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ABSTRACT

In this paper a new method of plasma deposition is discussed which is used to
produce amorphous hydrogenated carbon layers. The method is in the general
set up quite similar to the ones used for low pressure plasma spraying. The
power is lower and the growth of the layer, which is fast compared to
traditional deposition methods, is still substantially smaller than is achievable
with plasma spraying. At the other hand thin layers with high quality can be
produced. The apparatus and the diagnostics are discussed in section 2, the
model in section 3, and the results of the model are compared with
experimental data in section 4. Finally, conclusions are given in section 5.

1. INTRODUCTION

In the conference of "High Temperature Dust—Laden Jets in the Processes of
Treatment of Powder Materials" the discussion of a deposition method with
atomic (or molecular) particles is an exception. Still the similarity' of this new

~method of 'plasma deposition with low pressure plasma spraying makes a
discussion attractive. It serves also to demonstrate the usefulness of
(sub)atmospheric plasmas for plasma surface modification in view of the then
achievable favourable material and energy efficiencies. The latter are essential
to achieve high deposition rates and therewith a low cost process.

Plasma enhanced chemical vapour deposition is traditionally developed from
the chemical vapour deposition. It was argued that in 'gas discharges higher
(electron) temperatures were achievable and therewith relatively high radical
densities at low pressures. However, plasmas and in particular gas discharges
with a low ionization degree are non—equilibrium systems. As a consequence,
existence demands related to mass and energy balances interrelate the plasma
parameters as electron dénsity and temperature with plasma conditions as
dimensions, pressure and power density. This has as a consequence that with
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— plasma transport to surface
—{ production surface reactions

1

" Figure 1. Schematic set—up of the plasma deposition process.

acceptable power flux (typically 1 W/cm2) at the substrate the deposition rate
is limited [1] to typically 1 nm/s. The principle limitation arises from the fact
that the plasma treatment is performed in the same volume where the plasma
is produced, therewith coupling the existence demands with deposition
conditions. . :

In the here to be discussed method the production of the piasma is
geometrically separated from the plasma treatment as indicated schematically
in Fig. 1. Since the power loading of the substrate is limited to the power flux
in the plasma beam, significantly highér power levels can be used in the
production section without leadihg to excessive power lbading of the substrate.
Also the conditions of plasma production can be separately optimized; then
(sub)atmospherié arcs with a small diameter are the best approach as they are
very energy efficient and can handle a large throughput. The plasma thus
formed has also a high heavy particle temperature and as the expansion into
the vacuum chamber will be supersonic, large velocities are obtained. With the
high densities large fluences are achievable with corresponding large deposition
rates. The third adva.nta.ge is that nearby total dissociation is achieved; also
ionization in these plasmas, which are not too far from equilibrium, is preferred '
for the ion with the lowest ionization potential. This is usually the atom to be
deposited, in our case carbon. In this way the emanating plasma beam is
enriched with the to be deposited ions and good material efficiencies can be
obtained. Fina.l_ly, the plasma beam remains restricted in dimensions, therewith
permitting observation through observation windows. At the same time this
also points to the possibility of good material efficiencies. Still at the substrate
only small potentials are developed as the electron density is still relatively
large. Therefore, at the substrate it is mainly the ionization energy which
becomes available in the deposition process. '

‘Returning to the matter of the relation between this deposition process and
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low pressure piasma spraying we can remark the following. The experimenﬁa.l
arrangement is not too far different from a plasma spraying. gun with an
extended segmehted anode section. The differences are in the larger length,
smaller radial dimensions, lower power, but significantly stronger pumping
speed in the vacuum section. The study of the physics of the flowing plasma is
essentially the same problem for both approaches.

2. DESCRIPTION OF APPARATUS AND DIAGNOSTICS

2.1. Description

As has been argued in the introduction the main principle of the new
deposition scheme is to separate the production of the plasma from the plasma
treatment. In this section the reactor shown in Fig. 2 will be described in more
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Figure 2a. Outhne of the plasma deposition reactor used in the present .
experiments. Figure 2b. Schematic view of the cascaded arc.
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detail and we will start with the production section.

