Lecture 3

Carbon nanotube

-TIGP course on nanotechnology
by Wei-Li Lee

Outline

e Structure of carbon nanotube

e Fabrication of carbon nanotube

e electronic property in carbon nanotube

e Applications of carbon nanotube

Zigzag (8,0) carbon nanotube
semiconducting



Structure of single wall carbon nanotube

Rolling of a 2-D graphene sheet
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Rolling of a 2-D gra}phene sheet Label a carbon nanotube
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Armchair tubes are all metallic !!
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Fabrication of carbon nanotube

(I) Laser evaporation

GROWING COPPER
LASER BEAM : NANOTUBES COLLECTOR .

FURNACE  ARGON GAS GRAPHITE TARGET

CLEO VILETT




(IT) Carbon arc discharging:

4 20-25 V N\

1mm
<+>

Negative Positive
graphite electrode graphite electrode

\ 500 torr flowing helium /

* Nanotubes (NTs) will form on the negative electrode : mostly multi-walled NTs
* Incorporate Co, Ni, Fe catalysts in the positive electrode : Single-walled NTs
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T (c) . source gas

(a) Substrate : a thin layer of metal catalyst particles, Co, Ni, Fe..etc
(b) Source gas : a carbon-containing gas, CH,, C,H, ...etc

Carrier gas : H,, N, ...etc
(c) Nanotube forms along the field direction

(d) Favorable for large scale production




Growth mechanism of carbon nanotube

(I) Not well-understood !
(1) Absorption of monomer C, dimer C,, trimer C;
(111) Scootter mechanism for the metal particles served as catalyst
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Fig. 19.21. Proposed growth mechanism of carbon tubules at an open end by the absorp-
tion of C, (dimers) and C; (trimers). (a) Absorption of C, dimers at the most active edge
site of a chiral carbon tubule resulting in the addition of one hexagon. Also shown is an out-
of-scquence absorption of a C; trimer. (b) Absorption of C, dimers at the open end of an
armchair carbon tubule. (c) Absorption-of a C, trimer at the open end of a zigzag carbon
tubule and subsequent C, dimer absorption. *
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FIG. 3 High-resolution electron micrographs of typical tubes present in
samples prepared under helium at 500 torr as described in the text. The
number of layers ranges from two to many. The distance between consecu-
tive carbon layers in the tubes is 0.34 nm.

Multi-Walled NTs (MWNTSs):

Inter-layer distance ~0.34 nm



Coaxially stacked cylinders !

Not Scroll-like tubes !

Fig. 19.3. The observation of
N coaxial carbon tubules with
various inner diameters d, and
outer diameters d, reported by
Iijima using TEM: (a) N = 5,
d,=6TA (MYN=2,d, =554,
and () N = 7, d, = 23 A,
d, = 65 A. The sketch (d)
indicates how the interference
patterns for the parallel planes
labeled H are used to determine
the chiral angle 8, which in turn is
found from the orientation of the
tubule axis relative to the nearest
zigzag axis defined in Fig. 19.2(a).
The interference patterns that
are labeled V determine the
interplanar distances [19.1].
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Fig. 19.6. (a) Transmission electron micrographs of the Co-catalyzed soot for a concentra-
tion of 4% Co. The threads in the figure are apparently individual nanotubules or bundles of

nanotubes such as shown in (b). Most of the as-prepared narotubes are covered with carbon

soot [19.31].

. Co catalyst particles found
% at the ends of the tubes
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Nanotube diameters (nm)

Fig. 19.8. Histogram's of the single-wall nanotube diameter distribution for (a) Fe-
catalyzed nanotubes [19.33] and (b) Co (4%)-catalyzed nanotubes [19.31].

Nanotube diameter (nm)
Fig. 19.8. (Continued).

Type of catalyst can result in different SWNTs size distribution



“Breathing” modes of carbon nanotube
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Figure 5.20. Plot of the frequency of the Raman A, vibrational normal mode versus the radius
of the nanotube. (10 A= 1 nm). (Adapted from R. Saito, G. Dresselhaus, and M. S. Dressethaus,

Physical Properties of Nanotubes, Imperial College Press, 1998.)

SWNT stiffness is larger for smaller tube : higher elastic (strain) energy
Alternative way to determine the SWNT diameter d,



Electronic property of carbon nanotube

Rolling of a 2-D graphene sheet
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Lattice vector for a 1-D CNT (n,m):

N ao 5
Ch =5 (Y3(+m),(n-m)),
«/_a0

T = (=(n—m),~/3(n+m))

R

~|3d if (n-m)isa multiple of 3d
| d otherwise

, Where d is the highest common divisor of (n,m).

example: For(3,0),dz=3



Table 19.2
Values for characterization parameters® for sclected carbon nanotubes labeled by

(n, m) [19.5, 82].
(nm) d  dp & (A)  Ljay Tjay N  ¢/2m /@y O/d
(4,2) 2 2 414 5 V21 28 5/28 V2i/14 5
(5,5) 5 15 6.78 V75 1 10 1/10 172 1
(9,0 9 9 7.05 9 V3 18 —1/18 V32 -1
(6,5) 1 7.47 V9T V273 182 1497182 /37364 149
(7,4) 1 3 7.55 V93 V31 62 17/62 1/4/124 17
(8,3) 1 7.72 V9T V291 194 T1/194 /3388 71
(10,00 10 10 7.83 10 V3200 —1/20 V32—t
6,6) 6 18 8.14 V108 1 12 1/12 1/2 1
(10,5 5 5 10.36 V175 V21 70 1/14 J3/28 5
(20,5) 5 15 17.95 V525 V7 70 3/70 1/(¥28) 3
(30,15) 15 15 31.09 1575 21 210 1/42 V328 s
(n.n) n  3n  Bna/m  3n 1 2n 1/2n 1/2 1
(n,0) n n na/w n V3 2n —1/2n V3/2 -1

Q) is given by Eq. (19.13); T is given by Eq. (19.7) with a, = v3ac_; L is the length of
the chiral vector 7d, given by Eq. (19.2); N is given by Eq. (19.9); ¢ is given by Eq. (19.12): =
is given by Eq. (19.11); ©/d is the number of complete 27 revolutions about the tubule axis
to reach a lattice point.



