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ABSTRACT 

THESIS TITLE: GROWTH OF CARBON NANOTUBES BY CHEMICAL VAPOR 

DEPOSITION WITH AN IRON-NICKEL CATALYST. 
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We have successfully grown carbon nanotubes by chemical vapor deposition (CVD) 

usmg particles of Fe : Ni nanosize as a catalyst and methane molecules as a carbon feedstock gas. 

The Fe : Ni nanopatiicle catalysts were deposited on the silicon substrates by thermal evaporation 

at different argon atmospheres of pressures ranging from 200 mtorr to 400 mtorr. The sizes of the 

catalyst were examined using Atomic Force Microscopy (AFM) in conjunction with high 

resolution Scanning Electron Microscopy (SEM). Carbon Nanotubes were grown on the catalyst-

coated silicon substrates. The growth temperatures were varied from 800 °C to 1000 °C. The 

samples were characterized by high resolution SEM and high resolution TEM. The quality of the 

carbon nanotubes such as length and structure strongly depends on the growth temperature. The 

length of carbon nanotubes are likely to vary to the growth temperature: the higher temperature, 

the longer carbon nanotubes. The length of the carbon nanotubes grown at 900 °C exceeds 25 

micrometers. The most of carbon nanotubes are a straight line. The TEM images reveal that our 

carbon nanotubes are multiwalled. These cabon nanotubes are well qualified to further 

development for making field emitting devices. 
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q u 

WJllJ'ffllJl'Hll'Wfll':i~~~1v..:j\9]1'1JeJ..:jeJ~\9ltllJ~U~nuiu Lf1H'ff1'l..:j'IJeJ..:j nanotube chirality fl'utllu 

~1n111 u ~Vl q~m ~lJ 'fflJ1J'~ m~ 1ll u h11~ '11~ am~tll 'W'ffl~~~~1Ul'Ut~·rvi au11 um{ uau ~1lJ~..:jfl~~ 
lfl~eJ'W~ltl f11~'11V'l.J~'l.J (manipulating) 'Viam1um{ueJuml'*'lh~ tt.JGJJ'uiimlluihym~hri'qJ 

I .&::lei G' I tf 9 ~.d J' rJ} '1 'J) d QJ I oll!'!t.~.e:.. 1fJ g) 

!GJJ''W 11ifll':itll~f1Umf1n'l.Ja'W (arc discharge) 11i'Wtll GJJ' 1~'11~!1llJI'lll':i~'l1{)mtll (catalyst) 'il~ ~~ 

'Vit~'WlL'Wfll{'l.JeJlJGJJ'U~NU..:j!~cn (single-walled carbon nanotubes, SWCNTs) lm~ ~1JJ1'*1~'11~ 
" !ll'WI911!1..:j'I.J~n1CJl'il~ 11'i''Viam1um{ualJGJJ'U~NU~'I1mtl~lJ (multi-walled carbon nanotubes, 

MWCNTs) ~..:j~~1ltrlu1n~~lvu~~~~l 'l'*~ltlt~n u~'Viau11 um1ueJu~tl'1''il~~'UlJl~'IJeJ..:j'Viv 1JJ .. 
~ d. .d ~ "'f I 'J) ~d Q.J cr'<) 'J) cr' I ~naf rl JQ ffml fflJ atm ~lJ ff ~~ 'il eJIJ u f1 au 'IJ l..:jlJl m1i m~ ff ~1m 1~ '11 1 ~ vm~ mu~ ltJHWMeJ~'\JeJ..:jl! mum ll'~'Vl 

(pulsed-laser vaporization) 'il~ 11'i''Vivm1um{uvu~~f11llJ'l.Jl"!'Vlf~..:j 
,j 31 '1 31 <I <I "'"'II] "'II !'W a~ 'ill fl\91 a~ GJJ'l~ !CJfeJ mvna~ \91 VlJ 'IJ v ~ m ~ uau u ~~ 11i 1 a~~m tJ'Vll~lfllJ 

deposition, CVD) 1rlu in if ..:j!f1dl~M'Viau 1! um{uau ~~l'l'u 'YJ'W m~ Nill'l~l 

(chemical vapor 

?I "'"'d"' 131 llJ'W11i'Vl'WtllJ Gjj' 

' ' "' if ..:j!fl~l~M'Vivu 11 u f111u vu 1 u~~~'l.Jf.ll'lbl'l'l1m ~lJ 1 i'1 v~ 'illmrlu 11iVi'fflm~t~'fi ..:j!f1dl~'l1"11'i''l1..:j'VitJ 
rl .e:.. Q.l d ' ~ rl ~ v ~ & ·~ .c::. 

'UlL'Wfll':i'l.JtllJGJJ'lJ~N'W..:j!~t11 u~~ 'VltllJl !lJfll':i'l.JtllJGJJ'lJ~NlJ..:j'l1mt1GJJ''W 'Utl~fl'l.J'lflJ~!!~~'UlJl~'Utl~ 
"' 1~'11~trlu\9llri ~u~fi1 til m~'l.J1lJfll'jir ..:j!ml~l'i''Vivm1um1uvu11iu mff'vm'jriv~u'IJtJ..:j'Vivm1u 

rl ' .J ~ ' ~ ~~ !1 Q.l ..k d.ci ' ~ 
fll'j'l.JeJlJ'l.JlJ!!NlJillJ';iel~ (substrate) CJf..:j'lf'W ~'IJeJ..:j!!NlJ illJ 'jeJ..:j tltl!IJ'W IJ'il 'ilti'I1'W..:j'VllJ N~l'ltJfll'j lfl~ 

'Viam1 um1uau UH'W jll'W~eJ..:j~iJtJlJ~a ~ilnau mt~'VICJf tm~ul!nth~vl!aan tCJf~ 1rlul'l'u m~ 

11~miam1 u m1'Uau 'UuuHu !l'W ~a~ ~11rlu~a~mft'v~ld ~.Ufin~ m12 ~ 11~ ~.Ufin~ m~u1m '1 ~ 
II] 31 I'} "' ' .J '} I "' 1 31 <V <f I '} o' 
!~l!fl !~'11~'Vl~l'WCJf~'W (transition) CJf..:j !~'11~!!\9l~~'lf'W~ '11N'flfll'jff..:j!f1dl~'I1'Vlel'Wl !lJfll~'l.Jel'W 

~1~nu ';ilti..:jllJ f11l'JJ~ht~ 'illum':im'lmmuuuum':i tfi~ u~~~Phu'l1u..:j'IJtJ..:jfll'ju~n'Viv'Wl1u . .. .. 
m1'Uau~u'fln1~t.~1m~mv'Vll..:jlf1~ l'Vlf1'11f1m'jbl'..:jtf1'n~l11nlf 'l'*unfft~ ~~~m{uautrlu .. 

I o ol!:ll rl C\d.J'\I}rJJQI C\ rl 9) I ~~ .C\ .C\d.d.d ... f .C\ ~ 
!! '11 ~..:j tllllJ ~ tl~l'ltllJ f1l 'j 'lJ tl'W !!~~ Tli'W ! ~~'l.Jtll~Vl bl''il'W!! ~ 111 !IJ'Wl 'Vlfl 'W f111i'VllJ1J~~'ff'Vl1i flll'l .. 
'ffllJl':it~~ 'il~bl ..:j!ml~Mvi am1 um{uvu~~mll!ff~m~ bY ..:j U~lrHnfl~..:j!~vuu 11'1 '1 'i!l:Ylri'tu'IJtJ..:j 

.. u 

m~ir ..:j!ml~Mvit~ull um{uauf!a~lli ~ufifi1 m ~1d ..:j'I.Jfifi~ m 'lum~bl' ~!m1~l'i''Viau11 um{uau 
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" . 
(Mo) r11e1 'loNhmamhwr-mlJtiu hr1~~u !'Jfu eJ~il!iivll (AJ)

13 

fll'Jtl~nvieJu11 um{'UeJU ~-;wm"JioNeJ~mfll'i''"Hi .:n_J~fi~V1'\JU1~ 1-7 u1! U!ll~'J 'il~ ~~ 
" . " 

'Yie1u11 um{'UeJ'Uvfu~iu!~rrJ u~~tr1eJ~mfli'1'"Hi ~tl~fi1 rnViij'\J'U 1~ iMtl,]n-hu 'U'il~ l~vieJu1l u 
o' "' ~ 14 " 11] Vel o' fll'J Uel'U H'U ~l'lmV'lfU 'Uelfl'il1f1U 'J1V·nU fll'Ji,) V'\Jel~l'lmvn~ lJ !~fl'fl'hlli,) Vf1Wff ~!fl'J1~l'l vieJ'U1t 'U 

m{ueJu~·;wiii I el'J~mmflii 1~v'loN'ff1nh·~neJu Fe( Co )5 !~ul'i'-Hi ~tl~fi~v1 u~~!~~ vlll'1-ui ~ 
.. I e::),~Q 9 V.c::::t I Ql 15 Q,J " I 'l rl " .c:....:::t 1IJ d. uumv1 1 l1ll'\J'U 1~'\Jel~el~fllfl!!~fl~1~f1'U fll'J'ff ~!fl'J1~l1'VlelU1 t Ufll'J'Uel'U WJVT!i !el'J~!l'ifl!flll 

. " 
Vii oN Fe-Mo !~'UI'1'"Hi ~tl~fi1v1 'WUl1'\JU1~'\JeJ~'Yit!U1L um{'Ut!'U~'Ut!~D'U'\J'U1~'\Jt!~l'11!i ~ 

tli]fi~ V1 16 'il~! MU 1~11~1'U1,Yvmcilcl'1i~ueJn i M'Vl'nUl1'1JU1~'\JeJ~I'i'1d ~tl i]fi~Vl!~uil 'il ,Yvl'!~~ i u 

f1TH1mu ~'\J Ul~'\JV~!ffu ~lfl''Uvnm~'\Jt~~'Yit~u11 um{uvu 
'U 

~~ti'J~'ff 'lfl'llt!'lfll'Ji,YmYlv f1mn ~H'I'Ut~~v~mfll'l1d .:JtJi]fi1vl'J~\Plum1 um ~n-iJmfij;'j 

'UU~lU'JtJ'l'UeJ ·m~w~ilneJmivmn1~!m1~11'vieJm1um{ueJu 1~v1iitv'J~mv'Vll'l!flij 1~muu 

fll'Jffmn'\Jm~t~~fllfl'J~~u u 11 U'll t~.:JI91 1! i ~tli]fi1 vwivm1 !n~'Vivu 11 um{uvu 

t!Wl'lflih~l'lll~ 800 ~'! 1000 tl'lfl'l!CJfl;'l!~V'ff~tlfll'J!fl~vlt!UllUfll{'UtJ'U 
• <u 

~ ....... 
1.3 'Uel1J!'UVI'Uel'ltn'aflfl'l:ITHUJ 

" iu.:J1u1,Yrri:hl~ffmnmnY'~!m1~Mvivu11um{'Uv'U~1v1ntv'J~mmflij • 
I 

1J'UUH'U 

i1'W'Jt~~ Si ~ijv'4mm~~'U'U1t'U '\Jt~~m~mm~iJmf1~t~ul91-;ui~tlfin1v1 1~vm'Jt~'1vll'\J'U1~ 
'\Jtl'l 1'11ti .:Jtl ~fi~ V11J'U !!~'U ~ l'U 'Jtl'lclfilflt!'U ~ 1viii I tl 'J~!l'i Vfl11ll fv U (thermal evaporation) ~ 

" . 
unVlfllfl''\JeJ~un'ffm{nvu 200, 300 Ul;'l~ 400 iJ~il'VleJ{ (mtorr) 'illnuuthu~Uil'U'JeJ.:JVit~!tl 

Ul;'lfl'Yit!'Ult'Ufll{'UeJU~t!Wl'lflUU'I.h~l'J~l'lll~ 800-1000 tl'lf11!95~!9fV'ff fff1lll'\J'U1~'\Jtl~tl'Ufllfl 
~ q ~ q 
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~1d,nJfin~cll 1~wi'* Atomic Force Microscope (AFM) nti't~-:J~r;t'Yl'nfl'U~t~flmm.mu11rit~-:Jmlfl 
" (Scanning Electron Microscope, SEM) 'illfllJUVllm1a'~tfl11::;MvitJ'WltUfl1{11tJU tflCJ1llltJ1::;mv 

.d. 'J) 0 .c:9 <V 1 <j , 'J) 9) rl&:::~. d ' 
t fllJ t m1'Yll fll 1 fl'flEJ 1 r;t flEJ ru~ 'IJ tJ-:J 'Yl tJU 1 1 u fl11 11 t~u f11 CJfl(l tJ-:J 'il (1 'Yl11 rru tJm fl\91 1 tJ u t t 1111 b1'tJ -:J mlfl • 

" ' " a' -:J t fl '.il::; 11-'l ~ t 1J u u 1111 NiT -:J 'lfu t ~ CJ1'111 tJ NiT -:J 11m v 'lfu ~ 1 CJ nll tJ~ ~ (1 'Yl 1 1 rru ~it~ fl \91 1 tJ u u 1111 ritJ~ rhu 

(Scanning Transmission Electron Microscope, TEM) 

" ' .dl ~IVd oG'!!V9J.e.:,QJ .c::rt. 9J 319 c5. Q.l 

N(l'illflnl1fl'flEJ11'ilCJU '\l::;'Yll !'11 ~1'ilCHflflfl111J~f1111JL'\Jl 1 'iltflCJ1fl11'\JUlflm~~ fl (cluster) 

'Utl~tll~.fllfl~1L~-:JtJfin~CJl~tflum~mm::;~11UllU'\Jtl~ Fe : Ni ~fiN(l\OltJ'IJUlfl'\Jtl-:J vit~UllU 
m111tJU 111J~-:JtJtu'l1flil~1'*hJm111(lfll'itJm1tflflvitJmlwm1um.J t~:Ul"'ln1n'l:l::;m::;111Um1 

q ru ru ru 

" ' 
m1ftnm1<ilviJ.Uu\9lt~ut~lJI'iu ~t~m1tl'l1CJ1Jm~mm~~11Ult U'Ut!-:J t(l11 ~ 1'11d -:JtJfiiWvl 

' " 
Fe : Ni 1J'WU~'W;Il'W1tl~clfilfltl'W L~tJi'*tflu\Vl1d-:JtJfifi~CJlff1'11i'11fl11iJ{jflvitJUl lUfl1{11tlU 'illfllJU 

ftfl'J:Jl1~~1J'IJU lfl'\Jtl'ltll;!.fllfl'UtJ'l\Vl':Hi ~i.Jfin~ Cll 1 f!CJi '* AFM U(l::;fllJtJ~~r;t'Vlnfl'UU 1J1JfftJ~mlfl 

tdtJ l~U~Ujll'W1tl'l~tfli1t!11#1-:wtmi ::; \Vl1d ~DUfl~CilUlJ1 l'htt~'Wi1U1tl~ l i.Ji '*tfttJD~flvitJ'Wlt 'W 

m{iJtJU tflCJ1llltJ1 ::; !11CJ'Yll .:JtfllJ~tltW'I1fl:iJ~ui.J1Al1::;W:ll'l 800 ~'l 1000 tJ.:J fl' Wlfr;ttGJfCJb1' b1'flt1JlCJ . ., . 

l #\i'11m1Ult bYU t1 1!--1(1-:J lU '\Jtl~ N1<ilv1 'W m1tJ 1~'lJ'lJ'Yll.:J1'lJ'lnl1 "' . 
" ' tJ1~t'Ylfl't'YICJ fli'~'fi 31 ru t'Vlflt'W'tnu :um1'Vlm~m'VlfltU tr;tVb1'1'W11 • 
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Chiang Mai University Journal u~~ Thai Physics Society ium~U'l'~'Jtl-1 Siam Physics Congress 

" " .!! .I 5I "' "' 2006 1'U'fJ'I11u'l'~fl'fJ1J\Pl1Cl 5 1J'Vl \Pl-l'U 

d 0 ..:k I Ci d ~ ,...I ~ ~ ~ ~ 
1J'Vl'Vl 1 1J'Vl'U 19!'-l11~ nm1t1-l'VllJl'll'f:l-lut)fl11 1~t.)u ~~ ff -:j 'fl'll'f:l-lfl111 1lv 11CJ-ll'Ufl1111i'CJ'V1 

t~v1'li''f:l-l ~~~m1Pli11l~tl'i'i'1J'illflfl11ffmn11lv 

1J'Vl~ 2 mh1~-l'fl11mYlfl'tuu~~ffl-l'l1~'1l'f:l-lTill'lm11J'f:l'U fflJ'JJ~'Il'f:l-lvi'f:l'Ult'Um11J'f:l'U " . 
ll] "" I 'l .. """' "' .. ?I llJ.IllJ51'1 .I "''151.1 'l .. 

fl~ tflfl111fl\Pl'Vl'f:l'Ul t'U'flll1J'f:l'U 1Tifl11ff-lt'fll1~'11 'fl'JllJtu'U tu t\Pl t'Ufll'l'u'J~~fll'l t'll'u'J~ tEJ'll''U'Il'f:l-l 

vi'f:l'U1L'Um11J'f:l'U 

1J'Vl~ 3 nci11~-li~m1~1tuu fl11ffmni1lv~-lU1~fl'f:l1JI'i'1v i~m':itl'l~ EJl-1191'111 ~u~fi~ m 

