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Abstract

The unsteady pulsed-pressure chemical vapour deposition (PP-CVD) technique offers an increase in process intensification over conventional
CVD processes due to the high precursor utilisation efficiency. A numerical model of the movement of precursor particles in the process is developed
to study the high efficiencies observed experimentally in this process. The modelling procedures were verified via a study of velocity persistence
in an equilibrium gas and through direct simulation Monte Carlo (DSMC) modelling of unsteady self-diffusion processes. The results demonstrate
that in the PP-CVD process the arrival time for precursor particles at the deposition surface is much less than the reactor pump-down time, resulting
in high precursor conversion efficiencies. Higher conversion efficiency was found to correlate with smaller size carrier gas molecules and moderate

reactor peak pressure.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past several decades, chemical vapour deposition
(CVD) has become an increasingly important process for the
manufacture of thin film materials. These materials have impor-
tance in such diverse applications as electronics, biotechnology
and optics. As thin film technology has advanced, new types
of CVD processes have been developed to manufacture these
films [1].

The motivation for this work is to understand the unique
processing performance demonstrated by the patented pulsed-
pressure CVD (PP-CVD) process developed by Raj and
co-workers [2]. Like other CVD processes, deposition occurs via
the thermal decomposition of the precursor on a heated substrate.
However, unlike other processes the precursor is delivered in an
unsteady manner whereby timed pulses of precursor are injected
into a continuously evacuated reactor volume. The technique has
been employed to deposit films from metal-organic precursors
including titania films from titanium isopropoxide (TTIP) dis-
solved in toluene and delivered into the reactor as a liquid via an
ultrasonic nozzle [3]. Yttria-stabilised zirconia (YSZ) has also
been deposited using the same technique [4,5].
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Fig. 1 shows a functional schematic of a PP-CVD reac-
tor, along with a plot of the reactor pressure during operation.
For gaseous precursors, during the injection phase (0<7<#f) a
solenoid valve is opened for a time, £, releasing the precursor
from the high pressure source vessel at P into the reactor vol-
ume at initial pressure Ppi,. When the valve closes at ¢ = f; the
reactor is at its maximum pressure of Pn,x. During the pump-
down period (#; < f < ) the reactor is evacuated by the vacuum
pump and the reactor pressure during this phase is given by:

P(t) = Pmin + (Pmax - min) exXp (_TI) (1)
R

where TR is the reactor pump-down time constant which can be
determined experimentally by fitting the exponential function to
the measured pressure profile [6]. The gas precursor may be un-
diluted in some cases, but due to the reactive nature and issues
of corrosion or safety it is often mixed with an inert carrier gas.
This is the situation modelled in this paper.

Experimental studies and a phenomenological model of PP-
CVD by Krumdieck and Raj have reported that during the
deposition of titania, the conversion efficiency of the TTIP
precursor into solid film exceeds 90% under certain operating
conditions [3,7,8]. Efficiencies this high have not been reported
in conventional CVD processing.
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Fig. 1. Functional schematic of a pulsed-pressure chemical vapour depositi

The efficiency of the reactor means PP-CVD is an intensified
process compared to conventional CVD processing. The rate
of gas consumption is reduced since more of the precursor is
converted into a solid film, so the scale of the gas handling system
can be reduced. Furthermore, the high efficiency means less
of the often expensive and toxic precursor is wasted, resulting
in economic and environmental advantages over conventional
systems.

Krumdieck et al. proposed that during the injection phase
a mass transport regime is induced by the pulsing pressure in
which expansion effects dominate over continuum effects, gen-
erating a unique uniform flux field [9]. During the pump-down
phase, the reactor volume is treated as a quiescent with unsteady
pressure given by Eq. (1) [10].

