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mie- R OFE BT mp 1985 # > 4 H W. Kroto > R. E. Smalley %
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=F xd(iF% 4 x jEIE)
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Heq 233 28 B2 T3% A 13 T d i< (mean free
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Table 2-1 Some facts about residualair at-25°C in a typical vacuum used for
film deposition, s >2%22

Mean free path,cm Collisions /s Molecules/(cm? s)
p, mbar o o Monolayer/s*
(between collisions)  (between molecules) (sticking surface)
10° 6.8x107 6.7x10° 2.8x10% 3.3x10°
107 6.8x10° 6.7x10° 2.8x10" 3.3x10°
107 6.8x10° 6.7x10° 2.8x10" 3.3x10"!
107 6.8x10° 6.7x10° 2.8x10"! 3.3x10™

* Assuming the condensation coefficient is unity
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(radiative recombination) » )4 ;% @

e + Ar'— Ar + hv (2-5)
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T+ il (excitation of electron state) » 14 -

e+ Ar— Ar* + ¢ (2-7)
& 3 & f& (dissociation of molecules) " |4 :

CHy;+e > CHy* + ¢ (2-8)

CHs* > CH;+ H (2-9)
%t % (attachment) > G4c :

CH,+e— CHy (2-10)

A f# 7%t % (dissociative attachment) » &]4e :

No+e >N +N+e (2-11)
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(de) ~ 2in(rf) Ak (microwave) RHF e TF o JFd TF-4 F i
RF B A2 3F g Wi+ ~ 25 ~ pd A& (freeradicals) % jjr
fachl 3 st 3 P fd (species ) 175 AP hkif o PR BRI
S Rt RE2 B ih- %] BR8N A - (sheath field ) $3 3 9w ff
FRELFAFER NP TP ERIEE F R Sl B H N

"mfg_ %_3@%3?‘]? %:Q #B Fﬁg > }I?%[Stunock—l9946] [Smith-1999-453] —ﬁ 44 ,l; ﬁj{%iﬂ—_

% & (Debye length) #* f-1¢*T5 jriEdg (Debye shielding distance) » %
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}ii‘ﬁ‘%o’qﬁ‘;\;?ﬁ]ﬁ: BRINZREROL R A3 Ap(i ¥ L>>Ap)e

H B 5% 4 Chapman 4 B ) 4o g [StumodcI946]

~

1/2
T} =743T,/n, (2-12)

Ay (€M) = 0. 1{
n.q

e g= 53¢ i T ¥ #=8.84x 10" F/m

Vo BT Ll R A ol dp i chd e 3R R

(plasma frequency) ° ©, (s GRS # BAp BRI 3 B

5 1/2
o = e =10{%} = 56,400,/ (2-13)

3
Il
=
4
3
\F‘lﬂ

=9.10939 x 10™" kg

TR RS oy T THERARG M F - RTEPBA(n) 5 1x107
elem’ P& > @p=5.6x 10°s™ » %12 2n% %t » 897 MHz # 0.9 GHz -



AFEE) ERTFAFH > A2 MBIt (ambipolar diffusion) & 3
T IRECRB BT AT B A BT § BRI TR R
THEREFDFIEFEAT o DA IR BRBIE S

(ambipolar diffusion velocity ) »u, e d ** 7w ff & %2 @ L ¥ Lo R

(3 Topd S 1>>0p) B2 FEAE (T, > THIER) hRE

Bt TEE T B EBATE F cu 0 VA T AT
T 1/2
ua(m/s);{qr;_e} (2-14)

T ifﬁ%:% TAaEE LY e maR L o Ap e i T (2 4R R TR
T AFEE) 2B R RE 2 - Bk (sheath » & 4L plasma
sheath) - p¥f k& cndF gk 28 R 5 A B4 L & (Debye length) >

BLXAZETFRAERMK - 4o Fig. 2257 0 T Jﬁ%aﬁ*“;& = 2o (B
P ARE T R)E G T wff-,; 3 J‘ % i (plasma potential ) » V, o
BlPAV,=V,-0> 7 i5d R iE g Jﬁ#ﬁ.%,'kﬁ%*{w%'l\ B ixE
B e = CA Jﬁ%ﬁﬁpﬂ FF e F R ARt g { 0T =(the plasma
bulk is always more positive than the most positive of the containing
surface) - *% 1 2% ] & @ > Bl4e afine-wire Langmuir probe ° § 45
Pt e AR ch ¥ oo gk pF (electrically floating) > R € 2 4 - ¥

B 7 = (floating potential) > Vp» B B B el B B ' 2
Vi- V, = AVe= - T, In(my/2.3my) =-T,(6.7 + In M) (2-15)
HP M 585 ke F £ (the ion molecular weight )
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b4e Ar (Mi=40) » AVp=-10T, »

AV V73 B0 4 57 111?'31%“‘ 224 % 35 10eV =+ 2 3+ 4eig T o
FAH T s BR S RIT - BB AT P T e 208

B % B (sheathwidth) »b- RI2 R4 ~H A TR -2 HFI T B

FE‘
—mde
7=

- BB =% 0 BT VMU boc l/pe BT A BREF BART
RAL PR W TR GEFRS RB AR

Fig. 2-2 Charge distribution and voltage profile near a surface abutting a

glory-discharge plasma. AV, is the minimum (anode) sheath voltage
drop [Smith-1999-p466]
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2P PRI ERTLA AR BT FERTE 10000K 2 o0 @ 2
Mok 8 R B3 500K 0 Flpt MR 7 ;”FJ{‘ 7 - 7]’@_;,%,_,-1» iy ;Lﬁg(
(non-equilibrium plasma) ° 4p$+4 > & @ g T 4w > 974 T 3 S A

+ 2P Ry - g R 0 8 ) - AR TR i (thermal
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equilibrium) = F1pt » 1R TR I ko BB AH T L GRS
BT AR Zﬁtiﬁ»?,:”ff\?.,“i? de & 1f & 8T rljé\r;)gmg‘y;;, plx 24722548

(electrode-less ) e % — BB > Fpt 7 € 7 R 1RBEHT 4 DR 4L

B R b ¥om S 2.45GHz (& X 12 om) Bk K gcw § A
FoHREVY HARTHITY AL TP hpd 7 F REP o 4o Fig. 2-3(a)
AT R R T 32 R L E = Ecos(wot) » Fig. 2-3(b) 5 A ¢ 7+ % Tl
THIEF A EREEFRN 8 R V() BY BT ver E & 90°4p =

£ o T & E S & DB A ) I 45 (Mo ) o 28 > % F WA

r:F,

w
coupling) % #1 fr00, £ v, 19 % 5 § § o % - MPCVD 238 % 248 Ry
EARALLR

A

E, | /~ E, cos(w,t) /\
(a) 0 \l ] f — Ot
n 2n
\/
|

I
A |
I
|

Ve /—\
(b) 0 | t t } .
/ ! \
/ 1
/!‘\ deceleration
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Fig. 2-3 Response of a free electron’s velocity in vacuum (b) to the oscillating

electric field of a microwave (a), showing the 90° (w2) phase
Shift [Smith-199-508]

14



solenoid coil

1
waveguide é
Z
/\/\ Z
} Z
E Z
Z
: gz
window Z
g
substrate
~ b
N N
N &
\
\
4

Fig. 2-4 Mirror-field ECR plasma source driven by awaveguide and

configured for downstream film deposition.[Smith'l999'508]

T-BEARAEATES B ES AT ENHA R w o AL
WHCA RS ER S PR OF A I % W AP e ] o 4o Fig. 24 #1on
B d s B2 T RMRB S B i T oo i iEd g s 7
sapphire) & LW 2 1T F & ’@”?ﬂﬁﬁf.@”?@’?

# 0§
FirFLE BxEg? w4 > T Ad® 3 EE B T g U (2-16) 47

7+ 2.3 L & (cyclotron radius ) » 1. > 3% H3EH o P C
B oo s R Y @ RE R ORP L L “cyclotron”

Vi R FEFERYV AEENRIB Il s E

® Mk & 4F ¥ (angular frequency ) b o, ° ¥ 7 F @ # L™ (orbit) &
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B v/ 1o B PE S PIR F %2 T B+E, 2 -E, F 48 (in phase) > ¢ 3
% W 5 % F %X 3= (electron cyclotron resonance, ECR) » #-pt i £ 7% »

;¢ (2-16) 7 -
IB|= mome/qe = 2mvome/qe = 3.58x10™ v, (2-17)

HY vy s ™ fﬁ%ﬁ%iﬁ #2 & (plasma drive frequency )’ § v, =2.45GHz F* - |B|
=0.0875T (875 Gauss) °

AR A g IR s RS il e v e FiE B o

\f"b

R R &Y

C|'

S EFFHL O DD e AR R L c FEFA S AR
(ionizing collision ) #ic® ¥ L P40 7 JT%mé{: AR TE Y
Kek=2: sk jf( » & ECR 23 B ™ » ® 4 o » #4¢ (lateral diffusion )
MBS Brgl ) A s MR R AR EES e P (LB) F
ECR # ’J‘ 1R ' (low-pressurehmit) 710 2~107 Pa (10 107 Torr) °
FRACEF > ABT IR EHFAT I AR MERRLNL B
B 5y ) o3& 72 0 ECR © ’l" SAFEEE GF AT (1) o =R

'
[N
~
[\
N
&

4
= r

e (3) R ?r)ii (n.>10"%cm’) z Ry g o (4)
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pAEC1991 & Tijima 4 Bt 2 F F » 3F S F F Lt 8~ B
AATE et PR gAYy 2R o e A3 SRR - BREFD
AXHOF & BB ARFEUR > At g Bty 2Ev gy

TR R K B 2 B A W hd A2 0 > o 0RO B R
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TR ERTFRZMI N FAIRESD o FUERER IR
FENELS G RERALRREFEE MEME FHESZA A 3R

ALREE % ¢ 421 L%
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;\§%§%§T¢~ﬁ%z@¢ *
Ba Zsi2 > BN RO o od TR A EEG 3825°C (%
B3 3550°C) R EH 2 ARVERTRLL 8 0 FL AT E S A OE B

(SWNTs /MWNTs ) % ScibARR @ 0 ¢ AR o> > i 8- 324

*—“r%%
d}_

HE/s ~ %A (chirality) & Tt BT 2 KT+ 22 o MERE
F AL 22 ¥ 4 LA X 4o -Flame synthesis » Thermal CVD » 2 §
ff]{rﬁzp“gé i it 240 : MPCVD > ECR-CVD » PECVD # = #f o 12 T 4-44 4%
BAAREEY a2 AR RIZE P

2.3.1 & 337§ ;£ (arc discharge synthesis)

T %27 (arc discharge) # ¥_1991 # Iljnna[h”m’él 199136125 1o gt % ok ¥
Arh Sk o d P E G TR AL B ERTETRET 0 F
PR AL S R EH # (arc evaporation) ;2 - Fig2-5 5 2 %% 7

2 ]%—][Saito—l996-3026] [Haris-1999p16] | 2| 45 1A 1

/

PB4 100~500 torr £

i

5 (He) # % » ez B 20-25

VERT B> s 50-120 A
§o P ETEAT AT DRTRAA LA R OB EE BBRFRE
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FoOMT AP €T LR ER Y RERMT A S5 < B2
Fak > Bk - fullerenes 2 B2 F F 0 TR TIE &

208 clijimaA PR * B E BT T LS

Top flange

]

Linear motion
feedthrough

Electrode Electrode
connection connection

[

il

Fig.2-5 Schematic drawing. of the ar¢.'evaporator used for producing
fullerene and carbon nanotubes. A slaglike hard deposit (A) grown
on the end of the cathode, soot (B) deposited on the walls of the

evaporator, and soot (C) grown on surfaces of the cathode.