1J'UU~'Ujl'U1'f:l-l i~m1fffl'l:ll~m:Jtu ~ 'll'f:l~191'1l'i-lu~fi~vl fl11~~tml~Mvi'f:l'Ult'Um11JB'WI'i'1vi~ 

lB1~1'11 m'fliJ u~~m'l'fffl'l:ll~fl'l:ltu ~ 'll'f:l~viB'Ult um11J'f:l'U 

d ~I & ~ Q.I & I c9 Q.l 

1J'Vl'Vl 4 !u'Ufll'J ':ilf.l.:ll'U ~~fll'Jft'fl'l:l11'iltl 9!'-:l'il~flm1t1-:l~~'U'f:l.:lfl11lJ\Pl'U1J 'J 'Wlf11ft''ll'f:l-l 

unffm1n'f:lu~iJ~'fJ'Il'Ul\Pl'll'fJ-l'fJ'4mm~~1J'Ult'U'IJ'fJ-ll91'1!~-lu~fi~vl 'll'Ul\Plm~~n'll'f:l~'f:l'4mfll91'1d-l 

U~fl~C11~!1J'UB'4fll'fll~~1J'Ull'U'lJB~ Fe : Ni ~eJ'Il'Ul\Pl'U'eN'VieJ'Ult'U'fll11JeJ'U ~tl!'11lJiJ1'Ufll'JU~fl 

~Bfl111fliPlviB'Ull'U'fl111JB'U ~fl'I:Jtl! ~ 'lJeJ~viB'Ull um11JB'U~l~1llflfl11~~~ml~M 

1J'Vl~ 5 1J'Vlff1U~~fl11fffl'l:lli1i'v U'U1'Vll-lfl11fffl'l:lli1i'vtuB'Ul'fll'l 
q 



/ 

' ~ 
1J'YI'YI 2 

' "1 tl .:=:-..d. QJ rl tl .o:::::t. rl o::::::t.e=! Q,l rl ~ 

'VHJ'Wl t 'W'fll'J'l.Hl'W 'J'Iifll'J'ff ..:J!fl'Jl~'YI U'U'Utll'Jfl~'ff'lfl'J'il (arc discharge) 'J'Iifll'J'ff ..:J!m1~'11U'U'Uf11'J tr-.1 

9.1 tl ~ct. Ql tl lfJ .c:::l 

~'JtiUU9ftl'J (laser ablation) W:'l~ Tlifll'J'ff..:J!m1~'11U1J1J tm~mmm.J (chemical vapor disposition) 

. " . 
m1'l1t~'Wfft~'li1\9lYJL~'W t~..:Jrl'l.J 'J~f1t~'l1V1'W 1!1'W rl11'ltu'U e:~.:Jir .:Jii~il'l tn'ili'lt~ !#l·hil..:Jflltt'Ue:J-.1 

q ~ u 
I )} f t )/ 

iY..:Jii~11'l'Vlf1'lfU~ 1:umn~'\Je:J..:J'ffl'ifl'W 'Vl16 Lirm~'lYl!'il'ff'J:U 1 ri V1'111'JYJ!'JTi1Jl.J'i~'Vll'W t'hl!u • • 
J ~ dt d .J " .c::1 rl d rl .d 0 QJ d rl Q.l d 

L'lfti!"W~..:Ju ~~ti'W '1 t~nmn 9f..:J!:'l1'W:U'fll'J1J e:~ wllu t~..:J fill 'J~nt~1J 'Vl'fflfl ty u t~n 'illf1'W 'liW.J'fll'i1JtJ'W tr-!I:U 

m'im~ 'illttl'11 1 u 'lin:U'lfl~h'lfu t~~'l 'W'JU'\Jt!-!1 'ffl'ill'i~f1t~1JUfl~!~tt:um1Jm'W 191 1hul1u 1111911 L~tt:u 
"' "' 

~ .o:::::t.l Cll rl \'] lJiriCll.c::i C'})~ d~Jo 
U~~ Uf1'ff1i:i'i:IJ'b'1\9l !'b''W Uf1'fffll'i1Je:J'W t~tHlf1 t9f~ Uf1'i:Y:IJ!'Vl'W !!~~Uf11:1' tl'W"] flf1!IJ'W'ill'W1'W:I.Jlf1 

'1 rl QJ rl ~ ~ ,d ... 1 d y ' 
tfldln'l'W'Vl (covalent bond) f1'U'fll'J'Ue:J'Wfl~\9le:J:I.Je:J'W 4 e:J~I'le:J:U 9f..:Jtlti'Vl:IJ:IJ'\Je:J.:J'JIJ'Vl'J-!11:1''11'W1 Uil:::U\91 

"' q "' 

!:'l:::e:J~I'le:J:U'\Jt~.:Jm{'Ut~'W~J..!:U'Uti..:J'VlH~m!l'il~'i:Y~l..:J~'W'Ii~tl1JtJ~\9le:J:U'\Je:J.:J1i1fJ~'W~n 3 t~~l'lti:U~tl '1 11.J 

! 'lfu !"W 'b''i ii 1m -!l'ff~l-!1! ~u I'll •1h CJ'ffl:uil$1 ~-!! 1h ~n V1J ¢11 CJ e:~~ 1'1 e:J:U'\Jt~-!lm{ 1J t~'W! ~u ~ l'W 1'W mn~ t~tl' u 

¢11CJ'W'W1i~ im1m'W~ ~-!lm-w~ 2.1 (a) 

"' 9/d~ "id • " 
2. U1J1J:IJ l m \l'ff'il\1 !ll'W'b''W "] 'YI'it!!ll 'WU~'W 'i:Ytl\llJ$1 1 \9lCJYlfl~\9ltl:IJ'\Je:J\lfll'i1Jtl'W 'il~~~l'i1 

., 91 ,j 2 IIJ "" "'"" ' "' .J ., "' 
U~~f1'W 'illf1fl1'i9ftl'W!'YI~tl:IJ'\Jtl-!l SP. lg1J'J~tltl'i1J\9ltl~ U\9l~~tl~\9ltl:U'\Je:J..:J'fll'J1Jtl'W9f\lti..:Jfl\l:U 

' ' ' r/.o:::::t. d\t) I .o:::::t. lt) .o:::::t.l!J Q.l IG} .o:::::t. d 0 6'\ 'J) .o:::::t. ')) ~ 

P-tltl'i1J\9ltl~ 'Vl t:utn\91 tg1J'j tm9f'lf'W u~~tl~ t'W'Vlfl''Vll.:J'Vl'il~'Vll tmn~m'i9fti'Wm~t~:U'\Jti.:J P ;r- P ;r 

1¢1 1'11t~~Nt'lfu un{hJvi' ~-1m-w~ 2.1 (b) 



/ 
r' 

./ 
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3. uuuiJ 1 flH{1'fl~!tlutim.J"tJ'Wl\9l!~n 'ilwn'ilfier:hiru!tlu ~\9}~ 1JJiJlj&J 11 ~m;ruvlj&J 
d I ".1 d d' di I 9 I ,d ?1 d' "" 'l I 'l 
!'H.If111 YJ'tl!t'HJ'J'W{J' (fullerenes) 91~{1'1'1-J ~11~'Vl'V'I1Hu'U'V'l1flfll'J'!Jfl'U11fl{l''IJ (C60) ~\9li'JUI'H'I:::: ~JJ!(;'If:)'tl 

" 'il::::i.h::::neJu~11'JeJ::::I'leJJJ"tJeJ~m1ueJu ~1u1u l1~MJJ\9l 6o eJ::::I'leJJJm,Yu\9l-:Jnu~11'J~u 1i:::: 1 ml!'tlu'Vl 

(a) (b) 

(c) (d) 
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~ ~ 

uu\91-!lu~ S. Ijima
3 i~fi\.!YlU'Vien.nlwm{uerwNu-!lmnviu L~CJiJ-!ltfltyiuiJ 1991 iu'llru~ 

~t'llli~n~V-!l'ill:l'Vl11fl"tJflt~tll'l1VU~lJfl1~-!l'UCJ1Clff-!l l'l11'ilffVUt'UliliM1~tfl~'illtltl11!1'l~CJ:U'VJI:l!l:lel~U 
q " " . ~ . 

(fullerenes) Vii~'illtltl11 arc discharge ~1CJ'thrn1ueJU !!~1Yl1J',hiff~Viii~nflru~tiJul'ieJCJ11U1-!l ~u 

nwlJumi'J,JeJV1-!ltlJU1~t1iCJU 'UUl~'UeJ-!JyJeJff~l!ff:UeJ !~CJfl'hyJeJUlLUfll{UeJU ~-!ltlJu L:U!l:ltll:l~lJ q q 

.... 11 fJ} I <r fJ} I I d fJ} I tJ' I .... 1 
1IJ11-!lfll:llCJ'Vleltll:ld-!l'UeJ-!l tf1Hff11-!l11-!l!!t'!l'll'U1CJ'UU1~!1:ltl !ffUN1Ufl"UCJtll:ll-!l'UeJ-!l'VleJIJ1~:1Jlru 1-15 
" " 
UlLU!:U\911 Ul:l~lJf111:UCJ11~-!liJ1~:1Jlru 10 l:U 1mt:UI'l1~-!llJell'l11ri1Ufi11:WCJ11~eltLfU~1U 

~ 

rYu6nm-!lt'!mv-wut'Vilul:l~YiBil t~m~ mr:hviBu11 um{ueJu 1 w1m~mn lJ11CJ-!l1mhfi11:UV~t'! ciu 
" " q 

1 ,. , t:::! I .di ... I 18 d. I 

(Young's modulus of elasticity ) 'UeJ-!l'VleJUl tUfi11UeJU:Ufll~-!ltl-!l 1.2 !'VleJ11IJ1ffflll:l (TPa) :um 

ml:UU~-!lt!tli -!11'~~1 i~ 30 ~tln~iJT"'flll:l (GPa)
19 

yJeJU1LUm{ueJUff1:UlltlU1 ivJ~1 i~~-!1 10
9 

.I o' I "" 2 d 0 I!] •• Ull I!] 9) "" 6 2 & <!! I I 

UeJ:U!!IJ11'leJI'l111W11UI'lt:UI'l1 (A/em) 'Uru~'Vl'VleJ-!l!!~-!lU1 nrrn ~~~-!l'q~!YlCJ-!1 10 A/em CJl'-!ltleldl'Vlel 
.~ 

u1lum1u-eJu'l11 ivJ~1 i~~n11'VleJ-!lU~-!l r~ruff:!Jil~'Vll-!1 ivJ~l'UeJ-!ll'ieJu11um1ueJuYi~umh1um1 
q " 

i~t~CJ-!li91'1'1JeJ-!leJ~I'leJ:Um{ueJu YiBmium{ueJuii~u~f:bi~~-!1 1500 l'l111-!lt:UI'l1~Bni':u (m
2
/g) 

tl'lviiwmJt'!'W1UU'W 1.33-1.40 n-f:u~eJ\jtl1Jlfl"nt"lf'W~t:wl'l1 (g/cm
3

) trlmVivunUeJ\jihilv:u~li rr:n:u 

t'!UlllU'W~-!li'i-!1 2.7 ni':u~eJ\jtlUlfl"rlLCJl''W~l:U\911 (g/cm
3

) ile111 l'ieJU1L'Wm1ueJ'WlJfldl:Ut'!UlUU'W 

um1mn r~ru ff:wii'~tcli-!l ivJ~l~neJcivmtf-!l~U1ff'W 1 'il~eJ ff1:1J11t~'l11:1~iJ~eJCJfl t~tll'l1eJ'W 'il1n'l1mv 
q 

'UeJ-!l'Vimn1um1u Bu1uffm1~fftutulm fl"i~ trlm1-!leJciiuffu1:w i vJ~1~1 ~~1ft'nv~1 t'lfu 'il~ 
q u u cu 

9.1 d l!J 9.1 ' 9 9.1 ... o'l!J • .I -~ "" 'I d 9.1 'I 9.1"' o'l!J •• P-i 
m~~u phosphors 'Vl11-!l 111-'!1-!l 1 mm t']j'ffflCJ ll''l'Y'il!YlCJ-!1 1-3 V !'W'Uru~'Vll'leJ-!1 t']j'fl"flCJ tl"''l"''l~-!1 . ~ ~ 

i'i-!1 50- 100 v "hwfuiJmvvitiJ'W'U1 molybdenum UeJtl'illflilV-!llJfi11:Uff1ll11tiU1fi11:U~eJUl~~ 
I I ~ liJ 'J}~ .c::S q CJ} 

:1Jltll'l1:UUU1CJ11'Uel-!l'VIV 'VJUI'l eJeJru 'H.fl :IJ l~tl-!l 2800 eJ-!lffl!CJl'l:l!CJl'tlff fllV tl'lfftutu1tllff !!1:1 ~ 750 eJ-!lffl 
q cu q u u 

~ . 
LCJl'l:l!ClfC.Jff

20 
1 u fffl11~iJn~ fl ru ff:UiJ~ tt'! ci liltlJuYiu lffU 1 'ileJV1-!l:IJlfl1 Utcli-!ltlltlfllYl L!l:l ~ lJtl11fl'WYlU 

q . ~ . 
ff:wil~l'W:U~'W ~nt1mv'l11~m1 1 uiJ'il ~ilu m1i~mne~1num1'l11u 1ti'Vlt'Jflam1tfll'l 1m -!1 1:1'~1-!l!Ll:l ~ 

~ 

r~ru ff:wil~'lleJ-!ll'ieJ'W1t um{u eJ u i~tni'I~'Wtilu eJVNmn • 

I ') o' 
'UeJ-!l'VJV'Wl tUfl11UV'W 

') 9) I ') o' I l!]9J9J 
t fiHff11-!l'UeJ-!l'VleJU1 t 'Wfi11UeJ'WL!UUI'l1-!JC) 'il~ff1:1J11tltltlfi1Ufi:U t1'11'11V 

" q 

9} 1 d' I .e:., ~'=! Q.J .c::! d. 0 .cl Q.l 

'UU 1~ 'Uel-!1 !ff'W N 1 'W fi"'W V tll:ll-!1 'U V-!1 'V1 VLL 1:1 ~'VI ff'V11-!l tl1111 tl-!1 \91 1'\J V -!1 1-!l!! t'! 1 U t'! tl! '111:1 CJ:U 'VI 'Vl1 :U :U L 'VI VU tl U " . 
UtlU'IJV-!lviV (chiral angle) ~-!llfl~'il1tltl11~1UI91'1'1Jel-!l!!~U!!tl{ivJl1''il~'l111Mtfl~l:l1~mtll'l1:UNU-!l 



'UtNvimn1um1mrw fll'J~1'WI'i1'UV ·:ntr-luunflvh1 \9]~u~~~~1vm~~ 2.2 

'Ut:l~UH'WUflflvhf ih!Ju1J1l'UV~ tm~~~l~~t~'Ut!Jt~ 3 U1l1l
21 ~V 

"' 

9 

1. tfiH~~l~U1l1l armchair t~'W tfi'J~~~l~'UV~vivullwm11lV'W~tfl~1llflfll'J~1'WI'i1'UV~ 
ur-luunfl·vhi'l'lllJU 'W1Ufl'W ~lJlJWl'J unu i~ viv'W11 um{'Uti'W ~t~1l~ijfJUHYlJ1J~rilu 1 r111~ Uff~~ 
"' d ~')tl.f)l'Vfl'l 2.2 (b) 

') 91 ?1 ') 91 I ') o' d ""' 91 <V 

2. &m~ff'Jl~U1l'U zigzag tu'W &flHff'JN'Ut:l~'Vlti'Wl !'Wfll'J'UV'W'Vl!f1~1llflfll'JlJ1'WI'l1'Utl~ 

I ~ • .J o' I ') o' dll) 91 "' "'""' ?1 .J 01 0 

Uv.I'WUfl'J ll"''Vll'll:JJU'W1Ufl'W~lJlJll'l'JUfl'W'Wti'W'Vltl'Wl !'Wfll'J'Uti'W'Vl !~1l~lJfiW~lJ'UI'l11J'W ~l'Jml'l1'Wl • 
QJ 31 d 

(semi conductor) ~~Uff~~~1tlfll'V'l'Vl 2.2 (c) 

') 91 ?1 ') 91 I ') o' d "> 91 01 

3. &m~ff'Jl~U'U'U chiral !1J'W lflHff'JN'Uti~'VleJ'Wl !'Wfll'J'Uti'W'Vllfl~111flfll'JlJ1'WI'l1'Utl~ 

I ~ ~ g/ ~ Jt 1 rl dtq 9) c:! <V.Qo cl ~ Q.l o Q.l gJ 

Uv.I'WUfl'J I'Yl'Vl~1tllJ:IJ1l~V'W"'] 'Vltl'Wlt'Wfll'J1lti'W'Vl1~1l~lJf.JW~lJ1ll'lt1J'U ~l'Jfl~\911'\.11 ~~Uff~~~1tl 
I 

mwVi 2.2 (c) 

(a) 

,; ') 91 I ~ • .J o' ?1 I ') o' 21 
fil'V'l't'l 2.2 U~~~ !fl'J ~~'Jl~'UV~Uv.I'WUfl'J ll"''Vl W.'l~fll 'J 'I1:JJ'Wtu'W'Vlt:l'Wl 1 'Wfll'J1JV'W • 

(a) Uff~~ 1m ~~~l~'lJV.:jUH'WUflflvl'Vli uYifl''Vll~ 2 ~~ tl1lfll'Jl1lJ'W iuYirf"VlHVhlJ:JJI>ll~"l 

(b) u~uunflvl'Vl'MlJ'W'Jti'UUfl'W y vimn1um{'Uti'WijfflJll~lll'W metallic 

I ~ •• 1 o' I 1 o' "' "'""'?I (c) UH'WUfl'J ll"''Vl'11lJ'W'Jtl1lUf1'W x 'Vlti'Wl 'Wfll'J'Uti'WlJ~lJ'UI'ltu'W semiconducting 



firml 
•·energ, 

(b) 

10 

semioonduoting . 

