Low Temperature Growth of Diamond Films from
Vapor Phase

SEg:jpn

H AR E:

~EH: 2021-05-14

*F—7—NK (Ja):

F—7—FK (En):

{ER & : Watanabe, Ichiro

X—IJL7 FL R:

il=F
https://doi.org/10.24517/00057328

This work is licensed under a Creative Commons
Attribution-NonCommercial-ShareAlike 3.0
International License.



http://creativecommons.org/licenses/by-nc-nd/3.0/

KAKEN

| 1992

17

“PER A SR EERIETTS RISy (—RaHTE (T ) )

e B~ B R S L

(FAEE=S 036 5000 9)

RS E 3 H

BIFereses  Eso—nR

CSBIRASS Uaemtas )



KAKEN

1992
/7
7ot
WEARE . BI—E  (ZRAFETEEEER)
THFeEE . fERAYS (SRKEIESDER)
AT
R 3EE 1. 000FH
RRAEE 300FH
£t 1. 300FH
HFE R
(1) %28

[chiro Watanabe, Takashi Matsushita and Koujyu Sasahara
Low-Temperature Synthesis of Diamond Films in Thermoassisted RF Plasma
Chemical Vapor Deposition

Japanese Journal of Applied Physics, 31 Part 1 5A, May 1992

(2) OBERX

fREE, Bl

SAHECVDEILLFA vy FENREL

ICHRYHEFEE, 19915108

AR, EEESH. BEL—F
FIVEREFRALBRE 7S X2 CVDIcL B4 4 v® v KER/ER
JERWETS. 1993438

AR

o, |
s

| | 8000-24303-2 |

| SRAFHEER®E



( B&k )

== 1 =

§1-1
§1-2
§1-38
§1-4
$§1-5
/5 2 3=
§2-1
§2-2
§2-3
§2-4
§2-5
§2-6
§2-7
§2-8
= 3 ==
§3-1
=2 4 55X
§4-1
§4-2
§4-3

57 aml

F¥4¥vrVyFR2WT
Y4vev FORHEER
BRAEREBERZSWVT
INhETCOEBR
AHEOBEM

=S A S

ARFRHERKE
SR ER 5 &

f Al E

7% v
SEM

X |\

ESR

7R 4+ B I

1K I8 Bk =

EREEE

= EE gk K=

ERER

R4 mM#FE
EREEAYPR

A g O Mo

29

26
31
32



§4-4
§4-5
§4-6

2= D =

§5—-1

§6-2

= 6 ==

24 &=

N7 2 —EOYRE

BERERBOWRE

REBEOWR

1 IR = = &H B &

HE - BERE
HERER. BEESERER O MM

=z = D

Z2= S R

W
W

&l
L

3

X

o

&

34

38
41

48
50

54

55

56

58

58



E1E Frim
§1~1 F4¥EYFRD2WT

FA4vYyEVY FPREGELTAERINTDETSD, oMK Lt ELET Y
HhTRHREOBEZ LD TIEMBO 2L LTHEREREFHARYETH 5., ¥
AVYEVFOIRPEAEAZRI -1 - 1RFRL, TOHEZ2EMLEZEHAR2V
THERB,

FTEAMER., BKAELE BN tEBEETE N, NEPWREVY-TF5C
RIS THEUROUEFERZFT DI EMNUERS, LAY IFFr v 7HREVEDE
BEEAIER TN 2B ENR 3 EMHEFEIN T B,

HERHCRBFAO—BERIEN, TR, FAEBELI VB -ER/REL T
L, EHPHEEEN T CORREHEO DO A YTYEVYFTY Y s LA FH
énaoétﬁﬁ%%@¢f@%%®ﬁﬁ$%ﬁ5,”?UUyyﬁyb”ma
DHhHyvFavIRE>TEREUTHEREL,

MORE, SVAREEERZ2EILT, RBROAZVFHEOE—- Yy vy 7 &L
THOWSLhTVWE, SLAERTORMYE., SHREHEK, HHREEELTV S
Sho, GRHEFEMHELTCOHATFELATY S,

BREAOCE RROBEELPHEAZE » S PRHNIOBERPE vy 27 v 7H,
2R ERERAEEINR, PR (BER) OFEHoR, EEHEREZHSE L
TEAE— A—ORBEE ECHMA SN B, | |
EZEHNER, BOIEZEERRE{BINTEETH ., FEEIMIL &ITF
Hiha,



H1-1-1 FA4reviroykE'
wEHE (Q-cn) 1X10'® (£28) 1X10'® (BRAEE)
Esg (eV) 5.5 1.1 (S i)
& #r 2 2.417 (Na,D#) | L.5 (H 3 2)
#iEEEm (F-cn/K) | 20~21 (T2, BE) | 4.18 (Cu)
r—2FE 10 7 (K&
Yy sE [ N/w?) | 10.54X10° 3.9%X10%° (S iC)
AN ERE 1 4~150 (%7 74 %)
§1—2 F4rev FOKEEK

FAr 2V EDATOBRRBREL DS BEARTHI LT E LN, AETRER
SHEEMBARTDPAT VS, TOE&HKEKEL T, CVD (Chemicael Vapour
S ERE) ER—EHT, FRhE &SR, 77X CVDE,
$CVDE, BCVDHERERDETE D, CITHRAMNIA YTV FERELN

Deposition .

5777 XTCVDERI2VWTIAENRZ,

75 x7CVDHER BREEEORTA2AB:2 7o —HBBRL->TRHEL, ¥
WIS ATEEY, DBREAVORTEPEILIERLTCOMFRLER &
M2 FE T3 ETH B, BRBT7IXTFOBFR, FAFFLBIEFA C,
BwIixALE—FHoT0E (BEFTS ARIE) . COBFA, FAGTFL
EHEFELAY., chzHE, BRI LIERT I, COT 37207 2N
RIEHATHBE, ELLEROBESFHLERGEEIT. TOFR, K
FRBEERREL. AREHET S, CORDT I XTCVDHEIERIHLT
BEELET VA —VA25AD I ERHREMALRKS,
Th R REBLEORBLASFROBESFAEEL, KER 20D THHR
75 XThie B TRELAHERBEORLHE
$L, CCTELERLERS LTHNREZBEATZLE

- THE

—-—H.,. 0T X

BHELE>TWDE, —HIE,
AHL LT & - TE MR E|
n3

o



_3_

ma%%%%ént%tﬁ745}vrCVD&\ﬁﬁﬁm\749um75
X7CVD&\EE&??I?CVD&@@E?%#%VF%ﬂ&mowfﬁﬁ

WX %,

M7 45 AV PCVDERTHHAR
HTRFELW2000CEERDAZ
Ntz v TAFv 7 45 r2V FPEBL
EWHIBDT, 745 AV IBEGTO
HORREOEERERHEZRLLTL
5o "ﬁﬂti’zﬁ@‘i&fi&iﬁ&% 800°%C
BETH5M BRETRKRRELBE
BEKMOEEH D, XAELT. A
Wiy v yaFrvHEEREIRTVIL
BDIANy IR EIBRFAEHYREAORN
Mz, l1-2—-1lkzoEaz
AE.

MiEkER I BREREENILFL
wWHET, RO X v AVWEEA
Bl lLTs Kb —HEOS7X<T
55 EmSH. REPCTHERSZX
vRELCEMTERRERICEHERL
rhETHB, YA Y EY FERIEH
BRIV ANIEFET HERRD
HLEILHWT100~200um/h
ODBHRTTAYTEVYIFZ2EBHTE B,
BHESEE LBVARBLERTEK
CcEBRHEANSB, ] —2-21%T

1) 3)

OCHESEZTRT,

CH,+Ha

A -]
o\
WM
v
-\

o

T
LT —

CHEEA

Mi-2-1 #7 + 32 FCVDEO

e X

R4 T

— K

CzH;-':-O:

[1-2-2 #FigRkoBEIE



240073 X=CVDER. <
A 7uBERERIVERF 22T 5 X

Hs+ CH:
~RERSBITIERED, F47F _
PLil
eV IF2ERTHAHAETHB, TODA
: _ i 1 Fig
BUEBERETHBLDRAY OB ] P
ABBON, BEEOHF A XL T N 7—
75 XEEMHBEhTLES, _ / kﬁV%"
]
| —2-3KLXOBERERT. [ =7
. . . -74h o
HEET S X°CVDEkiE. BER }
: HER

BHER LIV TS A2 RESEDHE

¢, BUGANLEEBEANEAY S

h3d, l—-2—-4kZEEaBHOE K1-2-8 =4 27073 X< CVDE
BOEEEERT, COREOHEL O£ H

LT, V7275 —AHARBEMNTVWEE

BREBTS 550 REYOEANK L

i, EEMEOKERE YN LY

SNz, LALBTEEMNMA 70 Egﬂiﬁﬂ
EHBELTLI~2KNEL 3 Y AND ——d o~ Ei_

oA AD / 00000 A Aas0

|

RE 7R ¥
i

EHEMNEEL LS, BEESHETO
BEYVAYEVIBROBRERIRD LS
nTwiEv, —REHEJFEEHK D RF iz
Bld, AT —OWPARE, HEBE 13.56MHz
BRERIA BRESHFIOGS

TRAMBIT AT —HFHT 5D TH H1-2-4 HRAK75X<=CVD&E®D
EXEAEBAPIE>TLEI L 2 X

DTHAH5. AFREAVLEREM

RCOBRAKOBRBEAMTH Y IkE

ERERBIIODVTHEL {BRB,




§ 1 -3 EABEHRERL2WT

L Tr—RUESERETLIRBOREREBRE >WTHERE, BE 1 O0MH:z
D EFOBEBERLSYA2REOES, NTREBHNOZRFTHEEZEH 2T 5. V
PRIBEES R - CTRHFREECHETENR VY, &oT. ZREFOHEY
(7 BER) BHAKD, LALEFREBEMOER T ChUFANTFEOER
PBOVETOT, cEADHFRW L THREMNHEEINDZIILERND, £ T
EHrEZEEEBALBS COREMTERRY, BEEDELATHMD L L

LT RBALEWRAY v FBRETZ, LAL—ATRE BREANIREE

DELCOEER L CHEENE2O0TCEEEOT X285 0REL L,
T3 XOBELEV, S5k, REPERA->LHE REXFAZELRZD P
FOWEWIFA) Yy b BB

e
ERE
Jird
T
&

L i
=
7
o
259

F;}'-{\h

§1 -4 ChETOEB

chZTHYENBRFEAVEEAK 7S A CVDEBR LB YA v FE
BEELT-T e, LT, MR, BE. EHO&GEZZINTLELSTE
Bl LTy THARHSESBEORTFR2HEL, shyAvey VEREFOD
B ORBEEEEERL TR,

EESHOTATR., BREBRHNI B/ —VOFREEM]L., 5~2. 0% =
I LT hEVBEGR AT EVY FOREHMBEIRYD, Bt RE T3/
ST A4 hy TENT 7 AN—HVEORESA Y EY FREOHMABRTEIL
- T &1,

BEOT{TE, 550~600C#:HRLT, BE. BRLBIIESATE
vwﬂﬁm@mﬁéﬁor%toﬁﬁ?@400tiféﬁﬂ%téﬁm

Fﬁ@ LT, 3TorrRBVWTYAVYEYFOZORMESN, SV
FTRIATYEY FRBOAT, VEETR AT EY FORERERIRILS
A, BIBREFAYEY FEESORIMMEL » T & T,

LLEOogERs 0 ¥4 v ey FERBFORBELAMTRRELN2X%, IAREEN
550~600C, EN#A3TorrT&s -,



§1 -5 XHHEOCEM

F4vEey FEABL2EBEFSTANSL ARERIEAT IO s THE D LZAOD
EEAAEEhTw3, LALIVEBRIIBEERBENREBABIHEAR S 5,
CHhETREBAOBEBEZEEAGRBRFCVDERB2Z2AVWREYAVYEY FERHTIHEITA Y
TV FESORVEEOBHEIBOATVER, TOHEFEMN300~600A
S hEEbDTEABEREAVIORS Mok, LA L, BAOEEBIMHOC
VDEEBREN, VEBEETCITAPYEYF2A0TE50EANDB, T2 T45ME,
BBEAERFCVDEEZ2RAY, BERYVSIYEVFEERZ2LVEBEE»D LD
RECTANT B LEATEOEN LT 5.



E28 ERFGE

§2-1 HEFHERERE

THERMOCOUPLE

HEATER // SUBSTRATE
SUBSTRATE HOLDER

I 4
=
T0 PUNP < I DKV <— GAS INLET
QUARTZ REACTOR

Cu ELECTRODE

RF GENERATOR E
L

MATCHING
BOX

[

Q
O

M2—-2—-1 BRAE7X<CVDEEOOEHBK
AHRECHERALAGERARE 77 A< CVDERBO )77 —ALH L &R KA
E@oERRE2H2 -1 - 1kRT, AAKBERRAREROBL LIVEELESE
(=9 Fv ¥Ry 22) EHBEDETCRFEBRALCIEAREE SR 2L
3. S8MHzTCRASOOWOHRBEENRZH#ETES, FRAELERISY S
LEOBRER. TEMER. TH, FEK A2 0. OIMITLE BT EORMAR &
s TBEALT A - HAARLE LCRARNCAYREBEARENZMRE TZHN L, K
EEOBASEHE, NVTINVIVFUyS2E LI N BHTMREAE O
@X¥rEALTVE, BHOREE., AAETHEISHBTRXS NI ETRTN
CHEEALORBETNOGHE S EMB LAEEHCHEE, EHBLERTFT 5.
BB oL HEHAKORRE., HEEANAMFYCEEL, AIMLELEHA
WOHACH L TCRHEEMNBIDRALDEIICHET L, RF&ZERZI Y v 7R




_8_

=E (Cu) T BRESGSSA TS, EEHBRERL |l oTHs, ZLER
BREBERKZEITEEMNBEIN T, KEKR - THHINS, YT 7
S —2HES50my EF¥1200mdAEEZEALTVWS, BEERARELE
— - DHRELAATHE ALYy 2HMEHR I-TRESAFHBIN S,

REACTOR

Xsw. X}w. Xsw. %&v. %sw. %&v. S.V.
' FC FC Fe

¢ =58mm | =3.5mm [P =22mm FC

X CONTROLE
VALVE

S.V. S.V. S.V. S.V.

