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1 FFi : he-.SWCNTs 2 AW EEAIERE FHIFBEB O ESR
1.1 HARIZBITDZx/LX—{4&E)mh & KA

BREE R ECE IR ATE DS TN D T CATEKIEDHERF - [ B3RO b AL D HESITIB W TUIAETRIZ N D
TRAVX—ZHHT 2 ENEETH L. RFEEEER TRV —TNOLRITEINL =L F—IZH
TOERBEZZHT DL, AAROZ VX —{HE DK 40 B8 - BIHIEH ShTwb Z &b
N5 1. =X —{HEER ORGH 25 TR O AART 3L F—RFNIEFT N HRE ST D =) )b
F—HEDO 2011 FEORNREZE LTS L, B - RIAMIER SN =R —DN, Z ORI
FRIHICHE STV D LIRS [2]. (Figure 1.1) ZAUIEICA 7 4 AOBBICHEH S TS L
DTH%H. TDOIHOHKRIZET DR —{HEZHIET 57201213, B0 % =50 F — 2 HI
THZENHEELRD, ZABNHEBRERE ) L2 0, KERIC K DBREHRORE L WD AT LD
LHDO0, WA 72 EDBF3IE X A 4— R(LED: Light Emission Diode)~0D & & # 2 23 EE <41, #H LW

PERMEEZ BB LT 5.

151 X 10°
kWh

Figure 1.1: Annual energy consumption for lighting in Japan [2].
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DMER TS D ODIFFRUXNTHRE LT\ 5. 207D BBl ORNhRITH IS EE KD S Tn
%. HLED & HANOLER S 72 % [t LED FR O BELGH 5 62513 260 — 300 Im W 238 LR & &Sh [7],
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Figure 1.2: Luminous efficiency of lamps [3, 4, 5, 6].

* Luminous efficiency of only phosphor with single and cascade excitation.



1.2 FEIEhR L deik

F I THAEZE X LED BHOERO D> THLENAEZDOLODOFRNBEICERT D, FBHEL
I, ERICERA SN D =X F—IZH L TRHONL O EEZRLIZEDTHD. ZONDOH L ST
ANEOEH ORIEIZEAF L, ORI L T—E LT bR, ZOORINE L IXAMOKTR
BIEE 2. 22 CROVYHBRIEE L L OMBRFIIEEL B 2 5. ZHUIH N SN o EHEA
SN FREF LV BEFOREDLTRENLG LD THDH. ZOIMBETZRIZL, KFIZ LED 05
&, JEED HLhE, WEEFE, v ) 7 IEAZDEORE L TR IND. LR TIE= R rF—
AR TEWER VT =52 FT DHREZMENEINZ 5 Z LI X >, e+ U 7 IEAED
] & T A — RZRhEEIC £ D 1 &8 2 2 N =N B S 4L, dORR ORI 8K T 300 Im
W'Ehb b Tna [5, 6] 2L LED RIHOHGRE IR L REL ETH 5. HEEOHEF L L
T, Oto et allTHOEIR L L TR —F v o TR & 5 8B E N2 Y — RV IRy
. A(CL: Cathodoluminescence)lZ - T, %4 MR LED LV & "M KE RAMTEFIRNEOND Z &
ZHEL TS [8,9]. ZHUIZE > THT0245 pA OASEFRIZE LT 100 mW 22 DA D 235
BNTWVD. 2O X TENEEZ DR RIS TEZ RV F — 2Rz OO d 2 2 &2
ARETHIIL, LED &V bENTFHNNR L AT 20ENELND Z ENTFHRENDS. 1A T Oto et al.
DIEET 28 TR LF — THE) AT R ESMRFE R F 215D Z E N TEIUL, ZOREEBE~DHMIHIATAT
Fo THERBEMRICHENT 22 L7 E, ZNE TORMREFWBIZITKET 7RSI LED) T

WESEHL L 220 LUMIEZY FE & CL OfAGDOREICL - TAESND Z EN TSNS,

1.3 EHREFHHEE LTOTF ) —RAE

LR E W TEN TR 2 FZET 57201003, =X —ROENTZhERENLIE L 72 5.

FOCROIEREIEIR & LTI FREFRB B XN 00, HFE M2 ERIZRW D, B xLF

— CENRREFROEMDBRDEND.
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Figure 1.3: Electron emission mechanism on a conductive emitter.

Figure 1.3 OAK D L S IZEFMOFBAEFRITITIRELS ZoD0HFENR 5. —ONEF KT TH
L. ZNEEBO L) RIEEEFEATOIMEIZ2=I v 2 L LT, BEEENADRT 3 v )LIFEEED &
STHLEFEp/eVEERZ ) DINF—EBL - THZ DI L CREEBE T2 LLKHESES
FHATH D, TIUTEZEERLLM e ENE FHMER SCEA S TWD b0 TH D, BAVEFitHIT
MBUC L > T2 v ¥ REDTEFIHRTZND Z & T o N —EITRTZND 20, HIBROKERE) 22258
WO BETHDEVIRHEERT D, —HTHMEIC LD TR F—a AN BE T RLF =05
RIRFHEIR & 1372 57, EMBALBRICE > T v ¥ RHEFET 5 2 LB FEMBPE VDI, A

IAFAIBOE PRI T S 720,

b 95— OE AR AE T RSB E I (FE: Field electron Emission) Tdb 5. Z AUIIA B AENIZHR
BRWBEF /V um ZENT 25 2L 10k - T, RTF VU LEBEDIRZ L 52 TELS Frxn
B L DE R THD., ZOFXNTIHEABENAETHY, I v X POV a2 — LBEREZ L2
W EDOLENRREFIREZRV DD, MA TN LD I v Z OHFEREZ 57202 &0 5 Ry

RWHn LR DA BT 5 Z LA THRESND. 2072 FE OB FIENHOLKORIER & L



TH®LE2D.

WP LED RO Ay 7 3 % WM TSR D Oto et al. o> SEBRE By & BRI -0 58 SR IR 56 1 H
WO CLICLEREHEEZ AEL 5 &, 1 mA em” BEOBRBESF O D &+ Is B A T e
LD W IND. FEICE > THRONDEN I/ A EFIINEE v/ V ORI Fowler-Nordheim D= &
LTENMEESNTEY, bo bk bHEMAREIZESIGEIE, TR ND (10, 11, 12 22T a /

m® [ ZEAE TR, A/ m ITERRERIER 7 TH S,

1= Cy-aflp-V:-exp(-ColB-¢”*1V) (1)
C, = */(8mh) = 1.54 x 10° A-eV-V?

C, = 8n(2me)"*/(3eh) = 6.83 x 10° eV2V-m™
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Figure 1.4: FE current calculated using simply Fowler-Nordheim equation with each ¢

FE (2 X o TEHMZREREZ 155 72 DI2IE, MEIO TR & BEEICHRT D ¢ &, MEIORIRIZH
KT B, MELOBLINZH KT 5 o Z @ UNCHIET 5 Z & ANEE L 72 % . Figure 1.4 |3 Fowler-Nordheim @

AN OEREND FEEIRE F=pV & o ZZ{LIETHLIE DO TH L. ApDAEG B ENDL LD



\Z FE &\l FICRSARFT D Z B3 0o0nbd. —FH, ALFRICEERFRTTED p=4~5eV IZBWTIX
[13], FE BItIZIZIERETHDL Z oD, DFVE XN —REFRE2EDHIZEAHNE LT
DIKWEIE V CTRER FEBREZHEL7-DI0E, RERLERBETIHEREAT LI v X NMEL

L. FOFEDFEICH LEMEO—2L LTFH ) I—ARUMERERE STV A,

F ) =R kR XA —R 7 7 A /X—(CF: Carbon Fiber), 71— >} /7 7 A 73—(CNF: Carbon
Nano Fiber), &7 —7R 7/ F 2 —7(CNTs: Carbon Nanotubes)’2 & T 5. T bHixT) /A —F Oihk%
A4 DU E AT S Z LD, CNF TA=0.01~0.1 pm"' [14, 15], CNTs T £=0.1 ~ 1 um™ [16, 17, 18] &\
5 BAf7e FE Rz L, ERFFRFOMFREEIHET 2@mWMEFNLEEZ R~ T 2 DB TR
ELTHETHDLIZERMOLNT VD, FRZ 1 KD 7 77 = UBMHGEIR E e o Tt 2 a9 2 g —
R>F ) F 2 —T(SWCNTs: Single-Walled Carbon Nanotubes)iL, JEiilizds i) 5/ X 2 g 2421
B B, sp? FEAICHRT D BT X B B\ MR EECE RGN, BR8N, B 2R &
WO lKEZ AT 52 Mb2I v X E LTAETH D [19,20,21, 22, 23].

L LR35~ TCNTs 12 10° V um™ BLEDIEDERRE ZFHINT 5 L BRAERET LGN HH 2
EHHMBLATVD [24]. ONTs 13 sp’ B LR BIRF 0B R D ERSFTHDH 2 End, ZOMEITS
=R MBI ISBT 2D THD L EZHND. THILFE LIXEEDHFFMR R DB DD, FE
CBITHTI v IOEREICE T2 —20fIEE LTIRRADZENTE D, LB ThH—RrF /7 Mk
ATy X e LCERAMRERMEZGDIOICE, BROTI v X 2ESILEI v ¥ —2—DI/EAT

LESNIREZIHT D EBUELRD R DND.

SZBEIZ P. Sheshin et al.|% CF & 206k % HW T, LED & A% DOFR 110 Im W 28T 5 612455
Z LT LT\ 5 [25]. P. Sheshin et al. O /= CF (3HiF 2 BZE R TR L TR LN LD TH
D, TOREDOSEDOWAREELNTI v & L LTEET 20 THD. —FTRIZA—TTIEZD
EORTUF LIRS NI v ZOMEFEICHERLTEY, = v ZOIHFEIC L 5 FE EiRDOLH)
FoIvarhA FOBTHIET 22 L TRIFMOBEIZ EBT 5L W a7 MERL TV
(26, 27]. LAL72R2DNS T/ 1 — R MBI OTEREIZ R B IE T O BB 2 5 & D TH D 7o E LIRS R F#E
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JiFCHBEIND LETROBENRMET LEADENME T T2 R TREND. 20D F /7
—RUMBE I v X E LIEET XX —3h R A E AT 5 FE-CLEEZHIBWTIE, = v X DOHEELD

bOZMGITLZLNEELRD.

1.4 hc-SWCNTs OFESE IR & L Corlaek: & 5

FEICL DT I v ZDMBEFEICONWTHD TEDAN =R L EELET S, I v XOWMELIE, =3 v X
~EDOEEZHIN LT 72356 O FE BIROLTHBRZ 12O T O LIEEHE L TH
&b, ZD7=® Fowler-Nordheim DRI, HiK 2D &, FEEIDAEB L 13— I v X OMEIER TH 5 o,
o, pDEEEHESTED.