I 'j <I I .:=li "' 11)31 I 
'Vltlhllt'Wflll1Jtl'WH1J\ItltJfUu'W 2 'l5'W~ l~Ufl 

22 1 .:, IIJ.I"' Sl I " I .I 23 zigzag umat1J1J chiral mJ'V11 1 u:IJ'IJ'W1~!~'WN1'WIJ''WVfl1:ll\I'IJ tJ\I'Vltlul~lJ1W 1-3 nm 

1 <j d' Q.l ~ q 1 !lti ,.. .J fl I Y .:lf I .:9 Q.l 

2. 'Vltl'Wlt 'Wflll1Jtl'WN'W\IlHl1V'l5'W tfl~1llflUN'WHfll l Y'l'VllHllVUN'W:IJ1'W!u'W'VltJ Clf\IN'W\1 

l'it~ih;' fl'I:JW~~tl'W tl'W ~~1Vf)1Jfl1l~tJ'Wl'it!t~ fl 'l 'Wl'itJ 'l '11\U 1 ~vii 'il ~ff'W Vmnun~~ ~ 'IJ 11\I'IJ tJ\Il'iVIfl'W " . .. 
,.. .d ?f Ql f ... I ~~.<:::::to I ' ,. " .d 3! I 

chemical vapor deposition ~~W:IJ Fe !1J'UI'l1!Hu{)fl1Vl 'Vl1J11 'IJ'Ulfl'Vltlhllt'Wfl111JtJ'W:IJI~'WNl'W 
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tf I I c!d 'J) I tl I & ltv o 1 tf 
fl'lHJfHI1-:Jtlti'J~'Yil1-:J 30-40 run 'V1-:J'W'IJ'W1\91tff'WN1'WfY'iWfHll.:J'Utl.:J'Vltl'U'Wtltlfl1Hll'Wl'W'UtJ.:JUN'WUm 
qJ qJ cu cu 

1 vh1 ~ 11-:J ~m.11iu 

~ "" 1 1 1 "'1/] 9} 9} "' O "" I 9} "'> <I 1 1 d 1l'iHltl'W'W1 'W!'Vlfl 'W Ilf.J A\91!'1J1llllJ1J'V11J1'Vlff1flill\9ltl'V11-:J\911'\.J1'VlfJ1fl'1ffl'l'H!II~!'Vlfl 'W Ilf.J • u 

?I I 

111'\.J tlf.J1-:!lllfl 

~ <j} 3} ')) I Q.l 'J) 1 1 d"' 

ll\91! ';i lJ\91 'W 'Uti-:! fll';i fl11! 'IJ1fffll';i'l"lrol 'W 1\911'\.J! 'Vlfl 'W II tlfltl . ~ 

1191 m'U 'l"l1~ t~~l.:J t-:~ fll'j t\91'1 vlli'ffl'l t~11m ci'i u 'j ~~tJ'W 11 u •• 
tl I ~ cv ..::::1 4'!1. 'J) 'j} Q.l !l) 

l'lii tl\91ll 'W fll'j 11 ';i~ fltl1J 'Q11 fl ';i W I'll~"] 'IJ'W 'ill flfll ';i 'il \91 I ';i f.J-:1 'IJ tl-:!tl~ \91 tJlJ'Y! ';i tJ 11J III t:)II I 'Ul\911 f.Jfl'W \911f.JfllllJ 

uliuului~~fl1lllt1fl~t~-:~ 1 u 1~~1J'IJ'W1191'W 11 ut~t~111~~llii't~11mw1 11li~li111~ii'V11i m'l"lff-:~ ~1v 
'U <l9 q cu 

1 ' )I " 

1-wa 1 -*111~ 1v'll'11'1 u -:~1u ~1-:!"J t~Vl.:J~m11 t~.:Ji1-:J'V11-:J~l'W mm'l"l'VlcJ 1'V1Vlfl'lffl'l1 ~-:~l'i1t~el1-:~~t~t uu 

-• <i -• -• I "'> .S 2.5.1 ~llfl'HUlJ!l~lJIUlflem'lflvl'atJU (Field emitting devices) 

tcit~-:J'illfl'Vitl'Wl1'Wm1ut~'WlJif191ril'WfllllJf.Jl1~tli'fl'lifl1llJ 11'i'-:~ (aspect ratio, hlr) 

"' I ,J 19 ... ,J 0 9 9} I 1 .. II]" 19 9} 0 ?I I "I "I I 

1Jflllllfl91-:Jtl~ t'\.J)~\911J'IJ'Wl\91 1000 91-:J'111fl'V11 t'I1'Vltl'W1 'Wfll'JtJtl'W All t'll''V11!1l'WU'I1I~-:!1l~IP11lrltlf.l 

fl!~fll'l'Jtl'Wll~b1'llll'Jtl!~lJm1lJ!'Ii':w"n.n:w!l'lvh!~ttl'W 1000 1'Vi1 ttl'WtUI'll:IJfl~'IJtl-:1 Fowler ~~~~ 

Nordheim (1928)
25 ~-:~nri1T:h flll:IJ'I1'Wllll1'Wm~mr G) ~'Wtl~fl1J~'WllJl'VHh'llt~-:Jtb~tl~19111rit~fJ 

~ d e,r/ c/0.1 Q.l I Q.l d 
tlmfll'l'Jtl'W (E) ~~~~!1'Jfl.W-:!fl'b''W'Utl-:!\911U~\91U~tlf.J (emitter work function, ¢) \91-:1'\.J 

(2.1) 

.!i I 

UJtl j = 'f1111J'I1'Ul!!'W'Wfl'J~!!~ 

E = 'f111lJ!.u'lJ'IJtl~~'WllJl'VHh 

¢ =t11nw~n~u'Ut~-:~l'i1u~\91uriav 
1 d tl 

h = fllfl-:!'Vl'Utl~U'I"lii-:!fl (plank constant) 
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rl1Mi''Ll lm1~~T:il'IJ 1~V~1 1 tl ( ¢ = 5 e V) fll':i~Vh 1 ~!fl~fll'JU~~tlrifleJe!~fl~nrwmJfHllfl~1 

~m~um1m~.Yh~rnmnn ~fl~i~'ffm:uivJvhtl1~mw 3 x 109 
V/m u~m~u'ffeL~fl\911fllJ 

tl~~tlriavffllJl1iJ'I'll 1 11'tfi~ 1~v~w 'ff:IJU~fl11 !~:IJ~l'fflJl:IJ (field-enhancing properties) 'Utl~ 
1m ·HY~l ·HYlJlll1vJjh~ueJ~nultl~l~'llfl~~1 u~~~llll':im:h1M'r~llrh 1~v·v'h1~1~M~IP11 
tl~~tlritJveL~fl\91':i'fl'Wiitlmm~mm~ll~'tl~ i'rrii1 ri'~~tlmvtrtJv~'tl~L'Vh~'il~'l'll 1~ ~~flTW~ 2.3 

1~v~1 1tl'ffulll 1vJ.Yh~tlmv·tm~IP11tl~~tlritJveL~n\91':ifl'W (E) !~u 1 tl1911ll'ffllm';i~ 2.2 

(2.2) 

,j h 
!:IJfl f3 =field-enhancement factor= 

.., o' .., 

v = fl'fleJUH~'W (applied voltage) 

v d 

• v 

fll'Wn 2.3 Uff~~ Tip 11~1'Wff'W1ll1vJvh field-enhancement factor ~'Wfl~nu aspect ratio (hlr) 

.k ~ "" 91 "'"" d I .I d 91 CJf~m:uu1J1J~~t~:u t u n~fl~'il~'Vlnrru m~fl\911flu uM~~1J~~tlrimJeL~fl\91'Jfluvh~1vtlmv 1 ~M~ 
q . " . 

l1~'ff!l91uViiifl11ll1ri'~ll1fl 1u ';j~~1J i11mflu (1 o·6) ~~t!um'JVi'il~'l'11 i 11'eL~fl\911fllJM~~flflfl'il1fl~1 
q 
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'llfN i~w~!tlri-;;Hurulmff'il~~e:J~l'*ff'mflvJvh~~\l~'il~L~~'WllJLvJvh~~ t~e:J~'illf1f1111Jt.fi'1J'lle:J~ 
qJ q u u cu OJ 

ff'WllJtvJvhtJ~lu factor 'lltl~ hlr tdt~ h ttl'Wfl"JllJ~~'lltl~ Tip tm~ r ttlufffiif1111JL~~'lle:J~~1 
' ~d .t:!t Q.l ~ v Q.l ' ~d j) f o' 

tl~f!U~e:Jtle:Jmf1mt~u 11':ie:J Tip f!~uumtt'VI'W 1 ~11~1•ntl~f!U~e:Jtle:Jt~f11'1'Je:J'W f11ti'VIe:J'W 1i 'Wfll':i'Ue:J'W 

~iifffiiml:JJ iri'~ iu'J~~'Umi u (I0-
9

) 'il~'l'l1 i M'1~ff'W11JtvJvh~iiw:nw<tJ:JJ1:1'~1Jlf11u'llw~~1~ 
'U 

" . 
~lttlu ~tl~ 1 riff'mfu'J ~~u 1vJvhmmJmm~'We:Jf1'illf1il 'Vit~u 1i um1'Ut~uv~trluifffi'Viiitff(imm'W 

q 

"" . 2.5.2 'fl'lll!ctft1Ul0'l (Transistors) 

.,.\ I ~ o' .?1 .J <V 0 26 <V .:: I ~ o' 
t'W tl~ 'illf1'VItl'W 1 ~ 'Wfll'J'Utl'W 1:1'11Jl':itltu'W'ffl'm~\911'W 1 fi~'W 'W'VItl'Wl t 'Wfll':i'Utl'W 

" U'U'UVfW~~'Wt~tl1 ~~tlf1'W1mli'ttlu~t~f1 i'VI'lfl'ff111f'UtJUmru field effect transistor (FET) 
'U q 

im~ff1N'lltl~'VI':i1'W~ff!\91tJ1~ff1'1~'il1f1'YitJm1um1'Ut~'W ~~1!1:1'1'1~~-:wm'W~ 2.4 tflti'W1'YitJu11 u 
o' G)9l.;:'j 1 .Qcl I I ~d")' 0 Q.l 'i 

fll'J'Utl'W1J1 t 'lHu'W'lftl~ (channel) tlt~f1\91':itl'Wf:-.11'W':i~1111~ source-drain tlmf1 ~'VI'Jf!L1'111':i'U FET ~fltl 

ffllJl':itl!iJf! I iJ1911:l'l'VJCMri~~1'Wf1':i~HffLVHh~1'W~1m'U~lJ~';ltl voltage gate u~~~~~1~'il1f1~~f1tl'W 

FETs ~1'1 LUfte:J 'll'Wlfl~t~f11u'l~~'U'W1L'Wtt~~m':iu1tvJvhrhu'Yit~u11um1'UtJ'W~~~~~ 1 'tl'1ut'Yi1 
. " 

~1tltl1~~ hJvh'fiut~tiW.hu~~lM' clock speed lu'J~~'U~~f1 ':h~~ 1 THz 'We:Jf1'il1f1i1Vn11J~~m':i 
~ "" ~ ~ ~ "".1 ~ .,.\ d "" <!! "" d 0 '1 ~ 

~':i1~~tl'ilf1tf1'VIf11tl CNTs-FETs ~fltlf11':i ~fluf11t11:1'1':i t'W tl'VI'il~t\911JL1'1':i11 ':itlttl1tlt~f1me:J'W e:Je:Jf1'VI1 ~ 11 

" liJ ~ <!! ~ 27 
~\91 n-type 11':itl p -type 'll'W 

A 8 .
J:'$. , ·.· . v 
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.... .... 1 rf 
2.5.3 'Yi11VI'Ul 'UH{;l~&CJS'U&CJS6'a (Nanoprobes and sensors) 

n1 t~'lt!ln'Vi t~'W11 'W m11J t~'Wiim1:JJV~l1 eh.t rr 'l~'lff1:JJ1':i m.J 1:JJ11l ':i~trn~!i'dJ'W '11-:r)~ 
q <u q 

~ ~ ~ d' ' Q.l 'J) .d 9) 

(probe) 'lltl'l~f1Hl'I:JJtl1~fl':i1~'11 (functional devices) !'b''W STM !!(!~ AFM ~'IUrt'~\1~1tlflTI'fVI 2.5 'lltl 

1~n-~mHrlmiiiv1Jn1J'!1-;r)~~&~'W 1"'11~'11 ~tJ~~mJ'W ~t~iimvm':i 1 oM\11'Wtr11'W l'W rt'1:JJ1nrl'~ 1~ 
q 

" "' 'Wtlf11l1f1'W 

'11 Tl'~~'Vilt!ln'Vi ti'W 11 'W m{ 1J ti'W V\1 rt'1:JJ1':i tJ::i!fl ':i1~M1 m \1 rr~l\lrt'l':i 1 'W ':i~ \PI 1J tl~\91 tJ:JJ ~m~V'Irt'l:JJl':i t1 

<U - I "i 0 I <!I "" ..; - I .J 0 - I "''1 'J)'l "' 
~~Uu(l'l t~tlf11':i'W1 functional groups !'b''W -COOH :JJ1ti~\91~'Vlurm.IC}!'\I'W1:JJ1u':i~~f1\91 t'b' 'W'Vll\l!fi:JJ 

.d ~ e: Q.l .d "GJ ,.,~ .d I 0 ... I ~ rl d .d '1 
!!(l~'lf11'Vltl1 'Wtlf11l1f1'Wti'I:JJf11':ill':i~~f1\91 t'b'tl'W"l tlf1 !'b''W 'W1:JJ1u':i~~1l!!U'Wfi:JJ'W1 t'W (nano tweezers) 

!~tl!fl~tl'WV1ti~'I'1Jtl'l~ii'll'W l~!~f1 1 'W'Vl1\lf1l':iU't'l'VlV U'W1~~bl1flty~t!~ 1 i'll':i~ ltl'b'U tl1f1vltl'W1l 'W 

m11Jt~'W ~t~m':i~Ylt~'W 11 'W rt'l:JJl':itJ!'li'lo\11 fl':i \lrt'~l\1 'l 'W ':i~IP11J!CJS""1~ tT'W~tJrt'l:JJl':itl 'l -M'1~'W Probe 

"'"~'l'Ji~l::"l.l ~ o "'.I .1' "~"i 'Ji 
\91':i11l1~ 'YI':itl 'b'!u'Wu!u\91'1J'W1~!(lf1:JJ1f1rt'l'l1':i1Ju(l~u{;ltltlrt'l':il1':itl t:JJmfJ" (ultrasmall pipette) !'lll 

-ri!C}!'€l"dhl1:JJltl ,~ 
<u 
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1 Y ~~ I ~ V .,j 28 
2.5.4 ,HuUil1U~ila.J &U1il~t!U (Composite materials) 

• v 

rwfl.:j1llnvlflu11 um11lfluiimlllU~.:jff-:J iJ'11mt!mm u~~v-:J'r:Y1m1m.h ivHh ., 

u~~mlllfflui~~ vlfl'Wl1um11lfl'W~-:JtJmnflni11t~ud1ur-mlln1liff~tu t~m~llflwffmJ'~hm " . . 
v • " 

mCJmvr.1'-:jmlllU~-:Jun1-:J fl11'Vl'WflW'H niJ u~~fl111-Jl i rJ.Yh liifl i~u1umu unl'VlCJlfl'lffl'l1'1lfl-:J . ., . . 
NASA ffllll1Cl-ff' .:j!fl11~Mflflll 1 Vfff\91'\J fl.:j SWCNTs-polyimide fi'fflll11tltfillfJW 'fflltl~'Vl N 

~ d I ~ 0 \1) -~ .o:k ~ efe:1 0 Ql 0 QJ 

fllCJfil'~'I'VJ.:jf11llJU'IJ-!!Ufn-!! fll'J'Vl'W flW 'H fill U"~fHl'Wl t'W'l"ll 9f-!l'Yl-!l'HlJ~'WlJfl11lJ'ff1flflllllflff1'H'J1J • ., u 

1fffj1.h~nv1ltf1 tv.:jlJ'Wtm~CJl'Wt~1fllfl' n~11~v vlvu11 um1ufl'W 'fflll11tJ'lf1tnff1llf111llU~-:Jtm1-:j 
. " " 

(reinforce) 'IJV.:ji'ff~t~lli rrlJlfltJ.:j~'W 't.Al'HUfl!1Jl u~~'fflll11tlfffl.:j i~'H"lCJ1iJU1J1J i~Ufl YJ~lJ1Jl.:j . ., 

i'I"Jt1Jv11rJll 'ff11tf1~vu tm~ ~N t~'W~'W 

~ v u ~ 

2.5.5 tn1Hl'l.Jflfl'rH\'l'llU (Energy storage) 

