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An expanding cascaded arc plasma is used for the
deposition of different types of carbon layers at high
growth rates. Single diamond crystals of 60 pm and 25-
um-thick continuous films are deposited within 1 h on
areas of ~3 cm?. In recent experiments, pyrolytic
graphite films have been deposited. Films up to 200 um
thick have been produced within 20 min on an area of
~12 cm?. The film type and growth rate depend on
the choice of the optimum reactor parameter settings.
To maximize the growth rate and crystallinity of the
Jfilm, the reactor settings are varied. High growth rates
(maximum of 762 nm/s) have been obtained at high
temperatures (600 to 1000°C). Several diagnostic tech-
niques are used to analyze the film. The purity of the
films has been confirmed by Auger electron spec-
troscopy.

INTRODUCTION

During the last decades, many different types of
discharges have been used for plasma surface modifi-
cation, etching, and deposition. The most recent
method is the application of a low-pressure radio-fre-
quency or dc glow discharge.! In this method, the
substrate is immersed in an argon/hydrocarbon plasma
and the deposition process is governed by diffusion.
The deposition rates are relatively low, of the order of
1to 20 um/h.

In 1981, the flowing cascaded arc was introduced
as a powerful particle source.? Hydrocarbon mono-
mer gas can effectively be dissociated in CH radicals
and excited and ionized carbon particles. Combined
with the supersonic expansion of the plasma into a vac-
uum chamber toward the substrate, deposition rates of
hundreds of nanometres per second have been reached
JULY 1991
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for amorphous hydrogenated carbon (a-C:H) films.
The main feature of the method is the separation of the
three functions of production, transport, and deposi-
tion. The type, quality, and growth rate of the films
can be controlled by varying the reactor parameters.
The growth rate can be raised by increasing the flux of
active particles on the substrate, e.g., by increasing the
arc power. With this configuration, very high growth
rates (200 nm/s) have been reached for amorphous car-
bon films at low substrate temperatures (20 to 100°C)
with argon/CH, and argon/C,H, plasmas (typically
at a ratio of 100/1). For higher deposition tempera-
tures and with addition of H, to the gas flow, the
growth rate is strongly reduced.?* Diamond films
have been deposited at 1000°C in an argon/hydrogen
environment (50/50 ratio) at a rate of ~10 nm/s. The
main factors determining the crystallinity of the film
are the substrate temperature and the amount of hy-
drogen admixture in the argon flow.

The growth rate, the refractive index, and the
thickness of the film are monitored in situ with helium-
neon (He-Ne) ellipsometry.? Ex situ, the layers are an-
alyzed by a number of techniques. Ultraviolet-visible
infrared spectroscopic ellipsometry® gives information
on the band gap, the absorption bands (presence and
type of carbon-hydrogen bonds), and the refractive in-
dex. Raman scattering is applied to determine the car-
bon-carbon bond type and the degree of crystallinity
in the film. Information on the morphology is also ob-
tained by scanning electron microscopy (SEM). Addi-
tional techniques are electron spectroscopy for
chemical analysis to determine the type of film, Ruth-
erford backscattering to determine hydrogen content
and depth profile, low-energy electron diffraction to
determine crystallinity, and Auger electron spectros-
copy to determine impurities.

In a joint effort among Eindhoven University of
Technology, the Netherlands Energy Research Foun-
dation, and the Next European Torus (NET) team, a
feasibility study is being performed on the possibility
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of in situ repair of erosion damage on divertor plates
in NET (Ref. 6) by means of fast carbon deposition by
a cascaded arc. Graphitic or diamondlike layers may
be particularly suitable candidates because of their high
thermal conductivity and shock resistance and their
mechanical strength. Deposition experiments with a va-
riety of plasma and deposition parameter settings have
been carried out based on the experience acquired dur-
ing the amorphous carbon and diamond deposition ex-
periments. A brief survey of these earlier projects is
given first.

