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Abstract - After a bricf summary of the characteristics of
thermal plasma methods for diamond synthesis, the results of
our attcmpls to increcasc dcposition rate and to improve
uniformity of diamond films are described. Use of alcohols
instead of methane did not increase the deposition rate.
Deposition under substrate scanning mode improved film uni-
formity but was not good for high quality diamond. The
positive substrate bias increcased the deposition rate and the
negative changed crystal morphology to a great extent.

1. INTRODUCTION

The key factor for metastable growth of diamond by CVD is the presence of
supcr-cqulibrium amount of activated specics In the gas phase. Although the
Tirst mcthods werc by thermal activations, cold or non-equilibrium plasmas
have been used for diamond synthecsis from the early stage, because they give
suitable conditions fTor diamond growth, i.c., a modcrate gas tempecraturc and
super~-equilibrium amount of cxcited species. Because diamond transforms into
graphite at high tempcraturcs, thermal plasmas was at Tirst thought unsuit-
able for diamond synthesis. However, after the discovery that thermal plasma
also gives diamonds by cooling a substrate sufficiently, various thermal

plasmas have been applicd for diamond synthesis. rf induction(ref. 1) and
arc discharge between two tungsten rods(ref. 2) were used at first. This was
immediately followed by dc arc jet(ref. 3,4) and microwave jet(ref. 5,6). 1In

a scnse ol high gas temperature and high gas pressure, combustion flame can
be also regarded one of thermal plasmas(ref.7), though it will not included

in this report. The thermal plasma methods have eminent advantages, i.c.,
diamond can grow much faster than from glow discharge mcthods owing to its
high density of excited species derived from its high plasma dcnsity. In

stcad, there are some difficulties in the control of deposition tempcrature
and of uniformness of the film, becausce of its high gas temperature and
flame-like nature of the plasmas. In this recport, at first diamond CVD by
thermal plasma methods will be revicewed gencrally in chapter 2, and in chap-
ters 3,4,5, we will report the rcesults of our efforts to improve the mcthods
by wusing alcohols as a carbon source, by substrate scanning and substratc
biasing.

2. CHARACTERISTICS OF DIAMOND SYNTHESIS FROM THERMAL
PLASMA

2.1 Deposition methods

Among a few thermal plasma mcthods above mentioned, dc plasma jet is (except
for the combustion flamec method) now most popular for diamond synthesis,
probably because of easc of handling and stability of the plasma. The dc
torch we have used is illustrated in Iig. 1(a). Into a plasma jct of argon
and hydrogen (typically, 30+10 SLM), rcactant mcthanc (0.05-2 SLM) was intro-
duced through a hole in the anode. Diamond was deposited on a substratc sct
on a water-cooled substrate holder. The pressure of the deposition chamber
was 1 atm - 50 Torr and the dc power used was 8-18 kW, In addition to thesc
most popular type of wall-stabilized torch, a dc plasma with two scparated
Jjet clectrodes as its cathode and anode was applicd for diamond deposition
(ref. 8). It is recported that a long plasma flame can be made by their
system. Lu et al. appliced a triple torch reactor which coalesces threce
plasma jets into one larger flame for large-area deposition and morc sufli-
clent and homogeneous injection of reactant materials into thc plasma(rerl.
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9). A cascade arc dc torch was a Cacrler + Reactant Gas k) Ar,Hz
also used, where very small flow ‘
rate of 2.5 1/min in total is Flasma Gas (7] v
notable(ref. 10). Sheath Spe (s o

._—IL _I -
Rf induction can produce a thermal Tl LlLﬁ?

plasma with larger volume and lcss
contaminated than dc arc jet, o) nE
though the operation is a little e} © work ca
more complicated and the discharge e} o

is less stable. The rf torch we

have used is illustrated in Fig. Substrate —

2(b). Ar(15-25 SLM) + H,(4-12 f;;g"
SLM), Ar(1-2 SLM) and Ar{1-3 SLM) + "—5“41 ‘
Clig(0.1-1.2 SLM) werc used as

sheath, plasma and carrier+reactant
gases, respectively. The gas
pressure was 1 atm and the rf power
required is 10-50 kW for 4 Milz
frequency. Cappelli et al. used
TAFA model 66 torch and dcposited
diamonds on a substrate which was 15 cm apart from the necarest coil(ref. 11).

Fig.l Arrangement of thermal plasma CVD by
using a rf induction plasma (a), and a dc
plasma jet(b). In b, settings of positive
(Vgp) and negative(Vgy) bias are also shown.