At the low reactor pressures which occur during PP-CVD,
or where the scale of macroscopic property gradients is of
the order of the mean free path, the continuum description
of gas dynamics becomes invalid. In this rarefied state, a
molecular description of the reactor flow is applicable [10].
Several methods exist for simulating rarefied flow includ-
ing molecular dynamics (MD) simulations, where molecular
motion and collisions are calculated deterministically, and the
Lattice—Boltzmann method (LBM), which solves a simplified
version of the Boltzmann equation over a grid [11]. How-
ever, MD simulation requires enormous computational expense
and the LBM approach has poor accuracy, so the preferred
technique for modelling rarefied flows has become the direct
simulation Monte Carlo (DSMC) technique [12]. Here, the
movement and collisions of a large number of test parti-
cles are decoupled over a time step which is a fraction of
the mean collision time. The technique is well-established
and has been used to simulate flow applications as diverse
as high altitude aerodynamics [13], micro-thrusters for space
propulsion [14] and steady flow CVD reactor mass transport
modelling [15].

The objective of this modelling study was to understand
the conditions leading to high precursor conversion efficiency
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on (PP-CVD) reactor with a plot of the reactor pressure during operation.

reported by Krumdieck and Raj [3]. The approach taken in this
numerical study is to use a mixed precursor and carrier gas
system as a model for the actual flash evaporated liquid pre-
cursor and solvent system. Modelling of the pulsed-pressure
process using DSMC presents some significant challenges. The
wide range of gas densities experienced and the unsteady nature
of the flow means that modelling the entire process using the
DSMC technique requires significant computational expense,
even given the 2D axisymmetric nature of the flow. This prob-
lem is exacerbated by the relatively large ratio of carrier gas
molecules to precursor molecules meaning a large number of
particles must be simulated to maintain accuracy in precursor
concentrations. A technique used to overcome a similar prob-
lem is the stochastic biatomic collision theory (BCT) method
developed by Groves to model the directed vapour deposition
(DVD) of copper [16]. Here, the paths of a large number of
reactant molecules are tracked individually through a steady
background gas field generated using DSMC. The technique
assumes the concentration of reactant molecules is low enough
that there is negligible interaction between them and utilises a
complex method for the determination of vapour atom mean free
path and collision dynamics.

2. Reactor efficiency model
2.1. Model outline

In the PP-CVD reactor efficiency model developed in this
study, the paths of a large number of test precursor molecules
are tracked through a background carrier gas field. In this way,
the time scale for the precursor particles to diffuse through the
expanding flow field to the deposition surface can be investi-
gated. Readers who are interested in the development of the
model should refer to the remainder of Chapter 2, whereas those
who are interested solely in the results of the study should skip
to Chapter 3.
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Fig. 2. “PIES” reactor efficiency model computational flow diagram.

2.2. Model structure and development

The reactor efficiency model used in this study was loosely
based on the BCT method, however mean free path calculations
and the interaction of molecules during collision events were
simulated using either the hard sphere (HS) collision model or
the variable soft sphere (VSS) model developed by Koura and
Matsumoto [17]. In this way, the movement of the test particles
through the reactor volume was decoupled from collision events
in much the same way as the DSMC method, while allowing
the use of readily available collision parameters. The computa-
tional flow of the model, known as the pulsed injection efficiency
simulation (or “PIES”) model, is illustrated in Fig. 2. Here,
Nparis represents the number of test particles tracked for each
simulation run.

As shown by Bird [12], the vast majority of collisions in a
dilute gas involve only two atoms. Furthermore, for these sim-
ulations it was assumed collisions were elastic such that there
was no exchange of energy between the participant molecule’s
translational and internal degrees of freedom. In binary elas-
tic collisions, momentum and energy are conserved and the

transport mean free path is given by [18]:
_ RT
~ V2P(t)Naom

where R is the universal gas constant (8.314 kJ/kmol K), N
Avogadro’s number (6.023 x 1023 molecules/mol) and oy is the
momentum transfer collision cross-section.