Xu.v.  Xn.v.

C,HsOH Hz 0, CF,
| S.V.:2bwT°AN LT
TO PUMP N.V.:o=F"MARTT

FC:2270-15b0-3

M2-1~-2 HBo#xzX

R H2FE2H2 -1 —-2K—FET. Hen CoHsOHREZERENZZAT7 D —2 Y
Po—SkeiERs2E@sh, Y7279 -ARESNRD, V7279 —BEMS
Hv72TR,. HEORMS3%FHK (58m, 22my 3. Sza) AEHIKEKY
SRNTED, COSBAB22mOEREY, EHOHAETS, HR Y77
G—HEDOANT PO v hLOHAESEFI— P e b Ty F VLo N LT e}
p—3% (ATVC) K¥0, UTHEOESEZRBL, ROoRPREBETGIL
/\’)b?’%S*EZv‘vt':/&’ﬂ&-?'(’%}ﬁﬂlb‘th\to LALATVCTRBENDHMNLE
FLAEMalohd, BREO=—-FALAALZREIZIHEALHABLAL, THIEXY
ZELREHDMHEBOAT WS, ¥ 20K 3AER Yy 72HALTWS, Y
TOHLEEINET S L REERYOUIAHEE, ¥r0oHA, HEEIEAL
L. TOER T I A THARBREENR >TLEILD, RV T DAALNZHRIBED
AVvFiFvABRBETH B,



§2-2 HBERLE

Y AXYEYF2ARTIRDORBAZRELTKEFREARZAVS, TN E
fﬁﬁﬁ?ﬁ“’o 7"-7-1‘71:#]'('%&531?:7‘7‘}1/55/'73)1/ (CH:)) B¥A Y=V FO
FHEEELHREIAZRIALLT

11212)

WBEEEALNTEY, BRE R2-2-1 RELEGVOREx XN F—

LEHORBEz 2N F— DK
WHMLDEERLEERTE S

Dissociation

L3y Dissociaticn enerzy{kJ/mol)
CENREEINT VD, K2
~2—-1lupnitanosy | CH — CHs+H 435
L 5 CH;OH  — CH,+OH 383
ZANE—RRT TETR | o yooy —~ CH,;+CH,0H 247
BrAVEEEEL LT, CH;CHO —~ CH,+CHO 315
AR AL — DV CH,COCH; — CH;+COCH; 355

$ )—n (C:HsOH) #H
Wh, 1. KEFROEGVERELTERL,
C:Hs-OHo#E
s (CoHsOH+He)

E LT,
BELER2VTR. 75 X7 BEREFVALEBERE, 77 X THTHR
LB EREGEOMBNENS B0 T, REORABRELFS L ABRATEE
M. BRTEHC L EMAEORERE LIV DAV EATFEEINS, BEDIK
kB NEBRBTOEN3Torrs BND0O0OWORERBIVWTERRAEDOH
ﬁﬂ%mﬂﬁﬁ&b25@%Eﬂ%#ot&®W%ﬁ5;:cnﬁfaivﬁﬁ
DRBI L > THRIDOTEMAMTELEDbNE, SHOEREBSYIUERER
Y72y BLEMTRREIAAENBEETHY, ROHSERATVTHILE
T,
HEMEOFEELTR, FTERBE (20mmX20mm) 254 +v T
Koo &— (ERME: 40um) 2Ry / —rvofiivh, 3048
M BEASKERT 2, SoRTNERFRTERLLE. K2 UR
EFRTRERET,



_10.-

PELAEELERIRE (BER 6 0mmX48mmX3mm) DEES
%R@ﬁ\%Gﬁﬁﬁ%RFﬁé(%ﬁﬁﬁﬁ:410mm)@*%K%ﬁﬁ(
55V TS —HERKEREy P LI,

AR ECRHUELEBEORE - B ARNERR T > T3 Lo O BERARS
EREBICELRIFT.

§2-3 HBEARE

EEREERITERAESL (SURFCON) 2AVWTHEHELA, REHAI A
ﬁﬁ@ﬁ%@%m2—3~1m%?oﬁﬂuﬁ%ﬁkﬁﬁiwvxyéﬁ<a&
wEh, EEHIBELOBRENTEEILIOR LTSS, TORBEIT., BBP
BB umOF¥AvEvErRHAVvE»VHELECEABLZH,LEEL, stOBEZ
EENCEALCERE,»CBREZCORSIEZRDTHEEL L, COREAT
FRAER, o VRHERIIBEORER, »RIVBVETZIHED S DA,
BiAVONTWAEKRETHBETCRAAXTOHFROGE, AHNERBLT
BIECERVWILEEIBLEYLFETS S I,

A A TRRLIRUA /N -3
o vv%%&x %

—

0E T T B oW 2 B

= |

. b 51 715110 Y : . . 'A?

MO~ : ' ) . ECX D
: @ A4 v A —

9 50 53

LR

M2 —-3—-1 HRmilERoms



_11...

§2—-4 5 <v#E

SR ETEIAREARORZEH TS L, TOBEAZRAHKOAERT
ﬁﬁénéﬁ\ﬁﬁ%®¢mﬁk%%@ﬁﬁ&#ébfbmfﬂt%ﬁ&ﬁﬁﬂ
sxnBiND B, CORAEBROTIE., FBEORLZELTHTRIRE
HT260TH0, COBRKOY 7 PRBMET BT LR EYD, BHOHAMPRE
%%ﬁ?%:tﬁf%éo:@ﬁﬁﬁ§%57Vﬁﬁ&méoﬁvvﬁﬁ®$E
w\E$%RHE%MEKE<MTm5°%%@%ﬂﬁ\ﬂﬁﬁﬁaﬁﬁﬁﬁﬂ
béﬁéo@E%ﬁ&btﬁﬁ&@v~ﬁ—ﬁmménagﬁﬁfb#%+ﬁﬂ
g e b ONRBE LT, THIVAAV L —F—NBBERL TV BH, HAK
ELTEEORBBVv—F—3HVONE, FRBLELIIRBORETELEOD
Wb OMBEAENS, Chid, —BORFARLRERTI 2V EOR S NHAEHH
ﬁf%écaa\ﬁﬁ%émmﬁﬁ®ﬂﬁﬁﬁﬁ%mt&ﬁﬁﬁ%néo

74#%VF®§7Vﬁ@§ﬁKMMTMI832.SCm”Kﬁﬂ£Té&®
ST UHMIARRBRIDIKDITVEROLI /S00UTORETHVERFMERE
%Dﬂménmmoitﬁﬁ%ﬁ%&éﬂé%%ﬁ\ﬁﬁm%ﬁ%ﬁﬁ&ﬂﬁn
ZEBEREVLOTHY, HEHEOIVWEBRTHASIhEA <7 PV (158
Dem-) ¢R32BVELYWTHB, BEHERFEZ, 13601 B800cm
s e EAEN. EVEEERY., AERTR, WALLEOERELTE
EEEALTOBDT, ¥4 F¥EY FEERE LAFALRBY, A ¥EVF
ZapE ANy PAMNITIZ33 cm 'WRONMNEZFTOERMERENLIERR
5, JHEEISAMENB AT EY Fid, aHENBNRYT N, T X7
%ﬂmbt%fﬁn\@ﬁ@f%ﬁ#v%vFéém@ﬁﬁﬂﬂ%%mt%ﬁ&
bééﬂénémtmﬁﬁotﬁﬁ%ﬁothéo%@%o&%%ﬂ%ﬁ%ﬁy
A v ey FRIBEEHMENEKFELI B L TH D, BHENBEIRVA, &FH
BFETCOREIBEHLFKERAVHIOTH Y, COoRBRE, ARTRI 7
VAREMNBOEYRFETHILEAON D,

BERES-4— 1OEI3REREAMELE, WEBEERZEBTH L. MEX
BiZAr - v—+ (488 nm) 2RHWVT, 15— 1¢20MIKA488nmHAD
FH7 N —2RETHIEREID, HOBERSZRVBVTY S, HHE



_12._

BMERBO LB, AERECHRAENERLLIIILRBELZERHABLEOR
DETEECH-TVD, REAKLRB VY A TEXEINGRBRAVEZEERS
RAKENR, EXESRER, MBERA VY I—T2—A2=y PERTIVE

= 9 i: H:'l jj g n 6 o
Bp¥%®iitJobin Yvon#HG2 SHy e ) r2ur—%—2HF0
A
M348
INTERFACE
PHOTON PHOTO DOUBLE -
— _ MONOCHRO-
COMPUTER ™1 COUNTER MULTIPLIER TATOR
MIRROR 1 N
ArtLASER Fo——A O™, -
/\/ -
INTERFERENCE
FILTER
\ .

Em2—-4-1 s<vHIMEEH

BERMEE2HE2 -4 - 1EERT,

g2—-4-1 S<vHEOHERM

1

INC (& &) 1. 0 cm~
DLY (Bisierhi) 1. 0 sec
S1 it 800 nm

Scan Range 1000~1800cm™




...13...

§2-5 SEM
| )< %E@ﬁ__L —
vy Z 1
] 7B TE 3] 4 frm N
Y Y
EE Ny |. T
YTY YT e N g
Nt
FoE)]
I ¢
~
Q§§§% Bithds ES IR N L
o {-Yario-#
BRER Prowp
M2-5-1 SEMOHA

SEMRBEFr—2szRBioEizd, AXHOZIE O REENSEx X
LNE—D-RBEFOMEBMNET AL LD, BERsES, I2-5-11K
SEMOMBEERT, HIERIBERMPUEFROSEM ASM-SXEHEET

DS EM

JSM~-25SEHWVI,

HHE - AVHORBEEEMN (F—54 +) THROSRBERL., Rk S
B (M100A) 2Lk, CHERBOREARICHIUAL TIIREFLE M
BEREHMAKTIRFIVINIALEHOADTHY, R —-THRHTES K
BosmBHEIHIHEd D5,

SEMEZoav 32t (HRBOXE) B, EHOZ_KIEFHREROE L, UL
PEHEOBEIL L > THES, ZHRBEFHEFOEZINERMOMRTP>PVWTO
m@rEx, EAREASE L REREBLOBR I OREEORER ISV 5



_14_

2 FPOBOHESSEDND, Ty MLAPHEHEZOELAREREDVWTOREHRHZ S A
:&E%®ﬂmiﬁ\ﬁﬂﬁwﬁévinﬂ%m;of%mL:vb%xrm
Bowirhb, 2—-5—-2kBRIE LBV 72 LOREEFRT,

FZiN

Ee-5-2 R xsdszary itz bogEH

§2-6 X&BAOHF

SAMPLE

JanL Aed-X
™o
®

1 DIVERGENCE SLIT
2 BAE Bk SLIT
3 8BHE  sLIT

va d et
._....‘/"-

RECORDER

e—-6-1 F47727%bFA—-F— R2-6—-2 XHEOR4



..15_

XEEENY— v R BERDRF 4757 b A—F— 2BV, TORESE
o _B-lwFET. XEEIrLRELLXENREHRZA ) v 2> CRBEY
ShEF SRCHEBRE-THI Y EhB, BHREVR. 20 OBERHL
CEEEND,

M2-6-2k15—H¥ (hkl) TEALNIHRE (AMBEd.0) &
EXEORSEOBRTERT, AHEAHEOLARRAFERI->THOIIER
B4 2L EETEE. BA- LA ORASNABROTHEN., KEOBHER
hBLiAFERBRDHAE), OFENBDEIRAE (0:) BRXTHA5N 35,

2dwaisinfs=na
AR XBORET. CukoBoEAl1. 5418ATH5, ERZHET 2
BEE YR EVHENEL, TOROFAOHARE VRIS HELS > Lo BE
BEUEV, foTtRAEBATO 2AEThIEHRERD DT EATE 3,
Y4 2=V FOETNRNFTLOEHMRBZR2-B6-1RARLTE <,

£0-6-1 F4¥ev FOHRMHE

hk! d (A) 11, |28 (deg)
11112, 06 100 4 4
220 | 1. 2861 25 75. 3
31111. 075 16 g1
222 - - 87
400|0. 88 8 120. 4
331]0. 81 16 143

EFORBEMXAEN, $8H6T7ELVT » ZA0EER, ETORHTREI-TSH
DB HEIEMAMNEL, Ho2DELRE—2KAESRF VDY B A — o=
St B, EEEANBOMERANAS AP, HESREOBE, 20
Bl 48 OB R A - T <, |

o OAkEEEScherrerDRCRENG, Scherrerid, &
SR 1UDOUAKT, HECBREAK, ANXBIRRRLEFTS5EL
. BENOAEE LAFREOFEMEONEERDTY S, COBAE, B
Kr2GCGaussianTHEBLTBEIRXDOEIIER S,