~ Q.l <r 9) I <r rl ~I' 9)1 rl 
!'Wfl-!!1llfl~fl'l:JW~ & flHff11-!l'IJV.:j'Ylfl'W 1 & 'W f1111JV'Wt1J'W 'Vlflflm-:J !'r:l''W Hl'Wfi''WCJfl"l-:J ., 

'J) S} I I 

lJ'IJ'Wl~t~n iu1~~1J'Wl1 uu"~iJliiuH'Jt~ CJ1J ~nflw~Vim'l:lilt~uiY.:jVifffl.:jfl11llff'Wi 'il i M'n1lun1~CJ 

~1 1 "n~ 1l~ffnllll~Clt~v'H11nn1'J'I11vlvu 11 u fl11uvullltnunn i~ 1~1 t'iluttiv-:J1lln i ~ 1~'~ 'J t'il u 

ttl'W'I'l~·Nl'Wff~tn~ ihh~ff'YlTI fil'l'lff-!1 ithlJu'Wll~fl~.:JU1~~flllU"~iJmJ~1 i ui 'W1J'J'J CJlfll\1' ., ., 
v " 

'wVfl111flU'ViV'Wl1'Wm{'l.Jv'WV-!!1:1'1ll11t1'111i1Ji~iut"lfrt~t.jfm'l'lil-!! fuel cell 'll''l1~ lJt'Vl'W tfl'YlliiVrt 

2.6 fl'tl1fltn1&ft~ (Growth mechanism) 

fl &:! Ci 23 I I \1] ~ T ")" t/ cS, 

f11'J1JV'Wll'H"lCJ'Vlt]ll.Q Yasuda U~~flW~ fl"1111 fl?l tflfl11tfl\'l'Vlfl'Wl &'Wf11'J1Jfl'Wllfffl-!!'IJ1J1'Wfll'J 

'IJ1l1'Wflllt!lfl'llfl-!!fl~ infl11~flfll'JAVI91'1'UV-:JvJV'W11 u 1J'WH1'1Jfl-:JV't.!mf1 Lrt'H~I91'1d-:J1J~n1CJ1 

ih~1l~fffl.:jfit~fll'JAflHU.:j1JlntbN'WUn5irJ'Vl trlu'Vivu11um11Jfl'W ~.:j ml'l~ 2.6 u 'ff~-:Jffllll~~l'W 

fnllltrlu i1Ji$J'Ilfl-:Jflrt inm'Jfifli91'1'1JV-!!'Vit~u11 um{1Jvu 

11'lr~~1 i u'Vit~u11 u m11Jvu fifll91'1t~~uu ~l'W'Jt~-:J~iJI?11t 1.:Ju~f11 m ~trl'W'Yl1-!!flrtll'H~t~~u 
~ tf ~ dy r/ I ~ ~ 

t 'H llfl'W H?!Ul'l'J (pear-shaped) 'illfl'W 'W fl~\91fllJ'Yl1 fl'W '\Jfl.:Jfl1'J1Jfl'W 'il ~u '1"1 'J m ~ 'illtiU?I ~ \) fl~-!1~\'llJ 1\91 ~ 

~1l1nw H1~1u.u'l-:J'\Jv-:JI?1'1t1-:j1J~f11 til 1 ~'~tl i~\lnii~~H1~1'W1J'W'\Jt~-!!1?1'1d -:J1J~f11 r~1 11'lr~iiv~l'lflll 

Tuk
Rectangle

Tuk
Rectangle

Tuk
Rectangle

Tuk
Rectangle
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t/ Q.l I 11) 9) Q.J Q.l t/ Q.l ~ cl I ./ lt] 
'IJ tl'l'fll'.i u uu \911\91 u t 1hn {l''.il 'li"''W li~nuu~ \9lti:JJ'fll'.i1Jtl 'Wtl "~ 191 u 'IJ'W &U'W 'Vlti'W lt u 'fll'.i uuu nC~ m 

m'.i&nl9lvit~ul1 umfuuu~u u~nlJ'I-tme.JiJmim'l1u t~N'W jl'W '.it~.:Jm'.i&fl\91 'Jn1 19lt~CI~'IJ'W l\Pl'llt~'lt m1~~ 
& ~'W ~1d 'I tJ i)fi~ Vl {l'flli"'fl1l:Uf1''W 1J '.i '.i Vlf11ff'IJ ti'IUil ffl ~ t1 V 'l 'W f11'.i &\911 V:U~ 1d 'IU i)fi~ Vl U'rH'i'lfhn1 191 

v v 

'llt~'lmf u uu t~C~~t~w '1111 iJm'.i &fl\9l&~m1' u u un 1ll nil V'll"'u-:hn" 1 nm'.i &n\91 ;iu mlnw'Vl flU flin m'.i . .. .. 
-ff 'l&fl '.il~M 1ll nm'.i ffm:n '.i lV'Il'W m'.ii ~ vl"'u il&'Vl flU fl m'.i -ff .:J & fl '.il~ 11' vi t~'W lt u fllf u t~'Wli'YI mv115 

t~~C~~iniinC~ 1 nm'.i&nl9lt~\9lf1~l'ln'W t~C~~ h1'fJw {l':JJiJ~'IJt~'lvit~ul1 umfut~u ~l.:Jnuf1'.:J1l~ !~mil1 'lu 

'!11,Yu~t~!tl 

Suppo:rt 

Support 

QJ <! ' 'l <! 
2. 7 fll'Hf'l&fl~l~'YI'Yiel'Ul A'l-UlWUei'U 
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"'"" .! "' .! 2.7.1 d:lifll~flY'Ii:l''lfl'Hl (Arc discharge) 
.Q d d <Oa~ ~ di 3) Q.J d" I r/ t'Vlfl'Wfl'Utth.! 11i t'illtt 'ifl'Vl 'lrtl:.~tm1~11'Vlt~'W11 u mnmu 

ff"ltml~M C60 ~mflt~1~u tf1vi'*m':iiJt~u!vHhm~ubl'l'l'i"l'll'Wlf1 so i1-1 100 ttt~llm.H tm~ 

rrmfl'Vl-Mlth~mw 20 L1&JI'l' ~'j~'J1--h:j~'Jm1ut~'U~11-1Ml"ltl'U'l_h~mw 1-3 lJ&l~tlJI'l'ifllVi~ 

J/ I IS/ 

'VH'llbl'm~t~'W 'illflW'W m1ut~u'Vinl'lnl'11'il~tnf1m'ifl1Uttll 'Uttfl~rit~l'11 i Mlitfluvit~u 11 u-Yi'li1tt'fl1 'Vlfl 
., . . 

1lim'iiY "ltml~Mvl'tl'W 11 um1ut~'U 1liiltfl'W 1li-Yi~l£Jttfl~~l i '*~lV\]fl u~vit~'Wlt um{ ut~u'Vi l~'il~ii 

'IJ'Wlflllibl'~lrr:wmt&J~ii~"lt~mJu~m.J~l\I:JJlfltGJf'W t~iYW~l'W'IJ'tl\lm1ut~u ttfl~~tli'l lflt!~ttmll 

. . 

Single wall nanotubes 

..ov"' 
Helium atmosphete, ~ ~ 

_qoonruar ~~ 

cathOde 

Multiwall nanotubes 
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y ' y 

f111~-:jtfi11~Mvienn1um{umJ¢11Vl~U PH'lHil191Vi~-:j!fl11~l11¢lih1-:jvittU1tUftl{UttU 
jl 'J) 'J) "" 

'15U~H'I1-:jl1mv<Muu"~H'I1-:j<Mut~v1 l1-:ju~umitiut'Vlf1Uflf111~ -:jtf111~M mnY' -:jtf111~MvieJm1 u 
"' 

' 'J) 'J) • 

m{um.Jt~el 'll11¢lvimtUUf.IU-:joMtJt~V1UU~1t cJ -:jtJi)fi~V1t~'Wii-:j~1t~'W ~elf111 tfi~ 1 ~V 1~llt(ll1~ 
' y ' 

~1l'i-:jlli]fi~v1Vi'l11m1u~ h'YI~~1d-:jlli]fi~v1Vi'l~ t'lfu m~f1 tfiUeJ(I iJmfi" fl'Vlt'Vl~Vll l11tt 
y 

tllilU~h!ll32 fltufll'VlU(I~fl11lll1UlUUU'UeJ-:j'lfieJU1tUftl{UeJU~'WeJ~tiU~1Ul11l1(11Vel~1-:j t'lfu . "' 
fl11llt'll'll,J'U'Uel-:j t(ll1~~1d-:jtJi)fi~V1 fl11'JJ~U'Uti~Ufl(l't~eJV '15lJ~'lJeJ-:jUfl(l' tm~tJ~ll1Wf11~U(I'LvJvh~ 

111" 1~vllf1~ll~whueyuvf1m-:j'lJeJ~vieJ~~~~m1~l11¢lv~1~l1i1-:j 1.2-1.4 mlutll\911 ll1~1 
flt~f1 t'Vl1~~-:j~ ttluuf111vh1~1111ff'\11flt(ll1~1Pi'1t~~l15fi1m f.I(!Hil191l1~f1~~~~m1~l11¢l'il~ 

y ' 

t~uvivm1um{uvuuuuH'I1~l1mviu 1~m1~~tm1~M'uuum{f1~(1''1511'\lt~u1~Vi~1mmdi 

rh 'l~~1v!:U~ -:jUf1 u~vivm1 um {uvu~ 1¢1 'ildj'UUl~ 1:t.ib1'~1t(I''JJVU"~ii~-:jt~vllurivu'll'1~lllf1 
1 QJ tJ' J'g) I ~ t~& QdQJ ~!)} \J]I-Cl ~I \f]cl 

t'15'W eJ(I'tu\T1'W'Utl~fi11UelU 'U!fll tt(I~UHUUm t'VJ'Vl 95~f.l(lf.I(I\91'Vl(l'-:j!fl11~l1 !~'\I~ t'JJU1(1''Vl'Ji tlrJ1-:j 11f1 ... . 
1911llu f1l'V1Vlff1(1'191{ 'VlV1V1ll'WWJu11~m1~~~fl ·n~M'r~eJ'l 111~H"Hill'1~iim1llU~"''Vli 1~v~1! 11 • 

y ' y 

vieJ'W1t um{ueJ'WUUU f.IU-:j'YI "1VoMU Viff-:j!fl11~l11¢l¢11Vl~U ii'llu 1~'lJeJ-:jt~U~1Uff'WVf1m-:jfllrJ 'l 'W 
"' 

~ ~ V G 
2.7.2 n1fll!flfll':i£.1-:j~1tlt(I!C)fel':i (Laser ablation) 

y y 

t'YlfllJfiUft~ri'u~u 1~vufl1'YIV1ff1b1'191{'lufl~ll'\W-:j (I''JJfl(l~ (Smalley)
33 1~v1'* 

,/ OJ <134 J5 I ..,j 36 37 .d d <V "'> I ,/ 'j 'l .d 
mt95tl1UUU 'Vl(l95 ' UUUI'ltlt'W'CN ' 'Yl'JJ'VHl~~1Ubl'~V~m~'VlUU'Yl~fi11UfltJH(I''JJ !(I'YI~ 'Wt\911!H1'Vl 

"' 

d d 0 9J 1 Q..l I ... f.O::.C\C\ ~~ QJ di c/ G'j 9) 

!f1U'Vl'Vl1'\11fl'Vlel~U~~~1UU tlfl!\911!H1 (I'YI ~ \911!1 ~u~m V1'\l~!UU \911~~~~fl~\91 fl'JJ'lJfl-:jfll)U fl'W !'YI 
' y 

ll111lltiuu"~i1v~ tiu 1:U'l M' vieJiJ~mvu 'll'lJ~'UeJ~vivm1 u m1ueJu Vi 1¢1 'il1f1f111~~~fi11~ M'I1 u '\1 ~ 
'J) 'J) 'j} I )/ I 

!~UUUUUUUHU~'YimVoMU l11eJHU~'ifut~V1~Utt~Vit(ll1~~-;l!~-:jtJ5fi~V1 f1ci11~ttlJ1oU1fl!~f1 1'Yl1~.yj 
d ~ rl C), d ~ dlfl v QJ rl ?1 ' 1 rl QJ ~ '3J 

t1Juum t'VJ'VlU1(1''Yl1JN(If.I(I\91'Yl!~'\11f1f11<jbl'~tfl11~l1tuU'YlflU1 tJfll'j"UflUUUUHU~'YI(IlV'b'U U~fll • 
~1flt~f1 t'Vl1~t~'Wtm1lvJi'l'H(I''JJ t(I'YI~ Co, Ni, Fe 111e1 Y mmil191~L¢luuuHu-:jiut~V1 el\9111 

"h'WH(I''JJ'lJfl-:j t(ll1~~1d-:jlli)fi~v1 Ni/Y 'luel\9111ri1'W 4.2 I 1 '\l~LMH(If-lil\91~ Yudasaka U(l~fltu~ 34 

Vi1f111'Yl~(lfl~'l~1(1l1~~1d-:jl1Bfi~V1 Ni/Co i1'JJtiU pulsed laser ~'Qill'YifJlJ 1470 el~ft'1!9f(l!tlfV(I' 

f.l(lf-lil191~t~'W uuuHu-:j-5ut~V1 ii'llmm~u~1UtJ'WVf1m~ 1.3-1.4 run 'lum1'Vl~(lfl-:j'l~mt95eJ{ 
uuu~Pimdtt-:j ~ tttu'YI.rdJ 1200 v~ff1b1'!9f(ltClfvbl' 1~vii Ni 1 Y ttlu 1"l1~1Pi'1d ~llniWm'luel'm1ri1u 

• "' ':<! 
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u!'ff'Vliff~n-hi1hn{fi~ff'Jn{'il t!~~~lioM~lviumnr'~!ml~M~vu'li'l~ff~ 1191V~t!m:IJ!!ff\9l~m1 . '" '" 
Q.l rl ~ 9) rl Q,l d. 
ff~!ml~'l1 t!UUf111CJ~\9l'JCJ!tWlHl1 \Ol~fll'W'Vl 2.8 

""~ <'t 2.7.3 'Jfi &~';i~!'l1f.l't1H!flll (Chemical Vapor Deposition, CVD) 

<>d II] d :li <V o' I 1 o' ') 
'J1i t e1~m CJ'Vll~ !'fllJ!lJ'W m1 b1' ~~'fl )l~'H'VleJ'Ul u 'fll)Ue:J'U t \PlCJf111!WfleJ~\PleJ:IJ'UeJ~ 

1 , 31 31 "! 
\PlCJ 'lfmlmeJ'U'H:ieJ'I"rmb'l'm 

m~'VIU~t!~'W )ll'U:ie:J~ (substrate) ~~~'J!:i ~116n1 CJlllfl'fl~lJ l1Plv1ln~1 r!'H~~mm~ b'i'lJffl'Hi'u!rl'U 

1'111'i~iJaf1!v1 1'1fu Ni, Fe 111v co 
38 t~r~~!rluili~mm:itJmufJ:IJ'fllllJCJl'JHr~~l'll!mll~'Ue:J~m1 

"' !fl\Pl 1#1 lll irl'H~~ 'Jd ~116n1CJ1!'!1:1Jl~'fflJlJfl'il~!n\Pl'VieJ'Wll um{ue:J'W'lfU\Pl HU ~oir'W!~CJ'JlJlflflil!!U'IJ 
" , 1 " " 

HU~'HmCJoir'W 39 it1e1~!'!1CJ'Vll~!'fl~ ~eU'U\PleJ'Wf111ff~!'fl:il~M.Yhhl'ity 2 'liuiPleJ'W fiv'liuiPlV'Wt!1mrlu 
"' . 

m111P1~ CJ:IJ~'Jd ~116f11 v1 t~r~~'liu\Pleu Yiffe~!rlu m1-ff ~1m1~11' 'Vieu11 um{uvu ~1d ~11af11v1 

l\OlCJ~l 1 11\}flff ~~1u i 111Plm'fl tieu~ ~'J'Ue:J~t!~'W )ll'W 1-e:J~!fliPl!rlu~tl:IJUl~#i''Jtrit~l~"l 1'lfu itm1 

"""' ~ Q 31,31 d "! 31 .,31~<1 cv ~I I 
:i~!l'itl'ffl:i l1if111'ff1J\Pl!\PlV:i ~ t!rl'J 'lf ffl:i!'fi:IJ 'H:itl'fi'Jl:IJJtl'W 'Vl1 'Hl"lrllJUl~'HrltllJ\Pll:illJ!lJ'Wf1rllJ • 
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Y "'~ ~I ;: o ~I o' ,;,. i "' 1 IIJ 
fHJ'W (island) '11Hltu'Wfn~\lfl (cluster) 'U'Will'W'Hl~ \llfl'W'W'Wll"'~UJ'Ul~'VllJtl'Wfllfl 'W1~~'U'W1 !'W t'll . .. . 
... o' I 1 rl d ~ I d 404142 9 Sl,.. I ~ ~ 

'€1 ~!1'111~'11'Vl'tl'W1 'Wfi11'U'tl'W 'Vl'tlW '11 fllJ1~'1111~ 650-900 'tl~ffWlHWlH.I'€Y ' ' ! 'Y!u'j~ff'Vl'li flli"lfll'j . "' 
... "'·I "" ... o' I 1 o' 9} "'"' II] 9} ... & ~I 

'€1 ~!1'111~'11 u'j ~lJlW 30% !'Vlfi'W flfll'jff ~!1'111~'11'Vl'tl'W 1 ! 'W fiWU'tl'W ~'dtld'li CVD t~t1f1i"lw.J'W1'1J'W!u'W 
"' 

