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Abstract

This thesis presents the synthesis and selective growth of carbon nanotube film. The
HFCVD at atmospheric pressure was used in this work. The vapor source was ethanol mixed with
hydrogen gas at appropriated ratio. The filament was heated up to around 2000°C. The four kinds
of substrate were graphite, carbon, silicon and copper substrates. By this system CNTs can be
grown at the condition substrate temperature in the range 550 - 750°C, 105-140 watt, 25-40
minute and 8-12 vol% of the ratio of H, gas passed through ethanol (for bubbling) to total H, gas.
The results showed that CNTs film can be synthesized on all substrates and they were multi-
walled.

The selective growth of carbon nanotube has been studied by patterning on substrate for
controlling the growth of carbon nanotube by Ni as catalyst and synthesis by HFCVD. The
research studies some techniques for selective growth which were shadow mask,
photolithography and electroplating. Substrates for this studies were silicon and copper. CNTs
can be selectively grown well. Finally, the resistive chemical sensor from CNTs film was applied

for detecting ethanol vapor.
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2.1.1 Single Walled Carbon Nanotubes (SWCNTs) [5]
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2.1.2 Multiple Walled Carbon Nanotubes (MWCNTs) [6]
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2.4.2 38 Laser Ablation
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2.4.3 35 Chemical Vapor Deposition (CVD)
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2.43.1 38 Thermal Chemical Vapor Deposition
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2.4.3.3 35 Plasma enhanced Chemical Vapor Deposition (PE-CVD)
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2.4.3.5 3% Hot Filament Chemical Vapor Deposition (HF-CVD) [13]
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517 2.18 33 Hot Filament Chemical Vapor Deposition (HF-CVD)

2.5 nalnmstnavesns a1l

¥ v
nalnvesmsfamiveuun Tufinhiu luilegiuds liannsanidoaglinidaldn
a o & ' " A o a d1 aw J i -] W
iadnyazla Faegniwl&lugnsznininivowun Tuiadnedau edlsia dnvaue

1w o a o ] 9y [ -
msﬂamtﬂumsnauuﬂumu ﬂxﬂ'l‘l]ﬁﬂu‘lﬂﬂﬂﬂ'lﬂ 2 aNHUSAD

1) na lnn1sfauu Root Growth

2) na InMSIAALUY Tip Growth

2.5.1 Root Growth

a s a d9 o - & Vw o a o
rflum':'mﬂm‘suauuﬂu‘n’m"luaﬂymzwazmummaunamnﬂumsmuuﬂum‘u

[
=

vuTang@ns 1) §Asen (Catalyst) danaaaliiiuluglii 2.19 uazansnefuiuldde

= ° o o 1 o =a o
PUNHUTININND ﬂ310']11‘?83?]ﬂ'llﬂ']iiUﬂu!lﬂﬂﬂ]ﬂﬂﬂﬂ]ﬂ']ﬂllﬂﬂQﬂ'lluﬂﬂ'li‘l.lﬂu (Carbon



24

nanotube
growth

atalyst
anoparticle

carbon
precursor

- 2

31 2.19 nalamsifanisueun Tuimniiwm Root Growth

source) HazguuigIvw v Tanzdussegluanuzysunar ezaoumiveuiiuanda
9 s U 4' = v Qs " 1
ponuvzid ldazawlulanzdass uaziiieaningungiidudsves Tanzdusagani
= J P o " 43
gamgiid iy Suilunaldezaeumsveuidh llazaolulanzdus saosiudmuuaes

Tanzaus wazaemadumsuernTuiniuTanzdus aljasn

2.5.2 Tip Growth
= o a o [ = o 1 e o - d
Wumaiamsveuun Tuiniludasasiiezasumiveunsdaiiuniueun Tuin
Auaaveslanzdus wjasen (Catalyst) M1l Tanzanssegiaroinnl dauaasluzii
- a 3 - = ° o
2.20 Faaunsneiuielafe fguugigunnameiivziilfezasuniiusunandiesnuiain
uvasiuiiamiveu uazquugigeowh i lanzdusegluanuzveunal ezaeuniiuoy
- ar 4 @ ' - = a L]
huandreenezdn llazmeluTanzdauss vaziiiesnngamgiidmuuveslanzdusage
nigamgiidiuan Sufluwaldezasunsveuiidh llazaeluTanzdus wnasndmas

Y ¥ 1w o o JdY ' o [ aao
vos TanzAuswazneduifumsvernnTuinidmaves Tanzdus wlfasn



25

C/ \C‘

quartz = | quartz |= quartz

1 2.20 na lnasifamsveuu Tuiiniuuy Tip Growth

Y o - 13 ar & e U aaan - 9 -
inna Inmanavesn1sueuu Tuning 2 dnyaz semunausnlgnsoilsnisi
-e A ¥ 4’ s o o U aan '
yaviasuid e i liaun/feandsnuanudewlumanh i Tanzdus wljisoeg luao e
yourad uazlanzansandsianumunsalumsazaemsveuna meliezasunisueu
ansnazatsulanzdause ldsmauinng
Tagazll view Tumsvewiluiagiiinnudidgiiluedstsdegamivnssuy
aod = d A' - a o - - | = q' ¥y ;
dlannseind iwesnnliumulszgndunnue uazlinssuismswaan 19dunud lueunaa
= [ - = 4
msiaennaammizneu Tums ueuyiialayiianils (SWCNT %38 MWCNT) 92810150
2 o 0 * Nl & v Bt
nszi1ld uenainil nalanmsdauonventidnuaznisii Idfhuuu TansnSeasnadanine
& & ° o ' o SR o
Avudao danmih M lFonudmiunmsdszgnddmdiimiu sudludeud lefsdnuazna
L} = n’: " 0 - A =) " :l' = a o
memmilueeed aniu luundel sznanduniedieangi ¥ lumsinsizinisveuun

A o A = = w ¥ o Y ¥ o L4
Tuin Wlﬂﬂﬂﬂ']ﬂﬂﬂﬂllﬂl&“;‘l‘!'Nﬂ‘ltlﬂ‘mtl?]\‘mﬂu'ﬂuﬂ'l‘iﬁﬂuﬂ1ﬁ‘ﬂ‘lﬂﬂ1‘iﬂ'~uﬂ51$ﬂ



27

a d v da « 1
3.1 ﬂ‘I‘S'Jlﬂ‘i'lSﬁﬁ’)ﬂﬂﬂﬂdi}ﬂﬂi‘iﬂﬂﬂtﬁﬂﬂﬁﬂullﬂﬂﬁﬂﬂﬂ‘i'lﬂ

Scanning Electron Microscope (SEM)

ndBeganssAmiBianAsoUNLLABINTIANT® SEM Asuaaslugilii 3.1 wilszneudan
' o = = 49 Y A & ad A Vo 1 = d'y
undsfuiiadianaseudaimihinaadianasewetloulinuszuy Taonqudidnasouin 1
f g - U :.' 4 o ' A
naunasiutiaszgassdsanu i simiungudidnaseuszru Condenser lens 101 1
1 ad o ad & o Ly o a da v A o
nqudidnaseunmailudidianaseudsannsoluldnnavesdvidnasouluauiodnld
g/ - @ o Yo &a = o as n’: o
MudeIn1s mindeamsnmiaiinnuandaszlliulvddianaseuiivinadn nasnniud
¥ ]
dianaseuvzgn INialau Objective lens ashluufrFunuiidesmsfnyuaznsaluszun

o o =& o qy o - a -
xy Hawnddianaseugnnsaasuusunuizi liinasidnasoundsgil (Secondary

¥
- -

J 2 o a o = o R o
electron) YU wmq;ty'lmmnE)ranﬂ'iﬂunnﬂﬂumzqnuu‘nnuﬂmﬂ‘.luﬁﬂgiu1mma

aannselinduazgmir lladadiunmde il

Electron gun

A

Q Condenser lens

I Scan coils

| Objective lens  Display

Detectors SE -\ Dovesal iy
BSE r—— S,

Sample m—"

: . 4
1 3.1 laezunsumsihiauveunies SEM



UNN 3

" R A a F R & _ld
mimuammum‘mmwﬂmiuauuﬂumu

& b4 - - o = aa o
iwesnnmsAnud v Tuma TuTadidlumsdnyunadudaniivuiadnun
ar £ 1 d’ " = 4' o~ Aﬂ.o e = o ar
szavu Tuwas Faludvesluunil sznanduaiesiioniududmivmsiinszviag
o =Y o s s a' =S e ) n"é
mivouu Tuninlaninmsduasied iweAnyIfeguauia vuALazAINYTNT B9
9 o @ a 4 i L4 - o L' Ay =
152noUAW SEM G M5 UANTIZHIUIAVOINOUT TUMTUOUNTUATIZHAIUUNUAITIUTBY
EDX #m3uiini12eas1seno1ved519@199 Uz 43041108 Raman Spectroscopy §1151
a o s o A\d ol /g o Ay ¥ A M A ' v
ANTIERAUMNVBINAUAIT VI TUNI] guiutsutlundesldinsesiodsaunsayieIn
Y 4 A d v oAany & ¥ ¢ all oY ] &
Wdsduangmari 14 dandesyanssmiuunasivadinaluideveisiiosninnsunsn

