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A b s t r a c t  - Artcr o b r i c f  summary o f  t h c  c h a r a c t c r i s t i c s  of 
t h c r m a l  plasma mcthods f o r  diamond s y n t h e s i s ,  t h e  rcsu  I t s  of 
o u r  a t t c i n p t s  t o  i r i c r c a s c  d c p o s i t i o n  r a t c  a n d  t o  i inprovc 
u n i r o r m i t y  or diamond f i l m s  a r c  d c s c r i b c d .  Use O F  a l c o h o l s  
i n s t e a d  of  m c t h a n e  d i d  n o t  i n c r e a s e  t h c  d c p o s j t i o n  r a t e .  
D c p o s i t i o n  undc r  s u b s t r a t e  s c a n n i n g  modc improved f j  l m  u n i -  
f o r m i t y  b u t  was n o t  good f o r  h i g h  q u a l i t y  d i a m o n d .  Thc 
p o s i t i v e  s u b s t r a t c  b i a s  i n c r e a s e d  t h c  d c p o s i t i o n  r a t c  and  t h e  
n c g a t i v e  changed c r y s t a l  morphology t o  a g r c a t  c x t c n t .  

1. INTRODUCTION 

The kcy f a c t o r  f o r  m c t a s t a h l c  growth or diamond by CVD i s  t h c  p r c s c n c c  of  
s u p c r - c q u l i b r i u m  amount or c i c t i v a t c d  s p c c i c s  i n  ttic gas pliasc.  A1 though tlic 
f i r s t  mcthods wcrc by t h c r m a l  a c t i v a t i o n s ,  c o l d  o r  non-cqui  t i b r i u m  plasmas 
havc bccn u s c d  f o r  diamond s y n t h c s i s  from t h c  c a r l y  s t a g c ,  bccausc  thcy  g i v c  
s u i  t a b 1  e c o n d i t i o n s  Tor (1 imiotid g rowth ,  i . c .  , a riIodcriltc g a s  tcriipcr;it,urc c i i i d  
s u p c r - c q u i l i b r i u m  amount o r  c x c i t c d  s p e c i e s .  Uccausc diamond t r a n s f o r i n s  i n t m  
g r a p h i t e  a t  h i g h  t c m p c r a t u r c s ,  t h c r m a l  p l a smas  was a t  f i r s t  t h o u g h t  u n s u i t -  
able Tor diamond s y n t h c s i s .  IIowcvcr , af t c r  t h c  d i s c o v c r y  that the rma l  plasma 
a l s o  g i v c s  diamonds by c o o l i n g  a s u b s t r a t c  s u r r i c i c n t l y ,  v a r i o u s  thcrrnal 
p l a smas  have bccn a p p l  i c d  f o r  diamond s y n t h c s i s .  rf i n d u c t i o n ( r c r .  1) and 
a r c  d i s c h a r g e  bctwccri two t u n g s t e n  r o d s ( r c r .  2 )  wcrc u s c d  at f i r s t .  T h i s  was 
immedia t e ly  f o l l o w e d  by dc a r c  j c t ( r c f .  3 , 4 )  and microwave j c t ( r c f .  5 , 6 ) .  [ n  
a s c n s e  of h i g h  g a s  t c m p e r a t u r c  arid h i g h  g a s  p r c s s u r c ,  combus t ion  l'lamc can 
bc  a l s o  r e g a r d c d  onc of t h e r m a l  p l a s m a s ( r e f . 7 ) ,  though i t  w i l l  n o t  includccl  
i n  t h i s  r e p o r t .  The t h e r m a l  plasma methods have cmincn t  a d v a r i t a g c s ,  i . c .  , 
diamond c a n  grow much f a s t c r  t h a n  from glow d i s c h a r g c  mcthods owing t o  i t,s 
h i g h  d e n s i t y  or e x c i t e d  s p e c i e s  d c r i v c d  from i t s  h i g h  plasma d c r i s i t y .  111 
s t c a d ,  t h e r c  a re  somc d i f r i c u l t i c s  i n  t h c  c o n t r o l  o r  d c p o s i t i o n  t c rnpc ra tu rc  
and  of u n i r o r m n c s s  o f  t h c  f i l m ,  b c c a u s c  o r  i t s  h i g h  gas t c m p c r a t u r c  a n d  
f l o i n c - l i k c  n a t u r c  o f  t h e  p l a s m a s .  I n  t h i s  r c p o r t ,  a t  f i r s t  diamond C V D  by 
t h c r m a l  plasma mcthods w j l l  bc rcvicwcd g c n c r a l l y  i n  c h a p t c r  2 ,  arid i n  chap-  
t c r s  3 , 4 , 5 ,  wc w i l l  r c p o r t  t h c  r e s u l t s  o r  o u r  c r r o r t s  t o  improve t h c  mctliotis 
by u s i n g  a l c o h o l s  as a ca rbon  s o u r c c ,  by s u b s t r a t c  s c a n n i n g  and  s u b s t r a t e  
b i a s i n g .  