~d I .<:::r,.c:::l I Cl.l 

11i!WflV'tlV'I1mV11i !"11'W plasma enhanced CVD, thermal CVD, alcohol catalytic CVD '111:1flfl11 

?I "'"' ... "'1 0 i 9} "' 1 o' "' o' Plasma enhanced CVD !1J'W11ifl1'jff~!fl'j1~'11 t~tJfl1'j'V11 'VI!fl~fll'j tfl1:11~ff'J11'j\l (glow 
I I 'j} 'j} 

discharge) ium'l1u~~tyty1mff M1v i 'Wtl'n'llnm v11~vm'j 1 Mflilumlllfh,! ~n'U'Ii1vt~n1'V11~l1'~ffv~ 

~~!! ff~~~1Vflli"l~ 2.9 W·i'W il'W 'j'tJ~\l~Vi1'11U l~!~'W mn~ iiv'Vlni"l1:11?1'tl'IJ'W l~'IJ'tl~'Vie~ tl\91 'jlfllj 

tfi~fl11l1'11'W1'1JV~'Viv u1:1~ tfl'j ~ff~l~'lltJ~'Viv 1~v~1 1'llhM~I'i'1t-:i~'llnfi~v1~icNtiu m~n iJmfi1:1 

t~fl~ 1 fi'U'tlfl iJmfi1:1~u~ ~'Vl~~ul?i'1d ~'llufi~v1mm~fflll91vm'j tfi~'Vim.n1um1'Uvu~i~t~ v~ 

t~uum43 
l'i'1d ~'llufi~m~mh 1'lll'lmflilv'lJ'lJ'WUH'Wi1'W'j'tJ~I'i'1v1~ thermal cvn M1v1~ffi11'ltl'lv1~ ~ 

'11~~\llfl 11:1'!1~1?1 1d ~'llufi~ mnvl'i'1t~'Wm~mfi'W1t uu~ 1'Vi 'tl'Wlt umf'UV'Wt~~n vl?i'1'U'W!!H'W!1'W'j'tl~J u 

t~nff~icNttlwmri~filtiJ~m{utJu'lle~~'llnfi~r.miu C2H2, CH4, C2H4, co '~~~~1m-«11'llium'l1u~ 

1 'W'IJW~tfl~fl11~ff'l11{ \1 'Vivu11 um{uvu ~ l~\llflfll'jff ~tml~M ~1vi~ifii'll'W l~tff'Wvh'W 
f1'WcJflm~'ll'j~lJ1W 15 nm NW:·li11'l~l~~~!~'W'll1~lJ1W 50 % fll'jff'J!fl ':il~M 1~ci''Vivm1u 
"' 

Hoi moment 

d II] ... o' 
ill'Y'fYI 2.9 t~'tl~!!fnlJU'€Y~'lfll'jff~!fl'j1~'11 U'U'U plasma enhanced CVD 



21 

OJ <f I 'i' .{ 3J <=>cl J'9 3) 

Thermal chemical vapor deposition (CVD) fl11ff~!fl'Jl~'I1'VHJ'Wl t'Wfl111Hl'W'f11tl11ilJ t'l5 

" li1'11~!-Mu m~n iJmnil lr1uui1 11~u 1I1'11~~ff:w'Uu~ffl:wl'11ih1lul'11d~tJun1tll 1'fltlm1l111'11 

1I1'11~1'11!1 ~tJfin1 tll\91 mflilmJ~H1'1Ju~u~u!l'W 1u~ 'W1u~u !llJ 1u~~ii hm~ l'l1d ~11 fin1 t1n1~uu 
' " " 

quartz boat 'luvimu1'1 Viu~1'Wtl911 1vlvh U'4illfl'Wl1 'W'Ilu~l'11!1 ~tJfin1t111l~an'fl~'W 1 um~u1'Wm1u 

Uil~t~:wunff~!lluum'i~'llu~m{uuutsU'l 1111 uviuun1 1 u 'lltu~~mu 11 flill11~mw 750-1050 u~ffl 
• <u 

" ' 
!CJ1IltCJ1tiff vivu 11 um{uuu 1l~nvi'11~'Wiliu'4mfl'llu~l'l-:wi ~tJfin1 til 

Ql clAd. QJ fJ) .d 
ff~!fl11~'1111i Thermal chemical vapor deposition 'fl~Hff'fl~'f11tlflWfV1 2.10 

. 

1HEORNO 
COUPLE 

TEMPERATURE 
CONTROLER ADJ 

"' II] """' 24 .fll'W't'l 2.10 t'flCJ~Um:IJHff'fl~Tli thermal chemical vapor deposition 

Ar 

" ' 
Alcohol catalytic chemical vapor deposition (ACCVD) flWff~!ml~Mtl1tlinutllui1iifi 

~~'fl'flml:wffu11l~ 'il~l-A1 1 tJrim1ftmm~u.WWJm1 utll'Wfl11:1J!llu 1tJ1tl~'il~~~!ml~riviuu11 u 
<u <u 

mfuuu Fn!~~'W!~tl1~iiflwm'Wff ~ui1~ii~1'l ~~ltl~l nil~!llu ili~~ltl m1 ~ ~1m1~ri tl1t~iliifmf¥t~ 
• <u 

'11~ flflll1~!'11ti'IJV~ff11iJ1~flC!il'W1f1UC!IlflV~V~ tll 'Wt!'l1ci~thiJ 'fl'IJCJ'Ifllf iJCJ'W 1 ~wii !'11~mm~ L fllJVIl 

!llu1'11!'i ..:JtJfiiW til vivm1 umfuvuffl:IJ11t1nul'l1 1tl~'QW 11 f.]ill11~:1Jltu 550 u~ffl!CJ1mCJ1tlff 
t'flv~um:wuff'fl~f111~'1!fl'Jl~Minif'~'1Uff'fl~tl1t1ill'W~ 2.11 'll'Wl'fl!-ff'W~l'Wi!J'lJVflm~'IJV~viu~ 
~~!fl'J1~'111tltJ1~:1JlW 1 nm 
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alcohol 

oven 
manometer 

sample chamber 

ill'W~ 2.11 Lflt:J~Uml!U'fffl-:1 Alcohol catalytic chemical vapor deposition 
45 

(Maluyama) 



Method 

.... ~ 0 

11i'fll 

SWNTs 

MWNTs 

Ebbesen and Ajayan, 
NEC, Japan 

1992 
46 

Smalley, Rice, 1995
47 

" 

Endo, Shinshu University, 
48 

Nagano, Japan 

" " U'Hf:i..:'J~ltl Ufllt!'li'Tn..:'l U\9lf1\911 ~lf1tJ'UVh 111' 1000 tl..:'lft'Wlft'ttCJ$vrt' 111' 
I <V d ~ 

~tl..:'I'H 1..:'1 n'W m f1'U t1 v 

i1tJ'Wm~tmU"J~mw 

100 A ~~tfl\91 ltl'Utl..:'l 

o' zil 
fll'J'U tl 'UU t't~t lJ'U 

30-90% 

U'J~lJltu 0.6-1.4 nm 

" 7o%~'Utu 

I ~~ I 

'Vltl~~tlJ'U f1t'tlW11 • 

9) I c/ .:A .d I 

t~'UH1'Uft''UE.Jf1fll..:'J L'Utl..:'J~lf11J'Jlf11U'V'l..:'IU\91 
"' 

~ll'U 'l'W 1-3 nm Ut't~ blllJlHI'ff..:'JLfl'jl~'H"l~ 

'U'flm.h~mtu 10 nm 

20-100% 

U'j~lJltu 0.6-4 nm 

I 

'VltlE.Jll 

~ I o' 
L~'UHl'UI!!WJf1fll..:'J 

1.h~mw 10-20 nm 
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Method 

pro 

Con 

" 
-.1~SWNTsU~~ 

MWNTs ~~~ SWNTs ~~~~rn.lu!~m!mJ 

ii~-:J!~e:n.lu MWNTs 

ff-:J!ml~l11~1~CJili 

i'*l'i'1!i-:Jllfinjm 11m 

iliu'V'l-:J ff-:J!fl':il ~ 'Yi'iu 

'lJ'j'j CJlfnfl't~ 

. " 
'Viu-vi i~ii'll'Ul~-ffu 

~l!rJ'U~V-:Jf11irl 'V'l~-!l'll'Uff'l 
"' 