= ] o o 1
AOAVDILAI AIN13199 3.1 IZUAAIM Resolution T uUnsainieg

M13197 3.1 Yo17AUAZ Resolution Y8INABIYANI IAMILUVA

man dedinm Resolution
A (5AU 70,000 DAAATON
ndvaganssmitas MIAIIVUVDUL 3,000 DIEAATON
nAvagansIcmidianasen MIALAIUYD 30 D9ANTON
HUUADINTIA BianATou
ndpaganssmisianason MIALILLYDY 1 995N
HUVEDIHIY BianATaM
NA0I9aN3 TR field ion VUINDZADN 3 deanToN
near-field scanning probe microscopies YUIA “aperture” 0.1-100 DIAATON

{ o ' av ° ' { @
910A13199 3.1 vzmin1d91 1113 sed i TumaTulad Sausuduedraunindes

o da d g ' = = L4
e fundesgansimisianaseu luunil vensineznanteswaziBeavesndesganssmmi
ad o ' o e o
fidnasound 114 nantswaziduavesginsaiidesldlunisfnyguauifvesmiveu
w1 TuiN¥U Energy Dispersive X-Ray 1#031A351¢¥ 51915 U0 1Az Raman Spectrometer

A a o o a o 9
mmsﬂﬂ:ﬁqmnm'ummiuauuﬂumu L‘ﬂuﬁm



28

d & da o
mﬂﬂszﬂa‘uwugmmaanﬁmqnmsﬂuamnmau

da o 1 ' a0 o o A 1 o a ad
ﬂﬁ’mqnmsﬁuamﬂmaumuiﬁmﬂzumuﬂizﬂa‘umﬂiy 9 LHadNUABDIANATDUY

da o
uaglauaolanasoy

v [-3 a a g
uriadnuuaaanAIau (Electron Source)
1 o a ad = & o o
unasduiiadianasou nie Judidnasou (Electron Gun) FuiuginsaidiAnves
seM Tasmihiduunasduiiadidnaseuiannsonannizuasiuiuinn Jaghldiiy
ad Ay a4 o £ a ot v & W ' o ad
didnaseuiideaiiiadosnmgs Famnflinesidinil 3 @2'14un vinavesddianason w
AANNTZNY UTIUNTLUT B JAANNTENY UALYUADUIIDFIIUA NIARAYIIIVOIT
ad a v i o a oo '
didnaseundeenldeuiugaiidng Tuilgiuiiludidnaseunidenldaved 4 Uszian
nana ldun
4 " v
1. 29AVi9mAY (Tungsten  Filament) Yudidnasouriiatifunyuiiionuiniiqa
A - "9 Y w U a d A
iosnIniisimgnuaz ludesmisanmgygimea  ldvannisdaalassdianaseniiosnn
ANu¥ou niniFeniumesieatindi i (Thermionic emission)
ad = yo o
2. Wan LaB, (Lanthanum Hexaboride Crystal) Tudianasousiaiihininvisamu 14
o ° da a aa o 0.0 o 1 3 |
wanmsMnuuuumes iseindiydu Aoy uaasal¥n1uad1e (Brightness) g9
A1 10 wh Slogmsshanunh uaidedede s1aums uazdesmsanmmsiiauidy
qYINANHAY
Ed
3. unastuiiauuy InaaNan ol 1y (Cold Field Emission Source) HHadfuiaytiall
° @ 1w i @ o o o o o
mnImauEuiu ua lmanmsmhaurean s nz iU AU UA D UAN (Quantum
tunneling) ttazannsa lnnuaiegann shaungungives
3
4. uaan AUV FRANN AN ¥FY (Schottky Field Emission Source) AN 1iia
Ed ¥
¥iail 1vdnmsianuvesnsmzgiuiuwednduuuneudY IUREINY UAANIIATIN
ad = ; o 4 = = 1 4 ¥ o - =
Pudianasouytiail ¥19nMamau (100) NATOUAIY ZnO  UAZADININIUNYUNYNTY

1521104 1800 K

da o
avaalanAIau

y ad 4 . 4 { 1 ' o
ifinsnndidnasowiiueyniaiitilszyay emdeuimuauiuimanaziing i

o

° o a d o : Y w ; v o - d ﬁ &
AIZNINUAIVANATOU ﬂ\ﬂuuﬁ1ﬂ1ﬂ15ﬂ1‘]’“ﬁﬂﬂ‘ﬁulluﬂ'ﬁiﬂﬂﬁﬁ’iﬂlﬂﬂﬂiau.l AT

]
o A

v
Senasesilenaduauinudiand iy Indad1918nAs0UTI91 Condenser  lens 1YL

'y

9 u’r ] o 3 ar a 9 ] I~ A 9
ﬂizﬂﬂ'ﬂﬂ?ﬂ'll?uillﬁﬁﬂﬁﬂ@‘ll'lllﬁﬂﬂ'lﬁﬂﬂﬂﬁ'lﬂﬂﬂﬂllﬂﬂ i‘h'ﬂ5Uﬂ51\1ﬁu1ﬂllﬂlﬁﬁﬂlﬂﬂ1ﬂ



= ]

d o o o o o ' 1 o o
ﬂigllﬁ"lﬂﬁ'l ﬂﬁ']\‘llﬁuﬁllﬂlﬂﬁﬂ%zusﬂﬂqﬁ1ﬁ5ﬂ1ﬁﬂ1ﬂlﬁﬂﬂiﬂuﬂ1u W3 anaguual

¥

ad @ A a 1 @ . 5 2 [ Y o
dianasouluIndaigaldda dauauding (Objective lens) Fuiluauddugaieniu
wihi Ifaddidnnsouli luannsznuinavesiagihmine laviinosanaian1n (Scan coil)

o { o ad a w
Rmihinnaddianaseuuuraiag

1ANNIBUNAUYHN (Secondary Electron)

o =

i =] i .:? 1 [ s [ &
Lﬁﬂmamnﬂ'saumn’fmwnmmﬂzmﬂmwaw1u1ﬁaman1uﬁ‘lsmﬂaw HINN

]

o ad w ' @ i ad 2
wawmﬁmaﬂmﬂu"lﬁ’iuqqmmmamﬁﬂmﬁuwmaman ﬂlaﬂﬁlS'BUH%SﬂQﬂBﬂﬂﬂ'lﬂ

ad = a 4 o ) Y ar a
pzaounmuiludifinasouniogil Fidyaparidaidianudaguinlunmsinuidnyue

QU

d - - 4 a ad a a J " {a d
WuAveI¥uNY Hesnn Temamsiiadidnaseunasgivziuegiuauinioanasou

ad 1 4 (] év ad a 1 ny
Ugugiinvsruaunsanouiiruduau mnddnasoudgugiaunsaumsniuduald

F
£l v owoa

] a ad = ad =] a a 1 a =
an Tﬂﬂ'lﬂlﬂﬂﬂlﬂﬂﬂ‘iﬂu‘i]ﬂUﬂiJfﬁ]S'LlﬂfJfN ﬂﬂuuBmﬂﬂ‘iﬂu‘lﬂ]ﬂ!}ﬂﬂﬁ']iﬂ’l"iﬂm31ﬂﬂ‘il"lﬂ‘ﬂ‘il')iu

« u o

3 3
NUAIVDITUIY

Electron Detector

Qs 4 =)

v @ a g o A a =
mmﬁtymﬁmmmmau%:l.ﬁ"aﬂmwwﬁiuuq,ntuwﬁ’mms IHOINUINIUFNIITY

o
¥
= o

TyaaufiiianduasisosenilegasuvesFunuuasdiinaseunudirunalsyia

=

o s o 9 A adg a a d a = =S g
'H']ﬂﬁfllufg’lﬂlﬂﬂENﬂ'li‘H'lul’ljﬁi']ﬂﬂ’l‘lf\lﬂﬂﬂmﬂﬂ'iﬂuﬂﬁﬂﬂ 2IANATOUNAUNY SHNAINIY

Y

Ed
b

v o o & a a = a 4 P 1 a a
awwihanmidadygu Fedidnasounagitdeziindsudiiuniouneguinuiives
S 4 ad 4 9 1w e o 1 qy A& 4y A o
Fuau iedianasewnaowmingiiadygiuzgnisaliindeundnsu Scintillator (1131

o el é 1 4 d‘ Q)
910 CaF) MdiAa Traou Faazgndaliauy Light  guide iNonlaoudyanamauiy

dayana lihuazi lvnedygnude )