EXPERIMENTAL CONFIGURATION

The reactor and the cascaded arc are described in
detail elsewhere.? Figure 1 shows a schematic of the
arc. The arc consists of three cathodes, a stack of ten
insulated copper plates, and an end plate with a ring-
shaped copper anode, the nozzle. Only one cathode is
shown in Fig. 1; the other two are situated circumfer-
entially at 120-deg angles to each other. The compo-
nents are all water cooled. The cathodes are 1-mm-diam
tungsten thorium tips for currents up to 30 A/cathode.
The cascade plates have a 4-mm inner bore and are
5 mm thick. Together with the 1-mm-thick insulation
plates, they form a 60-mm-long plasma channel. The
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Fig. 1. Schematic of the cascaded arc: (1) cathode, (2) cop-
per plates, (3) end plate, (4) nozzle, (5) insulation
plate, (6) plasma channel, (7) argon injection site, (8)
hydrogen injection site, (3) monomer injection site,
and (10) viewing port.
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carrier gas argon is injected at a pressure of 0.5 bar at
the beginning of the arc channel at room temperature
at a flow rate of typically 100 cm3/s. The electron
temperature is approximately constant in the axial di-
rection and is ~15000 K for standard operating con-
ditions (arc current of 50 A). The heavy particle
temperature reaches ~12000 K in the middle of the arc
channel and decreases slightly again toward the exit of
the channel.” The ionization degree is typically ~10%,
rendering an electron density of ~10%*/m?. Hydrogen
can be added at the middle of the channel. To prevent
obstruction of the arc channel by graphite formation,
the monomer gas is injected through the nozzle at the
end of the anode. The cathodes can be inspected
through the viewing port.

The position of the cascaded arc in the vacuum
chamber is shown in Fig, 2. A movable sample support
with an additional sample pedestal is mounted opposite
the arc. The plasma mixture is extracted into the vac-
uum vessel, Consequently, a beam of ions and electrons
(10%), atoms, and radicals (argon, carbon, hydrogen,
and CH) emerges, directed toward the substrates on
the sample support.

Three regions can be distinguished in this expand-
ing beam. In region I, the particles are accelerated to
supersonic velocities (~4000 m/s). During this expan-
sion, the electron and the heavy particle temperatures
decrease to ~4000 K, and the electron density decreases
strongly to ~101%/m3. At a distance of ~10 cm from
the nozzle (depending on the chamber pressure), a
shock (region I1) exists, and the temperatures and the
electron density rise again to ~8000 K and typically
10%%/m3, respectively. A carbon ion flux of typically

11 mm 14 12

13

Fig. 2. Schematic of the deposition reactor: (11) position of
the arc in the vacuum chamber, (12) vacuum cham-
ber, (13) movable sample support, and (14) sample
pedestal.
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8 X 10'8/s is obtained through charge-exchange with
the argon ions. Beyond the shock (region III), the
plasma expands subsonically and the plasma compo-
sition remains constant (“frozen”). The temperatures
drop to ~2000 to 4000 K. The particles are transported
further toward the substrate at subsonic velocities.

‘On the addition of the monomer gas, the plasma
cools, and the power and flow settings must be ad-
justed to avoid “overloading,” i.e., incomplete disso-
ciation of the monomer into active CH and carbon
species. A typical value for the monomer flow is 1%
of the argon flow. Chamber pressure is variable from
0.1 to 100 mbar, the nozzle-to-sample distance from 2
to 80 cm.

DIFFERENT TYPES OF CARBON DEPOSITS

As pointed out earlier, there is a direct relationship
between the different reactor settings and the type and
growth rate of the film. To characterize this relation-
ship, the following parameters (and definitions) are of
interest:

1. the power product, P = arc power X argon flow
rate (W-cm?/s)

2. the monomer flow rate, [C,H,] (cm?¥/s)

3. the type of monomer feed gas (CH,, C,H,, or
C7Hg)

4, the inverse energy factor, Q = carbon flow
rate/P (W™1)

5. the hydrogen flow rate, expressed as the
hydrogen-carbon (H/C) ratio

6. the chamber pressure, p. (mbar)
7. the substrate temperature, T, (°C)
8. the nozzle-to-sample distance, d,; (cm).

A Diamorjd

Tsubstr <

Q< HIC <

Polymers

Graphite

Fig. 3. Relationship between film type and deposition pa-
rameters. ‘
JULY 1991
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The growth rate is a function of all of these param-
eters.