The plasma is produced in a sﬁba,tmospheric cascaded arc. These arcs
introduced by Maecker in 1956 [2] pair a very efficient ionization with good
energy efficiency. These arcs have been studied in great detail mainly for
spectroscopic research and to establish quantitatively the small deviations from
local thermal equilibrium (LTE). In the present reactor the plasma is flowing
which, of course, will alter the behaviour of the plasma. Even though the
plasma is still close to LTE the deviations will be larger in view of the now
appearing convective losses [3]. The construction of the cascaded arc is
optimized for use in deposition processes [4]. Three cathodes are used of 1 mm
diameter thoriated tungsten or 2 mm for currents larger than 30 A per cathode.
The cathodes are at the high pressure side of the discharge where argon is used
as carrier pas. The wear is very small; in the order of 10-10 g/C. With the high
vdeposmon tates this leads to impurity levels in the deposited layer which are
substantially smaller than 0.1 ppm. In fact, metal impurities could not be
detected with SIMS (detection limit 1 ppm).

The cascaded arc is made up of 10 cascaded plates of 5 mm thickness which
are water—cooled. They are isolated from each other by isolation rings; these
rings are shielded from the plasma by smaller rings of teflon. The diameter of
the plasma channel is 4 mm. Close to the anode methane or acethylene is
introduced in the arc. The anode is a copper insert and serves at the same time
as nozzle. It is mounted in a water—cooled flange, which connects the cascade
arc section with the vacuum chamber in which the plasma expands and is
accelerated to the substrate. After the nozzle the high density plasma expands
in the vacuum chamber. The latter has a length of 1.2 m and a diameter of
0.5 m, cf. Fig. 2. Through several windows the plasma can be observed. The
substrate holder is mounted on a movable support holder, which can be moved
axially. The normal position is at 0.8 m from the anode nozzle. An oil diffusion
pump is used to obtain a background pressure below 106 mbar. During
deposition the large flows are pumped by two rootsblowers in series (2600
m3/hr and 400 m3/hr). They are pumped by a 100 m3[}ir mechanical rotary
piston pump. Typical pressure in the vacuum chamber during deposition is 1
mbar. In table I experimental conditions are summarized.

The substrate support can be biased with respect to the nozzle-anode which
is grounded. .
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Table 1. Summary of experimental conditions

cascade arc vacuum chamber

— current 20—70 A — pressure. 0.1-10 mbar
— voltage 50150 V — substrate bias

— pressure 0.1-2 bar voltage 0—-200 V

— argon flow 100 sce/s

— methane flow 1scc/s

2.1. Diagnostics

. High pressure cascade arc section

In the cascade plates glass fibres are inserted through which the plasma in the
arc can be observed. With this system first the broadening of H 8 Balmer line is
measured t0 obtain the electron density according to

ne= C A2, ®

in which A is the full width in nm at half maximum of the Lorentz part of the
line and C'is a constant nearly independent of temperature with a magnitude
for Te~v 1€V,

C=12102m3nm+/2. (2)

In the employed range of electron density the contributions of other broadening
mechanisms as resonance broadening, van der Waals broadening etc. are
negligible small. »

Secondly, line to continuum ratio is measured to determine the electron
temperature. The observed line Ar II 480.6 nm is from the 4p level of the
ionized argon system. The emissivities of the line and of the continuum are:

€1 = npll Apq hv PyJdn (3)
o= Ci g3 {GUA T + [1 - exp(— f)lén} O

in which the following symbols are used:
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np = the density of the observed 4p level

Apq = the transition probability of the observed line

P = normalized profile

¢ = constant (1.63 10-43 Wmt k* sr-1)

Gy = Gaunt factor (v 1.2 exp[— hv/kTe] at A = 420.0 nm)
émp = Biberman fb factor (~ 1.55 at A = 420.0 nm)

Te = electron temperature in K.

