantalum, Nickel, Cobalt, Gold, etc.

Advantages

Use large-area-targets which gives uniform thickness over the wafer.
Control the thickness by Dep. time and other parameters.

Control film properties such as step coverage (negative bias), grain structure (wafer
temp), etc.

Sputter-cleaned the surface in vacuum prior to deposition.

Carbon Nanomaterials Design Laboratory (CNDL)



2. Physical Vapor Deposition

2.4. Sputtering

"E" Fleld
@ lons . Target{Cathode)
O Electrons B" Feld He%aﬁve High
@ Target Atoms oltage
O Argon Atoms /

l.‘:' O @ Wﬂl‘nergmr%ﬁgnt ® % @ [:]IDEIEﬂrons

0200000, 000 00000,

Ref. www.vacgen.com/catalogue/section-16/intro.htm

Carbon Nanomaterials Design Laboratory (CNDL)

Glow discharge to
produce energetic
particles (ions)

l

Momentum transfer from
an indirect energetic
projectile to a solid or
molten target,

l

resulting in the ejection
of surface atoms or
molecules to produce
the sputtered species
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2. Physical Vapor Deposition

2.4. Sputtering
Application of Sputtering

* Thin film deposition:
— Microelectronics
— Decorative coating
— Protective coating

« Etching of targets:
— Microelectronics patterning
— Depth profiling microanalysis

 Surface treatment:
— Hardening
— Corrosion treatment

Carbon Nanomaterials Design Laboratory (CNDL)



2. Physical Vapor Deposition

2.4. Sputtering

Parameters influencing to sputtering yield

@CN/L-

* The ejected atoms have much more energy and velocity than atoms that have been

thermally evaporated

 Sputtering yield , S

- The number of atoms ejected per incident particle (ion)

*Energy of the incident particle
- threshold exists
- ET—)ST

*Target temperature, T
- insensitive at below 600°C

*Mass of incident particle, M
- M1t—51 : more collisions will
occur

*Angle of incidence,
anglet—3S1

Soc——
cosd

*Heat of vaporization, H, of
target materials
-H| —>ST

*Target crystallinity
- densely packed
crystallographic place —51

Carbon Nanomaterials Design Laboratory (CNDL)

Momentum transfer
kV
W=—

V: working voltage

| :discharge current
d: anode-cathode
distance

P-,. gas pressure

Kk :proportionality
constant




3. Chemical Vapor Deposition @ CNDL |

* CVD is a more complex method than PVD
* Involves mass transport, heat transfer, and chemical reactions under
non-equilibrium conditions

_ -~ —masstransport— __ _

fluid floww: diffusion:
gas follows transport across
streamlines through streamlines driven by
the reactor concentration gradients
/
gasin —rgj' % — gas out
T
- % i | gas-phase
—- — chemistry:
form precursors, form dust;
surface chemist 3 electrons and ions from
formation of film, removal o - plasma

wolatile oducts; ion
bombardmentif dasma

heat transport:
conwecton, conduction,
raciation determine
emperatures

heaters

*However, the process modeling or simulation is mostly based on thermodynamic
database, thermo-chemical equilibrium modeling and transport phenomena
modeling, which assumed the CVD system is in equilibrium

Carbon Nanomaterials Design Laboratory (CNDL)



& Chemical Vapor Deposition @CN/DL,!

3.1. Process Principle
At high temp., decomposition and homogeneous gas phase reaction
intermediate species - decomposition and/or chemical reaction—->
—> forming powder and v}olatile byproduct

P ——

R —

homogencous gas !
Active gas generation phase reaction byproducts L

s @t — = )
sl - >

AB,(8) L‘ . / (3a)  powder v)/ E—

C)C,(x) »“’_’ o Un-reacted gas

- 6) precursor and
AB,(1) oo erystallization | byproduct are
-~ o __ L (s — -2ndgrowth _ 1 transported away

~ V' heterogeneous U e
Boundary ng+ém i
Iayer / $87232.882.433
Heated substrate
Vapor precursor ; ] | Effluent gas
feed system ; Deposition chamber/reactor | treatment system

At low temp., absorbed onto the substrate,
heterogeneous reactions occur at the gas-solid
interface

—> forming thin layer (films) and byproduct

Carbon Nanomaterials Design Laboratory (CNDL)



3. Chemical Vapor Deposition

3.1. Process Principle

The effect of the temperature on the deposition rate

acnoL W

* Main CVD parameters : T, P, input gas ratio, and flow rate [temp. is the dominant parameter]

Mass transport
limited region

-depend on the rate
of diffusion of active

gases due to
enough high
temperature

- S0, efficient at low

pressure condition

Chemical
kinetics limited
region

Mass transport
limited region

In (deposition rate)

Temperature (1/T)

Temp 1
- thermally activated reactions 1
|
- growth rate 1
- surface mobility of atomic species 1
- surface diffusion 1

Carbon Nanomaterials Design Laboratory (CNDL)

Chemical kinetics
limited region

-depend on temperature

- The deposition
increases rapidly in the
chemical kinetics limited
regions as temperature
increase




3. Chemical Vapor Deposition @ CNDL |

3.1. Process Principle
Thermodynamic aspects |

A+B=Cg g+ D

Where A and B are supplied gas, C is solid product (deposition)
Gas D diffuses away from the substrate during process

Molar Gibbs free energy changeis AG_ = Gn: —Grin (Gm = Z Xn,un)
1 initial state
f is final equilibriu m state
Gy, = Xptta + Xotty, Gy = Xp g + Xg ptg + X pie +Xp i
(4, = +RTINP))

As CVD reaction is proceed - P, Py isincreased - AG,, is increased - reaching equilibrium
P., Pgis decreased

Driving Force for Deposition in the CVD Process, Journal of Materials Science Letters, 13, 1437-1439 (1994)

Carbon Nanomaterials Design Laboratory (CNDL)



3. Chemical Vapor Deposition

3.1. Process Principle
Thermodynamic aspects |

A+B=Cg g+ D

Where A and B are supplied gas, C is solid product (deposition)
Gas D diffuses away from the substrate during process

@CNL-

Molar Gibbs free energy changeis AG_ = Gn: —Grin (Gm = Z Xn,un)

f is final equilibriu m state

—=— Reaction (1)
—e— Reaction (2)

1 1S initial state
Example

(1) TiCl, + 2BCl; + 5H, = TiB, + 10HCI 80]
(2) TiCl, + B,Hg > TiB, + 4HCI + H, o

20

AGm _28_ - .~ 1\_\-
-40 1 \k‘\
-60- R

-80
-100 -

200 400 600 800 1000 1200 1400

T (k)
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3. Chemical Vapor Deposition @ CNDL |

