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Polycrystalline coatings of an oxide, with a columnar grain
morphology, were grown on metal substrates from metal-
organic precursors using the pulsed-CVD process. In a
model study, films of the rutile phase of titanium dioxide
were grown on nickel by thermal decompesition of titanium
isopropoxide. Growth rates of nup to 0.3 pm/min were ob-
tained with conversion efficiencies (mole oxide per mole
precursor) approaching 100%. The high growth rates and
conversion efficiencies portend the application of this
method for the manufacture of films and coatings on large
surface areas, as, for example, required in the deposition of
zirconium dioxide on nickel-based superalloys to serve as
thermal barrier coatings on turbine bladcs.

I. Introduction

EARLIER work from this laboratory has demonstrated that a
simple pulsed-CVD method, illustrated schematically in
Tig. 1, can be used to grow high-quality heteroepitaxial films of
LiTa0,' and Ti0,>* on sapphire from a single source of metal-
organic precursors. The use of pulsed liquid injection with an
ultrasonic nozzle is a unique feature of this method. It allows
excellent control of the injection rate of the precursor while
maintaining a differential between the ambient pressure of the
liquid and a low pressure in the reactor. The ultrasonic nozzle
nebulizes the injected liquid, which then vaporizes completely
before arriving at the hot substrate, where it is decomposed to
the oxide. In this way, molecular deposition is achieved. The
parameters of the pulsed injection, particularly the waiting pe-
riod between pulses, permits a marriage between the injection
rate and the reaction kinetics for decomposition and crystallo-
graphic growth to achieve high-quality single-crystal thin films
of oxides at relatively low temperatures. The thin films of
LiTaO, grown by this method! have low optical absorption and
nonlinear optical properties that approach the handbook values
for single-crystal LiTa0;. Pulsed-CVD may have further ad-
vanlages (o the spray pyrolysis approach to CVD,*® because
the former is designed for molecular impingement of the liquid
precursor on the substrate. The molecule-by-molecule growth
of the oxide film may offer greater control over the microstruc-
ture than if small droplets of the precursor are deposited on the
substrate and then decomposed.

In this communication, we report the application of the
pulsed-CVD method to grow films that are pelycrystalline,
albeit textured. Although these polycrystalline films can have
applications in electronics, for example, as dielectric layers,
our attention is focused on structural applications, such as ther-
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mal barrier coatings for superalloys in the shape of turbine
blades. In these large-scale applications, the conversion effi-
ciency of the precursor to the oxide is of concern because of
cost. Also, because such coatings are often 10-100 pm thick,
the rate of growth must be of the order of 1 pm/min. The
objective of this communication is to show that the pulsed-
CVD method can provide conversion efficiency that ap-
proaches 100% and growth rates that are quite amenable for the
manufacture of thick films. These results are demonstrated
with a model material, TiQ,, grown from the precursor tita-
nium isepropoxide. Equivalent precursors for growing film of
ZrQ,, which is the major constituent of thermal barricr coat-
ings, are readily available.

II. Experimental Procedure

A schematic of the apparatus used in this study is shown in
Fig. 1. A precise volume of liquid precursor soluticn is injected
directly into the cold-wall reaction chamber through an ultra-
sonic nozzle. The precursor consists of a dilute solution of the
metalorganic in a low-vapor-pressure solvent. In this study, we
use 1.8 mol% ((CH;),CHO),Ti in toluene. The pulse timing is
controlled by a personal computer, and the pulse volume is
simply the internal velume of the valve (C) plus the volume in
the supply line (1.). The fine droplets (15 wm) produced at the
tip of the ultrasonic nozzle rapidly evaporate in the low pres-
sure (0.1-10 torr (13-1300 Pa)) inside the chamber. The pre-
cursor molecules arrive at the hot substrate, where they arc
thermally decomposed. The substrate is heated by mounting it
on to a susceptor heated by a halogen lamp encased within heat
shields. The deposition temperature is controlled by a propor-
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Fig. 1. Schematic diagram of the pulsed-CVD experimental reactor.
Valve B is open to fill supply tubing, L, with overflow to the drain,
while valve C 1s closed to the nozzle. Liguid precursor pulse is deliv-
ered 1o the chamber when valve B closes and valve C opens to the
nozzle. Reaction chamber is evacuated by a rotary vacuum pump
through the base of the chamber.
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tional controer with input [rom a thermocouple embedded in
the susceptor. The low pressure in the reactor is maintained by
a rotary vane pump with a liquid-nitrogen trap placed between
the reactor and the pump,

All the experiments reported below were conducted at a
pulse rate of 12 pulses/min and an integrated flow rate of 250
ul/min. The typical surface area of the substrates was 1 cm”,
The principal variable in the experiments was the substrate
temperature, which ranged from 4007 to 700°C.