0, DENITI v X REOBEBFIREOLIHNC L > THIEHIINDLTWD, 2L 2FAFROT AT
BREDEYOWEIZL>THELD. TNETI v X OEPIVIZREIZE > TIHlIT 572013 =I v ¥

AR R B IR A HERF T 0 Z L BB L 2 58, BAIROE = 3L X —ERENCRFHH B E O W -
EHEZD L, ZOXI BRIMHIFETEE LRV, FIhE I v X OWEIZ L > TIHlT 5729
Wi, = v XITBRNICAELERDTEOEAFT L DEZEZDODOE RS T EIFHE LN OO, KA
A MDOREEER[DZENEBEL D, ZORDTI v X LD F ) B —R M BHIILE RS K
EWV D TR R A P EBERWIEEN RO HNLD.

o, f DEENIZNENEZEINGRRT 52 LITRETH D, FlIE=I v ¥ OEREFKICL>T=
DB DOIIRNEAL L TCRAREBTHLEEZI v a D LT SOLIGEML Ca bEFBLTLE D 2
WTHDH. ZZTEI v XOBRRKREEMLSEIERICONTERD. = v X BROEHX, =3I v ¥
DERFEEL Ty F o 7EMIC L 20D 5 WVIFME LTSNS, ETERABICONWTERD.

BRI v Z~OBEBREPICL > T v X 2R T DT P EZEPICROETHE 2 7
NI v XML F=pV & =3 v X DILFELEEDO K/NBHRIZE > THEL I 2B THDH. o

BRI Z S T DIZIE, FEBMEIC D )0 D F=pVE FIF T v O PR ENZ EiF 52 &
koo d, I v XIHERT L FE 5L FEBRME T 5720, 1437 FE Bt 241525729121
TI v EEEINT L LIRS, L LES LI v X ~OHINERE V 2R Hili#9 2 2 & IR

-7-



ThHDI2, Fae—RICHE L FF 272013 2N ENO=I v Z0NAT5 B oz 2 Z LNEHEEL R
D, EieT ) =R UMBI ORI BT, BREEROK M, KM & o T IR E G LA O fE
BEATHRBINFICELAEINDZENBZONDLTD, ZNOEFLRWEEZ AT L NEHEEL
8%, =TTy FUZERICBE L THERATE L RRIAL PR ZEREDOS NI v ZF 2 NS Z &N
HELRD, FlexyF U 7EMEZ5I SR ZTEMFRREICER & L CIEEECHEEL VB2 5L

L5HDDOEFIRORGTAMEDOH LEFEZ DL, ZNOEHKIETLZIEIFTHEELIRVENRD.

ZDOINLI=T ) =R oMkt =3 v & & L TEOWHEZ 6 2720121,
1. ZEALRE RS, KRB Z & LRV ZEED S WG E 2 AT 5 2 &
2. BHNLTZT ) =R RN — 72 p MBI T DR ERGT 2179 2 &

EWVW) TOoODRERT-T I ENKROLND.

he-SWCNTSs (Arc + Annealing) e-DIPS (CVD) Super Growth (CVD)
G/D =166 G/D =143 G/D =5

f

500 nm
I

Figure 1.5: SEM and STEM images and G/D ratios of SWCNTs

Fr DT N—TTiEEREO a7 MIESE, (bFEERICEN - SEAEEE Y —R T T

= — 7 (hc-SWCNTs: highly-crystalline Single-Walled Carbon Nanotubes)z = 3 v # L L7=&E T JROBA% %



T->TW5 [28,29]. he-SWCNTs 1%, 7 — 7 FEBIEIZ L > TERE N7 SWCNTs (25t LT 10*Pa LLF T
1200 °C D EBBEZEER T =— VA Z i+ Z LIk > THEOLNDZ LD TH D [30]. Z D he-SWCNTs L7
== U X > TEREE DR [22, 31, 3218 KL OZEALRMaDERE [30125 Z 0 #&ii 2 & £ 22 i O i

TR EAT LI ENMBENATND

S
|—e-DIPS  f-===tp=]
— h(; -SWCNTs :

Intensity / arb. unit

0 500 1000 1500 2000
Raman shift / cm!

Figure 1.6: Raman spectra of SWCNTs

FERRZE O EiEsatEH D VIS 52 21X Figure 1.5, Figure 1.6 5 CTHAD Z N TE 5. Zh bl
A=A - BESBE(FE-SEM  S-4800, Hitachi High-Technologies Corp., Japan)$s & ONER %1t 3 1 BAMK S
(STEM HD-2700, Hitachi High-Technologies Corp., Japan), BAfi L —¥—7 ~ > /3 AL (Laser Raman
Spectrophotometer NRS-510, JASCO Corp., Japan)Z F\ N CHIE L7= 6 O TdH 5. he-SWCNTs (il DL
ZKFEE(CVD: Chemical Vapor Deposition)(Z & > TH L S 4172 SWCNTs(e-DIPS ECI1.5, Meijo Nano Carbon
Co., Ltd., Japan, and ZEONANO SG101, Zeon Nano Technology Co., Ltd., Japan)IZ Hr~C Bl 72 i B 5] %
HTHZEMNSTEM @O R THRAD Z ENTE D, £72 CNTs OFEEEDIEIE L LT EHEND Z
N UANRY MDD G ANV RRRIRF DOHEINIREIE — R) & D /N2 RGIFEDI T IRENE — R)D5RIE
tT&H 5 G/D e [33, 34, 3516 @ < KEfado 2 \VNIAMM O G HEPMMENZ L3S, £72 e-DIPS 134£

DEI2ZD SWCNTs R 2 D 7T 7 = b7l ZBEEE —R L+ ) F 2 —7(DWCNTs: Double-Walled



Carbon Nanotubes)’2 U0 TH 5 Z E MR EIND. ZHIET < AT FUZE T 200 ~ 300 cm™ £13T

(L &5 BRI AE T 2 B 5 1 O 4R E) & — K(RBM: Radial breathing mode)(Z%find" 2 A7 kL
DEBGETDHZENLEHLNTHS.

B D SWCNTs Z W T—E D FE &t & /)3 % 72 DI SR FESUGREE ORI 2L 2 I E L 72
R73Figure 1.7 ThH 5. ZAULSWCNTs Z /K THEEERDHLL, AR L TRz y F——/3—(BP:
BuckypapenZ T X v Z L LTHALZbDOTH S, HIESRMIE 10° Pa OBEZEFRIHR FICBIT D EKE
EALEIR(HAR-20P15, Matsusada Precision Inc., Japan)% H\ 7= &l 5 2 (CC: control current) T
WETHY, —EEREGD OIS BERERREFEINEL/ N Y — &7 /) — FHEOERHOLEE 27
— 4 11 77 —(mini Logger GL240, Graphtec Corp., Japan)Zit#k L7=b D THDH. Z D& T ERMEN L
WHETI v ZBRHEEL TV ELZ, —ETHDHE FE MEE LTLRETH LTI v 2 ThHD &4
B2 b0 ThD. EEICEMBEICHRT 2 @b FREEE AT 212 EERRE O LHHHECH
LipoTWDZ MDD, FFIT he-SWCNTs TIEZDOZES M H 5 H DD 10 mA em™ D HIFJTIE 200 h
b ERRICH T > TREMICEEE 5 Z &350, he-SWCNTs Z 5 Z & T= 3 v ¥ DiHkEL

PHIT2Z2ENTELENRS.
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Figure 1.7: Emission stability of commercial SWCNT and original hc-SWCNT buckypaper on CC

measurement at 10 mA cm™ with applied voltage around 1 kV.
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L22L72723 5 he-SWCNTs 2= X » ¥ & L TIL L7234, MLATD he-SWCNTs 23H 3 % i@V B FHY
LEVEN S T E D FE Bt ORI L EVEIC AR THRWEEN AR T Z R ML TN D [28] [29].
ZHITIMTIZ LD he-SWCNTs OF T HALFRILEMLDOEE ZRET 5 b D TH L. FHIINL 7 nt 2
DHTHT 77 AL he-SWCNTs ~DH AW I OIERIC K- TEITT 2728, ZoFAMIc k-
T he-SWCNTs ORENIEE N D Z E RTINS, ZOENGEACIMATEIRE & OREGICEHE
G L D EE R E LB ESND. ZTOROINT.7rR AZBIT S he-SWCNTs DAL B EMEDZE
BERBHEL, TORBLEERMICGHEL, (L PHEELHERF LIy X L LTNLT 52 LR

ML D,

1.5 =3I v XOEEIZEIT5HE

(a) Vertical orientation (b ) Horizontal orientation

Activated CNTs

Figure 1.8: (a) Vertical and (b) Horizontal orientation of CNT emitter.

W2 v X OESN T EE G 5. Figure 1.8 (a) (3R ES GETHY, h Y/ —KET /— K
(%t U CHREIC CNTs 24 L7t DO TH D, 20X Tl b ZEH L7z CNTs IZKE 72 g 03I S,
FNDHNPTI v HE LTIMET D, ZOROHBDOREIRCNTs OHEENMEEINTLE Y. 2 TH~A

DT N—"7"TlX CNTs Z K FEITEHT D HiEZEE R LT, (Figure 1.8 (b)) ZiUXE&EM~ FY 7 AT
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CNTs Z 08 L7- AR L, EEOMERM) 2 0IHIIC L > TONTs 2@ HH S E I v X L T25HDTH
ZDOFHATIE CNTs [ZEFTHEIIFEIC L > THIEND. ZO-ORELZE— I+ 2 =
LT CONTs ORSIEGETH 2 p 2S5 L 2HBELELOTHY, EBEICH 72 FEE R E 722

HIZENFEIEENTWD [28, 36, 37].

L2>L72723 5 he-SWCNTs DACERLSINC & > C FE B R Z LB 556, BMEASINILEXTa MET
THEWVWIRENRDH D, ZHULE S pm A —F D he-SWCNTs [IZBW T I v & & L TEEZRE2IEE
DIEHED nm A—F OFEIHIZRE S, £72he-SWCNTs D% X x5 LR EADOETTI v & & L TRER
REFENT I v X OEFHEBOLL 2 EHH 5720 ThD. 1272 L 2B IRIMKERBE CEET 57 3

AZWELIDHDOTHD.

Gate electrode
(Over gate)

CNT emitter
(Cathode)

Substrate

Figure 1.9: Typical triode structure within over gate electrode.