The actual free path of a molecule is distributed about the
mean value given in Eq. (2) with the probability of a particle
travelling at least a distance x before a collision being e*/*m
[18], hence the probability of a collision occurring between x
and x + dx is [16]:

1
—e A dx 3)

m

Am(?) @

The momentum transfer collision cross-section, which occurs in
the Chapman—Enskog expression for diffusion coefficients [19],
is given by Bird [12] as:

oM = 27[/ (1 — cosy)a(x)siny dy “4)
0
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where  is the deflection angle of the relative velocities of either
molecule during collision and () is the angular cross-section
which can be expressed in terms of an impact parameter b which
defines the distance of closest approach between the undisturbed
trajectories of the collision partners:

b |db

U(X)=@ a

&)

Substitution of Eq. (5) into Eq. (4) and invoking the change in
variable gives:

bmax
oM = 271/ (I —cos x)bdb (6)
0

To define the momentum cross-section, and hence the trans-
port mean free path, a relationship must be determined between
the collision parameters b and x, which are functions of the
energy of the collision event. In the implementation of the BCT
model by Groves, a relatively complex iterative procedure is
employed to determine these parameters for the high energy cop-
per molecules. However, here either the phenomenological hard
sphere or VSS models are used primarily because of their relative
simplicity and due to the ready availability of input parameters.

For the hard sphere model it can be shown that the momen-
tum cross-section is equivalent to the total collision cross-section
oM = OT = ndlzz where d1; is the mean of the hard sphere diam-
eter of the two collision partners [12]. The primary weakness of
the hard sphere model is that in real gases the total collision
cross-section is a function of the relative translational energy
of the collision partners and so is a function of temperature.
The variable hard sphere (VHS) model [20], in which the hard
sphere diameter becomes a function of the relative velocity of the
collision partners c¢; and the temperature exponent of the coef-
ficient of viscosity w, was formulated to correct this problem.
In the VHS model, the momentum cross-section and the total
collision cross-section are again equivalent, however this leads
to discrepancies in simulating flows where diffusion is impor-
tant which lead to the development of the variable soft sphere
(VSS) model by Koura and Matsumoto [17]. Here, the momen-
tum cross-section is related to the total collision cross-section
by:

2
= o)
@+ T

oM @)
where o is the VSS scattering parameter, a function of the
Schmidt number which gives the ratio of viscosity to diffusion.

The total collision cross-section for the VSS model is given
by [12]:

(2kTreg/mec2)” >

r25 - o)

or = nd®> where d= dref\/ ®)
where dif is the reference molecular diameter at temperature
Tref, k the Boltzmann’s constant, I” represents the gamma func-
tion and m, is the reduced mass of the collision partners.

In this model, a potential collision partner for the precursor
molecule is generated at the collision point with components
of velocity selected at random from the Maxwell-Boltzmann

distribution for the local background gas conditions. The total
collision cross-section is then determined from Eq. (8) and,
because the probability of a collision is a function of the total
collision cross-section and relative speed of the potential col-
lision partners, the acceptance—rejection method suggested by
Bird [12] is employed and, if required, a new collision partner
is generated. The momentum cross-section is then calculated
through Eq. (7) and the collision position determined from the
velocity of the precursor molecule and Egs. (2) and (3). The
collision itself is then generated by random selection of appro-
priate deflection and azimuth angles, along with expressions for
the conservation of momentum and energy. In this way the posi-
tion of the collision and the collision event itself are effectively
decoupled. The model assumes that the precursor concentration
is sufficiently low that molecular collisions between precursor
molecules are relatively infrequent.

2.3. Code implementation and validation

The PIES model was implemented using code developed in
MATLAB version 6.5. In order to test the procedures employed
in the code, a series of validation studies were carried out. These
were designed to test the simulated rate of diffusion of the precur-
sor particles in the reactor and the collision procedures employed
for molecular interactions.