MSNANNVBINABIYANIIAUDIANATBUILVTBINGIA
Lﬁﬂﬁtﬁﬂmauﬂgunﬁﬂﬂszwuﬁaf;mmilxﬁﬂﬁ';ﬁﬂwamnﬁuﬂsﬁ?uwhmmu“lu
TEUY ﬁ'ﬁﬂﬁqjﬂpmms'Ji]’;’ﬂf“f'ﬁgtgmﬁhmﬁuﬁﬂﬁu 11 BIANATOUNAUYINT® Backscatter
electron taztiideynal1iidnsooNUUID Cathode Ray Tube (CRT) 1Ay SEM 92iszuuya
Scanning coil Fuiluvaniaildadraauusimindmivalugumsniavesdididnasen
Tyufwestuam o‘éaé‘r’muﬂpmﬁﬂ'mﬂumsﬂsmmmﬁwﬁtﬁﬂﬂmui’;ﬂ:ﬁ1q1un’fﬁ'~amzﬁmgﬂ

ATUAUMTUAAIAWHUILUIDMNLUVYAABYA UTanaivosdayg ol



1 ' ¢ a o
g‘ljﬁ 3.3 NMwde SEM maamsuauuﬂumu

30



31

dianaseuszgmi luasuguanuiianiuadeuuee Tugli 3.2 Wunmuaassnems
o/ ' a P e | Af =
ugnuezYed SEM uag E‘]J 33 vﬂumwmemwmmmauuﬂumu mmmﬂwuﬂummsm
_ l: ' ; 4 e Q’I o o
ﬁmnannsaunu'ﬁmmﬁﬂmmﬁﬂmmuﬁuﬁmnaumamw muumaz'lé’mﬁwmmmq

NA04 SEM fiD

o ar j 4 4 4 o ad ny
fMAWeNs = NUNUAAINIWUY CRT / WUNNIIASIDIANATOUUUFUINIY

o ar a2 v o &

dmfuanuazidoavesnmeziuegiuauilsvesnisnsiadisianaseu g
anuirlumsnsaiisigefzi dnmiinnuazidoad nazninldanuslumsnsiads
= ; o = = é o
dianaseudifiziinmiianuazidoage Fus1a13150A2UUA 15108315 NIAAT

dianAsoUA20gUNTEl Scanning coil

a ¢ Y ia o 1
3.2 ﬂ‘l‘i']!ﬂ‘i12:116!'38ﬂé’ﬂs‘lﬂﬂﬂ‘iiﬁ‘uB!ﬂﬂﬂ‘iﬂulluﬂﬂﬂdﬂxq

Transmission Electron Microscope (TEM)
o 1 1
13 ﬁﬂﬂ'lmﬂﬁﬂi]aﬂi 3 ﬁﬁamﬂmauﬁmmu (Transmission Electron Microscopy,
A - 5 o z ' w
TEM) 92 1#1ie 1+ Iassadnganinuesamsiivuiaaninn awaszan luTaswas 11

IUNITTAVDZABY

Electron——+—WY
source

Electron
beam

— Specimen———

Electro-
magnetic
lense

Viewing/

screen L J

310 3.4 1A021n5UYBT Transmission Electron Microscope (TEM)



32

717 3.4 naasduilsznounazdnuaizmshnuvesyanssmiBidnasoudesrin
(Transmission Electron Microscopy, TEM) a8 TEM 3z1/5znovudasuvasduiladinasou Tu
dnumziRoaiy SEM udanuaedndidisedidnasoulundes TEM geila 100 - 400 Ala
T2ad V) @93 TEM 191 Tavldiaudnouinuiees(Condenser lens) 2 814 te 19 Tfad
Sidnasouldvuufunodnivesndes ninity SBEnasouszi UL RnTon It
(< 500 1 Tuwns) wazANsEEIVY ABiEnAseuTiEILY wgn Infasauiudlugadn
uWsneu (Diffraction spots) Mszuuiua Tiiail (Back focal plane) Tauiauding (Objective
lens) nuaza W aaudTswamesuimandn 3 Fafedmihfiveiouazuannnas
1VUIDVDINADY TEM

Adpsgansisidianasoudesdiy awisaaduninldlave fy Selected Area
Electron Diffraction (SAED) #30gssnhaiuamazioud Ismned d1didnasoudiulng

' =, A v a a Ao ad ' § = o
ﬂ:ﬂ:ﬁﬁ‘lﬂ“ﬂuﬂuIﬂUﬂ"lNIlﬁ’lﬂﬂﬂﬁﬂﬁmﬂd u'ﬂsI.Iﬂ'lmﬁﬂﬂﬁﬂuUNﬁﬁuﬁqmumUwadxﬂu

A = 14 ] 1 1 - 9 A @ a d — ]
ifesnnmsnszmanuy hitangu ud hinJdewdunia mwiadnnnddnaseunnegriu
Y oA a =t ' ¥ ; Y o v ad o ad =
yuau Tae lun/asuisnma Suni1 Bright-field image 01A25UBANATOUS VINNIZBIANATOUN
¥ ] ¥
WAMAANMIG 11199910321 VYRINAN bkl ud7 pwh 1AvinaIuil (5un Dark-field image
" ¥ a A g s . & q v
ausamiednyuzyeInm 1A 2 silafe UuuuN15REIUY (Diffraction  pattern) 4914
swazideaInssadanstaFoedrvesezaoyluidquagnimusisuuia 10,000 - 1,000,000
T & ] Any o 2 ' 9 o w ' '
wh Fsewnsaudanadoyahn lAvinamnaesi 1ded19an e Awaasdiog1averion

Tumsveulugiii 3.5 # 180 TEM

" o T 1 ¥ o
510 3.5 A26190 w10 TEM veevieu lumiveu



33

3.3mﬁnm1:ﬁmqé"amzuu Energy Dispersive X-ray (EDX) 210

w
a1 X-Ray
EDX 130 EDS iilumaiiniildlumsinsivimesmlszneuvesnig Tuvesudauas
o s A& = o as o
vonal laemsnieaieiadiend evzAnyimsnizeioveandsnuvesisdiondi 1dnn
» b ¥
PZADNYBIFUIU HAW NN ITendnsznuFunu Tasszuaaniumduvessidiondn
@ : J ar & J e H ﬂ'. o
A329739 TAUMUNUAY tazuaaIf MAI IINLAYYBY Fermasaud Idninmsn)dsuszay
waanvesdianasewuenidigi lussiinnumznzavesezaeuidassig i lidnm
¥ ¥
mqiiluesmlszneulusuau
ﬂ" a Ed P 9 [ ¢ & ] I’Q’ " o
FUNMUNABINITATINADD 1BgARIBAILIITeNT Feemidsunulaaildes S9d
J o o ¥ :
1ONFFITANHULIBMIZAIVOWADLTIRBONY) 9IMIU Energy dispersive detector ITATIV
e o 1 1 4 1 ar L o
alnaiuvesiidigniasseesnin Fisquaarsiglumsalediaeziinnummzaives

nasuveTdnlassesnin

1anNN13111914v99 Energy Dispersive X-Ray (EDX)
;ﬂ-n 3.6 'laa-'uﬂsumsmﬂwmmsms 21J1) Energy dispersive X-ray itesadond

nimmmnu LBUATAI 0D ﬂlﬁﬂﬂi U 114 Tu I‘N GEL) 'Iﬂ‘i»iﬁlﬂﬂ‘!ﬂ“ﬁﬂ MUUINIINAINY

Camera

; 4 Rz
311 3.6 laezunsuMsM19uv8AATOS 5211 Energy Dispersive X-Ray (EDX)



34

=< ~

ad ad W o o -

damilorvesdianasou dilanaseuszganaundsuIaiiazvgaeen llvnezaeu i ldiAa
o [ u’: ad w M A o [ 4 ' {

#naluaelaes ndamiudianaseudnuiieglussaundsnuiginhezdinumunnaan
ﬁ = ad o ' 3 Ve e
1N UNVDIBIANATOUIINONI (38N71 Relaxation  iazozaouIzasyTadona il
AnvuzMWIZYBIIAATDZABNDENNITTAUNAIIURgInTIzand T unufiuazanildos

@ @ 4 ° a d a a [ { ' =t '
Wi waveandsnuiilvdidnasounegluszdumasaungenimgeeenly Gonh
£ ad ar Y e [ o
Auger electron Fuiludianasoudigaiion1deinnszuiums Auger emission lauiadonds

o va o o ° Ya a0 ad o a

wihlisianaseudusnvgasen luninaelu mlvinansvesdianaseudanaes i 3.7

Wunwaedie61991n EDX ¥8303M1)5200U5194199

C " i 1 b ] | | =

A Fe S
) t
=
'? Fe
z |
5
E Cu

Fe
I JCU Cu i
0 2 4 6 8 10
Energy (keV)

717 3.7 nMM91n EDX v0a0eA1sznousinaieg

3.4MIAATIZHINUNINVDIFIAAIBMATA Raman spectroscopy

Raman Spectroscopy ti‘lu;ﬂuuuﬂﬁwm Vibrational ~Spectroscopy WUIRLINY
Infrared (IR) Spectroscopy l.m'ut:m6141‘!11;5mﬁai‘fmﬁmmnmnﬂﬁuuTumuﬁ%"‘afj (dipole
moment) druuousunuRasuiiesnnmsnlaon anudiuia1d (polarizability) ivatwnsdl