[Saito-1996-3026] [Harris-1999-p1 6]

1993 & Iijirna[lijinn-l993603] 2 Bethune Bethune1936051 3 4 2 B EL R

2

e Afifmte » P E FerCo & Ni SR & B4 £ &2 HEpz

FoREAFM W 1~49 LT RFAEAFDEAT > BFT e

S 2 4 [Journet-19992488] [Shi-1999-1449] [Zhao-1999934] [Ando2000-847] [Hutchison-2001-761]
[

[Ando2002-1926] [Park 2002:245] [Wang- 2002-2089] 1 _ | o5 4z o w8 o 45 52 5 1E SRt o e

THRETBREGLHTHBRTIE & AFH P RE% (40 35V dc) > i
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Bae-2002-2905] , . a4 -
Az Fg KB 4e Fig. 2-6 #177 [ ]L"?,ﬁf\fﬁ

g

R e ¥ - BT
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# 3 &2 (PREP > plasma rotating electrode process) @ #.3< 7 i 4715 & 1/
5000~10000 RPM z_:i# & 7§ > ¥ 11 ¢ 7 j]g( AR D drw 4 4 g B
# oV EGEE B R A g RS PR R Jhd RAREE e T gy
FIRE BT 0 ¥ M ARy o R A K0 H b o
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A, cathode Electrical
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Fig. 2-6 Schematic view of the plasma rotating electrode process (PREP)
used for the synthesis of single-walled carbon nanotubes. Soot
grown around the cathode surfaces (indicated by arrow A), and
those on the substrate (arrow B) and the holder (arrow C) were

collected separately. 2220022905
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AR E 7 CoSO4 NiSO4 2 FeSO4 ki ® » ¥ 143 F 5§ cPE 23K A
SRR TS ELE TR TR

ey

Fig. 2-7 Schematic of water electric=are technique reaction chamber for

nanotube synthesis, 4" 200604

232 %" ?J%vﬁ &2 (arc'plasma jet synthesis)

DD T]%F? 42 (APJ, arc plasma Jet) [Ando-2000-580] [Ando-zool-llss]{gi 2

TR E MR AP E R R it § 3074 &
4o Fig. 2-8 777 » &4k * B3 Nid%-Y 1% S B KiEi S e 583
% 400-700 Torr 2. He 4 T i & ;w2 7 9% % /i dF & 50-100 A-
FAMACH SRR ESE R N 0 B 1.28~1.520m > ¥ & F

IE‘/L;R‘ I?z“:rvgo
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Fig. 2-8 A schematic diagram Qi;;IE' e“fE-_Cf-?a'c plasma jet (APJ) apparatus.
P I
[Ando-2000-580] L, e
TINAEn®
L]
furnace at_51 200 °C cooled

collector

/ graphite target
!
Nd-YAG laser

Fig. 2-9 Schematics of a laser ablation set-up. "™"P"%!
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2.3.3 & & &% (laser ablation)

@ St (laser ablation) =% A3 #7 % (laser evaporation) /% & 1

¥ b X Nd:YAG & ET[Guo-1995-49] [Qin-199765] [Rinzler-1998-29] [Puretzky2000-1 53] [Sen2000467]

[Yudasaka-ZOOO-S49]E\} 3@ z,g- ;\-‘ C02 .{Z:? ig,‘_J‘[GarmlyQOOO-16l] [Zhang-2001-2007] [Zhang-2003—224]ﬁﬁ 3"]‘

TR Z 2 FREe R H X5 > B~ Aro He' Ny 'Faﬁ%l‘;‘;ﬁ B B-E B
Pt okt érﬁf:}F,(copper finger) e 4 S b > A R B F K F © 4 Fig 2-9
SiE o BEF E E R 12000(:14‘:%@%7;6 R BB R
GRS iy WRFRGS 2 P EEHY FAve - &K 0 5 R
WE RERZ A F PR S8 A DT R A FIE o Guo PPy ek
37 11 Co/Niv Co/Pt % (4 Bl 4t + B AR 2 %> 7 R E bR ¥ Ni-
Co > Ptfg4-% & 10~100 B2 2 5 o 42 ¥ 7 3] 60~90 vol% =l kst 3
Ty ( [Rinder-1998-) 5, o s 20e ki Vb o ron 4+ oy ¥4 1~ nm
2P g RE N - R AoBE (ropes)Endh oo st AT BER K H R 2
FTIRRF o

2.3.4 ~ i %% % (solar energy evaporation)

. Journet-1999-2488] [Alvarez-2001-7] [Guillard-200222] [Laplaze2002-1621
X B g@/;[oum 1 [Alvarez- ] [Guillar 1 [Laplaze- ]l:%ii

AT 2R TR EFER AR R AP -R% (evaporation-condensation )
FA o RF AFEPHFERY B HA B

FEARER T FIP BRI AT o T RIZE T S FEF 0 2
BREE A HERABA TSk Fig 2-10 % 2KW *HiF BB 7
AE RESSB R BMEY 2 2 oM s (Y La, Ni Co, S...)
2 B & k& (Fig.2-10(a)#757 ) » i & & 2900k~3700k 2 B » 4% 7 % &b
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Fig. 2-10 Solar reactor workmg at the 2+ kW solar furnace. Inset (a), details of
the target and condensing, zone for nanotubes. Inset (b),experimental (...)
and calculated (- - -)“temperature. along the graphite pipe. Inset (c),
stream lines and temperature of gas around the target, [-®12e2021621]

FEEAE 2R "‘:iﬁsa]ﬁq« 18 (carrlergas) FEIMERRZE R
PR AFEEMA N E o - Wi T &b Dk B el
~2at% WEFMEEF LT F 0 cBRLERA (flux density) ¥ iE
1600 W/em®; 1 ¥ /& 4 4348 Journet™*"™ PP cpm 2 pg 3 1R 4 it 120
mbar (90 Torr) ¥ # CNT 2 = ;& 250 mbar (190 Torr) 3 MWNTs 2 > 3F
1 SWNTs & 4 5 B4 A& 400~600 mbar (300~450 Torr) & » &I 2 = &
(bundles) =1 SWNTs ° Alvarez " #2®1 7l g 3 64 5% 38 1% 2 fullerene &2
SWNTs 2. & 5 & W5 4092 70% > R38Rz 2 S B Z#23 F 2
A FR K X4pF 0 5 fullerene 10992 SWNTs 40~509¢ - Table 2-2 7] 4! =

7}@-, fz‘ Bl E SWNTs =2 ;‘,J Vg i+ ;? & (g/h) (Guillard-2002-22] | E@_f’ ?_,



Table 2-2 Typical process data of high temperature SWNTSs synthesis

Guillard-2002-22
methods.[ ¢ ]

Electric Pulsed Nd:YAG Continuous CO,  Solar

Process Arc laser laser Energy
Gas Ar, He Ar, He Ar, He, Ne Ar, He
Pressure™ 66 50 40-50 40-60
(hPa)

Flow rate No 0.1 1 0.03-0.3
(Lmn~ 1)

Power 24 (500 mJ) 0.25 1-2
(kW)

Flux Density — 106—=107 120 9-17
(MW/m?)

Vaporization ~ 10 0.03-0.05 ~().1 0.2-4
rate (g/h)

Ref. [8] [9] [10] [11]

*Best results

¢ GBI L2 F 574 % F (%8 e SWNTs
Ad b Fpries 1R AREIFFRL > B E PR LG §
o

CEEEREL s 2 R EF o bk Va4 o
2.3.5 #Ea & =% (flame synthesis)

w2 £ &2 (flame synthesis) [Diener20009615] [Wal-2000-7209] [Yuan-2003-1889]

[Height-2004-2295) Pan20044611 2y 22 55 v 5% fullerenes eh& & o d ¥ § 5830

Ao FAPIIANE R R AT BT 0 & XA F F 0 i

XL AL AT M B2 E A BRI AT FFTRY A ERE L

b o MEAENZEFIEC LA AT CEPVILE

~ HEEZ 5B K E 0 Flet B P EAR o Fig 2-11 #77 ¥ R F
&

(benzene, C¢Hg) 5 2t » # »>
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¥ dia.
solenoid valve Scale: feet

[— o
0 1 2 3 .
Pulse-Jet
System
Combustion ] ,H/IVentun - !
Chamberﬁmmﬂ]: 0 —| Heat

= Filter =l Exchanger

1 E

3'_:(;:1 Water- =

';_.‘ Cooled ]

i Annulus = Pressure

7 - = Controller

= Throttle Valve
HOH .g =
L ]
P | "Bumer Filter Bag
Fuel and Ball Valve
Magnetically
Oy Inlets
: Coupled

Fig. 2-11 TDA Research’s reduced-pressure combustion materials synthesis

apparatus, capable of 100 mL/min benzene flow under fullerene-forming
[Diener-2000-9615]

conditions.

g Fe Particle coagulation

|| . Sy S vl i it L S e i A
% | Fe,0,

Surface rxns ™~ Nanotube formation
Gas phase chemistry
Particle clusters
Fe(CO)4
CH, "l o

>

Nanotube webs

— r r T T =P
HAB 10 20 30 40 5 60 70 80

Fig. 2-12 Schematic interpretation of various processes present at various
HAB in the flame. The upper box gives a sense of the main process
‘zones’ and their relative sequence in the flame. The vertical gray band
at 5 mm HAB represents the luminous flame zone. [FHelght-2004-2295]
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Flezig * 7 iz (methane, CHy )~ ¢ “*(acetylene, CoH, )~ ¢ % (ethylene, CoHy)
T LR Y - F T
WRIE R TR &
BERTDTRS SR BET L EF A NRIERY > Brbplia £
U R S S
B3 fc fullerenes % & $ o Table 2-3 % Height™ 8" 0% 2%t s 1w 4 pg =

o e

Fo(AD) R FF (Ny) bR 4

j—y’iﬁ« (ferrocene ) ~ = 75 4% (nickelocene )

o

AF R DVHESEE S (sootflame) ¢ oo F

2

N

o+

D TER T 2 PREEAIN U F e S Fig2 12 Bl A 2

A SR GRS e RS 2 A b L

Sy

Table 2-3 Summary of nanotube specific flame configurations reported in the

literature [Height-2004-2295]

Author Burner configuration  Flame type Flow 1 Flow 2 Catalyst
Vander Wal et al. Diffusion Fuel low: (0L15 slm CoHy  Oxygen flow: 0 1o 11 Cobaltocene
[17] | or CyHy: 1.75 slm N, slm air {exact flow
)l not specilied in
paper
Lw!&mﬂsl paper)

Saito et al.
[12.15.18.43]

Merchan-Merchan
et al. [16]

Vander Wal el al.
[26-30]

Vander Wal ¢t al.
[31]

Vander Wal et al.
[32.33]

Diener et al. [25]

Height et al.
(present study)

Diffusion

DifTusion

Pyrolysis “flame’

(with outer annular

premix flame)

Ist stage diffusion
flame 2nd stage
premixed

Premixed

Premixed

Premixed

Fuel flow: (.93 slm CHy,

or .27 slm CoHy

Fuel fow: CH/C.H,
(flow not stated)

Reactant gas: CO/H»
CoHyH, COIC,HL/
H; + diluents

Reactant gas: CO/H:/He

(0,25 slm ea.) +exhaust
gas & ambient air

Fuel Qow: CHy; CaHy;
CaHy: CoHg: CiHg (flow
varied to give various
equiv ratios)

Fuel flow: ~3.75 slm

Cally, Gy and Gyl

Fuel flow; ~1.5 slm C-Ha,

Oxygen fMow: 74.2
slm

Oxygen low: O./N,
(Flow not stated)

Annular lame: 11.0
slm air: 1.5 slm C,H,

Annular flame: 11.0
slm air; 1.5 slm CyH»

Oxygen flow: 1.5 slm
Air

Oxygen flow:
O, + Ar (Flow not
stated)

Oxyezen flow: ~1.9
slm O + 15% Ar

Ni-Cr-Fe wire sub-
strate

None

Fe. Ni (evaporation
[27]: colloidal [28]:
metallocene [29]:
nebulizer [26,30])

Fe (iron nitrate on
filter paper)

Cobalt on stainless
steel mesh

Fe. Ni (from Ferro-
cene. Nickelocene
VipOr)

Fe (lrom Fe(CO)s
vapor)
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2.3.6 Lt # 4 {272 (thermal CVD)

it # o f27% (catalytic pyrolysis ) 7= i 5 # 1t & § 4piv 2 (thermal

CVD ) [Fonseca-1998-11] [Kong-1998-878] [Pan-1998-394-631] [Rao-1998-128] [Fan-1999-512] [Xie-199-85]
[Ago-2000-79] [Grobert-2000-175] [Lee-2000-277] [Grujicic-2002-247] [Sohn-2002-28 7] [ Yoon-2002-109]

[Orlanducei-2003-109] [Singh-2003-359] [Shin2004-81] [ Deck-2005-2608] [Liu-2005-2850] [Zhao2006-159] | g