The most popular microwave applicator, in which a quartz tube pcnetrates E-
planes of the wave guide, was able to produce a thermal plasma of 1 atm Tor
diamond synthesis by using a microwave of 900 Mllz and 6-7 kW in power (ref.

8). However, the diameter of the plasma was very small. By the microwave
torch with coaxial elecctrodes, a hydrogen plasma of 1 atm was gencrated with
a small eclectric power of 2 kW(ref. 5). They reported that owing to the

nature of microwave discharge, flamc diamctcr can be larger, which results a
larger deposition of 25 x 25 mm, and the contamination from the electrode is
negligible.

The gas systcem uscd in thermal plasmas arc Ar-Hy-Cly or Il,-Cliy (for some dc
and microwave plasmas). No usc of argon is cconomical but the stability of
the plasma is usually worsc and deposition rate does not secm Lo incrcasc
further even when argon is free, if the percentage of hydrogen is higher than
a certain 1levcl. Addition of helium to a dc jet relax radial temperature
gradient resulting the incrcasc of deposition arca. Replacing the reactant
methane by alcohols and acectones was reported to give high deposition rate
(ref. 12), which is not [fully consistent with our results. This will be
discussed in chapter 2.

Pressure of the deposition chamber was in the range of soft vacuum in dc¢ jet
CVD of diamond. This is because of better controllability of deposition in
such a vacuum in the deposition from the flame with high temperature gradi-
ent. Deposition rate was also highest in a soft vacuum probably because of
the balance between the density and the life time of active species(ref. 9).
On the other hand, in rf induction plasma, depositions under 1 atm were
mostly reported. Recently, Hernberg et al. reduced pressure of their rf
torch down to 150 Torr to get homogeneous films(ref. 13), while Kobayashi and
Ono reduced pressure of a deposition chamber by conflicting a flow with a
nozzle just below the torch(ref. 14).

Electric power used varies from ca. 1-50 kW. It is closely related to the
flame size and hence the deposition rate and the deposition areca.

The substrates were almost always cooled by setting on a water-cooled sub-
strate holder; otherwise it 1is destroyed by the hcat of high temperature
plasma. Substrate temperature was difficult to mecasurc by a usual dissapecar-
ing-filalment type pyrometer, because of high emission of the plasma. Cap-
pelli et al. used a narrow band fTilter in 632.0 nm rangc(ref. 11). An IR
emission pyrometer can be uscd for dc jet deposition. IR pyrometric measure-
ment from the opposite side of the substratc by using an oplical fTiber was
reported to be very accurate(ref. 14), though some temperature differcnce
between the surface and the bottom will be present depending on the thermal
conductivity and the thickness of the substrate.

2.2 Characteristics of diamond deposition and diamonds from thermal plasmas

High growth rate is the most prominent advantage of diamond CVD from thermal
plasma. The value as high as 930 pm/h was rcported as a maximum growth ratc
by dc jet(ref. 8). However, the diamonds shown in the report has a large
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degree of vertical relief and they used the top of the highest grain ob-
served. The maximum deposition rate scecms to be generally in the order of
600 pm/h. Our data are also in the same order: 9 pm/min at 140 torr and 4
m/min at 1 atm. Theses values are even the highest in all the mcthods of
diamond deposition. Deposition area is narrow by dc jet, ca. 8-10 mmg in our
case, but it depends greatly on the torch used. Klocek et al. reported a
formation of a free-standing diamond film of large area, 50 x 50 mm, at a
rate of 40 ym/h in the ccnter and 5 ym/h at the edge, though littlc was
reported about their torch(ref. 15). Norton Co. has advertised they can makce
a diamond film of 15 cm in diameter by a dc jet method. They used the tecch-
niques called magnetically mixed and spread arc (MMSARC) and magneto plasma
dynamic arc (MPDARC), but thec dectails have not been reported(ref.18).

In relation to the high dcposition ratc from thermal plasmas, it should be
added here that formation of diamond powders by dc¢ Jjet on the wall near the

substrate was rcported(ref. 17). The yicld was very low (below 0.2% of
hydrocarbons uscd) and it is nol certain that this was duc Lo homogcncous
nucleation in the gas phasc. 'The powders are very fine (10-100 nm in grain

size) and have no crystal habits in contrast to the particles which were
reported to be made by homogencous nucleation in a microwave glow discharge
and a combustion flame(ref. 18,19)

Kurihara et al. reported that substrate pretreatment is not nccessary to get
diamond films by dc Jjet because nucleation density is high owing to the high
density of rcactive species.(ref. 3). However, scratching is still effective
to obtain smoother films. Prolonged exposure to hydrogen plasma secems 1o
decrease the nucleation sitcs made by the scratching.