The standard pseudorandom number generator in MATLAB
“rand” was used to generate the required random variables and
was started in a different state for each run. The “rand” function
has been shown to have a period, which is the number of random
numbers generated before any two values are repeated, of almost
21430 [21].

2.3.1. Velocity persistence in an equilibrium gas

After a collision of particles of masses mj and m in the
vapour phase, the collision partners can be expected to maintain
a component of their velocity in the pre-collision direction. The
ratio of this post-collision component to the pre-collision veloc-
ity is known as the velocity persistence ratio which has a mean
value for hard sphere particles of [19]:

1 1 _ (MM 4+ 1)
wp = 5M1 + EMlez 215 [5‘/[11/2 where
mi mj
Mi=— and M, = —F"F"— ©
my +my my +my

For molecules of the same size @iy = 0.406, while when
my > my, w12 — 1 and the heavy particles move almost bal-
listically; and when m; < my, @12 — 0 and the light particles
move as if they were undergoing random walk.

To validate the reactor efficiency code, the algorithm was used
to calculate the persistence ratio for the movement of various
noble gas particles through a uniform and stationary field of
other noble gas particles. This was done by determining the
magnitude of the projection of the post-collision velocity vector
v, onto the unit vector of the pre-collision velocity vector v, and
comparing this to the magnitude of the pre-collision vector || vy ||.
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Fig. 3. Code validation study comparing molecular persistence ratio predicted
using the hard sphere and VSS collision models to theoretical values.

The results were averaged over a large number of collisions N:

N _ _
1 V102

W12, simulated = ) (10)
N ,;nvlu

The simulated results with N = 10,000 in Eq. (10), utilising both
hard sphere and VSS models, were compared to theoretical val-
ues obtained from Eq. (9) and are shown in Fig. 3. Because
statistical error is of the order of 1/+/N the error in these calcu-
lations is approximately 1%.

The hard sphere values show good agreement with the the-
oretical curve from Eq. (9) which itself assumes hard sphere
collisions. This indicates that the algorithm is performing cor-
rectly since the persistence ratios computed by the algorithm and
those from hard sphere theory are almost identical. The VSS
model deviates significantly from the theoretical values espe-
cially when the ratio m/my is small. This does not indicate a
problem with the algorithm, but rather illustrates the limitations
of the hard sphere model in real gas simulations. The VSS model
can reproduce experimentally measured values of the diffusion
coefficient [12] and consequently will produce more accurate
values of the persistence ratio than can be produced by the hard
sphere model or predicated from hard sphere theory.

2.3.2. Comparison with pure random walk

A further check was carried out by comparing the average
straight line distance travelled by small particles in a field of
large particles (i.e. as mi/my becomes very small) to the dis-
tance predicted by pure random walk. Pure random walk occurs
when the direction of movement after a collision has no relation
to the pre-collision direction (i.e. @2 =0) and corresponds to
the movement of a particle undergoing surface diffusion. The
average straight line distance d travelled from the origin for
a particle undergoing random walk is equivalent to the stan-
dard deviation of the Gaussian distribution, centred about the
origin, of the distance travelled by a large number of particles
d = \+/n, where n is the number of steps taken by the particles
and A is the mean step distance [22]. Fig. 4 shows a comparison
of the average straight line distance travelled by 1000 helium
atoms in a uniform stationary field of xenon at 10 Pa (for which
w12 =0.0159) to the distance predicted by random walk, where
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Fig. 4. Code validation study comparing the average straight line distance trav-
elled by helium atoms in a stationary uniform field of xenon molecules at
10Pa.

n is the number of collision events and A is the mean free path.
Deviation between the two lines is due in part to the slight per-
sistence of the simulated system and in the small statistical error
in the simulations.