{ nt;r = .: =\ 1 ] = J _
Amsnsudrunavu1dlunsaivessy ua luansanaduld lunsalvesdunsusa



35

Spectrograph
(USB)

Laser |

PD

:'LD-

F’C

= ¢ & &
31]11 38 mﬂﬂszﬂanwuimﬂmmsm Raman Spectrometer

o ¢ X i & &
3171 3.8 uaaseaflsznoUNUTIUYDUNTBY Raman Spectrometer Tao1ia 11 Tagiialy
y 1 S [ 1 ad 1
InT99 Raman Spectrometer 9231a21152NOUNUT U 302U fiD AIUIAIFDT AIUVDY Probe LA
aau Spectrograph
o A o
Laser : (1597 32Qn 14113211999 Raman Spectrometer iiipaninmiiiuneaaifinaue
4‘ ' =)
ADUANAY?
° Y Ao a - = 2

Probe : Insvvzimrnialsmavesinaounnszissoonu launiod Rayleigh
scatter smzﬁ'ﬁymmﬁuﬂ] o0n 1)) 11Ad9 Raman scatter 114 spectrograph i Probe U19¥HAT
o Y o o o c{ 9
MY IR o FInnINUFUNIUALY

J w o [ ] a &
Spectrograph : 1o Spectrograph 1451 Raman scatter NVLAIADHIUINTAAIUNDLLON
a L) [ & ] o ] '

AuANYD 1draede 1169 detector FaazImMsTuNinA1MIINYDI Raman scatter THLADEAT

i a ANy
AWEIINAY Fedoyain 1de1inn WuuanyUZYeI Raman Spectrum



36

1HanN13911914¥939 Raman Spectroscopy

Wedweensznuasiieds Iaeuszgnganduuaznszitaeenu daulng Ivaou
H o) A Y o N -:i 1 y'
NN5219909NU192TANVEIIAAUALINUAVANUANVEINAUNANNTZNY Sundauiin

1 o o =

e A ad a ' - Yo 9
Rayleigh scatter $3IDIANATOUILADVFTILAUNAINUIAY ﬂﬂuﬂ%‘lﬂi‘umiﬂizﬁ]umﬂiﬂﬂﬂu

Y

7. 4

uail TWaeuuadu( Uszana 1 1 107) AnsziRseeniniinnuenaunlaou 1y Tiaeunil
A — o ' - IR 1 o=
anuonau/aouliiiGondt Raman scatter TWAoUAITU Raman scatter 1 d2ungjezil
- ' & P ’] == 9/ a
AVBINAUNINAT ANUE1INAUVI IHADUNANNTEN (Stoke shift ) LANNTAIUNBENAIY
P . A o . : A
g1IAAULBUNIIANUBIINAUVDL IR UNANNTENY (anti-Stokes shift) Raman scattering N4
a d 1 o 1 ar a a = a ar
apauuy dianaseuz i lAnAUINGszAUNGI911IAY Stokes Raman scattering FEAUNAIY
a d i s o a ! = . >
qANIBYDIBIANATOUFINTTZAUNAINUITUAY @I anti-Stokes Raman scattering TA
ar a d [ i ' s o A .
waugAMyuedianasoulindiaudn s AUNAUGUAY Stokes  scattering 923
131101171091 anti-Stokes scattering 91NUN 3.9 HAAITTAUNAINUYDY Rayleigh Scattering,
Stokes Raman scattering 1A% anti-Stokes scattering UiAaznsdl IWnpuNAnNIZNUITNIZAU

1 o

a d J 1 [ ar - ' i d )
sranasouliu lloglussAundeauigandi (virual state) 1ilaBIaNATOUNAYYSE
s q'; - '
WaInuNAINN Nazalaee Innoueanin
Ainasunusezduns e ng ANUTNYeId NN ZIReEANT 1B
o 4:; 1 q' =Y 9 ] d'! -1 é
fuanudnuanaeesn llsinanudvesuasannizny (Heul¥visvvoaaunau, cm’) 9
¥V v "
ANUUANAINVBINUD 250031 Raman Shift M 15 lumsadansmliionldanudludu

{ o i ~ a d
404 Stokes 7171 3.10 Hudedrsvesnsmlsnnuitldnnmivenu Tusiag

Ex % E r Er
h\q hv, b\l’f h\’, h\q fN,
Ey Ey Ey
Ep Ey Y Lo X
Stokes Rayleigh Anti-Stokes

311 3.9 52AUNAIUYDI Rayleigh Scattering, Stokes Raman scattering 11AZ anti-

Stokes scattering



37

1590
1.04
) 1350
— 0.8
s
3
.3.05-
@
g -
E 04-
0.24
500 1000 1500 2000
Raman shift (cm™)

51 3.10 nsdsmun ldnnmsveun Tuiiay

Tz Tuda deyai Idnnmsdinnziaifueuin Tufiaddematiasunu Ianud

neruleeg 3 61une
A4 A

) Aanudneglusie <200 cm’ 9zFndunNDNII RBM (radial breating

¥

- - . A 4 ' P a ¢ a P
mode) ¥niIA11NA lug iy uaashdumivenn Tuitsiamisiu@e)
: H - = Ll A é L d' H o
2) ANy AYszaa 1340 em” 5o D-Band Fuiludunnerdesny
= o a ad o ] = [ y [] =
manamiveun Tufiaintituss liauysainiell Defect Tuduil lundsszlinnugaves
- - ' - - ' Ol e M a & o
finnnin mazidudwiuaastannu bicuyssivieliFuieruneglugduvuvesnaniig
"9 Y a g
Tudeams ey
4 i - Ll 1 A 1 1

3) ANNEINaULTEI% 1500 — 1600 cm’ (390916714 G-Band Fuilugud
P 9 s = o a u’d‘d s 4 [ =1 o =] - af
eeatuMInanIsuouu Tuininuszauysel TudiuvesianuaaInInIuLIEND
n’: o 1 ey o o 'n=l. é ar o
11 AUN319U090U G-band  Gatiuendguaniansdudnindniedsfsdnives

P & e R T ¢ ¢ N ) o
miuoumn Tuinidndan duiu msdinaeigunmusamsvenu T ezn1lannnisih
3 ]

1 -~ =

s = @ L A H
Mufildnsvesiin G 1 M1sAURA D nisasides I(GYI(D) FIANUINIUAAIN

= é( -
Aanuugniveamiveun Tuimi



38

a;’f 2 =

Taoagil sewuimsanuunadyTagaisveun Tuiaiiu Salianuduilunzdes

o o

4 ] 1 dy ] a & A 4 { 1
THinseailodequmarizaelumsiinney ¥ seM fhunsesdeiianudngiiuediaun
Tunsmauiavenie ldedaninquazduaasfednyunisinalddondae inTesilo EDX
o o A A o A d 1 Ao w & A o [ =
dmFuietuiutesnlszneunganiididn ineside TEM dmiufnudevinauaz
dnumizveeviontvazidea uazgaiedmiuinTeile Raman Spectroscopy NUBNTIAIY

= g 1 o A o N VY J 1 =
vigniveseur Tumiveuiidunsizd ldarens luundely szndndnszuiums
o 4 o o d a o A o L]
Funszraivenu Tufialda35 HE-CVD nsziifinnuduussonia uazfnyitans

ad a. {
wmalulad lulasddnnsetnditnuuneiveslunszuiuminaass



un 4
LY d d F= d =
nszUIUMSTanTzrEMIveHn I uiIUazmalulag lulns

A a a d:; ci Y
2LANNIDUNTNINEIVD

q’ ' = = N -l 4{'
Tuunil sznandangufuaznszuaunmsarsquaana Tuladiugulumsadi
o 4 o o i @ o o o o o
gUnssiasiadniiineadossudimiviszgadldnifvenu Tudianiluglnsel
a d = o & s d s a d a'dy Y P o
dlannsoiing Aansdunsiziasveuun Tuiluni 1935 HFCVD WinnuauusseIMA
4 v
nszuaumsadiamaril Suiludesdimalulad luTasdidamsetindiduniidauneadedis
" ¥
Tavszalszneudis  nszurumsesndmiudimivadnniunuiuuugusesFanounio
= e o A o o { n’: o
Fanoulaoonles nszuiumsailamesssdmivindon Tanziiluda i wazunaslad
a @ o a o s o'
wagnszuums Iladlsnsifldmiumeiuduaseae nfadimivnsyszgna ldidu
da d a Bl 2 - ' o kN o
ginsaldiannsoiindiu GunamsAnuidaansznuann lunsduasiginisueuuly
#i21] 1w gaused unag lad uazansunasswiuanaiuiiikaedielsdedaiimsiia vua
[ [ o g =S - o o - 4
voarouazgunIwveIviou Tumiveu nimiudnudnsdentgnildumivouu Tuiagd
= Y a 9 a1 & U ; 1 &
Tasmisiwiougusolifaiiuanniedeitang Fanszusumsmariiiudaumialy

q’: = a wa dawv ad a o
nszIUMIEIIe9e I tazansnade ldimua el fiidmsguiiteamanselind