2. 
PLASMA 

CHARACTERISTICS OF DIAMOND SYNTHESIS FROM THERMAL 

2.1 Deposition methods 
Among a Pcw t h c r m a l  plasma mcthods above mcn t ioncd ,  dc plasma j c t  i s  ( c x c c p t  
Tor t h c  combust ion rlamc method) now most p o p u j a r  Tor diamond sy r i thcs i  s ,  
p r o b a b l y  b e c a u s e  o f  c a s c  o r  h a n d l i n g  and s t a b i l  i t y  or t h e  plasino.  'rhc d c  
t o r c h  wc hrivc uscd i s  i l l u s t r a t c d  i r i  Fig. l ( a ) .  T n t o  ii plasrri;i . j c t  or  or-goii 
and hydrogcn ( t y p i c a l l y ,  30+10 S L M ) ,  r c a c t a n t  rncthanc (0 .0 .5 -2  SLM) w a s  i r i t ro -  
duced t h r o u g h  a h o l e  i n  t h e  anode .  Diamond w a s  d c p o s i t c d  on a s u b s t r a t c  s c t  
on a w a t c r - c o o l c d  s u b s t r a t e  h o l d e r .  Thc p r c s s u r c  o f  t h c  d c p o s i  Lion chanibcr 
was 1 atm - 50 T o r r  and t h e  dc powcr uscd  was 8-18 kW. I n  a d d j t i o r i  t o  tlicsc 
most p o p u l a r  t y p c  of w a l l - s t a b i l i z c d  t o r c h ,  a dc plasma w j t h  t w o  s c p a r a t c d  
, jet  c l c c t r o d c s  as i ts cat l iodc arid anodc w a s  app1  i c d  f o r  diariioiitl d c p o s j  t i  on 
( r c f .  8 ) .  I t  i s  r c p o r t c d  t h a t  a l o n g  p l a s m a  rlamc can bc  madc by t h c i r  
s y s t e m .  Lu e t  al. a p p l i c d  a t r i p l c  t o r c h  r c a c t o r  w h i c h  c o a l c s c c s  t , l i i . ( x c  
plasma j e t s  i n t o  one l a r g e r  f l ame  Tor l a r g e - a r c a  d c p o s j t i o n  and inorc s i i f ' r i -  
c i e n t  and homogcneous i n j e c t i o n  O F  r e a c t a n t  m a t c r i a l s  i n t o  t l i c  11 I i i s i n a ( i . ~ r .  
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9 ) .  A cascade arc dc torch was 
also used, where very small flow 
ratc of 2 . 5  l/min in total is 
notablc(ref. 10). 

Rf induction can produce a thcrmal 
plasma with larger volurnc and lcss 
contaminatcd than dc arc jct, 
though the operation is a littlc 
more complicated and the dischargc 
is lcss stable. The rf torch we 
have used is illustrated in Fig. 
2(b). Ar(15-25 SLM) + I1 ( 4  12 
SLM) , Ar(1-2 SLM) and ArTl-3 SLM) + 
CIIn(0.1-1.2 SLM) wcrc uscd as 

I /  I /  sh'ath9 and carricr+reactant 
gases, respectively. The gas 
pressure was 1 a t m  and thc rf powcr 
rcquired is 10-50 kW For 4 MIIz 
frccluencv. CaDnelli ct al. uscd 

F i g .  1 A r r a n g e m e n t  of t h e r m a l  p l a s m a  CVD by 
u s i n g  a r f  i n d u c t i o n  p l a s m a  ( a ) ,  a n d  a d c  
p l a s m a  j e t ( b ) .  In b ,  s e t t i n g s  of p o s i t i v e  
( V B P ) a n d n e g a t i v e ( V B N )  b i a s  a r e  a l s o  s h o w n .  

TAFA modkl 66 ibrch and dcpositcd 
diamonds on a substratc which was 15 cm apart From the ncarcst coil(ref. 11). 