._16._

0. 84
Bcost
chMScherrer®XTHVBR2O CHl-AETCHMNIEradian
ThHbh, FRICEIBLERRNLIO000ADERLE? &, ¥EWMREXBENCSTR
BANREBREF+ 752 b 2A—50G4&, AFXBOERY, 2V » +OER
FOPUMEBRR EIDZW\ER T3, T, HENOKEIE2RD 5 I1Z. O
BERIVAETEhAEBuwSB2ZRDIBTHE VTRV, BERL I5ERE
SEREZHOAVRAB LA UMEREFZECSIEERNOREIN1I000ANE
OBEBEBHOXEEAFMALTCEHINS, CORBRBOXEERE2B235¢B
HBolBuk VRDEN., KOS OHMBTEBLTHBI B oTW B
(1) Gauss@DfH (Gaussian) OFE
B2=Bu*— Bs®
(2) Caushy&mfi(Lorentzian) 04
B=Bu—Bs
HERNORXILDANDIILEP, ERNRKENDZ LR, ToEEMRME
HiEECRR B, T, EBRBEIR-OFFEEOFIREZE. Gaussian
VB LALorentzianlRiEWeEWH3Z &M B0DERNE2HVWEC
CRHEANDIIN, BFLEZOEREOARAZIZNNIRRIENBEXNCH B,
HZeRERHEAEMXD-0MXEMFRELH WL, HELESE.2%R2-6 —
2RIRT, |

D=

®2-6—-2 WERH

EX 35 kV
B 30 mA
Range 200~1Kk

Scan speedi{l deg./min
Time Const|4 sec

KEoaE—F 5 mm/min




...17_
§2-7 ESR

R ERBH @ E, BFREYN (+1/2) gusHot (=1./2)
SUHR¥—2VvHEETE, COLEODZZNF—ZgusHoRELWVWT 2
FP-2RODEREXFHEAZHEB I ¢, BRAMOBBRECY, EREORW
FRRENRNE R, TO&RERERANTCEILN B,

hv=gusHo h ! 753 v7EH. v L BHEBEORIEE
g giE, e X—T7HF

COBEFRAYVYHRBRAET S HFELLT, ERBEORAEEEZELETE3 HE
LHALEREC B HENS B M, EREONETU A/ uBOHER v 2 —
WLHEBADODKEEIHZ2ELIETVE, ZLTLEROZEHOE A4 2 ol RN BRI
SNZERERFOQAXEAMLTIRRENESN B, ESRTRZOE{LETHE,
BELTVS, REERD y 74 VERHECERERIOVNAEIVWEEEE>ZHEH
Al DA HRELsE32L, BB REIAMHEEBHIRIEE BB O L H
LB UEABOERKBRZSZLD, Ch2HBEULIRAARET T, RN EH 2
A LILBEEIROERNBBOARREALAEILREOERESEMNA LN
5. BNHBRB ETCKDO N3 1 KRB /BB ERSLCAON S, RIEBERR
DM EOHMBTLALTVwEIOT, RREEXBEHNORBEUEBTZZ LR E »
T/ o3,

CHECREBECEEINALAIAYEVFOESRRBELAEFRESNTVE
Ve RBRIATEVY FORAPILELTRIIHAMONTOVEIDOHRP 1 £V ¥
— T\ CHRHBIA Y EVIFBFPRA—HVEFRERLTCEEMNEALE (2
HREFRO. lat. %) bOTH3. OV I —ODESRIARZ P AMERY
CHBAILAZORSmMIithsTy »N56E'""N (I =1, natural abundance 9
9. B4%) &£'3C (I =1, natural abundance 1. 1%) OfAHE L F+—&
FEOBEMMMEELER (Hyperfine Interaction) ZAWH U 2,

ESRaARZ N TEMMSZA (Hyperfine splitting, HFS) R T h 3 0
AHBEFOAEYEHRTIEFHEAE VOMENFEMNS B LETH D, LAY Y
bABERITID2]+]1 ([ i 28R FY) Oy, BIFREYI =
—AVIRIHGHEAEMFAZR TS, AARAWTE TR I=10*NREBLTWR



...18...

E3XBOARIZ PAUNET S,

BE TELM? > 2B OBEG. TOHFSSRBABHIA LV, BERZLTENL
Ty AMEBEORY MR LB To—F=2v IO, HF SAER-TLES 2
ERFHENRD, JIOEVHEA2THEARAHEFRABELLTVEVAD TS 2,

HAlE@EVarianHfE—- 1098 IRZ o A—% -2V, HELHEL
®2-T7—-1&xR7,

x2-T—-1 WEZHE

v 4 7ok RRE 9. 475 GH =z
A 7R SANT — 1. 0 mW

0 B35 33Hb2. 5 Gauss
Scan Range 160 Gauss
BBER 100 kHz
Modulation 1. 858 Gauss
HERE Z&®

§2-8 HARNK

HARREBZB, BELAARIZ PLOFABERELESTT, 203 B
RBAPLDTRBE LB ENEIHIZHETS3b0TCH 3, COEHHRIST
DERRHBE—HLTVAbYTH B M FABRARC B ADERSTOR
BTE—AVIPRELELTVRTRELSRY, 9 ELELTFORABOE— 2 v
PRIENHECR TR EFABEOBREASZE SRV,

ERCOFRARBDNEFARDZIIER LT, PO ETh29BE2EET S .
EMNTE, C—0O0y C—N,. C—HoELE EHRTX 2,
 REROBE, TFNTANI-NEFEAT ALY, ERLUABRPRC-HES
MEFELTOVWARENENDE, C-HEAGREDLE IV —TEHE 20BN E,
V7 4 vCHM~3080cu™ 'y AFALVENX~2960c1 'L ~2870
cm™iy AF LV vEMN~2928cn”'BIE~2850ca ' BETH B,



_19._

HEBNicolet BDXBI7—-YxLTHIAISEEEL2HVTCENSI G
C0~A00chn 'OEBTHT» o



E3FE KEAE

§3—1 EBEXE

Y4 ¥y FEBEZFNNAZAETER
ERATARYL T BREELR XY i sithou: Festing
L
ERERTBILAEINTVE, TL 'd%%%m%w
e ll-',w.“'i-"\.,-‘-i
¢, CRETHBAOEEBECHELNTE '
, . e bt .
R EGEORFEIED 5 0TH 5, wﬁwﬁﬁ‘“‘ﬁmﬁ%ywmﬂ
BEEZ2TFYFCw- &I Ty A U \1,
- "".‘,
s rAEEI3 -1 - 1lRFRT. ELE S R et
i LTI
H3Torr. RBK2%. BARKD \ 400T
L
MEHSO0O0W, BHEFEWR D Osceny, > Ry
HEEM10hTHdb, B S with e T M
z TR 50T
out heatingid s Z8mzE LoRET. \
z ™,
COLrEOEHBERELIRLEREL — , ey
ﬁ‘wwlﬂ% .
-7 8BMT350CHEETCLER ' intas SN
"~
+5, cOEERIAver FREDS S
) A o
nt‘l‘f;u‘o 57'4’ JF‘E:/ F%;T\-g-l 3 Lgvur%‘df‘r'f‘“f”""f”"“‘"‘-‘wwﬂmky Ssoc
33cn ' DE— 7 IRIEEE350TC TP,
T
B NTYwA N, TOREZABM , , ,
14004 1200 1500 1600 130G
#MEMA, I00CHHARALAESHE RAMAN SHIiFT (cm-2)
-, EEAavru— N LT—ER BU3-1~-1 HEREREE{LD 7 <V
Bof-bDTHYISOCEHETS S AR %

if@ﬁmﬁﬁmo&Oﬁﬁk?%&llSOw”ﬁﬁ\1580w”ﬁﬁ®¢
59 34 by TEMNT » AA—HVHEOE—IHBMLTL 3, MlF)a2VE
Y7, 1000 CHULORBEBETCRIES+Y v+ VEET 3. ChiEk. RID
BEEASVA EAHE» O FERARNELAY VI VREFORMBMN L CE
CD\ﬁéﬁﬁ%+ﬁﬁ%@of\ﬂ%@ﬁi#»#-@ﬁmﬁﬁﬁééﬁﬂo



....21_

KT ECEENT IR DORENRBMNEI»LEEIONT VS, REAEHN
700CBVWTR, YYVAaVEFREER2THEHLEHNTET, 5BT 5
TRALEZOHEEHRLT, TOAIREETH2OTEFERLNS, TLTA
00CRBVTE, YV IvEFREMILHEELABHR ZOFIEES N,
MEFEEOHBCORNENCRELHBERL LB EHEREIEE, 5L
f\7%»77190:vﬁiﬁ?g?:®;5R¥4v%yFﬁ%ﬁﬁ?@ﬁ
BENTAKEEERET GR20H

FECEETCETFRTENLT 7 AL

FBLOLERAORE. Bk ST '
AR TENT P RAA—RYBED éﬂwwwmﬁwmwmw s
Y4 vEY FEAZERNCE v 7 1 'Mﬁmgu°
Ly s ETRAZOHREABHAL 5 | M
ET+20EdERX55, £ T 'Ewmww%ﬁwﬁwﬁwmi.m
EEROBE2RET5 LD CREE = e
KHT B/ —NORBHETFTYT E¢Mwywﬁwwmmmﬁkgoy
25, DZDREBEHT ZAROE | S,
R FFRODODITYRNT b E 1 . Ly
1C0Q 1200 1400 1600 1800
M3—-1-2KkFRET. CHREIVER RAMAN SHIFT (cm-2)

o TFEedicl1 150, 15680

cus HEOE—sAMEA L. 1. 2%  E3-1-2 HHEEISOCTORBH
VWt HEFMEE350CEWwIE D FTTUvART P
ECHBAEIATEY FESZEERVWVHEXABLIAL, LALORRBEBEEH
EAEEREL, BER0. 28umTdd, 77V CRERNEOE(RT &
TE-ﬁﬁﬁﬁﬁﬂ?é&m5577®#41ﬂ%ﬁﬁ§én1m£?ﬁksE
MTTEda, cOBRRBRBERERMNEIL Y42 Y FRIGBEEXENRD DT VWD -
STUZANZPLOBEFBERERRBFL, Y4y FEDRCTTWVWEWVWR B,



k., EREEZ2EBE~NEESE
R, BXU., EE (3507C) THR
BT EE-EBEOESROEERS
2rxrd, I3 —1-SREHEEER
LT s EERRCAHETEERER
FT. REBREEZEEBERIBZRD
nTHEmMLTWE, REEOCHEDNRZY
A ¥EVvFk, 5774 b TENT
S AA—RVYBEODRENOGER &
575"F:v¢ﬁ319t%®k%
Ao, SIVvORRED—HL. B
ZoEAREIND, AHETFERE
Er2EETTA AR 2RTHEMLTY S,
EHERIVIHAETHERLANET
ZEHM]10 a *RETAEIEDLN
TN, FA BV FEHBEF AR
EFELLTRATARILEEZZEZD &N
BET7OZARE-TOARMNEBEFER
OEMIZBFE LRV, EFA TV
FRESBARLIIBRECOET R, &
LESOMOBRNF (Vv ATy
vEFY) ORI L, TAFBTFEE
MEMT B 5. TREHCRD I,
FVEBEMOHEPL, EREOANEIL
PEHEIRYARLES Ky, HBEE
rihic ks gfiz2. 0027HET
BIE—ETdoTte K3 — 1 —4KH
HMEEI350CTORBHEEACHT
AEBRWRCANBEFEREZRT . 6
BHAETF R > THEMEMIEDL

_22._

1 l T l T
’%1wh-w . -
O » © o -
S
W
=z

18 ] I ] I I
10 : i , | .
—~ B 3 -
C s0F \ .
Tt > ]
:Ig_: 4'0'_' O\Q\o-—-—. ]
4 ~ e
. | . | ;
350 400 450 500 550
TEMPERATURE(%»
E3-1-3 HBEEZLREHTS
HEE, FHETEE
!
r]g"\'[olg-—- / —
\9/ i Q—0
[¥p]
pd
13 | i |
10 | f i
o 55
= 0 0
5.0 -
i O/
5 451
| | L -
1.2 1.6 2.0
FLOV/RATE(%)
R3-1-4 HEREMEI350CTOD

FEEERET S
EEW, ANV FEE




_23_

TWwB, COTEDD FATYEY FEBEINELLIVREXAELTVWE I &N
SXNnB, AAESFEELHBHLOBTR DT - THDLTHY, REOME
KEabhbe LinL, EXESEETHEVLDEEOETCEZLPAERLBETS S S
(R 5SEMTRET) . gfiZ0. 0026[ETCUE—ETH - o

wiw, HBEE350C. BELLL.
o DEOSEMEZK3-1-0K
9. SEMas. Bz ERRK
mmﬁfﬁéfxbb%%%ﬁﬁ$é
W, HohARBEEEEAABDVEWV
LAEEENhB (280A/h) . %
SEMEMNEHTRVWOTHE®Y T =
ébﬁ\ﬁmﬁuwﬂkﬂmaﬁbn 
TEEFAVYEVEIFEDOBRBAMNS S

r3THBb, (MHOSEMEK2WVWTE B3-1-5 #JBEE3ISOCHEL
BRI TEOELTAHN. #&, FLEOD 1. 2%0BRDODSEME&

9) 20)

EZHXEEBINILV, )

a1, 2%, HEEE T . . ; :
350COHD > v viEo

HERNEL T4 YT FT

\
#l“"'li I'\I,‘H' o a'{r‘ | l

l
%
'R 1
55 LEEST B EED LD Syt ”WW“%

Besdo, TORO XK
QiFEREE2H3 -1 —BKF
2D
X@EEFosRLd, BRE
| | ! { L

INTENSITY (o.u.)