The growth rate of the films was measured by two methods.
When the films were less than a few micrometers thick, the
growth rate was determined by the color-chart method” after
calibrating the film thickness for green and red colors using
ellipsometry. The thickness of the films also was measured at
the end of the experiment and then divided by the duration of
the experiment to obtain an average value of the growth rate.
The final film thickness was determined by edge mounting a
sample, grinding and polishing, and measuring with a stage
micrometer on an optical microscope. The morphology of the
resulting films was studied by optical and scanning electron
microscopy, and their structure and texture by X-ray diffrac-
tometry (XRD).

1II.  Analysis and Results

The conversion efficiency of the precursor to the oxide de-
positcd on the substrate was estimated by comparing the mea-
surcd growth rate to the maximum possible (the upper bound)
growth rate calculated by the method given below.

Because the walls of the cold-wall reactor remain clear, we
assume that the injected precursor is either deposited on to the
substrate or removed at the base of the reactor (see Fig. 1}
through the pump. It remains now to assume the form of the
concentration profile of the precursor in the vapor phase, just
above the substrate, across the cross section of the vertical
glass tube i the reactor. An upper bound for the concentration
can be obtained by assuming that the concentration is uniform
across the entire cross section of the reactor tube, because any
nonuniformity is always such as to lower the precursor con-
centration in the center region, where the substrate is placed
relative to the circumlerential region through which the vapor
flows past the heater to the pump. Later we show that the
growth rates are very similar to the value estimated from this
upper-bound calculation, suggesting that, under the current op-
erating conditions (low pressure), the uniform concentration
assumption is valid, The assumption of uniform concentration
is further supported by the uniform thickness of the films: the
thickness varies by <2.5% over a surface area of ~1 cm?>.

The maximum growth rate can be calculated as follows. Let
us say Lhat the injection rate of the precursor solution 18 £« in
units of wL/min and that v, is the volumctric concentration of
the precursor in the solution. The reactor cross scetion is A, If
Pmo 15 the density of the precursor, p, the densily of the oxide
produced from the decomposition of the precursor, M, the
molecular weight of the metalorganic precursor, and M, the
molecular weight of the solid oxide, then the (maximum)

growth rate (in units of tilm thickness per unit time), GR .. is
given by
V o.fin‘ Muxpmo
GR, = ()
AR Mmop(\x

The result in Eq. (1) is independent of the net surface area of
the substrate, because we have assumed that the concentration
profile in the vapor phase is uniform across the cross section of
the reactor. The experiments appear to be consistent with this
statermnent; that is, films grown on substrates of different surface
areas have the same growth rates.

In the current set of experiments, the parameters on the
right-hand side of Eq. (1) are held constant, and have the fol-
lowing values £, = 250 pL/min, v, = 0.0476, and A -~
0.0024 m” (corresponding to a tube diameter of 55 mm). The
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valucs for the remaining paramcters arc as follows: p. =
0.955 g/iem?, p,, = 4.26 g/lem?, M, = 284.26 g/mol, and
M., = 79.9 g/mol. Substituting these values into Eq. (1) gives
GR,x = 0.32 pm/min.

The experimental growth rates, which are reported below,
are compared to this value to obtain an estimate of the conver-
sion efficiency, which is defined as the measured growth rate
divided by the upper bound for the growth rate as calculated by
Eq. (1).