4.1 HIZVIUMSONTIATUAIHI VT UR LI

& > ° W [ o o o
miﬁ%wuuuauuu ﬁﬂ’J'IUﬂ'IlﬂllﬂU'l\?UQﬁ'lﬂ?UﬂTSﬂi%Qﬂﬂﬂ%’WﬂlﬂuQﬂﬂiﬂl

¥ . ¥
Siannsedindg Taeludnuiinusiauil inedesmamuguilinszua lhvesdaTang Ina

' kY

d aa 1 " a o & [ o {
i I lwievesdanon  uadesmsliiuilduniiveuunluiag Fuiluiagiesiun

o o

g lumsasaiuieg

Fudanoulaoenlad (o) Rwfumsiiguauimdunuoudnyuz Tuswaald
fumsindevimhuesdalsziugieg Taiueded uazdildnruqumainivesmsine
Wl nuidesmeniniy fudanowlaoenladiirnnsaadalddovuiumsesnd
in%ud20A71u30Y (Thermal Oxidation) Taumsfia lrurEndanouifiseiusendiou

: & = = = o y
uia wie'lerh lunssomeadaiigumgiiqe Taeliaunmsmauniiuaaslddad

qungil 1000 veruraHun

Sio, (VoY) 4.1)
e

Si (Y9 + 0, (H9)

qungil 1000 B ErIFUT
—-—

v
Si (oaudie) + 2H,0 (1) Si0, (Vo) + 2H, (M) (4.2)



1 »
31 4.1 amavveum Ianwdeudmiuadedunuou

a o =) 3 Sy A Qe o J -ﬂ.’ L=
dwiunalamsiiasudaneulaeenlad wewinlfisndwmnani wannie
- (L n’l - It A .3’ ¥ v c: 9 -@ = Y o
poNFVUUNTHIUTHYBIFanou laeon leAanmatunounii W lUsudsfaminduda
" s - o F o e - _-a L4
szreFaneunazdanoulaoenlad einlgisounil msadre3dneulasenladdae

[ 3 " a’ o a -~
VUIUNTTAINATIU 'Ifl’lllﬁZ ANEUTAD

Y, v e
4.1.1 M300NTIATUUVVUYI (Dry Oxidation)
aaa é = J 1 [-J =y -:a' = n’ & )

dhal§foiifaiuszninesaeuvesmaeendisunuignidsmsinasoulaide
uiiguvgiigalszanm 900°C B3 1100°C i liezasuvesFaneusudIiuoNFIVUIAA
dudanoulasenled dsaums 4.1uaz 4.2 1910 151ums oxidation tNTOAIVRUYUNYT

i 4
Rethuniven @anaia + 0.5°C) wdanaiiszmisesnilu 3 uie 4 Aou uAazAsu

aunsanuguguugii 14 laglifsadeai



41

& X
4.1.2 MIVDNBATUUVLYH (Wet Oxidation)

¥
ﬁ'luﬂgnitnszmwazﬁamawaﬂau ﬂUﬂZﬂﬂHﬂﬂQﬂﬂﬂ‘Hlﬂu1ullﬂﬁ1 FIMITUM3
= o A o Y = & aa c’lls'd ' 9/ o q’&
ﬂﬂﬂ‘]ﬂﬁ‘ﬂull‘ﬂ‘lﬂiuﬂ'ﬂﬂlﬂﬁ'ﬂﬂ%ﬁﬂﬂu1ﬂ38ﬂ1°h’ﬂ m‘s’mmunuummmuaw1nTmaqa
: -] 1 = - o 9 aa o aaa o :‘ o ¥
vouiudnnii lmanaveseendinu Juihlezasuvesddnewnalfisoiulem1disand
[ n’: St a = o 4’ 4’4 = ey ~
uﬂﬂmﬁwawuaﬂn'lqmmnﬁinﬂm'saeﬂmmmuuumuﬂanqmﬂnun‘luﬂmﬁuamumm
4 L - 1 - o & A :.: aa s a aaa Y
ﬂ'J’IlﬂJ'lJLl‘Hﬂ‘l’l‘iﬂﬂﬁ'l')ﬂﬂuﬂﬂu\‘lﬂﬂ‘h’u“lﬁﬂi’]u‘lﬁﬂﬂﬂ1‘lfﬂ1'llﬂﬂinﬂ'lj§]ﬂiﬂ'lllll‘ﬂl.lﬂ\illﬂ’)’lll
] " 4’ - = = oa 9 1o -~ =y i
'Hu']l.l,uu1I1ﬂﬂ']1£l'1]‘11‘lfu‘il\1H‘ll'iz'ﬁ'ﬂ‘!iﬂ1“11]ﬂ"liﬂ'Iu'ﬂ']l.lﬂ'l‘i'uW‘iﬂ'HlﬂﬁﬂSﬁﬂnfl"lﬁﬁ]i’)llﬁﬁﬂ']'l
A = o ; o 9 = == ] oA =) &
Lmzluﬂﬁ%"lﬂﬂ'l‘iBE)ﬂ‘lﬂﬂ‘li‘NLL‘lJ‘l.I‘]f‘LIﬂ$ﬂ11ﬂﬁﬂ1ﬂﬂﬁﬁlﬂﬂﬂﬁﬂ‘lﬂﬂﬁuiﬂ!ﬂﬂﬂ']‘iijﬁlﬂﬂu‘llf}ﬂ

=3 = A:
Han (crystal dislocation) INAFWIUUU

da o - p =
4.2 ﬂﬁZ'l.nufn'ﬁﬂ'ﬂﬂ!ﬂﬂ‘iiﬂﬂ]ﬁ%ﬁ]lﬂﬂﬂullﬂﬂ:ﬂﬂﬂl!ﬁgi‘l’q\lﬂ‘ﬂ]

A. 1 L o @ 4 - A
Fasailamesss daulugezlddmiundon Tanzvuiuiiguseuneadauilu

£ 4
ar

92 ihdmivamnnalsamuaz 1dilszgnd 1¥nszuaunsallamessedmsuad e Inih
= ﬂ =t 3 g/ -~ A a & ﬂ ar o A 1 a o
Mduneuas dnsdsamistadeviifaduiluduans ladinesae lumsianisueuun lu
-~ A H ]

A1 nszuaumsadaftan Tanzaredsnmsailames lasldasesliensoni<o1sied laloa

ailaans” Awanalugii 4.2

1 ' A ' o >
51 4.2 nwmdwveuniesailamessidmiumdouunas laduazda i



42

N1 4.3 uaasdaudifgyaeueanios spE210 laleaailames Uszneu'l
v undatuilaussiugs Failanudogludunuding (13.65 MHz) , unasteie , Hes
ailanes (sputtering chamber), uazﬁuqtgimmﬁ( rotary and diffusion pump) molues
ailamossznoudin amTsa (cathode) 201 Tua (anode) LAZFAADS (shutter) TABLAY
Target ifuidhgnan 13fudam Tsa msailamesifannnsfloumida R Ansesuumyudh
diosailameiFeglunssmmavesiwerinou (A ldmauanduiiuleseu Waillu
waananluuinasgnieiamIsauaziaer lua Lffmi)'lﬂ‘ﬁ’;ﬂﬁ‘llﬂﬁiﬂﬂg’ﬁ‘llﬂﬁdﬁﬂd
ailanod i liuivestaor TuannhiamIse Sufansmiunim Isaldddndi
au uazﬁqgﬂ'laaau‘uaﬂ‘luwamn11ﬁ1iau.1’|'wu'[ﬂuﬁsﬁaﬁ§mﬂﬁﬂ M lfozAoNYDY Target
ﬂizLﬁuaaﬂmunzﬁszwu?hg1mmut-iuﬁmd1ﬁnwﬁifmﬂuﬂ winaduilduTans

NADUDYUUFIUTO

High voltage RF -

power supply
13.65 MHz

Target Cathode =y}~ Target clamp

i Cover shield

;e

to vacuum pump-«— | L4— Ar 99,99 %

Cap

Substrate

71 43 srvumsailamesuvueriionlalon



43

4.3 nszuumsInlaalsnsadamsuadealaae

& el -y L] o j
Taoa ludanatia T TadTsns W gminunlddmsvaszuaumsadinsessaumive
o ) a o . : aa o 1 o A ' - =2 aa
MIANA NIVIOAFIA (etching) FuFanoulasenloduiediu Mindevsguurnandaney
A . . - : - L3 a '
900 INDNITUNTDZABNYDIAI5IVD (impurity atom) 19111 Twilendnddnou M liinadiu
[ ar d - L d 9 J o o u” n;
a1 veanaginsal 1 laTea nudmans Wludu Fedrduiuaounuguvesnszuiums
év a [ P a k) o 1) &S aa =& qu’: aa d
fienseeiing18dsgUi 4.5 Sudunamaiwrunindaneu Filidudaneu lasen lyder
ia a o o 4 ”
frad iy lilisdeuramihddanio luas aiminh lilasuasdioniesiledmiums
aioues Awmaaalugili 4.4 Taouasazinszanalaarsdunuy MiSond InTauudn (photo
& o 9 v = o o &
mask) Foimihfidludunuy Tanvavdualeasuufidunszen ¥ildvnmsesniuy
(design) uatanmormnszon W Taundn szannsanzgru ) idmmzysnai hifiaiaaw
1 = Aa el o == " " s : : : - = - ci.
dausnaniiasaats @) uaavzdnlila dniusuveniion T Seliviasnuign
- PN aaa - s - 3 14 wa :
ue uazuNusHun bignuas djisouaii-uasinaiu seir lguauiave il
< 6 ar - e By — 3 s
nlaoumlasll uaznandrsduanriiavesihio b werlwdundani ludnihndeilay
¥ ¥
(developer) U9daUvRITIO lnmseszgnazaivesn T uisdmezaundens eguuRIves
— oy : H’J L = U’ z : Iﬂ. 1
Fanoulaoenlun il Yuegiuriiavenhin luassuvenin luasiimaonaqueguu
a an o o 3 P [ v y.’f aa d a a’ [ -
Ardaneulavenlad sximihidesnuhilddusdneu laeenledusuil gnada nieea

a &9 Y o & '
HIA A8 “TAITAIANA” HIDDALYUN

r:l AL L L

(TTLTTT]