MEVWKDHERFTVH OO 40 50 80
yarev o (111) @ X—RAY DIFFRACTION (26degq)
PmTA44° OFY— 7R K3-1-6 HEEME3I350TC. WEHkl. 2%
T&3, VY LRMBTODY DB O X 2 E §r

s tpp et 0



- 24 -

Ayev FORERE (111) 1 (220) 1 (811)=100:25:1
ETabh, (111)BRALTREOHY., (220) E2RTT75. 4° .
(31 1) @2R$91. 8° OE—JRBERTERL, Fy4veEy FERTR,
ﬁﬁﬁﬂﬁﬁﬁ@gvaa&amﬁ<111>wﬁm¢aamaﬁ%ﬁ$5fc
PHELESLEE TEFLEEZD<1 1 1>8EALAZbOEEbh s, BEXFES
HENBOEDR /AL CETNTCRETER P LOHSLRTEY, MY
FA4rEv F (111) BERTE— 2D 0BORBREEORARI4v =Y
Feabo tnEREIR D,

REHABRRE L 2HE BT OBR

I i |
Erd. REBEWMHEEBREOTENT . (2)
AV I VvEBRYCRERRTO ’km/“/\"”"
18y N -
KZEI0O0O CRECHET 5, 574 > |
yEVFTR, A AVEEHEER & E;MW (5)
CHEEE200 CUTFTCHHELLE Z ffﬂhffﬂmg-fv%
— A
ckzasEBRA~5%TcC-Hoksm S M (¢)
%) ' ' N
smmson, BREREL00CE 2| T T
o N
csnsrc-Hommxasnne = M
22
BBEVWSHEEND B, AHETH B : . ,
4600 2830 1800 900 L1te]

XI{RICC — =& 5 ° I -
RBEC-HBEELRB 36 0CHRE WAVE NUMBERS (cm™)
DIXETCERTHI-DMRARETEKFE
(2)550°C 3Torr 1.2%

MEELTWBAREANS B, T T ()350°C 3Torr 2.0%

_ (¢)350°C 3Torr 1.2%
FHAERNIC LD, HoEESsH L. C
—HESODFEOFHR2ZHET S, K B3-1-7 HERIEE., RERET/ED
3— | —TIHEKEEDSDHOTC, & RO BWP 2227 b
Hl. 2%0E3507C, 2. 0O%OBMERUTIS0OC. 1. 2% OROFAR
a2 bV AEAFT. BERBEBLH (1000Q ) S i 2EHLL. HH
SC-—HES0oMgHEN R L£%52850~3080cn™'ffirORPIZEDRITDH
Hoffiv, 1000~1400co '"ffEDE -2, MERBWTAHARE
cHEULB/ AXEEDN, 1400~1800cu™'fifioE—27R3KEXR, 24



_25..

00cn  HFEDOE—2RBCO0TH3. 3500c ' URBOY—sREBOFHK
15 /4ZXTCHD, 3000c  HEDREY /4 XOBBERY TV LED
nB, LHL, HTHEINCVIRABRE LB A Y ey FRADOC - HE
g@&ﬂﬁﬁﬂb@%ﬂ%@f%b\@@ﬁé&ﬁméﬁtﬁmg?ﬁiﬁﬁﬁ
%#i’&@%(?‘%ézﬂﬂlﬁlbiﬁ.fpﬂéiﬁéﬁi%%ﬁ\ CHhBCH:EM»OEFRK
R L BBAEKREORED ERAEATVE, KFIATE, BEL. 2%

o, 0%DOHRENSDBC-—HREIZBRUOEMLBRE S NT o T,

Bk, BRLEBVAYEY FHOAKTE RELL. 2%EBVTHI 4
PEVFEAODHVEMBBEBERE IS O0TCHELY SERTCES N, F.
B C-HERBE AP o/, LEL, COBOBEEERS300A/h
PUFEHERSFLABREEEORBERUAENSBETHBLEVWA D, TITRET

REERERS2VWTHL %5,



_26_
EAE BEAKR
§4-1 BERER

EEEZCPOBREEECHTAERERELTRR VW 22r8ERE, BE2/HFH
T5-0BRBF 2. BE. 2B LIEE2RES I FECEAEOEED
5550ELT, BIALERE, 773 XAXMLERENST 5N 5,

1) #LZERIS

MEFRIPINDFHOPTCEZENRIRET IS A NF —RBR L - THHER
BB I2EEEMEID. COIIBREREERAEEREEVI, TZOEETH I
EHEE B DTy 7AT V=RV Y v BHt2ERBRELIZArrhenius
D 3K

k = koexp (—E/RT)
KRB TFOoOHEERS BT IHEERT

| E:RERBEHLEELS 20 F—
TRENDB, COXNBERAR

log k = log ko —

2. 308RT

LT, EEEHOMNBMEEEOYR

(1 /T) ©7ay P LTHWS N,

FOF—vOREMEHtzzLE
18)25)25)

—Edkdohsd, REERE XD

HEEHMETOBRLBUIERBE %

M dbDE-DIOKRES, 4—-1-—

log &

i

BT

tR7v=yva7oy P LAE—BRNE
REFEGCGELEEOWNER2RT, — K
cEEME TR, BRERNkBIBIK
EZObOMNBHEMOMBRBERIELL %, T

BEMKcns e, HEMEZEORE Ki-1-1 HEEZFOEKEEKEH

[



_27..

27)28)

HEHRAERD, BV Z2OHBIEERE LR 3,

M7 AV IEREDOYAYEY FHRT, M4 -1 - 1 OBEERD 8
RV oS, BRAZ XAV - NBEEEOZFHUNRLI-TRESIEDR
gnfﬁgTR#L\:navm%ﬁ%%bB\%Em;of%f4v%ywm
AOBARFOBBEOEANXRANZOT, BRERTOURNERTS 3 5,

AHECR. BEES S XTRLIIZBENBELAETHE LEDN B M, HE8
ME2MABC L CHERLTVWA LD, BARRERIBIEERHEATE RV,
EEOHTR, BAPREOTMTCOALEREOEER. Arrheniusox
PLEMEMMUIEBL R -TLEIZ EMRDH BN, BEEERIENO—DTSH
i, AWMBTEE2 LT3 LEIIBEREOHARILIN TV,

2) 73 XTLERIE

BER L - TMEINAEFOEINIAINF—RISTEHNITFLEHEL TS
CBRET. HIHBBLTERLAEI Y ALNE—ER T, 77 XTER
ERED, FAY 2y FCREZLEGYH»SERLECHMRERHEELEXS
nrﬁgf;Vﬁwiﬂﬁmwﬁﬁmmm;amﬁﬁﬁééo

r= (v.0C.) +.C
V. BIOEE |0 BITRIIAPTFORETHXHER
C.:EB7i#E  C EHSTRE
CL;:'C‘\ V.2 TIXRBTOALLHLTEY, Efcoldv . OlRATHBOT
umﬁ;@ﬁﬂ%%i;:%%\ﬁ%%ﬁb\7517%& BWTEE) 2K =
Qe BT B EMN TIATLERETCRERLL D,

S LT HOBLANF—ORFREIASREMA LIRS TR, AR L B IR
BralF—2FALIRERENR, 321 00Fd30x 2V ¥F—2HEES T
wEABCEMTE, BETHBREKTE B,

Sy AL ERREGOREBERLD2VWT LR TBERLN, 773X CVIRBLTE,
S5 XvHTCRELEIVANOHEREPEE~NOBRBE R EMHHEL TL 3, RE
TO—WOHEEMERT .



_28_

CVDwﬁH%ﬁﬂEm\W$Em@ﬁkm<o#®ﬁﬁm%weh\%L(
e ns TR EVAEAROREEE ERET 5. TNBBLRE AT,
1) ER 2OAE, RUERRE~OEZ
O) EREFCOBRUBEORE
3) BHEERECOMEREG., HR. HER
4) BEERE» > ORGERDOBE
5) ERET, S ORIGERY O FHE

cn3B1). 5) THREFENEIIEEMNPEELREETHD. 2) ~4)
T&%_%%%ﬁ‘i‘%ﬁﬁfﬁ%ﬁ?%éo (1loper HEEd., HEEEE BFIH)
%Ll)?%ﬁéﬂfm%&ﬁﬂéﬁ\ﬁZ@%E@ﬁﬁ%ﬁMéﬁ%t&@%
E“@Eﬂ@ﬁ%ﬁ%(?%&ﬁkb\Eﬁﬁﬁ“@#%%%@ﬁﬁﬂ%ﬁﬁﬁ
M IZETH B, Ty REFAPSOBEUBORRBIERTILENS D, T
hiz. 75 X< TCHESNEKBZEIVALOT S X2y FY /HRTREZN
5, REYORE 2L F—dNAEVHEEe, BEMBVESG, HIMRF A7 -
MAREVWESES, BEHAERAE( NS, bk, 3) RIYIERRETO
FEEHBELRIEERMEIVEY, MNECBRVERLECLE S,

e FRUKEBERZEEARFECHEALLEBRREIITEAS, I F
CEAOEECEINTERHEFERBHEALZA L ENTENLERTB00Ah,
EEEHLE-BETR280A/ hTdTf, —HNEHVYOND T A 7aigCV
D&@%nm\ﬁ;%lum/z:ﬂ745fvi?@7—¢75X7Em£f

By B+t~100um/ h B ENBERBE-TVE, ALEAKEAVLABRTE
s AE K ET, 0. 8~16um/ hiu EABESRT VA, FALALS
w75 XA ERE TR Y I ATEENLEE TH» ., BHEHUTHLONITET
wE (75 X<BE) BBEE7—27 (7 5X%) TIX10'""~1X10"c
M. BRI Y4 /0TS XTT2X10'0~1X 10" em™ ERMFEOD
Fyo—HECE, 1 X10°%°~1 0'“cm'3biﬁﬂ‘§é’nfﬁgi) Fuo—KRETHE
M, 4 70D b BPEEMN2HEV. COLIRBRAOBEAKS o0 —
W, 74 0B HOBBREERT I AEEMRIBDAEN, TITER

RBOWTEEEE2EBE T LOREB, ETEORV LT IXATEREZRD B



_29_

CEBREABMEMNDE, FTIXTEEERRADBIAELLT, Y3 XA TORERE.
EUOCEHEBRRE» S,

B hHZ2 LT3

AR LS. TTS A OBEENS
HAZ75Z-HORRBONR., ROPORAKOERRHEEYT 2, g4, KHO
EER. FH. %, RUEEOHE TS %5, &- Ts

EhE LTS

s FEHEEMNETLTS

c&BEZET S
nEMEIOND, LAL, EBREERBLETOIRBLTWS 2»0MESEARD 5,
sFBHE2 T A&, BEBAKOLSOOWRHERALTSBYD, TRl LOER
PRDOALOLIBREBOHBRESREL TS, s-BAZI»MTB D, IR
FERTILDRBABUEERHNOUBRHNBETSH S, CNoOZ ERFEHFLAX
CRRERERAETH oo WRENEAZ ba OV vy IR 10TorrET
THolrtWIEBFOEHMS I 0Tor rlEEfToTWVWiWVH, E6EF
Frlitszil, HFOBRRTIAMERR TS EROPERNTFHBEMNLTL
SHftbEIONG, TLBETHEH.,. ChRHEET o L20BRK2EE
Tamso LFsdbiRIvhEY, |

FTOH, REFECEELRETTHIIRHEELLT,

cREEE LTS

CREFRRBREZ LT3

RO EBEENLT

cEEEBATE
HEMSBB, COIBEBFRETSA2M, CRHICNETOER»CBHILE
HEELRIEL, BEE ETFARIATYEVY FEEBDRBRPTENLT 22 5 —
HEVvELSAFMERBRVBHEOY A v ey FIROFEHIHLILZ, SLAHDY
OEBTR., Y7 29— FHAEBBRROFRIMLZBEAFHEL TR ERELEMO
i’i%‘i‘t‘ﬁ%ﬁﬁ*iﬁ(téc‘:b\ﬁ?E%:biégi)?ﬁhﬁiﬂiﬁfﬁiﬁik&i?}i:%ﬁbflﬂé
B het A S B MM, CFLH+O0:FATUT 24 —RADHFHEEREL. THMNK
FENEDT - TREEZRILTVI2OTIOEEREZALY, BiIFOFA TR,



- 30 -

38)-23)
O0./H:M0. Bvol%D:EREEFEFEREMTI LI 8ENSHS. BAK
EOBERS2WIR, v F VY 7HROEVWCF.OBARERABAEEZTAS

393 <202

n. SEOHRBEBF L LTHFET %,



- 31 -

§4-2 HAMBEE

R, ABNBOFEE LTERBRLLIZIBEREFRZIT 75— 0OFDREEL
TEf, LIl COBEFREEN40ads DEEHBERZT ORRTIT > M,
H2FEH%25TorrPlEk33E, REODERIPERO20all TRE»T
LEVWERNBREARAMNEL S, TZTHOH. MBFERZV 7275 —0 LB,
LHRABTZEREBrLEA 2D E TR T IHRAENB IR L h A, Thi
TDEFCECEEMBAE IS EMAERAED, 2VERE BEEOQOTF X
v 2 HWEHEMNTOGEE RS, B4 -2 - 1 EFRAMBREZEALLLAEZRE

BOMBRERT.