For the film type, parameters 4, 5, and 7 are of
particular interest. This dependence may be summa-
rized in Fig. 3. The inner part of the triangle represents
the whole spectrum of possible a~-C:H compounds.
With an increasing H/C ratio in the beam and an in-
creasing substrate temperature, the hydrogen content
in the film tends toward zero, resulting in the limiting
cases of graphite and diamond. The hydrogen radicals
in the beam etch away hydrogen atoms from carbon-
hydrogen bonds. Under specific conditions, the radicals
etch graphitic carbon-carbon bonds so that diamond
may be obtained. In the case of low T and a beam
H/C ratio of zero, a polymerlike film with high hydro-
gen content (>60%) is formed.

The reactor settings for some specific deposits are
summarized in Table I. The values for graphite should
be considered as indications based on experiences ac-
quired during the diamond deposition experiments.*
The Q factor for diamond is not defined because of the
large amount of hydrogen admixture.

a-C:H Films

In Fig. 4, some of the properties of a-C:H films,
obtained at room temperature, are shown as a function
of Q. Steel samples with a thin (2-um) gold layer were
used as a substrate. This facilitates monitoring of the
refractive index and the film thickness by in situ He-
Ne ellipsometry.? The optical bandgap was deter-
mined using spectroscopic ellipsometry by way of a
Tauc plot.’ Furthermore, the presence of hydrogen in
CH, and CHj; binding forms was also observed from
the carbon-hydrogen absorption bands. The total hy-
drogen content was estimated to be in the 10 to 60%

TABLE 1

Typical Parameter Settings for a-C:H, Diamond,
and Graphite Deposition

a-C:H | Diamond | Graphite

Argon flow (cm®/s) 100 20 100 to 150
Monomer flow (cm?/s) 1.8 0.2 1to8
Molecular hydrogen

flow (em?/s) 0 20 Oto 15
Arc current (A) 50 35 35to 50
Arc voltage (V) 88 110 74 to 100
Arc power (kW) 4.4 3.85 [2.5t05
Q10w 4.1 ——- >4
H/C ratio 0 100 <5
T,(°C) | 20 | 1000 400 to 800
d,.s (cm) 80 5 20 to 40
D, (mbar) 1 60 1to 10
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Fig. 4. Optical bandgap, hardness, and refractive index of
a-CiH films as a function of 0,

range for films with refractive indexes between 1.3 and
2.2. The hardness of the films increases strongly with
increasing O, from 400 Vickers for polymerlike to 5000
for diamondlike films.® Note that, for graphite depo-
sition (bandgap of O ¢V, refractive index of 2.18), the
) factor may have to be high.

The maximum deposition rate achieved is 200
nm/s on an area of ~ 100 cm?. The film morphology
as shown in Fig. 5a does not reveal any distinct fea-
tures. The Raman spectrum (Fig. 5b) exhibits the typ-
ical mnginuaus; bulk signal for a film of noncrystalline
nature.

Dinmond

In the past, single diamond crystals and films were
produced in a collaborative effort with Philips
Aachen.® The deposition conditions used are given in
Table I, Three-inch silicon wafers were used as the sub-
strate. The substrate was heated by the plasma beam
itself. The substrate temperature was monitored with
an optical pyrometer, Without special pretreatment of
the surface, individual faceted crystals of 15 to 25 um
(up to a maximum of 65 um) were deposited within 1 h
(Fig. 6a). If the substrate surface is pretreated by scrateh-
ing with diamond powder (I-pm particles), contin-
uous diamond films were grown on an area of ~3 cm?®
(Fig. 6b). The number of nucleation sites is strongly in-
creased in this case as a consequence of the surface
roughness,

For the individual crystals as well as for the con-
tinuous film, the structures are well faceted only in the
center of the deposit. Raman spectroscopy reveals that,
in both cases, the morphology changes from diamond
to graphitic ball-shaped and amorphous structures near
the edges of the substrate. This is caused by a combi-
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Fig. 5. (a) SEM image of trenches filled with an a~C:H film
(1 bar corresponds to 1 pm) and (b) Raman spec-
trum of the film.

nation of three factors: a reduced substrate tempera-
ture near the edge, a different effective pressure as a
consequence of the flow pattern, and a change in par-
ticle densities. In Fig. 7, some Raman specira are
shown, It is clearly demonstrated that moderate cham-
ber pressures can lead to the deposition of graphitic
material.

