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Laser chemical vapor deposition (LCVD) of titanium carbide (TiC) coatings onto tantalum
substrates using hydrogen gas, titanium tetrachloride (TiCl;) and either methane (CH,) or
acetylene (C,H,) source gasses was investigated. The influences of the molar ratio of the
source gases and the deposition temperature on the phase assemblage, composition, and
morphology of the coatings was examined. Using C,H,, nearly stoichiometric coatings
were produced at 1000°C and at a TiCl,/C,H, ratio of 1/0.4. Stoichiometric coatings were
also produced using CH,4 but the deposition temperature was 400°C higher and a much
larger fraction of the carbon source was required compared to C,H,. Although deposition
rates were much slower when using CH,, the coatings exhibited a smoother surface finish
and had a higher density compared to those produced using C,H,. The suitability of CH,
and C,H, as carbon sources for depositing stoichiometric, phase-pure coatings is discussed
in light of these results. © 2002 Kluwer Academic Publishers

1. Introduction

Titanium carbide (TiC) coatings are produced using
chemical vapor deposition (CVD) by the cutting tool
industry on a routine basis. Because of its high tempera-
ture stability, TiC has also been considered for use as an
inert coating to protect substrates from reactive molten
metals [1, 2]. In this application, chemical composition
and stoichiometry are critical because impurities in the
coatings or variations in chemical composition can lead
to reactions between the coating and molten metal [3].

Processing conditions required to achieve high chem-
ical purity and stoichiometry of TiC coatings have been
studied extensively using both CVD [4-6] and laser
chemical vapor deposition (LCVD) [1, 7-13]. Thermo-
dynamic and experimental studies have been performed
using carbon tetrachloride (CCly), methane (CHy), and
ethylene (C,Hy) as the carbon source to predict the in-
fluence of deposition temperature and source gas con-
centration on TiC composition [4—7, 14]. Most of these
studies have been conducted using reactive substrates
such as graphite, tungsten carbide, steel or silica.

In the present study, titanium carbide coatings were
deposited by LCVD onto pure tantalum substrates with
the goal of producing phase-pure, stoichiometric coat-
ings. Two reactive gas mixtures were investigated,
TiCly, Hp, with CH4 and TiCly, H,, with acetylene
(C,H;). Among common hydrocarbon sources, carbon
is most readily dissociated from C,H; and least read-
ily from CHy [15]. Thus, the use of C,H, could po-
tentially reduce deposition temperatures significantly.
Differences in deposition temperature, stoichiometry,
quality, and quantity of the TiC deposit achieved with
these carbon sources are explored.
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2. Experimental

2.1. Reactor design

Deposition of the coatings was performed in a horizon-
tal, quartz tube reactor shown schematically in Fig. 1.
A 300 W, continuous wave Nd:YAG laser
(Model #305, US Laser, Trent, NJ) operating at
a wavelength of 1.06 um was used as the heat source
for the CVD reaction. The substrate was held upright
in the reactor tube using a sample holder constructed
from Al,O3; and BN such that the incidence of the
laser was normal to the substrate surface. A diverg-
ing/converging lens combination was used to focus
the beam with the substrate placed 15 mm behind the
focal point. The slightly defocused beam produced a
laser spot with a diameter of approximately 2 mm.

An optical pyrometer (MAS2, Raytek, Santa Cruz,
CA) was used to measure the temperature of the sub-
strate at the location of laser incidence. The pyrometer
operated at a wavelength of 1.6 um and had a target di-
ameter of 1 mm. Since the size of the pyrometer target
was finite and the laser temperature profile was Gaus-
sian, the pyrometer reading represented an average tem-
perature integrated over the size of the pyrometer tar-
get. A LabVIEW® (5.0, National Instruments, Austin,
TX) interface was used to collect the readings from the
pyrometer at an acquisition rate of 50 ms and simul-
taneously control the laser power in order to maintain
a constant deposition temperature. With this arrange-
ment the relative temperature control via the software
PID was measured to be constant to within £10°C.