—H CEFIRIITZ O AR D LD, I HEM: & 38R S S D B OB
BREE T Y — ROMMEBEIEKLTHIET L2 THD. RANRT ) —KEeh Yy —Rhbied 2 [
I DB L, £ O o %R IRE (FUNELEABHEER)IC L > T-BICRED. 20726z
TRPIUHRICIB W TH 2 S 2/ L 72WGE, BEERHTIT A A T—ETh D, BFROERE

X7 ) — FOBEZZEZ THIEZ TON . I LEBEEZZEZ D &R DO R I RKE 2B DT xR
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AFX=DOANTLE I D, BIHEOE LVERTICL > TRADEIMET L CLE . Szl
THDIC—RIZIETT / — R~OHMELEZ —E L L, 7/ — Reh Y — ROMIcfAINTS— ME
W (A — =5 — I 5 BIEZHIET 5 2 & TT /) — R~OHINEEIK S B 2 HlE
% Z & %&AITH. (Figure 1.9) LxL723n, 7 — NEMET /— Re&D Y — ROMICHAT L E, 7F— b
BRI L D7 — MTEDT I vy a Vilil a OBFE L 7 — FEMB~D FE BIROBIRICE DT/ — R~
DEWMENEROK FIC XL o T, 2HEEIC AT I v X OFRBEREEL LT 52 LnngEesd. =
LTS AOBBES ORINE 16 L, £I@RARBRRENT I v 2T B0 2 O
PMEHESND Z EDMRERIND. TOw, —fkiisd— =4 — h R & 138722 2 H S O

BaINEL 0 5.

1.6 AT BHY

AR O R IR BRIE, BN RV X =L E2HEBT D FE-CL 73 ADOFEBIZMIT T, A=
TV X — TR 2 E NI BRE) L 2> ) o AT Re 7o F i A AR E T iR A 1T 5 2 L ) Th 5.

INEERT D200, UTICRTEBMRMEELZT o, £3, (LFRREEORE I
hc-SWCNTs D3kt 2 TEM R 7 v A Lo TERT 5 2 L 23 A7, RICEDOBEZHW
T, ¥ BRI R RN 7 AER T 5 KBS L7 he-SWCNT = 2 v & 2 {Efl+ 2% Z L T, FE-CL 7
NAZE LTEHMEEDND FE EitZBWT, RFFHOBEEIZNFRETH D Z & ZGEE LTz, &%,
BbETKRERIIOT I v X HEEZEE L2 % £ FE BROBORAKE 2 6 720 @ 2hak 72 7 il 73 v

RE/MEIE DB Z HIF L7z, TN DIIBE 4B 2EHPLH 4 EONKIZHIZD.
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2 he-SWCNTs DAL ZEMICE B Lo 7 vt XA DFEE K NS RL

2.1 57 2t R & he-SWCNTs DAL FHZ2 EME

ATEE Tl 72 X 512, AW OEMIZ X 5 The-SWCNTs & 53 #d 2856, % OfEEDHIEIZ L > T
PR ZEMEDIR T 2MED 2 ERTRIND. ZOFILEEOE FIZ FE B0 R 2208
EHlebTEFEZLND. £ TET, he-SWCNTs (2 500 °C TORKIEIIZ K > TZEAXMBEZEA LT
Bitr, L0, SWCNTs D438 — AT S 2 BEE ST v 2 &0 L7258 1238610 % FE &t

O R MR R 72 22 b % 5Tl L 7. Figure 2.1 (a) N DOFERTH 5.

@ 2.0 {  [“hc-SWCNTs ®) 20 R
| |Coxidized 0 A S S
1.5 roeeeeonfoo i asonicated | < NG NN
Y4 > 20 bt
= 1- ST Z P A
310 Sl fift 2 40 e
= T 2 mila
T — & 60 [
0.5 @i 2 hc-SWCNTs |
5 -80 Oxidized I 'R
' | : | ~——Ultrasonicated
0.0 | A I | 2100 | I I I -
0 50 100 150 200 0 200 400 600 8001000
Loading time / h Temperature / °C

Figure 2.1: (a) Emission stability on CC measurement at 10 mA cm™ with applied voltage around 1 kV and (b)

TGA curves of original, oxidized and ultrasonicated hc-SWCNT buckypaper.

2 LR MDA FS X OMBF I 7 1 & A2 Ko T 620 FE B ORI 2 EME A B2 b D
ZENRATEND. 2O EMCLBIC L D T~ AT FLD GD LOZELITME TE S, EBE
W7o ATIEa ¥ Ix—1arOdGDHICE®E 5252 LIZRECh o7, S HIT~v 7
2L PR L ERDIK T Z TEM O X5 eI 7 ungnptizia LMt 2 2 & b REETH L. £2C

{ESERY L E T D 2 2 BV B E(TGA) N b ERIL T2 Z & 2T 5.
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Figure 2.1 (b) 1Z% hc-SWCNTs @ TGA Hh# % ZVE B/ 2B M & (TG-DTA, Thermoplus TG8120,
Rigaku Corp., Japan)Z W THE L 2R TH L. KAWL H 2 W ITE T 2 LRI L - T
he-SWCNTs OIEBES L D RIR TR Z W L9 < oo TV D Z &b D, ZHUE he-SWCNTs Z#%9%
RERTBIEFELE LV OELRT L 2o T0E®TH Y, [RFE-HFEE A LIS O #&5 O BN KL K5
HALFHLRERDERTICL Db D TH D LHERISND. 72721 TGA IZBRIE TH 0 T E
EED O TN, {LFRIZEMEE —BICKHET 5 b O TIE R 2 0MHEEZ 52 5 6 D
TH2RV., Z 2T TGA HROBIROEAEI X 5 Z % E 2 5. 2 Z Tk TGA i % & % IR % FJK
TRy MVEISRE R, S HEROMBREE X7 MVONTEN DL EFRSND cos 0 & LTHHT

2.

cos 0= Zi(xi - y)(Ei(xi - x)Zi(yi -y, x, yi; HIBRX BEOY OIRFE T, COEE  (2)

IHERWD ESBIC K o TP REMNEDME T L TGA BB AR L2546, £ ORED cos 0 D 1
MO EE L TEREINDZ EICRD. ZACE > THB T 1R L AP REEDZELDE
b &21T\, FE B FROBEICHE L2 7 aE AZRETHI 2R AL, bHAAGBIZL > T
FHIZEMED M ELTH cos 1L 1 KV/NSREE 2D, ZORMREMEFHEL TS b L T5. 72721
ZOFETIE TGA MM OTERE Db DDIFRIIRET 2720, {LFRILEMEDO B OB Gin % E44

LERCITEE NI L 0 D,

22 BEWSE S vt R LR ENE

i SWCNTs (Arc-SO, Meijo Nano Carbon Co., Ltd., Japan) % H\ T H I 0 BALHEIZ 51T 5 cos 0
OB KD 5. I LI IsSEIXFERE 7 5/ (BA, Wako Pure Chemical Industries, Ltd., Japan) T 1, {1
A7 SWCNT #E13 0.03 wt. % T&H 5. Figure 22 NEDFEEZR L= b DO THDH. £9 SWCNTs & IA
BEDIREGWHR LTzl L, A L60 °C TORMEIZ X > T SWCNTs OEHEREZ LY 9. =
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DEEEAR % TGA 12T cos 0 ZRIMT 5. —F5TSWCNTs & B HH & L C=F /L& m— X (EC,
abt. 49 %-ethoxy 100 cP, Wako Pure Chemical Industries, Ltd., Japan)Z SWCNTs 10 mg (2% L T 40 mg il 2. T
a2 9 LTE LI iR % 3.6 kG O LAY BEIC M) T LB AT > 72 SWCNT 2 2 2654
AR I EERE (UV-vis U-3900, Hitachi High-Technologies Corp., Japan)% F U CTHIE LIREE LD & 53 HE
Raegalblic, b cos 0 EaBREZ7T oy M5 2LT HBOERIC I D P ErEDZA L

BRI L7z, Z 0L X 58AIN TGA MR 5 2 55 20% SWCNTs D% D O OALFH)ZEENE & 13 R

RCTHDH DAL TS,
SWCNTs Solvent SWCNTs Solvent Dispersant
- - - - Ignoring any effect of
Dlspe‘rsmn Dlspe‘rsmn dispersants on cos &
As dispersed As dispersed

Di
S/L separation Centrifugation Absorbance | |~ Dispersed

measurement ratio
3.6kG for10min L ————— ——————
TG DTA T Using UV-vis
Residue — — As purifidle ——
measurement
Correlation
cos 0 > .
diagram

Figure 2.2: Diagram of experiment method for visualization of changes in chemical stability on dispersion

progresses.

Figure 2.3 #8350 BULERIC X 5 SWCNTs DAL FH % E M O 2k % 7~k T, Figure 2.1(b) @
hc-SWCNTs T TAifiaklit & AT, Arc-SO (23T HFE I HUAHRIC X > CTRABEBR AR MK 73
D2 EMBALFRNTIEM LT 2 2 N AT D, 2D & &5 BOEITITEWRIRAY 2L Y2 E P S
KTI 270, BEEBILEIZE W T, &oi7e kg S AEFERZEME S HERF SN2 RRE & 1T W
PR DR E 0D Z 3B LTz,
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—USSh | | \ 0 A
80 M __usion|[ T \ GO e e B
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Temperature / °C Dispersed SWCNTs

Figure 2.3: (a) TGA curves and (b) cos # vs. dispersion ratio plot of ultrasonicated commercial SWNCTs.

NS DIRBED N A BIE T2 OIS A EAFRIC L D SWCNTs OISR L EMHIK TFTDO A =X

LIZOWTHEET L. SHITEAM I L > TEITT 528, ZOFAMNTRATREND.

Sk ) o/ Pa= VAIEEEEE u/Pasx TV EE £/ 3

T3 v ¥ % SWCNT 7 Hik OWEZEEAT L BERRIC X > TS 2 Z E&2mife L 32 &, IWBEORE u X
mPa -s 4 — Z 2l 415 . SWCNTs D#EEE /)1 100 MPa 4 — % Th 5 7= [38, 39], 7 HUCLEERT D
W A310° s A= L R D BE RSB B W TR T OFE SR ZAGITEE 5 KIBD AERk & Wik
B, ¥y 75— al BRIl oTIOomNT O EENREBR SRS [39,40]. Z D& Z\ElIZRACE -

T SWCNTs O ENHEITT D EE 2D,
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’ % (b) f
Figure 2.4: (a) Dispersion of SWCNTSs by ultrasonication and (b) Ideal dispersion process for SWCNTs.