Thc most popular microwavc applicator, in which a quartz tubc pcnctratcs E- 
plancs oP the wave guidc, was ablc to produce a thcrmal plasma or  l a t m  Tor 
diamond synthcsis by using a microwavc of 900 MIIz and 6-7  kW in powcr (rcr. 
6 ) .  IIowcver, thc diamcter or  the plasma was very small. By the microwavc 
torch with coaxial clcctrodcs, a Iiydrogcn p1;1sinii or  1 atm was gcncratcd wi t t i  
a small clectric power o r  2 kW(rcf. 5 ) .  Thcy rcportcd that owing to t h e  
nature of microwavc dischargc, [lame diamctcr can bc larger, which rcsults a 
larger deposition of 25 x 25 mm, and thc contamination from the clectrode is 
negligible. 
Thc gas systcm uscd in thcrmal p1asm;is arc Ar-l12-Cl14 or 1I2-C1I4 ( r o r  somc d c  
and microwavc plasmas). No iisc or  ,irgori i s  cconomical but. tlic st,abili ty or  
thc plasma is usually worsc aiid dcposition ratc docs not scan Lo incrcasc 
furthcr cvcn when argon i s  frce, i T  thc pcrccntage or  hydrogen is highcr than 
a certain lcvcl. Addition o r  liclium to a dc jct rclax radial tcmpcraturc 
gradient rcsulting thc incrcasc o r  dcposition arca. Rcplacing thc rcactant 
methanc by alcohols and acctoncs was rcportcd to givc high deposition rate 
(ref. 1 2 ) ,  which is not rully consistcnt with our rcsults. This will bc 
discussed in chapter 2. 

Prcssure o r  thc dcposition chambcr was in thc range of s o f t  vacuum in dc jct 
CVD of  diamond. This is bccausc of bctter controllability of dcposition in 
such a vacuum in thc dcposition from thc flame with high tcmperaturc gradi- 
ent. Deposition rate was a l s o  highcst in a soft vacuum probably bccausc of  
the balance between the density and the life timc of active spccics(rcf. 9 ) .  
On the othcr hand, in rf induction plasma,  depositions under 1 atm wcrc 
mostly rcportcd. Recently, IIcrnbcrg et al. rcduccd pressure of' thcir rr 
torch down to 150 Torr to get homogeneous films(reF. 131, while Kobayashi and 
Ono reduced pressure oP a deposition chamber by conrlicting a flow with a 
nozzlc just below the torch(rc[. 14). 

Elcctric powcr used varics from ca. 1-50 kW. It is closely relatcd to thc 
flame size and hence thc deposition ratc and the dcposition arca. 

Thc substrates were almost always cooled by sctting on a water-cooled sub- 
strate holder; otherwise it is dcstroycd by thc hcat of high tcmpcraturc 
plasma. Substrate tempcrature was difricult to mcasurc by a usual dissapcar- 
ing-filalmcnt type pyromcter, bccause o r  high cmission o r  tlic plasma. Cap- 
pclli ct al. uscd a narrow band riltcr in 6 3 2 . 0  nm rangc(rcf. 11 ) .  An Ili 
cmission pyrometcr can be uscd Tor dc j e t  dcposition. IR pyrornctric mcasurc- 
mcnt rrom thc oppositc sidc or tlic substratc by using iiri optical fibcr was 
reportcd to be very accuratc(rcF. 14), though some tcmperaturc dirrcrcncc 
between the surface and the bottom will bc prescnt dcpcnding on t he  thcrmal 
conductivity and the thickncss of thc substrate. 

2.2 Characteristics of diamond deposition and diamonds from thermal plasmas 
High growth rate is the most promincnt advantage OF diamond CVD from thcrmaJ 
plasma. The value as  high as  930 p / h  was rcportcd as a maximum growth rot,(! 
by dc jet(reP. 8 ) .  IIowever. the diamonds shown in thc rcport Iias (1 1arjy 
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degree of vertical relief and thcy uscd thc top or thc 1iigttcsl, gt-ilill 0 1 ) -  
served. The maximum deposition ratc sccms to bc gcncrally in thc 01-tiel- 01' 
600 p/h. Our data arc a l s o  in thc same order: 9 pm/min at 140 torr i l i i d  4 
ym/min at 1 atm. Theses values arc even the highest in all thc inctliods oI' 
diamond deposition. Dcposition area is narrow by dc jct, ca. 8-10 inin$ i r i  0111- 
case, but it depends greatly on thc torch used. Klocck et al. rcportcd a 
formation of a free-standing diamond film of large area, 50 x 50 nim, a t  :l 
rate of  40 j i m / h  in the ccnlcr and 5 jm/h at the cdge, though Ljttlc was 
reported about thcir torch(rcr. 15). Norton Co. has advcrtiscd thcy can rriilkc 
a diamond film of 15 cm in diameter by a dc jct method. They uscd the Iccli- 
niqucs called magnetically mixcd and sprcad arc (MMSARC) and magncto plasmla 
dynamic arc (MPDAIIC), but the dctajls liavc not bccn rcportcd(rcf .1G). 
In relation to the high dcpositton rntc rrorn thcrmal plasmas, it shou t t i  bo  
addcd hcrc that formation of diamond powders by dc jet on thc wall near thc 
substratc was rcportcd(rcr. 17). T h o  yicld was vcry low (below 0.2% of 
hydrocarbons uscd) arid i t ,  is r i o t  rcrt,iiiri tliilt tli is was cluc to tioriiogcrlcous 
nuclcation in the gas phasc. Thc powders arc vcry fine (10-100 nm in grairi 
size) and have no crystal habits in contrast to the particlcs which wcrc 
reported to be made by homogcncous nucleation in a microwavc glow dischargc 
and a combustion flame(ref. 18,191 
Kurihara ct al. reported that substrate prctreatmcnt is not necessary to g c t  
diamond films by dc jct because nuclcation density is high owing to the high 
density of rcactivc spccics.(ref. 3). Ilowevcr, scratching is still cffcctivc 
to obtain smoothcr films. Prolongcd cxposurc to hydrogen plasma seems to 
decrease the nuclcation sitcs made by the scratching. 
By rf thermal plasma, dcposition arca is largcr than by using dc jct. Al- 
though our dcposition arca was ljniitcd by thq substratc sizc (20 mrn$) ,  Cap- 
pelli et al. rcportcd t h e  deposition of 20 cm'. In stcad, thc ratc rcportcd 
is rather low, i.c., 1-2pm/mjn(rcf. 1) and 5 0  pm/h(rcf. 11) at 1 a t m .  Whcn 
the plasma was conflictcd arid cxpandcd into a dcposition chambcr of  low 
pressure, the dcposition ratc increased as high as 15 p / m ,  though thc dc- 
creasc of deposition area was accompnnicd(rcf. 14). Dy microwavc thcrrnal 
CVD, dcposition ratc of 30 pm/h was rcportcd(rcr. 5 ) .  

