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ABSTRACT

Transport and chemical rate phenomena were analysed for Co-C-O-layers
generated on steel C35 from cobalt(1l) acetylacetonate by PACVD. The investigations
were carried out in a parallel plate reactor, under the high frequency (13.56 MHz)
plasma, with low ionization (ionization degree 107-10°°, electron temperature 5 eV,
electron density 0.6 10" to 1.8 10" m™) and at the pressure of 100 — 400 Pa. Presented
coating system was taken as a good example for the plasma activated CVD process
simulation.
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1. INTRODUCTION

It is well known, that the transport and chemical rate phenomena at low
preassures with plasma activated chemical reactions in gas phase are extremely
complex. In addition, we have usually the transport phenomena in the slip
and/or transition regimes. Nevertheless, the analyses of such situation is
possible by semi-theoretical and/or empirical procedures, see e.g. [1-4].

The method of simulation is mainly determined by the Knudsen number
(Kn = A/d) where A is the mean free path in the gas phase and d a characteristic
length in the reactor. At Kn < 0.01 continuum calculations can be applied. At
Kn > 0.01 slip conditions must be taken into account or molecular gas flow
must be calculated [1]. CVD processes operate mostly in the range with Kn <<
0.01. In this range computer codes are available today which solve simulta-
neously the Navier Stokes equation, the equations for the energy and the
molecule transport {2,3].

Plasma activated CVD processes operate very often in the range Kn > 0.01.
In addition the role of the plasma complicates the process. This might be the
reason that very few calculations of plasma activated CVD processes [4-9] are
carried out. In spite of this the interest to simulate plasma processes is very
large because simulation facilitates the scale up of the processes.The deposition
process in this study is carried out in the pressure range of 100 — 400 Pa and a
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characteristic length of 4,3 cm (distance of the plates) that means in a Knudsen
number range of Kn < 0.01. Therefore continuum calculations are possible.
Coatings with general stoichiometry CoC,Oy are of large industrial interest.
Here, the Co - C - O - coatings are deposited from Co(acac), by the reduction in
hydrogen:
Co(acac), + H, 2 Co + 2H(acac)

For atmospheric preassure, the Arrhenius plot of log average Co deposition
rate versus inverse of deposition temperatures showed similar deposition rates
from 318-352°C [5] 270-310°C [6]; and 270-290°C [7]. This suggested a feed-
rate-limited growth mechanism. Also, it was observed in the experiments that
deposition rate of Co did not decrease with increasing temperature [7]. On the
other hand, sublimation of the the precursor at higer temperatures results in
irreproducible deposition rates, perheps because of decomposition of the
precursor in the sublimator. It was observed by [6] that volatile organic products
formed during the reduction as well as unreacted Co(acac), are swept
downstream beyond the furnace tube linear and either deposit on the cool
furnace wall beyond the tube furnace or are swept further through a thermal
conductivity cell.

2. EXPERIMENTAL

A schematic diagram of the RF - deposition equipment and the reactor is
shown in Fig.1. All gas flow rates were adjusted by mass flow controllers. The
upper electrode (75 mm diameter) was grounded and worked also as a shower
for the process gas. The upper electrode was specially constucted and perforated
with 1010 holes (diameter Imm) on the outlet. The lower electrode (the carrier
for the substrates) was dc isolated and heated to maximum temperatures of
723K. The temperature of the substrate was measured with a NiCr/Ni thermo-
couple, located inside of the lower electrode. Also, the temperature was
controlled by an Eurotherm controller. The electrodes were connected via a
match box to the RF-generator (Branson / IPC U. S., Model PM-119, 13.56
MHz).

The lower electrode had negative voltages in the range -20 V up to -475 V
(self bias) depending on the electric power P. The electric probe for measuring
the probe voltage and probe current was positioned in a distance of 8 mm above
the lower electrode, outside of the plasma sheath.