3.1. Process Principle

Thermodynamic aspects Il
A+B=Cgg*+D

Where A and B are supplied gas, C is solid product (deposition)

Gas D diffuses away from the substrate during process

Partial pressure of C

* In a point of view of product (C.,;4) during CVD process, in the gas phase

Equilibrium vapor N _
pressure of solid C— Chemical

.0 v.p 0 gas potential of
= i +RTIPY, g =pl +RTInPF  Poemadt

Chemical
potential of Hc_,,
solid product

Pgas Pgas
Au. =-RTIh—=—, a=-=
Pv.p Pv.p
C \ Cc
saturation ratio
In order for deposition to be possible, Pgas > |:>CV-IO

So, the gas phase reaction on the growing surface is sufficiently fast > CVD is proceeded

Driving Force for Deposition in the CVD Process, Journal of Materials Science Letters, 13, 1437-1439 (1994)

Carbon Nanomaterials Design Laboratory (CNDL)



& Chemical Vapor Deposition @D CNDL |

3.1. Process Principle

Efficient contact between the gas phase and the growing surface

* The simplest ones are fixed bed and flat hearth, whose particles do not move
relative to each other

s "M
. o et 8 g 88 g
* If the gas flow rate is sufficiently low, ' et
the gas merely percolates through E-:"“.'.‘:. 7 Gas flows over powders
the void species between the Seoesss
- o .8 .- il
stationary particles :‘...:::..:;
Y YR
 Often used for CVD processes '.'.".:-. oo
E ] LX)
devoted mainly to catalyst ot | %o
preparation and CNT synthesis Fixed bed Flat hearth

Gas flows through powders

In both cases, particles do not move relative to each other

Principles and applications of CVD powder technology, Vahlas et al, Materials Science and Engineering R 53 (2006) 1-72
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3. Chemical Vapor Deposition @ CNDL |

/

3.1. Process Principle

Efficient contact between the gas phase and the growing surface

drawbacks of simple fixed bed
and flat hearth

(i) - diffusion limitations in the case
of chemical vapor infiltration
- inefficient contact between the
gas reactants and the inner
particles;

(i) impossible to perform
deposition on the entire surface
of each particle due to contact
points among them and with the
reactor walls

(iif) when high growth rates and/or
high thickness is aimed,
clogging phenomena can occur;

(iv)due to all above drawbacks, Pneumatic Vertical
the scale-up of these Comeying moving bed
processes is problematic.

each particle will
present its entire
surface to the
gaseous reactants
during the process

ed

Fluidized bed

- ____

most frequently u

Principles and applications of CVD powder technology, Vahlas et al, Materials Science and Engineering R 53 (2006) 1-72

Carbon Nanomaterials Design Laboratory (CNDL)



3. Chemical Vapor Deposition @ CNDL |

3.2. Advantages & Disadvantages

Advantages Disadvantages

« Capability of producing highly dense * Include the chemical and safety hazards
and pure materials

» Toxic, corrosive, flammable, and/or
* Non line-of-sight process. Can be used explosive precursor gases
to coat complex-shaped components

uniformly « Difficult to deposit multi-component

materials with well-controlled
stoichiometry because different
precursors have different vaporization
rates

Carbon Nanomaterials Design Laboratory (CNDL)



3. Chemical Vapor Deposition @ CNDL |

3.3. Atomic Layer Deposition
Definition of ALD

0 ALD is a method of applying thin films to various substrates with atomic scale precision.

0 Similar in chemistry to chemical vapor deposition (CVD), except that the ALD reaction
breaks the CVD reaction into two half-reactions, keeping the precursor materials
separated during the reaction.

0 ALD film growth is self-limited and based on surface reactions, which makes achieving
atomic scale deposition control possible.

0 By keeping the precursors separated throughout the coating process, atomic layer
thickness control of film grown can be obtained as fine as atomic/molecular scale per
monolayer.

0 Introduced in 1974 by Dr. Tuomo Suntola and co-workers in Finland to improve the
quality of ZnS films used in electroluminescent displays.

0 Recently, it turned out that ALD also produces outstanding dielectric layers and attracts
semiconductor industries for making High-K dielectric materials.

Ref: "Atomic Layer Deposition," Wikipedia: The Free Encyclopedia, Wikimedia Foundation, 24 April 06.

Carbon Nanomaterials Design Laboratory (CNDL)



3. Chemical Vapor Deposition @ CNDL |

3.3. Atomic Layer Deposition
Definition of ALD

0 Releases sequential precursor gas pulses to deposit a film one layer at a time on the
substrate.

0 The precursor gas is introduced into the process chamber and produces a monolayer of
gas on the wafer surface. A second precursor of gas is then introduced into the chamber
reacting with the first precursor to produce a monolayer of film on the wafer surface.

Two fundamental mechanisms:
Chemisorption saturation process
Sequential surface chemical reaction process

0 Example: ALD cycle for Al,O5; deposition

0 Since each pair of gas pulses (one cycle) produces exactly one monolayer of film, the
thickness of the resulting film may be precisely controlled by the number of deposition
cycles.

Carbon Nanomaterials Design Laboratory (CNDL)



3. Chemical Vapor Deposition @ CNDL |

3.3. Atomic Layer Deposition

Example: ALD cycle for Al,O; deposition

::‘li.'mmi:‘-‘t“hny‘l %@ Methyl group Methane reaction
AI(CH3)3(q) / (CH5) product CH, <
00 .- e ag)
PO e BN
/ adsorbed H,0 'H .
¢ e @ e Q ¢ S _ Q Q
2 % -~ \ 2 > % ‘ 3 -
- - 4 - o, - - @ . \)
Substrate surface (e.g. Si) Substrate surface (e.g. Si)

Trimethyl Aluminum (TMA) reacts with the adsorbed -
OH groups, Producing methane
Al(CH3)3 (@) + Sl'O'H (s) — Sl'O'AI(CH3)2 (s) + CH4

Ref: "Atomic Layer Deposition," Cambridge NanoTech Inc., 24 April 06. <http://www.cambridgenanotech.com/>.

SUEPR
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3. Chemical Vapor Deposition

3.3. Atomic Layer Deposition

Example: ALD cycle for Al,O; deposition

— & :Q" L M'““' e o P
ww @“%W“W““ LA N

Substrate surface (e.g. Si)

Trimethyl Aluminum (TMA) reacts with the After the TMA and methane reaction product is
adsorbed -OH groups, TMA does not react with pumped away, water vapor (H,O) is pulsed into the
itself, terminating the reaction to one later. This reaction chamber.

causes the perfect uniformity of ALD. The excess
TMA is pumped away with the methane reaction
product.