By rf thermal plasma, deposition area is larger than by using dc jet. Al-
though our deposition arca was limitcd by the substrate size (20 mmg), Cap-
pelli et al. reported the deposition of 20 cm?. In stecad, the rate recported
is rather low, i.e., 1-2Zpum/min(ref. 1) and 50 pm/h(rcf. 11) at 1 atm. When
the plasma was confTlicted and expanded into a deposition chamber of low
pressure, the deposition rate increcased as high as 15 pm/m, though the de¢-
crease of deposition arca was accompanied(relf. 14). By microwave thermal
CVD, deposition rate of 30 pm/h was rcported(ref. 5).

Diamonds made by thermal plasma CVD show csscntially the same morphology and
properties as those made by glow dischargc methods. Diamonds are obtained as
microcrystals and microcrystalline films on substrates. A large degrec of
vertical relief with polycrystalline steeple-like towers is often seen when
the nucleation density is low and the growth rate is very high. The crystal
morphology changes [rom ball-like to euhedral decpending on the ratio of
CH4/H2, substrate position, substratec temperature, electric power used, etc.
The ratio of the arcas of {100}/{111} changes mainly depending on the ratio
of CH4/H2 and substrate tcmperature. Euhedral crystals can be obtained by
thermal plasmas with higher ratio (up to 10 %) of CHy/Il,, probably because of
high degreec of hydrogen dissociation.

In Raman spectra, a broad scattering at ca. 1450-1600 cm_l usually accompa-
nies to a sharp peak at ca. 1333 cm™+, but the former can be climinated by
some proper growth conditions. Fluorescence background of Raman spectrum of
cuhedral diamonds from thermal plasmas 1is usually lower than those from

microwave glow discharge in CH4—H2. The value of 3.5 cm™* was reported Tor
the narrowest half width of the 1333 cm™ 1! pecak diamonds on silicon from
thermal plasmas(ref. 10), while it was 2.9 and 5.4 cm —- for homoepitaxial

diamonds on (100) and (110) faces, respectively(ref. 20).

Although arc discharge between the two tungsten rods co-deposited WC(ref.
21), wusually by X-ray diffraction, no materials other than carbon can be
found in the films made by dc jet and by rf thermal plasma. Yet, high scnsi-
tivity analysis 1like laser ionization mass spectrometry revealed incorpora-
tion of electrode materials in the diamond film from dc jet(ref. 22). Al-
though their concentrations are of trace amount, it may be a problem for a
use for electric devices.

There are few reports on the physical properties of the diamond films by
thermal plasmas. Vikers hardness of 10,000 kg/mmz(ref. 2) and thermal con-
ductivity of 8 W/cm-K(ref. 2) and 12.1 W/cm-K(ref. 23) were reported for a
film by dc jet. The values for natural diamond Ila is 26 W/cm-K. Diamond
films of a few groups made by dc jet were reported optically black, though
graphitic Raman response was very little. One group attributed this to high
degree of faults such as stacking faults and twinning in the film(ref. 24),
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while another to the inclusion of finely dispersed graphitic carbons{(recf. 25)
becausce of their low electric resistivity(104'5fbcm).

Diamond Tilms by dc jet was reported to have a good wear performance as cutl-
ting tools lor abrasive materials such as aluminium metal matrix and carbon/
carbon composites(ref. 26).

3. SYNTHESIS FROM ALCOHOLS

Becausc oxygen containing organic compounds had been reported to give higher
growth rate of diamond in the hot-filament(ref. 27) and glow discharge meth-
ods, dcposition using methanol and ethanol, instcad of methane, was tricd in
the rf induction thermal plasma to gel still higher growth rate. Unfortu-
nately, the deposition rate did not improvec, but the presence of some differ-
ences in growth processes in between thermal plasma and glow discharge meth-
ods was suggested.

3.1 Experimental procedure

The apparatus and the deposition procedure were the same as used for methanc,
except that a heating vaporizer was mounted on the rf torch and alcohols wcre
introduced in stcad of methanec. In addition, a part of the exhaust gas was
sampled and analyzed by gas chromatography.

3.2 Results and discussion

From cthanol, well-faceted diamond crystals were obtained up to EtOH/Ho,=0.07.
Secondary nuclcation on diamond crystals occurred with EtOH/H2=O.14 anﬁ (111)
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plane became very rough when the ratio=0.17. The growth rate f{rom cthanol
was necarly the same to that from methane for the samc fceds, in splte of the
fact that an ethanol molecule has two carbon atoms. From methanol, however,
diamond nor graphite or other types of so0lid carbon deposited in a concentra-
tion range of MeOH similar to that of EtOH.