ﬁﬁ\%%%®1$»#~mmé<\hnﬂnr
EABOVHAAREZSFREHLCTS
BBELEV, RAXEZDTFHRERT 5 Eii //;mmmm
DR, BHPEEOz I AF—LLT o H_]ilﬁﬁz s nET

[[ ] U c2H3OH+H2
THB, b RABIDELZED \\<\

- QUARTZ RTACTOR
perizcEsN, LERE2PpET

HhrEtlaTERY, KEBTE, X ' =
FIDEREREIFAEEAVCVD | TATETING
A, AL TWAEBRLZEEEREERK
AEOREMNRELERBERINMB TN Bl4-2-1 HRAMBEREZR

W, —fBRFEABT Y I MBTRI ST 74 VT INERIND & 52,
y%?%vF%ﬁ«@%ﬁ%%ﬂbf&mbfmﬁmo%C?%ﬁﬁﬁi@%%
KM s Eiciy, HEEER, BERRHEFHIERE VI ERE D,
¥, TOBENECH 2, X TIBEAZHVWTWE, LML, MTHE
aFamsmesn, SAKEZEIVDESUMMBENTVEIZE NS S, HEFLA
i, BRI EERAEVADIBELRIEENERIRTIETSH 5, T THE,
HREE2HAS Y TERMAAPBREEZAVITRY. BELH LT, ol
BHEIEIBAT—FE L. BAR. HKEBEESO0OO0OC~B00CEELEDLDNS,
SHONAORA— =R ERIIEBHRUMECHMET 5,

Su ELECTAQSZ

AT OGELHERATIA
PR |

|y —————



_32_

§4-3 BEREEIR

TNETOER CHEREA LA BRVERL LTHR T3 2 20BHEMAER
BNTVI, 2D—2n, BXOEREBOHEL LTH:/C:H:OHRA&HF 2
MEBR LIBIELA—FARBASNTLEDI EVIARLLTHREDI YV 2
LHREREERELTVEVWOTCRAVALEEIT L, 220, 7IXTEED
FETHD BHUBEAT—OREHRERTRBWALEICETH B, LT
FNERTBEAELT, AT—HBTET, BRERETT 7 A HTHER &
5E%Qtwm5ﬁmﬁgn5®f@ﬁm#amaﬁﬁféau%:ﬁ:hé%
REFETHZD. M4-3—-1RRT &

SR HERKREZRLBOV TS 2EREXR
BTCREATEERLL, Thikdo I
T, BAHAOKROAME L BRHE b 33
B, #A#BEG2ERR & - '
THBTHEVI LD IBFWTED

REhdoRBEVIRER L, EHRO H4-3-1 ERGEHRBE
TR AOELMEBELLD, 77

LTDOBESBV, ¥k, BEROTH ' &
TR7IXATHEEERLLD, I & ’%H%WW%

D, REEEMN LML BOEEAGD 3 o | \
DEETHENIE. BROLEAEIOET \ ks

-

 HREETAOMREEMNSY., BHOHE T ﬁh

X e 7! e '!‘fl,‘pqu{
THEuLE. BEOTHL LGS = o “WWML%HNwa
BALHEYbRELRPTVRT TS & e s
%o ) o TE

—f-‘/"‘-'-"""". ‘%"W

Ma-83—-2kERFPEEBRLTH LA

EXHEL-bODI T ARSI ML EKR 1000 1200 200 1600 1800

) RAMAN SHIFT (cm=1)
+, o TEHLIO0OTor r. MBI

HEBA. HEHK2%YTHB, K4 -3 Rl4-3-2 EEHEBEROZHOD
—~ 2L VEREROLLHEKLDE LD ST vaANT ML



_33_

E@&%ﬁﬁi%oﬁtfﬁf?ﬁ%%ﬁmﬂa:&#éﬁﬁﬁ59ﬁw®&%
%@ﬁ&ﬁb#ﬁ%%%vFﬂ%%ét%%tﬁ¢fbﬁ¢fmao;n;o\
AR CRERRYRENRRRBS VA VRBREINTE ST, TIXATERDE
HEHRAMNRELTVWREOTCREVWHEEDR S,

B4—-3-3RkFEEHO. SBET
FCHEELABEOEROLESHBOSEM
BERT, EFEEEER LLES. X
MESHAERCHREZBILDRHER
?5?z¢%%<a&ﬁ$%ﬁmtw\f
EREAEEEAMAC EABRE LV,
L»Ll, SEMAr s SBEMERITIL
TEHEHOBEMNBRIAERTRIAGN
Ko hBEEEEME-2DHLTV

2., cDTEMBL, 7T ATHEES 1 2m
FEBHRACEEEMNE S D ERD HM4-3-3 EEZEEROSEME
TWa,

cOFETRREZO 7 I XATEEOH—HBMNBL, TIXTORBEMNREL
K. HADERAH—TRVWEEOEAD» OGN 4 -3 - 2055 REMNARE—
rnD. EROGAREESIRV, LALERZ2EERTBIERLIVSEME
bé%ﬁ@i%f@ﬂéﬁbﬁDﬂmc&ﬁmﬁf%to%ﬁémmtﬁmﬁﬁ
W LTC. Ao 7 I XOBEBEL, THOLBEEROBRRE@~OHBAL D
i3, H—REBERET S AEENRINI




§4—4 V75— BOAR

- 34 -

ErEE, BRENLT I ADOFRO—DELTHROARS @D YT 79—
mMi\m%s.smou7¢9w®ﬁﬁﬁﬁﬁ5%ﬁw\%@%%%k&?éo
W@S.Smk?él&h&b\9775-®§ﬁ%%¥%KLfﬁﬁéﬁﬂﬁl

tiwthd (r2=2.5%=86.2 05,

1.752=8.0825) . HAREEZERD

DL ERLEART AL LR IVEER2HERBEIRTTHS, LALILTT
B—FEPOLECHRATADHEI NS5O CHERRIEETE L W, |

MA—4—-1kHABESaaDBEERE
3. BmOBMEELBLES 7Y RN
P ERL, 4 -4-2RIBEODOS
EMBBLUREHEEZRT,
MmHIEFL4VYEVY FEBOLELVEH
YeFRBVTR. ABEE/NE (TS
CERE AT HFA T EY FERTE—
THRIEMNPBEDELANR>TOVWDE, TOD
BoOBEEIR]L. 25 ume&mriiDEL
%0,
T4 vy FESZELRETH,
HEOYVT 79— WFOTZTOBER

STV

B4~ 4=
SDSEMBMSE, HohRBEE
OEENSLN, BRECERNED
BANHBTE S, REWE NS &,

BB EAEENRTD,

YA vyevy FEbOELELTWY S,

{ n.u. )

INTENSITY

1¢ca

H4-4-1

(a)
mﬂmﬁwrhﬂﬁﬁw&ﬂquF”~*ﬁu*ﬁ*ﬂﬁﬁﬂﬁuﬂﬂﬁqﬂ
i

“ﬁ**hﬂ#agﬁ“u' ﬂ

““h;,aﬁﬁh‘A*

SR &
i

Lipatesr i virion s fpmerd
hﬁﬁh\“ﬁ*

*meab*ﬁ

1500
{em-")

1260 1200
RAMAN SHIFT

(a) 10Torr BA 1%
(b) 10Torr BA 1Y%

(c) 9Torr BA 2%
(d) 9Torr 64 2%

[00sccm Sca
100scco 3.5co

100scco Scm
100scca 3.5cn

D7 s s—FGHEO S vV

b A7

MO ErO&EORUOEH LR - TV BD AR, B,



AP

_35_

138 0A/h

36 0A/h

53

i

B & 15

0 %)

1 0OTorr. 1.

(B A

py
Laly
L
-ﬂ.

N

L L)
O*.# t‘h

apet ey

. .&
Ve
o .d..a:

vl

*
fe...w S

1 780A/h

8 30A/n

)

0
o]

0

2

9T or rs

(B A

m

C

£ 5 cm

2

1 u4m

DTy —HEEOS EME

|4 —4—2

i)‘z

{



_36_

KR OREEEOHLRE2VWTERYT 3, V7279 —REKE, EAREBLUL
SEBECHEASALE, —EEEAR—ERBATRATO-TViR-F-rk
STHI T2 7—REAILES TR E N, Eﬁ’éﬁﬁt&bltlﬁiﬁlﬁiéhéo E .
EELEFULE&EROT, V72V —HEROEV»PoIFLOBHERITEVH
T3 (TR, MBERLIABALEEBLOEEZRZATVAW) . &
@ﬁﬁﬁémam5:t@\i¢¢ﬁﬁﬁﬁm&m5:tvéb\ﬁmﬁﬁm\
&Dﬂﬁkﬁﬁﬁz%ﬁﬁﬁéétmit&fééoEﬂﬁzmﬁ&ﬁﬁ&%m
TTSAITRBECHIALTVEHN, FADOHEBTA IV BEVLDREREL D -
mﬁégﬁbnbaCh%%ﬁ%mr%mmfﬁ?&\

BE®V
BMEBMODDON R FESscen

&HD\Eﬂﬁﬁﬁﬁw&ﬁﬁﬁﬁma&%%%T%K%ﬁNt;ak\U?&

y—BOBOMSEFERLER
Visent Vasen = 201
THU, BREBR—EFTHsd. HREMEBRLED

ERERE T =

Tsen: Ta.sem = 211
Eh B, COZEHANBEFEER2HEAARLATEENS S, TOHE, INF
COHRNBRS5ad) 72/ —CORBEORETE, AohrRFTHBEXNOERY
2 OHE ERB AN A AHSBEEREOERBOBRRORER &5, 9
EEmEE (BREE) STt EliE s,

TR EREMNEM- LBEEM, COBLEERRSGII LIZFIAOND, U
2 s —HNBEANEILTHEEE, VY TREENFEEFEARB- TERRILT
QT b EYT B, DX VBRIV EBEMAEOBENLEOHRMITMLL T
HAHD, ChkR E-TERMEOERAYML, HRAV 7 X vERORMKE D
o ToEBDHN B,

LEO->0RB2ZALBe. EHEMISHEHEEN2EBER LI EE
S L, 7IXTHEENETFHMMLAETNE, REEEMX2ERUER S > THE
EBRVW—HERTY.

Tt STrOEREOYSVWTE., REOLTLLERRLLEEZEZSASb0THR
BB, FAYEZVFERT4 Y EYFOBARE, RVEBLTVREY, L



_37_

Pl FEHBRIVWIZORHBIORUVEERCIEEB LELEEDR B,
BEHELT, V725 —DOREENICTHE, VA Y=y FRDOFER
COBBRRIIIVEEL2EATERREEEZ» RV LTS ENRTER, &5
s CHETORMR VEEREFIN TCOLAREXREINL, RE&LT
B, HEEEELARDPLTILESERSTON 5,



§4~-5 EHHHEOBR

- 38 -

HEERRZECFOABAEOERLE L ICEERGEPEHLE SR ENDEN., &R
KOEBOEERRBERGHCH, PORBRBEZHII2BEETLIEEC M

x5, EERHBROENLRLIZIEREREEANDODEEEL T,

BLERGBOERRIIBEAORB T/ SAVERORMAHKTEIND, T

FCOABEOERTCOREMBRLO
aTHbH, M4d—b— 1 REERKED
cwyn 1 O0cay 1Bcuy 20cal Lz
%@5%?2&7PW%%L\.4"
E—2RFTIhFHOREHFHE 2RT,

e THEEEHRHE. RES3. 5D Y 7
254 —Ts EN1O0Torr, &Lk
0.5%. MBEHFEBATDS. =i,

{a.u )

INTENSITY

ENUBRHREMORRTS B, B .