2.3.3. Unsteady self-diffusion

To validate the procedures for the VSS collision model, cus-
tom DSMC code was developed in MATLAB to measure the
unsteady (i.e. time dependent) self-diffusion of argon with a
number density of 1.4 x 102 m—> and a temperature of 273 K.
The analytical solution for one dimensional transient diffusion
into a semi-infinite region is analogous to the transient heat
conduction into a semi-infinite solid with constant surface tem-
perature [23] such that the density of species A, pa(x, ?), is:

pal, ) _ 1

X
pao0 2 {1 —et <2v DAAZH (n

where pa o is the initial density of species A, x the position from
the initial separation interface of the two species, D the self-
diffusion coefficient and erf (. ..) represents the error function.
It should be noted that due to the requirement of species equilib-
rium at x=0, the density ratio pa (0, £)/pa o = 0.5 for all values
of time 7> 0 in a manner equivalent to the thermal equilibrium
requirement of the analogous heat transfer problem.

The simulations utilised 100,000 test particles on a
1 m x 0.01 m two dimensional grid with periodic boundary con-
ditions in the y-direction. An ensemble average was taken to
reduce statistical error in the sampling. Fig. 5 compares the
results of these simulations with the predicted values from Eq.
(11) using the value for self-diffusion calculated by Bird of
Daa =2.95m?/s [12]. The results show agreement between the
simulations and the theoretical values within the statistical scat-
ter of the sampling and confirm the validity of the VSS collision
procedures.

The results of the various verification studies confirm that
the computational procedures employed in the PIES code will
result in realistic diffusion rates of precursor molecules through
the background flow field and gives confidence in the validity
of reactor efficiency simulation results.
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Fig. 5. Validations of VSS collision procedure by DSMC simulations of transient
self-diffusion of argon.

3. Investigation of pulsed-pressure CVD

The PIES model was used to investigate the process of precur-
sor diffusion from a well-mixed gas to a substrate that consumes
the precursor component. In order to establish the high effi-
ciency behaviour of PP-CVD, the numerical investigation aims
to determine the time scale for consumption of the precursor on
the substrate. It is reasoned, that if the diffusion and deposition
processes are much faster than the pump-down process, then
it is possible that high precursor conversion efficiency can be
achieved.

The investigation was based around binary mixtures of noble
gas molecules as a model for the precursor-solvent vapour sys-
tem because these have known collision parameters and only
translational degrees of freedom. The model system was nec-
essary because very limited data is available for the collisional
behaviour of the actual precursor or the solvent molecules used
in typical PP-CVD processes. Of the data which is available,
Tatsuda et al. estimate the hard sphere diameter of TTIP as

12 A [24] and Rubio et al. estimate the hard sphere diameter
of toluene as 5.72 A [25]. This data was used in the study, how-
ever, the limitations of the hard sphere model have already been
mentioned.

During the simulations the background gas is assumed to have
no bulk velocity and to be everywhere uniform throughout the
reactor volume (i.e. have no property gradients). The gas pres-
sure throughout the reactor volume was determined at time 7 after
the start of the pump-down phase using Eq. (1). Although these
assumptions are unphysical in a volume which is being evacu-
ated, it will be shown that this approximation holds over the time
scale required for the vast majority of precursor molecules to be
consumed by the substrate. Furthermore, the rate of pump-down
in this PP-CVD process is approximately 3 m>/h which trans-
lates to a bulk flow velocity of approximately 0.3 m/s through
the reactor cross-section: several orders of magnitude less than
the molecular velocities experienced in the flow. Flow visuali-
sation experiments also confirm that there is little bulk velocity
during the pump-down phase [9].

Fig. 6 gives a schematic representation of the modelling pro-
cess with the PP-CVD reactor geometry shown in Fig. 6(a). As
illustrated in Fig. 6(b), the precursor molecule is spawned at a
random point in the reactor and moves ballistically, undergo-
ing collisions with carrier gas molecules, until it impacts the
substrate and is deposited upon it. The pressure, and thus the
number of carrier gas molecules, in the reactor decreases with
time causing an increase in the precursor (mean) free path A,
as shown in Fig. 6(c). Precursor particles which strike the reac-
tor’s walls are assumed to be diffusely reflected with complete
thermal accommodation. Because the reactor is axially symmet-
ric, the computational expense of the simulations can be greatly
reduced and the path of the precursor molecule can be projected
onto the zero-azimuth plane.