u1ff'YlftiumJ 1 i lli '* q 

'll'U 

"" ?i 91 
~~~~\91!u'Wtff'U\91Htl11 

ffll.J l'Hl fl1 'lJ fll.J fn 'H fl~ 
q 

'Viu~ i~ri1ummrlu 

MWCNTs ~~~~lJfHJ~'V'IU 

iJty'Y!l~'I!~Vll'U 
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' "" 1J'YI'YI 3 

~ ~ ~ & 
1 u u 'VIU rn 'il~~limv.U u ~'~ ~u m'J'VI~P~r1~ ,n1-:J11 :JJ~P~CJ!'.:J V'J~n~u~1t1m'J t\911 v:u~Pi 1t 1 .:!V un~ v1 

m~mm~iJmnr1~ij~'4mm~~uu1 Tu uwt~h.A ;}l'W 'J~.:J~~n~u f1m:n'll'W11Pl'IJ~.:J~'4fl1fi~Pi'1d .:J 
_I"""""" 1 19} 9} """ d ' 9} ... " ' 1 
1J~f1'Jtll t\Pltl '1f AFM f1fl~.:J~fl'VI'J'Jf!''U~!flf11'1'J~'WUUUff~.:Jf1'J1\Pl 1'11:JJ\Pl1tlf11'Jff.:J!fi'J1~11'VI~'W1 t'W 

r/ ll) ~ .i:;S Q.l I rl j} <j} 

m':iu~u t\PltJl~ t~'J~mmflij 'il1f1'W'Wfl'f1EI1fltuflf1Eitu~'IJ~.:J'VI~'W1t'Wm'Ju~u t~P~tJm'Jl'lfnf!~.:J 
q 

Q.l ~ d ~ Q.l ~ lj} j} t/.e;, d I I 

U UU H'U .:J'lf'U t\Pl tl111 'J ~ H'U .:!11m tl'lf'U \PI 1tlf1fl ~.:! ~ f1 'VI 'J'J fl''W ~tfl f)\91 'J ~'UU U U ff~.:J Hl 'U 
~ 

"' ... "' 'VI\Plfl~.:J:JJ\Pl.:J'U 

' ~ 

" .... 
'IJ'U\lltl'U fll'J'YIV'ltltl.:J 

J 
~YIU~~'I'llfl11'lJff~ tnVImh.!~~fl6'J.I 

'IJ'J.!Wllx2CM2 

t 

VJfl!fl~6U~11~'ltlijfi~rn Fe : Ni Ul!m.il!~lll~6'l 
"' "' ~ fl11'1JI'll!Uflff61~fl6'J.I 200, 300 ~~~~ 4 00 mtorr 

! 
t1mn5mm!~'U6'l~1d'ltlijfi~rn 

SEM, TEM 

! 
ll.:Jifl~l~'thiau11um{uau 

~ . .. 
~tl!'l'l{l'IJ 800-1000 6'lftll'lf~l'lf£Jff 

! 
t1mn5mcJtu~'IJMnau11llfll{ual! 

AFM, SEM, TEM 

.fll'Y'I'n 3.1 L\Pl~~um:uuff\Pl-:~'liul'la'Wm'Ji.uv 
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' " ' 
clf~flt!'W Vii ~lw fll'j'Yl~HHl'l'W ~vc1f~m:rwVi1 ~vn:lfl1'jri'1 (commercial grade) rl1111'1J 

~~ti1'J1fl'j'jlJV!~fl'Yl'jtJU mYL~CJ~1 111 Nrtfll'j'Yl~tit~1J'W1J':ht~'WUN'Wclf~ flV'W Si(OOl) 'l5U~Vl (p-type) 

~ .. :ulJ'U til'j ~·Wl 1111 -e:Jm)1Jtt 'jfl!!N'WcMilflt~'Wtlfl\01~ tll'WUN'W'U'Wl~ lx2 cm
2 ~1ntY 'WUN'W c}filnt~'WtlflVl1 

~ ~ 

9) ~ I ~ t/ : 
1'111llti~B1~WW'U 1ti1J B~CJ>' l~'UUri~UB];'lflBeJBrl U];'l~'U1ti~Bl~'lh1fl''il1fl1BBtl'U (deionized water) 

~ 

I ~ ~ I 

mllillrl1J U~1tih1M'm1'~Jl'JCJUflti1'W 1mt~'WViiiw:l1JJ1J1ti'YlTiti~ 99.99% ~1fl'I1'WlJ1UN'WcMilflB'WVl 
q ~ 

o 'JI Ill_ 1 ,d.,g 
'Yl1fld1llti~Vl~Url1 !1J11'l1J'W'Ylti~~1'U1B~ (substrate holder) 

d ~ ~ d_d. .::::., .::f 9) <U I cl I 

N'l!'l1rlflUri~'Wfl!flrl (Fe:Ni powder) 'Yllll'l11lJ1J'j~'Yl'li'Q~ 99.99 % ~1CJti~tiTW!'I1rlfl~tl 
j/ I I I 

Ufl!fl'fi!'Vlln1J 50 : 50 l~CJlJ1'11'1!fl 1Jl11J~1fl Johnson Mat Thew Electronics tlfli~fl1tl!l'l1t~'li~ 
~ 

' ' ~ d d9~~ 

~'lfll'W'Yl 3.2 fll'l5'W~~t1Jt1J1fllfl' (vacuum chamber) 'Yl !'l5fltl Cooke vacuum product CV-300 
" I I I I 

vacuum chamber '11~'l'il1flU'W!1llfl'Wt1J~'j~1J1JtiUJUJ1fllfl'!~Bt1JJfll'jVl1HW djB.fll'lf'U~tiUJUJ1fllfl' 
quu quu 

" bl'tutu1fllfl' 1111J111~'il'Wti11Jl'jt11'mnm1lll'l'Wm{nv'W (Ar) tJ'j ~lJlU! 200 mtorr ~1flU'WiJ11J 
q u u 

' 'JI "'~ -I -I" .d 'I 'JI 'JI "" 1IJ 'J/"-' 'JI ~I 'I 'JI 
m~Utit!CJ1'l'l51") ~'Utl'llJ1~lllU! 60 Ut!lJUlJ1 !'WV !'11!1J1'11rlt!ll'Yl~ti!~'U !~'j1Jfld1mt~'U !IJ'UNrl !'11 

N'lm~ nurt~u mni:l'l1i:l t~lli:l~JJ 1CJurt~nmmlJ'W 1 a 1~v 1 M'nm'lla~fll'j 'j~t '11 vnmm~'W 1 atJ 'j~mru 
" 

10 1m Vi 1a'j~m CJ'llt~'l h'I1~Ntillm~mti:l~Umflrt'il~~mAi!it~1J1J'WUN'W9H1nmJ v1nir 'WI'l1'jlJlUrlti 

m{ nvut.U11 111 'Wfll'l5'W~tituru1mfl' tvlv '111'1 aa~\91 t~JJ'UB'lt 11 ~ mw:;;u mn~m :;;'i) ltJ'ff~lt 'ffJJamv 1 u 
q u u 

B'4fllfl'W1l 'W Ui:l~~ mAi!it~1JtlJ'U lAJ ~ll'l.J1~1J'WUN'W ~1'W ';l t!~clfilflt~'W Vl1fll';l !\91 ~ CJJJ\01 ';a~~ J.Juf11 t11~1ll 

~u ~a 'WI~ v1n'W if ~~ mtJ~ vwtN'W ~1'\.J'jt~.:JcMilnt~'U mv 1fl1J'j 'j v1mfl''Ua'lttntim { na'U 1J~ "J:'Yl ( Vi 

"" o' 
A11ll~'Utll'jfltJ'W 300 mton Ui:l~ 400 mtorr 

'11 ~.:! 'il1fl1 flt~'4mAI'l1t~ ~tJun~ mm~mti:l~u mflJJ'j~rJ1J'IJ'W 1~'W 1t 'W1J'W!tNw1filna'W !'j1 

lJ1UN'Wclfilflt~'W 1 tJ~m:.ll'U'W1~'Ut!~t~'Wfl1Al ~ t1 1 ~ AFM fl~t!'l 'il i:J'Yl'j'jfl'tJV!~fl~Hl'WU 1J1Jria~m 1~ 
q q 

t~v11luNu~l'U'jt~.:Jcliilnv'W~iil'l1ti '~J.Juf11 v1v'4mA1~rl'1Ju11 u 111Hf1 unwt.l~nvi am1 urn11Ja'U 

1uihrl'm1a1u 



substrate 

W boat 

to Ar 
gas feed 

power ___ __.. 
supply ___ __. 

diffusion~..,........ 
pump 

mechanical 
pump 
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whJc1fitmrw ~ !fl~ eJ1JI'i' ·:w 1~'11g;l')' 1d \IU~ n~ Ell~ Ill 'illfltll'H\911 mJ 1 ~r.tili I m-g;m Vfldl:Uf fll-J 

\Jfl1 -*!tluu~u jl'W 'jeJ\l'lu fll'jff \l!mlg;M'VieJu 11um{1JeJ'W 1~ m-l1u~uc1fitneJu ~!fl~eJ1JI'1'1vl'i1!~ \1 

u~n~Vl~f111:UI9i'u1J'j 'Wltllfl''UeJ\IUfl~Vl{fleJ'W 200, 300 u~g; 400 mtorr 11\ll'W!Ullt~el:Uel~ll'Wl 
"' (alumina boat) 'il1fl'I!'WtJ1!D1'11~eJ:Uel~ll'WliU11\ll'W!\911U~fl~Vl (reactor) Lindberg Model 58125 

d ~~ 1 o' Gj OJ <j Gj 9) 9) 9) I d <!I 9) <j 
'Vl!lJ'W'Vlelfl'Jfl'VICJ1 (quartz tube) 11\1 t'WUlJ1'j~~1J ~~V t'I1~1'W'I1'W1Uj:-llJj1lJ'jeJ\l'Vl!fl~eJ1J~1tlt~'l1~ 

"' . 
l'i1!~'~uBn~v1'11\11v~u ~\lm'WVi 3.3 timu~~1f::!tul1XJl1mnJ~nu'jg;:JJlru 8oo eJ\lfl'1!CJ1~!~v~ . . 
eltu '11 flllllflllt U~tlflfld1Jfi:UI'i'1mf11eJ\lfl11Jfl:Ueltu '11 fill Model 818 UrieJVUfl~ell{fleJ'W 1 M'l '11~ 

q cu cu q q q cu 

I o' 
elelfl'il1fl'Vl Ufl1el'Vl CJ1 

Q.l liJ C)) Q.l 9) 

fl\91'jlfl11 l'I1~'Ufl\1Ufl~1~~1V mass flow controller (MASS-FLO® Controller MKS instruments, inc) 



28 

U?l~ MKS 4-channel Readout Model247C 'l'U'IJW~!~cnn\J~'lM'unffm{nel'Wt'l1?1'l'Wfl'l>l'i170 seem 

\>l?IB\91! 11:11 Uflfft~ l\911! 'il'U \]fl 'l ~~~BiJB-:jfl'Ufll'i !fl\91U ~m V1BBfl~!191i''U 'IJB'l 11:1'!1~\91111 -:jU~fi1v1 
r:J o' ,~,f.,~ r:J liJ ') "' ,f "'>~"'' 1 do IIJ~'l~~~ r:J 

UflffeJl'JfiB'Utlfl 'JHVW'Vll '11Uflff t~ t\91'J!1l'U!1l'tl'ill'l !ll't!BW'I1flll!'IJ1tl'lfi1'Vlfi1'11'U\91 t1 '11u\91Uflff .... . .. 
v ' ~ 

~~ l~'i!'ill.l 111flUl.lucimmnfflit'Vll.l (CH4) Vilif111ll1J1~'Vlii'Q;'l 99.99% ~1Vfll>111fll'it'l1?1 10 seem 

~~vt~uffni-:JI'i''Ui'Wnntf1~'Viv'W11um11Jvu1~vliunffv11nvu1'11?~~?1v~nm ~~unm 3o u1Vi 
v 

'il~!n~tJ~f)~cn t'Vl h t?l~ff (pyrolytic reaction) ~'IU 

CH4 (g) catalyst, BOO °C ) C( S) + 2H 
2 
(g) (3.1) 

"" ~'I~ ""~ ~"''~ o' r:J o' ,; "" d"'' 
'il'UBW '11 1Jll?l~?l'l!'IJ1 tfl?IBW '11 1Jll'l1'tl'IU?IJ'il'lu~11?11!!fl?l'eJ1'ifHJ'U !llBe;JW '11 1Jllli>11!~1W'U fl'l 

BtU '11 fllJ M fl'l ~-:j U 1\91 1BV1'1 'Vi B'U ll 'U m{'U B'U 'lJ 'U !!~'U ;il'U 1 B'l~~ fiB 'U 'tl B fllll! ~ BffmllffllU~ . .. .. 
v ' 

'illfiU'UYllfll'iU?lfi'ViV'Ulll.lm11Jv'W'lmJ 1~m~llBW'11flih~'U 900 B'lrYW:lfm~vff u1:1~ 1000 .. . ., 

(Mass F w m ete1') 

Ar 

Gas inlet 

.:::i liJ 
fll'W't1 3.3 t\91B~Ufllll!!ff~'l!\>11U~fl~V1 (CVD reactor) 

T~mpemturr 

controJier 

Tubr fumact 

Gas outlet - · 

llubblrr 
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!J.I o' d ,j <!! .,; 'l !J/<9 "" o' ,J "" "' 'I "' fH'ltl~'iH'l'Yl:r:ifl''U AFM tlJ'Utmtl~llti'Yl 'll'fl'f11111tm1~'!1'VfWH1'1Jtl-rd~tl !'U'J~\OllJtl~~tlll 
q q 

I ~ IV Cl.l 0 ~ <V o ~ dl d Q.l Q.l I fl ~ d.d,.<::). 

t'll''U H11~19J~1'U1 ~1'if1~~1'U 1 tt~~u 'U'J'U 'J1ll'Vl~f11'Jfl'f1llltf11'.J1f11J~1tii'.J1Wll'~~'Utl~~ ~ll'll'1~ 

n~t~~~l:'l'Vl':i'Jfl'tJ AFM Yi1~1'U L\Oll'.ltll~l'.ll'rtinm'J'Ilt~~u 1 '~ H~nt1u'J::; 'Ir:i1'!tl~~tlll'Ut~'lthl•11t~V1'!t11J 

tl~~ tlll~U J:'lli'.JU lH'UJ '1J tl~ t ~ll t~ til f1lll'IJ'U 1\0l'Uti~U 'J ~ 'l M f1 'I~ t ~ll~~ \01 tJ VnlJUfl'U ~~nt~{ (cantilever) .. 
1l~tf1~ t~'U~~'U~~ luuu11~~ lJ~1llm1ll~ ~~1'1Jtl~~b u~~tl:'ltC))'t~1 ~ ~nm~'VllJlJ'UUfi'U~~nt~1 11~ .. 

" ' ' 
~::;V!t~u~ulu~nm~'VllJM';ri\01 (detector) ~~U~\Ol~lumvrVi 3.4 ~'hum..i~Vl~nm~'YllJlJ'UMTJ\0111~ 

I V I V 

ttU'Jfl1mllf111ll~ ~~1'1Jtl~oW'U~h fftyty1ru Vi lfi'tJf1U1 I tlti'J~ll1~ H~ (process) UJ:'l~~~1~fll'Vl~~~tl~ 

u~~~1lllJ~ 

l u m'Jfff1111f11'Jm~1l11'.ltt~~'IJ'U1\0l~nl!ru~'lltJ'It~'Wmm ::;~1J'W11 u 111 'l ~m1't~~1l~'Yl'J 'Jfl'tJ 
q • 

AFM 'Uti~ Veeco Instrument (Model Aurora-3 NSOM) UJ:'l~f111Jflllf11'J'I'11'11'UU~~ti'J~ll11:'1 . 
fftyty1tu L\Oli'.J Nanoscope® Ilia 'Uti~ lJ~fl'Vl Digital Instrument 

1 

'l1llli'.JW'IJ 1 =laser beam generator 

2 = AFM scanning tip 

3 = reflecting mirror 

4 = sensitive photo detector 

5 = piezo tube scanner with sample amounted on the top. 
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91 ,J "" o' d ~~ "- I 
1 fl':i \1 ""':i 1\1 fll':i m~ 11 1t11'1 1'llt:l'l1i119J1J'U'W'U ~bl'11 v ~1\1 u~~ 1tfl 11:::: '111i 119J ·mu 'U tl'l flu ':i::::fltllJ'lltl\1 

" 1'11v~1.:J 1~v~cim:Jtu~mv'Ut~fll'l~t:l':i1tl~~t~tl~'llt:l'loW'U~11'11t:J~1'l frflll1m!11'l~'llt:l'l 1~11:::: f1mn 
"' 

Q.l .c:t. t/ ~ ~ cv o ~ I o ~ .c:t.d 
~fllltu~HJ'lltl\ltGJf~mw~t'U t:!Wtl '11~flfll'J'Yll'l1'U 'lltl'l SEM flt:!Ul'l~'lfllt'U~Vmfl\9l'Jtl'U (electron 

gun) Vlmti1~Ni1\9lflt~fl\9l'Jtl'U 111fl L ~\1 ~tl~ (filament) u~~~t~fl\9l'Jtl'U \)flti 'l~1CJftflVL ~~1"! \1 

(high voltage) 111mi'U~t~fl\9l':itl'U\)fl1~f""l11't~'U~1~t~fl\9l':it:l'U~lJfl';n:ut~JJ"J:'I1~m~'Uff 
t d -~ .t 0 .c:t. d ' 1.1] ~ U:IJtl'l~fl L~'Y'11 (electromagnetic condensing lens) 111fl'U'Umt~t~fl\9l'JeJ'U'il::::""tJ\Ifl'J1~ tll1J'UNJ 

1'11t~~1'l 1~ttfll'JU'lfl1J'llt:l'l'll~m~rlmi'1Jmniv'lm1~ 1~v""u1:umjm~fl hl~1'il1fl'll~m~u""nu 
d .c:t. d d.c:t. CV I .c:t. Q.l I 9) ~ cj 

(scanning coils) t:IJtltlmfl\91 'Jtl'U\9lflfl'J::::i'11Ji'1N1\911tltl1'l N1\911tltll'l""~i'ltl'Utlmfl\9l':itl'U (secondary 

electron) tm:::: m~i'11JMTJV'l (electron detector) L~tl~Hfl'J:IJtlV1'l~1CJ'lltl'lfl~tl\l'il~i'l':i'Jft'U 
q 

~t~fl\9l'Jt:l'UU1JmYV'lfl':i1~U""~'ll'Um'W~ 3.5 5tyty1tu~L~\)flU1Lllll'J~JJ1~ (process) u~~""~1'l 

m'W 

" 1 u fll':ii'l~~t:l'lUt':i1frflllnll U1J1Jtm:::: 1 fll\1""~1-:J cinllw::::m':im::::'il1CJ'\Jtl'lti'Umfl1 ~11:::: 
"' q 

l'l1t i 'lll~iW tt11J'W]1'U':ieJ.:J91i1nvuu"~y}t:Ju 11 u m{1Jvu ~'Jtlfl~V\1 ~"i'lnft'u~t~fl\91-:ieJ'U U1J1JrftJ'l 

1 ~ Q,l 9) rle:.. cl ' J' 
m1~ (SEM) 'J'U JEOL JSM-6400F '\Jtl'l1J':illi'l JEOL fl~tl.:J'il~i'l'J'Jft''UV!"fl\91':itl'UU1J1J""tl'lfl'J1V'l'U 

q q 

.:::::.. .<::::!, cl d d ll} 9J& 
N"\9ltlmfl\9l':itl'U'il1fl cold cathode field emission source :IJ':i1ti~::::Wti~'\Jtl'lfil'W (resolution) t~fN 

1.5 'U1 h.u:um '\Jtlltlfil'WL~""'l""~ 500,000 t'Yl1 u~::::~t~fl\9l':itl'U""1:1Jl':itltlmi.:JL~'ff'l'ffv>~ i'i'l 30 KeV cu q qJ 'U q 

d 'jJ) rle:.. cl I Q.l .c::l ~ .c:t. rl Q.l 

u vn 'il1fl'U fl~ tJ'l 'il ~..., ':i ':i ft''U v m fl\91-:i v u tt 1J1J ""V'l fl':i1~ tl'l:Ut fl':i eJ'l 1t fl':i1~ 11 fll':i fl':i:::: 111 ti'W"'l.:J 1'U '\Jtl'l 
q 

ovad o' .J "' o' d~l "-1 
H""ttlflGJf( energy dispersive spectrometer, EDS) GJf'l'ff1:1Jl'J mtm1::::'111i119Ji'l! u'U tl'lflu'J~fltl1J'\Jtl'l 

" 1'11v~1.:J 1~l'U'J::::~1J 1% 1~vu1m!n 
~ .o:::::::t. Q.l I d~ 'j} d Q.l o 9) I Q.l I I 

'W'U N1'\J V'l \911tl tl1'l i'1 ft'flll111~ \91 V'ltll 'U \911'U 1 tm~ 11~\91 V'l m:u 11 t1 mm i'lll':i:::: 'il11 1fl\91 1e1 tt1'l ff 
q "' 

rJ' fj) Q.l ~ ltJ ' 0 lfJ -~ 3) ~ e:.. <J) ~ 3) ~ t/ ~ 'j}.Q, cl .c::! 

fl'J11~ (ground) tl11'ff<f,j'U'U t:IJ'U1 t~'Y'I1\9ltl'ltfl~tl1JN1'11'U1'll''U\11'U ~1CJYl~JJ1Jl'lt'Wt!ll'lm"fl\9l'Jtl'U:IJ 
\f) ~ 9) ~ 1.1] 'j} .d .de:.. cl ' e:.. d d 

m 'J m ~ tJtlfl111flH1'11'U 1'\Jtl'l'll''U 'l1'U t ~:IJlfli'lff~ mn:u v m fl\91 ':iti'Uff~"":uvvmn eJ m nm tJ'Ui'l ""~'ft'JJ11~ . "' " . . 
'J1Jfn'Ul1'l~t~fl\9l'Jt:!'U'Yi'il~\9lfl~'l:IJ1 (primary electron) tm::::~t~fl\9l':ieJ'UViVI1i11'tnl'lfll'W (secondary 

electron) l11int~ff1:1Jl'Jt11~n""m'W l""<f.J~Uti:Ulhml~tfl~t!1J~1 t~wi i'lt:!'l 'VIt:!\IN""JJU'W~vh!t~ 

mfmJu ium'Ji'll'l"eJ.:~if f:hm!1'lleJ-:~1'11t~~1\I\Jmfl~eJ1JYl~:um.:J~1ti'VIV\INffJJu'W"ilut~ 1~v1~~C}f 
tic. 9J eA .-.9 e1 r1 • ~ 9J e:.. r1 .J 

ffill9lt\9l'fl'.iH (DC sputtering) 1'11CJtfi'JeJ\Itfl"tl1JYi~:IJ1J1\11'U EMITECH K550 t'Wtl i l'ltfli'IYJ~JJ1J1\I'VI 
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. ~ 

ih hlVhiif111:JJ'H'WTth~mru 15 'W11 'W~:JJ\911 u~1'\.h~1mh-:rVi~fl~ti1JVId':um~ ttlffm·nt'W'IJ'W\9lti'W 

~'it~ ttl 

Beam 

High-voltage 
supply 
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1'11mh:~~~fl~fl11'il~l'l11'ilffm/l~~~'J~fi'u iJ.JmfJ" iim1J.Jff1fity~flfl1'Jffmn if1Hff~1~~1~~ 'Ufl~ 
tlv ~ ~ 3) ~ " 

1 

Sl 

19$" ""f11:1W~'Ufl~l 'W flWfl'l'! J.J I 9$"" ~ f11:1W~'Ufl~lij fll~fl~ 1~ ~ l'l"fl~'il'Wfl11fff11:111~fl t 1i'ff Gfl':h 

mit~~'ilm'lnrrtf~~~nmt~uuuurit~~Hl'W ii1h~ itJ'lftJ mh~mn~'il~ 'l ~'l u fl1'Jfff11:11 i1lmm~·1htJ 
q 

iu'il,rtl i 'Jfl 'l umw~ttiffUJ11tlm1'il~~ 1tJnti't~~'ilm1'J 'J fftJU'lJ'lJ1i'J'JJ.J~l nti't~~'lfu~llii~lfflJ.Jl'Jtl 
"' q 

u 'ilntl 'il~ 11tJ1~1fltJ~'Ut~~m ·v-u~uuuu'il~ 1~'1 u n:~uu 11 'WIJ.JI'l'J 1~tJ~1 hlnti'tJ~'ilm'Jnrrtf q q 

~Q I 1 0 3) Q.l fl II Cl 

fll" nm fl'W tt 'lJ 'lJ fffl~ Hl'W 'il~'l'll~l'W fl mtJn'lJ ~ "'Vl'J 1ff'WH 'lJ'lJ 1in J.J~ 1 (optical microscope) U\911'11~ f1'W 

d 9) t/e;, Q I I '13} 0 A d CJ ~ & 'l 'J) 

'Vlf1"fl~'il"'Vlnff'Wfllt'lf11'11fl'WU'IJ'Ufffl~H1'W 'lfmflt?tf11'l1fl'W (electron beam) tt'Vl'Wttff~ ~~'W'W'il~ '11 
q 

~ de ~ Ad ~ di -=! tV dt d 
11tl"~!fl tl~ff ~I'W fl~'illf1fld1J.Jtl11fl?t'W'U f)~f) lt'lf1\9l';i tl'W ff'W J.J 1 ntJ.Jflt 'VI tl'IJ f1'1Jf111J.J tl11fl ?t'W tt ff ~'VI I'll 

"' 

, 
lt'H~~fhlu~BI~f11'11tl'W~1tll~lmfl~ (filament) 'H~fl cold cathode field emission 'illf1'11'W 

~~~f11'11tl'W'il~tlm~~~1tJffmJlvHhff~'illf1 10 KeY ~~ 200 KeV 'illmf'W~!~f11'11fl'Wifl~fl'W~H1'W 
"' "' 

~~.1"' 'l 'JI ~I o "" d d,. 'JI 1'1_ 1 
electromagnetic condensing lenses 'il~\Jf1 mf1ff 'Htu'Wmflt?tf1\9l'Jfl'W'VIJ.Jfl11J.JI'UJ.J~~ !Ufi'J~'Vl'IJ 

l'i'1fl~1~'H~fli'l'ltl~~fl~f11';ifff11:11l~tl~1 tll\911fl~1~'il~~fl~iifi11J.J'IJ1~J.Jlf1 'l 'W'J~fl'IJ 10-100 'Wll 'WIJ.JI'l'J • 
d A d I o''l 'J)"' <:. 