The deposition reactor was made of stainless steel. Metal sealings were
used. All substrates (19.5 mm diameter) were made of steel (C35), hardened up
to Knoop hardnesses of HK0.01 = 600 - 650, polished (surface roughness smal-
ler 1 um) and ultrasonically cleaned. The precursor Co(acac), was delivered
from the company STREM. The precursor concentration in the gas phase were
determined by the mass change of the crucibles from which the precursors were
evaporated. The molar fractions were in the range of x(Co(acac),)= 0.5 -1 %.
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The deposition reactor was connected with a quadrupol mass spectrometer (1 —
100 amu)
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The deposition experiments were carried out with the following procedure:
After evacuation of the reactor to 1 Pa the working pressure was adjusted from
100 Pa to 400 Pa whereby the gas was conducted through the bypass line shown
in Fig. 1. The ratio of the gas flows Ar(sccm)/Ha(sccm) was kept at 15/35.
Feeding pipes, shower (upper electrode) and substrate holder (lower electrode)
were heated up to the temperatures: Tpipe= 323 K, Tyowe= 348 K, Toups= 523,
623 and 723 K. The evaporator was heated to the temperatures of Teyuporata= 390
- 400 K. The RF - power generator was switched on and the power input was
adjusted between P = 25 W and P = 150 W. After 30 minutes all parameters
were stabile. The bypass (Fig. 1) was closed and the gas flow through the
evaporator and the deposition process begun. The mass deposition rates were
measured by determination of the mass of the substrates before and after the
deposition experiment. Typical deposition times were t = 2 h. The molar
deposition rates were calculated by the assumption that pure Co were deposited.
The thickness growth rates were calculated with the densitiy of Co (8.8 g/em’)

The composition of the layers was determined by wave length dispersive
X-ray analysis (WDX) analysis and the crystal structure by X-ray diffraction.
The mechanical properties were determined by the measurement of the
Knoop hardness HKO.01. Typical layer thicknesses for these measurements
were 1-2 pm.

The electrical measurements were carried out with a directly heatable and
an indirectly heatable Langmuir probe. The first probe could also be used as a
mass detector for negatively charged particles. In this case the measurements
were carried out in the afterglow where the electrons were adsorbed on particles
and walls and no free electrons existed in the gas phase.

3. RESULTS OF CO-C-0O DEPOSITION

All coatings deposited by this method contained C and O. The general
stoichiometry of the coatings could be described by the formula CoC,O, with
x~05andy=0.1-0.2

The power dependence of the deposition rate with the temperature as
parameter is shown in Figure 2. The scattering of the measuring points in the
figures is mainly caused by the scattering of the precursor molar fraction in the
gas phase. The scattering was in the range of +20%. In this figure the diffusion
controlled deposition rates are plotted also as described in the last section for
every deposition condition. The simulated rates are larger than the measured
rates and no temperature dependence and no power dependence is found in the
calculations In contrast to this the experimental curves for 200 and 400 Pa show
no power dependence above a threshold power Py, and at large pressures. At
other conditions the deposition increases almost linearly with the power. The
threshold power Py, is defined as the power where 80 % of the saturation value
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is reached. This threshold power has the values: Py, ~ 40 W for p=400 Pa, Py, ~
90 W at 200 Pa. In addition there is a deposition at no plasma and all deposition
rates are temperature dependent.

5.010%
T o 3 -
4.510° (a) 187
o Simulation  (FLUENT) ‘g
& A010° teg
E /@4\ v Z
S 3.510%r " |
£ ]
3000 —— 523K 125
g f— 623K 8
Oasost H108
g PO sk ! s
220105 1s &
= 2
§ L5105} /> 16 £
E=S =
1ot o e 4 B
R Experiment : o Z
50100} *—-"‘:7 5 LR
) p—————
L Y : : TR )
0 25 50 7S 100 125 150

Power of Inpuwt P [Watt]

