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Particle precipitation-aided chemical vapor deposition
(PP-CVD) is a modification of the conventional CVD
process, where an aerosol is formed in the gas phase at
an elevated temperature, and particles are deposited
on a cooled substrate, The synthesis of titanium nitride
(TiN), using titanium tetrachloride vapor (TiCl,), ni-
trogen (N,), ammonia (NH,), and hydrogen (H,), by
the PP-CVD process is studied. TiN is formed by a
heterogeneous reaction, using TiCl,, N,, H,, whereas
simultaneously TiCl, and NH, react to form an
aerosol. The activation energy of this homogeneous
reaction is on the order of 100 kJ /mol. The powder
formation process is determined by the dissociation of
a titanium containing intermediate species. At low tem-
perature differences between substrate and gas phase
(i.e, <2 K), only dense columnar microstructures,
with growth rates of around 20 pm /h, are observed.
At these temperature differences no particle deposition
is observed. The layers are formed by a molecular
diffusion controlled CVD growth mechanism. Porous
coherent layers are found in experiments, where inter-

mediate temperature differences are applied (i.e., ap-
proximately 2—10 K). The observed interconnection of
the particles has to originate from a heterogeneous
reaction. Apparently, under these conditions the het-
erogeneous reaction is fast enough, with respect to the
particle precipitation rate, to interconnect the precipi-
tated particles. A further increase in temperature dif-
ference between the susceptor and the gas phase only
leads to loose powder deposits. In principle, the PP-
CVD process is a suitable method for the synthesis of
thin porous layers of ceramics. To obtain uniform
coherent porous layers two separate reaction mecha-
nisms are required under the same experimental condi-
tions. There should be a homogeneous reaction in the
gas phase as well as a heterogeneous reaction, which is
controlled by surface kinetics, in order to interconnect
precipitated particles to obtain a coherent porous layer.
Porous ceramic Jayers can be formed as long as the
particle precipitation rate is slow enough with respect
to the heterogeneous reaction rate,

INTRODUCTION

Chemical vapor deposition (CVD) is a
well-known technique to deposit thin films
of solid materials (Spear and Cullen,
1990). Gas phase reactants, diluted in a
carrier gas, are introduced in a hot-wall
reactor, where the reactants absorb on a
substrate. These absorbed reactants will
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react to form a solid film on the substrate.
Typically materials formed are refractory
metals, semiconductors, and inorganic
materials (Pierson, 1992).

In general, powder formation in the gas
phase in a CVD process should be
avoided, because this will deplete the re-
actants necessary for the heterogeneous
(CVD) reaction considerably, leading to a
nonuniform film thickness. In addition,
powder in the gas phase can diffuse to-
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wards the substrate, and deposit on the
substrate. Often, this will lead to an unde-
sirable microstructure of the film.

However, under certain experimental
conditions powder formation can be used
to our advantage, in that the hot-wall
CVD process can be modified to control
the microstructure of the layer by a con-
trolled deposition of the particles on the
substrate. In particle precipitation—aided
CVD (PP-CVD), an aerosol is formed at
an elevated temperature, and the particles
are deposited on a cooled substrate by
thermophoresis, i.e., diffusion in a ther-
mal gradient due to the difference in ki-
netic energy of the gas molecules which
causes the particles to move from the
warmer to the colder side in the reactor
(Fuchs, 1964).

Particle precipitation on the substrate
will result in a loose powder deposit, which
has a poor mechanical stability. In order
to obtain a coherent layer the powder
deposit should be sintered, or a heteroge-
neous reaction (i.e., CVD) should occur
simultaneously to interconnect the indi-
vidual particles. Thus, the PP-CVD pro-
cess consists of three steps, i.e., particle
formation, particle deposition, and inter-
connection or sintering of the particles as
illustrated in Figure 1.