GRAPHITE DEPOSITION

In the next-step fusion device NET/International
Thermonuclear Experimental Reactor (ITER), the ma-
terials for the plasma-facing components are a critical
igsue, Of most concern is the design of the divertor,
which will receive a peak heat flux of 15 MW/m? during
normal operation. The divertor surface will reach tem-
peratures up to 1000°C and suffer from the effects of

FUSION TECHNOLOGY

VOL. 19 JULY 1991




(b)

Fig. 6. SEM image of (a) individual diamond particles {1 bar
represents 10 pm) and (b) a continuous diamoncd
film (1 bar corresponds to | pm).

severe disruptions with peak energy dumps of 20 MJ/ m?
within milliseconds.® Discuption erosion is a primary
lifetime-determining factor. Covering the divertor
plates with either pyrolytic carbon (PyC) or carbon-
fiber composite (CFC) is cousidered one of the best en-
gineering solutions. Recent estimates for the erosion of
a carbon divertor indicate values of 0.5 to I mm of ma-~
terial loss per disruption event.'? Avoiding frequent
shutdown of the machine for replacement of the plates
is a major problem.

Graphitic or diamondlike carbon deposition by
cascaded arc gun is an option for in situ repair of ero-
sion damage. The primary requirements for the coat-
ing to be deposited are that it should be crystalline
(good thermomechanical performance) and that the
deposition rate should be high [thick (several mil-

JULY 1991
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ig. 7. Raman spectra of deposits obtained under the dia-
mond conditions (Table 1), with variable chamber
pressure. At 1 mbar, only the peaks associated with
graphitic material can be observed. From 22 mbar
on, the diamond precursor peaks at 1150 and
+1470 cm~! appear, and then the single crystal di-
amond peak at 1332 cm™' becomes predominant.

limetres) layers within acceptable periods of time]. As
a first research stage, a program of reactor settings,
starting from the graphite values of Table I, has been
attempted in which increasing the growth rate is em-
phasized.

Specific Experimental Data

All the experiments were performed with the setup
shown in Fig. 1. The desired deposition temperature
was attained by direct heating of the substrate by the
plasma beam itself. The sample holder consisted of a
hollow stainless steel cylinder with an auxiliary heat-
ing facility up to 500°C. A stainless steel (AISI 316 Ti)
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pedestal with a sample support was mounted on this.
The head could be screwed on the pillar. The dimen-
sions of this pedestal were chosen so that an extensive
range of substrate temperatures from 400 to 1200°C
could be covered on different substrate-to-sample dis-
tances. The cross section of the top disk was 6 cm; the
I-em long pillar had a 1.5-cm cross section., A Cr-Al
thermocouple for temperature measurements was
mounted right next to the sample. Surface tempera-
tures were also measured by an optical pyrometer (a
Chino [R-AHIS). A water-cooled sample holder was
used for deposition experiments at 100°C.

As substrates, 10-mm disks (5 mum thick) of CFC
(Duniop DMS-678) were used. Experiments with the
fiber planes parallel and perpendicular to the surface
normal were carried out. As a reference for weight gain
determination and for morphology considerations, ex-
periments were also executed with samples of commer-
cial graphite and stainless steel (AIST 316 Ti).

The graphitic samples were baked at 200°C for
24 h. They were preheated to a temperature of 600°C
by an Ar/H, plasma (100:5 ratio) in 20 min in the de-
position reactor. As feed gases, CH, and CyH, were
used. To encourage the deposition of a crystalline layer
rather than an amorphous hydrogen-containing layer,
several experiments were done with different amounts
of hydrogen added. Observations for morphology were
done by SEM. The crystallinity of the layer was deter-
mined by Raman spectroscopy. Film thickness and
growth rate were determined by weight change mea-
surements.

Results and Discussion

For convenience, we introduce the following quan-
tities and notations:

P’ =normalized power product: P’ =
P/P,, where P, is the power prod-
uct at the following standard set-
tings: Lo =35 A, V. =74V, argon
flow = 100 cm?/s. It follows that
Py=2.59 % 10% cm® - k'W/s.

' = normalized energy coefficient: Q' =
Q/Q,, where @, is the Q factor for
a flow of 1 em3/s CH,. At the stan-
dard power product P, O, has the
value 3.86 x 1076 W,

R, = growth rate, determined from weight
measurements, assuming a density
of 1 g/cm?®. Inaccuracy in R, by
this way of determination is gener-
ally <1 nm/s.