1-D Band structure for an armchair CNT (N,,N, ):

* Dispersion relation for 2D graphene :

2D _
2-D graphene sheet E7 (ke ky) = Eq(1)
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Example :

1-D Band structure for a armchair CNT (5,5):
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e Conduction bands and valence bands each has
4 doubly degenerate bands
2 non-degenerate bands

e Band cross at k* : metallic conduction

2r  2r
k* = ,
(3\/§a 3a)

/

One of the Dirac point in 2-D band !!
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Example : 1-D Band structure for a zigzag CNT (9,0):

ElDzigzag (kx =S Zﬂq /9\/§a, k = k)

' 2 3a 1
3 {b}) ‘ - i = Zirt[lir4cos(—k)cos(Q_”)+40052(q_”)]4
e2u+ q=1 2 9 9
SN
2 ;\\_ e3u+ T %, _7
NN { edur 22 2
P i
1 \ alu-
I ﬁ;ﬁ: e Conduction bands and valence bands each has
O — k™ — e3u-e3g- 8 doubly degenerate bands
" egg- 2 non-degenerate bands
ede-
I e elg-
1 < g‘é; * Band cross at k* : metallic conduction
2 B e3g+ k* = ( A7 0)
i e2g+ b 3\/§a ’
3 ! £§g+ /
alg+
-i3a 0

Another Dirac point in 2-D band !!



Example : 1-D Band structure for a zigzag CNT (10,0):

edo.
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e Conduction bands and valence bands each has
9 doubly degenerate bands
2 non-degenerate bands

* No Band crossing : semiconducting transport !!
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- alternative way of looking at 1-D Band in CNT

E(G=K)=0
6 Dirac points

K, = -2 (10)

3f
72'1\/7

K_
¢ 3Ia22

* Whenever slicing through a Dirac point : metallic conduction
otherwise : semiconducting transport behavior !
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Armchair CNT (5,5):
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Slice through K, for =5

m=) Metallic conduction
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q=4 Zigzag CNT (10,0):

“‘kx: : <
5v3a| " 3a ' 3a  g=1,2..10

Does not Slice through any Dirac points

m=) Semiconducting transport behavior
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Zigzag CNT (9,0):
2
"~ 94/3a

Slice through K, for q=6
= Metallic conduction

g=1,2...9



1,0
3fa()
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Zigzag CNT (N,,0):

ok, =2 g=1,2..N,

* N, : multiple of 3
always Slice through K;

m) 1/3 of Zigzag tube is metallic !!

In general, metallic for n-m = multiple of 3
Magic number “3” in CNTs !!

Triangular lattice



“Applications of carbon nanotube

* Field-effect transistor (FET)

CARBON NANOTUBE

SOURCE

(GOLD) (GOLD)

INSULATING LAYER (SILICON DIOXIDE)

GATE (SILICON SUBSTRATE)

Figure 5.21. A schematic of a field-effect transistor made from a carbon nanotube.

Fast switching time and large field-effect on the conductivity of the CNTs



e CNT FET also as a chemical sensors
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Figure 5.25. Plot of current versus voltage for carbon nanotube field effect transistor before
(line a) and after (line b) exposure to NO, gas. These data were taken for a 4 V gate voltage.
[Adapted from J. Kong et al., Science 287, 622 (2000).}



* CNTs as a ions(Na*, H*) storage medium for Fuel cells

charger
A
\

=

! \ [l

o \ ! 500
CNT negative electrode \ positive electrode .
\ 450 9 2667
6M KOH electrolyte, H,O 400
Pristine
350
Figure 5.23. An electrochemical cell used to inject hydrogen into carbon nanotubes. The cell 3
consists of an electrolytic solution of KOH with a negative electrode consisting of carbon 3= 300 3
nanotube (CNT) paper. Application of a voltage between the electrodes causes the H* ion to 2 5 3
be attracted to the negative electrode. (Z. Igbal, unpublished.) = 0 :
£ 200 3
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Presence of H+ bonded to CNTs : %0 3 WWWW“‘”WWwwl
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Figure 5.24. Raman spectrum of carbon nanotubes with peak intensity at 2667 cm~" recorded
before (pristine) and after (charged) treatment in the electrochemical cell sketched in Fig. 5.23.
(From Z. Igbal, unpublished.)



* CNTs as filler for mechanical reinforcement
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TENSILE STRENGTH RELATIVE TO STEEL
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Figure 5.26. Tensile strength of steel versus volume fraction of carbon nanotubes calculated by
the Kelly—=Tyson formula. The nanotubes were 100 um long and 10nm in diameter.

carbon steel has higher tensile strength than regular steel



Concluding remark

e Label for a CNT (n,m)

* Mass production of CNTs using plasma enhanced CVD

* 1-D band structure of CNTs : slicing 2-D band structure of graphene
* 1/3 of the CNTs with random (n,m) is metallic.

* Application : CNT FETs, chemical sensors,
Fuel cell storage medium, mechanical reinforcement