Particle deposition in a CVD process
has been proven to be successful in the
modified CVD (M-CVD) process (Mac-
Chesney and Digiovanni, 1990), which
originally has been developed to deposit
doped silica in a quartz preform for the
optical fibre production. The PP-CVD
process is very similar to the M-CVD pro-
cess. In M-CVD the relative cold reactor
wall is used as a substrate, whereas in
PP-CVD a separate (cooled) substrate is
introduced into the reactor. The PP-CVD
process has been introduced by the group
of Komiyama. They have deposited sev-
eral oxides and aluminium nitride by PP-
CVD (Osawa and Komiyama, 1986; Shi-
mogaki and Komiyama, 1986). Dense to
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FIGURE 1. The principle of the three stages of
the PP-CVD process.

highly porous layers were obtained de-
pending upon experimental conditions.

This report will discuss the synthesis of
titanium nitride (TiN) by the PP-CVD
process. TiN has been chosen to investi-
gate the possibilities of the PP-CVD pro-
cess, because it is possible to synthesize
TiN aerosols as well as TiN layers at the
same reaction temperature and reactor
pressure using different nitrogen contain-
ing reactants. A heterogeneous reaction is
necessary to interconnect the precipitated
particles, because TiN has a poor sinter-
ability. A TiN aerosol can be formed us-
ing titanium tetrachloride (TiCl,), ammo-
nia (NH,), and hydrogen (H,) (Dekker et
al., 1991),

2TiClyy, + 2NH ) + Hyg
= 2TiN, + 8HCl,, (1)

whereas TiCl,, H, and nitrogen (N,) can
only react on a surface to form TiN
(Nakanishi et al., 1990).

2TiCl ) + Ny + 4Hy
= 2TiN, + 8HCl,, 2)
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The pores between the precipitated
particles, which originate from the first
reaction, should be entirely or partly filled
by the solid deposit of the second reac-
tion. It is expected that the layers formed
have different porosities, depending on
the ratio of particle precipitation rate over
heterogeneous reaction rate. The amount
of particles deposited is determined by
particle concentration in the gas. phase,
and driving force for particle deposition
(i.e., thermophoresis), whereas the hetero-
geneous reaction is governed by reactant
concentration, and reaction rate constant.
The particle concentration in the gas
phase as well as the heterogeneous reac-
tion rate constant are temperature depen-
dent.

In principle, a variety of compounds,
such as nitrides, carbides, oxides, and
metals, can be deposited using this tech-
nique, provided that the gas phase reac-
tants can serve as a source for a homoge-
neous reaction as well as for a heteroge-
neous reaction. Moreover, a variety of
composites can be made by this technique
as long as the formation of one solid will
not be inhibited by the reactants or
volatile products of the formation of the
other solid. In this case, one has to sepa-
rate the heterogeneous reaction and the
homogeneous reaction to make two dif-
ferent solid phases. For example, it should
be possible to make a composite layer of
TiN, and titanium carbide (TiC). The syn-
thesis of a TiN aerosol, concordant to
reaction (1), can be combined with a het-
erogeneous reaction to form TiC using
TiCl,, and methane (CH,) [Aggour et al,,
1975]

TiCl,g, + CH,q = TiC(,, +4HCl,,  (3)

resulting in a composite layer of TiN par-
ticles in a TiC matrix. However, experi-
ments are necessary to verify whether it is
indeed possible to make such a composite,
because it is well known that a combina-
tion of two reaction mechanisms can be-
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have differently than the sum of the two
individual reaction mechanisms.

Formation of layers of different materi-
als by a heterogeneous (CVD) reaction is
well documented by Pierson (1992). The
criteria for the synthesis of a solid in the
gas phase for a given chemical mixture
are not well understood. However, as a
first approximation, the formation of a
solid seems to be determined by the ther-
modynamic equilibrium constant. Kato et
al. (1981) observed a tendency between
powder formation (of nitrides and car-
bides) and the equilibrium constant. In
general, a homogeneous reaction will only
occur if the equilibrium constant of the
reaction is high enough. This technique of
making dense to porous layers offers a
variety of applications, e.g., thin porous
layers can be used for catalysis, mem-
branes, or SOFC components as discussed
by Van Dieten et al. (1993).