In the expression for continuum emission we have assumed the presence of

singly charged ions only. The population density of the 4p!! level can be related
to the argon II ground level density by:

/o = b *pt _ By
N4p- [ gap = bap* ny*/ g1 exp [ —.k'%e—] (5)

+

Lial .
co @’

ini wnicn

is the denmsity of the jon ground levels and g4 and g, are the
statistical weights of the 4p!! level and the two ground states of Ar*; F4pl! is

the excitation energy of the 4p!! level and bsp* is the so—called overpopulation
factor. A full collisional radiative model [5], which has been tested extensively
for the electron density and temperature ranges of 1019~1021/m3 and 2-5 eV,
respectively, has been used to obtain a good estimate [6] for bsp for the present
conditions:

bip* ~ 0.3 (1e ~ 1022/m3, Te ~ 1 €V) .

Furthermore, a provision has been made in the cascade plates to measure
the axial dependence of the pressure. To obtain the resistivity of the plasma
and the electron temperature from the potential drop, also the potentials of the
cascade plates can be measured. ' .

In the low pressure section the expansion of the plasma ‘is observed by
several optical techniques. In Fig. 3 the optical arrangement is depicted. The
plasma can be observed perpendicularly with the axis of the chamber and
under an angle of 60%. The sensitivity pattern of the latter arrangement is
shown in Fig. 4. With that arrangement the axial velocity component is
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Figure 3. The optical system. Lenses Ly—L4, Mirrors M~M;, Diafragma Dy,
Monochromator MON, Photomultiplier PM, Fabry—Pérot interferometer FP,
Chopper CH, low pressure reference_ source HC. All indicated distances are in
measured by determining the Doppler shift of an argon line, by comparison
with a calibration source. In Fig. 5 a measurement is shown. The optical
arrangement is essentially made up by a monochromator and a Fabry—Pérot
interferometer. Perpendicularly the broadening of the line is observed, which
yields fhe neutral particle temperature from Doppler broadening. Again the H

broadening is used to obtain the electron density. It should be noted that the
expression in eq. (1) is, strictly speaking, only applicable at higher densities.
However, comparisons with higher Balmer lines in an ICP with comparable
densities show that the expression is still valid at those lower densities [7].

The deposition rate follows from ellipsometry [8]. In this method the
complex ratio of the reflectence of the two signals with the two orthogonal
polarizations is measured. From this ratio the so—called phase angles ¥,A can
be obtained and from these the thickness 0, the index of refraction n and the
absorption coefficient a are calculated. As this method is employed in situ,
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Figure 4. The relative intensity transmitted by the optical system as a function
of the position in the detection volume. Basically, the volume consists of a
cylinder with a length of 40 mm and a diameter of 4 mm.
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Figure 5. Shift of the argon neutral line 420.0 nm, measured at several axial
positions, as compared to the reference line.
: the reference line
———— spectral line at z = 30 mm
———— spectral line at z = 20 mm
spectral line at z = 60 mm
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these three quantities follow in an unique way from the measurements. This is
achieved by réproducing the trajectories in the ¥,A plane, assuming the
correct values for the three quantities §, » and « in a minimization procedure.
The layers can be further characterized by an ez sty spectroscopic
ellipsometer. Here the index of refraction and absorption coefficient are
determined as a function of photon energy in the range of 200—700 nm. In this
way the bandgap behaviour can be studied and the bandgap energies can be
determined.

3. MODEL CALCULATIONS

In the model calculations the two elements of the deposition process, i.e., the
production of the plasma in the cascade arc, the expansion through the nozzle,
the shock and the subsequent expanding flow are calculated. The results on the
cascade arc [9] with the injection of methane in the last cascade section serve
as starting point for the calculation of the expansion process in the vacuum
chamber. '

The evolution of densities, flow velocity and temperature is followed by'
solving the conservation laws for mass, momentum and energy. In the model
[10] we integrate over the plasma cross—section so essentially a
one—dimensional model is considered. The mass conservation leads to:

Ve(myu)=0or Vo=l ~(6)

(=

in which y is the plasma flow velocity and nyp = ny + n; is the heavy particle
number density, i.e., the sum of all neutral and ion species in the plasma. The
electron density then follows from the mass conservation of electrons taking
into account that V-j= 0:

O = Lips 10p_1 9T, -
' azk = k1 *ne( nar—nars)— ne2ksi]+ %[5 '6% -1 gzh _ @

In the equationAKl" is the total ionization rate, i.e., both by direct and stepwise
PIOCESSES; Mar—Mn,,S is the argon atom density above the Saha density n,,5 and

K, is the radiative recombination rate. In deriving eq. (7), the mass
conservation of heavy particles, eq. (6) has been used. The Vnp/np has been
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rewritten as %}i& - -gqf—h As the results will show the gradient of the heavy
particle pressure “py is nearly equal to the gradient of the total pressure Vp in
the axial direction: .