IJ.Jflfllt'lf11'11fl'WH1'Wit'l'Wff f1"11'1Q (electromagnetic objective lens) 'il~tn~flll'l'J~fl'lJfmH 

(intermediate image) "!'~Ylltl'il~ii electromagnetic projector lens 'Utlltlfll'Vl1~fl'Uf1m~tll~rnvl 
3.1 Y ,::io CJ Ci ' 

"!'~'Vlltl U?t~fll'Vl"!'~'VlltJJ.Jf11?t~'UtlltJ~~"!'~tl~ 1,000,000 I'Vll , 
'l u m'J'Vl ~" t~~i1 (high 

resolution transmission electron microscope, HRTEM) ~'W JEOL 2000FX t1f1'l~I~'Wifl~fl~]jfl'l'W . "' , ' , 
m1ffn1:11~ n1:1 wd11 ~u 'Yl tl'W 11 u m{u flu 1~u u uu H'l1 ~iu ~~ tJ1'H ~ fl H'l1 ~11m tJiu 1m~~ rhu~ 
"' d "' ~ I ~ I I "' d 'J) 'l "' flt?tf11'11tl'W flfl electron field emission sauce fflJ.J11tlu"~u?tfltlfll?tf11'l'Jfl'Wfl11J.JI'UJ.J~~ 'W';i~~'IJ 

'U'Wl~ 10-
6 

A/cm-
2 fflJ.Jl'JtlU'ilntl'il~'Jltl';i~lfltl~'Ufl~fll'Vli~'WU'lJ'lJ'il~ l~ff~ff~ 0.2 'Wll'WIJ.JI'l'J ~1tl . "' . 

.,. A t/ d~ .. 1 r/ g) d.c::.td 

Uff~~H?t &~ti'Vll~ lJtl'WII'ltl';i (monitor) 'VIJ.J"Quf1'Jtuf1?tfl~9f9f~ (charge couple device digital camera) 
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fll'j!\PI~tJlJI'i'HHhnhHf1Jtll'j-J'~ TEM Vlll~l~tJtcffn1~'YlU~!!~~ (copper grid) ~~!Iff~~ 

1u~~fll'V'l~ 3.7 %J~N1jl'W'jtJ~~ihiumlum{'Uuu '11~u1<ff11lii~%J~'Vium1um1'Uuu111'~P~n"~ 
' Jl ' 1 

'Uun1~'Yl u~u~~ 1'1-:mrh~'Viuu 11 um11Juu Vi~P~n"~1J'Wfl1~ f11'jii'lJ'Wl~ff'uu"~ml1 u'liu~irm~tJlJ ~~ 
"" 

Photographic tilm 
or fluorescent screen 
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' .:;:t ~ 'jl I t/ I ") 'jl 

ill'W'YI3.7 fll'V'ln'J~'YleJ.:JU~.:J'IJ'Wl~!~'Wf-ll'WIJ'lWfHll.:J 3 mm mCJ t~CJfH'leJ.:J stereoscopic zoom , 
Olympus optical microscope fll~.:J'IJCJlCJ 100 !'Vh fl~~'YlV.:JU~.:JtJi.:ff'ffll1i'1J!~'Wil'Wl'V.:J 

tj} I 0 QJ I 

fl~'€J.:J stereoscopic zoom Olympus optical microscope l'W SZX9 fll~N'IJCJlCJ 100 !'Yll 



' "" 'l.J'YI'YI 4 

#11ri ~tlfin~ mm~ n-ilmn~ ~l'lm fl~tJUU'Ull~'W~l'W 'Hl'lclfilmrw ~nf1mn11 ml~M~'U~b i'U 

Q,l y 'J} o' .:9 .. I ")" 'JI v 
'J~~Utl~l'lti:J.J~1tlf1~tl'l~~Yl'J1fl'U AFM ll~~ ft'f1 'fll~ullUUll~~ !f!H~'Jl'l ~f11JtU~f11'Jf1'J~'illti'Utl~ 

tl'4.fllflt ~11~#11ri '1tlfin~U1U'U~l'U 'Jtl'lclfi'Jf1ti'U ~1ttf1~tl'l~~m 1fltJBI~ f11'l'Jti'UllUU't'itJ~m1~ ~~'illf1 

f11'JYI~~tl~'WUil'IJ'Ul~ll~~~tJil'l 'Utl'ltl'4 .fllfl#l 11 i 'ltlijn~ £111 '11~ f1-U f1!fl~ ~'Utl~tlUfi11:J.J#l'U 'Utl'lllfl~ 
m1nt~'U mtti'Um'lf'U~~tl.Jtl.Jlf11ft''lltU~~'llml~M #111i'ltlfin~m~~'llml~M'~ml:J.J~'Uun~m1nt~'U 

200,300 ~~~~ 400 mtorr tl'4fllfi'Ut1'l#l11i'ltlfin~mnmJ anneal \)f11'111'il1~~-wnKv'l~~Yl'J1fltJllUU 

tYtl'ln'JWI ~"'f1fltl!~I~'UVhl:IJU1'l (film) '11~tlti~:J.JtJ{VJ~ (amorphous) t1'4fllfl~f11'Jf1'J~'ii1£J#l1t1Vl'l 

~~li~:J.J{) ~'111~~~ i'Wfll'W~ 4.1 
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v '4Illfl~ 111 '~ 11 uiW cnm~ n-i! mfi"~ « 'l1fl 1 1~11' m EJ 1 ~ m llJ~'W u 11 EJlmR!! n~m{ nv'W 200 

mtorr 1rit~Nl'Wn11 anneal ~tiW'I"'.fllJ 900 tl'lffWb'mGJffl~ mEJMU11fllnlff'llfl'l11fl~m{nv'W1m~ . "' 
!g 1 ~1111'W V!rl'lJm'lM~vv~lJv{V1 ~ 'IJV'~~ 1li '~ufifi1 mm~ n-i!mfi" '~"~ "vlJnlJti'lJ!~'Wv'4mfl~n 

fl'4.fllfl~11i'luufi1cnm~n-i!mfi"~-«'~1ml~M'mEJMmllJ~'Wu11mmrr11n~m{nB'W 3oo 

mtorr 1riVN1'Wn11 anneal ~flW'I"'.fllJ 900 tl'lf1Wb'mGJffl~.fllflMm1Vln1ff'llfl'l11fl~fll{nv'Wim~ . "' 
1 g 1 ~ 1111 'W t1 nf1m:11~ 1 EJmi' fl '~ ntl'B '111 mn 1 rrtfn:mrvhvlJ 11 l'V'IU i 1v 'W.fll flm ri 1if 'W 11~1fi~ m 111 :u~11 ~'W "' . . 
m~11.n (cluster) 'll'Wl~U"~mllJ~'l'UeNm~11nllirvhn'W m~11nnm1m~111fl~1fl~U'W~1'11Ulmh'l 

<U q q 'U 

~~11~:Ufl lli1Ufl~cjf~fi''W Ut1~fl~~1lUU'W~1'11Ulill'W1fl'l m~11nn'IJ'Wl~!U~mh~:JJ1W 20-30 nm "' ., . . 
I I Ql 'J} e:f 

fi11:JJ~'lflfl1~'1111'l 20-24 nm ~'l11~~'1~1£J.fll'V'I'Vl 4.3 
"' "' 



Aatten 

220.001 

(a) 

220.001 

(b) 

2S.O nm 

12. ') nm 

0.0 r.l':'l 

Oi g1 t.1l Ins t ruments tJanoScope 
Seen size 1. 000 pm 
scan rate 1 . 001 Hz 
Number of sampl es 51'2 
Ima9~ o~u Heio;~ht 
Da t .l sca le 25 . 00 nm 

Scan size 
Scan t'ate 
~'umber of s:amp l es 
Image oa::o~ 

Oata s<:ale 

1.000 ~ 
1. 001 l-Iz 

512 
Hei 9ht 

11 .22 nm 

[J] view J:ng h 

~- 1i9h~~-ang1e 

0.200 ~J;n/div 
ll. 224 nrn/div 

0 • 

ill'V'I~ 4.3 (a) Utl\Pl\I'U'\.Jl\Pl'UV\I'fl'4fl1fl l'i'';ll'i \11l~fi1 m-ff'llml~M~fi11:JJI'i''Wun CJlnlft'Ufl'ff 

o' ... 'i 9) o' • .1 d 
'fll':if)'fl'\.J 300 mtorr '1Hl\lf11 ':i anneal t\Plflf)"'fl\I~"'Vl':i':ift''\.JI'fll'fll"'l'fl:IJ 

(b) fll'Vl'illf1f1't1'e:J\I~"'Vl':imu AFM Utl\Pl\lf111:JJ'I1'\.JlUU'\.J'U'fl\l 'fl'4fllfll'l'Hi\11.Jfin1m 
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Aat1en 

(a) 

r:ip_f'r.nlt.OOl 

(b) 

I
'···= 

. 

li_i.O nT-

0. 0 m: 

Oigitai Insti"Uml!>lts l'i~n<~S-.:ope 

S<:an s i.ze 500.0 nm 
S<:an !"He 1. 95q Hz 
Humber <.'l f u.~les Sl2 
Im,tQ\! OJt.l He~ght 
D<\ta 1cal e 20.00 r.t'll 

ti,Jir'!OS.::::>oe 
Sca>l size 500.0 rr.'l 

Sc:sr~ ,. .. ~e 1.9&1: Hz 
Ntmbe:· of umples 512 
!m~~e Oau Height 
Ol.':.il S:Cllt 21).00 rllll 

X l OO .COO :",m/ dl·.· 
7. 20.000 nm/div 

f[] ;,;le-w angli!! 

~ li9ht ~n~le 
.... .. , 

0 • 

.fll'W~ 4.4 (a) U'1'11\l'ti'U111'1..1tl ·rfl'4fll'fll'lld -nJuf1~ til bY\ltml~lf~ml:JJ1i'U1J'ntllfilfl'Un'1'tll{ fltl'U 

"' 'l ~ o' •• 1 d 
400 mtorr 'IHHfil':i anneal t1ltlfl~tl\l~~'Yl':i':iff'UWWl"'W:JJ 

(b) .flTVHl1 flfl~e:J\l~~'Yl':i':ifl'U mmvltg:u mY11\l'flll:JJl'I'UlUU 'U'tltl\ltl'4.fll'fll'11t'i \lUUn~tn 

38 
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-v~ill f1fl1 l'i ~ u~tW mm ~ n-iJ mnLl~-« .. um-1 ~Mill v 11'1 m lll~'tJ'U'J 'J m mffun~m{ n-v u 4oo 

mtorr td-vJ:h'W fil'J anneal i'l'U'.h'tl'Willflltl~ fil'J'J1llfl1l~'W m~'il n l!Ll ~fi'J~'il1V't!Vmh~'I1'Wll!U 'W!UV~ . . ... 

:jf~ti'umn 'll'Wl~'ll-v~m~'ilntl~Ll~el'u'hJtvhnu 1~v~1lum~'iln1i'Uu1~1.h~llltu 40-50 nm 1im1ll~~-vv 
q q 'U cu 

'J~'I1ll~ 15-18 run td-vnJ1v'UtViv'UnU'tl~illfl~ff~lfl11~M~mlll~'Wllfi~m{n-vu 300 mtorr i'l'UlllJ 

'U'Wl~ httl]nilu~limlll~ ·n!ewnil ~~u~~~l'i'1Villi'l~ 4.4 

'ill nm 'J ~mn 1 'Jl'Vl'U i1m1ll'11 u 1u t1 u 'll-v~-v ~ illf1fl1t ~ ~u ~fi1 mm ~ n-iJ mfiLl -« ~tm-1~11' 
mvMm1ll~'W'U'J'JV1filff'U'tl\ll!n~m{ n-vu 400 mtorr U'U'Ul~ imul!Ll~fl11ll'I1'W1l!U u~ ~ni1-vwnfl 

u ... • 

fl'111 ~u~fi1 Vl~ff~lfl11~MillVil'i'mlll~'U'U'J'J Vlfilff'U'tl~l!O~'tll{nuu 300 mtorr i~rl't ~'tl~lll'illfi~ 
Ql "" " -1 "''" .,""1 fl11ll~'W'UU~fil"b'Ul'JfiU'W'J:~ (400 mtorr) 'J~V~uLlU~fil'J'll''W (mean free path) 'il~llfll'W't!V 'Vll '11 !'tl 

'J~l'l1 V'U'tl~'tl~l'ltlllt'\1~ n-iJ filtlLllJ 1 Ufil~'ll''Un'Wm\ll!Ll~'ll''Wn'Ullfl~m{ fiU'UVl 1, MLlJ!LlflLl'UU~l'l1~ n-iJ mnLl ~ . 
'J~l'l1 V~'W i U'J 1llfl1 n'Wl~'W fi'J~'iln~i mu~'Ul!Ll~ltl~ fil'jfl11JllU 'W flLllV!~'W'tl'Willfl'UU~ll~~lJ'U'Wl~ imu 

q u q u 
~ ~ 

~'W n-vuufi' 1 ~~191m flilu 'U u 'U ~ l'U 'J u~9fi) flU'W ~~ir 'W fil'J !!U 'J ~1 f111ll ~'W 'UU ~!! n~m{ n-vu ill v 1 'U~ .f111~ 

~t\Jt\Jlfilff'Utu~Vilm'JI'l mf1iluuu~illf1fl'1t ~ ~u~fi1 m Vi11 'Yf't'Jltl'i' 'U'W ,~'U-v~u~mf1fl'1!1 ~u~fi1 m 

I 1 ~ 4.2 'Yitl'Wl 'Wfll'j'lJtl'W 

'Vi-vu1l um{'U-vu~ff'~tml~M'1~vite119l'Jlfil'J l'11Ll'UeJ~un~ CH4 ! ~'Ull'Hci~thtiJ~m{'U-vu 

t'Vi1n'W!!Ll~U'il11'V~'W"l mii-vunu~~nci111uu'V1~ 3 '!f1~eJtu'HXJiJm'Ju~mtu'J~l'il1fi 800-1000 -v~ffl 
t"ll'Llt9fv~ w'llilm'Ju~ n'Viu'W11 mn{uuu 1 ~v Hfl'1d ~uun~ v1~ ~~1m ,~,r mvMm1:1J~uu nLY 

" d ,..,s -1 ' "' "1 '-1 0 cl , Ul'Jfitl'U 200 mtorr 'VlVtu 'Hflll"b'~l!u'Jfll'illfi 800-1000 'tl\lffll"b'Ll!CJWLY !:Uu'J~Ll'Ufl11:Uml'J'il 'Wfil'J . ... 

~ d'~ tl ..., " d 
'H'JUU~ll'tl'J-n~fll'JUU'U (carbon amorphous) ~\lll~~~mVflli'l'Vl 4.5 
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trlm 'I 1 ~ 'l 1m 1~'11 'l'iu 'W 11 'W m { 1Jtl'W 1J 'W!!N'W ~1'W 'Jtl'l~ iil'l11 'i '~ u fin1 en~~ 'l! m 1~'11~ m1l.l~ 'W 

1J'J'Je.J1f11fl'Uflfttll{nu'W 300 mtorr 'W1Jl1f11'J~'l!m1~'1f'l'iu'W11mn{1Ju'W~tltu'l1fli1 800 tl'lfl'1 . ., . " 
!9HHCJie.Jft 'l'it~'W11 'Wfl1{1JU'WVi~'l!fl'J1~'!1l#i' r;h'W 1 muiJ'IJ'WWl~'W '11~fl1fl'l'ltl iJrn{1JU'W tvl!1JU{!~tlU'W 

" 

11)9/o 
t<ill'll 

I ~ I 'J} 

!9HH9ie.Jft !'IJ1'W1Jl1'1'iu'W11mn11Ju'Wiim1Wn1toWlJ~'WU'J~mw 2 ~'~ 9 !-LID iifrYiim1l.l1fl'l!Yll.l~'W 
" UJ;l~U'W!Utl'W #11 e.~m{1Ju'W i vlt1Ju{ 
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= 

" . . 
'W'tlfl'illflill'n'Wu-h:Oervilm'j'Vl~nw~~~~ml:;::l'i'vit~ul1um{ut~u~mu'l1niJ 90o t~~fl'llGJH'uCih.Jff 

q ., 

, 1 fl d QJ ~ Vd QJ d V -=:~ ~ 1 ct • 1 
'Vltl'Wl 'W fllmtl'W'Vlff ~lm1:i::'l1 l~l.H'lflfJtl!:i::lU'Wl ff'W \9l'j ~ll~:i:::Wfll1:JJV11lllfl'll'W ~V:Wfi11:JJV11u'j :;::mm 

" . 
6 - 30 ~m u~dhnfut~um1 u 1-vltut~fuutilt~w~m!t~v 1~v~1turnfut~'W'W11'W !vl!ut~{'il:;::u'lJ'WWl 



m~~ 4.7 uff~-:J~n1:lw~'Ua ·nh:n.J1ium1um.J~u~nuul'l11'i ·n.lfin~cn ~~-:Jtm1 ~11'mvMm1lJ~u 
'lJ'J 'H.Ilf11ft'!lflfff.l11nm..t 300 mtorr e:Jtl!'l1.fllJf11'JU!;If1 900 tl'lft'Wlf!;l!91vff 1~un~e>'l . .. .. 

