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Fig.4-1 SEM top view morphologies of the Ni(Ni acetate)-assisted carbon nanostructures
under different deposition times by ECR-CVD: (a)0 min ,(b)5 min, (c)10 min,
(d)15 min, ()20 min, (f)30 min and (g)-(h) 60 min deposition times, respectively
(corresponding Spe. No. Al to A7, respectively).

97



Fig. 4-2 SEM top view morphologies of the Co(Co sulfate)-assisted carbon nanostructures
under different deposition times by ECR-CVD: (a)0 min ,(b)5 min, (c)10 min,
(d)25 min, ()20 min, (f)30 min and (g)-(h) 60 min deposition times, respectively
(corresponding Spe. No. B1 to B7, respectively).
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Fig. 4-3 SEM top view morphologies of the Co(Co nitrate)-assisted carbon nanostructures
under different deposition times by ECR-CVD: (a)0 min ,(b)5 min, (c)10 min,
(d)15 min, ()20 min, (f)30 min and (g)-(h) 60 min deposition times, respectively
(corresponding Spe. No. C1 to C7, respectively).
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Fig. 4-4 SEM morphologies of Co-assisted carbon nanostructures and without using
catalyst grown seaweed-like carbon nano-sheets by ECR-CVD: (a) Co, 20min,
CNTs and carbon nano-sheets co-exist, (b) Co, 30 min, some rattan-like CNTs;
(c)-(d) Co, 60min, a part of rattan-like CNT, , (e)-(f) Si wafer without catalyst,
60min, seaweed-like carbon nano-sheets, respectively( corresponding Spe. No.
C5to C7 and F3, respectively).
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Fig. 4-5 Effect of substrate bias and deposition times on SEM morphologies of Ni-assisted
carbon nanostructures by ECR-CVD: (a)-(b) -100V, 5min, (c)-(d) -100V, 10min,
(e)-(f) -100V, 20min, (g)-(h) -150V, 30min. (left column: top view, right column:
cross section view) ( corresponding Spe. No. N1 to N3 and N9, respectively).

105



Fig. 4-6 Effect of substrate bias and deposition times on SEM morphologies of Co-assisted
carbon nanostructures by ECR-CVD: (a)-(b) -100V, 5min, (c)-(d) -100V, 10min,
(e)-(f) -100V, 20min, (g)-(h) -150V, 30min. (left column: top view, right column:
cross section view) ( corresponding Spe. No. N5 to N7 and N 10, respectively).
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Fig. 4-7 Effects of deposition time and substrate bias on length of the CNTs by ECR-CVD
and using CH4/CO2 as source gases (Spec. No. N1 to N10).
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Fig. 4-8 SEM top view morphologies of the Fe(Fe nitrate)-assisted carbon nanostructures
under different deposition times by ECR-CVD: (a)0 min ,(b)5 min, (c)10 min,
(d)25 min, ()20 min, (f)30 min and (g)-(h) 60 min deposition times, respectively
(corresponding Spe. No. D1 to D7, respectively).
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Fig. 4-9 SEM top view morphologies of the Cu(Cu nitrate)-assisted carbon nanostructures
under different deposition times by ECR-CVD: (a)0 min, (b)10 min, (c)20 min,
and (d)-(e)60 min deposition times, respectively (corresponding Spe. No. E1 to E4,
respectively).
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Fig. 4-10 SEM top view morphologies of carbon nanostructures without using catalyst
under different depaosition times by ECR-CVD: (a) 0 min, (b) 15 min and (c) 60
min deposition times, respectively (corresponding Spe. No. F1 to F3,
respectively).
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Fig. 4-11 SEM top view morphoIQgifféé"(')’f t-hIe
e | :-|— i)