4-5—-1052vH55abhb15
@DBERB YA Y EVYFOHEDE—2 T
HHTEHMNBETE, BEALEMRE
BoNEMoslie Fly 20 TRERE
BEELEPosTt, B4 -5 —-20K
EFE »S R, BHEMBEMIEI LD E
EFRELI-TWVE, iEIYH, BHEE
ERENRICERERCECORAMN
BUBTEREKT I o0 HEHE
EHMHEBLIEDZDTHESHD, LA
TVDERLBVC, MBSwmTRY
— 7 0MER., BEOHMBIKRL T,
gl oTWw3d, COBMHAIRSEME

RS LEDETEXA S, 4—-5 -

7

SRENRETENORDSEMEZRNKRT,

)

L

DEPOSITION RATE (A/

it

f200 1403
RAMAN SHIFT

000 1600

(em-')

H4-5-1 EERRELDO =V

AN I
| I [ ]
1500 ‘fl\\\\\ :
o)
1000 |- ‘\\\\ _
Q
500 F .
L ; ! o]
0 5 10 15 20
ELECTRODE DISTANCE (cm)
(4-5-2 BBHBEMORERE



_39_

¥ it

%
ik
ik

)

i

el

1 4 m

4 -5 -3 WUHNMHALO SEME



_40_

SEMEB 55 0BMTEBREBENE S, EHEBR T - TVRWE X 2b
HD, R ED, ¥4 ¥y EVY FHEEEENR I OO RELD B LR, #
ODEEBRS - VvBEREA L EEDNS, DaPBEOBELXOBEREL Y4 XEHi
DAE, CAABENEREE LTV LD HERERAE Y, Sonk 5[
BRERIRA2EBOT LR LIHELRCIREEVEVOESTHY, 2
DEOHENREER K- THERERETLAS, 550V, EVERVERR &
575 XK TFOERALELAOP NG, S5ic, BEMBAN L3
ETy BEASOMMMERMEEZIVARK L, TORDREEBAEAD
BRAEBEAETLLAOADANAEY, WFNhEE L, BHREERRAN T
W W,

GB, REFERSaMd ot b AEVOTH B A, HOERRERTE — %
LOTHD, BREBEEOBROOESAOBE TR EOBAA LSS TAVT &2
1O ABELTEHBEBDN, LVHBRORHEEERELNEH - 7,



§4—-6 KREBOUWR

...41_

mﬁbt07¢5—%®ﬂ%f\cn%vw%#fﬁﬂﬁﬁﬁﬁmﬁmﬁﬁﬁ
énfméﬂﬁﬁ%%bﬁo%Cf\ﬁkﬁzoﬁﬁiéﬁméﬁ%oﬁ%%ﬁ
KB, 2OEMELT, HFEOBHEBELOO0scadR BV THIA ¥ Y VHEFO

BALKEY, HEHRO0.5%. EHN10Tor r. MBEBEFRBSA. V727583,

Scm& L, Hl4-8B8— 1 RBAED
TliwHdT B Iy AT P LVERT,
7RV D 50~150scenRU2
00scenTRIIFFAF¥EY VPERTDNK
WA FYEYFOAROBETH A &M
Hhhb, LML 18 O0scea®d REIRS
WT16800cn ffERTO—FRT
ENT 7 AN—KYEBRTE—I7HR
bhb, — BRI VYEVYFDEKT
B, RBHEPHBREEREZEASE
figa, BHERE-TRIATEYF
WE LTI 7724 PR TENT 7 A
H— Wy REOEDTHBEAL T D,
F4 Y eV FOREEROBMEZRT
2BE, BHRAZEGARNBORERRE
RO kEdy, ZomESERU
RV, TLTIESA ¥ EY VST M
BALABS, HEaltzE{sETH
ERLTYA YTV FOHORBREMTE
OHREREELET . Bl4—-6—2
w18 0scenTHMILEO.4ARBIT T

FHDS Y AN PALEBRT, IO

KEETIE, FAFYEVFOE—2Z UM RSALW,

—HVYOBARNDVWTRETERT 5,

INTENSITY

(nou )
-
i
4

WW%WMWJ

fon .
R Ry

130scca

LA I
e

200scca

WM!,“'&.MMM % g#

1000

Bl4-6~1

1200

14G3 1602 1800

RAMAN SHIFT (cm-t)

REREZEEDT v

AN N

1 80scca®@7ENTF v A A



_42_

- 0.4% |
:: W# W)t‘-#-.wq, ,E
> i
i t
"

= g 0.5% !

1900 1200 1400 1500 1820
RAMAN SHIFT (em-1)

M4-6—-2 HBEREE{LOITTvANZ BN
K4—-8—-3BBBaLEftiendd s

BEEE®TRY. B, 1 80scen® t i

e
BRRBLO. 4%Db0ETT. BE >

Z is00t -
EE . 5 0sccad b1 5 0scenx T L o0—o

< e N\
BEEESAREMOL. 1 80scenTR. o | Io)

- IOOO—‘ o —]
[ 50sccaBiERMUTHD. 200 O

F— P

* ] s B, w)

scenCizEDPLTWE, B, 180 8 00 - |
sccns, 0. SBUOIEFYA YEVIFES g
2EUMOBREEER. 2580A/ | | | [

hTah0., 4% EDMIEDKREW, 0 50 100 150 200
KR OBEEROPVWTERT 5, TOTAL GAS FLOW (scem)
WEER &5 HONESHEOEE. d-6-3 BRBEMLNT ZHEEE
EHBEREERRERE AT B e AT E, ETERRERCE, RORE T
ERAE L LTVAEN A 2AORARRE - CHB S N3 YHBRLETSH b,
BEBORMMREL N THEMELRMT 5, SAARRMB TR, RAN 2
DHHBEEMNAE . REOEEHIROAELRYD, #2MAMASE B,

FDld, MERMBLRVTE, pA-TCHEEORBFEEBIEM L COXLOH



_43_

w%ﬁﬁ%bfﬁﬁénfbiétm\ﬂEEEM¢é<H5®?@Hmﬁ55
Mo E T EHEREEHFLTVAEI LBF X o0 548, DB/ E, 20 O0scenT
PEEEEORLEBRATERV,

DEOHE, RESrNTsREEEOE{RS2E-V7E2R/E, RAOHE
2, #hik150~1 8 OscenffdETEH » Ko

i, BES]180sccnRBUYIFAERDPDVIEERT S, BHEOEAIZ. 8
A—ATRLELIRVODEFREOERTH Y. KFRBREIRFRRBREOIHEK
BELEILZDDOTEEV, LirL, 1 80scaat BT, TORENE LI
ﬁi&m5%v7%»7?zﬁ-ﬁy@ﬁkﬁéotocnﬁfémﬁc&fa
55, BHBE-> D ELEVH, FAoh 5 &R, ThMy4 ey Vit
BBREORBT, FATEVFOLOBE&HCRERRARIVIRTFRAKRO
EEAESERERETH Y., BREREIFVANVORLRILALEZORERSHL0T
BRWEBS I, ZNAN]1 80scaak BV IHIREFHERMXBNTSL, 2O
BERLSTLIBERESVANOHBEREL., REFRARL L2y FY I7PRFE
:E%é@@%@ﬁﬁdﬁwﬁﬁﬁmno\ﬁﬁﬁ§Vﬁ»®Emﬁwﬁéém
RBEINEFAVTEVFZ2EBILERB-ROTREVAES I, BH. 200
scenle B E MAELHIBEREAEHRA SN TV REXTFEINS,
IORBABOEME BT 2EKEN
OEIOREZHANSE, H4—-6—4

12.0— —
CREBREEteBY I T vREE S T - .
l
AN
sy4ivevror—so¥xmwzs 5 1107 o —

4, HE., HEHkE18 0sccudAHO0.
A% THIZO.ONBTHD, B A 5 A e

FWHM
o
(&)
ol
O

B2 15 OscenZ TREDH L1 8 0sc 9.0 - -
cnTIEDNED ST 20 O0scenTid =

EEimLTWYB, B, 1 8 0scen l ! ' |
0 50 100 150 200
TOTAL GAS FLOW (sccm)

0.5%TE. 10.8ca'TH»Ros
EHEEoOMMRB YA vEY FREDOR
MeHdtnpEFEIoh, BEAMMEL H4-6-4 RERE(EXNT S>3 vV
FEEESENEV, REREEALLIY fE. O Y — 7 OF @R



_44..

Z150scen® 1 80scenTELVERHEOBVEREBLIAL, ¥EEBOELRZH
EFEEOENLEIMELTEY, REEERFVARIAPEY FORRAA SN
BEVIBBREB T, KELTIREBFBLEHBCETANLDTDS S Do

Wit hobOBEOSEME2N4—-6—-bkR"T. 25, D 0sccndRTE,
WRAHRBEREBERLBDNER, 2, RECHRFAR LK FRVLIOH
BonaFnds, ChRBEORFBEBORLIERL TABRIBRBNTHE, 0
BORHASHUELR IZEERO. 865umTH 20, 2EMRERHY 4 X
RroREchrtEBEbhsN, SEMBRASNIBAODIDOR., 4 umid
BLTVWE, ZOMOETR, ARNTAABAEBELSR, (11 1) @ (1
00) AREOEHBAAREIERT VS, 2BENURTELT » AR LEEERW
BEHEOIFAFYEYFRTHHILVBDL 5,



4%

0

1 8 0O sccm

1 50 sccnm

0.5%

1 8 O sccm

2 0 0 sccm

1 £ m

it S EMI{E

i

i
Ch

2
a,* !

®41-68-5



_48_

XL WEA—6—-—Bl2EHMERL o : | :
FEOSEMEe. B4-6-TKZ 5 - .
o> 5.0 o -
DSEME»SERb» hBRREEE O i |
2T, CEHMEBLABKOSEMS :’40— —
}_ o p—
",DGE}-'-\ 5 OSCCIIJ@%‘{#"C'@:\ @‘!ﬁ%ltﬁ % 3.0 _ X o ]
RETEXBRDOLTOVEDYTRELV, O - S \ .
= L o _
LhL, BANBHRETEORD &, 8 ZO_ o |
ChERABERBOBANESRET W 1.0 [ ~
(] - .

o, ERBERBESAREEE 2 | r ; 1

MEBRSEEHLUTCRERY A PR 0 50 100 150 200
BELLTVWEFMAS2EEIL>N 5B, TOTAL GAS FLOW (sccm)

Chit, 5 0scenTCREBREREICTHR H4-6-7 RARBEILOBRREETR
T FEHREBEADRVEDBESHAELRP I T ERALHLPTVHEHHMHT
EteDTHEP I, REBEHEHNITIKRREBEOE(AR, 32BERREER
EEIHHEEMADY. BEFEMREDIEV IS O0scenTHREFREIRRTS »
o

FBLLT, ChETH-TENBERERZROBRLMA T, RAEZELL
XHTFOREFEEER AR, KPR 1 5 0scenfiBI0. 5%, BWAEL S
OscenBEBIEO. A%RRVT, Y4 Y2V FOREBRFIBEADI3I3Z0A/h
EWOHEREEE,

AFECREEEREENE LA, BRCHMARREB6ALLTTAULE
rRETOROVAM, EEAEE2ZEATRENEEL2SORERETENE, T 0K
AHE, BEHEEOMEMNBONITMREMNSEINLS 5,



_47_

1 00 sccn

o
.Aa

0

1 8 0 sccn

i

|
|

LM

1

kS EME

%{]‘:'

JAT oo,
L

kA
s

i @

;R

I it HE

Qi




_48_
ES5E KR - mEKE
§5—-1 HEE-TBEXE

E3ECTREERES A LR LIIBEEANOEE, MBERATEEZRAL
o, BEAECRBEFEORERINVHEANL. CORETR, 4BETOHRE2SLE
AT, EEFEREORRERT

AETCELNEEEREBROEHE,. EN10Torr. MABRBA. REL
0. 5%, B¥EEBE150sccnd b, HABMBELORBL ULTEEEZT - 10
sEcRAHNBELORECRYA YEVY FEESATVR L, EEHEERS
50~400CEt8Bbhs, 5—1 ,‘ :

2
o =

— 1l kABmMBBELTCOBRREREOE
KT BT TIVARIPANZRT . & 7 “m
- . i M‘h “""“""’sw...* 100sccea
41 5 0scenTIXBEEHBEET. 12 S "‘"#M
PN g
OscenTR7ENT s AA—RVEE . ;
ATEBERD, 100sccndé 52 & o«
=
TTVALA T2V FOLOEMEBLNT, ‘_‘_“ "'u.f.ﬁi 120szcca
1 20sccak B2 RF|WEE{ART B z mﬁﬂa«m
oty
TOTENT 7 AA—KyrDEANR.
§4-B8TD180sccnTREAT S D ' l '
1000 1200 1400 1530 180430
DEEBOBENBLNRLBOTHYD., RAMAN SHIFT (cm-1)
BRu2B8R08RTCHVWI EMREN ®5-1-1 #MmaElLcorBRar
., BELERBREROEHEMNBEZTY DFIVYANYT N

22k d D 150sccumd ] 00scen~eFERLADER, BEELT &3 #4t
2RI, B& BREnFoBEEdbR B,
Th, EE#HER 10 Osccn®d&R#ETLI I I0A/hTEHED, BITD280
A/ hOBEAEORKEZ2G, B, 120sccnTd1440A/ TSR,
EoRES5 -1 -2RECNS>DOMOSEMB2ZRY, ¥ E1 0 0sccaTH
AVHETCRBOMNEDAIBHCETVELITSH S, . BREMNHEFL S



_49_

AN §3__1'(* J\f‘:ﬁ')la—\ ﬁiﬁf&i?ﬁﬁ@@i@ﬁﬂﬁﬁx‘i‘é}feéuk
Jﬁi'ﬁ'ﬁ‘éo L,b).b\ éﬁﬁ@#%ﬁﬁ&ﬁ"}‘%fgﬁ%kmbﬂ%@f\ éh‘iﬁ’lﬁﬁ
&Emmﬁmﬁﬁﬁéﬁﬁ?ﬁﬁﬁ<n91mé&Ebﬁﬁo120%%@@#

LRERERE. EY CHRTE D,

- .-

r\ryg g
%""‘x&ﬁ\ \%

ﬁ 2?3
%”3 \\*g

3@1

| %1 ﬁgfw

:\4
ot %
.

1 2 0 sccn

—a

1 £ m

M5—-1-2 EEAERER (SepmassEL) @S EME&

RPN



_50...