We have deposited TiN on porous alu-
mina tubes in a cylindrical laminar flow
reactor. Tubular porous alumina sub-
strates are used in order to be able to
measure the degree of porosity of the
deposited layer by gas permeability mea-
surements (Dekker et al., 1992). The in-
fluence of the reaction temperature on
particle size, particle concentration in the
gas phase as well as the influence of the
reaction temperature, temperature gradi-
ent on microstructure, and porosity of the
deposit have been investigated. Further-
more, the influence of the individual reac-
tants on the process will be discussed.

EXPERIMENTAL ASPECTS

Synthesis of TiN

A schematic drawing of the gas distribu-
tion system of the CVD apparatus is given
in Figure 2. Hydrogen is bubbled through
heated liquid TiCl, to saturate the hydro-
gen stream with reactant vapor. The TiCl,
concentration in the H, stream is calcu-
lated assuming the TiCl, vapor pressure
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to be in equilibrium with the TiCl, liquid.
The deviation in TiCl, gas concentration
is <10% of the calculated value, as
checked by monitoring the volume de-
crease in time of the TiCl, liquid. A
schematic drawing of the cylindrical reac-
tor (inner diameter 50 mm and length 700
mm) in a three-zone resistance furnace is
presented in Figure 3. A nozzle is used for
a separated introduction of the reactants.
H, and NH, flow through the inner side
of this nozzle, whereas, TiCl,, H,, and N,
are introduced at the entrance of the re-
actor outside the nozzle. Thus, the reac-
tants for homogeneous reaction (i.e., NH,
H,, and TiCl,) are mixed in the high
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FIGURE 2. A schematic drawing of
the gas distribution system of the
CVD apparatus.

temperature zone, and the reactants for
heterogeneous reaction (i.e., N,, H,, and
TiCl,) are introduced at the entrance of
the reactor. The susceptor for positioning
the substrate consists of a dead-end hol-
low quartz tube. The cooling of the sus-
ceptor is regulated by an externally con-
trolled flow of pressurized air. The axial
position of the susceptor can be varied. It
is positioned at the outlet of the nozzle in
the middle of the reactor during the PP-
CVD experiments.

Four sets of experiments have been
carried out. Experimental sets 1A and 1B
comprise experiments as a function of re-
action temperature and temperature gra-

——- a
i~

NH3’ H2 p

@ iCOOLING

 EXHAUST

———-

FIGURE 3. A schematic drawing of
the cylindrical reactor in a three-zone
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dient for the synthesis of TiN layers by
the PP-CVD process. Experimental sets
2A and 2B comprise experiments for the
characterization of the powder formation
in the gas phase. The experimental condi-
tions are summarized in Tables 1 and 2.
A comparison between the experiments
in set 1A and 1B can give information
about the influence of a heterogeneous
reaction, involving N,, on the precipitated
particles. Because in set 1A a possible
heterogeneous reaction can originate from
the TiCl,, N,, NH;, and H, reactants,
whereas in set 1B a possible heteroge-
neous reaction can only originate from
the TiCl,, NH;, and H, reactants. The
reaction temperature is varied from 923
to 1173 K, and the temperature difference
between gas phase and substrate is varied
from 0 to 36 K. Temperatures are mea-
sured with chromel-alume] thermocouples
as illustrated in a blown up part of the
center of the reactor in Figure 4. The
reaction temperature is measured at the
end of the gas distribution nozzle (Al in
Figure 4). The temperature of the gas
phase is measured 15 mm above the sub-
strate (A2 in Figure 4), and the tempera-
ture of the substrate is measured with a
thermocouple mounted on the surface of
the substrate (A3 in Figure 4). The elec-
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tromotive force of the thermocouples is
recorded with an accuracy of 0.01 mV,
i.e., equal to an uncertainty of 0.5 K in the
calculated temperature. The linear gas ve-
locity in the inside of the nozzle, and the
linear gas velocity on the outside of the
nozzle are kept equal in order to avoid
disturbances in the laminar flow. The lay-
ers are deposited on tubular porous alu-
mina substrates. These substrates are slid
over the cooled susceptor. The substrates
have an inner diameter of 9 mm, an outer
diameter of 15 mm, a length of 15 mm, an
average pore size of 4.5 wm, and a poros-
ity of 40%.