Ref: "Atomic Layer Deposition," Cambridge NanoTech Inc., 24 April 06. <http://www.cambridgenanotech.com/>.
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3. Chemical Vapor Deposition

3.3. Atomic Layer Deposition

Example: ALD cycle for Al,O; deposition

Methane reaction product

New hydroxyl group

Methane reaction be
product —

The reaction product methane is pumped

| | away, Excess H,O vapor does not react
with the hydroxyl surface groups, again

H,O reacts with the dangling methyl groups on the
new surface forming aluminum oxygen (Al-O) bridges
and hydroxyl surface groups, waiting for a new TMA
pulse. Again methane is the reaction product

2H,0 () :Si-O-Al(CH,), — :Si-O-Al(OH), , + 2CH,

causing perfect passivation to one atomic
layer

o Qo e H H H o o 2
C — C & C ~ :O\ -3 3 \a -‘\ N )
C C 9 o i) . A )
© 00 000ees
@ D 0 09
~ QO ~ © o ) . )
@ Q0 @ @
< o e Q@ )_



http://www.cambridgenanotech.com/

3. Chemical Vapor Deposition (@ CNDL

3.3. Atomic Layer Deposition

ALD reactors

0 Closed system chambers (most common)

The reaction chamber walls are designed to effect the transport of the
precursors.

Heaters

Vapor pulse 2 Heaters

High speed valve

Precursor 2

Temperature
controlled bath

Vapor pulse 1 Vacuum
pumping
Precursor 1 out

High speed valve

Temperature
controlled bath

Ref: "Technology Backgrounder: Atomic Layer Deposition," IC Knowledge LLC, 24 April 06.

Carbon Nanomaterials Design Laboratory (CNDL)



Chapter 4-2. Carbon Nanotubes @D CNDL |

1. Introduction

1.1. Carbon allotropes

1.2. What are CNTs?

1.3. Discovery of CNT: misunderstanding and truth
1.4. Classification of CNT

2. Structures of CNTs

3. Properties of CNTs

3.1. Electronic properties of CNTs
3.2. Mechanical properties of CNTs
3.3. Magnetic properties of CNTs
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Chapter 4-2. Carbon Nanotubes

4. Synthesis of CNTs

4.1. Arc discharge

4.2. Laser ablation

4.3. Chemical vapor deposition
4.4. Vapor phase growth

4.5. Other methods

4.6. Issues in the synthesis

5. Applications of CNTs

5.1. Electronic devices

5.2. Energy applications
5.3. Mechanical applications
5.4. Field emission display
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1. Introduction @ CNDL

/‘

bel Prize

1.1. Carbon allotropes 2000

Carbon :
nanotube  Graphite Graphene Anthracene X 2

/ Polyacetylene

\/\1,3-Butadiene

&

e

bel Prize
1996

Fullerene Corannulene Fluorene

GROUP
ttpitivweif-splitdperiadiiten

Propane

8 RELATIVE ATOMIC MASS () Elvem [l sonimoa ] Normea
g GRovPIUPAC, | GRoUPEAs | [a] Awall meat ] Chatcogens cement — —
13| A [2] Akaline sarth metat [i7] Halogens element VA 16 VIA 17 VIA
[L] Transison metals i) obio gas 14.007| 8 15.000 — —
L Lanthenide STANDARD STATE (25 'C; 101 kPa). N (0] o
Dlsanse | " Ho-oms “ eom| S| e Butadi yne
Ga - liquid

30674 (16 32.065

Allsi|P|s

[ viiB
B 4 MBS VB 6 VB 7 VIE § 9 10 RV 0 S - ECYITO SULPHUR

22 47867 23 50:942 | 24 51996 | 25 54.938 | 26 5845 [27 55.033 (28 58603 |29 63546 |30 65.30 |31 69.723[32 72.64(33 74.022|34 7898

Ti | V | Cr |Mn| Fe | Co | Ni [Cu|Zn | Ga|Ge | As | Se
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40 91224 (41 92906 |42 959443 (98)|dd 101.07[ 45 10291(46 10642 |47 107.67 |48 11241|49 11482[50 118.71[51 12176 |52 127.60
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1. Introduction

1.2. What are CNTs?

= Carbon nanotube (CNT) is a new form of carbon,
configurationally equivalent to two dimensional
graphene sheet rolled into a tube.

" Molecular-scale tubes of graphitic carbon with
outstanding properties

" They are among the stiffest and strongest fibers
known, and have remarkable electronic properties
and many other unique characteristics.

" For these reasons they have attracted huge
academic and industrial interest, with thousands of
papers on nanotubes being published every year.

" Commercial applications have been rather slow to
develop, however, primarily because of the high
production costs of the best quality nanotubes.

Carbon Nanomaterials Design Laboratory (CNDL)




1. Introduction @ CNDL

1.3. Discovery of CNT: misunderstanding and truth

Single-Walled Carbon Nanotubes (SWCNTs)2| &7
19764 U209 Endo 20| Qs Z|=Z w7, Ref: M. Endo et al, J Cryst Growth 32 (1976) 335-349.

19934 2TO| SA|0| W (nature X| 6 17HH] O|#). Submitting &M} : &= NEC2ITAQ| lijima group (4 23¢), 0|2 IBM HEAL| Bethune group (5¥
24Y) Ref: S. Tijima et al., Nature 363 (1993) 603-605. , D.S. Bethune et al., Nature 363 (1993) 605-607. N\EEE

J Cryst Growth 32 (1976) 335-349 Nature 363 (1993) 603-605

Multi-Walled Carbon Nanotubes (MWCNTs)2| &

195214 2{A|0}2| Radushkevich &0 2|5 MWCNTs2F SALSt carbon filamentZt W24E . Ref: L. V. Radushkevich et al., Zurn Fisic Chim 26 (1952) 88-95.
19731 =I2| Boehmat B=Q| Baker 2E0 2la ¢{2{71X| 2LHEUE 0|86t carbon filament MIZ=0f| 28t =20| LWE EIS. Ref: H.P. Boechm, Carbon 11 (1973),
pp. 583-590., R.T K. Baker et al., J Catal 30 (1973) 86-95.

1991 222 lijimadl 2IsH MWCNTsO| Ci8t == L E. Ref: S. lijima, Nature 354 (1991) 56-58.