#-7 A& F e F 8 (hydrocarbons) 4v @ CHy » CoH, » CoHy » CoHg % 22 4
fF Aot Ao Ny Hy o NHz % 0 i » 4o #12 600~1100°C 2. F Jis'p 3
P E Y AR o AL RS R o A fRA 2 PR
d fP4 & BIE R s~ AT~ T BTN K E o B o 4
Brrig* 3 ERERN - £ 45 (metallocene, 4 : ferrocene,
cobaltocene, nickelocene ) » fiszk 4% _(iron carbonyl, Fe(CO)s) % 7 # £ 1t
& 4 rip 5 (spray pyrolysss ) BEAfR £ A% ~ 7 % 5 & 11 Sokgel i -
PVD ;% - spin coating /# % % £ ff 426 4e 2 R+ o e F RITH A S
A F o Fig 2-13 3 £ 312 RIHMAGEEE T LW - B B4R
ERHEEEZ SRERANE R REBZ ERRAEE S L2
ME A E  EREES L2 MR K FESE S 24 > Table 2-4 2 Table
zs;mﬁm”mmu&%?%ﬁ@imx*ﬁﬁﬁ Tl S
S ARAE AR gt VAL RIEREF AFR 0 KA F;ﬁiaﬁﬁ

FEREE > FIM 5 B W BALR LY 22 N SRR E ek o
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Metallocene

(a) 1st Furmace 2nd Furnace Q“?'ztg t:ube)
mm
S8 Gas lines ﬁ;f;Zﬂ W/’/’/ / Outlet +
r—-l
-
////A W/WA - ;
Temperature LM- J
e Controllers Cold  Paraffin
Trap Bubbler
_ Metallocene
Mass flow 1st Furnace 2nd Furnace b
Controller ] Qua(rﬁ]t;,: )
AW AIAAAZ.
) A Ouilet
__'_1__ Y i’ 1 2 _ ?‘_‘L{ __j
Mass {1 7 - |
v || 22z vz M
|| Argon | Temperature —
Controllers Cold  Paraffin
T Trap RBubbler
58 Gas linaz
L Acetylene

(c)

I 1 S | p—
e . W/;///;//ﬁ'}i [ﬂf@rﬂﬁ

] i
Al‘gtl!l |— T cmp erature ::“_".T'.,E i

i Controller ] Cold  Paraffin

. Bublbler

Lcetylene -
v Fe{C'D%

Fig. 2-13 Pyrolysis apparatus employed for the synthesis of carbon nanotubes

by pyrolysis of mixtures of (&) metallocene + benzene (b) metallocene +
acetylene and (c) Fe(CO)3 + acetylene, ’A019%-128
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Table 2-4 Nature of the carbon nanotubes obtained by the pyrolysis of

acetylene along with different organometallic precursors

[Ra0-1998-128]

Organometallic precursor Hydrocarbon source Nature of carbon nanotubes
Tnlet Outlet
Ferrocene Acetylene Alligned MWNTs Metal encapsulated
graphite nanoparticles
Nickelocene Acetylene MWNTs SWNTs
Cobaltocene Acetylene MWNTs SWNTs
Ferrocene + Nickelocene Acetylene Aligned MWNTs SWNTs
Ferrocene + Cobaltocene Acetylene Aligned MWNTs SWNTs
Nickelocene + Cobaltocene  Acetylene MWNTs SWNTs
Fe(CO)4 Acetylene MWNTs SWNTs (bundles)

Table 2-5 Nature of nanotubes and other products obtained by the pyrolysis

of mixtures of organometalliciprecursors with hydrocarbons

[Rao-1998-128]

Precursor Hydrocarbon source Nature of carbon nanotubes and other products
Ferrocene® nil Mostly metal-filled MWNTs
acetylene Inlet: aligned nanotube bundles (MWNTs)
Outlet: metal encapsulated graphite nanoparticles
Nickelocene® nil Inlet: metal-filled MWNTs
Outlet: metal encapsulated graphite nanoparticles
acetylene Inlet: MWNTs
Outlet: SWNTs
Coblatocene(®@ nil Inlet: metal-filled MWNTs
Outlet: metal encapsulated graphite nanoparticles
acetylene Inlet: MWNTs
Outlet: SWNTs
Fe(CO)s nil metal encapsulated graphite nanoparticles
carbon Inlet: uniformed sized (1 m) spherical particles
monoxide Outlet: nanosized spherical particles
methane Inlet: interconnected spherical particles
Outlet: spherical particles
acetylene Inlet: MWNTs
Outlet: SWNTs (bundles)
benzene Inlet: rod-like structures (metallic nanorods)

Outlet: non-uniformed sized particles

(a)with benzene, only MWNT's are obtained when the quartz pyrolysis tube was of 25 mm diameter.

Experiments were not carried out with the narrower quartz tube employed with acetylene.
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237 & ffj{f#“g'% v 8 § tpiTH 2 (PECVD)

ey j‘ﬂlﬁ B4 iU B ¥ 4P ## /2 (plasma enhanced chemical vapor

deposition)’ #§ # PECVD> H RIZF & T {72 T4 T 4&F > ¥ 4c B in(dc,
direct current)! &ihowa1s:2001:5308] [ uillom-2001-573] [Merkulov-2001-2970] [Wei-2001-13%4]
(kuno-2002:341] [Merkulov-2002-80-3476] [Te0-20022011] gy ( 1f radio frequency » ¥ &

W~ 45 % 13.5 My ) Diner2002-129] Kato-2003-422] Stiraori 200431) 5 e, sy
B2 7 WA 2 %k (glory discharge) 253 ¢ JJ% cFEFTHRE
BT HERY AR 4 BB S (S D 1200~1500 °C ) Rm200127] [Cojocn-2006227] g
5B 4e (metal grid) [Yoo2002-344] (Golier2006242] . W F A RS 5 2
F W2 st Fig 2-14 % Cojocaru #7i¢ * 22 HW dc PECVD # % 7+
%2 FF A s Cobh A 485 NE - NH; % He 22 £ f &
1 iERRA4 G 2~5Torr; Al A 400~800°C - “riwff 2 sz A F 2 2%
£ 30~100 nm > & & % RS- K 2~10 ume &7 NH; & Jf:
TovnusELE AHEA G DA edhd Bz F § (MWNTs) iR/
B F RS P BIE D3 RBIHE 2 5 Ept A ok g IR0 agg
% PECVD it > N s & 3w dpl 2 8 ¥ 04wl s & 22003 £
Kato K¥020342) oy 1 pp a7 ;}ﬁ.—r . % = PECVD & 4 H B2 4 4
(SWNTs) » 5% 2441/ 4354 % + 2 2 B4EF1F - Gohier [FOMe2002%]
EHF %Y TR AES LAY (<I5min) ¥ I FREBERE K E > L

L EEES (RS SR R

PECVD d »3k & fficik £ 98 CVD ®§ & > ¢ 82 ECR-CVD - # % 5
MESE B FEIHEES 2 MPEFZ BE N E o FRY S
FHETEE > FEAGHFREIBLAZ A ELINZHEE LG

;g&% ’ lﬂtb ’

fr

- HFERELEH
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0-25V, 0-20A

GH,, C,H,+NH, + H, | I | :
( - hot filament
R, . ~
_ . g anode (Mo ¢
- i / substrate
Fy
-
EEAEEREEEESEREER—

quartz tube | _— DC 0 -1000}

cathode {(Mo) > T 0=

insulator (AIN) NIiCr heater < 80V
500 - 900 °C
yvacuum

Fig. 2-14 Schematic cross-section of the experimental HW dc PECVD

set-up. [ Cojocaru-2006-227]

2.3.8 Ak 24 @‘E'HL%;‘$ A= (MPCVD)

Bk 7 ﬂq@“ Bt (L B F 4002 (MPECVD, microwave plasma assisted

chemical vapor deposition) ¥ # = MPCVD - Fig. 2-15 & H 3K & 77 L %] »
#d 2.45GHz 2 fod g Bk g ol S0 i - P MOA L BT E R

CEEARTE/EENF YR F VY g BSothicdl e 4 1325 %

Ko Fig. 2-15(a) R ™ 28 ¢ 5 F B 11 2 BARE (tunner ) 3 E ik
2SR o AN DR Rk B R L R R ot 2
%4 B> B 2.45GHz 2 ficik T 9 % 3cm BT o Fig. 2-10(b) 200218
ASTeX % & 22 MPCVD A|3% > jicid ild £ > 280§ 5038 > (S =

MAVE S MR £ R RIRVEE R RV FTd - 2 ETIRAHK

i

RAAETET bR RIEHE F R T E T - 2

Flevpe A7 3 A2 U T AR A o & R K B
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(a) NIRIM-type MPC VD! wflex.]

Waveguide System
Quartz wandow Capacitance
manometer

— /
Ha Mm <
CH4M '“' | Plasma
_~ Substrate

-
Mo or graphite >

holder mimo platen

Thermocouple

1

SiC heater unit

To pump

(b) ASTeX-type MPCVD[Hiranatsu-zooz-lg]

Fig. 2-15 Schematic of microwave plasma chemical vapor deposition system

(a) NIRIM-type MPCVD, (b) ASTeX-type MPCVD.
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Ford oML e F T TR s S A R
BEAT UG B i B4 TE AR § IR 0 RS ST BT
AAIE R ] (<660 °C) - MPCVD & S a4 75

[ Bower-2000-830] [ Bower-2000-2767] [ Cui-2000-6072] [ Chang-2002-219] [ Chen-2002-788] [ Lin-2004-2147]

[ Wang-2004-2601] [ Chuang-2005-1911] [ Hsu-2005-140][Wang-2005-1906] N A R T

FRef M5 CH~ CHy & COy s #FfR4 #5 “Hy~No~ Ar &% NH; 5 &
4 % 10~50 Torr ; A+ /B : 0~-350V > if B chify B+ 123 2ol 4 e
P AL R ERAE R RET SELEES 0 F NS A L g

i2£ﬁﬁ§FUW§%%%%%?HQ%%’ BB R P AN e A B
(RE)E ptedh o o3 57 U S EHEER SRERLZ F 8 0 2 4 240 % 2 o
AR o BE F RRRAT ks B ok S JIE R
(spaghetti-like) A F ¥ 5 e g A BRRE 2§ # THREBET > BIFT
F £ 5% %k (aligned) Z a8 % K o Bower " upm g s
Bk 2R o BE e R T E 3100 nm/s > i F 0 F 4p
A2 (thermal CVD) e 2~3 nm/min> & E ¢ F M ¢ £ R L > £ L@
FE FARBE Mg o

2.3.9 ?_, + 3% i’%\"' 47% iL ? $ *B YY" ﬁ% = (ECR CVD)

T gk 4R (Y § § 4 ST i (electron cyclotron resonance chemical
vapor deposition ) f§ - ECR-CVD - H % ¥ 4 Fig. 2.16 #7171 » ™ 2.45GHz
ek 5 5 17 Fig. 15(b)2. ASTeX-type éﬁ-,}iﬁ Ao A ErE T A
FEaY REF BEN 2 AT R 2R A T jﬁ,fzgﬁ@agﬂ
¥ eh4e- 875G 2B d fho B A4 - 22 L3 hid T3 7
AR AR i R 0 F T E R A S B ke £ I
FAple pE o BIE BT F @ g R R SRR T A B TS TR A
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Microwave supply

Quartz dome (2.45 GHz) Magnetic coil
e . S
C 5
Gas inlet ‘,"" “-.‘

—_—

Pump
—_—

—

— —| D. C. power supply—l

Fig. 2-16 Schematic diagram,wof uthe microwave plasma ECR-CVD

[Tsai-2000-11]
system.