under different substrate bias by ECR:CVD: (a)-(b) 0 V and (c)-(d) -50 V as
deposited, respectively :(cfbrr(?sgghﬁihg Spe. No. G1 to G2, respectively).
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Fig. 4-12 SEM morphologies of different catalyst assisted carbon nanostructures under
-200V substrate bias by ECR-CVD: (a)-(b) Fe(Fe nitrate) and (c)-(d) Co(100nm)
((@),(b)&(d) side view, (c) top view, respectively) (corresponding Spe. No. H1
and H2, respectively) .
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Fig. 4-13 SEM morphologies (tilt 45°) of the Ni-assisted carbon nanostructures by
ECR-CVD under different catalyst gpplication methods: (a) spin coated Ni
acetate, (b)PVD coated Ni, and (c)higher magnification of (b), respectively
(corresponding Spe. No. 11 to 12, respectively).
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Fig. 4-14 Typical SEM morphologies of Co-assisted carbon nanostructures under lower
substrate temperatures (485~503 °C) by ECR-CVD: (a) top view and (b) side
view, respectively (corresponding Spe. No. J1).
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Fig. 4-15 Effect of CH4/H, ratio on SEM morphologies of Co-assisted carbon
nanostructures by ECR-CVD: (a)-(b)20/2, (c)-(d) 11/11 and (e)-(f)2/20
sccm/scem, respectively ((a), (c) and (e) are top views; (b), (d) and (f) are the
corresponding side views )( corresponding Spe. No. K1 to K3, respectively).
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Fig. 4-16 Effect of C,H,/H, ratio and catalyst metals on SEM morphologies of carbon
nanostructures by ECR-CVD: (a)-(b)Co, 5/15, (c)-(d)Co, 10/10 and (e)-(f)Ni,
10/10 sccm/scem, respectively ((a)&(c)are top views; (b), (d), (e) and (f) are
side views) ( corresponding Spe. No. L1 to L3, respectively).
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4.6 2% (Cll) F ¥R Z K S & L

o (CoHy) ¥~ a8 A4 2 C, = B4 (dimer) § f1»t253 7
& & F AL 2t thermal CVD 2 s @ e e * 22 MPCVD 2 ECR-CVD
o R r et g rEaY PRI S - BRI 2w TR
FHREERZ CHHy vt i) » > 2 E Y S LM% o

Fig. 4-16(2)-(b) = r+ Co(10 nm)f§4 > -100 V #% /& % C,Hy/H,=5/15
sccm/scem 5T £ 30min (Table3-1 3% L1) 2255 - ¥ W%
PIFERERFARERT PRTE AN FFIERD R o EE L2
% L3 p) 4 w5 Co(20 nm)% Ni(20 nm)fg&- > 12-500 V & 2 CyH,/H,
=10/10 sccm/scem +* &) = & 20 min  Fig. 4-16(e) E_&-iT A 4= 21 T {5 B
Aok T &K S dp g4y ood _Fig. 4-16(d) 12 Fig. 4-16(f)2 RIARLEI Y > =
- B EE g PIRRA R BB 0 4 K 2 sURICNT S
Pro o % B A - BRI a2 Fig. 4-16(C) R ¥ 1R T
RASHAEI DT R BRI R AT A RER
BoARAT R (AH 3w ) 28 F48F % o d 28 2% ¥ F R CH,
& ECR-CVD thsk BT » & 72 3§ & % kiwfi CNTs o

B G0 A H R R R s ONT 7 F o AT 0tk 2

4.7 = §F 5 (C0:) F WA 2 8 B3 £ e

% COp f Wz pen AAFZHHd Aofaidd 2 § TR BiTfiE

2P R EF R e 2 AL 0 93 R RE 2 CNTs -4 Fig. 4-17
#7570 & 0 Ni(10nm) 4k -100V 2. A 44 BT > CHy/CO, v )
A w] 5 20/2 > 11/11 5 2/20 scemiscem ¢ = ECR-CVD ¢ it 20 min #7%
$l2. CNTs 255 (Table 3-1 3% M1-M2 2 M3) - Fig. 4-17(a)#7 7% &