Pnc. 7
x 20.000

———————

~——

\'

o —

Zuyn Fisic Chim 26 (1952) 88-95. J Catal 30 (1973) 86-95. Carbon 11 (1973) 583-590.

Nature 354 (1991) 56-58.



1. Introduction @ CNDL -

/

1.4. Classification of CNT

0 Single-wall Carbon nanotubes (SWCNTS)
one graphite sheet seamlessly wrapped-up to form a cylinder
typical radius 1nm, length up to mm

i
1
i

(From Dresselhaus et a.l., PhySiCS World 1998) (From R. Sma"ey’s Web image ga”ery)

Carbon Nanomaterials Design Laboratory (CNDL)



1. Introduction

1.4. Classification of CNT

0 Ropes: bundles of SWNTs
triangular array of individual SWNTs
ten to several hundreds tubes
typically, in a rope tubes of different diameters and chiralities

(From R. Smalley’s web image gallery)

Carbon Nanomaterials Design Laboratory (CNDL)



1. Introduction @Cl%!

1.4. Classification of CNT

2 Multiwall nanotubes (MWCNTS)
russian doll structure, several inner shells
typical radius of outermost shell > 10 nm

(From lijima, Nature 1991) (Copyright: A. Rochefort, Nano-CERCA, Univ. Montreal)

Carbon Nanomaterials Design Laboratory (CNDL) ?““



2. Structures of CNTs @ CNDL -

Chiral Vector, C,

C, = na;+tma,

Armchair direction

2 2 .
_ a\/m +MmMnN+n Chiral angle @ = arccos AT
- 2:/n? + nm + m?

Diameter (

Carbon Nanomaterials Design Laboratory (CNDL)



2. Structures of CNTs

Three Types of Nanotubes

armchair nanotube (n,n) 6=30° < metallic

D D VP
P2 '
22522

zigzag nanotube (n,0) 6=0°

+¢ all others are semiconductors
with a band gap that inversely
depends on the diameter

chiral nanotube (n,m) 0°<6<30°

» n-m=3k , semiconductors with a
tiny band gap

S. G. Louie, Top. Appl. Phys., 80 (2001) 113

w7



2. Structures of CNTs @CN/DL,_‘

Structural Properties of CNTs

i a=+/3 =2.49A .
a length of unit V3ac ¢ : 5 o an(@) =3
vectors ac_c =1.42A 2n+m
. 31 3
! unit vectors (i,—ja, (i,——Ja d ged (nm)
a 22 22
2
dg gcd (2n+m,2m+n)
b reciprocal lattice [ 1 ,)2z (1 |27
1 \/5,1 " \/§’ 1 .
b, vectors t ational T=ta +ta, =(t,t,)
ranslationa
_ Cy, = na, +ma, = (n,m) T vector t1=2m+n’tz=—2n+m
Cy, chiral vector ©<|m|<n) dg dg
T 7|3t
L length of C,, L=|Cy| —ayn?+m?+nm T length of T =[T]= dg
_ g L number of 2(n? +m? +mn)
dent diameter onT = N hexagons in the N = q
unit-cell R

R. Saito, G. Dresselhaus, and M. Dresselhaus, “Physical Properties of Carbon Nanotubes.”
London: Imperial College Press, 1998
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C) Properties of CNTs @D CNDL A

3.1. Electronic properties of CNTs

The electronic properties of nanotubes derived from the dispersion relation of a graphite sheet with
the wave vectors (k,, ki)

k k
E(k,.k,) =iy{1+4cos(‘/§gxa)cos( ;"JI)Jr4cosz(%l)}l’2 7 : the nearest neighbor-hopping parameter, 2.5 - 3.2 eV
a: lattice constant, 0.246nm

One third of the tubes are metallic and two thirds are semiconducting. The band gap for a
semiconducting tube is give by

E, =2d./D

ex) 1 nm wide semiconducting tube — 0.7 - 0.9 eV

The curvature effect of ¢ — 7 rehydbridization has been investigated using ab-initio calculation.

— ¢ — r rehydbridization can open up a small band gap (~0.02 eV) for nonarmchair metallic tubes.
— This effect is found to be very rapidlly disappearing with the tube diameter.

Intertube coupling (SNWT rope, MWNT)

— The intertube coupling induces a small band gap for certain metallic tubes but a reduced band
gap by 40 % for semiconducting tubes in SWNT

— In case of MWNT, the intertube coupling is relatively smaller because of bigger diameter.

— All semi-conducting tubes in a MWNT tend to be semi-metallic just like graphite

Carbon Nanomaterials Design Laboratory (CNDL)



3. Properties of CNTs @ CNDL |
3.1. Electronic properties of CNTs

A Single SWNT, a SWNT rope, or MWNT behave like a quantum wire

— The confinement effect on the tube circumference
— The conductance for a SWNT, a SWNT rope, or MWNT is given by

G =G,M = (2¢*/h)M Go= (2e?/h) = (12.9 kQ)L, quantized conductance
M: an apparent number of conducting channels
ex) perfect SWNT, M=2

— M is determined not only by the intrinsic properties of a nanotube itself,
but also by the intertube coupling and the scatters such as defects, impurities,
structural disotortions, coupling with substrate, and contacts.

Resistivity & Conductivity

— The resistivity of graphite varies remarkably depending on sample quality.
— The highest quality graphite ; At RT in-plane resistivity is 0.4 1 Qm.
SWNT ropes and MWNTSs ; The resistivity if found to decrease with temperature,
and the RT value are much higher than 0.4 . QOm
because nanotubes are randomly oriented in the sample.
— The 1T electron is more delocalized in a defect-free nanotube and thus should give rise to
higher conductivity than that of graphite.

Carbon Nanomaterials Design Laboratory (CNDL)



C) Properties of CNTs @D CNDL A

3.1. Electronic properties of CNTs

Electronic properties of heterogeneous nanotubes (bent and branched structures)

— These structures are molecular mimics of 2- or 3-terminal heterojunctions that connect two or
three different nanotubes in the form of A-B or A-B-C in which A, B, and C can be a metallic or
semiconducting tube.

— Localized states appear in the junction interface containing pentagons and heptagons,
they also observed in capped SWNT and MWNT ends

— The interface may or may not be conducting, depending on how tubes are connected.
ex) (9,0)-(6,3) tube junction is not conducting for symmetric match

but conducting for asymmetric match

The electronic properties have been correlated with mechanical , chemical, biological, thermal,
and magnetic interactions with nanotubes, so the extended electromechanical, electrochemical,
thermal electronic, and electromagnetic properties are associated with applications of CNTs

In sensors, actuators, field emission, batteries, fuel cell, capacitors, and many others.