As mentioned above, the particle con-
centration in the gas phase is of prime
importance to the PP-CVD process. It is
very difficult to obtain in situ information
concerning the particle formation process.
Therefore, two sets of model experiments
(2A and 2B) have been carried out in the
CVD reactor to obtain information con-
cerning the kinetics of the homogeneous
reaction. In this case the susceptor is slid
towards the third zone of the furnace
(Figure 3) to rule out heterogeneous reac-
tions. The third heating zone is kept at a
relative low temperature, so the heteroge-
neous reaction rate is negligible. Thus,
the deposited mass on the substrate can

TABLE 1. Process Parameters for the Synthesis of TiN by PP-CVD

Set 1A Set 1B
Inside NH, flow 17 140 jmol /s
H, flow 0.7783 0.64 mmol /s
total flow 0.78 0.78 mmol /s
Outside TiCl, flow 35 35 pmol /s
N, fiow 0.49 0 mmol /s
H, flow 0.49 0.98 mmol /s
total flow 1.015 1015 mmol /s
Reaction time 3600 3600 s
Reaction temperature 923-1173 900-1300 K
Temperature difference 0-36 0-36 K
between substrate and gas
phase
Reactor pressure 1% 10° 1x10° Pa
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TABLE 2. Process Parameters for the Synthesis of TiN Powder

Set 2A Set 2B
Inside NH, flow 0,17 0-140 umol /s
H, flow 0.78,0.7783 0.39-0.20 mmol /s
total flow 0.78 0.39 mmol /s
Outside TiCl, flow 35 7-14 pmol/s
N, flow 0.49 0 mmol/s
H, flow 0.49 0.47-0.38 mmol /s
total flow 1.015 0.54 mmol/s
Reaction time 3600 1800 5
Reaction temperature 923-1173 900~1300 K
Temperature difference 65 0-65, 65 K
between substrate and gas
phase
Reactor pressure 1x10° 1x10° Pa
only originate from the powder present in  Particle Analysis

the gas phase. In order to harvest enough
powder for further analysis a larger sus-
ceptor is used than in the PP-CVD pro-
cess. The temperature of the susceptor
was kept constant at 800 K. This tempera-
ture was 65 K lower than the gas phase.
The reaction temperature at the outlet of
the nozzle was varied from 900 to 1300 K.
A comparison between the experiments in
set 2A, and set 2b provides information
about a possible heterogeneous reaction,
involving N,, on the powder in the gas
phase.
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FIGURE 4. A schematic drawing of a blown up
part of the center of the reactor.

Particle sizes are obtained by quasi-elastic
light-scattering analysis (QELS)
(Dahneke, 1983), scanning electron mi-
croscopy (SEM) analysis, (TEM) transmis-
sion electron microscopy analysis, and
sedimentation field flow fractionation
analysis (SF*) (Scarlett et al., 1988). In
QELS or photon correlation spectroscopy,
the autocorrelation function of the inten-
sity of laser light, scattered by particles in
a liquid suspension is calculated. This
power spectrum of scattered light allows
determination of the particle diffusion co-
efficient, which can easily be correlated to
a particle diameter. In SF® a suspension
flows through a force field in a centrifuge.
The mass distribution of the dispersed
powder is exponentionally distributed in
the field as a result of the counteracting
combination of Brownian diffusion, and
centrifugal force. Owing to this induced
mass distribution within the laminar flow,
the retention time of particles in the ap-
paratus is a function of their weight.

The TiN powder collected on the sus-
ceptor in the experimental sets 2A and
2B, where the susceptor is positioned at
the end of the reactor in the third zone of
the furnace, is suspended in an aqueous
ammonia solution (0.002 M) with a pow-
der concentration of typically 1-2 weight
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percent. This suspension is fractionated
by SF?. The fractionated suspensions are
collected in optical cuvets, and these sus-
pensions were analyzed by QELS. TEM
grids are dipped in these suspensions for
SEM, and TEM analysis.