IFigure 2 summarizcs the results of gas chromatography showing thce composition
of exhaust gases as a function of initial Ny flow rate when ethanol and
mcthanol were uscd. Ar, Il are cxcluded in this figure. The most rcmarkable
differences in the two graphs in Fig.3 is that hydrocarbons formecd (rom
cthanol, but not from methanol. The composition of exhaust gas from mcthanc
was very similar to that from ethanol cxcept Tor the absence of CO.

IFigure 3 shows thermochcmical cquilibrium compositions calculated for the
systems uscd for diamond deposition from cthanol and from methanol. The most
significant difference in the two is that large amounts of Cpllp and C, spices

exist at 2000-4500 K and solid carbon appears at 800-2300 K from ELOF whilc
thecy are very small or missing from MeQl. Actually, the green cemission from
C, was visible from EtOI but not from MeOH. This observation of emission and
Lﬁe results ol the gas chromatography support the idea that the composition
of the gas phase in a thermal plasma is close to that of equilibrium.

The reason why we could not obtain diamond from methanol can be deduced as
follows: Reactive species for diamond deposition are these C H, and C, at
2000~-4000 K and they are little in the gas phase from methanol. Xlternatcly,
if other spccics such as methyl radical is the precursors for diamond growth
as calculated by Goodwin(ref. 28), it can not bec either made sufficiently in
the boundary layer from the gas compositions uscd here. Kinetic study is
also helpful for the evaluation of this idea. The expecrimental fact that thec
hot-Tilamcnt and microwave glow discharge methods give diamonds from mctha-
nol(ref. 27,29) and from CO+H2(rcf 30), even from the composition (MeOl11/1l5)
which does not give solid carbon in equilibrium, may be cxplained by the ideca
that reactive species can be made in non-equilibrium state in the low pres-
sure systems. Han et al. obtained diamonds by injecting liquid mcthanol in
counter-flow mode into an arc jet(ref. 12). The reason of the differcncc
from our results may be, as they suggested, that the liquid droplet could be
transported very closc to the substrate surface and effective concentration
of MeOH is higher than ours, and not equilibrium species but a mixture of
radicals favorable for diamond growth could be made by the fragmentation.

4. DEPOSITION BY SCANNING A SUBSTRATE

In a plasma spraying method, it is usual to scan a torch or a substrate to
get large area deposition. We have, therefore, tried to deposit diamond in
larger arca by scanning a substrate in dc plasma jet CVD. As a result, the
film thickness and crystal size was made uniform but both total and local
deposition rates decreased. Crystal quality was also homogenized, but it is
worse than those of the center region on the fixed substrate.

4.1 Experimental

A molybdenum substrate (20 mm¢, 1.5 mmt) on a water-cooled coppcer holder was
scanned in a zigzag mode during deposition. The rangec of the scan was from
-9 to +9 mm in both(X,Y) directions. Three scanning speeds, i.e., 0.5, 5, 50
mm/s were used in X-direction, and a pitch in Y-dircction was 3 mm. The
deposition time was 17 min which gave two return trips in the slowest scan
but it was 10 min for the fixed substrate.

4.2 Results and discussion

With the scanning of the substrates, the films became homogeneous. An cxam-
ple of the change of thickness profiles is shown in Fig. 4. It can be under-
stood that film flatncss was grcatly improved by the scanning and the maximum
thickness decrcased with scan spced. llowever, the films are thin at the cdge
and the total amount of the deposits scems to have decreased too much with
scanning, as can be understood by the fact that the thickness curve after
scanning is lower in all positions of the x-axis. One of the reasons for the
above two results is that substrate temperature was lower at the cdge region
within a range of 10-60°C depending on the deposition conditions, which could
decrease the deposition rate at the edge. It is not yet certain if there are
other substantial reasons for the decreasc of the amount of deposition. It
is neccessary to use a larger substrate to climinate the edge effccts.

The crystal morphology greatly changed by the scanning. SEM photographs of
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the specimens in Fig.4 arc shown in Fig.5. A, B and C arc fTrom the center,
4.5 and 9 mm left Crom the center, respectively. The crystal size were made
uniform. Especially, in recgion A, it decrecascd much. Crystal morphology

were also homogenized and crystal fTacets appcarcd in region C also. llowever,
the smoothness of crystal plancs decreascd with scanning, cspecially for the
film with the scan specd of 50 mm/s, where it is very notablc that crystal
quality in A is worsc than in C.