§5-2 FEREH. EEEREREBROTM
CHETCOHE, B5 -2 - R FRTELIBERR LT, MBEEBSATO
EEHEHMELUCHEREI330A/ hiEIN, £, A MBAELOESR

AERERS LTHEEE 111 0A/ hMBohi,

#656-2-1 AERRE. EEAFENEHROELZL

&4 = R EEREHER
n & 5 B8 [Al mE L
(HEEEE) (500~600 ['CI) | (350~400 [CI)
EAN 1 0 [Torrl 10 [Torr]
HER 0. 5 [%] 0. 5 [%]
BRE 1 50 [sccnl 1 00 [sccal
D375 —AR"E| 3. 5 [enl 3. 5 [enl]
E &R R 10 [enl] 10 [eml
BEEE 1330 [A/h] 1110 [A/h]

CNSDOEHTHRLNALEOBRER, FIERSVT I vHE. SEM&BR &
S THMBLTER, v VvRELOR, EBLL50EBIETAYEY FESORA
N, FRIVAPEVFARIE—7DOERBHEIEHE I A Y eV FELTRE
BANECYATEVYIFHORVWI ERRLT VR, SR, E—7RESERR
xR0 BL, REEFECBHEOHELARBM LTV, SEM&H 53, it
BERSAORRE., LHIOBEEFOR LB LTHRRENXAEL, BEEO KR

hid, BERABHKRKEIRY, BEEHBTCEBZI DTS -7, LAiL, #HE
HORKsIRRs2ENRALNTL,

CHhoOBROFMEMA, CORTRISGEXEMMF. RUESREL-TH
HHER, RO, EEFENER2FMT 5.



_51...

H5~2—- | kEERERHLtEEEEREROXBOFERZRT. HEERO
ﬁH\(111)\(220)\(SII)Eéﬁ?E-ﬁﬁ%ﬂfﬂEEf%
3, rOHEFBER100: 3 2BETHY, »RY<1I L 1>WERLTY
2, E—27%BER, AUXBEBLEARIVT, CRETHRETHONTEL
BhTEZo RbEUL, BERNEERBLADOTS i, EERERERT
. (220). (311) HERTE—7RBEATERBTERV. LAL
(lll)ﬁ%%?ﬁ—ﬂﬁﬁﬁmﬁﬂfméoCﬂ%<111>ﬁﬁﬁbtﬁ
EWVwid, TS -1 OBEEEIHEIZOREZRAE TS, ERETL»
ED%{?%VF%%%%O\%%ﬁ@ﬁféé:&ﬂ%énaa

3 I | | [}

&
|
Jl (b)

IR

T O o

> N e SV
= e
L] hﬂ‘\ni
Yo,

&) Mo b
e (i o TS
>_.
=
" ‘

P §
Lot |
=
< |
; (a)
e
hiee “‘""""’M-.--{-,Vv-va:s'_-""'w"’-“"‘:‘".":L\J-.m.m_«q-_—\‘u_w._&
.-‘“.'\"-'.“_
R S
| | | [ 1
40 60 80

X—RAY DIFFRACTION (26deg)

(a) B84 10Torr 0.5% 150sccm
(b) S & nsfe L 10Torr 0.5% 100sccm

Mm5-2—-1 X#&®Eif




_52_

i, ESRoOBRERETT. B

5-2-1RZENFHLhOBPOESREK (b)
Weml, 2E5-2-1REN5OH \
OARRNEFHEE., LEBE e@ERT. ., G PN L
M5—2— 15 mMatEL OBk ﬁ \

MR ER s MEBHBR» > TV

v, #5—-2—1H»5>BEREED

AHAEFBEER, 19FOA—F—T
%ﬁﬁk%mocwﬁmm\ﬂﬁﬁﬁ

P PR ER & o THD ORKEAH ﬁ
MLTLE kT ERERLTBD, T : /
NREA4-6-TTRLIEBREETE "*‘*“*"”*\

OEMITL > THEAOHERE YA IH / i
INELBED, ThRTvA vy vy /
JOMEEI EECLAMNEFEEMN
BT AR S B, BPORMR D

1

WTRESBEOHEBEBIREFZBATH A D, 10 Gauss

d gz ic 4. 1 9CaussTH » o
ESREBIZOEARBIETA v EVF
(a) B4 10Torr 0.5% 150sccm

FRPEEARLYOL T sHES LT (b) SEMMEL  10Torr 0.5% 100scen
WR3EBDNBEMN, CITOBREBEI K5-2-1 E SRIER
VHEAMLETA T EY FESEBEALEER VI EANRTENRTHY, FEH
AEBELRORENTSHES D, g, 2. 0027{HETCBEFRASA Y E Y
FOBEF@UTSH %,

#5—-2—-1 ESREBEHR

8A. 150sccm jm#fE L, [00scco
ABFEElcn ]| 4. 3X10'° 1. 7X10"'®
AdHs-» [G] 4. 19 4. 18
g & 2. 0027 2. 0027




_53_

ﬂixﬁkﬂﬁﬁ%ﬁotﬁ\m%ﬁﬁSAmﬁ?ﬁKﬁ¥¥§E®%mmi
5500, PRV 4 Y EVIENORVWVEEEKTHIA LB RENL, BEHET
DEEOREMNA LN T,

CNETDIATEY FARRBVWT, BRAKET>X2CVDETR, BhHE
hORVWEREAMNCRBEEROBE RS SN, FEEAHTCOREHEOSK D
BSTRBBLAERINTYWEY, SH, FREATITOLIALEBEOERE L LT, /T
HERCAORERERAFRE BV, FEHEAHHAABK S X< CVDERECD
BEBOGEEBED L .



_54_

FBOE T

AFERBVC, BAKS5XvCVDETOIA ¥ EY FEBOER » 53
BEPRALER. UTOREMRES hi,

1 FA4A¥ v INEBOoOhIRERKEI»POBEBRIBCE LT, EREBLH.,
TENMT 7 A{LFTEENRRI N,

2 FAYPEVIOAOREBONEEE.21330A/heé, #ERO2E0E
WFBIENTELR,

8 HSAEmBELOBERIVT, F4APEVFFOAORERA2HEEFEET11 1
OA/hTE&lT s &tNTER,

4 BREAHOBEAKCVDERLIIHERIAYEV FEROBEHNRIE L
AMEBR ST REGHOBRRLIY. COFET, RELSYAYEVF
HHROGHEHIIL .

UPFEZCEARCVDEEABASN TR, cnECREREONEL R
ABROFME EE RN o RETH oo SEHOMETR. BRTOYE
BOF 2> 2HRVO0RTry 23 EHL. ROBELALENLES2BVTH 5,
AHET, HEREOREREENORLLBon AL, SRR L 24
LT FArey FEROEAOTREEERL TEL W,



a3 B

AAEE2BEBLT, BEERUVEZBRELTOVA20A L AER S BT
EBCLIVERHVELET,

BESAYE. ROVREMEOFARZFALCVARVAERNBE—HEBR
B#okL3d, sV RAAERBRVELSREEZEER S CORBEB 2
AETETTEI-RBERKULEHE., ZREAZRDHEECRB YL E S, REH S
RBAEBEBERE2EDLDETCHEVWLAREZHRE., EORUBEBEEH VLTS,
XBOHFEBLLEZ2HELETCEVLERERDFEERH VL 23,

FEOHMBBPHRAOBMESFEMIRE T LVWPhZEERZEMN 2 T VT,
BALTEHWEAHEERERRERB VLA LET, SEMOBER2LTLRE - 1=
HEHEFAR VY-S —RBLE T,

AMERBVC, EREEAPEOMVIVAIH ATV ARV EYHEEZRLERT
BETE (B, E8A v F I Y2 v b vR2F220vJ=270vY) tKRalvwL 2
FTo ZROCHAFERZLTOLRNVWAIAHARZRELTHE (R, CSK) kEH
WhELET, RERBSGFEAERDLAV AL BUHBELIVARVAEERARAE
(B, BTER) RRHVALET, VIIPE—APA+—RETTFL2ELD -
KERIMEZFRITBERLELE T,

HEOVWAWALIRXBREZ ST LLAHAEAZREOFHBER, BRNEZK, X
HEOHMEAETRIEHL £33,

B@gic, £EAMHEFE LT, AR ZROF— S ABRESED > TV WY
HEZREOMRFAHURKR. EHEOBRBRER, EH—-NHEBEHLTF, T,
IVE2—= =D T7 o053 LFCHN LIVWARVWEERBE _K, RE%K—-KE
KEHL 9,



_58_

S5 M

i) RiEER, BREL Y1 vEv FEER EXNKEF

2 ) S.Hatsumoto, Y.Sato, M.Kamo and N.Setaka: Jpn.J.Appl.Phys.21(1982)
183.

3) EHEE—. RKBE_: EFHHE Vol.28,No.8,pdd IEHFE=S

A ) X.Y¥.Ravi and A.Joshi: Appl.Phys.Lett.58(1991)246. |

5) H.Kamo, Y.Sato, S.Matsumoto and N.Setaka: J.Cryst.Growth.62(1983)642.

6 ) H.Shiomi, X.Tanabe, Y.Nishibayvashi and N.Fujimori: Jpn.J.Appl.Phys
29(1990)34,

7 ) S.Ketsumoto: J.Mater.Sci.Lett.4(1985)600.

8) BEHIEHN TsX~ERIF HEHZBH

9) MTHT TH2EEZEMEX

1 0) HEEH, FHz YH2EEFXESRX

1 1) H.Tsuda, M.Nakajima and S.Oikawa: J.An.Chen.Soc.180(1986)5780.

1 2) S.J.Hariis: Appl.Phys.Lett.56(1830)2298.

1 3) Y.Hirose and Y.Terasawa: Jpn.J.Appl.Phys.25(1986)518.

1 4) EEFBRESBHEENRFEAE HEFELI A=A

1 5) $.4.S0lin and A.K.Ramdas: Phys.Rev.B1(1870)1687

1 6) JSH-25STI /I INSTRUCTIONS HAE®ET

17) XD-5 LB E BHEUER

18) MNELE HER HWAES

1 9) Y.Namba, E.Heidarpour and M.Nakayama: J.Appl.Phys.72(1992)1748.

20) Fligk, BEME FHRIFEERERX

2 1) MNEEF: AEFAYrYEryrFERAYFT v, FA42v 2T 27
pl4a3

002 HMEHE: AEIYAYEYFHEHNAANYFT v I, FA4 227 2—3
plB4

© 3) Y.Shimada, N.Mutsukura and Y.Machi: J.Appl.Phys.71(1882)4019.



24)
25)
286)
27)
28)
29)

30)
31)
32)
38),

34)

35)
36)

37)
38)

38)
4 0)

41)
4 2)

_57_

IER#E Ebexr HF2% (1987)

BFE{lZs KBLZBECREFEE LS

EHR— AEX. MEE FYVELZER HFE2dEHR2#
HHASY ®EE HEK

FRES. AT, PRNEERE VLS OERER ABZHASH
C.J.Chu, R.H.Hauge, J.L.Margrave and M.P.D’Evelyn: Appl.Phys.Llett.
61(1992)1393.

Y.Matsui and M.Sahara: Jpn.J.Appl.Phys.28(1989)1023,

f.L.Hsu, D.M.Tung, E.A.Fuchs, K.F.Mcarty, A.Joshi and R.Nimmagadda
: Appl.Phys.Lett.55(1989)2739.

A.¥.Phelps and K.R.Stalder: Appl.Phys.Lett.57(1990)1090.

EH®E #5562 H7%5 (19886)

REFE B ABFATYEVYFERAV T v 2, 4227 2 — 3 4,
p207

EEEA FERIEEFMRX

EF#HE - ABIVAVYEVYFEBAVIET w7, 4227 5—3 4,
pl188

S.J.Harris and A.M.¥einer: Appl.Phys.Lett.55(1989)2179.

Y.Liou, R.Weimer, D.Knight and R.Messier: Appl.Phys.Lett.
56(1990)437.

M.Kadono, T.Inoue, A.Miyanaga and S.Yamazaki: Appl.Phys.Lett.
61(1992)772.

R.A.Rudder, G.C.Hudson, D.P.Malta, J.B.Posthill, R.E.Thomas and

R.J.Markunas: Appl. of Diamond Films and Related Materials.p583.
BEERE REEER HZE/AFEFA
F—R e JeoelAF7— {(EREFHER] HENE



Reprinted from
Jpn. J. Appl. Phys. Vol. 31 (1992) pp. i428-1431
Part 1, No. 5A, May 1952

Low-Temperature Synthesis of Diamond Films
in Thermoassisted RF Plasma Chemical Vapor Deposition
Ichiro WATANABE, Takashi MaTsusHITA and Koujyu SAsaHARA

Department of Electrical and Computer Engineering,
Faculty of Technology, Kenazawa University, Kanazawa 920



Jpn. J. Appl. Phys. Vol. 31 (1992) pp. 1428-1431
Part 1, No. 5A, May 1992

Low-Temperature Synthesis of Diamond Films
in Thermoassisted RF Plasma Chemical Vapor Deposition

[chiro WATANABE, Takashi MATSUsSHITA and Koujyu SASAHARA

Department of Electrical and Computer Engineering,
Faculty of Technology, Kanazawa University, Kanazawa 920

{Received December 17, 1991; accepted for publication February 15, 1992)

The synthesis of diamond films using radio-frequency (13.56 MHz) glow discharge plasma chemical vapor deposition
(CVD) is investigated. A variety of films are prepared from a mixture of ethyl alechol and hydrogen, and they are
evaluated using Raman spectroscopy. Diamond films grow when external heating is used in combination with the radio-
frequency glow discharge. The films grow at temperatures between 350 and 800°C. In this temperature range, film of
reasonable quality is obtained at 550 ~ 600°C. The diamond grows even at the low temperature of 350°C although it con-
tains a few nondiamond carbons. These temperatures are considerably lower than those generally regarded as the op-

timal regime for diamond growth.