RESULTS AND DISCUSSION

The reaction of TiCl,, N,, and H, did not
result in any TiN powder formation within
the reaction temperature region from 923
to 1173 K. Usually, these conditions are
used in conventional CVD to deposit thin
layers on substrates (Nakanishi et al.,
1990). Therefore, it is not surprising that
TiN is only observed on the reactor wall
on the outside of the nozzle, and on the
susceptor. Growth rates of maximal a few
micrometers per hour are found. Thus, a
relatively small reaction rate constant de-
termines the growth rate. The high appar-
ent activation energy of approximately 100
kJ/mol of this process indicates that the
CVD reaction of TiN is controlled by
surface kinetics (Nakanishi et al., 1990),
and not by diffusional mass transport in
the gas phase, because a growth rate lim-
ited by diffusional mass transport has only
a small temperature dependence of typi-
cally 10-20 kJ/mol (Spear and Dirkx,
1990).

Hence, addition of NH; is necessary
for powder formation. Powder formation,
and heterogeneous deposits near the noz-
zle outlet are observed for all model ex-
periments. In all cases the collected pow-
der consists of crystalline TiN, as identi-
fied by XRD analysis. The particle sizes
are obtained from TEM, SEM, QELS,
and SF? analyses. In the temperature re-
gion from 900 to 1173 K the primary
particle size varies between 100 and 200
nm, as identified by TEM analysis. The
particle size appears to be unaffected by
the reactant concentrations. Only at low
concentrations of TiCl, and NH, the par-
ticle size tends to be smaller. A particle
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size distribution, typical for these experi-
ments, is shown on the TEM micrograph
in Figure 5. The mean mass diameters
from SF* analysis of the suspended pow-
ders are typically between 200 and 300
nm. The particle diameters from QELS
analysis of the fractionated suspensions by
SF* are comparable to the diameters ob-
tained from SF* analysis. From these re-
sults, it can be concluded that the primary
particle size is only a weak function of the
reaction temperature, and that it is not
likely that agglomerates in the gas phase
are formed within the reaction tempera-
ture region from 923 to 1173 K. Thence,
the agglomerates found on the TEM mi-
crographs have to be a result of the
preparation method for TEM samples.
Agglomeration in the suspension droplet
on the TEM grid occurs during evapora-
tion of the medium. A significantly smaller
particle size is found at higher reaction
temperatures. The primary particle size is
typically 10 nm at reaction temperatures
higher than 1200 K. A possible mecha-

FIGURE 5. TEM micrograph of TiN powder,
typical for synthesis experiments within the tem-
perature region from 923 to 1173 K.
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nism for this sudden decrease in particle
size, with increasing reaction temperature,
will be discussed in a forthcoming paper
by Dekker et al. (1993). These high reac-
tion temperatures are not desirable for
the synthesis of coherent layers by the
PP-CVD process, as will be shown.

The driving force for powder collection
on the susceptor in the reactor is ther-
mophoresis. The thermophoretic velocity
(v,) is proportional to the temperature
gradient (Simpkins et al., 1979)

b= —K(%)V(T) (4)

where K is a constant for a given particle
size, v the viscosity of the gas, and T the
temperature. In this case, where particles
have a Knudsen number on the order of
one, K is only a weak function of the
particle diameter (Talbot et al., 1980).

For the model experiments of set 2B an
increase in precipitation rate is observed,
with increasing temperature difference
between susceptor and gas phase, for tem-
perature differences of > 5 K. This indi-
cates that thermophoresis is indeed the
driving force for particle deposition. The
observed nonlinear increase in precipita-
tion rate, with increasing temperature
difference, is a consequence of the non-
linear temperature gradient present in the
gas phase. In principle, the temperature
gradient can be expressed as a function of
the Reynolds number, Prandtl number,
and reactor geometry (Incropera and De-
Witt, 1981).