Figure 2.3 (a) IZ{EH 3% & SWCNTs OBRBEIRFE 1T D HEATIT RN R IZ D ITZEL L TE Y, L5/
BEPHERF SN EEOHLONOIE T L2 b O E TR SWONTs 2MEEL T D Z ERHR SR
5. FXET = a I L SWONTs O E THICH ST 213 T TH S 728, SWCNTs D45
KhRENPOOHBEL L THEITT2 B 0ND. BEESBUILERIC X 5 5 ot REITREHIC X - TH
HENTWBT7=®, 720 eRIEIC®H 5 SWONTS IZH ¥ v BT — v 3 XD AM D BMERT 5 2
CIRD . OFVEE RSB X 26 LZ EMEOR T, EE R AW DR il L
SWCNTs ~MEH T 562 L TTRIEREZESNTWAH LD EHERI S 5. (Figure 2.4 (a)) % D7 O{LFHIL
TEVE & Y MEZ WINL T 5 72 DI, MERIKIRZeE AW/ TORESH 5 WO T+ L 72 SWCNTs ~

OEAWHEROMBEI 21T 9 ZLBHFELVI LITRD.
2.3 ALFRVRENEZ MERFATREZR 01T 12 1 A DORRES

ABE B BLBLLIAN O S BT A BRRT 2. @O VEENLERT- D, BEPSHES 7 — N —~—

F—, apg A RIARE—F— I UIFEHATEX RN, F 2 C— A SBBFETHAE—XI L E
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BAETT 2 [41, 42]. B =R IV LT, R ©— X & B R L LT OB IRICEEEET 0O SWCNTs % %
XA ETHRMETIDDOTHSD. ZHTE—ROME & RE SITE > THBUTH)H DD B AW ) %
HTEDbDD, pHOMERZ K CHIES 272958 L 72 SWCNTs IZ b AW hMERI$ 5 2 &g/
5. =R LDarH IFx—a URBETOE— XD, SHED =T ) WE % v — X Off
RICEEX AL EDNNETH D Z LD D SWONTs DG HUSIF AR E TH L B2 HLD.

ZIZ TR Y =y FINMT R DG AT 5. ZAUTELH O SWCNTs % &£ CEAREE um O /
ANIPHEEH LET Iy 7 K=V H VI SWONTs [A LICEH R I T THH ST L HIETHDS. ZOFiE
T, EHENZ L > THEABAOHIENATRETH S, 7272 L E— A IV L RERICRHEIZ L > TH /8
Bl /22 S5 2 L3 —RICREECH 572, SWCNTs O8I T S R W ATHEME N H 5. — 5 Tl
Yy FINTIE, EOENPOFELRRY, WHEEIZ L > T SWONTs (IZE AW ER T 5#a %
HlE3 22 EMArREL 72 5. 22 Tl Y = > b I/WIZ L D SWCNTs DA FIRE T d D D GET 5

72O TR 21T - 77,

A L7218 = » b 2L (Wet-Jet Mill Star Burst Mini, Sugino Machine, Japan)IZ3#xi& 4t 7 2 v
I R—INHRE ST THWETH) ZE 2B E LI TH D, EEEIIT 60 MPa, / A/LFIE 120

pm, PEREE TR 10 [ E L7z, ] L7= SWCNTs (% Arc-SO, &% BA TH 5.

with Ceramic ball without Ceramic ball

60 MPa - 3 cycles
SWCNTs 2 mg
BA 25 mL

Figure 2.5: Photograph of dispersed commercial SWCNTSs by wet-jet milling.
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Figure 2.5 MBR Y = » b I /0% HV T SWCNTs Z /5 #0U L 75 R Ch 5. s HULERRTIZ IR LT
W2 B R SWONT AR 7 BULEE R I TR B L 705 Z &6, BV =y FINITL - T
SWCNTs BN ARETH D Z &b b. A TET I v 7 R—ARNRWBETOOBNERT 52 &
BHER SN BT =y NINVTIEEEDOTBIRE 7 AT 5720, /7 VB icidn i
HEE CEE 2RI SN D 7201, v ETF—2a UNRET L AREMENH D 2 & 2RI LT
5. FXET—varOREOLRLT IR Y ET— g U Ca b D BER G TR S L [43], Ca <
1 ERDEFXYET =2 arBAERTIEODR TS Z ENL LR TES. bHLAAREICL DR

WD EENE L TWAAREE L H A, 100 s A — X DflixBs = LITE LW BB I 5.

Ca = (p - p)I(1/12pV7) 4)
p | Pa: VBN DIES, py | Pa: TREED TR KE,

plkgm™: WHEDEFE, v/im-s": 4y EiE O

2L, B9 I v I R—ARHLZETIVHEPERLTWDZ LD, = ~DEZ2RIZE 550
HAERANMB Z &R0 5. 2EV BTy FINVTIIIRICH H->TET I v 7 R— L~ HRTX
DIEMED R Z 22 K78 SWNCTs D43 H & il 72 e il e - THiEh 4 5/ S 72 SWCNTs D43 L v 9 =
DOOGHIERIC X o THBMERT S Z LR S, BERSME TR R LI GBA NN =ALTHDLZ
ENATENS. — TRy hINMZBT 52X Y BT — 3 LK D8 AW ) OIERITES T
BILOEHREEIZL > TEORELZHIET L ENTE D EHENSND Z LD, SWCNTs DfLERZE

EVEZHERF LT 0 N ATRE CH D RET 2 2 & & LTz,

BT =y FI T LS TSWCNTs OGBARIEETH D Z ST L72®, RiICEAT =y FI b
ST L D SWCNTs DAL FHIZ EMEDZEAL A MRGE L7z, ST Li & R Tod 5. Figure 2.6 IZ" T X 9
Y = b IV AW HULER T, BE I BULERIZ T cos 0 & GrHelEH3 O E T C i sz
SNTWAEZ Enbnd., 2By =y hINCK o THEAMDOIERT 2R ZHIET 5 LT
SWCNTs OALFAIN R EME DK F &2 Bl L7z 08N AiE Th 5 Z & 2R LT D, & 2 TRICERICE
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% L 72 he-SWCNTs % V7245 UL 217 - 7=.

04 ——US

’ ~—Wet-Jet Milling
R
0.0 R

0% 20% 40% 60% 80%100%
Dispersed SWCNTs

Figure 2.6: Cos @ vs. dispersion ratio plot of ultrasonicated and wet-jet milled commercial SWNCTs.

24 WA= FIEHVTE he-SWCNTs D43

0 N ] '
X s ! '
~ 220 e e 3
g R\ |
E -40 () cycle ’ ----------
=3 cycles ' :
'%D -60 5 cycles I —
= =10 cycles ;
-80 20 cycles |-\ kA S R
—30cycles] \\ 02 [
-100 — 0.0 A T N
200 400 600 800 1000 0% 20% 40% 60% 80% 100%
Temperature / °C Dispersed hc-SWCNTs

Figure 2.7: (a) TGA curves and (b) cos 6 vs. dispersion ratio plot of wet-jet milled hc-SWNCTs.
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ATET O T akER & FERIZEUE he-SWCNTs & W 718 = v R I V5 A T - 725588 Figure 2.7
TdhD. Arc-SO LITHERY, SEOETICHEVMEFRIZEMEME T T o R L moTc. LINLRIBD,
Figure 2.3 ()27~ L7o B E S BB OS54 L1358 72 0, TGA HIfE R —ERICIRIRM ~> 7 b 2 BIZn
Aoz, ZHE$<ToO SWCNTs 12k L CRSEDILFRLEEDIE TR ERZINTNDHZ L%

—

RS L. FDT=8HTTH SWCNTs (b AWER O & FDERRIENE LW & E2RE L

TVD. FTBOETICHEOCEERN L EERE LK T T 28085 Z ENHH Lz,

AUE 7128 L7z SWCNTs (%) L CHAMT I 2MER T 2180 B RENE U720 ThHhH EHEZD

no.

Arc-SO EFAME he-SWCNTs & TIEERDRERNE O N0, MEZ K L TEOEWEZRHA L7
#AE he-SWCNTs Tl @b it iCH KT o m W iEE SN SN D720, Z D58 AKX Arc-SO &

HRTHRALVTHLOTIERNEEZ NS,

Extracted-CNTs

Prototype

Intensity / a. u.

20 25 30 35 40
20/ °@Cu Ka

Figure 2.8: XRD patterns of prototype and extracted hc-SWCN'Ts.

Z DIZOALFLZEVED IR T IR T AW APMER L TV D70 TH L EEZOND. v ET —

Ta I OWVWTIIME TE £ 5720, IRERER L O ENN —EDEEILT—E LD, Dbl
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T AW IIERIC L > THRELENTVD b O LR EIN D, BRI X 58 M /11T SWCNT ¥itk
RO L ERITIHIT D0, FEREICHET Z-OICIIRERERN/LE L 2 5. BREITEEROKE
ERESTRED 2D, BNV =y b INVOEAT HEMED SWONT BHERDO R & S W8 E2 5.2 57
REMED B D, 7272 L#%IR 3% he-SWCNTs OB TR TR E D BHERDOKRE S & & 5 — & LA FICHlfE4
52 LIXREETH 2 . KIZ SWONT BRI DE EIZHE B 5. he-SWCNTs 137 — 7 JUEBIEIZ L » THK S
N5, BEEROEEIL SWCNT OFEICMA TENIEEND T T 7 74 MK LIl a8 o
B Ko THINT 5. BRI Ehe-SWCNTs D 77 7 7 A ML ORYOGAREEZRD D L, il
SWCNTs @ 3 wt. %l TE N8 wt. % Th D Z EAVHIB L7z, ZHEHEHEITH HIRIET =7 A
EN-AF 21 U RUAEEEZ FWTHEIE c-SWCNTs 85508 Uit DorEiE L= t4, 20 R
KZEMZ T SWCNTs DA 2 L CEERIETH D, 727 LIV T 7 7 4 FOFEE 22 ¢ eom™ 1%
ARk D sp® #EGHEREZ AT 5 SWONTs LR THRILA—F ThDHEEZLND 20, BRI L HEA
WriDA—Z HERETH L L HERI SN D, — )7 THEZRIZ L 28 B )ITE R EREIC KT 5. 20
Te O R B B GRS, RPTIICRE R EAMNPMERT 2BERH 5. T I CRYEZE E RV

H SWCNT 1IZxf L TN = v F I AVGHAEIT D 2 & HilATz.