The quartz reaction tube was mounted on a x-z table
to allow for scanning of the laser beam across the en-
tire substrate surface. The table had an intrinsic speed
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Figure 1 Schematic of LCVD system.

range of 0.4—4.0 cm/sec and a step size of 12.5 um. A
slower scan velocity was achieved by alternating single
steps with pauses of 80 to 40 msec at each step. These
pauses slowed the effective scan speed to between
20-100 pm/sec.

2.2. LCVD experiments

Annealed tantalum substrates (99.99%, Goodfellow,
Berwyn, PA) were cut into 5 x 7 x 1 mm pieces and
ultrasonically cleaned in acetone prior to deposition.
The Ti source for all experiments was TiCly (99.995%,
Aldrich, St. Louis, MO). Two different carbon sources
were studied, ultra high purity CHy (99.97%, Linde,
Cleveland, OH) and atomic absorption grade C,H,
(99.6%, Praxair, Danbury, CT). All experiments were
performed under a H, atmosphere (99.995%, Praxair,
Danbury, CT).

Prior to each experiment, the chamber was evacu-
ated using a mechanical pump to a base pressure of
1073 torr (0.133 Pa). The chamber was subsequently
filled with dry argon (99.999%, Praxair, Danbury, CT)
and evacuated again. This process was repeated several
times in order to reduce the partial pressure of oxygen
within the chamber. The precursor gases were then in-
troduced sequentially into the reaction chamber. For all
experiments, the partial pressure of TiCly was held con-
stant at 7 torr (930 Pa), which is the vapor pressure of
TiCly at room temperature [16]. After introduction of
the TiCly, controlled amounts of the carbon precursor
were added. Lastly, an appropriate amount of H, was
added to achieve a constant total pressure. Deposition
occurred at a fixed total pressure under a static gaseous
atmosphere. The experimental variables that were ex-
amined included the deposition temperature, the molar
ratio of TiCly/carbon source, and the type of carbon
source (CHy4 or C,H>).

For the experiments conducted with C,Hj,, the total
pressure was fixed at 200 torr (27 kPa) and the amount
of C,H, was varied from 3-7 torr yielding molar ratios
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of TiCly/C,H; of 1/0.4, 1/0.6 and 1/1. The deposi-
tion temperature was varied between 1000°C-1500°C.
The coatings were deposited for 6-12 minutes over an
area of 35 mm?2. Thus, the laser scanned each region of
the substrate 2—4 times. For the experiments conducted
with CHy4 as the carbon source, the total pressure was
again fixed at 200 torr (27 kPa). A TiCl4/CH4 molar ra-
tio of 1/3 was examined at three temperatures, 1400°C,
1500°C and 1600°C. The coatings were deposited for
50 min such that the laser scanned each region of the
substrate approximately 20 times.

2.3. Characterization

X-ray diffraction (XRD) was used to determine the
crystalline phases present and to determine the lat-
tice parameter of the TiC coatings. Morphological and
elemental analysis was performed using a scanning
electron microscope equipped with a thin-window, en-
ergy dispersive x-ray spectrometer. X-ray photoelec-
tron spectroscopy (XPS) was utilized to determine the
composition and bonding character of the coatings.
The Mg Ko band (1253.6 eV) and the Al Ko band
(1486.6 eV) were used as the source of x-rays for the
XPS experiments. The surfaces of the films were first
prepared using an Ar ion sputter for 120 seconds in or-
der to remove surface contamination. The core binding
energies for the elements Ti, C, Ta, O and Cl were then
scanned.

3. Results

3.1. Deposition with C;H;

The theoretical threshold temperature for deposition of
TiC can be calculated from the free energy change for
the reaction. Based on available thermodynamic data
[17], the threshold deposition temperature using CoH,
and TiCly as source gasses is 548°C. Experimentally,
however, significant deposition of TiC was observed
only above 1000°C. At these relatively low deposition



temperatures, the deposit was strictly confined to the
laser scan area where the hottest temperatures were
achieved. Upon increasing the deposition temperature
above 1200°C, however, a considerable amount of de-
position occurred in areas outside of the laser track.