Fig. 2a
5.010°%
4510+ H18%
Simutation  (FLUEN?) (b) ‘
:4.0101 7/ {16 g
) 7 =,
B 250 e -
E3s10% e /// 1es
g £
=3.010° {12 g
g =
] - - X ol
25107} 4109
2 i 723K k]
~2010% P, 1s 2
g . N ]
Z | 510" Experiment N J6 2
g e &
0 & L o
S Lo10t} ~ (e e 4 =
: . - B £
S0100L" T 1. &
) e 2 5
./
: ,é/ . . ) : : L
0 25 50 75 100 125 150

Power of [nput P {Wattj

Fig. 2b



176 MJoM  METALURGUA - JOURNAL OF METALLURGY

5.010°
45105 —— 523K 185
— —r— 623K E
40108 (©) 16 £
; i 723K E
—CE; 3.5 ”)'5,’ Simulation 1 M’:
= K (FLUENT) g
£30107 '\ 1125
. ey “T:_:‘ s e — S
E 25105 - T J Y
et L \\\ s s
5 —, / B e e @
220108} Loy g S L
& " Z
E 1500 ; o 2
2 Experiment . !’:_;
e
g 1010’k e o : o da S
8 AT — , z
50100} S - ezzne 42§
| SRR & e
e ! ' : : : Lty
0 25 50 75 100 125 150
Power of Input P [Watt|
Fig. 2¢

Figure 2 - Estimated and measured deposition rates vs the RF-power P. Substrate
temperatures: 523 K, 623 K, 723 K, total pressures: (a) 100 Pa; c(Co(acac),):
1.1-1.3%10" mol m; (b) 200 Pa: 2.3-2.6 107 mol m™; (c) 400 Pa 3.0-23.3 107 molm™
Flow: Ar: 15scem, Hy: 35 scem

4. ELEMENTS OF PROCESS MODELLING

4.1. Fluid Dynamics

Configuration of the reactor (Figure 1) enables the good description of the
momentum, heat and mass transport as well as chemical rate phenomena. We
have an example of exact solution of the Navier-Stokes equations: stagnation in
three—dimensional flow. A fluid stream impinges on a wall at right angles to it
and flows away radially in all directions /the axisymmetric case/. There is a
flow parallel to its axis in the neighborhood of a stagnation point of a body of
revolution (substrate). The velocity distribution in frictionless potential flow in
the neighborhood of the stagnation pointatr=z=0is givenby: U=arand V =
az, where a denotes a hydrodynamic constant (U the velocity at the boundary
layer core).

The solution of the appropriate differential equation was first given by
F.Homman [11] in the form of a power series. If we consider the corresponding
distance from the wall, denoted by z = &, as the boundary layer, we have: §, =
l.98(v/a)”2 [N. Frossling, 1940]. The layer is small at low kinematic viscosities
and proportional to v'?. It is worth noting that the dimensionless velocity
distribution w/U in the boundary layer as well as the boundary layer thickness
are independent of r coordinate.
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For practical application the hydrodynamic constant, a, must be known.
Here, the solution taken from analysis of mass transfer to an impinging
electrode [14] is used:

a* = ad,/V* = 1.5129H*%** (1)
wher: d.q,equivalent nozzle diameter, V*, average nozzle exit velocity, H* =
H/d, dimensionless nozzle heigh, H nozzle heigh.

Configuration of the upper two-stage shower is designed to achive a better
uniform deposition on the substrate. The outside shower is perforated with 1010
holes (diameter 1 mm). This is a type of flow control device (FCD) used for
modifying the flow inside the PACVD reactor (A simple design for an FCD
may be a round plate with holes in concentric rings on it). Various designs of
FCDs are possible. Hole size and distribution on the plate may be optimized by
using the computor code as well as experimental data. A careful optimization of
hole radii and plate thickness can provide a perfect homogeneity at the gas inlet.
Our type of shower enables an uniform boundary layer thickness at low
preassures.

