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ARTICLE INFO ABSTRACT

Keywords: In this work chemical vapour deposited (CVD) coatings of (Tix,W1.x)Ny from TiCl4, WFes, NH3 and Ar were

CVD investigated. This coating material has previously been deposited using other vacuum techniques but no pub-

Térrfary ceramic lication has so far demonstrated CVD of (Tix,W1.,)Ny. The studied (Tiy,W1.x)Ny coatings had a metallic molar

?il‘t/\r;l;ie ratio (Ti:W) close to 2:1 and 1:1, and were slightly over-stoichiometric with regard to N. The coatings appeared

Hard materials homogeneous eind crystallised in a rock salt structure on an a-AlyO3 substrate. The cell parameter varied between

ERDA 4.16 and 4.23 A as a function of the deposition conditions, ranging from a pure TiNy to a pure WNy coating. The
texture in the normal direction was (100) for the TiNy and (Tix,W1.x)Ny coatings and (111) for WNy. Electron
backscattered diffraction (EBSD) results showed that a strong correlation to the substrate existed but random in-
plane orientation was also present. The microstructure showed columnar grains with well defined facets growing.
Adding a mixture of TiCl4 and WFs to produce (Tix,W1.x)Ny did increase the grain size significantly when
compared to the case when only one metal precursor was present. The down-stream thickness profile, using only
WFg and NH3, displayed mass transport control behaviour, with the coating thickness converging to zero within
the deposition zone. Using only TiCl4 on the other hand showed a uniform deposition profile, the signs of a
surface kinetics controlled process.

hardness and toughness. Generally, one needs to sacrifice one for the
other. Forming a harder material will often make it more brittle; while
making it ductile turns it softer. It has been found that in some cases the
combination of hardness and ductility can indeed be improved for

1. Introduction

In the field of protective coatings there are a lot of materials in use
today. Commonly, such coatings are synthesised directly on the surface

that should be protected, using for instance wet chemical or vapour
deposition methods. These coatings are typically in the range of a few
microns thick but due to their toughness and hardness, this is in most
cases all that is needed to produce a sufficient protection for the un-
derlying material. One commonly used material is TiNy, having a high
hardness and also an appealing golden colour. Another material is WNy,
which is also hard. These two nitride materials are refractory and their
properties have been used in applications as gate materials [1,2] and
diffusion barriers in microelectronic devices [3,4]. Their structures are
both of the B1-type (rock salt) and together they are thermodynamically
driven to form a ternary solid solution, (Tix,W1.x)Ny. This phase is, as
could be expected, also a hard material and has some promising prop-
erties. When it comes to very hard materials, there is a trade-off between

certain materials by adding a third element. One famous case being
TiAlIN [5], that experiences spinodal decomposition when subjected to
heat or high workloads i.e. during cutting operations. The single phase
decomposes into two phases and the material undergoes several hard-
ening processes leading to an extended coating life time. Some prior
work investigating ternary nitrides in general, (Ax,B1.x)Ny, has been
reviewed by Kindlund et al. (A, B = Ti, Zr, V, Hf, Cr, Mo, W, Ta, Nb) [6]
where the complex theory for hardness and toughness is described as
difficult and still not well understood. The currently common way to
categorise physical properties of cubic Bl transition metal nitrides is
through the valence electron concentration (VEC). VEC refers to the
filling of d-electrons in shear resistive (eg) and shear sensitive (tzg)
states. As the VEC is increased, the shear resistive states begin to become