3.1.1. XRD results

X-ray diffraction patterns are shown in Fig. 2 as a func-
tion of deposition temperature for a TiCl4/C,H, ratio of
1/0.4. The diffraction patterns look similar for all of the
temperatures that were investigated with the only crys-
talline phases detected being TiC and Ta. The lattice
parameter for the TiC is 4.325 A based on an aver-
age from the (111), (200), (220) and (311) diffraction
peaks, consistent with a previously reported value of
4.327 A for stoichiometric TiC [6]. Care must be taken
in using this as the only evidence for stoichiometery,
however, since the lattice parameter for TiC does not
vary monotonically with C/Ti ratio.

X-ray diffraction patterns illustrating the influence
of TiCl4/C,H, ratio are shown in Fig. 3 for coatings
deposited at 1200°C. Again, the primary crystalline
phases that are apparent are TiC and Ta. However, an
additional small peak is observed at 26 = 38.5° corre-
sponding to Ta,C. The intensity of this diffraction peak
grows as the TiCly/C,H; ratio is increased. All of the
coatings display a slight (220) preferred texture.
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Figure 2 X-ray diffraction patterns showing the effect of deposition tem-
perature on TiC coatings produced using CoH, with a precursor ratio
1/0.4; (®) Ta, () TiC.
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Figure 3 X-ray diffraction patterns showing the effect of the TiCls/CoH,
ratio on TiC coatings produced using C;H» at 1200°C; (@) Ta, (x) TiC,
(+) TayC.
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Figure 4 XPS spectra for (a) C 1s region and (b) Ti 2p region from
coating produced using CoH; at a deposition temperature of 1050°C
using a precursor ratio of 1/0.4.

3.1.2. XPS results

XPS spectra from a typical TiC coating produced us-
ing C,H; are shown in Fig. 4. The binding energy of
carbon in the C-Ti bond is 282.0 eV indicating that
the coating consists of TiC [18, 19]. A shoulder is also
apparent on the C 1s peak shown in Fig. 4a at a bind-
ing energy of 284 eV. Similar shoulders have been re-
ported previously in TiC over a range of energies from
283.5-285 eV that have been attributed to the presence
of free carbon [18-22]. Unfortunately, the differences
in the peak shifts associated with hydrocarbon contami-
nation [19], amorphous carbon [22], or graphitic carbon
[23] are usually too small to resolve and thus the form
of the carbon cannot usually be differentiated from the
energy of carbon shoulder alone [20, 22].

The XPS spectrum for the Ti 2p region, shown in
Fig. 4b, displays the familiar 2p3,» and 2p;,» binding
energies [24,25], again confirming the presence of Ti-C
bonding. The stoichiometry of the TiC can be assessed
by comparing the peak shift relative to that of metallic
Ti. For example, it has been reported that peak shifts
of between +1.1-1.3 eV occur in stoichiometric TiC
while smaller peak shifts indicate that the TiC is sub-
stoichiometric [18, 19]. Thus, the measured peak shifts
of approximately 1.0 eV relative to Ti for both the 2p3,»
and 2p;  binding energies confirm that the TiCis nearly
stoichiometric.

The minimal levels of oxygen that are detected are
near the detection limit of about 5 at.%. There is no sig-
nificant shift of the Ti peaks towards TiO; bonding of
458.6 eV [12], suggesting that if oxygen is present, it is
substituting for carbon in the TiC lattice [26]. Chlorides
were not detected with XPS indicating that significant
concentrations of titanium sub-chlorides are not incor-
porated into the films.
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Figure 5 Evolution of the C 1s region with deposition temperature of
XPS spectra for coatings produced using CoHy.

InFig. 5, the evolution of the C 1s region with increas-
ing deposition temperature is shown. At low deposition
temperatures (1050°C), a small shoulder is apparent at
284 eV corresponding to C-C bonding. As the temper-
ature is increased, the size of this shoulder increases
substantially indicating that the excess carbon concen-
tration increases with deposition temperature. The ratio
of carbon to titanium in the coatings can be calculated
by comparing the integrated areas of the C 1s peaks
and the Ti 2p peaks. The C/(Ti+ C) ratios in the coat-
ings range from 50.2 at.% at a deposition temperature
of 1050°C to 75.1 at.% carbon at 1250°C. No change
in the Ti p3» peak position is observed with deposition
temperature indicating that the change in free carbon

concentration that occurs with increasing temperature
does not influence the stoichiometry of the TiC.