[C,H,] = z = monomer flow of z cm™/s.

Note that in this experimental configuration, 7, is a
function of d,,,, P, p., and, to a minor extent, of the

2054

monomer admixture, The growth rate is a function of
the substrate temperature.” This should be taken into
account when considering the results presented below.
The main tendencies, however, are not disturbed by
this temperature dependence. Furthermore, no definite
distinctions between the growth rate results for the par-
allel and perpendicular CFC samples were observed.

The following results are for films produced at a
nozzle-to-sample distance of 20 cin, substrate temper-
atures between 600 and 1000°C (determined by pyrom-
etry), and with H/C = 0 (no M, admixture) unless
otherwise indicated. In the SEM pictures, 1 bar repre-
sents 100 pm unless otherwise indicated.

Growth Rate

Figures 8 through 11 show the dependence of the
growth rate as a function of the relevant deposition
parameters. For the initial standard power product

600
. [/& ™ tC’“id] - 3
m | M , "
E:t: ” // “ [CH4J = 8
*"; 400 & {CQHQ;] =13
: + [CoHy) = 8
m ,l
& 3001 g
£ / - -
£ 200 ) |
o " /
W 100 T w
0 PR
0 3 : J

Normalized power product, P’

Fig. 8. Deposition rate R, as a function of normalized
power product; p, = %‘ mbar,

800
- " //@

o ‘EP/ = %r [CHQI = g //
@ , : e
S ’/‘
o //,//
& 400 prd
“g @r'///
2
O 200
o

@‘_w,,f,....._.m:._...A.m.l.“..,..-.,..,_......_. S

0 10 20 30 40 E;O 60 70
Chamber pressure, p. (mbar)

Fig. 9. Deposition rate R, as a function of chamber pres-
sure.
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Fig. 10, Deposition rate as a function of nozzle-sample dis-
tance: P’ = 1, (At d,, = 80 cm, 7T, = 100°C.)

(P’ = 1), saturation arises readily at low CH, flow
rates (<1 cm?3/s). The energy available for dissociation
to CH radicals and excited carbon species is totally
consumed. Consequently, by increasing the power
product and the monomer flow, the growth rate can be
upgraded (Fig. 8). In addition, a further improvement
was achieved by using C,H, instead of CH,. This is a
consequence of the smaller amount of energy necessary
for complete dissociation and ionization of the
monomer.

By increasing the chamber pressure, R, can be up-
graded almost linearly (Fig. 9), but there are a few
drawbacks. At high p. (>10 mbar), the radial diffu-
sion of the plasma beam particles is severely restricted,
and the beam cross section is reduced to ~1 cm?, de-
creasing the exposed substrate area. Consequently,
the substrate temperature is higher, but the beam is un-
stable, From Fig. 10, it follows that closer to the noz-

Buuron et al. CARBON DEPOSITION

P’ =1, [CoHs] = 3, p; = 1 mbar
e d,s =20 cm, Ty = 700°C
m d,s =80 cm, Ty = 100°C
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Fig. 11, Deposition rate R, as a function of H/C ratio in
the beam.

zle, within practical limitations, even higher growth
rates may be achieved. With the addition of hydrogen
(Fig. 11), the growth rates are greatly reduced. Appre-
ciable growth rates can be achieved with small amounts
of added H, only with C,H, as the feed gas. Because
hydrogen addition is necessary to improve the film
quality, other parameter settings will have to be stud-
ied in the future.

The most relevant results on the growth rate are
summarized in Table II.

Morphology and Type of Film

Figures 12 and 13 show SEM micrographs and Ra-
man spectra of films deposited under the divergent
conditions of trials 4 and 6 (see Table II). Figure 14
shows some interesting pictures of a film obtained un-
der the conditions of trial 2.