The parameters used in the study were set to be consistent
with the experimental studies of Krumdieck and Raj [8] and are
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Table 1
Simulation parameters

Reactor height (jet inlet to substrate distance), 1
Reactor radius, R

Substrate radius, r

Reactor peak pressure, Pmax

Reactor minimum pressure, Ppin

0.185m

0.03m

0.0225 m

1, 10, 100, 1000 Pa
0Pa

Pump-down constant, TR 2.65s

Wall and background gas temperature, T’ 293K

Noble gases studied (VSS model) He, Ne, Ar, Kr, Xe?
Real precursor/solvent pairs studied (HS model) TTIP/toluene

4 Gas properties and collision data taken from Bird [12].

o
©

o
a

Solvent Molecule Type

o
o

W Helium O Neon

Argon @ Krypton

o
&

B Xenon

c o
W

Precursor residence time, tose; [s]
o o
- -

RN

o

Xenon

Helium Neon Argon Krypton
Precursor Molecule Type

Fig.7. Precursor residence time 959, for different precursor-solvent (carrier gas)
combinations with Pp,x = 10 Pa.

summarised in Table 1. Simulations were conducted to assess
the effect of reactor peak pressure, carrier gas type and precursor
molecule type on the residence time of particles within the reac-
tor. The time taken for 95% of the precursor molecules within
the reactor volume to reach the substrate f9s¢, was chosen as a
suitable measure of this residence time. Fig. 7 shows the f95¢,
values for different precursor-carrier gas pairs for a reactor with
Prax =10Pa.

The same data is presented in Fig. 8 showing an approxi-
mately logarithmic relationship between the precursor to carrier
gas mass ratio and residence time when the data is grouped by
carrier gas molecule type. Here, m; is the mass of the carrier gas
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relative to the mass of helium. Included on this plot is the data
point for the toluene—TTIP hard sphere system.

The effect of reactor peak pressure on precursor residence
time was studied by simulating the pump-down phase for several
precursor-carrier gas combinations including the hard sphere
TTIP-toluene combination, Xe—Ar (which has a similar pre-
cursor to carrier gas mass ratio as TTIP-toluene) and, as a
point of comparison, Ar—He. Simulations we not carried out
for peak pressures exceeding 1000 Pa due to the large compu-
tational expense required. The larger magnitude of the error on
the higher pressure values is a consequence of a smaller sample
size due to the large computational expense. The results of this
study are illustrated in Fig. 9.

4. Results and discussion

The results in the previous section can be compared to reac-
tor pump-down time fp to gain an appreciation of the processes
leading to the observed high precursor conversion efficiencies
in PP-CVD. Typically, PP-CVD reactors operate with a pulse
period fp > 4t and tp > #; to ensure that both mass flux unifor-
mity is high after the injection phase and the reactor pressure
does not climb over a period of several pulses [26]. For the reac-
tor studied in these simulations, the reactor pump-down time
tp=10.6s.

From Figs. 7 and 8, we see that in every case residence time
t9s9, < 10.6 s for Prax = 10 Pa. Because the time for diffusion of
precursor particles to the substrate is much less than the pump-
down time we can expect very high efficiencies for a reactor
operating in this regime. The relationship between the different
precursor-carrier gas combinations in these figures reveals that
the mass ratio of the precursor to the carrier gas along with the
relative mass of the carrier gas both have large effects on the pre-
cursor residence time. Lighter carrier gas molecules result in a
decrease in precursor residence time as does a smaller precursor
size relative to the size of the carrier gas.