Abbreviations: ERDA, Elastic Recoil Detection Analysis; CVD, Chemical Vapour Deposition.
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occupied. A maximum filling of these states is reported at 8.4 electrons
per formula unit (e./f.u) at which point the shear sensitive states begins
to fill. Now hardness becomes reduced but ductility increases. The
maximum toughness lies in the range of 9.5-10.5 e./f.u. In the work by
Glechner [7], this was shown by alloying a hafnium carbide with ni-
trogen thus raising the VEC. A maximum for the hardness was found for
a VEC slightly beneath 10 e./f.u. The measured fracture toughness was
increased from 1.89 to 2.33 MPa x m”. The binary nitrides of Ti and W
are reported to have VEC levels of 10 and 11 e./f.u, respectively. Thus,
ternary nitrides of Ti and W are excellent candidate materials for max-
imising both hardness and toughness. The field of ternary nitrides is
dominated by physically vapour deposited (PVD) thin films, where
several papers have been published on the synthesis of (Tiy,W1.x)Ny
[8,9]. One possible explanation for this domination is that PVD is a great
method for screening. The target source materials used can be made to
be unevenly distributed across the substrate surface in a controlled
manner. This allows for elemental composition gradients to be deposited
in one experiment which saves time and money. The CVD method is
quite different from PVD and offers several advantages. CVD coatings
can be uniform in thickness, even on complex substrate geometries, and
can be very dense compared to other techniques due to the high depo-
sition temperature. One disadvantage is that the process of CVD is more
complex and can require complex precursors in order to get a material
with a satisfactory stoichiometry or texture. The complexity arises from
the vast variable space and interaction between temperature, total
pressure, partial pressures of reactive gases and products as well as the
profile of the gas flow. One publication regarding CVD-(Tix,W1.x)Cy
using W(CO)¢ can be found at the time of writing [10]. No prior work
regarding CVD of (Tix,W1.x)Ny coatings appears to exist in the literature.

Both the low pressure (LP) CVD-TiNy and LPCVD-WNy processes are
achievable in the 1 Torr range. This was the starting point for this study
and the process was regarded as a co-deposition process of the two in-
dividual materials. The partial reaction orders in the TiCl4~NHg [11,12]
system in regard to pygs is ~1.3 while for prici4 it is —0.5. In the
WFg-NHj system the partial reaction orders is closer to 1/2 for pygs and
1/6 for pwre [13]. Knowing that the reaction rate of WFg is fast it is
expected that the coatings might become W-rich and for balance, the
kinetics of both processes were considered. The TiCl4:WF¢ molar ratio in
the gas phase is therefore kept high. Both processes are more limited by
the ammonia rather than the metal halide. Increasing pygs would
overall benefit the deposition of Ti, while increasing prici4 would sup-
press it. WF¢ will etch Ti to form TiF4(g). Mixed halides, in the form of
MX,Ye.;, can form (e.g. WFsCl) according to earlier work using WFg and
TiCly. The work by Fraser et al. [14] suggest these compounds are very
unstable and will most likely decompose quickly as the reactor tem-
perature is increased. The final consideration was that WFg is reacting
rapidly and can be depleted quickly. In such a case, if the sample is
positioned far from the gas inlet, the pwge deviate from the known input
values. In this case, it is difficult to make good conclusions without
having knowledge about the local partial pressure, which could be
measured with, for instance, a mass spectrometer.

The aim for this paper is to elucidate on the possibility of using CVD
to deposit a ternary (Tix,W1x)Ny from WFs, TiCl4 and NH3 precursors.
The scope is to theoretically calculate the possible phases from the
currently available data. Samples are deposited by varying the partial
pressures of these precursor gases while keeping a constant deposition
temperature and a low constant pressure. Using Time of Flight Elastic
Recoil Detection Analysis (TOF-ERDA), X-ray fluorescence (XRF) and X-
ray diffraction (XRD), the elemental and phase contents are evaluated
for some selected coatings. Electron microscopy and EBSD is employed
to gain insight to the microstructure of the coatings.
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2. Methods
2.1. Thermodynamic calculations

A thermodynamic calculation is made for an isolated system and
takes in the deposition temperature, total pressure, precursor amounts
as well as material data from a material database. The output is a set of
phases and their corresponding amounts for which the energy of the
system is minimised. For the thermodynamic calculations the Thermo-
Calc software package was used with the TCFE9 database. The phase
labelled (Ti,W)N is a face centred cubic phase with N on the interstitial
sublattice, the phase labelled W here is a body centred cubic phase and
h-WN is a hexagonal nitride phase. Separate calculations were per-
formed to investigate the thermodynamically stable phases in equilib-
rium when: (1) only solid phases are allowed; and (2) when formation of
Ny-gas is permitted. For the Ti-W-N system, the results presented here
are based on interpolation between binary data, as no ternary Ti-W-N
data has been assessed previously.