121



ber 2 scom CO, ff #8574 £ 2 CNTS » Bim 2 KA 2 8 4 3,0 2

& > Fig. 4-17(b)&8+ CNTS & & ¥ 2 um £ % CO, " #(# % > CNTs 3

ﬁi@fg‘l‘ K§ ) —E}i,; /)é"l) o

1

Fig. 4-17 Effect of CH4/CO, ratio on SEM morphologies of Ni-assisted carbon
nanostructures by ECR-CVD: (a)-(b)2/20, (c)-(d) 11/11 and (e)-(f)2/20
sccm/scem, respectively ((@) and (c)are top views; (b), (d), (e) and (f) are side
views) ( corresponding Spe. No. M1to M3, respectively).
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Fig. 4-18 HRTEM micrograph of CN'T'[atticelimagé'around Coc
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atalyst (Spec. No. C7).
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d)  (e) (f) (9)

Fig. 4-19 Typical TEM micrographs for Co-assisted CNTs by ECR-CVD under different
source gas composition and deposition time: (a)-(c) CH4 20sccm, 30min, (d)-(f)
CH4/N, 20/2 sccm/sccm, 20min, (g) CH4/H, 11/11 sccm/sccm, 20min
( corresponding Spe. No. C6, M5 and K1, respectively).
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Fig. 4-20 TEM micrographs of Ni-assisted CNTs by ECR-CVD under different source gas
composition and deposition time :(a) CH4 20sccm, 30min, (b) CH4/ N, 18/2
sccm/scem, 15min ( corresponding Spe. No. A6 and M4, respectively).
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Fig. 4-21 TEM micrographs of Ni-assisted CNTs by ECR-CVD under different source gas
composition and deposition time: (a)-(c) CH4; 20sccm, 15min, (d) CH4/CO,
20/2scecm, 20min, (e) CH4/N, 18/2 sccm/scecm, 15min, (f) CH4/NH3 12/2scem,
30min ( corresponding Spe. No. A4, M1, M4 and 12, respectively).
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& #73# (Raman spectra) 4~ 474 & CNTS Sz ~ 47/ 1 B
Je ALz R o i CNTs 4 7/ D-line (~1350 cm’ PER L
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(spec. C4) - Fe (spec. DA)fg 42 & f45(F2)2 Sidh ¥ » & CH T KT m
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2" order D-line 2 G’-line A %] 4 ++ 1349-1354 cm™ » 2694-2702 cm™ z
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1585-1603 cm™ % 2942-2946 cmitee % Si #+= £ 2 carbon nano-sheets
0 G-line 2 D-line +* Cos Ni#F8 & 2 “MWNTs $ #3 hit #ic - 1935

Cooper[Cooper -200093] «

F A2 FAp o CNTs ¢ eh3k g 4 (tensile stress )
¢ i8¢ Raman #7 3 2 ¢ iz BT M feen= v G4 o 0 Lrk F CNTS 2

% & &+t carbon nano-sheets 7 K" 3k &4 - F]i carbon nano-sheets
FALL AKE S R TR R L o A CNTs - Sgtini S5
B m A Fpt iR b B ST o b o SWNTs U EHF & A
WA A gt AR AT E G L BPRTERES > T
Raman #7322 % & =% ¢ MWNTs A { ®Mt#> » #h#H » & Cooper
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Fig. 4-22 Raman spectra of the Co and Ni catalytic grown CNTSs, the Fe catalytic grown
nano-sheets, and the carbon nano-sheets grown on Si substrate without
catalyst gpplication, respectively (deposition time 15 min, 20 sccm CHy)
(corresponding Spe. No. C3;A8,:D3 and F2, respectively).
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Fig. 4-23 Field emission 1-V curves of the Co and Ni catalytic grown CNTs, the Fe
catalytic grown nano-sheets, and the carbon nano-sheets grown on Si substrate
without catalyst gpplication, respectively (deposition time 15 min, 20 sccm CHy,)
(corresponding Spe. No. C3, A3, D3 and F2, respectively).
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4RI 2 1V S s WAGRERaE 2 7F ¢ (as-deposited) & & € 7
* 7 fE T2 CNTs & H & jofide s FIt A~ P RIA 2 B I 2 2T - 5 &
Beyp2 FETV G 0 BT B S PR R B T 2 RIEE kR
B0 PR % e Fig. 4-23 #75% o B¢ Ar Co f4# et & £E2 CNTs &
FEREZEFHER CHEE S FHINCRETHRZZRET ZRIF
B > Fpt >32mAlem’® 2 Bl & - kT A o
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BRI ST A Mo ot - Stz e fE A R
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Ni (1.1 V/pm) < Co (3.0 V/um) < Si( & 8 4%) (4.6 V/ipm) = Fe (4.6 V/um) o
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L Co 2 Niff4hs £ 2 CNTs > 4o Table 4-1 ¢ 77 & f6 % F %4
Motz Bin @ 3 s e g s T2 B fdeT 1 Co 2 Ni et
£ 2 VACNTs ehg /o~ # £ 2 # 8% & 4 % 5 Co(30~80 nm, 1.8~2.5um,
29~32 Gtubes/in®)% Ni(30~60 nm, 2.1~2.7um, 36~39 Gtubes/in’) - j* & 7 &
% BB hE jE (aspect ratio ) #-E F o F 2 FHoeis v F]3F (field
enhancement factor > ) B & 5 if § chp BB AR > 70 W E KO 0T