£ o @ 245 (lonization fraction) #& % £ 0.3~1> @ - &7 e
4 10°~10" « ECR-CVD ${/& 4 4 $10™~10" Torr » fbept i€ ok 4
ToABPOERS P RIEOFLAR/AERK > A F WA T DT

Ee s o R FA LA EERE R E A A1 R RRT R
 [Wo02003-6789] [ Woo-2003-1660] |, 4 14 o @ ;ﬁﬁiiﬁ%ﬁ Bote o @00
MEARER & SR PR 2 R REREILET T I3 4 F AR
R HF A AF 2 E - ECR-CVD %% 7 B 5 B 2> K& R
a’%@ﬁgﬁiﬁ&ﬂ’ﬁﬁﬁﬁﬁéﬁ#’%wﬁ4%a<m>m“
cm”) 2 A s fek A2 Benet 5B RS fo kb L BR Rl
+ A R TSI o Tt W AR X R A2 o4 %] (dry

Rigpe L A2 Q}I%&Efr » F £ % ECR-CVD= £ g 2 F E A
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FoSFECEEERRRTRT 6 P LEY S BB AR

4% (template) #f £5 » & B 3 @ o 1 § a4 (carbon nitride ) P01

[Liu-2002-212] R ?}%3{;’ [Bai-2000-11] | 4 2 = B E_£2001% 41 *
PAF KT PERES G (4 HEL
L AMFE R K F o R Y O £ Fe s Ni~ Co 3
#2 CoSixy WefrNi Hodk o i 2 = ez K Btk e Fm 2 K ¢~ %k
ARBCE A IR R R TR R AR 2 RUER o A 2 S R F
IR LR Bk R B S - T & 20~80 2 5K
% %«E»E‘Jﬁ’i*uﬁéﬂ?«”’%“ﬁ B gt 1~3 Mk B Bl AR PR
BZ w4 R ergrd] 0 HE TS A0 ¥ ko d T aT- A (10
tubes/cmz) R N R BT WU SR N [Lin2002-992][3-2001-p37]
Pk fie- B AR LAY RIS A YT G e T j%_[Hsu—ZOOZ-ZZS]
[Lm_2003_766]’?llﬁﬁlﬁ?$m1®’dﬁ?j\i’ E—E’H o 2 %ﬂ,ﬁ‘]l
FERAMTR 2 o NAAIRLTET UALBRAE BA-RL ¢ R
(ERJ Rl S N I N A AL A N R S EEUREE
g8 g o g RO Ao 2 4 i - B F ek TR
OEERE K et end ¢ DO g Camm s g A K g
2 B
i EHAR A S SRR RE -

\\\

Lin-2004-2147] 4 ’, o 2N . s oop ¥ o 5
UG = AR o AT TR S Ak L

2N
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2.4 BA K F BHe

HEmi K d2xid - kFE5 (graphene sheet) #d @ = 2 j%
& 0.7~10.0nm - @? ZFl ¢ > 2 &2 (aspectratio) ¥ if 10*~10°
[Saito-1998-35] L2 K ? 51‘3-31!#; 'Fi%f’ﬂ'l FBodt - aen & Farim s -
Bz K g 0 2 R EERRR N el S 7 0d B R
P LR - BT RS 4 Fig 2-17 %7 R EAE e R e 2 a0 E-
R Z A E e MlEl  d w8 Ch2 T kgt » » & ChE ¥ 2
¥ F chdhe 0 &K AR L F 9k » £ (Chiral Vector) ; » £ T B &R
26 ¢ cnghe T F 0 2R LA Z K F 0T 45 % £ (Translational Vector) e

ré’i%— Ch? A ;"I%\‘Baaﬁaé‘ﬁﬁ ff_fT;";'E“_ a % a % £ T
C, =na, +ma, =(h,m), (nms ¥, 0<|m<n|) (2-18)

PISEEN, M2 %1t 4eTable 2-65 e 2 28 2 5F B % A 5 Z /8% il
ERS R - R

) $n=m> R +EC, 3(nn) > EHF# & 4oFig. 2-17¢ 2 F1 L5
(dot-line) = m #f7% 2_ % £ 3% £ A5k > H 5 # £ 4 2)(Armchair) st
3% # > Hchiral46=30"-

i) §m=0 > A&+ &8C, 5(n0)  H KA & 4rFig. 2-177 2 Fil i
(11,0) 2% 2 & 77 dodBh sk o 43 4587 (Zigzag)Bh 3 o F
# chiral £ 0 = 0° -

ii)) H v 0m|<nérg A+ £ Ch=(m,n) > F£ 4% %A (Chiral) & % F ¥ >

HOE A200°230°2 FF o 4eFig. 2-18 #7177 » 5 = A F 2 HAl 5 HT &

B o A7 N B2 i Sz 3t B 58 BIEX 5] Table 2-71 & 4R o
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Fig. 2-17 Relation between the hexagonal carbon lattice and the chirality of
carbon nanotubes. A, the construction of a carbon nanotube from a single
graphene sheet. By rolling up the'sheet along the wrapping vector C, that
is, such that the origin (0,0) coincides with point C, a nanotube indicated
by indices (11,7) is formed. Wrapping vectors along the dotted lines lead
to tubes that are zigzag or armchair. All other wrapping angles lead to
chiral tubes whose wrapping angle is specified relative to either the
zigzag direction (0) or to the armchair direction (¢=30"-0). Dashed lines
are perpendicular to C and run in the direction of the tube axis indicated
by vector T. The solid vector H is perpendicular to the armchair
direction and specifies the direction of nearest-neighbour hexagon rows
indicated by the black dots. The angle between T and H is the chiral

angle ¢ [Wildoer-1998-59]

BEHE T Sd BRI EFd AR E Cy hn 2 m A
Satio -92-2204] [Wildoer-1998-59 e Qs v 2 e
o IR s e ke 2 A F (M) R & BT B R
MEFFMO0)An 33 BHFEG £ A Chiral R 3 H F
(mm) > g n-—m=3i - 5FEHF 2L E 5 HFW - Lr s 0eVo
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FN-—m#£3i oA K BT EMEL WSS 0.5-0.6eVe Table 2-8
AR ERE RE RS R S S S L A 1
e 2 SRR IR i RN S ) RS S F N

Table 2-6 Classification of carbon nanotubes, 51°71%835]

Type v Ch Shape of cross section
armchair 30 (n, n) cis-type o
zigzag 0 (n, 0) trans-type ..
chiral 0 < & < 30 (n, m) mixture of cis a-l-ld trans

Fig. 2-18 Hybridstructure of fullerene tubules—single-wall carbon nanotubes
with hemispherical fullerene caps. The nanotubes can be derived by
rolling the graphene sheet at various angles with respect to the hexagonal
lattice. The particular angle determines which helicity characterizes the
resulting nanotubes—armchair (b), zigzag (c), or an arbitrary chiral angle

between the two (d). (B.I. Yacobson, R.E. Smalley, Am. Sci. 85 (1997)
304), [ Bustdn2003:221)
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Table 2-7 Parameters for carbon nanotubes.

Parameters for carbon nanotubes®

[Dresselhaus-2002-2043]

Symbol Name Formula Value
a Length of unit vecter a= \u"r_’:ac_c =246 A acc=142 A
V3ol V3 1
a,. a, Unit vectors (T ;)a, (T - ;)a x. y coordinates
C, Chiral vector C,=na, +tma,=(n, m) 0=|ml=mn
Length of C, L=|C,| =aVn'+m’ +nm
d, Diameter d,=L/mw
. 3m T

# Chiral angle sin f = ————— o=14| =%

2¥n +m +nm

2n+m Vam
cos f = S tanf?=2 T

2NuT +mT 4 nm mm
. b
4 ged(n. m) N d 1f (m —m) 15 not a multiple of 34
d gcd(2n +m. 2m + n) = ,

® = R 3d 1f (n —m) 15 a multiple of 34
T Translational vector T=ta, +na,=(t. ;) gediry. 1,)=1 ®
2m+n 2n+m
h=",4 - fh=— d
R R
V3L
T Length of T T=|T|=
dp
Number of 260 + i+ )
N hexagons in the N= -
i3

nanotube unit cell

*In this table n. m are integers and d, dy. t. t, and N are mteger functions of these integers
° ged(p, m) denotes the greatest common divisor of the two integers » and m.
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Table 2-8 Quick facts about carbon nanotubes , M"¥®P!e-raotech.]

Equilibrium Structure

Average Diameter of SWNT's 1.2-1.4 nm
Distance from opposite Carbon Atoms (Line 1) 2.83A
Analogous Carbon Atom Separation (Line 2) 2456 A
Parallel Carbon Bond Separation (Line 3) 245 A
Carbon Bond Length (Line 4) 1.42 A
C-C Tight Bonding Overlap Energy ~25eV
Group Symmetry (10, 10) Cs5v
Lattice: Bundles of Ropes of Nanotubes: Triangular Lattice(2D)
Lattice Constant 17 A
Density:

(10, 10) Armchair 1.33 g/em®

(17, 0) Zigzag 1.34 g/em’

(12, 6) Chiral 1.40 g/cm’
Interlayer Spacing:

(n, n) Armchair 338A

(n, 0) Zigzag 341 A

(2n, n) Chiral 339A

Optical Properties
Fundamental Gap:
For (n, m); n-m is divisible by 3 [Metallic] 0eV
For (n, m); n-m is not divisible by 3 [Semi-Conducting] ~0.5eV
Electrical Transport

Conductance Quantization nx(12.9 kW)
Resistivity 10* W-em
Maximum Current Density 1013 A/m?
Thermal Transport

Thermal Conductivity(Room Temperature) ~ 2000 W/meK
Phonon Mean Free Path ~ 100 nm
Relaxation Time ~10-11s
Elastic Behavior

Young's Modulus (SWNT) ~1TPa
Young's Modulus (MWNT) 1.28 TPa
Maximum Tensile Strength ~30 GPa
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2.5 B 7 KB~ & B

pAERE K AT IR » BSR4 - ERAANHEF > S P
BH-EFELRRIKE P EAR L SRS ENFH > LLTPF L F
SBpEE R A T & BT B8] RS TR 2 S
LB AR R R Z N E SR FI RSN ngi%go
AT F - ZANMNE SR A F Y GRS AL R R 0 e

ERA R REFLARE SERE TR L AR S R

251 B R FERARLE A E B

%ﬁﬁ@ﬁ%@#%ﬁ%l3$ﬁﬁ@éﬁ:?%ﬁ?%(m

discharge ) ~ % 5% & i *h 5472 (arc plasma jet) ~ 7 #1142 (laser ablation )

% = M i 7% % (solar energy evaporation) e H 1 £ i @t FE T & &
R B s BHREWSEH YRR g R ERHARDTN S FEHER
E\‘J‘f%vloé\#&fm’ﬁg’;’} ’i\";’}»ﬁ’d He ~ Ar Hzﬁaa] ’%ﬁ%;/fﬁ’ﬁz/»

FrioAy g o S8 AR R R - § ¥ (fullerene) 2 Bif = % o0
SWNT #8 &t b BB ™ A2 > 00T SR Ak A2 & K 41403

2.5.1.1 M-z = £ #3% (open-end growth model)

MMaﬁiéﬁﬁﬁ¥mﬁ§ﬁﬂEMgﬁpﬁ’%ﬁﬁguﬂmﬁﬁﬂﬁ
WE S 5 4 7+ & (polyhedral graphite ) » ¥ — =3 5 p o =8> A p d =5t
PHEREBVROBEFSME P > L FRO &m?gd TR
R BRSPS F §UF - LG TR Fla R - R

Seem & E R [ljima-1992-3100] [Tijinme-1993-172] |, WA g o
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PAE AT '“Ff;v‘s\ AR B REE T Ry AR
EEFAT Y FOER SRS SRR TIARE.LEORE > D R
WEMZAF AR B o R F o

carbon
supply

Wil ﬂ

(a)

growlh direction

(b)

Fig. 2-19 A model for the open-end growth of the graphite tube. (a) The tube
end are open while growing by-dccumulating carbon atoms at tube
peripheries in the carbon arc. Once the tube is closed, there will be no
more growth on that tube but'mew shells start on the side-walls. (b)
Schematic representation of a kink-site on the tube end periphery.
Supplying two carbon atoms (O) to it, the kink advances and thus the
tube grows, but the supply of one carbon atom results in a pentagon
which transforms the tube to a cone shape.[ﬁjm'w%'m]

do Fig. 2-19(a) “f7m > § F B R AT 0 F 5 2 R A
(dangling bond )i * > g+ wfFH F a2 & c A KRB EH P
F ¥ I ~ 7% (pentagons) )% » ¢ it d -+ ~ 7% (hexagon) =
RenE BEA A o AR F AP 2/ 0 4o Fig. 2-19(b) #7575 (0) R 4e
b AR+ (Cydimer & Citrimer) ¥ £ 34z @ & g MF < £
feE R4 - BRRT R EAET AR FALMEY v whd
AR T o FREHPE TR S E S A B KPR 0
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RIEFTA A > %lr':l“i}:rﬁﬁﬁ‘; » A5 g@ﬁ_&é 7}? .