TABLE II

Survey of Deposition Time (7;), Film Thickness (d;), Growth Rate (R,),
and Deposited Area (A4,) for the Most Relevant Trials

ta da Ry Aq
Trial Setting (min) (pm) (nm/s) (cm?)
1 [CH,] = 1, p, = 1 mbar, P' = 1 110 75 11.6 30
2 +[CH,] = 8 30 30 16.7 30
3 +p, = § mbar, P/ = § 7 115 274 12
4 +p, = 60 mbar 4 183 762 1
5 [C;H,] = 8, p = § mbar, P’ =} 7 241 574 12
6 [C;H,] =3, [Hy] = 5, p = & mbar, P’ = 1 30 133 74 12
FUSION TECHNOLOGY VOL. 19 JULY 1991 2055
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Fig. 12. Film deposited on (a) pe

endicular and (b) parallel CFC (1 bar = 10 pm) and (¢) associated Raman spectrum for

the perpendicular CFC film: [CH,]

Muost of the deposits exhibit a cauliflower morphol-
0gy, whr °h is similar to that of conventional PyC. In
this case, the basal planes of 1 hpﬁ[ shite packets are
par: u& to the substrate surface.'' A characterization
of the deposits in terms of the random fractal-like
structure model as described by Messier and Yehoda'?
s appropriate. The main features of this model are low
mobility (7 e < 0.57,,0,), competitive cone growth,
and self-similarity on every dimension of scale. The
layers are more continuous on th | suha‘tram This
may be caused by the lack of preferential sites for nu-
cleation. The sharp edges that can be cﬂ%mw 1are an
indication of the crystalline nature of the deposit.
In all Raman spectra, both the first- owjm mapime
(1581 em ™'y and defective graphite peak (1355 cm™")

2056

1200°C, p, = 60 mbar, P = £, and Q' = 3.

are prominently present. From the intensity ratio of
these pe 11(5, a measure for the crystallite size can be es-
nmated * When the peaks are equal in intensity, this
= is ~3 nm.

Unfortunately, however, as demonstrated by
Figs. 12¢ and 13¢, this is the case for almost all of our
films, regardless of the deposition settings. Also no
S‘ubswmmal change in Raman spectrum could be ob-
served for tlm films produced with admixture of low
amounts of hydrogen. A broadening of the Raman
graphite peaks was observed only for the films depos-
ited at 100°C, indicating a more amorphous film char-
acter. Furthermore, the Raman spectra of the films on
the steel substrates are very similar to those of the as-
sociated films on the CFC substrates. For the films of

FUSION TECHNOLOGY VOL. 19 JULY 1991
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Fig. 13. Film deposited on (a) parallel CFC and (b) steel (1 bar = 10 pm) and (¢) associated Raman spectrum for the par-
allel CPC film: [CyH,] = 3, [H,] = 5, H/C = 1076, T, = 700°C, p, = Y mbar, P =1, and Q' = 6.

Fig. 14 on the graphite and the steel substrate, the in-
tensity ratios 1455 /4,551 amount to 1.30 and 1,25, re-
spectively, Consequently, a more sophisticated analysis
of the spectra will be performed in the future. The
width of the peaks and their shift with respect to the
ideal single crystal values and analysis of the second or-
der peaks will provide additional information. 13

CONCLUSIONS

The growth rates obtained without added H, offer
a perspective for further research. Layers that are hun-
dreds of microns thick on an area of ~12 cm* have
been deposited within <30 min. The production of
very thick (several millimetres) carbon films within an
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acceptable period of time (hours) seems to be within
the range of possibilities.

The morphology and crystallinity of the deposited
film seem to be not very dependent on the deposition
parameters, at least in the range used up to now. Most
of the films consist of pyrolytic graphite with a ¢rys-
tallite gize of ~3 nm and with the basal planes paral-
lel to the substrate surface. In view of the desired
thermomechanical qualities of the film, a method for
growing films with the basal planes perpendicular to
the substrate surface will be sought.

Up to now, the effect of H, admixture on the film
quality could not properly be investigated. With a mi-
nor Hy content (<5%) in the flow, no change in crys-
tallite size could be observed. Addition of a substantial
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(a)

Fig. 14, Films deposited on {(a) commercial graphite and (b) steel: 1 bar = 10 um, [CH,] = 8, T, = 700°C, p. = 1 mbar,

Plre= 1, and @ = 8.

amount of hydrogen leads to etching of the graphitic
substrates; this shows that deposition is in fact a bal-
ance between deposition and etching. The amount of
H, admixture against the arc power may need a very
delicate balance in view of optimal ionization and dis-
sociation.
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