(@ 20 i E ; (b) 1.2
0 1.0
P
~ 20 N 08
2 S~
=40 e == S - frememees w (.6 [|UE— S — A
= () cycle 8 i : ! :
0 50 L =3 cycles 04 —4— Extracted-CNTs | !
o 5 cycles 4 B _ F i
= =10 cycles ; —l:—Ploto:type .
-80 20 cycles [T 02 Febees I B I
— 30 cycles {
-100 l ' 0.0 i | i |
200 400 600 800 1000 0% 20% 40% 60% 80%100%
Temperature / °C Dispersed hc-SWCNTs

Figure 2.9: (a) TGA curves of wet-jet milled extracted hc-SWNCTs and (b) cos 0 vs. dispersion ratio plots of

prototype and extracted hc-SWCNTs.
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Figure 2.8 (% X #R[EIrEEE (XRD Smart Lab., CuKa, Rigaku Corp., Japan)Z F\ N CilllE L 7=t A% o
hc-SWCNTs @ XRD /3% — Th L. HIHHLBIZ X > T T 7 74 Mo EORMOBRENARETH D =
EBOND. WOINZRAT =y b INVSGRLUTEHRZ Fig. 29107, 77 7 74 M EDORYDER
R Ko TR L EMZHMF LI EONWMMA R TH LI LD, 2oL & Lz
hc-SWCNTs DRSS ITAMHATO he-SWCNTs & [FERTH Y, BEHEEDORE SITFRFETHL EEZX T
5. DFEVBAY = v b ILEHNT he-SWCNTs D43 E & 1T 5 354, he-SWONT EEEIRICE £ D Bl
DEZRIZ L D R AT OER 24 5 2 & TIRFRIL EME L HERF L7 £ £ O 8AS ATRE T
HDHTENRDLND. LM L7M D Figure 2.9 (% W5 L o025 K 51, fHAABEIEE I 5l 2 H
WDHT, ARFICE £ 0 R E BB CHRET D L he-SWCNTs OIL A ZEM AR 5. £ D720

hc-SWCNTs D ERICE W TIE R 2 & E R ORI TAEKTHZ ENEE LU,

2.5 EHIEE 72 he-SWCNTs DAL,

5. Sedimentation of soot contained
SWCNTs, a-C , catalysts , graphite

N/

’\'\ 4. Deposition of SWCNTs

*.° 3. Growth of C-rich nano-metal particles

Carbon K
cathode Carbon anode
[2. Mixing of carbon Catalyst recipe
and catalyst plasma :
C Fe Ni_ S PVDF

1. Evaporation 3 1 1 01 01
and Spattering of
He atmosphere (13.3 kPa) carbon and catalyst

DC supply(60 A)

Figure 2.10: Arc discharge method for synthesize SWCNTs.
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he-SWCNTs |& 7 — 7 it k2 W TR S 5. (Figure 2.10) Z DG Tkt 2 /BA LI-R#EHEE
e L CENZME LIHRESEDZ LT, RELEFEOIRA T 7 AIREEIEVH L, ZhnmH s
NTWSHTSWONTs BRET 5B 265, 29 LTHELNTME KKFHRL CRBE LR TR

HE B2 L TCRMB THATENT 7 A —R 0B A2 RE L, 0%

\lﬂﬂJr

L 2eEIR T = — L& i

92 & T he-SWCNTs 2315 5415 [30].  (Figure 2.11)

As grown
Air oxidation SWCNT conversion
Up to 500 °C for 30 min = (AS puriﬁed) /
‘ (As purified + Burned a-C)
Acid Burned Catalyst efficiency
treatment a-C = As purified / Dissolved metal
6 M-HCl at 60 °C for 12 h
‘ Graphite fraction
AS ]guriﬁed Dissolved = (Precipitated Graphite)/
metal (As purified)
annealing Extraction
1200 °C under Dispersed in NMP with (NH,),CO3
vacuum of 104 Pa
hc-SWCNTs Extracted Precipitated
l CNTs Graphite

to emitter

Figure 2.11: Synthesize method of hc-SWCNTSs and calculation method for mass balance of as grown soot in

arc discharge method

B R B RARHEIIRO LB TH L. 7— 7 JHETHM LI BB OFEII LR E 2 E 11T - 72
[30]. £ TSRO PNEE3.2 mm DN % 31T 7244 6 mm D [k FE#E(SG TAD PV, CoorsTek KK, Japan)Z v
7. it & L TlL Fe (IRON, metal powder 6.5 pm, 99.5 % min., Mitsuwa Chemicals Co., Ltd., Japan), Ni
(Nickel, powder, submicron, 99.8 %, SIGMA-ALDRICH, USA), S (Sulfur, crystal, 99.999 %, Wako Pure
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Chemical Industries, Ltd., Japan), =X U 7 v {k 2= 1Y 7 . (PVDF: PolyVinylidene DiFluoride,
Polyscience, Inc.)% AV, RFBEHBEOUIHIOBIZA U0 7L BRI C:Fe:Ni:S: PVDF=3:1:1:0.1: 0.1
TIRA LR EHEIC TR LT L7-. fEESH13 100 Torr © He PR T, BB 60 A TIT - 7=, %H&
ELTHWERBIZER 10mm OREJEETH L. Z0L XBBEEEEORFA 2mm & L, KEEE
1320 VEREE TR 20 SO BEE CAR L7 2[RI U7z, E 72 BB RTIC IXAR & fafi & A2k <72k

HET80A THBEL, 7 =— /VALHIZ X 5 5 BER % i L 7-.

PICEEND M ON, TELT 7 AH—ARAMREETH Y FToME RN ERTHEND T
%, he-SWCNTs ~DEAWHIERIZ b 7o b SR N EBE 2 N5, FloLBEOR D KE e B i EmkR
HITRTRESND. ZODAMPE L TRIEL 2D bDIET — 7 MEBRIIEAT 77774 b &
7%, 77774 NOEHREMURT S 25720121F, SWCNTs OERENFEOM E, FETH 5

77774 MERRFBD ANy LI X DBEBAZS ZERHEL RS,

1200 —13C-A
1000 - 1 — 126G

800
600
400
200 [

0

Intensity / arb. unit

1000 1500 2000 2500 3000
Raman shift v/ cm!

Figure 2.12: Raman spectra of graphite '*C and amorphous "°C.

F9° SWCNTs OARIRDO M EIZOWTHRFTT 5. BB O RFITATE Lk IRESNSZ LT
SWCNTs ~E {325, L LR LEMPOREIL ZOOFE, SEEMHEKRT D2V 7 ROKRE L,

it L VES SNTBRORE, THEET L. b R BHREDORHZICHOW TR I TOEFEE
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DA DI T T A= OGRS SN A NLEBHR DIEWN D, ZIUHNE S 35 IRt e 32 /046
WEILAEREMENE 2 B AT- ), —FEIZ SWCONTs ~LHE L L TWA L IFIETEX RV, FO1-HEH
LORFLEFEEZ TERDEORM EEZBHETXI0OHMIRN#ETCHD. T2 TETHDIC

SWCNTs ~ L HA LT DIRFIRD N L — R EBREIT - 7=,

KBRS IR L IRA T D IREM EFMLARSE PC ICEZ D LTIk BTREZ B2 DL, T
< AR P TIEEREE R OB EF DTV T MIFTFREIEFE L TSNS, 2o
WHEO PC L PC L TRE—IOMENRERY, £-ZNONY—ICRATIHAZDRAKIIS LT
ALE 23R E S35, Figure 2,12 I EEBRICMBLE L IR AT HARIBWDO T~ AT M Th D, FNLIK
(13C-A: CARBON (AMORPHOUS) (13C, 99%) 97% PURE, Cambridge Isotope Laboratories, Inc., USA)
12V 7 7 L > A(12-G: SG TAD PV, CoorsTek KK, Japan)iZxf L T —27 D7 bR TRD Z £R3T
X5, FLZEOVT FEIFFRFEDOENILLROOLNDIEDE—HHLTNDZ ERLNDT2D, RMAE
FIFIE PC oK END Z ENbND. B2 OBEIBOEVIIEE O RILEIEFT 550 ThH
W, 77774 NERV 77 LU ATIEY Y =TI, TEALTZ 7 AF v 7 RENETIET n— & o

THHENS.

WIZE R LT2 SWCNTs O 7 ~ > A3 L% Figure 2.13 (2783, IHBRHA XA D R 8o &
T 8 %-"Cltotal-C, BOVHIFF& 12.1 DfAR L Uiz, MESRMT LR EF—TH 5. GBIV GITHY
THE—JIERT D, ZNHOE =27 [ INnHET 7 LTS, 20> 7 MDD SWCONTs %
RS D IRFBOEEE A 8IT 123 &2 2 &N L. DT L IRE Lo RFEDOIZH A
SWCNTs ~EHHAL LT W EIRZOND 0D, ZOEIMEAHDFEFREERELE R ENTED
ZDIHT — 7 JREIEIZ L D SWCNTs OB RRIZE W T, SMADRFEEMBELRA LTERELIZTEDL D
7T A~ RISE IS SN0 H3ICiRAET 2 2 EAVEIB L7z, Ko TSWCNTs DA% |

SELHOITIE, B ZRICAR S E T T A GG TG T2 2 ENEEL 2D,
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Figure 2.13: Raman spectra of synthesized SWCNTs using 2C and *C powder.

60% i 5 = |

# Annealing

50% ". """ M Discharge

Graphite fraction

0% 5% 10% 15% 20%
SWCNT conversion

Figure 2.14: Graphite fraction vs. SWCNT conversion plot of arc discharge synthesized SWCNTs.

AR A AT 5 TCEDOWN, IREDOHENRK EE NI END, REBEOERBOLEEZ D, AIITLE
BEA2 5257120, EEBROENS 5 WITIEREBSAT AJEORME WS FENREZ LD
[44]. FT-&REAMBED A 2RI L DT — 7 B OBGR [4515°fH 0 X IR EH- ol 2 w45

&R LTt 22 & )8 B CHIH R 2 T 95 Z L sk b s BB DWW TE TR D



fE R, BUROME ) e & SWCNTs DEUENKE <725 Z L LTc72, BRI TITHESRMED
HERMBRITRBREIT ) 2 & & Lin, BESRMIET — 7 8 60, 70, 80 A, He [+ /) 100, 200, 300 Torr % #
HEDLE T To T, T OFRER, BEO EFIZE 5T SWCNTs O/ IR L= g T b mFED
9 B SWCNTs ~ & #infb L 7= R 5 O H B bh: as-purified SWCNTSs / (as-purified SWCNTSs + a-C)) D [a] ki3 =
LHD0D, GRNEON EIZHHIT OB TI 7774 FOGFERLMMT 22 & Lol ZHURRE

D EFIZ L o> THBOTHFERE D RN D ANy ZI~EBE L TWDTDThHLEEZABND.

—HREYIR T — 7 RIS DGR D AN Z XGRS SR e e F U YRR K R
GlERT A4 T ML DEAMIC L > THIEE ZSND [46]. 2 biTENETNT — 7 BRSO
AEINCHBIT 2 ThH D, SHIZAEO L D /A —75l L EE 2 AT 2B O 56, filiiem 7k
BRI AL LR T WILRICLLZNED LA NG T SN ANy ZERBNIND L. % 2 Tae @ity
OB AL AL LT WIEROBREEZ B E LT, MERNAT Y 7 =— VIO EFE 28 n L7
=— VIRFEZ 80A 72D 120A, 160 A & EIF 5 2 & TRy Z Ol & GEcghE ol Eaildi-. 2k
T == /WRED ERIZ K> TRBASBER L, REMOREICKHEIND Z & TH 1Ol 4)8
DD ZH L D TH D, ZHUT L > TRBMEDOERIZ L DENZIET S, ELBmRANORE
SUREEN i H )b 5 2 L THBIC L DHEEY T LN TE L ETHENS. LLARBD, fE
FBLELTT=— LBREZBINESE S Z & TSWCNTs DARBIHRIL 2 %05 8 %o~ LR RS H D
D, 7777, M EORWEERIT 8 %D 13 L IFFRIT VDO FEETHH-o7-. (Figure 2.14) ZHh

AN ZRGHBRDOTHEFETIS L THREL TV LD TH 5.