Carbon Nanomaterials Design Laboratory (CNDL)




C) Properties of CNTs @D CNDL A

3.2. Mechanical properties of CNTs

TABLE 1.1  Mechanical Properties of Nanotubes

Young's modulus Tensile Strength Density

(GPa) (GPa) (g/cm?)
MWNT 1200 ~150 2.6
SWNT 1054 75 1.3
SWNT bundle 563 ~150 1.3
Graphite (in-plane) 350 2.5 2.6
Steel 208 0.4 7.8

Source: J. Lu and J. Han, Int. J. High Speed Electron. Sys. 9, 101 (1998). With permission.

In general, various types of defect-free nanotubes are stronger than graphite.

— The axial component of ¢ bonding is greatly increased when a graphite sheet is rolled over
to form seamless cylinderical structure or a SWNT.

— Young’s modulus is independent of tube chirality, but dependent on tube diameter.

— The Young’s modulus for MWNT is higher than a SWNT, typically 1.1 to 1.3 TPa.
(coaxial intertube coupling or van der Waals force)

— Many SWNTs are held together in a bundle or a rope, the weak van der Waals force induces
a strong shearing among the packed SWNTs. (decrease of Young’s modulus)

The elastic response of a nanotube to deformation is also very remarkable.

— CNTs can sustain up to 15 % tensile strain before fracture.

— A high strain is attributed to an elastic buckling through which high stress is released.
(Elastic buckling also exists in twisting and bending deformation)

— A high elastic strain for several deformation mode is oriented from sp? rehybridization
in_nanotubes through which the high strain gets released.

Carbon Nanomaterials Design Laboratory (CNDL)




& Properties of CNTs @ CNDL |

3 T T T T T
(a)(17.0); p = -1
3.2. Mechanical properties of CNTs f L nts
sp? rehybridization will lead to change in electronic properties ¢ ' ’ 7 !
of a nanotube. i u b o

T 1
E, = Eg, +sgn(2P +1)3y[(1+v)(cos30)¢, +(sin g30)¢, ] JM_L}LJ& 1%
$

— E,, zero strain band gap
@ , nanotube chiral angle
€, tensile strain €, torsion strain
u, Poisson’s ratio 0 N
p = 0 (metallic tube), 1 (type | semiconductor), ' ;
-1 (type Il semiconductor)

(b) (18,0),p=0

H 3%
Y
n 1%
£
i i
- L-——-—"M 1 M 0%

DOS (arb.)

g

P

X ;L"""m{ L==~
y; 1

o

— This equation predicts that all chiral or
asymmetric tubes (0< 6 <30°) will experience
change in electronic properties for either
tensile or torsional strain whereas symmetric
armchair or zigzag tubes may or may not
change their electronic change in electronic
properties.

— In asymmetric tubes, either strain will cause _
asymmetric o-11 rehybridization and therefore oL

. . . -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
change in electronic properties. =

. . FIGURE 1.13 DOS with (dash line) and without (solid line) consideration of s-p rehybridization for three typical
— Effect Of Stra|n on a Sym metnC ‘tu be IS not SO SWNTS. Values on the right side are stains. A small band gap of 0.02 eV at zero strain, caused by tube curvature or

rehybridization, is seen for tube (18,0). Striking features of electromechanical properties include splitting and merging

Stralghtforwal’d . of VHS peaks including band gap opening and closing [65].
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C) Properties of CNTs @D CNDL A

3.3. Magnetic properties of CNTs

Magnetic properties such as anisotropic g-factor and susceptibility of nanotubes are expected to be
similar to those for graphite while some unusual properties may exist for nanotube.

— The average observed g-value of 2.012 and spin susceptibility of 7 X 10-° emu/g in MWNTs
are only slightly lower than 2.018 and 2 X 10-® emu/g in graphite.

— The measured susceptibility gives the density of state at the Fermi level of
1.5 X 1073 states/eV/atom, also comparable with that for in-plane graphite.

The band gap of nanotube under uniform magnetic filed parallel to the tube axis is given by:

(metallic nanotubes) (semiconducting nanotubes)
E, =Ef , 0<B<3/2 E,=Eofl-A ,0<B<3/2
E,=Eyf3-4 ,3/2<p<3 Ey=Egl2-8] ,3/2<p<3

— A metal-insulator transition and band gap change for semiconductor tubes under magnetic
field parallel to tube axis.
(similar to electrical response of nanotubes to mechanical deformation)

— Driven by magnetic or strain field, the Fermi level will move away from the original position,
and this results in the band gap change pattern in Fiqure 1.15.

— Similar response can also be observed when magnetic field or strain field is perpendicular to
tube axis.

Carbon Nanomaterials Design Laboratory (CNDL)



& Properties of CNTs @ CNDL

3.3. Magnetic properties of CNTs

Band Gap

Magnetic or Strain Field Parallel to Tube Axis

FIGURE 1.14 Band gap change pattern of three types of nanotubes (n,m) under either magnetic field or mechanical
strain field. Integer p = n — m - 3g = -1, 0, and +1.

FIGURE 1.15 Driven by magnetic or strain field, the Fermi wave-vector K moves away from K, at zero field, with
the band gap measured by a distance between K; and q line measure the bang gap. The band gap increases for p = -1
but increases for p = 0 and +1 tubes. The K; move across q line for p = -1 but g+1 line to reach zero gap. This

moving pattern results in the band gap change pattern shown in Figure 1.14 [65].
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4. Synthesis of CNTs @ Cl@,.-

4.1. Arc discharge | - —

| I— I“I Linear motion

Cathode Anode I feed trough

et [~ B

o, S—

/;:]m: Growmg g
Electrode 1 nanotubes ‘ ‘ l Electrode

M?

connection connection

1]

" First introduced by S. lijima in NEC (Nature 354 (1991) 56)

" Further developed by Ebbesen and Ajayan in NEC (Nature 358 (1992) 220)

" Usually used in synthesis of carbon nanotubes in the early stage

= Carbon clusters from the anodic graphite rod caused by the collision are cooled to low
temperature and condensed on the surface of the cathode

" Excellent Method for the production of both MWNT and SWNT

® CNTs are obtained by controlling growth conditions

" Low CNT purity and yield
—> For high purity: Higher chamber temperature, introduction of H, gas, sulfur compound