3.1.3. Scanning electron microscopy

In Fig. 6, a cross-sectional view of a coating that is
approximately 25 pm thick is shown. This coating was
deposited at 1250°C with a TiCls/CHy ratio of 1/0.4.
From the figure, it can be seen that the coating follows
the topology of the substrate and adheres to the substrate
even after cross-sectional polishing. The near surface
region of the coating, however, exhibits a significant
amount of porosity. A very thin (=0.5 um) interfacial
layer is also apparent between the tantalum substrate
and the coating.

From the EDS line-scans shown in Fig. 6, the
titanium concentration is constant through the thick-
ness of the coating except in regions where porosity is
apparent. The carbon trace, in contrast, exhibits a slight
gradient in concentration with the highest concentration
present near the surface of the coating. Comparing the
carbon, titanium, and tantalum traces, it is also appar-
ent that the carbon concentration varies less sharply at
the interface than either titanium or tantalum. The oxy-
gen trace does not vary significantly from the substrate
to the coating. This agrees with the XPS results that
indicated that significant amounts of oxygen were not
incorporated into the coatings.

The morphology of the coatings changes signifi-
cantly with deposition temperature as shown in Fig. 7.
Atlow temperatures (1050°C) a fairly uniform, facetted
grain morphology predominates while at higher tem-
peratures (>1300°C), a nodular morphology is appar-
ent. A typical low temperature deposit is shown in
Fig. 7a (1050°C). A dense, uniform coating is apparent

Figure 6 SEM cross-section of polished TiC coating produced using C,H;. Also shown are EDS line scans where the white line indicates the location

of the scan.
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Figure 7 Plan-view SEM micrographs of TiC coatings produced using CoHj at (a) 1050°C, (b) 1250°C, and (c) 1500°C.

with small facetted grains varying in size from sub-
micron to about 2 um. At higher deposition tempera-
tures (Fig. 7b), considerable surface roughness devel-
ops. This coating consists of large crystallites (4 pm)
covered with clusters of much smaller crystallites. At
the highest deposition temperature studied (1500°C), a
nodular morphology is evident with an average size
greater than 5 pum. An enlarged view of a typical
facetted crystallite that forms at lower deposition tem-
peratures (<1300°C) is shown in Fig. 8. These crys-
tallites are pyramidal and display terraces along the
pyramid faces.

3.2. Deposition with CH,

Calculations indicated that TiC formation was ther-
modynamically favored at temperatures above 914°C
when conducted with CH4 and TiCly. Consistent
with these thermodynamic predictions, significant de-
position was achieved at much higher temperatures
(>1400°C) compared to C,H;. It was also observed
that a significant amount of TiC was deposited outside
of the laser path at all deposition temperatures when
using CHy. This observation suggests that heat con-
duction by the metallic substrate expanded the reaction
zone to include much of the substrate.
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Figure 8 Typical TiC growth morphology observed for deposition from CoH; at temperatures below 1250°C.
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Figure 9 X-ray diffraction patterns showing the effect of deposition tem-
perature on TiC coatings produced from CHy; (®) Ta, () TiC, (+) Ta,C,
(#) TaC.

3.2.1. XRD results

In Fig. 9, x-ray diffraction patterns are shown display-
ing the influence of temperature on phase assemblage.
At 1400°C, TiC is apparent along with a small fraction
of tantalum carbide phases (TaC and Ta,C) as was the
case when using C,H,. Also note that the (220) texture
that was apparent with C,H; also occurs with CH4 and
becomes more pronounced with increasing deposition
temperature.