i oo (screening effect) » #-5 U3¢ Hagd S -

ARy P NI ff4-+ & 2. CNTs 2 #»z3s iv F]3 (field enhancement
factor » B) %15 Co % & 2. CNTs » iz Faag s 7 & & 1 Co ff 4=
£ 2. CNTs i > faiplgza F 7= £ 2 CNTs g #cip & 5 B o Ni ff4~ &
2. CNTs ¢ #ich & B > 428 CNTsUfh 2 T S oo e » & @ 2 1%
T 2B B o TPt o i iR i 2 - e % 7 "% M CNTs 2.«
s F oot G BB REAY L &2 f¥co itz Co fiu
& £ ¢hCNTs» 2.7.6 V/um = ¥ £ 32 mAlem’ 522 T 355 & Eyy, (threshold
field strength) % 6.6 V/um -

Table 4-1 Features of the typical catalyst-assisted carbon nanostructures by

ECR-CVD.
Tube | Tube Tube no. i
Spec. ) . . Micrographs
. Catalyst [ Dia. length density* M ormphologies )
design. 5 figure no.
(nm) (um) (Gtubes/in®)
Ab Ni 30-60 | 2.0-2.7 36-39 CNTs 4-1(e)
C5 Co 30-80 | 1.8-2.5 29-32 CNTs 4-3(e)
Petal-like carbon
D5 Fe - - - nanostructures 4-8(e)
E3 Cu - - - carbon nano-sheets 4-9(c)
F2 N/A - - - carbon nano-sheets 4-10(b)

Pretreatment conditions: H, 10sccm, M.W. 800 W, 10 min.
Deposition conditions: CH, 20 sccm, M.W. 800 W power, -100V bias.
* Gtubes/in® = 10° tubes/in®
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CNTs = 4§ i 753 oNi ff 4+ £ 2 CNTs ++ Co f 4+ £ % 2 2f * 12

W HcdF s - 5. 400°C % m P AE T > 2 & 600°C > 30 min > — HAE R 2
Fioomz SEMB YT 24 A9 33 L5542 7§ thv P00

Co f 4= £ 2. CNTs ## @t § i 2 o F]-daipldr H § L4 5 FI 45270

BRTA A 2 p% 3 M (dr Fig.d-19(a)-(C) ) > iz =B AP € 5

B2k n 3 VR Y B D A nA 2 TR o

Fig. 4-24 SEM morphologies of the Co-assisted CNTs after oxidation resistance
experiments under different temperatures and durations: (a) as deposited, (b)
300 °C, 30min, (c) 400°C, 30min, (d) 400 °C, 60min, () 500 °C, 30min, (f) 600
°C, 30min, heat-treated in atmosphere. (Spe. No. B5)
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Fig. 4-25 SEM micrographs of the pretreated catalyst surfaces for different catalyst
materials and pretreatment conditions by MPCVD: (a) Co, H, 100 sccm, (b) Co,
H,/N,, 90/10 sccm/scem, (c) Co, NH3, 100 sccm, (d) Ni, H, 100 sccm, (e) Ni,
H,/N,, 90/10 sccm/scem, and (f) Ni , NH3, 100 sccm, the corresponding insets
are at the higher magnifications(corresponding Spe. No. Pl to P6,
respectively).