KEYWORDS:
growth

§1. Introduction

The synthesis of diamond films from the vapor phase
has been rapidly developed in recent years using various
deposition techniques, i.¢c., thermofilament chemical
vapor deposition (thermofilament CVD),” microwave
plasma CVD,? DC plasma CVD,* DC plasma jet CVD,%
and deposition in hydrocarbon and oxygen flames.” In
these methods, the thermofilament CVD and microwave
plasma CVD are widely used, and various improvements
and modifications are performed in order to prepare a
better-quality film. The radio-frequency (RF) plasma
CVD method was first used by Matsumoto® for diamond
synthesis, but thereafter it has been used little in this
respect, although it is widely used for the synthesis of
other materials.

Typical temperatures used for the growth of diamond
films in the low-pressure method range from 700 to
1100°C." Deposition at a lower temperature is desired
for technological application to allow incorporation of
the film into electronic or mechanical devices without
damage. There have been several trials of diamond
deposition at low temperatures,®'? but they are un-
satisfactory at the present stage.

In this study we try to synthesis diamond films using
RF glow discharge. To obtain large-sized film, the
discharge region in a reactor must be enlarged. For this
purpose it would be desirable to operate at a low pressure
and thereby increase the mean free pass of electrons. The
RF system has the advantage of being operable at a low
pressure and power. The temperature of the substrate in
the present RF system does not rise to the value necessary
for diamond growth. Hence we used external heating in
addition to self-heating by RF plasma. We report on the
conditions of heating temperature, gas pressure and gas
concentration which are necessary for diamond growth
in the present apparatus. We also report that we were
able to grow diamond film at considerably lower tempera-
tures than those generally reported using other techni-
ques.

diamond film, RF glow discharge, chemical vapor deposition, Raman scattering, low-temperature

§2. Experimental

Figure 1 shows a schematic drawing of the apparatus
used in this study. The reactor is a fused quartz tube with
50 and 55 mm inner and outer diameters, respectively,
and 120 cm length. Capacitively coupled copper clec-
trodes were wound around the reaction tube at an inter-
val of 40 cm. The electrodes were cooled with flowing
water through an attached copper pipe. RF power was
supplied from an RF generator with 13.56 MHz and a.
maximum power of 500 W through an impedance-
matching network. A fused quartz plate substrate holder
with dimensions of 48 x 60 mm? was set horizontally in-
side the reaction tube. The film was deposited on fused
quartz wafers placed on the substrate holder. The surface
of the wafer had been roughened for 30 min by super-
sonic treatment in ethyl alcohol in which diamond
powders with a particle size of 40 pm were suspended. A
specific feature of this apparatus was an electrical fur-
nace coaxially equipped outside the reaction tube. Since
the substrate temperature was insufficient to grow dia-
mond under such a glow discharge condition, the furnace
was used to clevate the substrate temperature. The tem-
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Fig. 1. Schematic drawing of a thermoassisted RF glow discharge ap-
paratus.
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perature of the furnace was controlled by a thermocou-
ple attached at the outer surface of the reaction tube. The
difference in temperatures between the outer surface of
the reaction tube and the substrate position was cor-
rected by measuring the temperatures at both positions
beforehand, Hereafter we use this corrected temperature,
i.e., temperature at the substrate position, as the tempera-
ture in the deposition with heating.

A mixture of ethyl alcohol and hydrogen gases was
used as a source gas. Both gases were introduced into the
reactor through flow control units. By varying the dilu-
tion rate of ethyl alcohol, the gas pressure and the
heating temperature, we prepared a series of films where
the total gas flow rate and RF power were maintained at
50 sccm and 500 W, respectively. In each run, two sheets
of wafer (2 X 2 cm®) were set on the substrate holder, and
the deposition was continued for 8 h, The thickness of
the film greatly varied depending upon deposition condi-
tions. .

The quality of the films was evaluated through Raman
scattering and scanning electron microscopy (SEM). The
Raman scattering technique is widely known as a power-
ful tool for characterizing carbon materials. The Raman
spectrum was measured at room temperature with 488
nm light of an argon ion laser.

§3. Results and Discussion

First, we prepared the films at various conditions
without heating, however, the growth of diamond could
not be observed at any condition. Hereafter, all cases dis-
cussed involve the preparation of the films with heating.
Before conducting trials for low-temperature deposition,
we carried out experiments in order to determine the op-
timal pressure and ethyl alcohol concentration maintain-
ing a constant heating temperature,

Figure 2 shows the Raman spectra of films when gas
pressure was varied from 1 Torr to 5 Torr under a 2%
flow ratio of ethyl alcohol to hydrogen and a heating tem-
perature of 550°C. The peak at 1330 cm™! due to the op-
tical phonon in diamond crystal is clearly exhibited in
films deposited at 3, 4 and 5 Torr, however this peak
weakens in films deposited below 3 Torr. The deposition
rate decreases with decreasing pressure. At 5 Torr a
broad peak around 1480 cm™' is exhibited. This peak is
considered to be derived from amorphous carbon
predominantly sp>-bonded.'*! When film was deposited
at 7.5 Torr, the color of the film became black, and the
peak at 1330 cm™! could no longer be not observed.

Figure 3 shows Raman spectra for films prepared from
ethyl alcohol with differing flow ratios under a constant
gas pressure of 3 Torr and a constant temperature of
550°C, At low flow ratios of 1, 1.5 and 2%, only the dia-
mond peak at 1330 cm™! appears. At 5 and 7%, a broad
peak around 1150 cm™"' becomes conspicuous, in addi-
tion to the broad peak around 1480 cm™! due to amor-
phous carbons. The origin of the peak around 1150 cm ™!
is unclear, but one explanation ascribes it to an inclusion
of a polyacetylene structure.' The appearance of nondia-
mond components at a high ethyl alcohol concentration
resembles the case of microwave plasma CVD.'® Further-
more, the peak of the diamond component broadens
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Fig. 2. Raman spectra for the films prepared at different gas pressures
with ethyl alcohol of 2% and a heating temperature of 550°C.

i T g
1%
1.5%
| sttt s,
" ﬁmﬂwm“mwﬁumuwhwuﬂﬁnﬁn
a
E
S
2
: PRy o9
ksl
=
L]
z
m o,
= 5%
z
— wfﬂﬁ o
w"'/\ 7%
ey
:
1000 1260 1400 1600 1800

RAMAN SHIFT (em-1)

Fig. 3. Raman spectra for films prepared from ethyl alcohol with
various flow ratios to hydrogen at a gas pressure of 3 Torr and a
heating ternperature of 550°C.

with increasing alcohol concentration, suggesting an in-
crease in strain within the structure. Figure 3 also il-
lustrates that the concentration of ethyl alcohol must be
maintained at about 1 ~2%. At these concentrations, we
can obtain diamond films free of nondiamond carbons.



1430 Jpn. 1. Appl. Phys. Vol. 31 (1992) Pt. 1, No. 5A

Next, we prepared the films by lowering the heating
temperature under a gas pressure of 3 Torr and a 2%
flow ratio of ethyl alcohol to hydrogen on the basis of the
above results. The Raman spectra as a function of the
heating temperature are shown in Fig. 4. The peak at
1330 cm™! tends to decrease with decreasing tempera-
ture. It is noted that the peak at 1330 cm™! is exhibited
even in film deposited at 350°C, although it is poor. Addi-
tional peaks due to the nondiamond components become
remarkable as the temperature decreases. The peak posi-
tion of the signal around 1480 cm™! tends to shift toward
a higher wave number as temperature decreases. This cor-
responds to the shift observed by Yoshikawa et al., in
which a shift occurs with a change in the excitation
wavelength as well as in the dilution rate.'*** They sug-
gested that the shift originates from the difference in size
of the sp® carbon clusters. In a case without heating, the
temperature at the substrate rose to 261°C for 30 min
after the initiation of discharge, however, it rose very
slowly after that. After 4 h, the temperature attained a
saturated value of 347°C. The film obtained here did not
exhibit a diamond peak, as shown in Fig. 4. The
saturated temperature is close to the lowest temperature
(350°C) when heating is used, at which a slight formation
of diamond is exhibited. This discord may arise for the
following reason, in addition to a decrease in the effective
deposition time caused by the slow temperature rise of
the case without heating. With heating, the whole system
around the substrate is warmed almost uniformly, while,
without heating, the temperature decreases with depart-
ing toward the wall of the reaction tube. In the former

without heating
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Fig. 4. Raman spectra for films prepared at various heating tempera-
tures between 550 and 350°C with ethyl alcohol of 2% and a gas
pressure of 3 Torr.
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case gases are extensively warmed and the ion species
necessary for diamond formation are assumed to be
more effectively supplied compared with those in the lat-
ter case.

In regard to low-temperature deposition, the results of
deposition with heating above 550°C are shown in Fig. 5.
At 600°C, a spectrum similar to that seen at 550°C is ex-
hibited, however, a slight peak around 1480 cm ™ accom-
panies it. The peak at 1330 cm ™! becomes poorer with in-
creasing temperature above 600°C. Above 700°C the
width of the peak at 1330 cm™' broadens and additional
peaks around 1480 cm ™! and 1150 cm ™! increase as is the
case with increasing alcohol concentrations. The peak
around 1480 cm™! tends to shift toward higher wave
number as temperature increases, which is similar to that
observed when the temperature is lowered. In Figs. 4 and
5, we find that the most desirable temperature is within
550~ 600°C, in which the nondiamond components
around 1480 ¢cm™! and 1150 cm ™! are few in comparison
to those found in other cases.

We could synthesize diamond films at very low temper-
atures, however, their quality was in inadequate due to
the inclusion of nondiamond carbons. In order to im-
prove the quality, we tried to increase the amount of
hydrogen. Hydrogen ions are known to scavenge nondia-
mond carbons during crystal growth. Figure 6 shows the
Raman spectra of films grown at 350°C and 3 Torr with
three different ethyl alcohol flow ratios, 2, 1.4 and 1.2%.
In this figure, the peaks around 1150 and 1480 cm™'
decrease with increasing hydrogen flow ratio. Thus, the
improvement of quality is accomplished, although it is
still not sufficient.

The SEM images of the surface view of two typical
films deposited at 600 and 350°C are shown in Fig. 7. The
film deposited at 600°C has crystalline habits, however,
the crystals tend to become balllike with decreasing tem-
perature. Furthermore, the particles become sparse, i.e.,
slower deposition rate with decreasing temperature. The
deposition rate decreased from 930 to 280 A/h as the tem-
perature decreased from 600 to 350°C, respectively.
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Fig. 5. Raman spectra for films prepared at high heating temperatures
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Fig. 6. Raman spectra for films prepared at three different ethyl
alcohol flow ratios with a gas pressure of 3 Torr and a heating temper-
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Fig. 7. SEM images for two typical films: (a) prepared at 600°C with
ethyl alcohol of 2% and a gas pressure of 3 Torr, and (b) prepared at
350°C with ethyl alcohol of 1.2% and a gas pressure of 3 Torr.

Synthesis of diamond films by RF glow discharge was
also conducted by Matsumoto.®” He used an inductively
coupled electrode in combination with higher pressure
and higher RF power compared to the present case. In
contrast to our results, the temperature necessary for dia-
mond growth appears to be attained with higher pressure
and RF power. For these conditions, he referred to an in-
corporation of silicon atoms caused by sputtering of the
reaction tube.

Ordinarily, diamond synthesis is conducted by main-
taining the substrate at a temperature above 700°C. The
ideal temperature condition for various apparatuses is
higher than 700°C. Lower-temperature deposition is
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technologically important, and it becomes one of the
main subjects in diamond synthesis. Low-temperature
deposition was attempted by several investigators.®'?
High-quality diamond film was grown at 430°C® and
600°C."Y We synthesized graphite-free films at 550°C
and diamond at temperatures as low as 350°C. Qur work
contrasts that of Liou et al.,Y who reported that they
deposited film at 365°C using bell-jar microwave plasma-
enhanced CVD. The quality of their film is not unknown
since they did not reveal the Raman spectrum for film
deposited at 365°C, however, the film is believed to con-
tain a fairly high amount of nondiamond carbons. The
mechanism for low-temperature deposition in the present
method is unclear. Uniform heating over the reaction gas
and substrate may be responsible for the low-tempera-
ture deposition.

From the above results we conclude the following. Dia-
mond films can be synthesized by a low-power RF glow
discharge of ethyl alcohol and hydrogen gases using
capacitively coupled electrodes when external heating is
used in combination with the RF glow discharge. In this
case, the desired conditions of the system are as follows:
total gas pressure of 1~3 Torr, ethyl alcohol concentra-
tion of about 1~2%, and heating temperature of
550 ~600°C when the RF power is 500 W. The diamond
grows at temperatures as low as 350°C, but the quality
and growth rate of the film grown at 350°C are not
sufficient at the present stage, and investigations into fur-
ther improving outcome are under way.
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