For the other model experiments, at a
given concentration of TiCl,, NH,, and
H,, the temperature of the susceptor, and
the temperature of the gas phase above
the susceptor are kept constant. Hence,
the amount of powder harvested has to be
proportional to the particle concentration
in the gas phase. The weight change as a
function of the temperature is presented
in an Arrhenius plot in Figure 6, where a
NH, excess of 10 with respect to the

J. P. Dekker et al.

TiCl, reactant is used. The gas-to-particle
conversion shows an Arrhenius-like be-
havior within the temperature region from
923 to 1173 K. The apparent activation
energy of the powder formation process is
94 kJ /mol. These experiments have been
performed, at different ratios of NH, over
TiCl,, in the temperature region from 923
to 1023 K. In this case the apparent acti-
vation energy varies between 89 and 96
kJ/mol, provided that there is at least a
fivefold excess of NH, with respect to
TiCl,. The uncertainty in the obtained
activation energies are typically between 5
and 10 kJ /mol. Therefore, it is concluded
that the activation energy is independent
of the ratio NH,; over TiCl,. No clear
temperature dependence is observed for
the experiments, where an excess of TiCl,
with respect to NH, is used (i.e., a ratio of
NH, over TiCl, of <0.5). In this case the
conversion to TiN appears only to be de-
termined by the absolute NH, flux, and
not by a chemical reaction mechanism.
However, the conversion to TiN seems to
be determined by a chemical reaction
mechanism, if NH, is in excess with re-
spect to the TiCl, concentration. Hence,
the homogeneous reaction might be de-
termined by the dissociation of a titanium
containing intermediate species. It should
be noted that the total conversion of TiCl,
is unknown, because the diffusional loss
of TiCl, in the reactor, to form TiN by a
heterogeneous reaction, is unknown. Be-
cause of this uncertainty the actual activa-
tion energy of the homogeneous reaction
can not be determined. However, diffu-
sional mass transport processes have a
relative small temperature dependency,
thus it is expected that the actual activa-
tion energy of the homogeneous reaction
is on the order of 100 kJ /mol.

From these observations one would ex-
pect it to be possible to form coherent
layers by the PP-CVD process at low re-
action temperatures using only TiCl,,
NH,, and H, as reactants (experimental
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FIGURE 6. Arrhenius plot of collected TiN powder on cooled
susceptor of model experimental set 2B, where a ratio of NH,

over TiCl, of 10 is used.

set 1B), because the conversion of TiCl,
to TiN powder is low at these reaction
temperatures. Hence, enough reactant
should be present to form TiN by a het-
erogeneous reaction. However, under
these conditions only coherent layers are
observed at the tip of the susceptor near
the nozzle outlet. This is a consequence of
the high reactivity of NH, with TiCl,,
which will result in a depletion of the
TiCl, reactant. Similar results have been
reported by the group of Komiyama. Due
to the high reactivity of their reactants
they could not prevent a strong depletion
of the reactant, which resulted in a non-
homogeneous deposit. To avoid a diffu-
sional loss, the heterogeneous reaction
should be limited by (relatively slow) sur-
face kinetics instead of by (relatively fast)
diffusional mass transport.

An excess of TiCl, with respect to NH,
is used to prevent depletion of TiCl, in
the gas phase for the experiments in set
1A. At low temperature differences be-
tween substrate and gas phase (ie., <2
K) only dense columnar microstructures,
with a growth rate of typically 20 wm/h,
are observed, as can be seen in Figure 7.
No individual particles in the layers have
been observed. Hence, the driving force
for particle movement is not high enough
to induce particle precipitation on the
substrate under these conditions. The
grains of the layer have a tendency to
become larger at higher reaction temper-
atures. We believe that these types of
microstructures originate from a typically
molecular diffusion controlled CVD
growth mechanism. Similar columnar mi-
crostructures have been found for diffu-
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FIGURE 7. SEM micrograph of a cross section
of a diffusion controlled TiN layer, which is typi-
cal for layers grown at low temperature gradients
in the gas phase. This layer is grown at a reaction
temperature of 973 K and a temperature differ-
ence of 2 K (the temperature of the gas phase
was measured 10 mm above the substrate), using
the experimental conditions in set 1B.

sion limited growth of other binary com-
pounds, such as the growth of B-SiC using
TMS (Cheng et al., 1987). A twin plane
re-entrant edge (TPRE) mechanism was
proposed to account for this growth of
CVD B-SiC. In this mechanism step
growth is facilitated by the presence of
corners at the intersection of twin planes.