ZZ TSR T 5 RFE LV FRICTEETL D AR LT WVIRE~EEFE T 52 L2l AT
[47, 48]. FKHFITAHEIZ L - THEET D720, ZOWMITERIREBIZI T 2 REFFO/IFEG T RLF
—DREITREIND. ALFREEGT=RNLF —IRFBIRFOREMEIC L > TEAIND 72, HiED
HAERMENT T ATA 7 H—RACEB LI, ZUET T 7 74 b 72 EOREMIRREIZ I~ TRFE R T
N RLERRIEL 720, E£-REIRBIE L LTZOREEITER T 2 BEKIEHLOBINC X > T &
VIREEIZHERESND ZERBXAONDLT-DTH D, £ TAMETIE, REBZV 77 LU ADT T —
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Ry 7St SGTAD PV 5, HiES AC-140 ~t A ET 252 & TCEBRAIT- 7.

reference
glass like |

Intensity / arb. unit

10 30 50 70
20/ °@Cu-Ka

Figure 2.15: XRD patterns of grind carbon rods.

weight loss / %

refl‘erence
-100 glass like
-120 l :

0 400 800 1200

Temperature / °C

Figure 2.16: TGA curves of carbon rods.

Figure 2.15 D & 3V AC-140 137 T X7 A 7 I24Hf% T ¥, Figure 2.16, Figure 2.17 Z 1. Th 7% L 912

FOBBELT L, ERRFBHORE BNV LLERBERM EL TN LRE LT ENTES.
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CDOHTATA I IRRFEEFND Z & TSWCNTs OAEEIER 11 W77 774 b EORMER

R 2D AR L, EHFE 72 he-SWCNTs OA I AZh L7z,

10 5
| reference
o 8 [ | ——glass like [
BN ' :
~
y 6
=
5
= 4
£
2

0.01 1 100 10000
Particle diameter / pm

Figure 2.17: Particle diameter of grind carbon rod.

(a) reference (b) glass like
graphite ———raw graphite ————raw
= 002) ——soot = (002) ——soot
g ——he-swents g ——hc-swents
=) )
- —
= <
n; 'E
§ ‘ | § M
I S ) ;
10 30 50 70 10 30 50 70
20/° @Cu-Ka 20/° @Cu-Ka

Figure 2.18: XRD patterns of (a) reference and (b) glass like carbon

Figure 2.18 IZIX 26 DJFEL, 7 — 7 s TH b7, K58 L 72 he-SWCNTs @ XRD /37— &
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5. B RERND S BYOEH OV I EHE 7 he-SWCNTs BN TWD Z ENRTHRNLS.
7212 LT ATA 7 IRRFEEZHAWTZGEITB VLTS he-SWCNTs (2137 T7 7 7 A4 bOGAE DRI NT-.

ZHIIANRY FZ LA TATA I =R BNEEZESRERT =— V> CTRESb L= b o L HEH S

5.
3 A —
e
g3
=
> 2 i
+ before
I H oeafter [T """""
A

0 50 100 150 200
Loading time / h

Figure 2.19: Emission stability of high purity hc-SWCNTSs before and after wet-jet milling, on CC measurement

at 10 mA cm* with applied voltage around 1 kV

weight loss / %
IS
(e

-100

200 400 600 800 1000
Temperature / °C

Figure 2.20: TGA curves of high purity hc-SWCNT buckypaper before and after wet-jet milling.
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HT AT A 7 IeRFExE A NTER LT EfliE 72 he-SWCNTs (22T 60 MPa T 30 B OB = v

Nl
N

IV HEATVEREE L7z BP 12OV C FE i O & IR IR A 72 22 TEME 2 51 L 7245 2R 2% Figure 2.19 Th
D A OF I L SFR%ED FE ZEMAZRE T 5 2 LR SNz, ZHUTn BB oA 2
KO FRSEOFENLEEEZFTT DL 2RBT 550 TH D, EHLIEERI#%O TGA HifRE~72
D73 Figure 220 TH 5. 1ZXFFEORKTH Y, F72cos 0=0.9969 L B TE D Z &b HILFELE

PEDHERF SN T BN FTRETH D L EZBINLD.

2.6 AKREDOIE

F2HE T T v & RIZ K % he-SWCNTs DALFEHIZ EMEDZAIZA B L, £DERIC X D55
7’8 A KO he-SWCNTs D&% 7 1EDIEE 51T - 1. ALFILEVEDE(LZ TGA HIFROIIRDEALH
LRHliT 22 & T, ZOEREPAETHLZ AR L. 2OFEZHWTRAY =y FI VLo
HEFRILEEZMERF LI EEO0BD AL b Z & L, 2T = v IV TIEEm#) &
TIDMER T OMESEHIET A2 Z ENAEEE D7D TH D, 2T =y FIASEICE L2 Y
T77 74 N EORYE G E I VEMEE: he-SWCNTs %, HITATA 7 —Ro &FkE LimT —7
BB LS TART D L ALY TER L., ZOEMEZ he-SWCNTs (3BT = v b L4051k

DA IR, [R50 FE BIRO RN LEEP HFON D Z L 2l LTz,
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2.7 fiiE

T — 7 RIS DAL OB BITIRE A IC X > TRFEOEER % L < 26T 5 Corich 2248 7
JRITEFDHZLETHY, HFILBOREENIROLEBY TH DL EHMSND NiIXT /b & 72D L iRE
A £ > TIRFOEERDS K& < 2t 5728, SWNCTs DN HIC 52 DBREN 12455 Z L 3 T& 5
DI DR L 72D B2 Hid [49, 50, 51]. Fe 1X Ni & OAEIC & - Tl R & o BLFME
i LS, DOomMER SWONTs 2155 Z LN TE D [S21E EDLN TV LHIZOEIME 5. S Fe-Ni
W7 DOFRIMTE) ZART S/ [53, 541, SWCNTs DOHIERIA & 72 % F /Kt [55, 56, 5STID AR Z e+ 2 72
DIZHWD LB X HND. PVDFIZZICEEND 7 v FEOZ v F U TERIZ X o TH ARDRFEERK

DAEHE &> 2 VTR D RAE 2 Wi 32 Z LI X D AR O Eail> THRBIZHRIN L 7.

T — 7 RSO RN & AR R RO BRI & D AT RO 2 B X F ' B X
S T—EBITHRFF L7z, 20 & & RY—72HFEIC X 2 BRIR O 2L 2 R B R OE VI Lo
THEENE LD, F ¥ o N —HNORESMIIETH Th 0 SRR 2 2 x4 LEBH L TN
ZEPHERISID. ZONRTYXRETELINE VT 2720, FEMEMETIEIAR<E S 2D E

DEREATNE DFE 2R E LTE LD,
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Table 2.1 IZF L =L B0 ThDH. MERFOEMIEFEIZ L 5 EMFE RO LB I FEBHEIZ L - T
—EICREF L2, T DL ERY—22IEFEIC K D BIR OZALR o3 0 7 BRI FREE D& T Ko T
BENELIZD, F¥ o N—NORESMIIHEER Th D AR A 22 LEFH L TNWD Z L
MHEREND., ZONTY X2 TELNE D FHT 5720, BERSRMETIID RS 2 EOS

FREATWE DB 2R & LTE LD
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d result of SWCNTs.
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Synthesize cond
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3 hce-SWCNTs O3 ECIREE & EBHRE IR D B

3.1 hc-SWCNTs D4y Eeikig & FE 451k

A

SWCNTs/ITO / SWCNTs

/ layer

Spray coating Heat treatment to sinter of Physical carving to
hc-SWCNT ink ITO matrix expose hc-SWNCTs

Figure 3.1: Manufacturing process for hc-SWCNT emitter [28, 29].

Figure 3.1 O X 9 IZKFES| L7z he-SWCNT 2 7 4 —/L F= I v # & L THWD S, O FE f#4 T
BHD a & fIiEhc-SWCNTs DEEEEH D4y HUIRFE IS 2T 5. BIER O HCKTEIL, he-SWCNT 43
BEFOVERGAF L BARMFIZ L o TRESND T2, B—72 L RER o ZWNLT DHT2DITITEN S &1
T 208N D 5.

3.2 FREWAIC X D he-SWCNT 4y ko B

ABFFETEBM T n XL L THERMEZ MWD, #ERM L ITBcHFESE TEZE L TRMT D
HATHY [58, 59], FEMIFENC L DWMERIRIZE > TEB ALY IZBARETH L ZENMbN
TWb. LR LZOEFZEOHHGIIAHRTH Y £~/ nRBNBLATHLZ b ZEDTYIa b —Y

a b NEETH 5720, ETHIDICERRICZE OB FE FrEICH 2 o8B eitd oL e L

\

7=, BFEBAISANTES SWCNTs O BCRIBICE 8% H7- 2 D lRetE L LTI, HEIC X 20 MORED 5
W, IS ZE T ORBEORRIC L 2 BEOMRENRSZ 2 DD, FERAMAIC L DHEEITEEOMAR &
FUMBEIZ L - TRE D, ARITIRER L FRHRIRE, WERHIZE > TRED. 7272 LBEIOMD
WMEO G A IRHRIIHERICE - TREDLI O THH 720, SREIFHINEE & FRKIEEGR Yy 7L

— MEE)DREZPE L. WRRRIC W CIIEMmME R & MELHEEIC X > TREDL b DD, 1
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Tk R B TR DAL & B EITIKAFE L T2L L —EIXh> 2 L NN T & 2 72 D FrIC Il S 1%

RELR)NoT-.

e Pressurizing

chamber
<—— Electrode
| | Gl
. ass
nozzle
<— Ink
Electrode —
Hot Plate
Electrodes distance 15 mm
Nozzle hole diameter 70 pm
Nozzle sweep speed 90 mm s’!
Pressure 6 kPa
Hot plate temperature R.T. or 350 °C
Applied Voltage +25,3,4,5,7,10kV

Figure 3.2: Schematic of electrospray coating and coating conditions.