Raman spcctra also showed that the films are homogecnized by the scanning; the
features of the spectra arc similar and the peak at ca. 1333 cm™* of diamond
can be scen in all the spectra of the specimens with scanning. IHowever, the
crystal quality deteriorated as compared with the center region of the fixed
sample. These deterioration in quality of diamond as shown by SEM and Raman
spectra may be causcd by the incomplete etching, during in the flamc, of
non-diamond structures dcposited at the outer region of the flame. The Raman
spectra also showed that graphitic carbon is included in the A and B rcgions
of the spccimens with 50 mm/s. This incorporation scems to be the rcason why
the specimen with 50 mm/s shows poor crystal plancs in Vig. 5.

5. SUBSTRATE BIAS EFFECTS

To improve the uniformity of film thickness and of quality in the films f(rom
dc jet, the substrate was biased positively and ncgatively during the deposi-
tion. The positive bias increcased the deposition rate more than twice but
did not improve the uniformity. The negative bias did not incrcase the
deposition rate but changed the crystal sizc and morphology incrcasing impcr-
fections in the crystals. Too high bias voltage ovecrheatced the sub-
strate(positive) or sputtered the deposits and substrate(necgative).

5.1 Experimental

Arrangements of the bias applications are shown schcecmatically in lFig. 1.
Applied voltage and current for the bias wecre 0-500V, 0-1A and 0-280V, 0-0.5A
for the positive and negative biascs, respecctively. Other operating condi-
tions werc the same as in scction 2, V-1 characteristics of thesc biases
indicated that auxiliary discharge occurrcd betwcen the substrate and the
primary discharge by the dc jet, although the appcarancec of the dischargce was
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diffecrent for thesc two biascs: the glow of the flamc of the jct was cnlarged
to thec substrate by the positive bias, whilc cmission of the clcectron scemed
.0 dominate at the cdge of the substrate holder by the negative bias.

5.2 Results and discussion

The positive bias increcasced the deposition arca and deposition rate ol dia-
mond. Figurc 6 summarizcs the incrcases of maximum [ilm thickness with bias
currcent for varlous torch-substrate distances(ref. 31). This increcasc of
deposition ratc 1s presumably causcd by the cnhancement of the dissociation
of thec gas phase near the substrate by the auxiliary discharge. However,
this enhanccement scems most strong above the center of the substratc as was
observed by the clongation of the glow from the flame tail. This is probably
the reason why dcposition was accelcrated mostly at the centcer of the sub-
stratc and the uniformity of thickness was not improved.

The negative bias did not increasc the deposition rate of diamond but changed
the morphology of diamond obtained to a grcat ecextent. Figure 7 shows SIEM
images of four samples with and without bias. Without bias, the crystal size
decreased from the center(A) to the outer(C), and the predominant plancs
changed from (100) to (111). When the bias was applied, in recgion A, the
morphology changed from large crystals with (100) predominated plancs through
mosaic(with (100) plancs) to ball-like. Higher magnification shows that thc
balls are composcd. of small crystals with (100) and (111) planes, whosc [100]
axis oricntate perpendicular to the outer surfaces of the balls. In region
B, steps increased at first and then became ball-like which is also made of
submicron size crystals with facets. In region C, thc crystal sizec did not
change so much, but surfaces of the crystals becamec rough with incrcasing
bias current. When higher bias(l1 A) was applied, the film was not alrcady
continuous In region A, and faccted crystals could not bcen scen in all
rcgions.

X-ray diffraction revcaled that all these films arc composcd of or contain

diamond and none of them showed peaks of graphite. llowever, the crystal
quality dccrcased with bias current(voltage). The Raman spectra also re-
vealced the deterioration of diamond quality with bias currcnt{voltage). It

is notabl)e that in spitc of the very low Intensity of the diamond pcak at
1333 cm™* in the Raman spectra, the samplc obtained with a bias currcnt of
0.5 A is composcd of crystals with distinct facets as shown in l'ig. 7.
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These observed changes of morphology and crystal perfection werc precsumably
caused by enhanced ion bombardment by the negative bias to the substratec,
which increased defects on the growing surface resulting sccondary nucleation
and the decrease of crystal size. Because the ball-like structure in Fig.7
seems to reflect initial nucleation density of diamond on the substrate, it
will be effective to increasc this initial nucleation to get smoother diamond
surface by using this bias effcct.

6. CONCLUDING REMARKS

The techniques of thcermal plasma method are not yet sufficient to preparc
diamond films for practical usc, cspcecially Tor clectronic devices. IFor
large arca and uniform deposition with high speed, for high quality films,
further research works for better control of the processes, for new methods
and techniques, on growth mechanism, etc. will be necessary.
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