4.2. Heat Transfer

Relatively low temperatures of “shower” (348 K) and substrate (523, 623
and 723K) indicate the pure forced convection heat transfer from substrate
toward plasma. Radiation heat transfer is minor. So we have the usual
relationship (similar and analogous to eq. 5):

Nu=CRe,”? Pr'
(Nu = hi/A, C =1, Re,”” = Ur/v, Pr = vio, ot = Mpcp, 8/8r = Pr'?)
Thermal effects of the deposition, like the latent heat of sublimation, can be
added to the total energy balance. Also, thermal instabilities on the “shower”

caused by electro-magnetic effects might be taken into the consideration. It is
possible to implement this effecs into the presented calculations.

4.3. Mass Transport and Chemical Rate Phenomena

Plasma activated chemical vapor deposition (PACVD) is the complex
phenomena involving thermodynamics, reaction rates, convection patterns and
mass transfer in systems that are nonisothermal and far from equilibrium. Also,
the plasma reactions can be extremely complex and multifold.

In order to illustrate the role of the transport and chemical rate phenomena
in the film forming, a relative simple situation will be considered, with the
chemical reactions in the plasma/gas phase, diffusion through the boundary
layer over the film and finally, chemical reactions at the film surface (Figure 3).
The flux through the plasma/gas, the flux through the boundary layer and the
film surface reaction flux are all equal. In other words, it is a typical steady-state
process with uniform flux, analog to three resistences in series (1/K) and an
overall potential of AC = (Cmax - Co).
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It must be mentioned that because of, very thin film (1-2pm) we can neglect
the effects of diffusion through the solid film as well as phenomena at
film/substrate interface.

So, generally, we can describe our PACVD process with following
simultaneous sub-processes:

(1) homogeneous chemical reactions and phenomena in the plasma/gas (plasma

assisted and pure CVD chemical reactions) [k(p/g)],

(2) diffusion through the boundary layer (with/without slip effect) [k(b1)] and
(3) heterogeneous chemical reactions and phenomena on the solid substrate

[k(s)];
unknowing the real influence of each on another. Simplified presentation of the
PACVD is given on the Figure 1.

The rate of film growth (j) is given as:

J = AC/1/k(p/g)] + [17/k(bl)] + [1/k(s)] = KAC,

K = 1/[1/k(p/g)] + [1/k(bl)] + [1/k(s)] (2)
where, AC = (Cmax - Co) is an overall potential, Cmax: the precursor concen-
tration under the upper electrode (shower), Co the precursor concentration abo-
ve the substrate (in some cases Co = 0) and K: the overall transport coefficient
On the other hand, the flux of adding active molecules from the gas to the film
of thickness &, is:

Jj = (p/M)ddydt (3)
or the deposition rate is:
déydt = (M/p) KAC (4)

where, p: the density of Co and M: the mass of Co per molecule.

The rate of film growth (j) does not always correspond to the rate of
precursor disappearance (J). Because of reactor simple geometry and only one
effective deposition we can assumed that j = J. In another words, there no exist
more parallel deposition processes but only one.

Often, depending on the deposition regime, one of the processes becomes
the most important and we have:

(1) plasma/gas phase reactions and phenomena, [j = k(p/g) AC];

(1D diffusion through the boundary layer, [j = k(bl) AC} and

(I1I) surface reactions and phenomena, [j = k(s) AC],

limited process.

We must know, there is a domain in which none of the processes
dominates, so the overall PACVD cannot be simplified.

In our simulation we analyzed the PACVD as the laminar transport
phenomena during homogeneous/heterogeneous appearances in the neigh-
borhood of substrate surface. Deatails of this concept was pubished in {8-10]. It
means, that the diffusion through the boundary layer is the referent situation.
So, the starting position for the calculation is the usual correlation:
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Sh = C Re,/? Sc'”, (5)

(Sh = Bd/D, C = 0.85 a*"” = 1, Re” = Ud/v, Sc = v/D)

Note, that the boundary layers thicknesses (3, &y and O¢) are independent
of r coordinate (8,/8¢ = Sc'* and 8,/8; = Pr'”).