Ijima 5 7 * 5273 f2§f MWNT 03, > F#h3l 2 7 ~zger - 2%
(heptagon) ei®* > 2 FRERLE B - Rdg¥F- k2 £ d p Lok
(layer by layer growth on tube side-walls ) #iE3k » Fig. 2-20 #17 » H ¢
FOF2RoRlA S RET ARfrs RRATAERE T AT E R
PRt weld o - ARREESRE T REY > BEA Fihle s N

hoff ARG A AT A enE R SRR 2 F E o

ll ‘J (i “ll

(1)
Fig. 2-20 Evolution of carbon nanotube terminations based on the open-end
tube growth. Arrows represent passes for the evolution. Arrow heads
represent termination of the tubes and also growth directions. Open and

solid circles represent locations of pentagons and heptagons respectively.
[Tijima-1993-172]

Fig. 2-21(d) #7 % lijima 5 % L& 3]0 MWNT "B:3255 0 5 7 j3 8
Ha LA R %D - BEE>EPBF] (over-shooting growth) =ik
B FAPGEBE C S B SRERE L PR AR 0 N A4
Fias- gEd p AR EARSE > 4o Fig 2-21(a)-(b) © 2 F pFet &
REAF ¥ € 7 i @ (over-shooting ) 175 » 4v Fig 2-21(b)-(c) #7771 »
T LBl E g -
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Fig. 2-21 A possible series of micrographs demonstrating over-shooting
growth of a conical tube tipjiwhich was forged by decomposing the

micrograph of (d). Some’of the outer shells extend over their immediate

inner shells near the tip;e.g. from:(b) to (). ™17

B sy & £ CS g 4 o BAT Y U7 5 R IR oo d (64
mfﬁﬁéﬁﬁwﬁﬁp&‘*ﬁ"r » LS HTNE AETF S A ST AL ARA o d P

4o b & E R [Guo-1995-49] [Colbert-1995921] [Brikett-1997-111] [Louchev-1999-194]

[Ding20052215] AR E LR [Maiti-1997-6097] [Bernholc-1998-39] [Lair-2006447] | RFT
e R UE S S eSS EREAE N RS S R L
2.5.1.2 )& =& (root growth) #+#]

Root growth #5+#4]&_d Saito!Saie-19%4-526] B LD o K24 Fig.

2-22(a)*77F MR R S g Bk A B 0 B IEER

B—
- &k- & @?Eﬂ?—‘f”ﬁ v dofe - 3E19 5 (root) £ A1

b E
PR Bk F R A F S APk (sea urchin ke ) B o o BLE
FIRAE B d SRRV BRSO ER Pl S 195 = & (root growth)
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(b)

Fig. 2-22 (a) TEM image of bundles of single-wall tubes emitted from a
spherical nickel particle. The diffraction pattern in the inset shows that
the particle is of a fcc Ni phase. (b) Hypothetical growth of SW tubes
from a Ni particle. Initial particles are Ni-C alloy in a liquid phase. The
upper branch shows growth process of SW tubes, and the lower branch,
formation process of Ni particle covered with only graphitic layers (no
SW tubes)‘[Saito-1994-526]

45



4] - Saito F12 Ni 5 f4> F1* §98% T2 & 2 SWNT B syt m % o
T B e e

Ni fP4pk g BT T LR RG> A% 7 ATRET R Q8
Hfec Bipndd B € (27at% C) > 5 fRL4 rpr € 5 3 27 i
Moo (a) A g o ¥ asERY ol 7 £ 7 AkE o B
FEEERBRATS AR E LR e Rz KRR 4 Fig. 2-22(b)T &
2 BT HTR S (b) FA ArE g ol ¥ IR E R it for 7 B XE o
PIAdE = 17 303% > 4o A il 4 o < 47 2910 AN Rl im 2
PR FEFFELI R AG AT BEA IR aa
LI AT R EHY D HFHTE S HES N g s sl
LM R T R P T AR RN E B2 o F A 4o 0 Fig. 2-22(b)

_; ~ 2y /‘: ’ _—
b2 RE AT e

AlvareZ AV 20171 5 1 oy belbolore 02 16201, oo gy 4w 4 pp it ik &
= SWNTs pF » » % iz fadp SR VR (radial growth) P3R4 > & 32
5 SWNTs & et B &2 15 A R BB MM e B =g R 340
Bae N R PR £ > P A LR B2 R MR BN E B

& (eutectic)/E B PF » A A FH A 21k 2 £ o SWNTs ehs £ £ 7 &
7 A5 = ends it (kinetic energy of the sheet ) £2 %t ¥ >t & 3 k7 11 (the

work of adhesion with the metal particle) = JFT I wmE s o m¥ag

A
By Mo Bty oo A i & AR o g R AR o
Fig. 2-23(a),(b)~» %5 C-Ni 2 C-Y 2 T §=4p B> &7 C-Ni 2 C-Y 2 & &

B R AW 5 13265°C 2 2290 °C » Fig. 2-23(0)§F % Y Ni+ & Ni+Co+S
ZfEf 4~ & = SWNTs> &1 NitCot+S 2 ¥e B R &2 2 LR AR £ B 5

)

<~ B Z Niv Y] Flpt 2 S22 gy £ /8 NitCotS <Ni<Ye
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b) carbon-yttrium
Catalyst Yttrium Nickel Ni+Co+S
Target temperature (K) 3900 3550 3350
Eutectic temperature (K) 2563 1600 <1000
Tube diameters (nm) 1.7-19 1.35 09-1.1
Length of the tubes Short Long Short

c)

Fig. 2-23 Binary phase diagrams: (a) carbon—nickel; (b) carbon—yttrium; (c)
Measured target temperature (6100 K), eutectic temperature, diameter
and length of SWNTs as a function of the carbon—catalyst mixture used

laze-2002-1621
as target. - ]
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Yttrium Nickel
Température
A

c. ¢y ’* 3900 K —

— 3550 K

2563 K —

Température
eutectique C/ Y

Température
eutectique G/ Ni

— 1600 K

Fig. 2-24 Schematic diagram of the proposed growth mechanisms for SWNTs
produced with solar furnace, [F®!@e2®21621]
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Fig. 2-24 v B]2)45 it SWNT 225 & 238 & 2 fR 42 B 1% > fR 4%
oAt E R A S HE ARG Moo Gavilt ¥ 3 K
[Gavillet2001275504] [Gavillet-2002-1649] ‘Nr# Ni—Y W !ﬁ_] ) 3 ;r: /é,_ A SWNTSs °
FRY 7 EOHF 7 EEBERSHEZA S 0 B PR EAR
Saito ™M 51w g sk v e g 2 A F T - B (VLS
vapor-liquid-solid ) = & #°3% > 26 ¥ T § * >2 8 - 2 SWNT % = § 2
SWNTs - “A7 fEEIERt &£ 2 3] 4o 2-25 #77 > B0 & £ %
Fleh I N - HBEA LG BB ok & BT 0 b @] 2-25(a)
T 0 e IR AURE YRR & %\LJ\ AEAATLERFERATRED S
ERIR A P B R Sl iR R R F WA FHINE E

B EBARCL B blde D O <O50mm B & BB fER € R o b

o

FrifAR e o d SRR R MR @ d ¢ 1T (segregation) I}k
B AP AR S % (transformation) /T 4R T FEL
A AR B BF AR (Fig2:25(b)) 2225 B BBt 2 o # o0
% 2 BE(Fig. 2-25(c)) « #1478 4t 30 5 Hh 2% BB cnZpds 4+ (1938
3B pF o> F]E i 7 48 € (dynamic instability) 4 7 € 222 2 K F o
FEZHIE AL RS IPEIN BT Ak - AT AT RUR S
B2 W Ew g s NPT ATER R S e 0 E > FRABF SRR
FIFESER > A2 F ¥ ¢ i £ & (Fig. 2-25(d))- Fig. 2-25(e) R &_
SIS F A F R IR R S MR R o @ A 2 HAR B R A
SR S KA IR WP T S P % NAYAG F bpE o B3 ¢
se e Rl B4 ehR F] o Fig, 2-25()R) 24 & w39E &) SWNTs 3 & » - &
g3 oh R R A LR~ PR 0 T T LR L R4 K
ﬁﬁﬁﬁiﬁﬁﬁo&@%&é@%ﬁﬁﬁ&%@%ﬁﬂsﬁ§i£%
i o Gavillet 2t & PR P B A BRI Sl 2 45 1(1)
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B 2 B *2( carbon solubility limit ) (2 ) ik 47 i & (segregation velocity )
AR end g /AT Ec (3) 20 R4 TR B dp M BRI
(wetting properties ) > (4) Eff&3ft 4 o I RE A o 975 B S HID

B i A Lehp RAEEET B

Fig. 2-25 Scenario derived from the V—L-S. model for the nucleation and
growth of SWNT ropes. 1 He:2002:16%9)

2.5.1.3 H-i&-F (Solid-liquid-solid) = & 1

Gorbunov! OO P B lhaus o g s g o L 2 A E R 2 AL
BEBER DSl BRBIEEERBAERE UL i > 1% F
BB A & & SWNT B > %53 B R K20 800 °C & 8 * o4t £ & B A
P 3o SWNT 2 2 o SWNT 5% A F F Alp vk M3 2 LB R @
2 fullerene £ ff 4538 £ > & 1200 °C @ % > R T o4& L

L= Y

SWNT[GOIbunov-2002-1 13] [Scott-2001-573] l}‘] 2o % ‘I ¥ 7 E}\I]j‘:«'\' SWNT & &

R TR R N AN A o ¥ b SR L R e SWNT
SEGEY DAY RRG > A FAhBe 45 1 (1) § & BRL ]
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10nm 2T o EG A B R R oA @ B3 REE MO (2) A2 1803 A (ideal

solution) ¥ > Y3 BEeE M A REFH AT R L5 o 0 L

2
AT = RT, (2-19)

He AH, 573f8% 2 Co-C & 4> £9=05> 38 T, ® 12 iE 700 °C

iz %% > Gorbunov #% 11 Solid-liquid-solid = & % #|45 i 4o

OB R ~ 2 TARLR S R #izfrair ek + (Fig.
2-26a); R+ A5 £ &% (Fig. 2-26b) - H few T (73 i 4e foeh g
B-miif A5 0 a2 AR B E AR B EY Y TR ST

& F#4 (buckling) (F1g 2 260) ;7 2 A58 SWNT «h= 8 (Fig.
2-26d) 5 i~ H 7 4 e M&‘(?,;E*ijéﬁﬁg & £ (Fig. 2-26¢) -

d e

amorphous
carbon

Fig. 2-26 The proposed solid—liquid—solid mechanism of SWNT nucleation
and growth by dissolution—precipitation of amorphous carbon condensed
at early stages of the reaction. Ellipses symbolize the overlapping
metal-carbon electron orbitals, (Y2021 1]
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252 BT WIS FPLH L A2 A KB

MR E IR e S N2 B FAARE B L N E

F A w&&*ﬂmq%ﬁu'“ﬁhwﬁ#’ij%‘Tﬁdﬁﬂﬁ
i fR R 4 7 P48 (carbon species ) 0 £ A fF 4 BL T
4 g o Catalytic pyrolysis/thermal CVD -~ flame synthesis ~ PECVD ~

=

%

MPCVD %2 ECR-CVD % = 2352 o B ag > F v 4|2 S 8e £ 8 B~

BA S TH RS T RE S RIS E s A

4 25 A mfAEgde - SWNT ~ MWNT ~ bamboo NT - aligned array... % >

PERgEEAENE FE S REE SR t&#’?ﬂ 104 BF SR
ST

H¥ B A S P Ao
2521 Bakerﬁ.l\ééq & E ﬁﬁﬁ.‘fl] [Baker-1972-51][Baker-1989-315]

Baker ™17 o g S B PRI B AT -7 (VLS) 2 & & 5%
LB L 2 & E 4] o 4o Fig 2-27(b) » Baker o LB F| Ni % Fli~ # 5
L5k (flocculent deposit) > F1m 335 A = £ 4R 2 & 4% > (2 A fs
% ﬁ?ﬁ;‘i#'J[Baker_l989_3ls]g jg_ﬁbﬁ,%g-]xl/f o F¢h o fo o B TE 2R Y4k
5 )2 a4 A5 (pear-shaped ) > kiwimfi-tbmh = £ FAY 28 o
i i ehpt g (flament) S £ 4415 2 BHF: ¥ - HBJIAL L P
REEBAEIRA G AR RRFRF RS o ¥ B IRR
F R R A SRR Y AL SRS A T g s
(86 chT - 45 075 AR gk 2 KB T BRI B R A (Fig
2-27(c)) = B R TP PRATE F R TR S R PR 0 TG R D
P E AR o F AT R e R RE- H R E R R
BB EAANEERE- Hac oo ¥ZH 0 AT FIHHE B

F_‘k
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FeA BB R K (skin) o f&-P < ®B 2 WMIFA S LA P w88 (Fig.
227(d)) e F o H I 8 RS LfPEE G A fEE SRR T R
ARPRL Y - 5 hd FRE L FP T g SR S L E B RF] (4o
FREE v ) 8 S A G T R E A JRRLE Rehd o R0 o R
RIERBREROPICEST B E TE c AR ARE AL F o BIESE
KB £ FRR o RS EEA o (leading face) - KA W= > ¢
445 2 E 8L (Fig 2-27(c)) °