Carbon Nanomaterials Designh Laboratory (CNDL) fm



4. Synthesis of CNTs @Cl%!

4.1. Arc discharge

Helical microtubules of graphitic carbon  Single-shell carbon nanotubes of 1-nm diameter
S. lijima, Nature 354 (1991) 56 S. lijima, Nature 363 (1993) 603

-
R 'b ¢

@
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4. Synthesis of CNTs @D CNDL

4.2. Laser ablation

Water cooled

* Nd/YAG Lgser Cu collector

Il Graphite target

* Nd/YAG : neodymium-doped yttrium aluminium garnet (Nd:Y;AI:O;,)

" First introduced by R.E. Smalley in Rice University (Science 273 (1996) 483)

= Carbon clusters from the graphite target are cooled, adsorbed, and condensed on the Cu
collector at a low temperature

" High quality SWCNT

® CNTs are obtained by controlling diameters

" High cost: requirement of specific equipments and large amount of energy consuming

Carbon Nanomaterials Design Laboratory (CNDL) Tﬂ



4. Synthesis of CNTs

4.2. Laser ablation

Crystalline ropes of metallic carbon nanotuebes
R.E. Smalley et.al., Science 273 (1996) 483

Carbon Nanomaterials Design Laboratory (CNDL)



4. Synthesis of CNTs @D CNDL A

4.3. Chemical vapor deposition

" Involves heating a catalyst material to high temperatures in a tube furnace and flowing
hydrocarbon gas through the tube reactor

" The materials are grown over the catalyst and are collected when the system is cooled to
room temperature

" Key parameters are:
Hydrocarbons - C,H,, C,H,, CH,, ...
Substrate of catalysts - Ni, Co, Fe,...
Growth Temperature

" CVD process involves the dissociation of hydrocarbon molecules catalyzed by the transition
metal, and the dissolution and saturation of carbon atoms in the metal nanoparticles

" Both MWNT and SWNT can be grown by CVD methods

- MWNTs use acetylene gas for the carbon source and a growth temperature
between 600 ~ 800°C

- SWNTs use carbon monoxide or methane for a carbon source and a much higher
growth temperature (900 ~ 1200°C)

Carbon Nanomaterials Design Laboratory (CNDL)




4. Synthesis of CNTs @ CNDL |

4.3. Chemical vapor deposition
Kinds of CVD

= Supply method of activation energy
- Thermal CVD
- PECVD (plasma enhanced CVD)
- PhCVD (photo assisted CVD)
- LCVD (laser assisted CVD)

" Reaction temperature
- High temperature CVD
- Low temperature CVD

" Reaction gas
- Conventional CVD : organic source
- MOCVD (Metal organic CVD) : organometallic source

" Reaction pressure
- LPCVD (Low pressure CVD) : several tens mTorr ~ several tens Torr
- APCVD (Atmospheric Pressure CVD) : atmospheric

Carbon Nanomaterials Design Laboratory (CNDL)



4. Synthesis of CNTs

4.3. Chemical vapor deposition

Plasma enhanced CVD

Fower Supply

RF

Matching
MNebwork

Sample
Load Slot

Water

L. Lower
Electrode

Pressure
Gauge

Din=0Off
Valve F‘ump

_,.[

Metering Valve

Cooling /"/r:

Matching

Network

Power Supply

RF
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" The low temperature operation is
possible (~ 500°C) because the
precursor dissociation is enabled by
the high energy electrons in a
plasma.

" High deposition rate

" Well aligned CNTs on the large area
substrate

" Difficult to obtain the uniform
products

" Low crystallinity




4. Synthesis of CNTs @CN/DI_!

4.3. Chemical vapor deposition

Plasma enhanced CVD
3 B T N A ERREATNY

Synthesis of large arrays of well-aligned carbon
nanotubes on glass
Z.F. Ren et.al., Science 282 (1998) 1105

Carbon Nanomaterials Design Laboratory (CNDL)  {#]



4. Synthesis of CNTs

4.3. Chemical vapor deposition
Thermal CVD

CONTROL &f’
BOX .£-

TEMPERATURE
CONTROLER

" Various sources can be used
" High purity CNT
" Controllability of microscopic structures

@ CNDL -

/‘

Silicon oxide or Al substrates

|

The substrate is covered by few
nanometers metal film (Fe/Ni/Co)

700 ~950 C

\4

NH, gas

Metal nanoparticle

C,H,, CH,, C,H,, CO

v
Carbon nanotube

" Not good in homogeneity on substrate as change in the flow of the reaction gas leads to

unstable gas supply

Carbon Nanomaterials Design Laboratory (CNDL)




4. Synthesis of CNTs @Cl%‘

4.3. Chemical vapor deposition

Thermal CVD

Synthesis of individual single walled carbon

nanotubes on patterned silicon wafers

H. Dai et.al., Nature 395 (1998) 878 _ _
— o e Commercial MWCNT by 11Jin Nanotech Co.
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4. Synthesis of CNTs @D CNDL. |

4.4. Vapor phase growth

Low temp. region : vaporization and atomization of metal

High temp. region : growth of CNTs

15t Furnace 2nd furnace

Maszs flow

controller Ferrocene

~

-
L

Toske | o |

" Modified method of VGCF (Vapor Grown Carbon Fiber)

" VPG method does not use substrate, but makes reaction in the chamber supporting both rea
ction gas and metal catalyst in chamber

" Advantage of large scale CNT synthesizing

® Consuming the large amount of gas and low yield

R

Cold FParattin
Trap  Bubbler

V?“IU Y

X |
AAAAA
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4. Synthesis of CNTs

4.4. Vapor phase growth

Controlled production of aligned-nanotube bundles 0
H.W. Kroto et.al., Nature 388 (1997) 52

Carbon Nanomaterials Design Laboratory (CNDL) fq;»;ij:



4. Synthesis of CNTs

4.5. Other methods
HiIPCO (The High Pressure Carbon Monoxide Process) c,

FILTER , R 17 1% FILTEH\‘ 5
G- S 7 el v
@3
s

™S4 5 10 1!1 ;
—
=} ‘
5 U
=
’f
Ni(CO)4/Fe(CO)s 13 12
RESERVOIR PRODUCT
N COLLECTION

N, RESERVOR

" Developed by R.E. Smalley in Rice University (1999)

" Preparation method of SWCNTSs using high pressure CO as the carbon source

" The gas phase catalysts from a volatile organometallic precursor > decompose - forming
metal clusters > CNT growth

" The only process that can make SWCNTs on a kilogram per day scale

oA R
vauTiox Y

X |
AAAAA
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4. Synthesis of CNTs @Cl%!