P=Pet Phtpn (8)

g% pe 60}1-.%)_}.

—
<
S

First pe/pn << 1, but also the electron pressure is nearly x—independent. The
ionization and dissociation of C~H fragments of the methane, injected in the
last section of the cascade arc is followed by a set of production equations:

on
—a%@ = *[productlon C/H-destruction C/H]+ nq /H(-%-.—gﬂ 17?2) (10)

in which 0 JH stands for the number density of any C/H radical or ion.
The flow velocity u is obtained from the momentum conservation for the
heavy particles

pleVe+Vp+V:z=0, ’ , (11)

which integrated over the cross section can be rewritten in a one—dimensional

form

Uz Ou =+ '52 pu2 5 (12)

Here, p stands for the mass density, fis the wall friction factor and D is the
diameter of the arc channel. Separate measurements have shown that the
friction factor ffollows approximately the ideal laminar case (cf. Fig. 6):

64 _ 64 .
f= g = 13
j==5 | (13)
in which 7 is the plasma viscosity coefficient, as shown in Fig. 7 [11].

The evolution of electron and heavy particle temperatures is followed with
the energy balances. For details we refer to reference [10]. The total enthalpy h
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Figure 6. The wall friction factor f plotted versus the Reynolds number. The
full curve corresponds to the ideal laminar case (f=64/Rq) and the dashed
curve represents the measurements without a plasma being present in the arc
channel (room temperature): The points are obtained from measurements at

the beginning and at the end of the channel for a number of discharge
conditions. ' ' :
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Figure 7. Viscosity of an LTE argon plasma as a function of temperature for
three different pressures. The values are taken from Vargaftik [11].
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follows then from

Oh du ‘
vt ¥ g =0 . | (14)

in which gis the energy source term.
For the plasma in the expansion zone in the low pressure section, separate
equations for electron temperature and heavy particle temperature are used.

4. RESULTS AND COMPARISON WITH MODEL CALCULATION

4.1. High pressure arc section

In Fig. 8a the calculated axial pressure dependence is shown. In Fig. 8b the
calculated heavy particle temperature is depicted together with measured
values of the electron temperature. It can be concluded that the electron
temperature is nearly constant; dependent on the argon flow it takes a small
distance for the heavy particle temperature to become equal to the electron
temperature. .

In Fig. 9 the measured electron density is compared with the results of the
model. A good agreement is observed; only for low flows and large z the
measured: electron density is lower than predicted. This discrepancy is very
likely due to. the neglect of sidewards diffusion, which for low flows leads to
additional losses. Note, t_ha,f the electron pressure remains approximately
constant; this gives even more reason to ignore the variation of electron
pressure in egs. (7) and (10). ,

In Fig. 10 the carbon ion density evolution is shown; at large fluxes it takes
apparently quite a distance for the carbon atoms to become ionized. Note that,
according to the model, carbon ion fluences of Nv* = 1019/s can be obtained. If
this fluence at the position of the substrate (see section 4.2) has a cross section
of 100 cm‘?’, fluxes of 102! ions/m?2 can apparently be obtained with his method.
This is a factor of 100 higher than in conventional methods.