We suggest that the TPRE mechanism
accounts for the growth of TiN, and that
the mixture of N,, and NH; has to be
responsible for this growth mechanism,
because the microstructure observed in
combination with the high growth rate is
not found for the individual reactions, i.e.,
those involving NH, for a heterogeneous
reaction concordant to reaction (1), or N,
in reaction (2). Apparently, the growth
rate limitation present in the formation of
TiN, using TiCl,, N,, and H,, which re-
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sults in a growth rate of a few um/h,
disappears after an addition of NH,, which
results in a growth rate of typically 20
pm/h. Before a rationale for this change
in growth mechanism can be given some
of the crystal growth characteristics dur-
ing CVD have to be discussed.

CVD crystal growth by this TPRE
mechanism can be limited by initiation of
a new step on the crystal planes, plane
growth, or diffusion in the gas phase. Plane
growth occurs perpendicular to the crystal
growth direction. Film growth, which is
determined by surface kinetics, is limited
by a slow nucleation rate on a favorable
site on the crystal plane (i.e., in a groove
at the intersection of two twin planes in
the case of TPRE mechanism), or a low
plane growth rate. The film growth rate is
determined by the nucleation rate on the
planes if it is assumed that the nucleation
rate is slow with respect to the plane
growth rate for a given chemical system.
After an addition of a small amount of a
species which is more reactive than the
species already present, the nucleation
rate on the planes might increase, and
plane growth or diffusion in the gas phase
will become rate limiting, Thus, addition
of only a small amount of an extra species
can enhance the film growth rate consid-
erably, because the rate-determining step
of the layer growth mechanism has been
changed. ,

A possible rationale for the observed
change in the characteristics of the TiN
layers can be given similar to the discus-
sion given above. The heterogeneous
growth of TiN, using TiCl,, N,, and H,, is
limited by surface kinetics. This surface
limitation is a consequence of a slow nu-
cleation rate on the crystal plane, or a
slow plane growth rate. For example, if it
is assumed that the nucleation rate is slow
with respect to the plane growth rate for
the chemical system without NH,, then,
after an addition of NH;, the nucleation
rate on the planes will increase, and plane
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growth or diffusion in the gas phase will
become rate limiting. From the observed
type of microstructure, as discussed above,
it has to be concluded that the growth is
limited by diffusional mass transport, and
not by plane growth.

A further increase in temperature dif-
ference between susceptor and gas phase
will result in particle deposition, which
will give in a different microstructure. This
is found for experiments, where interme-
diate temperature differences are applied
(i.e., ~2-10 X). Mechanically stable
porous layers are formed for the experi-
ments in set 1A, where the reaction tem-
perature was kept between 923 K and
1023 K. At higher reaction temperatures
only loose powder deposits have been ob-
served. The microstructure of a porous
layer, typical for these experiments, can
be seen in Figure 8. The primary particle
sizes in these kind of layers are similar to
the particle sizes, obtained from TEM
analysis, formed in the model experi-
ments, where the same reactant concen-
trations and reaction' temperatures are
used. The observed interconnection of the
particles has to originate from a heteroge-
neous reaction. Apparently, under these
conditions the heterogeneous reaction
rate is high enough, with respect to the
particle precipitation rate, to interconnect
the precipitated particles, whereas the
heterogeneous reaction rate is not high
enough to fill the voids between them.
Consequently, this results in the forma-
tion of a porous layer by the PP-CVD
process. To our knowledge no other type
of CVD process is capable of making this
type of porous layers.