5. SEMI-THEORETICAL CONCEPT OF LAMINAR
BOUNDARY LAYER

Because of well defined dimensions of reactor, the laminar boundary layer
concept is proposed for modelling the coupled transport phenomena [8-10].

Integral methods, based on setting balances for the control volume, are
often used in practice for the cases of laminar boundary layer [11-13]. The well
known problem in the application of these methods is the definition of
satisfactory equations for the concentration distribution. According to the
literature data, the use of a certain distribution equation is most commonly
limited to the corresponding specific system. When the conditions are changed,
it is necessary to choose a new, more appropriate distribution equation. In order
to overcome this situation, an ordinary differential equation, the “simplified”
equation is proposed. Solution of this equation, normalized concentration
distribution 6, is considered in the most general sense of term with analogous
meaning for momentum, mass, heat, chemical reaction, electro-magnetic forces
etc.. For example, momentum, analogous to concentration, by its distribution in
the laminar boundary layer, forms a corresponding Flux Gradient (FG).
Accordingly, a heterogeneous/surface appearance (i.e. chemical reaction) can be
considered as a phenomenon of concentration change with the corresponding
distribution and FG.

For appropriate situation of PACVD: (i) homogeneous appearances are
present inside a gas/plasma phase (i.e. pressure gradient, homogeneous
chemical reaction, electro-magnetic forces, plasma etc.) and (ii) heterogeneous
appearances are present on surface of substrate (i.e. condensation,
heterogeneous chemical reaction, surface heterogeneities, etching etc.).

So, the "simplified"’ equation defines the Flux Gradient (FG-code) of the
concentration change phenomena

FG=,l0"dé=N+fim); Ne[02], fim)e[0, +]  (6)

In principle there are laminar layers with:

- constant FG along the referent axis (FG = N; f(m) = 0), i.e. the laminar
boundary layer over a flat plate or rotating disk and here, stagnation in three—
dimensional flow.

- variable FG, i.e. laminar entrance region flow, when every position has its
corresponding distribution.

The modelling procedure of complex systems with simultaneous sub-
processes, is reduced to the constitution of balances of FG-codes of the
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phenomena occurring within a system. Momentum flow (v) is the "promoter" of
the whole heat and/or mass transport. By its velocity distribution along the
interphase it produces a FG-code which induces identical behavior of the
thermal and/or diffusion processes in fluid. Heterogeneous appearances easily
embarrasses the heat/mass transport process. So, for diffusion (D) during
heterogeneous appearances (H) over the flat plate, when temperature is constant
or slightly variable:

FG,dx = (FGp* FGy)dx (7)
According to balance equation (7), referent situation:

N,dx = Npdx (8)
and simplified analysis of Frank-Kameneskii [13]

k*Co = B (Cmax - Co) (9)

the model of mass transfer coefficient

B =k¥Co/Cmax)/(1 - Co/Cmax){1/1 - [£fim),*fim)p £ FGy]/N,} (10)
and/or dimensionless surface concentration ratio

Co/Cmax = /{1 + z[1 - (H(m), £ fim)p + FGu)/Ny]); z = k*¥/B (11)

are developed.
So, for [1 - (#f(m), * f(m)p = FGu)/N,] = ® (numerical value of real
conditions) one can obtained

j=BACAI + (z®)) or dSydt = (M/P)BAC /1 + (z D)) (12)

Influence of f(m), on the dimensionless surface concentration Co/Cmax for
a first order reaction and balance [N, * f(m),]dx = Npdx was presented in [8-10]
Influence of FGy on the dimensionless surface concentration Co/Cmax for a
first order reaction and balance Nydx = (Np * Npy)dx constituted over a
heterogeneous surface of foil was presented in [8-10], too.

6. VERIFICATION

6.1. Calculations /Procedure and Results [19]/
To find (AC) we used the following calculating sequences:

(1) Dependences of dynamic viscosity (i) on temperature (T) for pure Ar and
H are taken from standard handbooks.