FLOCCULENT
AMORPHOUS
CARBON
() Fov
SUPPORT SUPPORT

{xi

Fig. 2-27 Stage in the growth of filaments,>**?7>>1]

2.5.2.2 Oberlin s g = £ 4 [Oberlin-1976-335]

Oberlin shi 41385 1 BE 1* & 470 % b & BAAGITRA 6 BiC
’&_ﬁ%ﬁﬁ—ﬁﬁg*imj’%—ﬁﬁél}ﬁ; ’ iﬂj;\,&z“ﬂﬁjﬁ}}i% o fét‘g‘ﬁ?ﬁ’\i " @,;}';vg
G2 R DR & R S R BE S TR R &
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(lateral growth) o gk eiip] e = & € & 2 — B4 § R 43pke b B4
SR A B S AR F A e gAY PR )
AFEXRF CRFIvREME DTG o BB 5 HE4 0k o B
PE oo £ Bk o (] 2-28) o

Bt 542 Baker 8 4& <~ 7 e &_> Baker 3 i AALS d AP IRRE SR
FoE A7 TR AR T B PP SRRt T - 3R> T2 Oberlin 3% 5 B E_G
FRSSE A2 o T4 0 FACHT D 0 FILRE IS € 3 e &R 5k
Foo @B EE R A O R EE R T o Baker #4121 B 2 o ¥ LR T

A RS HRIT 0 FIPARR S 91 F o
Carbon

Jwﬂpfr a
N

Substrate

Fig. 2-28 Schematic illustration of fiber growth through catalytic
offect [Oberin1976:335)

2.52.3 -] [ty (yarmulke) 3P 9%6471]

L5 Dai £ Aol R e CO W SR F S
Mo jf 4 fI* B2z 2 SHEZ K P #F R Ay F 970 5”“,5'5'71151,
BI- ARG EAEH 1~Snm 2R ARG L - 50 FIRRG aaE T
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ALK e | R o a0 Hoeb g Aol A BE F S S ) 0 A
yarmulke 4] o iz B 4] chgF d F d 3355 F] 7B K 0y -yarmulke >

yarmulke ##]7 1 j#;& Iijima *73% J! 5 open-end = & 54 > g G ¥
SRS R 0 ¢ A2 dangling bond ® i & R AL o BRI AR R

B 5’-3%'?‘* F 3 't (chemisorbed) » 5d # & R F et > o @ € BCE R

bl

o B 2-29 7 & 1 yarmulke % # # o £ on @O0 gy
BAER 3 10 nm % A5 SWNT » 10~50 nm ¢ 253 MWNT - j 44 4
AR 3e BRERADFERZ AL LHT? DL ALARFT
BB W4 T R ESE AR A% & £ SWNT o

Cp Hm

lMH;]
C (v}

— *h‘\._..

® ~1nm ~10=~50nm
0
% Graphite (ayer

l /Gmphitt layer

SWNT MWNT Metal-filled Qnion

A\

Fig. 2-29 Schematic representation the dependence of carbon nanostructure
obtained by hydrocarbon pyrolysis on the size of the metal
. [Rao-2001-78]
nanoparticles.
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2.5.2.4 % &4 (bamboo-like) & % F ¢ = & #8541

GERE F LR g SRS B DR R
4o Fig. 2-30(c) 2 (D#77F » & MUEAK S 3 Spdr fRurifer & =72 ¢ 0 JEHRE TR
EXFAATHRY ) N& NH 3 AP sh g S em g ¢ 85 17 g
GOERBLE F B T AR T ’J‘ o © ECR.CVDLin-2003-12-1851]
LWL 0 2 a4 N g ﬁ—f Axna Rz E o BIEAEE
BB E B E v b Ap B e 1]§J< » 2 A Tijima 7 7 382 & & e MWNT #7k

Nu

GGt FI AR IR E X FEDF A /ARRY o e r N s > £ F

4R ERRE > L B m*io
':f

i

—_—

st

M

a (b) (c) (d)

AN

Fig. 2-30 Five morphologies of carbon filaments:(a)-(b) carbon fiber/filament,
(c) bamboo-like CNT, (d) MWNT, (¢) SWNT bundle, (f) TEM
image of bamboo-like CNT, [Lit-2005-2850] [lung-2001-150]

“ :‘;ﬂ;]”tﬁgi'?id"{ﬁgﬁhj/ﬁfﬂ'] 2 4 -’F 71;3,1, }§J€L119992745][C1]120006072]

[Lee-2000-3397] [Lee-2000-554] [Lee-2000-560] [Jung-2001-150] [Wang2001-1533] [Jourdain-200227]

[Yuan-2003-1889] [Chen-2004455] [Juang-2004-1203] [Juang2004-2140] [Wang-2004-13-1287] [51 -2004p9-20]

&t E g Li e 0TS o Figl 231 & R > B & E B AzAeT
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Fig. 2-31 Successive stages of the forming process of bamboo-like carbon
nanotubes: (a) an iron particle was located on graphite substrate, (b)
carbon atoms resulted from decomposition of acetylene deposited
first at the contact regionibetween the iron particle and the substrate,
(c) a complete hemissphete,like carbon coat has formed, (d) a
hemi-sphere-like carbon coat has.been raised up by extrusion mode
(see the text), () an mcomplete hemi-sphere-like carbon coat with
has formed, (f) a catbon nanotube with many hemi-sphere-like
carbon diaphragms has:formed. As the forming of the tube,

grap[Lhilt9'1§9i121§7 5(])f the carbon nanotube was gradually undergoing
(97"

FIABHI(a) bhim A3 B g 0 (b) AL E F A8 Al 4
R A OFE L A R o ()RR F B FRERR R T SR AT L AR
R G X EBHTR S L Bk 0 (d) BT A ST A 12

AR SPREC P I R AR AR RARE o @ F T G AR e g g St TR
FR o FPLE e LR R SEE XU SRR
F AR o AR IS A MR F S R PR R B € Y - B4R
AR T AEFE L D o (e) ok R+ AR TE IR B i T &
M@ FAPE S RG> 2 2T IR L de Sk T 5o
g 5o Rl g A= 2 et o (f) § 5 BAFJE - 8507 = 30
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FAEL I AEER PRAE A E 0 (g) T- 25 FFRERE W
RSP R B RS LR ERAE N o ABHIF ER S
ARG F e R - B e Y - g T
B B LA fREA G T PR A e LA A

‘%fr:” B %ﬁﬁ'ﬁ‘ %,EIL o |11]}AEJ;&! fl%_ﬁ_iﬁ-’}?ﬂ!?&ﬂ]‘&%ﬂhé@

2.5.2.5 % » ¥+ (aligned/ oriented) s % 3k £ 14

PR LR AN T FAMIRE N FEAME LS ZERTAR
- BB JEd S - Bl T OIE R R TR A LA S
WA B A AR T AR A0 THRE AN 2 FT HWEE o8
RFIpw st P e BRANE AR A BT AR 2 R ABLR

A
Zlﬁi

\\\?{r

B E 5 A FR A R B d %::ngA BB A H R

5 [Bower2000-830] [Chowalla-2001-5308] [Merhatlow-200.-2970] [Srivastava-2001-201] [Jang-2003-305]
[Kumar-2003-2075] [Yang-2003-1482] [Dittmer-2004-595] fEiti-2004-125] [Merchan-2004-599] [Shiratori-2004-31]

[Blazek-2005-291] [Chung-2005-xxx] [Kaneko-2006-259] § (N)ehics [Lin-2003-1851] [Juang-2004-1203]

A S A 'frz\ﬁfﬁfifﬁiﬁﬂifgﬁi’d*“#ﬂfé?}%wﬁ JECRIR R

Bt PR e
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2. 6 R E H BEHEL A e 2

AEFBF AL TR 20 2 REEF- GHE AR

2.6.1 ¥ T 3 B4 (scanning electron microscope, SEM )
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2.6.2 5 # ;N7 3 A (transmission electron microscope,
TEM) 2 3 f347 & 5 &3V % = B s (high resolution

TEM, HRTEM)

TEM f1% +* SEM { $ +ci@ TRANTF & K 7 Skl &> d »
TEM e S frfEdr R R4 (9 2-3 nm) > “710 % * KA 47l pied 4
FRF T RSB AT RIT 8 - FETD KM B - HRTEM f#45
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i3 WGE 2 35 ARRFZ AT APRHTRE F S
Flil X T F A g A SRR A 2 HAARE 2 Sl e
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Fig. 2-32 Image sequence of a growing carbon nanofibre extracted from
movie N1. Images a-h illustrate the elongation/contraction process.
Drawings are included to guide the eye in locating the positions of
mono-atomic Ni step edges at the C—Ni interface. The images are
acquired in situ with CHs:H,= 1:1 at a total pressure of 2.1 mbar

with the sample heated to, 536 °C. All images are obtained with a
rate of 2 frames s™ Scale bar, 5fun, Helvee2004420]

AR A TEM 32 5 Bl (FRZE R A g wede 1 9 B - LT AT
B B 100 nm 2T R 3 KA 7 SaBE o A K F R P R H 3F
P R RRRGREG R P LR 3 F PRI IR 2 IR AL 1
E A RTRRT 1-2mine vOF F o B0 0 BRI S 2 re S

PrRskT 2 BB B RICRTR A - LRBAE F SHHEAT G 4 P

T,F'To

FFRE 32 in-situ TEM R ¥ B %2 4p4 ONT = & 42 Fig.
2-32 % HelvegHeVee2 0t 40hayn pusrw vodaags TEM 81> ¥ ONT # &
LA B R AV ERZ L RE T

2.6.3 /i + # Bgpcsx (atomic force microscopy » AFM )

AFM [www.nanocenter.]{d STM )% B A 2 — Bll’ll’llg . -i E‘] Q 1 %E;J‘ g?/{
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# Quate~ 2 IBM #h Gerber F 3 E ey 1 B &8 8 & ¥ 5 2501 STM eh
TR fEdrae 4 o 2 X T EHF il Table 2-9 = SEM, TEM, STM
5 AFM z_ it i o

Table 2-9 Some characteristics of SEM, TEM, STM and AFM.

SEM TEM STM AFM
EOEE snm 0.5nm RFif 2~10nm
HErEETE 10nm N/A 0.01nm 0.1nm
BAEE | 10~10° | 3x10~10 | 5x10~10° | 5X10~10°
A &EEE 1mm 0.1mm 0.1mm 0.1mm
ARIRIR HZ2 Rz AR R
R AREEAE IS S s i i

Source: www.nanagcenter.nchu.edu.tw/afm/afm 1.html

AFM R I 8 | * FE o 2 Sk o i B e v 4
hiTiw AR A ey ARSI AR AR 0 A6 B RS
Fom g Azt o B A STM 4 i > R4 B3 I o & ik 5
TRID RS B agicds it 4 4 {7 - AFM el iTH558 & 5 0 £7F 5% (contact
mode) > #£4% ¥ 3% (non-contact mode) % # # ;% (tapping mode) = & o : - # f
DR T  FEAERTLA G BT 4§ R F R T4 (repulsive
force) o o 3R R4 HEEME Y ATR 0 AT EFIN AFM iR E » B3R
TR e T AR ST R G iR AR Fr 4 YR 107
~1070 2 A g R £ R A R ey
EREREDEFTRE > TUERRFF DEF S T ELER o 2L
* G Fenk il 4 — 3 4 (Van der waals force ) ki& i » % it 4

$EEEHE R T AT Bl 0 B0 T P 3 AT RO BRI BE AR o 2
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Bff 8 AFM - 48 3 50nm hf47 &k > A A B 2 ¢ T @I RS B
fRdr R o e ESNEF B RFIZ G0 RARNE T R gk o
PR THG FAUFH Az e dRde o L H AR o
fEE - R o FE AR Ao R S A B B - oo AR
Nt d NP N REBAESAG > TN R ARS S 5T 10nmA &
B EO BRAREFARL > RARREOW IS SR BRES
P XS o d R IREDPT BRA DS T 0 F
FrEta Vo ZAE 0 A JHREER & R E T ¢ @ DIBUR -

K Ed WEAMZHEFS TG TN X AFMEFESEE T K
v R R (2~10nm) $ALZ X F A 3+ 3 39 0 Flet - By v i
H&m 2 fPESFH 2 7 oFig. 2-33 T 5 41% AFM 4 47 2 K 3k 2

~ R I/),?IJ[Kuo-2003-799] .