Diamonds madc by tlicrma I plasma CVI) show csscntiall y thc SilIIiC morphology a n d  
properties as those made by glow dischargc methods. Diamonds arc obtaincd as 
microcrystals and microcrystalline films on substrates. A large dcgrce of 
vertical relief with polycrystalline steeple-likc towers is oftcn secn whcn 
thc nuclcation density is low and thc growth ratc is vcry high. Thc crystal 
morphology cliangcs from ball-1 i k c  t o  cuhcdral dcpcnding on thc ratio of  
CI14/H2, substratc positjon, substratc tcrnpcraturc, electric power uscd,  ctc. 
Thc ratio of thc arcas of {IOO}/{lll} cliangcs mainly dcpcnding on the ratio 
of CI14/I12 and substrate tcmpcraturc. Euhedral crystals can bc obtaincd by 
thermal plasmas with highcr ratio ( u p  to 10 % )  of CI14/I12, probably bccilusc of  
high degrce of hydrogen dissociation. 
In Raman spectra, a broad scattering at c a .  1450-1600 cm-l usually accompa- 
nies to a sharp peak at ca. 1333 cm-l, but the former can bc climinatcd by 
some proper growth conditions. Fluorcsccnce background of Raman spectrum of 
cuhedral diamonds from thermal plasmas is usually lower than thosc from 
microwave glow discharge in CH4-I12. The valuc of 3 . 5  cm-I was rcportcd for 
the narrowest half width of  the 1333 cm-I peak diamonds on silicon from 
thermal plasmas(ref. lo), while it was 2 . 9  and 5.4 cm-l for homoepitaxial 
diamonds on (100) and (110) faccs, rcspcctivcly(ref. 2 0 ) .  

Although arc discharge between the two tungsten rods co-deposited WC(rcf. 
211, usually by X-ray diffraction, no materials othcr than carbon can bc 
found in the films made by dc jet and by rf thermal plasma. Yct, high scnsi- 
tivity analysis like laser ionization mass spcctromctry rcvcalcd incorpora- 
tion of elcctrodc materials in the diamond film from dc jct(rcf. 2 2 ) .  Al- 
though thcir conccntrations arc of  tracc amount, it may bc a problcm Tor a 
use for electric devices. 
There arc few reports on the physical propcrtics of the diamond films by 
thermal plasmas. Vikcrs hardness of 10,000 kg/mm'(rcf. 2 )  and tlicrmill con- 
ductivity OP 8 W/cm.K(ref. 2 )  and 12.1 W/cm.K(rcf. 23) wcre rcported for a 
film by dc jet. The values for natural diamond IIa is 26 W/cm-K. Diamond 
films of a few groups made by dc jet wcrc rcportcd optically black, though 
graphitic Raman response was very little. Onc group attributcd this Lo high 
degree of faults such as stacking faults and twinning in t hc  film(rcr. 2 4 1 ,  
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while anothcr to the inclusion of fjnely dispcrscd graphitic carbons( r(>f’. 2.5)  
i)ccausc or thcir low clcctric resistivity(] ~ ~ - ~ n . c m ) .  

1)liiinond rilms by dc . je t  was rcportcd to have a good wear pcrrormancc as cu t -  
t lr ig Lools Tor abrasive matcrials such as aluminium mctal matrix and carbori/ 
carbon cornpositcs (ref. 2 6 )  . 