A further increase in temperature dif-
ference between the susceptor and the
gas phase only leads to loose powder de-
posits, as can be seen in Figure 9. These
results are similar to the experiments of
set 1B, where no N, was used. This im-
plies that the interconnection of the pre-
cipitated particles by the heterogeneous
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FIGURE 8. SEM micrograph of a cross section
of a porous TiN fayer, which is typical for layers
grown at intermediate temperature gradients in
the gas phase. This layer is grown at a reaction
temperature of 1023 K and at a temperature
difference of 3 K, using the experimental condi-
tions in set 1B.

reaction can only take place as long as the
particles are near the surface of the grow-
ing layer. No further heterogeneous reac-
tion will occur on the particles inside the
growing porous layer due to depletion of
the reactants. This depletion is inevitable
as the molecules diffuse within the grow-
ing porous layer, and absorb on the inter-
nal surface of the layer. Thus, the inter-
connection of the precipitated particles by
the heterogeneous reaction can not keep
up with the particle precipitation rate,
which results in a loose powder deposit. It
should be noted that the control of the
temperature gradient in the reactor is very
delicate. Besides the choice of the reac-
tants the temperature gradient has a very
strong effect on the final microstructure.
Small temperature changes can have a
dramatic effect on the microstructure.
Therefore, special care should be taken to
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FIGURE 9. SEM micrograph of a cross section
of a loose powder deposit, which is typical for
layers grown at high temperature gradients in the
gas phase. This layer is grown at a reaction
temperature of 1023 K using the experimental
conditions in set 1B.

control the temperatures within the reac-
tor. In principle, another driving force for
particle deposition such as electrophoresis
can be considered. Electrophoretic veloc-
ity of the particles is probably better to
control under the conditions which are
typical for such a PP-CVD process. How-
ever, a disadvantage is a possible change
in electric field during deposition, due to
the deposition of a material with a dif-
ferent electrical conductivity than the sub-
strate.

CONCLUSIONS

The reaction between TiCl,, N,, and H,
results in a layer, formed by a heteroge-
neous reaction. The apparent activation
energy of this process is ~ 100 kJ/mol.
Thus, the film growth rate is determined
by surface kinetics. An addition of NH,

J. P. Dekker et al.

will enhance the growth rate considerably.
The growth rate of these kind of layers is
determined by diffusion of some gaseous
species, as long as the precipitation of
particles on the substrate can be ne-
glected. This particle precipitation can be
induced by applying a temperature gradi-
ent in the gas phase. This results in the
formation of porous coherent layers, as
long as the temperature difference be-
tween substrate and gas phase is <10 K.
The powder formation in the gas phase is
a result of the reaction between TiCl,,
NH,, and H,. The activation energy of
this homogeneous reaction is on the order
of 100 kJ /mol. From the experiments as a
function of the reactant concentrations it
is concluded that the powder formation
process is determined by the dissociation
of a titanium containing intermediate
species.

In principle, the PP-CVD process is a
suitable method for the synthesis of thin
porous layers of ceramics. To obtain uni-
form coherent porous layers two separate
reaction mechanisms are required under
the same experimental conditions. There
should be a homogeneous reaction in the
gas phase as well as a heterogeneous re-
action, which is controlled by surface ki-
netics. It is expected that a porous ce-
ramic layer can be formed as long as the
particle precipitation rate, controlled by
thermophoresis or electrophoresis, is slow
enough with respect to the heterogeneous
reaction rate, because the interconnection
of the precipitated particles by the hetero-
geneous reaction can only take place as
long as the particles are near the surface
of the growing layer. No further heteroge-
neous reaction will occur on the particles
inside the growing porous layer due to
depletion of the reactants. This depletion
is inevitable as the molecules diffuse
within the growing porous layer, and ab-
sorb on the internal surface of the de-
posited layer. Thus, the interconnection
of the precipitated particles by the hetero-
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geneous reaction can not keep up with
the particle precipitation rate.
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