(2) Viscosity of gas mixure (15 sccm Ar/35 scem Hyp) is calculated according to
the method of Wilke [15].

(3) Density of mixure for various temperatures, T (523, 623 and 723K) and
preassures, P (100, 200, 400 and 10° Pa) are calculated simply as:
p=P/((RTZ(wi/M;)); where: w; is the mass fraction and M; the molar weight
of Ar (i=1) and H,(i=2)

(4) The binary diffusion coefficient of Co(acac), in pure H, is calculated
according to the formula [15]: Dap = 0.00266T"*/(PMap'*0ap’Qp); where:
Dag is binary diffusion coefficient, em’/s; T temperature, K; P pressure,
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bar; G4 characteristic length, A; Qp diffusion collision integral, dimen-
sionless. Lennard-Jones parametes used in calculations are listed in [19].

(5) Criteria’s of Re, Sc and Sh are estimated from usual relationships and listed
in [19], with appropriate boundary layer thicknesses as well as mass
transfer coefficients.

(6) Values for AC (overall potential of the precursor) for averaged deposition
rates data, are listed in [19] and traced into the Figures 2a,b and c.

(7) With ® (numerical value for real condition) one can modified the
deposition rate taken from (6). ® might be the function of some plasma
property and/or power of RF generator.

By this technique an analytical relationship between j, AC and r can easily
be obtained.
6.2. Simulation /Double Contol/ by Fluent®
For the double control simulation calculations the reactor shown in Figure

2 was simplified and the computer code Fluent® was used. The form is

axisymmetric, which simplifies the deposition calculations to a two dimensional

calculation with the z axis and the radius as additional coordinate. For the

calculation of the gas flow and the deposition rate the grid consisted of 1830

cells, 30 cells in the radial direction corresponding to 50 mm internal radius and

61 cells corresponding to 265 mm in height. The viscosity and the heat

conductivity of the gas mixture were calculated according to the codes given in

Fluent.

7. CONCLUSION

In the system W - C - O the deposition is strongly influenced by a particle
formation in the gas phase. Inspite of the vacuum sealed equipment the layers
always contain oxygen. The activated molecules are formed during the flowing
of the molecules from the shower to the substrate. Therefore the oxygen comes
from the precursor compounds. The deposition temperature is rather low, the
maximum temperature is 750 K. Because of these reasons, the PACVD
deposition of Co - C — O layers is discussed in the light of transport and
chemical rate phenomena at low preassures with plasma activated chemical
reactions in gas phase.

The presented concept is imagined as a flexible iterative system for the
following experimental data. The model can be used as a tool in computer-aided
process optimization, too. Therefore, in second step, the standard numerical
methods (statistics as well as interpolation procedures) must be used as su-
perstructure.
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NOMENCLATURE

a : hydrodynamic constant; Co : surface concentration; Cyx (=Ce-; when f(m) =
const, or f(m) = 0, ) : theoretical bulk/core concentration; d : diameter; D : (binary)
diffusion coefficient; FG : Flux Gradient (FG-code); FGy, : the diffusion flux gradient;
FGy, : flux gradient of the total heterogeneity; k* : ( heterogeneous chemical reaction)
rate constant according to [13]; N : dimensionless criterion; Nu : Nusselt number; Pr :
Prandt! number; R : gas constant; Re : Reynolds number; r, z : coordinates; Sc :
Schmidt number; Sh : Sherwood number; T : temperature; V, U : velocitis in r and z
directions; V¥ : average nozzle exit velocity.

Greek symbols

o : thermal diffusivity; {3 : mass transfer coefficient; 8¢ : concentration boundary
layer thickness; &r : temperature boundary layer thickness; &, : kine-matic boundary
layer thickness; &; : deposited film thickness; & = y/8 : dimen-sionless distance from
interphase; v : kinematic viscosity; u : dynamic visco-sity; & = C/Cg., : normalized
concentration distribution; 8" = d29/d§2: derivation of second order.