3.  SYNTHESIS FROM ALCOHOLS 
I3ccausc oxygen containing organic compounds had bccn rcportcd t,o givc higher 
growth ratc of diamond in thc hot-rilamcnt(rcr. 2 7 )  and glow dischargc mcth- 
ods, dcposition using mcthanol and cthanol, instcad of  mcLhaIic, was tricd in 
thc rf induction thcrmal plasrna to gct sl,ilL higticr growth r a t c .  Unrortu-  
natcly, the dcposition ratc did not improvc, but thc prcscncc or somc dirrcr- 
cnccs in growth proccsscs in bctwccn thcrmal plasma and glow dischargc mctli- 
ods was suggcstcd. 
3.1 Experimental procedure 
Thc apparatus and thc dcposition procedurc wcre thc samc as uscd Tor mcthanc, 
except that a hcnting vaporizer was mounted on thc rf torch and alcohols wcrc 
introduccd in stcad of mcthanc. In addition, a part of thc cxhaust gas was 
sampled and analyzed by gas chromatography. 

3.2 Results and discussion 
From cthanol, wcll-facctcd diamond crystals wcrc obtained up to E t O H / H  - 0 . 0 7 .  
Sccondary nuclcation on diamond crystals occurred with EtOII / I12=0.  14 an8-  (111) 
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planc bccanic vcry rough whcn thc ratio=O. 17. Thc growth ratc froiii ctlruiiol 
was nearly thc samc to that from methane for the samc fccds, in spl to  o f  tlic 
fact that an ethanol moleculc has two carbon atoms. Prom ~nctlianol, liowcvcr, 
diamond nor graphite or othcr typcs of solid carbon dcpositcd in il COII~:OI~LJ*~I- 
tion rangc of  McOII similar to that of EtOII. 
Figurc 2 sumrnarizcs thc rcsul Ls or gas chromatography showing thc coinposi t l o i i  
o r  exhaust gascs as  a runc1,ion of initial 112 flow ratc whcn cthanol slid 
mcthanol wcrc uscd. Ar, 112 arc cxcluded in this figure. The most rcmark;iOIc 
differences in the two graphs in Fig.3 is that hydrocarbons forrncd froi i i  
cthanol, but not rrorn mcthanol . Thc composition of exhaust gas from r i i c L l i ; i r i ( \  
was vcry similar to that from cthanol except for t hc  abscncc o r  CO. 
Figure 3 shows thcrmochcmical cquilibrium compositions calculatcd [or Lhc 
systcms uscd Tor diamond dcposition from c thanol  and rrom mcthanol. 'l'hc most 
significant differcncc in the two is that large amounts of CmIIn and C s p i c c s  
exist at 2000-4500 K and solid carbon appears at 800-2300 I< from EtOl f ,  wliitc 
thcy are very small or missing from McOII .  Actually, the grecri cmission I'roiii 
C was visible irom E t O I I  but riot from M c O I l .  This obscrvation o r  cmission and 
t z e  results of the gas chromatography support the idea that the compositjon 
of the gas phase in a thermal plasma is close to that of equilibrium. 

Thc rcason why we could not obtain diamond from mcthanol can bc dcduccd a s  
rollows: Rcactivc spccics for diamond deposition arc thesc Cmll and Cx at 
2000-4000 K and they arc littlc in thc gas phase from mcthariol. hternatcly, 
if othcr spccics such as methyl radical is thc prccursors for diamond growth 
as calculated by Coodwin(rcf. 281, it can not bc cithcr madc surricicntly in 
thc boundary laycr from thc gas compositions uscd  hcrc. Kinetic study is 
a l s o  h e l p f u l  for t h c  evaluation o r  this idca. Thc cxpcrimcntal [act  that. tlic 
hot-fil amcnt and microwilvc glow dischargc mctliods givc diamonds from mctha- 
no1 (rcf. 27,29) and from CO+I12(rcf. 30), cvcn from thc composition (Mc011/l12) 
which docs not givc solid carbon in cquiljbrium, may bc cxplaincd by t h c  idca 
that rcactivc spccics can bc madc in non-cquilibrium s t a t c  in the low prcs- 
surc systcms. IIan ct al. obtained diamonds by in.jccting liquid mcthanol i n  
countcr-flow modc into an arc jct(rcf. 12). Thc rcason o r  the dirrcrcncc 
rrom our results may bc, as thcy suggcstcd, that thc liquid droplct could bc 
transportcd very closc to thc substrate surfacc and crf'cc tivc conccntration 
or McOH is highcr than ours, and not equilibrium spccics but a mixturc of 
radicals favorable for diamond growth could bc made by the fragmentation. 