4 ' A o a
UM 4.4 nmavveunsesmisuaadmiunszuaums Idlaasns



= = v
4.3.1 MSIATEHNIU
v
Tavdndaudnion huasszgminnldau wiegnindeuuuiivesiagrinaagnaiy

a ' -y o ' nl: o n’: aa n’.: a A ﬁ 1) o 3
yila udwAnunAeInsi 1wy Fuoenled Fudanou Fuozgiition Wuau ANTUMS

- = 3/ ] = " ~ = : ) 1 a o ey =
wIsuAMNveauHuNan nouNdeuien luas uuiIT A YAy 93IITNISAToN
a a0 [ ' da a o g ¥ — oA : aan o & = - 9
Ay et 1snd ATagildnniigande suddnou lasenlad FenisnouAmiives
v " 3 [l ¥
¥u Fanousonled wldlassunnmsiiannuiuiegluduoonled msizlasdnd A

3 (d’ = o’ - dy Yt o _ o d.iv o b
vossuoen ladil srgaduleri nisanusunnnmaldansmdannusuildTasnsou
é = \J dl =Y = ar
3i30n 31 Pre bake 130 dehydration bake 19317 200-250 °C UM 30 U NBUAINIS
° Sy a ' o > o = Rl =
oy dmmiteenmndia Bunufund 1 ¥2ue Juveseen ladezgadunnudud ln
¥ ¥ i
sufludesiimseulnd dniy  Wesuadwdnasdaniiums  mdeviiw luaeiun
¥ E 1

won Nl newnasuie lmeas 01w ldmsnAuNGTond1 Hexa Methyl Disilazane (HMDS)
a0 & A ya % = A3 AL | Py '
fanu nioou loszme mersliArmnsatadaduiie luaa 1daseiu msizastizyiy

° oy 3 a o A 4 A o 4
AiaTuanavein senanduRavessen lad lasia 1 lunsesatumes siiviaRamlsd

U ¥ b
¥09e3 HMDS udailu niovauIvuds miudazdhmsindewien laas

=y - L%
NNSLASENEINUN
P ' ¥
n1stARauulenlauds NSAANUNEI LILES
& .
N19aUUU Softbake N1SAANTIA
— z
nsUsutauwndn N198u14 Hardbake
[ 5
N1TALUES »  nsatsuenlauds

" 4
71 4.5 Fumeunszuaums W lad Isns i



45

v
- |
4.3.2 manaeuiihen e
- oy ' 2 aa & do’l aa d - e’.: (Y
msnaeuthe luas asvuurukAndaneu Falivudanoulaoen lea nTesuiag
AI 1-:‘:: cy: ° qc!.é g 1 -
ou 9 egimd iy annsansgi ldnae T Fwdmannuminzay vielszinnves
1 é o ;
i1y Feervagl/1ddsil fie
4.3.2.1 upuatumes (Spinner)
aada 3 - P - ' ' = A
Hhuasniivylfnaiige dmsumandeuthe luas asuuudurannaumMsNaoy
W ¥ [ ]

Wi luasdsil sxldqunsainSendn dmyu vieatlumes Tasfiununyuiawsoliy
o Vv o o [ - 1 =2 a
A 18R ouemeiAuETeuge UALNANIZQNINAIUULRUNIY 1AZYNIARAAIY

£ v ]

sruvgagme nmiwmhonhuasszganeans vSnumsInavesrukan dwilsunui

& ' -~ o d 4 ¥
WO [IDIHURANYANIU (spin) AIBAINIFTITOVI1I 3000-6000 rpm/min 1313811583704
v 1

10-30 11t shen Tauasazgausamies v linszaseen i Tasseu iuilduuundovaguu
fvoaurunan anunuvesiaums luaaild fawialdszana 10002000 A dwn
d o = u’:‘ 1 n’:
anudaseuduiuly Fuvesansluaszmnmn uadinuEIe1gIANUMIIUBITY

r

[ ™) = [] - q,: sivw LY ]
ﬁ‘ls'humw‘lum'mu TﬂU'JJil’JﬂI'UE)lI'lIEN!!.NHNﬁﬂﬁ]%ﬁu']lﬂﬂ 11-!11”?18141!?]6\15313%1333%?’

q

4 S Sisll & 1
aveouilufiy duiudaihineluesazoin n3o clean room Fefuazoesluemaluosil

=] o | A o ' a a
wgnaunu ivinadauaziwaulesiganinei 14 Taeldszuunsesduilsy@nsnm
. ar J Ve ° '
79 (HEPA Filter) 52809830 10az0nziuegdiy vua uazdniuduazesilueinia lav
aa v [ 1 - [
Unition1dinmmuniu vesiuazessuina 0.5 TuTasmaslutFunas 1 gnusdvaii
WATFIU
d
4.3.2.2 nuvanilse (Spray Coating)
ad v,y = - ' v & L4
Tt lhuaszgnaaniovueenuliiiluazees henvzanasliimeiy
a v e o ' Y 1 <& "
Anihvewrundniazgianoifuiumiuianng adwduniswuianlsddaldae uaz
1 @ ¢ AW Yo 9 v
azanuAmIzAURMIEULNszIN Msnauguanurvestani ldvi ldaoudisen
= n’: £ "o W ' 4 o 3 o U
Undez 19 lunsdunouds liddey wu 1iadeums luraiiedlosiu dusenlad Aua
YDIWUNEN
4.3.2.3 uuul¥gnnaa (Roller Coating)
¥ b4 L4
mamdovii luasdoisuuuldgnnds szl luduaouvesnisaauununu
v v ]
wanganouiluniodn (chip) Taourundnszgnindeudioiionlauas s 2 Anuwetleadiu
" o A A A - J ° o ) F 4 & 5 -
iwrnfuazoes niodsansnounziiatuvasiMIdauendn AiAeY (sawing) HIDIL

) ¥
o3 Unadsiee 1 luasriiauan



46

4.3.3 M30UVU Prebake #1530 Softbake

¥ ' v v
mMenaansmaouiie luauda szdenuiumunan llou e 1isuvearien lauas

9 = ' o o nl: 1 n": y v &
udaaiin neuszihlumduneunely mseuluduil Sund1 prebake H3Tvsoftbake ¥ald

[ 4 ¥
QuINYiII17 90-100 °C dmFmiw huaswiiaay dufhnio luasriauingunginldeg

° o a a ad = o a
daudniesie 80-90 °c myovildnanmuiiuly vieguungiiiguiuly erwildifa
¥ ¥

anudsmefusuie luas1d wu maill§sousil - anwdou nieo1s lndld mseuil
aa b o ' 4 -

wawsemnsanszild wu dimeuuuunianuien (convection oven) Faludouszdl

ar i as ¥ b A d & ' ' 2 o e |

waaugwwalofouninvanlanuiou wiedames (heater) IumWIUUHUNANYIT¥LAY

= 9 o Vo 1 o ' ] o 1

wandou msovaunsom ldsnumasusuwioun fulaouiuninzgrinulilundesnia

d = Qs y ' s -

iy waz3sms Idanudeununiiuiunanee 185uanudeusiniaseuuondi ludmly

b4 14 ¥
Fnsi e IRantheestuhon luae 185 uanufeoudou Semuianisudaduag

s

@ o § 4 . & ' i o
Hoafulildanuiunegdmlussnmnaouen ldguiludeds uas himumeiozlddmiy
auifinnuaziduags dmiulumensnaaass lulsanugaamnssuilonouudunan
P 1 A ' ] Y o aa ad o - ﬂ '
fiazuru Taondousguumoniu Fagniedlessdounusa ITmawui grusosiiuuky

2R aa [Y Vv 1 aa = ey A @ oaa ) n’;
wanganousz 185unudounoumszdansuiiguauiidganiussd@dunuia laaniivu