42 
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(a) 

(b) 

m'Vi~ 4.8 u'ff~~'YitJ'Wl imn{tJtJ'W ff'~tml~'Yi'~-eHU'I1flil9oo tJ\Ifl'l!CJH'lt9hmi~vn~tJ\I'il~l1nrru 
q " q 

Q.l I 3} I 'j} 0 QJ I 

(a) ll'ff~\l~flfH:U~'UtJ\Il1tJ!'ff'WI'l1\l (nanojunction) fllCJfll'l"l~1CJfl1~\I'UCJ1CJ 6,500 !l11 

<V I 1 tl d ~~ 'j} I 1 'J) O Q./ 

(b) ll'ff~\l~flfH:U~'UtJ\Il1tJ'Wl 'Wfi111JtJ'Wl1!u'W'UtJI'ltJ (nanojunction) fllCJfll'l"lmCJfll~\I'UtllCJ 

12,000 t'Vil 
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nnff' \l!ml~Mvi enn1 um{mJ'UU'U!l'U ~B'Icliii mrw ~ ~B'4fllfll'i'1d \luijiW rn~ff' \l!fl~l~M 

mt~Mml:JJ~'UU~'HJlnlf!''\JeJ\I!!fl~eJ11mJ'U 400 mtorr ~eJW'l1.fllJU~~mw 800-1000 eJ\If1'1!9HHCJfm'l' . '" . " 
'Vlu1l!l.itn~vim.n 1 um{ueJu !!~N~vhn~~u ~B~m1uBu !'WtuB1 'l1~B eJ~:wB1vhYm1uBu 

\1 lf1N-rl nl'j 'VI ~-rl eJ\1! 'j l'Vl1J11'll'U 1~'\JeJ\1191'1! i \IUijiW til! '\1 fi f)!!-r! ~.w mn-r~~ !1'1'1 ti:JJ .flltl M 

1J'j'jtllnlfl''\JB\I!!fl~m{neJ'U ~ 300 mtorr 1~viJun~iJ!'YI'U (CH,J rfJuumi'lnl!'w~m{ueJ'U~.:JVI'I':il 
lfl d f ~ .d CV ~ f ~ t/ "''J/9} ~.c::ilf) d Q.l I 

nl'j 1'11-r!!ll'Ul 0 seem !'Yil'U'U'YI~ \l!f1'Jl~'\1'YIB'Ul 1 'Ufll'j1JeJ'U ~~~1tl1'1i !eJ'j~!'\1 ti'Yil\l!fi:JJ !!-rl~!':ilti\I'VlU 11 

fJWfll'Vl 'lleJ'IviB'Ult u m{u eJ u~u ~ nuu 1'111 i '~ u ijn1 til~ ff' '~ tm 1~11'~ m1 :w~ u 1J'j 'j til mrm fl'~m { nB'U 

' ~ d d gJ g)t ,d, 
300 mtorr 'lf1\I'QW'l11J:Wnl'j'U~n 900 eJ\Ifl'l!9f-rl!9ftl~ \I~!U'U!~'Um\1 !!-rl~'\JBI'IeJ (nanojunetion) 'YI'VIeJ 

'Ull'U m{ueJ'U tm~iJml:JJV11:JJln u~v'liJm{uB'U loW!UB{!~eJU'UUeJtl~\l!!~~\1#11tlfll'Vl~ 4.8 ~\IN-rl 
"' "' " .., 51 II) " o • 1 • '1 

nn'YI~-r!B\I'U~eJ~fl-rleJ\If11Jnl'j'YI~-rleJ\I'\JeJ\I Moshkalyov !!-rl~fiW~ !~'Yilnl'j'YI~-rleJ\Iu~n'YIB'Ul &'U 

m{uB'U#l1t111i leJ'j~!'\1V!fllJ 1~v'loiiVJ~:JJ1Jl\I'UB\IU mnm~ul'11d 'IU{jn1 tll!!-rl~ 'loii~!'YI'U (CH,J !~'U 

!!'l1ci\IOl!U~'IJB\Ifll{UeJ'U mwn'YI~-rleJ\I'VlU11 ~eJW'I1.fllJnl'jU'flf1 900 B\lfl'l!CJf'i'l!CJftnY viB'Ull'Ufll{UB'U . '" '" 
I I I f I J} J) 

llil#l\l~!~un¥ul'l'j 'llliiJm1:w m1mnn11u'fl nlli 'Jf1.:JeJtu M.fliJmal 'fl nllil'l1 n1Tw'l11enY .:J n·hw 
(1,1 q '\.1 cu cu 

"' <! OJ 4.3 f11'l1!fl'll:::'t'if11'H1'l:::\ll£J'Y'Ht\l ·n'U (EDS) 

N'flm'ji!ml~M nl'j m~\llti'Vlr:r\1\ll'U (EDS) 'IJB'II'i'1Beh\l~!n~viB'Ullwm{ueJ'U'VlU11 

1'11Bth~~~h'UU'j~f1eJ1J'IJeJ\I'Ii l~m{uB'U (C) ~\IBl\IB~'l'U~U'\JB\Ivim.n 1 um{uB'U!!-rJ:::m{uB'W loW 

!UB{ 9fiinB'U (Si) ~eJtl1'U~!~'W!llJ'jeJ\I~'[ojf'tJ~nviB'Wll'Ufll{UB'U !!'i'l~ !!'Vl'i'JYJ'J!:JJ (Pt) ~eJ l'i'l'l1~~'[ojf 

.d 
.fll'Vl'YI4.9 
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r. 

Energy (.Ke V) 

t fl~ t~u ~1 'lltJ'll'i' 1t1 eh 'l rit~ u ~ 11 ~u 11'11 mh..:J!'ll ~n'l:llff :IJ'lJ'~ $11 um1't~ '~ ~~ Yl ~ ~ rnfB ~~ nl'l ~tl'W uuu rit~'l m1~ 

~'lllff~.:J$11tli1TW~ 4.1 o trlt~u 11Yi'1mh.:Jt'll ~nm$11um1't~'l~ ~m~fl'UBt~ nl'l~tl'Wl!UU rit~'l ~-hu 'WUil 
" ' t~uvlm..n1um1ut~u'JfiJ~j:-,JlJ..:J'I1mtJ~u fl'lllff~..:J$11vm'WYi 4.11 
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' " ' 
fll'Yfn 4.11 UJ;f~'l'l'iili..!11'l..!fll{ue:rwNU\I'l1mtli'l..!lil'l':i1'ii'J~I'i'1tlflti'eJ'I'iH'l'Vl':i':ifl'tJ~!~fll'l'Hl'l..! • 

" l!'UlJ rieJ\1 Ph'!..! !~'1..!1'1 HiY~l~V NU\I'IJ~N'I'ieJ'l..!l1 'l..!¥111'UeJ'l..!llfit'l~i'l..! 

~c:$ dt:t .. ( CV.d 13Jd,.( f 1 <1' 
el!t'lfll'l':iel'l..! 'V1:1Jfl11:1Jtl11u':i~:JJ1W h = 25 ~m l!t'l~':ifl':IJ fi\I'Vlumtl'll5\I'Vl5'1..!1 'l..!fll':ilJeJ'I..! r = 25 nm ~~ 

11'1'~1 local field-enhancement factor f3 = !!._ = 1000 fl\ltT'I..!J;f'l..!l:IJtvl.Yh~tlmtl'UeJ\1~1Ut'l~UciVtl 
r 

(conventional filed emitter) ~vhl'i'1tl1t1'11 ~i1'1ml'l'I..!~JJffl'iiml:IJ 1 ?l\ll'\..!':i~fllJ 1mn5'1..! (1 o·
6

) hJ 
J;fl:IJl':itl 'lM'rh field-enhancing factor ~'l'lm~fi'uif'11'1' !~V\I'illfl1t'l'l1~i1''1bf!l'l'I..!~JJffl'iiml:IJ 1fl\ll'l..! 

'j~fi''Ut:umeJ'\..! 52 oo-6) 



' ""' 'IJ')'l')'l 5 

trn.J .. 

' Ql fir ") t/ 9} ~dlq .d I dd, 

flU'ff .:jtfl'J1~'YI'Vltl'U1 ! 'Ufi1~1Jtl'U 1'11~11i !tl~~t'YI CHfllJ 1J'WUJ:-l'U~1'W ~tJ.:j Si 'Vllltll-Jfllfl 

~~~uu1! u 'IJtJ.:jt'Yf~fltt"~i'J mf1"t~'U~1t'i .:j'll~fl~ ~1 tl'l~fll~t~'~ ~~lJ'IJ'U11'1'1JtJ.:j~1tj .:j'll~f11muu 

tl~'U ~ 1'U ~ tJ.:jcif~fltl'U $1 1~i~ l tl~ ~t'YI ~fl11lJ ~ tl'U (thermal evaporation) ~ un eJ1fllfY'IJ tJ.:jUtl'ff 

" ' ' 
m{nau 200, 300 u"~ 400 mtorr 'il1flU'U'l11tt~'U~1'U~tJ.:j'VJ1$l1'11'11'Jfl'YitJ'Ult'Um{uau'Vl~w'YifJil 

u'l1~~1~~Wh.:j 800-1000 fl.:jffWlf"tCJfeJ'ff ffflfll'IJ'Wli'I'IJfl.:jfl'4fllfl~-;ui \lll~n~eJlll'leJ'loif Atomic 

9) c~~ d ' ct 0 Ql "' ' 

Force Microscope fl"fl'~~"'Vl11ff'U flt"fll'l~tl'WU1J1JfftJ.:Jm11'1 'illfl'W 'W 'Vllfll~ff .:jlfl'J l~'YI'Vlfl'Wll 'W 

.. 'l "".:!Ill .:! 31 0 <!l "' ' 'l .. 31 31 .. 
fll~Utl'W ! I'II:J11i ! fl1~t'YI CHfllJ tm1'Vl1fll~fffl'l:ll"fl'I:IW~'Ilfl\I'Vlfl'W1 ! 'W fi1~1Jfl'WI'I11:Jfl"fl\l'il"'Vll~ff'W • 
""c:l ' 
flt"fll'l~fl'WU1J1J'fffl.:jfll11'1 

tl1J1J -fftJ.:j ~l'W 

t~1'll~~ff1Jfl11lJJ:ht1 111 umniflu11 um{u fl'W $l1vi~ !a~ ~m mfllj uuu~u~pu ~tl\1 

cifi:lnfl'W Si (001) ~Jjfl'4fllfl~~~uu11 'W'Ilfl\lt'YI~fl-i'Jmf1"t~'W~1tj 'lll~f11v1 $11v'IJ'Ull'l'llfl\1~1d\l 
~~~ d o Q.l efe:s.' ... l di Y Q.l ~ 

ll!Jm I:Jl'Yit'YilJl~fflJ'ffl'YI~Um~U1'W fll~'W lJfi11J~~lJ1W 20-30 nm Clf\lfl"tl\l'ilfl.:jfl1Jfll~l'lfltfl"fl1J 
d Q.l ~ t/ Q.l I .c:::t.~4 

ff~'fflJ thermal evaporation 'Vlfl11lJI'I'Wttflfftll~flfl'Wll':i ~ lJ1W 300 mtorr fll-Jfllfl'llfl\11'11t':i\lll1Jml:l1 

oli]31'} d 31 <> .:t C1l 
ffllJUfi'Vll 11'1 !l'll:lfll':i anneal 'Vlt'YilJl~'ff:lJ 11'1~1'lftJW'Yifl:JJll':i ~mru 900 tJ.:jffltClfmClfeJ'ff tm~ ttflff 

• 'U 

tg11'1':it1l'W~t~fl111\l $l1tl'eJmlfll':il'YI"'IJfl.:jtlnff1g11'1':il1l'U!m~tttlff'Vl1fltJ'W 'lh~mru 10 seem tm~ 

70 seem 1'111dh~u vifl'Ull um{ut~u \)flll'JflU'W!l'U ':itJ.:~cifi:lnt~'W~ !$ltfliiflu$l1v~1ti .:j'll~f1~v1 

m~n-i'Jmf1"$l1vi~ 1 fl':i~t'YI mfllj ~ru 'YI f,Jih~'Yill\1 800-1000 tJ\Iff1tClf"t9fcm t~unm'll':i~mru 
d ") d ~ .d ~~ t o ~ rl ... J I I ) rl & I Q.l ~ 

30 'W l'Vl ! \PI I:J:lJUflff:lJ t 'Vl'W t 1J 'U tt'YI ".:j fllt 'U l'lfll':i 1J tl'U ':i1J ':i 1\1 '\Jtl\1 'Vlfl'U 1 ! 'W fl1 ':i 1J tl 'U 'IJ'W tl I:Jfl1J tltu 'YI fllJ 
qJ cu q cu 

'lltu~'ll"n ~tltu'Yinil~ln -:h 900 v.:~ffltClf"tq}vff vit~u11um{uvu~~.:~tml~ 'YI1$l d1u'lmJJj'IJ'Ull'l 
qJ q cu tJ 

" ' ' 
~'W 1fl\l\lfl Jjm{UtJ'Wtvhuv{t~tlll'Wt!~i'l1lll 'VJt~W'Yif1iJll':i ~ lJ1tu 900 tl.:lffltClf"tCJfclft 'W1Jll'Vifl'W1 

'U • 'U 

rl d Q.J ~ Yc:i Q.l d " d. ~ d I 

1 'U fll':i1J tl'U 'Vl ff \1 tfl'J1~'YI 11'1 :lJ" fl'I:IW~t1J'U!'ff'W 1'1 ':i .:j tt" ~ lJfl11lJ tl11lJlfl'IJ'W 11'1 ~lJfl11:lJ ti11'1Jfl\I'Vl tl 'U 1 

.. ' ' ' ' "' .. II] .. .: 31 II] c:l 
1 'Ufll':i1Jti'Wff1'W 'l myfl~':i~'YI11\I 6-30 !liD tm~llfll':iUtJ'U tvltut~':i'llwil ti'W'W t~tm.:j fl~1\lt':ifll'l1lJ 

..;. "" ,J .:to' II] .. ,J 
tllflfl ru 'Yif1lJfll':ill" n'ff .:j'IJtJ'il~lJfll':iU tJ'W 1 vlt Ufl ':i 11 u mn'll u 

q cu cu cu 

' " vit~u11um{utJu'VJ~.:jtf111~'YI1$lt1:luvivu11um{uvu'lfi'JI'Ir:-~u'I'Yimviu 31 • 
tff'Wr:-ll'U 

rl 9) ef& o "Q.I I l Q.l d. )} 

ff'UVmm'll'j~lJltu 20-25 nm 1'11tH'YII'I'W 'iJ.:jffllJl':ifi'Vll'l'Yiffl'lff1'Ufl11lJtl111'1fl1fflJfl11lJ lfl\1 (aspect 
'U q 

.:t , .k ''l "' .k o • 'l <' II]. ''l ,_, o ?1 • 
ratio, h/r) lJflllJlflClf\ltl~ 'W':i~I'I1J'IJ'W11'1 1000 CJf\I'Yilfl'U1'Vltl'U1 !'Wfll':i1Jti'W !1J 'lf'Vl1t1J'UU'YI"\I 
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V~l9lvci-ewflt~f1\0l'Hl'U ~~~llJTHH~lJfl11J.H'li':JJ~'UllJ '1 vJvh i~t~'U 1000 rvh !'YlfllJflf111~\l!flll~lfii 
~lm1tn4 1 '1 tJ~ijjtJ lt~m·-1~19l'l'i-eJul1 umf11-eJtJ~111i'1J~vmw v~l9lvcimJflt~n\911 fl'Wt~fl'~~ln 
'ff'Ul:JJ '1 vJvh~iiv1~~'Yl~ml"l '1~ 

utJ1'Yl1\lf111ffmn11lt~lu m.nfl\91 fl11ffmnm1v~nvit~u 11 umf'Ut~'W 'l mYu1:u 1 vJvhr~t~ 
"' 

1?1'1v~191vci -eJt.~flt~n\91 1 flu ~111 i'mt 11ci'~ ihtiJ \9lt~ncM't 16 u ~~f1m1 1ili m 1v~ nf!l f11t~u '1 vJt1J-eJ{fl 1 t~1J 
"' 

I ~ o' ,!\ 'l !J/d 'l I "> QJ 11) !J/~ 'l !J/ !J/ o' 
'Ylfl'Wl 1 'Uf1111Jfl'Wtl"lfl 11:JJ'IJ'Ul\91 11tlJ~1lJ1Hl11tl1J~1J !\91 !19ltlf111 'lJ'f1't'lfl\l~'t'l'Yld1fl''W (traditional 

optical microscope) !~tl!~'U!~:JJ (probe) ~1111'11 AFM 11~t!ttl'Ut!'l1ci\lflltlJ\9lflt~f1\9ldfl'U~l11i'1Jf111 
.I "''l !lid 0 ?I !J} 'l !J} 0 "" d !J} I !J} 
1J1~~f1\91 'lJ''Yl~l!1J'U\91B\l 'lJ'mflmf11911tl'U (electron beam) ml:Ut'U:JJ'l;!\1 t'lf'W electron gun 'Ufl\lf1't'lfl\l 
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