4. DEPOSITION BY SCANNING A SUBSTRATE 
In a plasma spraying method, i t  is usual to scan a torch or a substrate to 
gct large area dcposition. Wc have, thcrcforc, tried to deposit diamorid in 
larger area by scanning a substrate in dc plasma jet CVD. A s  a rcsult, t h c  
film thickncss and crystal sizc was madc uniform buL both t o t a l  and local 
dcposition rates decreased. Crystal quality was a l s o  homogenized, but it. is 
worse than thosc of the centcr region on thc fixcd substratc. 

4.1 Experimental 
A molybdcnum substrate ( 2 0  mm$, 1.5 mmt) on a water-cooled copper holdcr W ~ A S  
scanned in a zigzag mode during dcposition. Thc rangc of thc scan was from 
-9 to +9  mm i n  both(X,Y) directions. Thrcc scanning spccds, i.c., 0.5, 5, 50 
mm/s wcre used in X-direction, and a pitch in Y-direction was 3 rnm. l'hc 
dcposjtion time was 17 rnin which gave two rcturn trips in thc slowcst scan 
but it was 10 min for the fixcd substratc. 

4.2 Results and discussion 
With the scanning o r  the substratcs, thc films bccamc homogcncous. An cxam- 
p l c  of the change of thickness profilcs is shown in Fig. 4. It can bc unticr- 
stood that iilm rlatncss was greatly improvcd by the scanning and thc maximum 
thickncss dccrcascd with scan spccd .  Ilowcvcr, tbc films arc t h i n  at thc cdgc 
and the total amount of  the dcposits sccms to havc dccrcascd too much wjth 
scanning, as  can be undcrstood by thc €act that the thickness curve artcr 
scanning is lowcr in all positions of thc x-axis. One o r  thc rcasons for thc 
abovc two results is that substrate tcmpcraturc was lowcr at thc cdgc rcgion 
within a range of 1O-6O0C depending on thc deposition conditions, which could 
decrease the deposition ratc a t  the cdgc. It is not yct certain if thcrc arc 
othcr substantial reasons for thc dccrcasc o r  the amount or dcposilion. r t  
is necessary to use a larger substrate t o  climinatc thc cdgc crfccts. 

The crystal morphology greatly changed by the scanning. SEM p1iotog:rai)lis oI' 
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F i g . 4  C h a n g e  of t h i c k n e s s  
p r o f i l e s  w i t h  s u b s t r a t e  s c a n -  
ning. D e p o s i t i o n  t i m e  is 10 m i n  
for a a n d  17 m i n  for b , c , d .  

0 Srnmls 
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5p  in 

F i g . 5  C h a n g e  of m o r p h o l o g i e s  b y  
s c a n n i n g  a s u b s t r a t c .  A ,  5 ,  C 
i n d i c a t e  t h e  r e g i o n s  o n  t h e  
s u b s t r a t e  f r o m  c e n t e r ,  m i d d l e  
a n d  e d g c .  

the specimens i n  I'ig.4 a r c  sliowri i r i  l ' ig .5 .  A ,  I3 a r i d  C a r e  I'rom L h c  cc i i l , c r ,  
4 . 5  iliid 9 r i m  Lcl'L from Llic cc i i l c r ,  r c s p c c t i v c l y .  l'lic ct-yst,ill s i z c  wcrc riiatlc 
uniform.  E s p c c i a l l y ,  i n  rcg ion  A ,  i t  dccrcascd  inucli. C r y s t a l  morphology 
wcrc a1 so liomogcnizcd and c r y s t a l  f a c c t s  appcarcd i n  rcgioii  C a l s o .  Ilowcvcr, 
t h e  smoothness oT c i -ys ta l  p l ancs  dccrcascd  wi th  scann ing ,  c s p c c i a l l y  f o r  t hc  
F i l m  wi th  t h c  scan s p c c d  or 50 min/s, whcrc i t  i s  vcry  r iotablc  that c r y s t a l  
q u a l i t y  i n  A i s  worse than  i n  C .  

liaman s p c c t r a  a l s o  showcd t h a t  tlic f i l m s  a r c  homogcnizcd by thc  scanning;  tlic 
r e a t u r c s  of' the s p c c t r a  a r c  s i m i l a r  and the peak a t  c a .  1333 ciii-' of tlianiontl 
can bc sccn i n  a l l  t hc  s p c c t r a  of t he  spccimcns wi th  scanning .  Ilowcvcr, t h o  
c r y s t a l  q u a l i t y  d c t c r i o r a t c d  as  comparcd with the  c c n t c r  r cg ion  of t h c  I'ixcd 
sample.  Thcsc d e t c r i o r a t i o n  i n  q u a l i t y  of diamond as  shown by SKM and I<iiisoii 
s p c c t r a  may bc causcd by t h c  incomplctc  e t c h i n g ,  du r ing  i11 t h e  l ' l m c .  of  
non-diamond s t r u c t u r c s  dcpos i t cd  a t  t h e  o u t c r  r cg ion  oT t h e  Tlamc. 'l'hc Hamiin 
s p c c t r a  a l s o  showcd t h a t  g r a p h i t i c  carbon i s  inc luded  i n  t h c  A and U r eg ions  
oT t h c  specimens wi th  50 m m / s .  Th i s  i nco rpora t ion  seems to  bc Llic reason why 
t h c  spccirncn w i t h  50 mm/s shows poor c r y s t a l  p l ancs  i n  F i g .  5 .  