4.2. The expansion

A few cms behind the exit nozzle the plasma accelerates and forms a shock.
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Figure 8a. Plasma pressure as a function of axial position in the arc channel.
Parameter is the argon flow (50, 100 and 200 scc/s); 1 scc/s is defined as 1 cc/s
at 1 bar and 273 K. The axial position is defined zero at the location of the
cathodes at the beginning of the arc. The length of the channel (ending in the
anode nozzle) is 60 mm. :
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Figure 8b. The various temperatures as a function of axial position. Parameter
is the argon flow (50, 100 and 200 scc/s). The points represent the values of the
electron temperature as measured with line—continuum ratio, whereas the
curves correspond to the calculations for the gas temperature.
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Figure 9. Comparison of the measured (points) and calculated (curves) axial
profiles of the electron density in the arc channel for three values of the argon
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Figure 10. Evolution of the carbon ion density following injection of methane.
Parameter is the methane flow (0.3, 1, 3 and 10 scc/s).
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Figure 11. Comparison of measured and calculated axial profiles of the plasma
velocity in the supersonic expansion followed (after passing the shock wave) by
the supersonic relaxation zone. Parameter is the background pressure (20, 100
and 200 Pa). The dashed curves and the points represent the measurements.
The full curves correspond to the calculated profiles.

After the shock the plasma expands towards the substrate holder.
Quasi—one—dimensional model calculations are employed again. This approxi-
mation is probably the least valid for the description of the shock, which is
described by the Rankine—Hugoniot equations. The shock will be three—di-
mensional; also the measurements average over quite a long distance as shown
in Fig. 4. The agreement is still reasonable as is shown in Fig. 11. Clearly, the
shock is observed less sharp than follows from the one—dimensional model. In
Fig. 12 a three—dimensional plot is given of the axial velocity. Together with
the measured lateral proﬁie‘s of the electron density shown in Fig. 13, a total
electron fluence can be calculated. Calculations show that the main ions are
hydrogen and carbon ions if sufficient CHy is added to the argon flow.

Finally, some remarks on the deposition rate and the quality of the layer
will be made. In Fig. 14 the deposition rate is shown as a function of the
carbon flux, both for C;H, and CHy. It can be observed that the deposition
rate increases with the carbon flux;-only for CH, a saturation is observed. This
difference between C,H, and CHjy is thpught to be due to the difference in
energy per carbon ion, which has to be in the argon flux to ionize the carbon.
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Figure 12. Three—dimensional view of the spatial profile of the plasma velocity
in the expansion of the arc plasma into the vacuu
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Figure 13. The measured lateral profiles of the electron density at three axial
positions (30, 50 and 80 mm).
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The film thickness grows linear in time until the substrate temperature rises
and the deposition rate declines (see Fig. 15). It proves that substrate
temperature is an important parameter.

Finally, the refractive index at A = 632.8 nm, measured with the He—Ne
ellipsometer and the bandgap, determined by the spectroscopic ellipsometer,.
are shown in Figs. 16a and 16b. Both are plotted against the so—called energy
coefficient . The latter is defined as the ratio of the carbon flux and the
product of the argon flux times the arc power in W. So the energy coefficient Q
can be interpreted as a measure for the reciprocal value of the energy available
to every incorporated carbon atom or ion. From Fig. 17 it can be concluded
that also the hardness is a function of the energy coefficient.

5. CONCLUSION

It can be concluded that this new approach to plasma deposition, which in
some way in methodology is similar to low pressure plasma spraying, is very
effective and could be a good alternative for producing high quality layers.

25 T T I T T T T T T

refractive index

1.0 1 1 ] ] i | | I 1
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2 6 8 10 12 1&1 16 18
)

energy coefficient (166 w-

Figure 16a. All measurements using the sn—situ ellipsometer accumulated in a
plot of the refractive index versus the energy coefficient ), defined as the ratio
of the carbon flux and the power product P (argon flux in scc/s times arc
power in W).



Expanding subatmospheric plasmas 347

15 1 T 1 | — T
.g 1.0 -
g _ _
g - i
| =y
2 L 0o —
Bost .
5 f | >

0 i 1 ! | I 1 : L]
0 08 1.6 24

energy coefficient aoowh

Figure 16b. The optical bandgap as determined with the spectroscopic ellipso-
meter as a function of the energy coefficient Q.
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Figure 17. Hardness of the deposited films as a function of the energy coef-
ficient Q. The experimental values are obtained with scratch tests.
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