2.6.4 2 4 & e (magnetic force micraescopy © MFM)

MFM H_#- AFM 47 &4 %05 5 BNt p i &5, Bl 7 0 7 102 3738
PEE G AR T ER B REY LB R A T e B 1 TR
AFM 27 00,5 A1 % BPgE & @ P 46 (T8 - IFR o 5 A HFRH >

HRLB LGV I 7 AL HEEREAMIM A RS BRERB K

R R BEREY AT D BRSPS RYR Y R e G
EREEE E ol SR Al r= Y e BTN LIS N P S MR A o LR s
B 5 - Bi R PEATS I hiv 4 L gHa- SpkA, R g o

KBTI A RIR S F R P Ben B AL TS A 2 - AL
WD chE B A R R o - S MFM # R R o ERAIR A0
Pt 254 BRGURARER S FLA A RINBFER > T

AFM #h 6 2} i (510 e F]5 MFM 18 3] eh 8o = ieh 8 1 2, 7]
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PR P RS FIER, T R A E R P ey B P e T
% F 4 R g Co/Cr 45,7 55 400 Oe, % 1 7‘“7& B
R G h 2 BTk R 45 Ao B B4R -(NiFe), 42 " B 1445 4-(Fe/SiO,) - MFM
Plho % o8 mE R 2 FiriE Lot O MR FRHEBEY G A
TR AR R TR RS @S Wi Fig 233 S 417
AFM 2 MFM ik 2 4T 2 K32 B g4 & 6 2 5™ bl

[Kuo-2003-799] _

0 ~ 500nm 0 500nm o 100 200 300 400nm

Z: Height 50 nm  Z: Phase 5.0 de

0]

" . T T T
0 2um0 2 um 0 05 1.0 1.5 um
Z Helght 200nm Z Phase 5.0 de

(i)

..“nuf\ o
VW

1.0 2.0 3.0 4.0um

Z: Height 200 nm  Z: Phase 10.0 de

Fig. 2-33 AFM image, MFM image and the corresponding MFM line scan
profile for different catalyst-assisted CNTs or nano-particles,
respectively:(a,b,c) Fe; (d,e,f) Fe—Pt; (gh,i) Co—Pt. [Kvo-2005-755]

2.6.5 & & % 5 & & (vibration sample magnetometer » VSM)

VSM J 72 5 #- (% R385 ARREST VSM Rl 2 R i@ 3 5 3
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TREAMY LR o d R TS R o R YRR T e
# B8] (detection coils) i € & 2 F 1 0 F = BRIAREP} THELEET F
Lo Plidte t AE - RERP(HGRETTE M ¢ ) EFRFERIE
TP - Adrds > ¥ A% S E(referencecoils) F B RE- R 0 T LR
PlRAAEE 2L BN AL DR BAL  RERALEEFRR SRR
Wbt e Flptded seRE R A 0V BRI s £ R 2T F
M H A frE it B s BN AE - feREN R (BFY R)EBENE
Fig. 2-34 % &£ 3] VSM B|& CNTs "BfzZ 23k AT 72 &3 A&

Ha B e or @ B e g g K020

— 0.02
-
=
= 001
=
=
S 0.00 —
IS
S —— H perpendicular to
o -0.01 : substrate
a0 | - - - - Hparallel to
= e substrate
= -0.02
-10 -5 0 9 10

Magnetic field, H (kOe)

Fig. 2-34 Two typical hysteresis loops of the Nd,Fe;4B-assisted CNTs in both
vertical and horizontal directions to the substrate surface, ©"2°%7?]

2.6.6 % $78+sk 3 ik ( Raman spectroscopy )

PEATH R RAIZEL > § MR AWM B T o A2

4

WP Y g > F A ER R B LR gk
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e L5 5 2 478+ (Rayleight scattering ) » % 5 25 pife - @ (718
A SER T I BRI B TS a2 O SE AR A ull O T
(Raman scattering) » 2 7 $7 846 A4F J 1L xS L Ap SR A B LS B

s 7 & (stokes line) » FTHf K AR Jrb o~ BT S F s A ARG F AT
s & 4 (anti-stokes line)o £ & $xof o g AL + ¢ L BHENT F A F Y
A FHER o A3 EFE LR PR F DT Fd 2 =8
FAEAPIE KA T AT T R BEECEREL G RS
Moo Kbk AR g2 o Bk S i & L AL S 28 4% (Raman shift) » 4430
- HEY A RAEFehrsb kg 4 i § KRNI B e L
Ee#E- il Fipt B IAEAF T ATRS 2 E& L E LG

P REFF R g S T EX OE 5145 nm %k > FILHEF
LA B TS Sk 0 R SR Rl Ve SRR e S i U R o
Hig o ARG OIS f RS A VR S FrER o e g B
AT e o FIS R BRIET G- ) B RREATHET R0 B ARG

RiER R AT LK F

- H B E PR kG = BEY A - SRV RS EO
(tangential stretching mode * Ez) " *73} G-band mode > £ & =#
I 7~1590 cm' > # = 5 D band mode(~1350 cm” » Aw) » k p 5] & 5
Y 2 E538H 7% %= B 5w fi(radial breath mode » Ai)
~ FLRBM o IR At % (100-300cm ' )2 B BEF 455 B o 30 5 EERLE
23 ki Flo BB 2 B EiZa) = B ale o SR de il 0 47
rh— i E @ RBM % e st o Tuinstra ™™™V 4§ Rl H & 7 & IR
= FchH % 7 2 ¥ & D-band 38§ H &% 7 & IR FAF o D-band ® B
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he MNIRGELE S Flpt T A [/t B R HET L &Y & blde [o/Dh o
WEAL AT REITRAAFTEREE TS o P RET LR
le/Dert B 8- RB* pl g S F ¥ o Fig. 2-35 5 - L 3k
F§ 42 % RBM S % o8 S fe20 850 11 2§ G-band 5 & % 2] & SWNT
5 = o, [Wang:2005-1906] |
“~ 1=
/1
I
G band
=
=
RBM
-
-
—:'E. D band
g n
=
(c)
_F——f"ék"'—‘ e e (b)
_.-—-"'JK‘M v ) —
| 1 | fﬂflr’ 1 | L | L | L | .
200 400 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Fig. 2-35 Raman spectra of the deposited carbon nanostructures on silicon
wafers under the same AION buffer and catalyst thickness of 5 nm.
(a) CH,/H, ratio, 5/50 sccm/scecm; substrate temperature, 610 °C, (b)
CH,/Haratio, 5/50 sccm/scem; substrate temperature, 580 °C, and (c)
CH,/H, ratio, 5/100 sccm/sccm; substrate temperature, 610 °C.

[Wang-2005-1906]
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2.6.7 = =3+ F¥ &k (secondary ion mass spectroscopy °
SIMS) [:#-1998-8]

= A A 2RI G R (<30 keV) el L F F A
oA AR BRI A B R(<I%SPRS AR

B+ E 8+ A58 0 50 %W~ B3 R 2 - S (primary ion) 0 B4

P RS A P3SF WH2Z 5 Z 4 (secondary ion) 0 I * FE A4 E
AR I Eﬁ’?ﬁ’i‘—?}{}?b“ E(m/e) » j&m H|ErE P Lo ~F B > gt

ﬂi.—

= 3+ B ¥ &k(secondary ion mass spectrometry, SIMS):h1 i® R
od 4] GACR BB DT E LT RRPIA AT S FF o010 SIMS a9
teiR1E*A¥ i ppm -ppb FRIP > &5 £ A ITRLEHFE A 6 SHE ~ &
£ o kb2 b s SIMS F 4wF niREL @A) T BRI 2 2 B inE (2

=f

BTG R GURMR - Q) BRI F - (41 A i 4 o

AR EREAGZERARE D ZESEF S 20 WL RO ER
BE o R MR EE MDA MBS L F NG 0 [%eh
$- Rt SIMS A7 PFEALRAEE S 45 0 Bl SIMS A AL B R
SIMS 4 #7(static SIMS) ; #8283+ A £2 T B R > BREE R F|a 3

T ", /-

bv o BAEPERFPN SSIMS FREAAEY A S Fl- 2 MF R IERS
e F e gt L # Ak SIMS 4 45 (dynamic SIMS) > o >4 i# 5 ol o

BT IDg R FPF FOE BIEE B R P B i SIMS A 49

B R LD 2 G ATR) 2 SUE A 1P 4 17 (depth profiling) © F] & g E A 41 2

EF URPBPRES P NEX AR ERT RS ERDEFES T AFY

1L SIMS 567+ A 473 28y C~2 aff8 2 BP officim 5 -
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2.6.8 3% & |-V £ F £ ] (field emission I-V measurement)

Thermionic Emission Fisid Emission (Fowler-Nordhsim aquation)
el o 7 = {8 8 41 () exp( ~Br(2om) " 8 0(y) 1 BheB)
h]

1= App” exp(~B g/ V) (Practical form)

P&

o o . i e
1n), wifh; FH elliptic
Metal '..I:l-'acuun'fl_,-'\\ ]
' S p . E
o0 TR ey
Ly
g— Y te——Py EBx

Tunneling
Didanc e

Fig. 2-36 Potential-energy diagrams of thermionic emission and field

< [ www.plamica. |
emission.

Brricgt S 4] > 4o Fig, 2-36 & B et el s g g g7 o 4

T + % 5 (thermionic emission.) a + 3 {44 o F-F SR IT I F B

GO - BEA AR THN R AL B A G g

Yl

M—

ies il o REFFIrLz Ae T - BEDERR L

T

& =
i
N

CivF (Fermi level) *iTen® + o v 49 5o PR av Fm widpdt bl £ &

B

-~

>/
Yt

% o AR % WA ehE F F ook (quantum tunneling effect) o 3+
FEE I R I 4% 32154 (cold cathode) @ Flpt # ¥ g 1 »c i 0§
4 . 1928 # Fowler f Noedheim! ™' **'Plypar 4 g = 5 7 5 dete At
T HFTITRELEH A G EFFAY 2% D Fowler-Nordheim = #%5% 4 71
4T o

=YV
Bo (2-20)

J(F)= AF? exp
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eF

3 7
H o _ . e _ , Ei 2m ’ _ 4re,
. lL6mnot (v, )] ° 36( j W)+ v ¢

n)=1afeF=BV & »(2-20);8 ¢ » H ¥ o & 5 »cd 8o f 0 AT H
H 5 F|+ (field enhancement factor) e 2 R+ T 'm za T+ HTE * 775
F9 i ¥ #(0.662x10-s) » ¢ 5 # Fdk > v(y,) 5 Nordheim elliptic

function > ¥ :

|=aV’ exp(_vbj (2-21)

Nlud
A=

aAB? exp{ B(1.44 x 107 )} 09589
1.1¢ - B

A=154x10"° > B= 6.87x10"

d = A+ —“l'ﬁ dr ;L;-%;';;@'ié,j-i oL 0 BRIk 4y ";F:@J\ T 4), %,-3;;&%—);;&;&4-@

2R Sl Moo 4 (2.21) AP BRET A0 50

| 1
IH(WJ =lna- b(vj (2-22)

LIV 2 VB 7 28 - U3 S fEsF-Nplot > o pt 7 (% %

LM F B S ik dh 0 5 8 F-NIZ % 5 SH a0 E In(1/V) & 1/ViER)

A2 F-Nplot#-5 — & 4k (2 o pt ek > d (2-22) ;872 % {FF-N ploteal

Bd(P3/2
B

(2-23)
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¥ B SR s Solice SopF o ¥ 4 £ p] F-N plot ch4&L % (S) 0 ki
BiE-F PpEARAF Mg LT HARS ARG { < #EFYL

T R RT AT RIS -

GHE ST A BT ERA LR A B - ST
¥-58 & (turn on field strength) B, @ T & 5 € 24 10 pVLA/cm2 BB T
RRPFZRHFER > H - 5T F5% A (threshold field strength) Ey, @ 2
3% A4 10 mAem’ 2 ZHBFHTIRDREEZ DA o o0 B LS
AE KL e A R R SR 0 BEIR G B iﬁm{é&T K
A o R T RATL R F e B S o bR TR -
BRARBET F e FRA PR/ 2 RAL RS RS T VN
A2 VA - BHREEEPIOE] TR R RIR IR R LR

- LS B R R AR Tk PR R R TR ke
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¢ R & BB K BT R R E e
%ﬁi%*
2.7.1 By B

BT R miEs 2 F En(d w1000 £ ) B BT A

[E—

820
& Oersted ** i AW F BB Tl th> 2552 FEPE 1 RTF
ﬁﬁ‘ﬁﬁﬁﬁﬂéﬁﬁﬁwﬂé E2 B (6 < 1820~1900) Table 2-10