5. SUBSTRATE BIAS EFFECTS 

To improvc thc un i fo rmi ty  oT f i l m  t h i c k n e s s  and of q u a l i t y  i n  t h c  f i l m s  rroin 
dc j c t ,  t h c  s u b s t r a t e  was b i a scd  posi  t i v c l y  and ncga t ivc  ly  du r ing  the d c p o s i -  
t i o n .  Thc p o s i t i v c  b i a s  i nc rcascd  thc  d c p o s i t i o n  r a t c  morc than twice  bu t  
d i d  n o t  ilnprovc t h e  u n i f o r m i t y .  Thc n c g a t i v c  b i a s  d i d  n o t  j n c r c a s c  the 
d c p o s i t i o n  ra tc  b u t  changed the c r y s t a l  s i z c  and morphology increasing iiiipcr- 
f c c t i o n s  i n  t h e  c r y s t a l s .  Too h i g h  b i a s  v o l t a g e  o v c r h c a t c d  t h e  s u b -  
s t r a t c ( p o s i t i v c )  or  s p u t t c r c d  t h c  dcposi  Ls a n d  subs t i -a l ,e ( r icga t jvc) .  

5.1 Experimental 
Arrangcmcnts o r  t h e  b i a s  a p p l i c a t i o n s  arc shown schcrna t ica l ly  j n  Iiig. 1 . 
Applied v o l t a g e  and c u r r e n t  Tor thc b i a s  wcrc 0-500V, 0 - 1 A  and 0-280V, 0 - 0 . 5 A  
Tor t h e  p o s i t i v c  and nega t ive  b i a s c s ,  r e s p c c t i v c l y .  Other o p e r a t i n g  condi - 
t i o n s  wcrc t h e  samc as  i n  s e c t i o n  2 .  V - I  c h o r a c t c r i s t i c s  of t h c s c  b i a s c s  
i n d i c a t c d  t h a t  a u x i l i a r y  discl iargc occurrcd  bctwccn t h c  s u b s t r a t c  and tlic 
pr imary d i scha rge  by t h c  dc j c t ,  a l though t h e  appcarancc of t h c  d isc l ia rgc  wils 
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F i g . 6  i n c r e a s e  o f  m a x i m u m  film 
t h i c k n e s s  w i t h  p o s i t i v e  s u b -  
s t r a t e  b i a s  u n d e r  d i f f e r e n t  
t o r c h - s u b s t r a t e  d i s t a n c c s ( L ) .  

d i r r c r c n t  Tor t h e s c  two b i ; i scs :  t h e  rlow o r  

F i g . 7  Sf34 images a f t e r  d e p o s i -  
t i o n  w i t h  v a r i o u s  n e g a t i v e  b i a s  
i n  dc p l a s m a  jet. A ( c e n t e r ) ,  
B ( m i d d 1 e )  a n d  C ( e d g e )  i n d i c a t e  
t h e  r e g i o n s  o n  t h e  s u b s t r a t e .  

I 

t o  1,hc s u b s t r n t c  by t h c  pos i  t i v c  b i a s ,  wliilc emission of t l i c  c l c r t r o i i  s(~(~i i icd 
t o  doin1 n a t c  a t  t h e  cdgc or t hc  s u b s t r n t c  hol rlcr by tlrc i i r g a t  i vc L) i a s .  

5.2 Results and discussion 
'i'iic pos i 1, i vc b i a s  i iic:rc;iscd tl ic dcpos i t iori iircii i l r i t l  tlcpos i 1. iori rill,<' oI' t l  i a- 
rrioritl. Fi g1~1-c G suinriiat' i z c s  ttic i r icrcascs  o r  rrriixi muni l ' i  I m 1 / 1 1  i ckr~oss w i L I i  1) i as 
cul-rcnt  fo r  va r ious  to rch - s i ib s t r a t c  d i s t i i n c c s ( r c r .  31 ) . T h i s  i nc rcasc  01' 
dcposi  Lion r a t c  i s  prcsumnbl y causcd by t h c  crilianccrncnt o r  tlic d i s s o c i a t  i o r i  
of  t h c  gas phase nea r  t h c  s u b s t r a t c  by t h c  a u x i l i a r y  d isch t i rgc .  Ilowcvcr, 
t h i s  cnhanccmcnt sccms most s t r o n g  abovc t h c  c c n t c r  o r  t h c  s u b s t r a t c  as  w a s  
obscrvcd by thc  c longa t ion  o r  t h c  glow rrom t h c  rlamc t a i l .  T h i s  i s  probably 
t h e  rcason  why d c p o s i t i o n  was a c c c l c r a t c d  most ly  a t  t h c  c c n t c r  o r  t he  sub-  
s t r a t c  and t h c  un i fo rmi ty  of t h i ckncss  was not  improvcd. 