T X FRO L IHER L7z, FEEEERO~ U 7 AL LT Iny05-Sn0, (ITO) Z#E L, &
gt & LT ITO HiBRAH# (ITO-05C, Kojundo Chemical Lab. Co., Ltd., Japan) ZfEH L7=. £7=BED
KEEERREE D723 BA & 43 EAI EC ZIRINL T\ 5. ZAUCHSE he-SWCNTs % il 2. T 60 MPa TOIRA Y
= v b IASHALE A 30 [\ LSBREZERL L2 20 L & OKRS D EELHIE SWCNTSs : ITO-05C : EC
=1:1200:24 & L, BEOfAZL SWONT JREIL0.03 wt. % & Liz. XTI OBELZNMEHE 3.6kG T

10 min DR LAFEEICNT 2 Z LIS X WA EORMZ BN LBREL T A, FBRLL7-%E% 20 mm
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x 20 mm > U = > FEhR _EIZERFEE B AT (ZZ137-1, Apic Yamada Corp., Japan) L 7=. Figure 3.2 |ZFFEEEEAT D A A

E

— UM EEBREMETH D, RO THER Y & BRZE Loy ITO BEfE R %2 A K95 72912 0.1 Pa D H 2255 P
SR 450 °C TMBMLER Z Jifi L 7=, 2 D & S IMBVLEEEE OIE AN 500 nm & 72 5 X 9 1B 21T > T 5.

(B (2R L7 SWCNTs 2 #EH S B 572 DIC KA IE 50 pm O~ A 7 1 ¥— 7 —(Axis-Pro,
Micro Support Co., Ltd., Japan)Z H T 100 pum [ k@ CHERANZGIHI 2 IEME LR 2 e L, A 20 fE
10 mm x 10 mm O F-EAE 7 & L7, Figure 3.3 WMER L= v ¥ OABlO—fFITH D, ZD L %%

TR D he-SWONT 13 L% 0.1 mgem™ EHEE S 5.

II|IIII‘HII|I|I|1|I|I||||I’|I|

1 & O

Figure 3.3: Appearance of a SWCNT emitter.

T3 v X OREBRIZEER 7 0 — 7 BEMSE (SPM SC-MMS, Bruker, USA) % TRkl L7=. FE
FEMEOFEAM X Figure 3.4 O & BV 12/T- 72 [28, 60, 61,62]. EIXZT7 77 v a Y =3 L—%(DF1906,
NF Corp., Japan) % FHV T &%k 60 Hz, duty 4% D7V 2 &5k L, T & @ E 7 > 7 (10/10B-HS, Trek

nc., USAAWTHELZ ETH Y — R v & &7 7 — RICAHMNT S Z & Tiro7z. HUNEBEE A
B ONEILT ¥ ¥ VA1 A a—7(TBS 1072B, Tektronix Inc., USA)& FAWT, FNZENT 7 7 =
VYR L= OHAEIEE IO I v ¥ L ESNCEER LT 10kQ OIRBUC D EEERET D2 &
TAToTe. £7 /) — REMRE Y — NEME OB OBEHEX 0575 mm & Lc. 20L&, o 7T / —
K& LTHT AEMR EITITO 2 ARy Z L, O EIZEFii i a ek & U Cht{b#igh(ZnS : Cu, Al,
Nichia Chemicals Co., Ltd., Japan)& /XA > % & 725 ITO F / Ki¥-(DOWA Electronics Materials Co., Ltd.,
Japan)Z K EIRA LT ATV —2BARER L7=bOE AW, AT ) —FR U BE=/L7 /L2 —/L(PVA,
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Wako Pure Chemical Industries, Ltd., Japan) % J]U N CTHREEEFAIHE 247V, BERIE PVA ZABE S H 5 72 OITKA

RS T 450 °C TiT- 7=,

Pulse wave Function a
60 Hz, 4 %-duty gencrator I-V curve

e | 2
N mm Amplifier ~N
$a-os —> 8“6

SWCNTs emitter

O

| Vacuum chamber; 10+ Pa

Resistor Outpu

10512;J mo;li)totr V
|
777
[
FN-plot — "l‘n(I/VZ) =A+B/V In (I/72) = In(C,-af¥/p) - Co/B- >V

C,=1.54 X 10 A-eV-V2

é \ —> C,=6.83 X 10° V32V mr!
=)
- ‘0 FE parameter
‘. a: emission site area / m?
i + B field enhancement factor / m'!
@: work function / eV (SWCNTs 4.7)

— “Linear” — Field emission

Figure 3.4: FE parameter determination method for the emitter.

Figure 3.5 [ZFIINTEE & FRPHSIRE S FERHEIC G- 2 DB Z R T DI L DX NN L LFFE
AT DSAMT SWCNTs OB TONBARIBIC B A RIF S 2N ERDND . ZHUTHERM I
SWCNTs D73 H#d 2 WIFTEEENE Z b2 & 2R LT\ 5. §FERIEIC K D53 #1T SWCNTs 2347
BTHIETHIAZENTREIND LD, MIED/NI 7 BA HIZBIT 2 ERESCKMO D720
SWCNTs [ ZB/EITERFETHEREBIIZ L L 2o L Boh b, FEETREORBIZE>ThHz
HENDZENTRINDN, SEAIRLITO BNMET L2 L TEORENIFISNS D EEZEZHND.
ZAVEFRPHRIREE & BERE OB S RO bR I NS D TH D,  (Figure 3.6) FRPHRIRE
D BIEMRWVEE R ITIRERMEE 2D, ZHUIHMEILE N @\WIE EWRIERL T OB L3 T3 5
Z L, FHFKIREN@EME EWEE P ORI OARBENEITT 5 2 & TRIET TOBEIOFRENI 2 M S

NDIZHTH D, DF Y EFETITHRIENET LR T2 2T 556 °C DO b OBERR TR BE
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T DHAEICBNTH SWNCTs O BUREBITEL L 2N L 2R T DO THS.

1.E-13 : T €350°C (+)
|mR.T.(9)
AR T.O)
y L
B 1E14 fb

: 'l
1.E-15 i i
0 2 4 6
f/10°m?

Figure 3.5: FE parameter plots of hc-SWCNT emitter manufactured using electrostatic coating processes.

80 T e350°C ()
70 Fi® i mR T. (%)
60 |- ....... ....... AR.T.(-)
550 [ Sy el

= H H H
o
B30
20 | Mg
e

0 I
0 2 4 o6 8 10

kV

Figure 3.6: Average surface roughness of hc-SWCNT emitter manufactured using electrostatic coating

processes.

MAT RAZE BT FE FpERFFETH D & H Z L id, WEUIHNC X - TEEN RO -
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SWCNTs (ZH)—72 BAMER L CWA Z 2 -8 T 56D Th D, f1E SWCNTs DZEHE S IZHp+ 5 &
EZONDHT0 (18], ZORERITFHIBEEICH LT R, N/ SWMEL R D720 THDHEEZDZD.
DI, FEEBMSREDN FE BRI X 2EEBEI /S 0NbDE LTI ZENTEDEEZDLN

2.

3.3 BWEFICEIT D he-SWCNTs O 43 HCRRE D EA & FE 454k

BATSRNEDS FE FHEICRITTREITI R b N7 o 7272, IRICEET D he-SWCNTs D43 HUIRAEDY FE
FRIEIC AT B2 REt Lc, £ 30RO RBIRRN 2L EME ORI 21T > 72, ZHUd@etf To
hc-SWCNTs O FREHERH LD L < WG E, EROMIRSCHIADBRNEL 2570 THD. oBLEMD
AR R 2 S E L 72 ICE S D RS0 A SORG EE ORI AR s BRI S 41 5. FRISRLEE 73 Al E
IXE I HRE 2 GEM AT eE TH 5. SWCNTs k7 /Al 7 ik & L Ci, BhAYSEELiA(DLS:
Dynamic Light Scattering)<°43 47 1 1% [75(AUC: Analytical Ultracentrifuge)73 > 5415, & <12 AUC I

EOHIZ KD B DORENTTRETH L 720 7F / MELOSHTIZIB W T DLS IZHE~TEWESitE 2 A9

o

Vs N
(N
d_., p ’Anl P ’ﬂn N
o o o’ .
A.t, Po % o L 2 )
L . e O )
Measure Center
point

Figure 3.7: Measurement method for particle size distribution of nanomaterials using centrifugal field where &=

18 p In(ra/ro)/(p — po)’t.

AUC 13 DB X 2B NNEED AR ZZE LA —27 AKX ZHWT, S BIT D%k
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O hc-SWCNT 2 % UV-vis 2 AWV CTHIET 5 2 & T, TRRRIFM ¢ (SRS ki E 04 O BAEE 2R 5
HDTHDH., T TIEMHEDIZDHIZ SWCNTs ZEHIRKI & L THRELL TS, 2D & EhFE d THRE p
DAL D FTREMED & B b DD, he-SWCNTs D B4y & 15 LAY BRI O FE p = 0.98 g/em® TRFET 5 =
EMTELHDE LT [63]. FIREIEDOBEEIL po=0.93 mglem® Th V), Z OUEBEDREE 1 1315 k4 2 i

[REE CRETDHZENTEDLE L [64,65]. ZHIC L > ChESAZEETLZ ENTX S,

— 7 T RNE & WD RLE A IIE TI, R Ko TAR NI T 2B EMENZET 5 Z &
MEZEZHID. ZIUITSWCNTs NREE S nm ~um BE TH D72 OICAE L DR ARSI DEWVRL E
HEL [66], SWCNT SEEEIRD T /L — N0 FREEZAL (6312485, £ 2T AUC & FRAfRYITHREEE D22
b DA BN DEERIEOZL B IET H 2 & Uiz, B BCR O IL BRI 2 Wl &) b3
BITELZENHMBATVD [67, 68, 69, 70, 71]. FHIZHBE DA DEFERZ W ZRKBUIHETH Y,

ZD—ZRGNRT Mills DREET A2 5 [64, 65].

= (1 =pHIAAf ) (5)

T O CHOMEE 1 135 UL (BA + ITO-05C + EC)DHBRFLKLEE 1.23 mPa-s (2475 43 it (SWCNTs + BA +
ITO-05C + EC) DMRBRAEE DA R MR T TH V, —MIZ 1 ZBZ D, fIT BRI O B RRE=E,
FIISHBEDT v ¥ LFHEETH VBRI THIIEH 064 [RIERENTEDLHLDTHDH. ZOHD
RRER fIE OIS L2 iRE L 22 WU OB A 2 ST b D TH Y, Fig. 3.7 DX IZHBE—K
KA DURFEARIESCTRIC L 2 TENT D, ZDTDZD f OB HEEDOERZ RfEL 52 N T
5.

foe 2(dy) e 2 (i) (6)

FlInFHONBEBEROREES A, ZHNTKRD LI IThHbbans. 2oL & 4 TEERIC
GEND KA O iy, BLOFD 7 T 7 X VEERTT D (ZB#E T 5%5E 725 [73]. & 2T SWCNTs
DOEHEIZBI L TIE D=2.1Th s [74,75].
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i=3
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Figure 3.8: Schematic of effective volume fraction.

o o
f’?f’

Flocked Isolated
u Ky

Figure 3.9: Schematic of flocked and isolated dispersoid.