3.2.2. XPS results

XPS results from a coating produced at 1400°C using
CHy are shown in Fig. 10. In Fig. 10a, the C 1s region
displays a very slight C-C shoulder, suggesting little
if any carbon co-deposition. The amount of free car-
bon present in the coating calculated from the area of
these peaks is less than 6 at.%. The Ti 2p region has
peaks at the expected Ti-C binding energies of 455 and
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Figure 10 XPS spectra from TiC coating produced from CHy at 1400°C
with a precursor ratio of 1/3: (a) C 1s region and (b) Ti 2p region.

461 eV indicating that the TiC is nearly stoichiometric.
As with the coatings produced using C,H», no chlorine
was detected and oxygen concentrations were near the
detection limit for XPS.

3.2.3. Scanning electron microscopy

In Fig. 11, the EDS composition profile for a TiC
coating produced at 1600°C using CHy is shown. The
elemental traces are much more uniform in coatings
produced from CH,4 compared to C,H; (Fig. 6). A gra-
dient in the carbon trace is again clearly evident in this
figure, with the highest concentrations again present
near the surface of the coating. In contrast, the titanium
trace is constant throughout the coating. Tantalum and
oxygen are absent as was observed in coatings produced
using CoH;.
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Figure 11 SEM cross-section of TiC coating produced from CH4 showing EDS composition profile. The white line indicates location of composition

scan.

Cross-sectional and plan-view micrographs of TiC
coatings produced using CH,4 are shown in Fig. 12a
and b, respectively. The morphology of the TiC coatings
produced using CH4 is much smoother and more uni-
form compared to those produced using C,H, (Fig. 7).
From Fig. 12b, it is apparent that the grain size is also
much finer, averaging less than 1 pum.

4. Discussion

Our results indicate that it is possible to deposit nearly
stoichiometric, single-phase TiC coatings free of un-
wanted impurities such as oxygen and chlorine using
LCVD from either C,H, or CHy. Coatings with thick-
nesses in excess of 25 um were produced that were
free of cracks and adhered to the substrate. The critical
temperature for deposition is controlled by decompo-
sition of the hydrocarbon and, as expected from ther-
modynamic calculations, was about 400°C lower for
C,H; compared to CHy. The differences in deposition
temperatures are slightly larger than previous measure-
ments made by conventional CVD of pyrolytic carbon
using CH4 and C,H; [15].

4.1. Deposition rates

The average deposition rate using C,H; calculated from
SEM micrographs is 3.6 um/min at 1250°C. In contrast,
the deposition rate using CHy is at least 30 time slower,
even at considerably higher deposition temperatures.
Although direct comparisons with previous results are
complicated by difficulties in accurately quantifying
deposition temperature during LCVD, this deposition
rate is comparable to those reported previously of
1 um/min—-10 pum/min for similar LCVD operations

[1, 11, 27]. These rates are considerably faster than
those reported for conventional CVD under similar
processing conditions [28]. Faster deposition rates for
LCVD compared to conventional CVD have been at-
tributed to enhanced mass transport of the source
gases because of convective currents around the three-
dimensional hot zone [7, 29].

4.2. Phase assemblage

X-ray diffraction did not reveal the presence of graphitic
carbon in any of the coatings. However, XPS revealed
that carbon-carbon bonding was present in some coat-
ings, particularly in those deposited using C,H, at the
highest temperatures (Figs 4 and 10). The absence of
diffraction peaks for graphite combined with the XPS
results showing the presence of C-C bonding confirms
that any excess carbon present as a second phase is
either amorphous or nanocyrstalline. The EDS results
also indicated that, in samples deposited at high tem-
peratures, the excess carbon concentration increased
near the coating surface (Fig. 6). Qualitative observa-
tions indicated that at these temperatures, there was
significant deposition outside of the laser track on the
substrate, sample holder, and reactor walls of a sub-
stance that was most probably titanium sub-chlorides
[7, 14]. Deposition of sub-chlorides on the colder re-
gions of the substrate results in preferential depletion
of the titanium source thereby increasing the fraction
of carbon-containing species left in the gas phase. As a
result, coatings deposited at high temperature contain
a gradient in excess carbon with the highest concentra-
tion near the surface. This problem could be rectified by
using a flowing gas system instead of the static system
used in the current study.
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Figure 12 SEM micrographs of TiC coatings produced using CHy: (a) cross-section and (b) plan-view.