A L BE S E - BE R E RSyl o2WI2007], e g g s g
e11% & FFHP > Weiss ~ Bohr ~ Heisenbger ~ Pauli ~ Dirac ~ Landau % & Jﬁ e

WREFLFRRP R S P RERRLRE THREF R AL
FELEFEAFRE - 1% T3 p % (spin electronics ) RILr 2 § & &~

i (multilayer thin film devices)H v B > % B B B e b4t 2 MRAM

( magneto-resistive randomiaccess memory )= =~ £ & kI 45 & 5 £ ep
WAE2 — oTable2-11 #77)h uBFwm* 332 ¥ 1 v L 4 32 N4
B R [Coey-20012107] _

Table 2-10 The seven ages of magnetism.[©>%!217]

Age Time Key names Driver Achievements Materials Applications /devices
Ancient — 1000-1500  Shen Kua State Force field, Iron, South-pointer.
Petrus induced magnetism, Lodestone  compass
Peregrinus thermoremanence
Early 1500-1820  Gilbert Navy Earth's field Iron, Dip circle,
Descartes Lodestone  Horseshoe magnet

D. Bernoulli

Electromagnetic 18201900 Oersted, Ampére, Industry Electromagnetic Electrical Motors, generators,
Faraday, (infrastructure)  induction, steels telegraph, wireless,
Maxwell, Hertz Maxwell's magnetic recording

equations

Understanding 1900-1935  Weiss, Bohr, Academy Spin, Exchange Alnico
Heisenberg, interactions
Pauli. Dirac,
Landau

High frequency 1935-1960  Bloch, Pound, Military Microwaves, EPR,  Ferrites Radar, television,
Purcell FMR. NMR MRI

Applications 1960-1995 Industry New materials Nd-Fe-B, Consumer

(consumers) miniaturisation of Sm-Co electronics

magnetic circuits

Spin Electronics 1995— ... Industry Thin film devices Multilayers  High density
(consumers) magnetic recording,
MRAM ...
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Table 2-11 Practically useful magnetic materia

| [Coey-2001-2107]

Material Type Form

Silicon-Iron Soft Sheet

(Ni, Zn) and (Mn, Zn) ferrite  Soft Sintered

Metallic glasses Soft Melt spun
ribbons

Ni-Fe, Fe-Co Soft Thin film

Co-Cr Semihard Thin film

Co:yFe, 04 Semihard Powder

CrO, Semihard Powder

Alnico Hard Cast, sintered

Sm-Co Hard Sintered

Nd,Fe 4B Hard Sintered, bonded

(Sr/Ba)Fe;, 044 Hard Sintered, bonded

Bhiedd e % E d F &% Poulsen @ gk B 40P, 199
EA42F B FAcR 2. F 212 (GMR, giant magneto-resistive ) f /B Ep 2. F
Hor s i BeSR R PR BAT A w iosk e R (areal density)
12 60%2_ 4 & & 5 5 5 4o 3 he Rig. 2-37 %7770 F) 2000 £ = £ 3] 14Gbit/in’
2 ’J( zg[Menon-l999-965] » B = 71\_1 ;&éﬁ’:fﬁ % )i é-_ 100 Gblt/ll’l2 :LJ‘?[f;tr -2005-1] ,

g—;,:@: gaéﬁ,‘r—r ;‘:‘?? }i? ,“/l jg EIJ 230 Gbit/inz [Andreyev-ZOOS—ll] °

108

= . . o

—Areal Density of Magnetic HDD e

B and DRAM 10 Gbits/in2 ..~ .
o~ 104 E Travelstar 6GT = d”,
= — 60 % COR uirastar 18XPq0 o000
E 103 E Ultrastar 2XP =
. e Ultrastar XP 256 M
s - Sses Gaw
= 102 - 3380K 15 M
g - 25% CGR  ¥90E =
g 10 E _‘1M g =
o — -
a 3
© B /40 % CGR @
E 1W0=Ew

102 L | | 1 |
1970 1980 1990 2000 2010
Year
25% = 2X per 3yrs.
=== 40 2 Ed Grochowski
===5= 0 1.5 IBM Almaden Research Center

[Speliotis-1999-29]
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Fig. 2-37 The areal density advancements of magnetic HDD and DRAM



2.7.2 Bhiokr R AT RAE

gEEs

EH

L5 S0
LA:d

+— > -ll--I-Xﬂ-

/
EEE

Fig. 2-38 Longitudinal and perpendlcular magnetic recording principles.
[ Andreyev-2005-11]

P g se i d SLa R LR }\—'foz s 5% 5 4 oFig. 2-38 ¢ = ]
A b A kSR @Y s e R 2w s
TEa R e AR R S B EEE IR o P B ekl 2 4
FRES A 0 He 0 4 & 2000-3000 Oe 2 = B0 — g ceggeie 20

AR 2% % 2P A B ER (write head) 2 BH-%2 B2 R - ok~
ke ER o Haps L L =~ & & (bitlength) - T {73 #> w (7
BAER S v ) EEHL =2 TR (bit width) - % 5 £ 3 RS
oo AT R E R EAANE Bz 92 F # (tracking) a4 o

Hol i §EERB R o B R A E o 4o Fig 2-39 %75% 0§ g ed R A
d 0.1 Gbit/in® # +x ¥| 100 Gbit/in® FF » % - bit 2. & w1t (Aspect ratio)

#-d 20% 2 4T E - bit2Z £ REF AR MBI 100 um x 0.5 um " 3 0.3 um
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x 0.075 pm o f % R T R T e E-F 4 7 48 24 (thermal
instability ) # FA2 "8 &1 (superparamagnetic limit) @ @ & feupe 72+ 2
e B HF L F 6B R At Mbitin® B0 F - mAers § s

& 107 2§50 1 7 433 (media noise ) $fie it it 2 B3 B ¥ -
WAgzem i & § < if % (bitedge) 2 i =% (bit position)2. # 2P|
M3 R Sk R (granularity ) Fl & Arid S o Ra 0§ w bR R R B T

Length/ Width Aspect ratio
100 Mb/in?
(48 kbpi x 2100 tpi)
10.0 pn 0.5 pum 20
o6 BT ===
(150 kbpi x 8600 tpi)
3.0 pnv/ 0.2 pm 15
i | =
(400 kbpi x 25 kipi) 6.8 s W ™
40 Gbfin? — -
(800 kbpi x S0 ktpi) 0.4 o/ 0,05 pm 3
100 Gbfin? -— -
(1,000 kbpi x 100 ktpi) 0.3 po/ 0.075 pm 4

Fig. 2-39 Change in bit dimensions with increasing areal density. The bit

N

RS

aspect ratio decreases by a factor of five with an increase in areal density
from 0.1 to 100 Gb/in2, Menon-1999-965]

EAFGF ARG B AR RP T

™

FRRE Y it SR

TN At RALH A G R AR PR 0 R

N

=F

g o B2 Mgk (raggedness) i = 2o gEREfR A R (AR

BB 2 B A R A B G DA o fRA2 i T R R R Bt
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AR RN > ) B MR R e 7 48 2 (thermal
instability ) = fi4z "§ £ 1&*2 (superparamagnetic limit) 2. F* 4% o * 12T h
PP R AR 2 QB RIR e T
Fdo & % |2 (magnetic anisotropy ) = iZ i ir ¥ X - g R
fhe Fru] b R R o BB MBS 2 - B S - H
w0 PR HR L BERE S e MR F IR S e o
PARE L2 R 2B e P D RERLE BT A A 2 R R
B PRER-HEREED T P2 E o B AE ehx [ F A T dr

T

AE=K,V (2-24)

Nlud

4 K, % 2 » ¥ # (anisotropy constant )
V AREMIERZ WA

Frams R (TR Y BKABPATR 2 MA V L)) T AR
#civ (thermal excitation) 7@ @ &2 B % 2 B w F f o ptd Fgit
AARBEF E2Z AT £ FILT N A

f=fpe * (2-25)
HP fo=sc# it i o X (the number assaults the magnetization that
makes on the barrier) > — 4% 100s" » @ {7 AR A2 A
2 g RAE BRI 2 AR EF B S 5 &M % o FR IR
PR S t it 00T 44T

M(t)=M(0)e " (2-26)
B¢ v 3R IRk i end & (lifetime of the state) > &% f% 7 FF A (decay
time) o U BI3ER 2 B AR K AR A ip|Hch 2o

1= Uf =1/(fe (2-27)
— AR L B osRdi R 2 B AE/KT 5 %3 50 - #- AE/KT = 50
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2 fo=100s"®Ax (1) > 7@
f=10"¢c *=1.97x10 "*s"" (2-28)
& 1=1/f =507x10"s=1.73x10" year (2-29)
PEAERELITL Bl o e o B e S § A 4

d

>
~my

z

fB SR D R ken 25968 0 HAH A S R dfken- Lo plE R
w8 R R 2R R Ao T

T/ Ty = e2P0 0 — o5, T, = 6725’51: 69.2 s
dOp i E VR AR R BT B R e A RTE S
A

SD

domain

* % N\ MD
o |Unstable ' Stable é " SPM: superparamagnetic
T «q—r:
g | SPM ? SD: single domain
=z |
o I
§ | PSD: pseudo-single
l
|
|

MD: multi domain

Particle diameter d —p

I I l Maghnetite
0.03 0.08 20 pm

I | | He matite
0.03 15 ?

Fig. 2-40 Relationships between coercivity and grain size. [www.irm.]

FEF P IR 2 ¥ - 3V E MRS SRt FEBARES o Hoo g it
ABF KPP, Fig. 2-40 5 Skt 1% 2 Ho Fitnhf BB - Bl°P RV
A S EE ok (MD, multi domain grain) o ¥ 2 % &4 (SD, single

domain grain) & %> R4F3 o SR KA PRA T F SR BT BT
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% (domain-wall motion) @ % 4 » F|}* He & ¥ #&] » @ H He frei &
<o PR R AT S

H.=a+b/d (2-30)
¢ a'frbéﬁ::@:’déaaaﬂkii}i/@.

Nlud

HRE® LT E2NER ] (AEBEF T AR )
PUIR > e L K ﬁ%ﬁ”%é B4 (spin rotation) %k % = o d Fig. 2-40
P ar- BIRA Rt 0do P RIEE MDA SD A < 3R> o & SD ¢
AV imk 5% T % (stable) fo# % 2% (unstable) ! A% 2% p Ho 4 &
ol m st o B RN e T Aoy

H.=g—h/d’"? (2-31)
He gfrh 5 ¥ d s dpfe® /e
B ETHTHER ] P BTRE S o dy TR PR 2
He Ui 453730 F > il E 2w fr & %)% £k s (thermal
excitation effect) A;= - fap & 43 BH > EREHAA HH 5 0> L5
$ ARG o FlP TER HA ) ITRE T TR AR
(superparamagnetism ) Fik o i KB s DR ~ B B TR
im0 FEBERE LT AT AN A e do 2 B AT do iR
H#® ] adWTREAIRERTE ¥AREF o P kT REER
%&&um&Wﬁié’—&m;Hm&WmpﬁﬁW@ﬁmomP%
v Rl g o S HRE L HERRA AR 0 d0 A5 Co
70 nm ~ Fe: 14 nm ~ Fe;O0y4: 128 nm ~ y-Fe;O5 : 166 nm = 72 Co % 4| H =
(70 nm) & ECR-CVD = & 2. CNT g2 Co ﬁ%ﬁ}'—%fﬁn‘:.% #1(30~80 nm)
T Bor A R PRARIFIRT IR E 2 EislEl o
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L3 A A S & 1976 TS, Iwasaki #0422
° Fig. 2-38 & 2 B3 #fx1 3 # & %R 25 E R
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Table 2-12 Complementary relationship between perpendicular recording and

longitudinal recording. [

Tanaka-2005-468]

Perpendicular

Longitudinal

Head
Medium

Thermal stability
Wrile

Read

A0, Hy—0

Single pole-type

Perp. anisotropy

(Uni-axial)

Thick d

High M,. High H,

High squareness

With solt underlayer

Good at high density

Medium in write flux path
Efficient writing
High-frequency writing
Wide temperature range
Relaxed spacing

Sharp transition

Narrow erase band

High TPI servo writing
High output

High SNR

Good tracking servo

Relaxed head sensitivity
Narrow reading

A0, Hy—4n

Dipole (Ring)-type
Longi. anisotropy

(2D random)

Thin d

Low M., High H,

Low squareness
Recording layer only
Good at low density
Medium outside of path

Narrow spacing required

Low output

High head sensitivity required
Wide reading
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