The reasons for these relationships can be readily understood
by examining Eq. (2). As the collision cross-section of the colli-
sion partners increases, the free path of the molecules within the
gas decreases. Larger molecules undergo more scattering events
and, coupled with the fact that their molecular speed is lower
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than smaller molecules at the same temperature, their residence
time increases, as would be expected from diffusion relation-
ships. Clearly, the lesson here is that solvents or carrier gas
should be chosen with as low a molecular weight as possible
for the PP-CVD process. Similar results have been reported for
jet vapour deposition (JVD), in which a helium carrier gas stream
is employed to deposit gold vapour [27], and in directed vapour
deposition (DVD) [16].

From Fig. 9, itcan be seen that the arrival rate for the precursor
at the substrate is highly dependent on reactor peak pressure. As
Prax increases so that the residence time 959, approaches fp we
can expect a corresponding drop in reactor efficiency. This result
is as would be expected from diffusion relationships, however
it should be kept in mind that the decreasing reactor pressure
throughout the pump-down phase given by Eq. (1) means that
precursor residence time will be significantly lower than for a
reactor which operates at steady pressures.

It has been shown that when the precursor residence time
to59, < tp we can expect high reactor efficiencies. When this
condition is satisfied, convective effects within the reactor due to
bulk flow are minimal and precursor particles diffuse to the sur-
face due to random molecular walk. Random walk is a very rapid
process in stationary gases at the relatively low pressures in the
pump-down phase of PP-CVD and consequently high precursor
conversion efficiencies are achieved. In steady flow reactors, or
in unsteady reactors with a short pump-down time, convective
effects are high and precursor particles must diffuse in a direc-
tion which is generally normal to the bulk flow direction in order
to reach the deposition surface. Consequently convective effects
move large quantities of the precursor out of the reactor before
the molecules can diffuse to the deposition surface resulting in
low precursor conversion efficiencies.

The study confirms that the physical mechanisms for high
efficiencies in PP-CVD reactors occur when the rate of precursor
diffusion, adsorption onto the substrate and thermal decompo-
sition are faster than the reactor pump-down rate. The study
also shows that to achieve high efficiencies solvents of mini-
mal molecular size should be employed and confirms that high
reactor peak pressures will result in a decrease in precursor
conversion efficiency.

We intend to extend the current study by generating the sol-
vent gas flow field during both the pump-down and injection
phases using either pure DSMC or hybrid continuum-DSMC
methods, and then using the PIES method to track precursor
particles though the flow field. This step will help confirm the
validity of the minimal bulk flow assumption and will allow
the development of the uniform mass flux field to be studied in
detail.

5. Conclusion

The development of a model for the pump-down phase in
PP-CVD has allowed the physical mechanisms for the high pre-
cursor conversion efficiencies in this process to be studied in
detail. The model utilises the hard sphere and variable soft sphere
(VSS) collision models to track individual precursor particles
through a uniform expanding solvent flow field within the reac-

tor volume. The validity of the model was confirmed by studying
the persistence ratio in collisions between hard sphere molecules
of different sizes and the transient self-diffusion behaviour of
VSS argon molecules.

In the PP-CVD process, when the time taken for the majority
of precursor molecules to reach the substrate is much less than
the reactor pump-down time, high reactor efficiencies can be
expected. This is because the random drift of precursor to the
substrate takes much less time than for molecules to be removed
from the reactor by the vacuum pump. The relationship between
precursor and carrier gas size has also been studied confirming
that larger precursor molecules will result in a decrease in reactor
efficiency as will heavier carrier gas.

The simulations show that the efficiency results from exper-
imental deposition studies are plausible and provide a valuable
step in understanding the complex unsteady flow field exhibited
in the PP-CVD process. The present authors intend to extend the
present study by using the precursor tracking model to investi-
gate the movement of precursor through a carrier gas flow field
generated using DSMC or hybrid continuum-DSMC methods.
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