4.5. Other methods




Synthesis of CNTs

@CN/L-

Method Arc-discharge Laser ablation CVvD
Who Wi, SBee,  ARME Smalley, Rice Univ. USA Endo, Shinshu Univ. Japan
NEC, Japan
d Metadl
: e Ps
grOth'e Graphite Sonoer g
How ~+— } Z o Hydrocarbon®» m
o —
O
S .
e
Yield 30-90 % Upto 70 % 20— 100 %
SWNT Short tubes with diameter of | Long bundles of tubes (5 — 20 Long tubes with diameters of
0.6-1.4 nm Mm) with diameter of 1 — 2 nm 0.6 —4 nm
Short tubes with inner : 1
Not very much interest
MWNT diameter of 1-3 nm and T ’ . Long tubleos ngzod:]agw eters @
outer diameter of 10 nm 00 expensive
Can easily produce _ Easiest to scale up to industrial
Good diameter control and few AT
Pro Few structural defects defects production
W/O catalyst, cheap, open Sufie e Long length, simple process
air synthesis Diameter controllable, pure
Short tubes with random :
con sizes and directions Costly technique due to lasers Usually MWNTs

Need a lot of purification

and high power

Are riddled with defects
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Growth Mechanism of CNTs

CO
NUCLEATION o O CATALYTIC
" o ss PRECURSOR ., . , CONDENSATION DISPROPORTIONATION
= o & ubECOMPOS’T’ON. ..ll e COAGULATION O O REACTION ) \
’ F:I|:|:I:||:|n : -'.I.'. g O ”
[ I ] e
SRt S * e . E'OE /'
e el CO
Metal precursor Catalyst vapor Catalyst particles

and carbon sources

CARBON SURFACE CARBON DISSOLUTION OF
DIFFUSION SEGREGATION CARBON INSIDE
e reeeeey PARTICLES
 diffusion | P
. ux :

-t

Carbon
saturated
catalyst particle

Ref.

Esko, I. K. J. Phys.:Condens. Matter
15 (2003) S3011-S3035

Alvarez, W. E. Carbon, 39 (2001) 547




4. Synthesis of CNTs

4.6. Issues in the synthesis

" Low cost mass production
" High quality and high purity
® Chirality control

" Investigation of growth mechanism

Carbon Nanomaterials Design Laboratory (CNDL)




5. Applications of CNTs @ CNDL -

Potential applications and limitations

" The last couple of decades of work in fullerenes and nanotubes promised an amazing range
of applications. (in electronics, energy, composites, sensors and biologies)

" However, these new concepts and ideas for applications of carbon nanomaterials have had a
limited success in the marketplace, mainly due to issues in processing, scale-up and due to

the inability to properly assess the time frame that is needed to take new products to market.

" There are a few applications of nanotubes that are indeed commercialized today.

" The success of the potential applications of CNTs depends on the large-scale synthesis and
the stable supply of CNTs

Carbon Nanomaterials Design Laboratory (CNDL)




5. Applications of CNTs @ CNDL -

5.1. Electronic devices
FET (Field-effect transistors)

" In hot pursuit of Moore’s law, semiconductor giants like Intel, IBM and AMD are commercially
manufacturing silicon-based transistors at the 65-nm technology node (Q1, 2007). Intel
intends to commercialize transistors at the 45-nm technology node.

" By an evolutionary process, a conservative estimate for the smallest conceivable silicon
transistor at this point is 16 nm, expected to hit markets not prior to 2018. A revolutionary
speedup of this process can be realistically envisioned only if nanotechnology can be
controlled on a large scale.

= SWCNTs have been demonstrated to operate as field-effect transistors almost a decade ago,
and since then, the FETs have steadily grown in versatility and promise for future nanometer-
scale electronics.
(The earliest works on room-temperature CNT transistors: C.Dekker, Nature 393 (1998) 49)
—> very similar performance to a MOSFET (metal-oxide-semiconductor FET)

Carbon Nanomaterials Design Laboratory (CNDL)



5. Applications of CNTs

5.1. Electronic devices
FET (Field-effect transistors): MOSFET

Gate (G) )
Source (S) Drain (D)
Oxide Layer
1 ¥
| 1
n+ | L N+
[} 1
1 1
| p-type substrate !
: |
L
secondary  depletion
voltage off Iag.rer negative secondary voltage on

R

\“H-;—»; —rg-’f silicon

Structure of MOSFET

n- t;.rpe

e

source | gate ! | drain

insulating";u bstrate

W

A
conduction channel
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Ref. DolTPoMS, Department of
Materials Science and Metallurgy,
University of Cambridge




5 Applications of CNTs @ CNDL -

5.1. Electronic devices
FET (Field-effect transistors): CNT-FET

Nanotube

. 55, :
Source (Au) \ /  Drain (Au)

Gate (Silicon Substrate)

- CNTs as the conduction channel R TR RS

- Advantages
: 200 times more current-handling capability and 1000 times faster clock rate

Carbon Nanomaterials Design Laboratory (CNDL)



5 Applications of CNTs @ CNDL -

5.1. Electronic devices

TFT (Thin film transistors) for flexible display

Roadmap of the flexible display

it Gen. 2nd Can. 3+ Gen. gth Gan.

“Nurabie Display” Bendable Display” “Flexibie Display” Disposable Display™

y.

- Thin & Light
- Rugged

- Mobile Display

- Bendable
- Conformable

= Wearable Display

- Rollable
- Folderble

- Flexible Display

- Roll-to-Roll Proces=
- Easy Printing

- Paper-like Display

.