In some of the coatings, particularly the thinner coat-
ings, a small fraction of TaC and Ta,C was detected
using XRD (Fig. 9) and EDS (Fig. 6) as an interfacial
layer between the tantalum substrate and the TiC coat-
ing. There are at least two possible explanations for this
result: (1) carbon may be diffusing toward the substrate
where it reacts to form tantalum carbide. (2) Tantalum
is evaporating or ablating when the laser first strikes the
substrate surface and is then available in the gas phase
to react with carbon to form tantalum carbide. Based
on the equilibrium vapor pressure of tantalum at the
deposition temperature [16], sufficient evaporation of
the substrate occurs when the laser first strikes the sub-
strates to account for the observed 0.25-0.5 um thick
interfacial layer. After the initial deposition of Ta,C
or TaC (both have lower free energies of formation than
TiC) onto the substrate, the source of tantalum is elim-
inated and TiC is subsequently deposited.

4.3. Stoichiometry of TiC

Our results indicate that it is possible to deposit nearly
single-phase, stoichiometric TiC coatings using either
CH4 or C,H; as carbon source gases. When using C,H,
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as the carbon source, the carbon concentration in the
coatings was found to increase when the ratio of car-
bon source to titanium source gas was increased. Sig-
nificant increases in carbon concentration were also ob-
served when the deposition temperature was increased.
The observed influence of the ratio of source gases is
expected from simple thermodynamic arguments [6].
However, there are conflicting reports in the literature
with regard to the influence of deposition temperature
on carbon concentration in TiC coatings. For example,
Goto et al. have reported that carbon concentration de-
creases with increasing temperature when CCly is used
as the carbon source during conventional CVD onto
graphite [6] whereas Konyashin has reported that the
carbon concentration in the coatings initially decreases
with increasing temperature at low temperatures and
then increases at high temperatures [30]. Westberg also
reported a decrease in carbon concentration with in-
creasing temperature during LCVD using CHy as the
carbon source [7]. These studies were conducted us-
ing graphite or WC substrates that act as a source of
carbon at temperatures below that which hydrocarbon
decomposition occurs. Depletion of available carbon
from the substrate as coating thickness increases can



lead to decreases in carbon concentration with increas-
ing coating thickness if an additional source of carbon in
not available. If the temperature is increased so that hy-
drocarbon decomposition is possible, further increases
in temperature should result in increases in the carbon
concentration in the coatings because of the enhanced
availability of carbon [4]. Our experimental findings
are consistent with this prediction.

4.4. Growth morphologies

Our results show that deposition occurs with a (220)
preferred texture when either CHy or C;H; are used as
source gases. Similar observations of preferred growth
orientations have been reported previously for conven-
tional CVD [31, 32] and LCVD of TiC [10, 33]. For
example, TiC produced using LCVD with CHy as the
carbon source has been shown previously to display
a (200) preferred orientation at low TiCly/CHy4 ratios
(1/1) and a (220) preferred orientation at higher ratios
(1/7) [10].

5. Conclusions

Titanium carbide coatings deposited on tantalum sub-
strates were produced using the LCVD technique. Two
different carbon sources were studied and the variation
in gas mixture and deposition temperature was demon-
strated to have significant effects on the composition,
phase assemblage, deposition rates, and morphology of
the coatings. When C,H; was used as the carbon source,
a small fraction of amorphous carbon was co-deposited
with stoichiometric TiC even at relatively low deposi-
tion temperatures. As the deposition temperature was
increased, the fraction of excess carbon in the coatings
increased substantially, as predicted from thermody-
namic calculations. The grain morphology in the coat-
ings consisted of facetted (220) oriented grains at low
temperatures (<1250°C) whereas a nodular morpho-
logy was observed at higher temperatures.

When CH4 was used as the carbon source, more uni-
form coatings with higher density were achieved com-
pared to those produced using C,H;. These coatings
were stoichiometric and nearly free of excess carbon
even at high deposition temperatures. The coatings de-
posited with CHy required much higher temperatures
and had much slower deposition rates compared to
those produced using C,H,, however.
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