:J a ﬁ‘: kY Q A L] & aa v 3 1 n‘: oy
vonin s dnfuanudeuiaGuningusouruninganeu udrvu lugduien T
é o I 1 1a - L dyﬂ. 1
gaIiaanse lannusueenin 14 Tas luideilgm 35 1Hanuien wuiiGundt “bottom up

¥
heating”Wonvniio1 1433 msuvuruion (hot plate) Tamhukudanoulinawuunuion

oo ldaau luInsninliinannudoudaunsai ldwunu

4.3.4 n3USuFouundn (Mask Alignment)
msmiouaarunszen Tl Taundnds TasinAvggnanan sy (contact) aelu vy
winfndomihe luas lunsdfdunszan I lamdnduusn wieuudniil aunsemld
Taolidoalinis1Sudeounndn (mask alignment) Fafhidesnn felildimsadadiunile
daulaueeaessan yuHurdnae ualunsdfuiusdniy WRiumsadediuesses
sannthads msszadradaulmidely fudufierdesadldegludumis nievusnud
Qﬂﬁanﬁ'a'lﬁ"lﬁﬂﬁa%’wum'Nwmumuﬁ"lﬁ'eammu'H'ﬁ’nfumﬁ%’nizﬁﬂTﬂTmmﬁ’n
Fastiudn 2 Wudu dounsmeuassuduszdesiimaiudounndn e liuuvalaay
VUATZINLUHD %'euﬁ'mmumﬂawﬁi‘]ag’uuuw’uﬂﬁﬂﬂéwgn#’n’m‘luﬁqmmnszmumﬂﬂ
TadTsnslil sz lfamnsodaduveseen ladiidumisiigndes Tasead1aveaasessau

- a 9/ | dat A - o
'iNlﬂu1ﬂﬁ1ﬂ1’lﬂﬂﬂltﬂﬂllﬁ$§]ﬂﬂﬂﬂ ﬂU'N‘l‘iﬂﬂmﬂ\’ii]'lﬂﬂ'l“f’l'.lﬂﬁ'iﬂ‘!lil\'l'ﬁi]ii')llll‘lliﬂﬂlﬁﬂﬂ'lﬂ



47

o 0"‘ o o =t ) é i\ o o J o
Faiulumsuiudenseiuiudosiigunsaidon FaFeni “@anlfudeunndn” Feoids
o v A ' = a 9 o oA 4 ar v 4
HanNnN139189 ﬂEJr.munanﬂzqmmmzﬂﬂ%nmmumau (x-y-z table) gaannindiulvaeu

¥ ] td ¥
Tunuauey (x) 1MIAIRIN () uAzge (14 msdsudeudiilddens uwl x, y, z
v ]
wennniigeaniaiunyuurunin 18 1assen Taold lu Tasiines Niinmaziduaga du
o ' a =] °

nszon T Taundnazgnialdogianilondnidnios uazdremsléndesganssmi vims
o = > ' = d v v o o A '
Funanmalameidingiauudundn tazuuInTauudn wisuduihmsdivaeuuny
- o o oA L)
HaNTaunY x, y oz 0 sunszis mmadaaeilsinguuukundniazuu W Tauudnsou
W o | v E ST Yo @ A & a
funsasedumia figades iniudalsuldudumdndeugavulumnuau z sunuuaun
[y o { 1 ! o [y A=|.,
funszen T Tauvdn lunsdifinmaiaate Tvnalngwoiivedunald msdfudeunmiiog
ansoildlasdaunannaiamousressnlasass ualaoiall nmalaniovesdses

- o
FAINUVHIADNUIN

¥
o

=t o oy =2 P o o g as
wenndidadisaumndndletaiiumsnin Avziimsdivdeulasdunaninniw
o e y as o L] = A
a1a0ve929955738 Tumal§ia Weldimsfudewiildie Talinmsldnmadaas ¥
.; & o a o 9 4 = 1 A o 9 ”é
ponuuUTuie 1Fdmsumslsudouundn Tnsinme tazGendn “nsesninoliugou” 9
£ SN Kp : Dy AL 4
p109zilunninialunaosdinaoy (square in box), Mmumludimaen nisdmaoulu
MINAN U INAIAmIULIHLAANYeY “neeringdiuden” Huglinia uazam
asmavunszanuudn duginaseitmaoy dludu malFudouildTasmslsu@euusiy
wan vuiuldeglusumianldnm fasmdrlddouegned molunmndesdimdonly
o ' ﬂ' ] o ] o el
MUMLITNINAIAAYDIITTINVUUHUNAN uazDUNIZIn 1W TALNTN 120gATIA NN
s o 1 a =1 [
gndemnilsznms dmnmsdiudeudumisiawaia Tassadravesansrnieg ligndes
a e’r’ [y y or a d
waziiamaidemeldduneuvesnsyiudouiaiusosdifguinnsiuinmdons 19
a 1 - A 1 add
aszan T Tauudnurnaivas luuurundng Iuuuainudmieuasdiiondn 35 contact
S o ' év -] | o o W 1 ' = s & o
Printing Aana12il sz Idhiimsdudadusenharunin uaznszen I Tauudn #0199

=

a a_ a ' A @ '
MWifnsovyaia Madsandsn wionnudonied 914 eudilymidnd Teiimsl43s
a 4 Y as { P 4 "
FUWLUBY  15u37 projection printing ARz 4.6 Fanszan In Taundnes hidudaiy
- 9 ] = = ] - " o a J 9
AmThueurukanae Jaisaannuiionioas q Minauld

FHMSUITMS projection printin, 91991114 2 HUVAD HUD whole-substrate projection
j printing
P = [ ] q’: n’: =
printing HFUTUMTAUN NINIVITIVAWULAUATEN NINUAATUABIALZIY step and repeat

_— 4 a = ' @ = ) o
projection FUTUMIRUNNININTTWHALNING DIVULAUHANAIAAIFUN 4.7 FINTTNUA
ad ” _ o :I’ Y - a 1 g @
3% projection printing 1 185uANuiisuInlugAmIMATIUAMINARINITMIARNI BN 14

12A09NAUDLIDIATININTINVDUNTBIADUT NG



17 4.6 n3zuMs AN 1AEI5 Projection Printing

48

U7 4.7 nszuuMIRuNA M 1AB3T Step and Repeat Projection
p



49
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Mms1anaaImsfSaumeunt Thermal conductivities

102

Material Conductivity (w/mk)
Carbon nanotubes 3,000 - 6,000
Diamond (Type II) 2,000
Boron nitride (theory) 1,300
Beryllium oxide 370 - 590
Water 561
Silicon earbide 490
Silver 418
Copper 380
Aluminum nitride 370
Gold 311
Aluminum 238
Tungsten 170
Silicon 150
Oil, Transformer 136
Iron 182
Graphite 80 - 250
Palladium 70
Platinum 69
Tin 65
Gallium arsenide 46
Germanium 28
Titanium 20
Quartz 7-14
Indium arsenide 7
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MANUIN U

maauaaIMs3euisun Young’s modulus

Material Value (N/m?)
Carbon nanotubes 1x1,012
Diamond 1000
Tungsten 340x
Steel 172 - 205
Ferrites (most) 150
Platinum 147
Cast iron 138
Copper 124
Silicon 113
Quartz 79 — 107
Gold 74 - 80
Silver 71-78
Aluminum 69
Tin 7 41 —45
Lead 14
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MARUIN A
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3‘].]'?1 -2 SEM (Scanning Electron Microscope)
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UM A-3 EDX (Energy Dispersive X-Ray)
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Synthesis of Carbon Nanotube by HFCVD for Electronic Devices
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Abstract

This paper presents the synthesis of carbon nanotubes
(CNTs) for electronic devices material. The vapor source is ethanol
mixed with hydrogen gas at appropriated ratio. The filament was heated
up to  around 2000°C. The substrates were silicon with iron catalysis,
carbon and composite graphite. Substrate temperature was in the range
550-750°C. CNTs can be grown and they were multi-walled. The

electric field affected the CNTs growth in the vertical direction.
Keywords: carbon nanotube, HFCVD
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Abstract

This paper presents the selective growth of carbon nanotube
by hot filament CVD (HFCVD). The nikel is used as catalyst which
cover on substrates. Nikel catalyst is patterned on two kind of substrate,
silicon and copper, in circular shape and strip line, respectively. The
results show that CNT films are synthesized only on the patterned nikel
catalyst. The quality of pattern depend on the patterned substrate
preparation. The films are investigated and confirmed by EDX (Energy

Dispersive X-Ray).

Keywords: Carbon Nanotube, Hot Filament CVD, Patterning
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Selective Growth of CNT on Ni/Cu Substrate
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Abstract-This paper presents a method for selective growth of
CNT films. Specific areas for CNT growing were defined by
patterning Ni electrodes on a Cu substrate using lithography
process. CNT films were grown on the substrate by HFCVD
method at atmospheric pressure using ethanol and hydrogen as
sources. The films were examined and confirmed with SEM,
Raman and EDX analysis. We observed that CNT only grow in
selective areas of Ni. None can be grown on Cu background. This
finding suggests a novel method of selective growth of CNT using
Cu as a masking layer. Preliminary results also show possibility
of growing CNT across the gaps between 3D interdigital Ni
electrodes fabricated by LIGA technique.