Thc n c g a t i v c  b i n s  d id  no t  i n c r c a s c  t h c  d c p o s i t i o n  r a t c  o r  diamond but changcd 
t h c  morphology o r  diamond obta ined  t o  ;i g r c a t  c x t c n t .  F igu rc  7 sliows SIiM 
imagcs o r  rour  siimplcs wi th  and wi thout  b i a s .  Without b i a s .  t h c  c r y s t a l  s i z e  
decrcascd rrom t h c  c c n t c r  ( A )  t o  t h c  o u t e r  ( C )  , and t h e  prcdoininarr t 1, Lilrics 
changcd rrom (100)  t o  (111). Whcn t h c  b i a s  was a p p l i c d ,  j n  r cg ion  A ,  tlic 
morphology cliangcd rrom l a r g e  c r y s t a l s  wi th  (100)  prcdominatcd p l a n c s  through 
mosa ic(wi th  (100)  p l a n c s )  t o  b a l l - l i k c .  I l ighcr magn i f j ca t ion  shows that  tlic 
b a l l s  a r c  cornposcd o r  smal l  c r y s t a l s  w j t h  (100)  and ( 1 1 1 )  p l a n c s ,  wliosc [ I 0 0 1  
a x i s  o r i c n t a t c  pc rpcnd icu la r  t o  thc  o u t c r  s u r r a c e s  o r  t h c  b a l l s .  l r i  region 
U ,  s t c p s  incrcslsed a t  f i r s t  and thcn  becamc b a l l - l i k c  which is  a l s o  rnadc ol' 
submicron s i z c  c r y s t a l s  w i th  r a c c t s .  I n  r cg ion  C ,  t h c  c r y s t a l  s i z c  d i d  no t  
changc so much, b u t  surf'accs o r  tlic c r y s t a l s  bccamc rough w i t h  i r icrcnsjrig 
b i a s  c u r r c n t .  Whcn ii ighcr b i a s ( 1  A )  was a p p l i c d ,  t hc  f i l m  was no t  a l r eady  
c o n t i n u o u s  i n  r c g j o n  A ,  and r a c c t c d  c r y s t a l s  c o u l d  n o t  bccn  sccrl i r i  a1 I 
r cg ions .  

X-ray  d i r f r a c t i o n  rcvca lcd  t h a t  a l l  t hcsc  rilms a r c  cornposcd o r  or  c o n t a i n  
diamond nnd nonc of' thcm showcd pcaks o r  g r a p h i t c .  llowcvcr, tlic crys1.al 
q u a l i t y  dccrcascd  wi th  b i a s  c u r r c n t ( v o l t a g c )  . Thc Rarnan s p c c t r a  a l s o  r c -  
vca lcd  t l i v  dc1or ior ; i t lon  o f  d i i i i n o r i d  qu i i l  i 1.y w i t h  biiis ciirrcri l ,(vol 1,;igc:). 1 1 ,  
i s  n o t a b l c  t l l i l t  i n  s p i t c  of' tlic vcry low Lril,crisit,y o f  t l i c  diariioiitl pcalt  a t  
1333 cm-1 i n  t h c  liaman s p c c t r a ,  t hc  samplc obtained w i t t i  a 1)i;is ciirrcri t  o r  
0 . 5  A is  composed o r  c r y s t a l s  wi th  d i s t i n c t  r a c c t s  as  shown i n  F i g .  7 .  
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These obscrvcd changes of morphology and crystal pcrfcction werc prcsumab ly 
caused by enhanced ion bombardment by thc negative bias to thc substrate, 
which incrcased dcfccts on thc growing surfacc resulting sccoridilry nuclcution 
and the decreasc of crystal size. Bccausc the ball-like structure in I’ig.7 
scems to reflect initial nucleation density of diamond on thc substratc, i t  
will be ePfectivc to increasc this initial nucleation to g e t  smoother diamond 
surface by using this bias effcct. 

6. CONCLUDING REMARKS 
Thc techniqucs of thcrmal plasma method are not yet siifficicnt to prepare 
diamond films for practical USC, cspccially for clcctronic dcviccs. For 
large area and uniform dcposition with high spced, for high quality CiLms,  
further rcsearch works for bettcr control of thc proccsscs, for ncw mctliods 
and techniques, on growth mcchanism, ctc. will bc necessary. 
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