L2 L7273 & [ER 53 BOR RS B E X B ICAT O 572, ZHUIINZ 53 0 HEIZ L - TELT 5.
CAVTEEEARER A AE Lo B2/ LTl < Rl IS L - TRERF =R 70 v 7 2R T 5
72O Th 5 [68, 70]. (Figure 3.9) Z D= DEEZFHIT D72 0OIZIE 7 v v 7 D3l ST RRB DO REFE

RS D MEN D L. BEEREICT 7 T AT =V AGI MBI GE, T 0 ISR T DRI
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Casson D& FHWTERL I D [64,65]. T Z T /PasiEd 0 B E MR TOMEKEE, v /Pa lXFEIRIG T,
FISTIETORETH S, ZHUC K > TET Y B AT 2R u Z1E L, R(7)IZRT Casson DD

HLTT 4T 47T DT LITdo THRIRKENGLND.

Iul/Z — luwl/Z + (y/’g)l/Z (7)
(a) 10 E I ! (b) 5
§ —o—as-fresh
: 8 . ..... -7 days |
“é ¥ | |-—+l4days "
< 6 i ——28 days | =
X : ! T =
> ' ' ’ z
PR TaR—— — ~ 2 e o S
: | 3 <
§ 2 e p == ‘; """"" b s 1 [ mm===== CETTEEEEEEE aTTTTEEEEEEEs
0 | | | 0 i 1
0 100 200 300 400 0 10 20 30
Shear rate 7/ s days

Figure 3.10: Viscosity of aged-inks containing dispersed SWCNTs.

FERRIZ 3 7 2 Hi CIERL L 7@ EHa %kt L T E BURSEERH(TVE-25, TOKI SANGYO Co., Ltd., Japan)%
UNT 25 °C 2RI B KEEE 2 HIE L 7= #& 578 Figure 3.10 TH 5. HIEITBREHERESZ OREND 7 HEE
(AT 272, 2O & ERBEORFE ZWHIT 5 72012 > 73/ Ny T E L CRIE CTHE L7z, ROk
B9 0 @EE TR LT AN RO, Casson DR E KL T4 v T 47 E8NT=. 20 & & OME

HEPE p JTFREC K o THEIINT DA & 7 o 7z,

-d(1/iy)/de = k (14iy)* (k: P EHO ¥

DL E i, kL L THEK LFigure 3.11), TN b B EEERE @Y TiTH D & [76],
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BER AR OEEIRE Uiy (231 2B 425 H &7e o TIHEFITHEOMNICESE T H 2 L 3bnbd. &
DL x AUC 75 L7z BFERIE /534 1T Figure 3.12 & 72> TRV [ARICIRIRBARBEE L D Z B35,
R D /NS 72 BA RIEEFIZ351F 5 SWCNTs O (BT 0 12 LW 2 23 AR S, $72 SWCNT [ g
EPEANZ 100 MPa L E L RERT LD [38, 39], Z O EEITAHG & L TR LTIZ&E 5+ C
&% ECIZ X DNKRFEEIZ L D SWONT [Al L O OE TIC L > THeb SN TN D o LHEH S
N5, Lo TSWONTs (ZmmFROBAZHWTHET 5 Z & TaWoBZERZHLZENTED

boLEZLND.

1.10

1.08

1.06

1.04

i, / arb. unit
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Figure 3.11: i calculated from viscosity of aged-inks containing dispersed SWCNTs.
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Figure 3.12: Cumulative frequence of aged-inks containing dispersed SWCNTs.
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Figure 3.13: Current density vs. Field intensity plots of emitters prepared using aged-inks containing dispersed

SWCNTs. Insets are planar emission images of each emitters at current density of around 5 mA cm™.
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Figure 3.14: FE parameters and brightness CV calculated from Figure 3.12.
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Figure 3.15: Current density vs. Field intensity plots of emitters prepared using (®) fresh ink, (€) 28 days aged

ink and (<) centrifuged aged-ink.
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Figure 3.16: (a) Emission half-life on CV measurement and (b) applied effective field intensity SV of emitters

prepared using aged-inks at initial current density of 1 mA cm’.
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Figure 3.17: Cumulative frequence of a SWCNTs inks dispersed using wet-jet milling for each cycles.
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Figure 3.18: Viscosity of a SWCNTs inks dispersed using wet-jet milling for each cycles.
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Figure 3.19: FE parameters and brightness CV of emitters prepared SWCNTSs inks dispersed using wet-jet milling

for each cycles.
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Figure 3.20: effective field intensity BV of emitters prepared SWCNTSs inks dispersed using wet-jet milling for

each cycles at initial current density of 1 mA cm™”
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Figure 3.21: Current density vs. Field intensity plot of the hc-SWCNT planar emitter.

Inset shows its Fowler-Nordheim plot.
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Figure 3.22: Planar emission photograph through ND filter of the hc-SWCNT planar emitter measured at 5 mA
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Figure 3.23: Emission stability of the hc-SWCNT planar emitter on CC measurement at 1 mA cm’ with effective

field intensity of 1.1 x 10* Vum™.
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Figure 3.24: F-N plots of emitters activated using probe in difference probe conditions.

Figure 3.25: Appearance of emitters on Figure 3.24.

_58_



FBIT A2 T OHI & Figure 3.24 ™ X 5|2 FE fE32bT 2. 20 & &I v X OFMEES
H Figure 3.25 # 1. Cho22 5 X 5 IZUIHIOREBIIAY —Th 5. YRIBEOREEZ YIRS Z LN TE
% & Figure 326 D L5 —72 FERMEES DL 2 ENTE 5. L LR i EOREIZUEIZE - T
FEFET DT ORA BT D22 8107 D. ZDDE—DREOEE THEL L O I v ¥ OGP
PSR & FE RO BIR &2 i+ 2 Z L ITHREE L 72 5.

N

=~

(8]

(NS

[a—

Current dinsity / mA cm?

()

0 2 4 6 8 00 02 04 06 038
Field intensity / V pm! 1/kV

Figure 3.26: (a) Current density vs. Field intensity plots and (b) Fowler-Nordheim plots of emitters activated using

probe in same conditions.

ZZC3E 2, 3HITIET I v ¥ OUIHIKLIRIZ IT#2000 OV 2 FV T2 B IEZR i O B AL HE %
AW, ZOFETIXUIBIEE O E 7 2 7 AEOE A X 2 FEIC X > THBMEDO Bk EE
DNFEEL S 41, Figure 3.27 O X D IZIEFIZHE)—72 FE FREOBBINELZGH Z LN TE 5.

772 USRI 1 % B A0FE C IR LEPH O FIE S R Ch 5720, = I v ¥ OGRS

DRERIT~A 7 n—7—%2HEE L CUH| LIEMH b 21T - 2.

_59-



g > | (a) -20 (b)

O 4 [B——n-) [ — 22

E —&-N=2

= 3 |—a—-N=3p 224

g <

|- Y WU S (— = .26

v —

o R e -28

=

S0 -30 : : :
0 2 4 6 8 00 02 04 06 08
Field intensity / V pm! 1/KkV

Figure 3.27: (a) Current density vs. Field intensity plots and (b) Fowler-Nordheim plots of emitters activated using

sandpaper of #2000.
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Figure 3.28: (a) Current density vs. Field intensity plots curves and (b) field enhancement factor £ of emitters with

difference thickness of SWNCT layer.
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Figure 4.1: Schematics of triode structures.
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Figure 4.2: Electrostatic field simulation on triode structure with under-gate electrode.
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Figure 4.3: Relative field intensity vs. applied gate voltage plot in a triode structure with in-plane under-gate

electrode.
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Figure 4.5: Relative field intensity vs. thickness of insulator plot in a triode structure with in-plane under-gate

electrode.
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Figure 4.6: Preparation method of planar electron source with under-gate electrode.
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Figure 4.7: Appearance of prepared planar electron source with under-gate electrode: (a) top view of

cathode and under-gate electrode; (b) partial enlarged view of gaps; (c) cross-sectional SEM image.
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Figure 4.8: Schematic diagram of current—voltage measurement system for triode structure with an under-gate

electrode. Distance between the emitter and the phosphor can be controlled from 0.1 to 5 mm.
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Figure 4.9: Current density vs. field intensity plot in a diode measurement.

Inset shows Fowler-Nordheim plot.

Figure 4.10: Planar emission photograph through ND filter in a diode measurement at field intensity of 8.8 V/um

with applied anode voltage of 5.1 kV. Lighting area is 7 mm x 7 mm.
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Figure 4.11: Plots of emission current density between the anode and the cathode vs applied gate voltage V,

between the cathode and the gate electrode; results are shown for F, . of 2.9 and 3.8 V ptm" between the cathode

and anode electrodes.

Figure 4.12: Planar emission images of the triode sample when V, of (a) 0 and (b) 200 V were applied with F,.. of
38V um'l on applied anode voltage of 5.1 kV. (c) Planar emission image re-taken through ND filter on condition
(b).
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Figure 4.13: Fluctuation of emission current density in the triode electron emitter with a field intensity of 2.9 V
um™' between the cathode and the anode electrodes and a gate voltage of 500 V, and 3.8 V um™ between the

cathode and the anode electrodes and a gate voltage of 200 V.
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Figure 4.14: Current efficiency on current drive characteristics of the under-gate triode structure; results are shown

for field intensities of 2.9 and 3.8 V um'] between the cathode and anode electrodes
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BEBEOMELBE LHER T I 2 L —1 a3 > DEET python 3 TIT-o 7z, FHET /LT Y X AT
&

LTW5 [84]. BEERARFHAEXIITROLIBY Th 5. BENMOFRSM phi_Bound 6 X

# Boundary condition
phi_Bound = np.loadtxt(argvs[1], delimiter = ¥t')

[

eps = np.loadtxt(argvs[1].replace(.’, '_eps."), delimiter = ¥t')

# Potential calculation
while delta > convergence_criterion:
for i in range(H):
for j in range(W):
ifi==0ori==H-1 orj==0 orj == W-1 or phi_Bound[i,j] != 10000:
phi[i,j] = phi_Bound][i,j]
else:
phi[i,j] = phi[i,j] + SOR *((eps[i-1, j-1]*(phi[i-1, j]+phi[i, j-1]) + eps[i-1,
J+1T*(phi[i-1, j]+phili, j+11) + eps[i+1, j+1]*(phili+1, jl+phi[i, j+1]) + eps[i+1, j-1]*(phili+1, j]+phil[i,

J-1D)Y/(2*(epsli-1, j-1] + eps[i-1, j+1] + eps[i+1,j-1] + eps[i+1, j+1])) - phi[i,j])

delta = np.max(abs(phi - phi_in))
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