Measurements of GR as a function of temperature are shown
on the Arrhenius plot in Fig. 2. The temperature dependence of
the conversion cfficicney is also shown in Fig. 2 by the axis on
the right-hand side. The latter shows that the conversion cffi-
ciency exceeded 80% in the temperalure range of 550°-650°C,
This region is characterized by the temperature-independent
growth rate we call stage II. At temperatures <550°C, the
growth rate follows an Arrhenius relationship, as shown by Fig.
2, which is named stage 1 behavior. At temperatures >650°C,
the rate of change of growth rate with temperature reverses
(suggesting a negative activation energy), which is called stage
[Tt behavior. The delineation of these three stages is interesting
because of the engineering applications (especially because the
conversion efficiency is almost 100% in stage IT) and exposi-
tion of the underlying mechanisms of film growth from metal-
organic precursors by thermal decomposition. These aspects
are discussed below,

Stage IT behavior is the regime of engineering interest. For
the pulsed-CVD to have manufacturing potential, it needs to
have high growth rates and conversion efficiency, which have
been achieved. However, the process also must be able to pro-
duce desirable microstructures in the coatings. Although the
coatings were always dense, the morphology of the grain struc-
ture varied with temperature. The microstructure was predomi-
nantly columnar in the higher temperature regime of stage I and
lower to the mid range of stage I1. The microstructure became
cquiaxed at =650°C. An optical micrograph of the columnar
microstructure obtained at 575°C, with the diffraction pattern,
are shown in Fig. 3. Some degree of texture is evident upon
comparing the XRD pattern obtained from the coating with the
powder diffraction pattern for the rutile phase.® We invariably
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Fig. 2. Arrhenius plot of the growth rate of the film at constant flow
rate of the precursor into the reactor. Upper-bound growth rate is
cstimated from Hg. (1). Axis on the right shows the conversion etfi-
ciency. that is, the ratio of the measured versus the upper-hound
growth rate. Open circles refer to data obtained from color-change
measvrements, and the solid circles the data obtained from micro-
scopic measurement of the film thickness at the end of deposition.
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Fig. 3. Columnar microstructure of the rutile overgrowth. Total film
thickness is 27 pm. Film was grown at 550°C. XRD pattern from the
film shows some degree of texture when compared to the diffraction
pattern expected from a powder sample of rutile.

found, as expected, that the columnar structure grew out of a
thin layer of fine-grained equiaxed structure that nucleated just
next to the substrate in the early stages of film growth. The
columnar microstructure is desirable in thermal-barrier-coating
applications.” If similar results can be obtained for films of
ZrQ,, then the properties of the pulsed-CVD process portend
well for application to thermal barrier coating and, possibly, to
other structural coatings.

In stage I, the growth behavior is Arrhenius!® with an acti-
vation energy of 95 + 5 kl/mol. From the stage II data, we
conclude that, >550°C, almost all the precursor molccules ar-
riving at the substrate decompose to the oxide. At lower lem-
peratures, the rate of decomposition decreases, suggesting that,
in stage I, the conversion rate becomes limiled by the surface
reaction kinetics.

The activation energy of 95 kJ/mol in the temperature range
400°-575°C is in rcasonable agreement with published work.
Fictoric er ¢l.'! have calculated an activation energy of 134 +
2 kJ/mol using a first-order kinetic model. (Fictorie et al. quote
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work from early studies of the heterogencous thermal decom-
position of Ti(OPr), with an activation energy of 92 + 2 kJ/mol
using the production of isopropyl alcohol as a measure of the
ralc of the decomposition reaction.) Wu et al.'? report a value
of 130-135 kJ/mol using a similar approach. However, both
studies also report lower activation energies (57 kJ/mol and 85
kJ/mol, respectively) if they analyze the rate of consumption of
the precursor, rather than the rate of production of the ceramic,
for calculating the activation energy. Chen and Darking!® re-
port a value of 87-115 kl/mol for deposition of polycrystalline
TiO, films. All of these experiments were conducted at con-
ditions similar to our experiments in stage L.

The data for stage TIT is limited at this point, but we are
certain that the growth rate begins to decrease at lemperatures
above ~650°C. The interpretation offered for stages I and 1T
suggest that the growth rate in stage I is not limited by the rate
of decomposition reaction of the precursor on the substrate.
Two possible explanations for the transition from stage II to
stage III are that, at higher temperatures, the ceramic is depos-
ited on the reactor tube wall because of its proximity to the
susceptor, and that some fraction of the precursor molecules
arriving at the surface are reevaporated before they are able to
decompose on the surface.
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