J/

Ref. Flexible Display Technology and Market (2007~2017), Displaybank Report (2007)

Carbon Nanomaterials Design Laboratory (CNDL) £,
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5. Applications of CNTs

5.1. Electronic devices

TFT (Thin film transistors) for flexible display

Target application areas

E-Paper

@c

Touch screen

:

1 PVs /101D
/ 10-200

- [
© =
o 80 ‘
OLED-SSL = /
[+ ¥
£ OLED
......... g--qu':""" / 5-100
ey = = /
_— -
Sl 1
60 e [ —
100 1000 10000

Sheet Resistance Q/sq

Target
Application
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5. Applications of CNTs

5.1. Electronic devices

TFT (Thin film transistors) for flexible display

Optical performance: visible transmittance

of ITO, PEDOT and CNT film Optical performance of CNT TFT

100%

Opto-Electrical Properties of Invisicon” Coatings on Glass
B : -
I

. ; . N v e T
N T EEY ™ st 100 i

o [‘_Hﬁ%
42%

0=t

80 -

Transmittance (%)

BES
4%
82%

BO%

N

AN

88% /
/
/

T

N

2

60 L

704

- £5D Grade (2002
—®— Touch Screen Grade (2004
Hip L~ ePaper Orade (2004)
100 1,000 10,000 100,000
Rs (©2/sq)

4100 450 200 a0 600 650 oo
Wavelength (nm )

501

— g =CHNT 450 (1/0 —g—CHT 230 (1o

ITO 200 (1= —G—F'EI:II:IT 250 O | T ||-|I|O T T

Ref. Veritas et Visus, “Touch Panel”, 1 (2006) 34

V?“IU Y

X |
AAAAA
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5. Applications of CNTs @ CNDL -

5.1. Electronic devices

TFT (Thin film transistors) for flexible display

Invisicon® Flexible, Transparent Circuits from Eikos SEM Micrograph of CNT-TFT

TB-CNT*®1, 30K

Ref. www.eikos.com
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5. Applications of CNTs @CN/DI_!

5.1. Electronic devices

Onchip thermal management

2 00 rwmi
. B
The comparison of the g 3
thermal conductivity of CNT 7, *% —
with the best thermally E 2000
. . 1500
conducting materials E 000
(Ref. Web site from M. 5 _~
En r E
do group) é o 1T
CNT Diamond CNF Copper Aluminum Iron
140 ——0.0 I/min ——00 I/min
8 Lliowm OF s Nnie Pk
< 100 ~-15Umin £ 5 ||e-1Bimin SN
= —o--2.0 IImi g —--20Umin /. ;{;//ﬁ/ i
= bare chip S - bare chip e g e
© i e 7
o o H = —o—00 limin 7« " ——00Umin
- 60 Rt ~0.-0.5 l/min| z 005 I/min
) --o-=1.0 l/min| | Z -=--1.0 I/min
Ref. — chip with finned.--—1.5 /min chip with finned --s -1.5 I/min
P.M.Ajayan, Appl. Phys. 20 oNT film 10x10 array —o--2.0 /min|| &~  Cu film 10x10 array —o--2 0 I/min
Lett. 90 (2007) 123105 01 23 45617 0123 456 7

Power (W) Power (W)
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5. Applications of CNTs

5.2. Energy applications

Lithium-ion batteries

\\.
Current
Collector

7

Current
Collector

Lit

Layered carbon
Anode

Separator

charge

@c

Components

<Mechanism> LiCoO,+C &— Li,,Co00, + Li,C

discharge

Carbon Nanomaterials Design Laboratory (CNDL)
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5. Applications of CNTs @ CNDL _-

5.2. Energy applications

Lithium-ion batteries

_ The cyclic efficiency for samples
FE-SEM micrographs of the anode sheet with various wi% CNTs

containing CNFs/CNTs in a Li-ion battery

e - ’ ""If(-. ' i

Cyclic efficiency (%)

e Addedvvt%of CNTs """"""

<> 0% [] 1%, .{}.5% Q 10% I

80

0 10 20 30 40 50 60 70
Cycle number

Ref. M. Endo, et.al., Carbon 39 (2001) 1287
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5. Applications of CNTs

5.2. Energy applications

Fuell cells

Consumer

Anode l—@j Cathode
Carbon '~ Water
dioxide i o — o

e |
-y
e \HY
Sy
Methanol - LI PP

- E—
Water e (7 <4 i

Membrane
Electrolyte

Diagram of a Direct Methanol Fuel Cell

Carbon Nanomaterials Design Laboratory (CNDL)
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5. Applications of CNTs

5.3. Mechanical applications

CNT-filled polymer composites

100; - e N:’anocomlmsiie @ll{z
- & - Nanocomposite @5Hz
T || -~ 4 Nanocomposite @10Hz
‘ 80" . pure Polycarbonate @1Hz
(=) v RERMMHIL (175" Pure alycarmonste @5Hs |
E _ <+~ Pure Polycarbonate @10Hz }
‘ < 60 PEY S
y A DL P bl
EE ) -E ,:’
= a0 A ]
2 | Y
.3 =27
Ref. P.M.Ajayan, et.al., Nature Mater. 5 (2006) 457 _ | , , _ |
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Strain (%)




5 Applications of CNTs @ CNDL -

5.4. Field emission display

o R AL E—
A

Phosphor ' | /
Particles =« .

" 1 Extraction | /
ueo Grid e
\.‘l I‘I' A

Baseplate Emitter Electrodes

" Mechanism of the electron emission is basically similar to that of a lightning rod: the sharp
tips center the electrons and make the possible of electron emission.

" When the Gate and the Emitter are supplied with voltage electrons are released, and when
intense electric field is applied into the space between the two glasses electrons are

accelerated and retain high kinetic energy.

" The accelerated electrons hit the phosphors inside the anode plate and emit light.

Ref. http://www.samsungsdi.co.kr
e
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5. Applications of CNTs

5.4. Field emission display

Structure of FED

Black Matrix

Phosphor Dots

Baseplate

Row El&trodes

Column Electrodes

Carbon Nanomaterials Design Laboratory (CNDL)
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5. Applications of CNTs @ CNDL -

5.4. Field emission display

" Low threshold voltage
good emission stability - preferred field emitters
long emitter lifetime

" Electron relaxation process (SWNTSs)
. fabrication of cathode-ray lighting elements and flat panel displays
: 4.5” diodetype flat panel display using arc-based SWNTs
. simply degraded at high emission current

" DWNTs or thin MWNTs
. best field emitting materials
. low threshold voltage comparable to SWNTs
. better structural stability compared to SWNTs, almost comparable to MWNTSs

" Doping of nanotubes
. B-doped MWNTs — enhanced field emission compared to pure carbon MWNTSs
. presence of B atoms at the nanotube tips
—> increase density of state close to the Fermi level
: N-doped MWNTs — emit electrons at relatively low turn-on voltages
high current density
excellent field emission properties

Carbon Nanomaterials Design Laboratory (CNDL)



5. Applications of CNTs @D CNDL

" Research is moving forward in the field of fabrication methods, but there are
still several remaining issues. For example, we still cannot control the chirality
of the tube, which determines the electrical property of CNT.

" In the future, we will see the establishment of large-scale synthesis of carbon
nanotubes as well as an acceleration in research targeting their applications.

" Without doubt, carbon nanotubes represent a material that offers great
potential, bringing with it the possibility of breakthroughs in a new generation of
devices, electric equipment and bio fields.