Keywords-Cu masking; CNT selective growth; 3D electrodes
I. INTRODUCTION

Very interesting properties of carbon nanotubes (CNT),
both electrical and mechanical, have been applied in many
fields [1-4]. Several efforts have tried to bring it to practical
applications. However, it is still difficult to be realized in most
of industrial products. Recently, Samsung Advanced Institute
of Technology have demonstrated 15-inch LCD screen made
of CNT arrays. With excellent properties such as electrical
conduction better than metal, mechanical strength greater than
steel and very small diameter, CNT have been used to emit
electrons for LCD screen illumination.

Selective growth of CNT is one of the most important
processes necessary for electronic applications [5-7]. Various
methods have been proposed to pre-pattern catalyst on both
substrates before CNT
synthesis [8-10]. Some of these use lithography and lift-off

conductive and non-conductive

This project was funded by Thailand Rescarch Fund.
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processes to define selective areas of CNT films. In the field of
electron emission, use of conductive substrates is required. On
the other hand, CNT films for sensor devices are usually
synthesized on non-conductive substrates which do not affect
CNT film and chemical
quantity. Some device applications require a good connection
between CNT electrodes [11]. Depends on each application,
the sizes of CNT films for devices are in both nano and micro
scale. Besides selectively growing CNT on 2D eclectrodes,
controllable CNT deposition processes on 3D patterns have
also been reported [12-13]. It is expected that successful
deposition of CNT films in specific targeted areas will enable
fabrication of practical CNT-based micro and nano devices. In
addition, growing CNT on or across the gaps between surfaces
of 3D microstructures will extend possibility of realizing better
devices in the future. In this paper, a new method of growing
CNT in selective Ni areas using Cu as a masking layer is
demonstrated.

chemical reaction between the

II. SUBSTRATE PREPARATION

Selective areas on which the CNT will grow are defined in
a form of Ni interdigital electrodes fabricated on Cu substrate.
Fabrication of a Ni/Cu substrate started with cutting and
cleaning of a 500 micron-thick Cu foil into square pieces.
AZ1512 positive-tone photoresist was deposited on a side of
Cu foil by spin-coating at 2,000 rpm for 30 seconds. The
sample was dried by soft baking on a hot plate at 95 °C for |
minute. A negative pattern of interdigital electrodes with 80
pm line-width and 160 pm spacing was transferred onto the
photoresist film by standard UV lithography. After pattern
development, the resulting electrode image (holes) was
cleaned by O, plasma at RF power of 50 W for 1 minute. Ni
was then electroplated into the photoresist mold to form Ni
electrodes. Finally, the photoresist mold was removed by
washing the sample in acetone and the Ni interdigital electrode



patterns on a Cu background was obtained as shown in Fig. 1.
Although the line-width and spacing of these preliminary Ni
electrodes are quite large compared to the size of CNT, they
can be scaled down to submicron range later when we study
CNT synthesis across the gaps between electrodes in future
work. Fig. 2 shows the closed-up surface of Ni electrodes on
which CNT will be deposited.

Figure 2. SEM image showing surface of Ni electrodes.

ITI. CNT SYNTHESIS

CNT films were grown on the Ni/Cu substrates by HFCVD
at atmospheric pressure [14] using apparatus setup as shown in
Fig. 3. This self-contraction system uses ethanol vapor and H;
gas as starting sources. H, gas supply was splitted in two paths,
90% of which directly flows to the Pyrex™ glass chamber
while another 10% passes through bubbling container to carry
ethanol vapor before joining the first path. Gas flow rate in
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each path was separately controlled by a flow meter. The
substrate was heated to temperature 700-850 °C by a tungsten
filament hanging 3 mm above the substrate. The same system
can also be used in diamond thin film deposition [14].

Valve
[ W filament
e Substrate
—W-— — te hold
- e Substrate holder
4 -|- ;_‘Applicd Voltage
/ [ |
C,H,0H
{_ Waste in air
.'.:-‘/ Hzo

Figure 3. Schematic diagram of HFCVD apparatus.

IV. RESULTS AND DISCUSSIONS

The CNT films were grown on Ni/Cu substrate by HFCVD
apparatus as described. We observed that CNT films were
grown in the areas with Ni catalyst only. No CNT film was
obtained at all in an area of Cu background. Fig. 4a shows an
SEM image of a CNT film which is selectively grown on a
surface of Ni electrodes. CNT films at some edge areas of Ni
electrodes were unintentionally removed mechanically during
sample handling. This image clearly shows that Cu layer can
be used as a masking material for selective CNT deposition the
same way as Pt masking layer reported by [15].

Fig. 4b shows the boundary between Ni electrode and Cu
background. It can be seen that area-selective quality of CNT
growth depends on patterning quality of Ni electrodes.
Therefore, high area-selective quality of this growing
technique can be improved by scaling the pattern size down to
the limit of photolithography process. A closed-up view of
resulting CNT film after synthesis for 45 minutes is shown in
Fig. 4c. In this photo, the sizes of CNT are mixed between
small and large diameters. When CNT film was grown using
higher ethanol flow rate and lower substrate temperature, CNT
films of smaller diameters were obtained as shown in Fig. 5.
Comparing CNT films in Fig. 4c and Fig. 5, differences in
diameter, uniformity and density are clearly observed.

In order to confirm the resulting CNT film, it was analyzed
through Raman spectrum measurement., Fig. 6 shows a
spectrum of CNT shown in Fig 5. According to the Raman
spectrum, only two peaks were observed at wave numbers of
1,600 cm” (G-band) and 1,360 cm’ (D-band). The peaks
indicate presence of graphitic CNTs and defective structures,



respectively. Higher intensity of G-band compared to that of
D-band implies high quality and low defective properties of
obtained CNT film. This confirms the quality of HFCVD used
in this work.

e s T S
20.0um

V
§/2006 15:25

Figure 4. SEM images showing (a) CNT on Ni pattern at low resolution,
(b) at electrode boundary, and (c) a closed-up view of CNT film.

In addition to Raman spectrum, EDX analysis was also
performed on the substrate before and after CNT synthesis.
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The results of EDX analysis shown in Fig 7(a) confirm
presence of both Ni and Cu on the substrate before CNT
synthesis. The peaks of Ni and Cu in this photo are almost
superimposed. After CNT deposition, a high peak of carbon
was observed along with the existing Ni and Cu peaks as
shown in Figure 7(b). This also confirms the presence of CNT
films.

Figure 5. SEM image of CNT film grown at higher ethanol flow rate and
Tower substrate temperature, (a) at electrode boundary, (b) at the middle
of electrode.

Since CNT synthesis cannot be grown on a copper surface,
one can use this finding to selectively grow CNT films in
predefined non-conductive areas by scarcely sputter-deposits
Ni catalyst atoms on such substrate followed by deposition and
patterning of Cu layer. The area not covered by Cu can be then
used for selective growth of CNT films. Since masking
conductive substrate with Cu layer has been demonstrated in
this paper, Cu masking on non-conductive substrates will be
done in future work along with growing CNT across the gaps
between 3D high-aspect-ratio Ni microstructures fabricated by
LIGA processes as shown in Fig. 8. Considering CNT
synthesis on such 3D microstructures, Cu masking layer can
also be used to protect the bonding pads of Ni electrodes from
being covered by CNT during synthesis step. This will ease
wire bonding process when devices are packaged.
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Figure 6. Raman spectrum of CNT film.
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Figure 7. EDX spectrum of the substrate, (a) before and (b) after CNT
synthesis.

V. CONCLUSION

A method for selective growth of CNT on Ni/Cu con-
ductive substrates has been demonstrated. Experiment results
lead to a finding that CNT cannot be grown on copper surface.
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Hence, Cu can be used as a masking material similar to the
case of Pt reported by other researchers. Based on experiments
done in this paper, CNT selective growing will be tested on
both 2D and 3D microstructures in the near future.

Figure 8. photo of high-aspect-ratio 3D Ni electrodes made of electroplated
Ni which was fabricated using the Thai LIGA processes developed at the
National Synchrotron Research Center, Thailand. These microstructures was
prepared for study of CNT synthesis across the gaps between Ni electrodes
which will be done in future work.
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Abstract

This paper proposes the synthesis of carbon nanotubes (CNTs) on Si and Cu substrates for
studying the quality of carbon nanotubes from Hot Filament Chemical Vapor Deposition. The important
parameters are sources (ethanol, acetone), catalysts (Ni, Fe) and substrates (Cu, Si). CNTs were
investigated by Raman Spectroscopy for quality and Scanning Electron Microscope for diameter. At the
same condition, CNTs can be grown on various parameters. In case of Ni catalyst and acetone source on
Si substrate, it is found that the growth rate is good and large diameter but the best quality is that the case
of Ni catalyst and ethanol source. For Cu substrate, it shows the same rate of growth and diameter and the

best quality is the case of Ni catalyst and ethanol source.
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