BASERE S § hg B FO Y 2 180k § § £ GED Tabl
3-3)efrih AR § 4 ki 7 FRALT AJD > Fig. 4-25 5 5B ST 15 2
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Fig. 4-26 SIM S depth profiles of the metal foil substrates (Fe, Co and Ni foils) after wiping
off the catalyst-assisted CNTs deposited under two different atmospheres (CH4/H,
= 10/100 sccm/sccm, or CH4/N, = 10/100 sccm/sccm): (a) Fe foil, CH4/H,, (b) Fe
foil, CH4/N,, (c) Co foil, CH4/H,, (d) Co foil, CH4/N,, (e) Nifoil, CHs/H,, (f) Ni
foil, CH4/N, (corresponding Spe. No. Q1 to Q6, respectively).
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- 5 -TT K
Fig. 4-27 TEM micrographs of th%ﬁ%&?& \'T's deposited by ECR-CVD or MPCVD
under different gas compositions: (@)1 '%‘T-Ll , (b) Co, CH4/N,, (c) Co, CH4/N,, (d)
Co catalyst, CH4/N,, (e) CoSiy , CH4/N; (corresponding Spe. No. A6, M5, R1, R2
and R3, respectively).
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Fig.4-28 Typical SEM micrographs, Q@'ﬁ%@?ﬁslsted CNTs deposited by ECR-CVD, the

“&-\1-.1",?
tubes were pressing downfe;;r bslﬁﬂanm Tﬁyenlently (Spe. No. M5)
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T pa p g e e

o i —
e .'il'l Jmi'!f-" " W .
R -“Wnl& AL

Fig.4-29 Typically bamboo-like CNTs grown by MPCVD (Spe. No. R1).
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1

"= 1 80pm

Fig.4-30 SEM morphology of the nedr parallel seaweed-like carbon nano-sheets

vertically -oriented nanostructures gn Sl wafer deposﬂed under the guided metal foil
[=-2002- p104] i : 0 £35 '

@ion o electron = :ion moving directions

Fig.4-31 Electric field guided near-horizontally CNTs formation mechanism.
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U-shaped
covering plate

Fig.4-32 Metal foil guided horizontally grown CNTs by ECR-CVD:(a), (b) and (c) were
the SEM morphologies taken from the edge shown in the sample arrangement
schematic (d) by the arrow indicated.(Spe. No. M6).
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Fig.4-33 Maetal foil guided horizontally grown CNTs by ECR-CVD: (a), (b) and (c) were
the SEM morphologies taken from the edge shown in the sample arrangement
schematic (d) by the arrow indicated.(Spe. No. M6).
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Fig.4-34 Metal foil guided horizontally grown CNTs by ECR-CVD: (a), (b) and (c) were
the SEM morphologies taken from the edge shown in the sample arrangement
schematic (d) by the arrow indicated. Where (c) was under the corner of metal cap
as indicated “C” position (Spe. No. M6).
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Fig. 4-35 The Bamboo-like CNTs growth model and some typical TEM micrographs of
metal-encapsulated CNTs. The growth model is: (a) nano-sized catalyst particle
nucleated, (b) carbon precipitated and tube wall formed, (c)tube growth and
graphite layer formed on the inner surface of catalyst particle, (d)-(e)more graphite
layers formed and catalyst particle elongated along tube axis, (f) catalyst particle
depart from graphite layers due to its cohesive force, (g) repeat (c) to (f) became a
bamboo-like CNTs. (h)-(i) hollow CNTs(Spe. R4), (j)-(k) bamboo-like CNTs(Spe.
R2), (1) split catalyst CNTs (Spe. R2), (m)-(n)ECR-CVD grown CNTs( Spe. M5 &
AB, respectively).
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