2.2. LPCVD synthesis

The synthesis of (Tiyx,W1.x)Ny was performed in a horizontal tube
reactor. The reactor has been described elsewhere [15]. Two substrate
materials were used: (0001) oriented a-Al,03 substrates from MTI Cor-
poration were used as received without any additional cleaning. This
substrate material is relatively inert, provides a well-defined surface and
is easily characterised by diffraction. The second substrate material was
silica in the form of 22 cm long bars. These bars were used in two ex-
periments to investigate the varying coating thickness along the depo-
sition zone. These were rinsed with ethanol, blown dry with Ar and
placed to cover a downstream distance of 1-45 cm from the gas inlet.
The a-alumina substrates were positioned 5 cm downstream from the
gas inlet on top of the silica bars. To reduce the variable space, the
sample positions were fixed and the deposition temperature (789 K),
total pressure (1 Torr) and total volumetric flow rate (350 SCCM) were
kept constant. Then only four variables remain which are the individual
partial pressures of gases. These partial pressures are set by the mass
flow by which the gases are introduced to the reactor. The partial
pressure of metal halide was kept fixed at 0.0429 Torr. The partial
pressures of TiCly (99.9% Acros Organics), WFg (5.5 N Matheson Gas)
and NH3 (3.6 N Aga gas AB) were then varied according to Table I. The
TiCl4 was kept in a 150 ml 316 L stainless steel canister heated to 57.5°.
The flow of TiCl4 was regulated by an MKS1152C-unit operated at 60 °C.
The flow of TiCl4 was calibrated by taking the mass difference of the
canister after a known length of time using a few constant set-point
values. The flows of WFg, NH3 and Ar were regulated using MKS
GMS50A-units using the factory calibration. The substrate surface was
treated with NHs for 5 min prior to and after the deposition process,
while the reactor was at thermal equilibrium. The pre-deposition

Table I

Summary of the deposition conditions used. The temperature was fixed at 789 K
at a total pressure of 1 Torr. The linear flow velocity across the substrate surface
was approximately 3 m/s using a total volumetric flow rate of 350 SCCM.

Sample Pwre Prici4 PnH3 Par
[Torr] [Torr] [Torr] [Torr]
A 0 0.0429 0.2571 0.7000
B 0.0014 0.0414 0.2571 0.7000
C 0.0029 0.0400 0.2571 0.7000
D 0.0429 0 0.2571 0.7000
E 0 0.0429 0.2143 0.7429
F 0.0057 0.0371 0.2143 0.7429
G 0.0029 0.0400 0.0857 0.8714
H 0.0057 0.0371 0.0857 0.8714
I 0.0014 0.0414 0.0429 0.9143
J 0.0057 0.0371 0.0429 0.9143
K 0.0429 0 0.0429 0.9143
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treatment was conducted to stabilise the gas phase with regard to the
decomposition of NH3 and to saturate the substrate surface in order to
mitigate possible etching. The post-deposition step was performed in
order to further remove unreacted halide within the reactor and coating.

2.3. Elemental composition

Some selected coatings were further analysed by TOF-ERDA. This
method is based on the physical collision of an incident ion and the
atomic nuclei of sample material. Depending on the mass difference of
the atomic nuclei, the sample atoms will be forward scattered. The
displaced sample atoms are detected and both their speeds and energies
are measured. This then allows for mass and probe depth determination.
By employing heavier incident ions, lighter sample atoms, such as C, N,
O and F, will be forward scattered to a greater degree. This makes TOF-
ERDA very sensitive to low-Z elements and ideal for determining the
content of C and N in carbides and nitrides.

The TOF-ERDA experiments were performed with a 36 MeV '21+8
beam incident at 67.5° with the surface normal and recoil angle of 45°.
The TOF-ERDA detector consists of a time-of-flight telescope followed
by a gas ionisation chamber, so that both energy and time-of-flight of
recoiled particles were recorded. The compositions were obtained from
depth profiles with the software Potku were the compositions
converged.

The elemental compositions of the deposited coatings were also
analysed using XRF. This method relies on X-ray excitations of the atoms
within the sample. As the atoms are de-excited through fluorescence, the
yield of emitted photons is being counted. This fluorescence yield, at a
specific characteristic transition of one type of atom, can then be
correlated to the respective number of atoms of that kind. XRF is limited
to heavier elements due to the limited number of electrons able to
interact in low-Z elements such as nitrogen. As such, quantitative
analysis of (Tix,W1.x)Ny coatings is effectively limited to the Ti:W molar
ratio. On the positive side, the analysis is fast and non-destructive,
saving time for planning and execution of subsequent experiments.

XRF was performed using an Epsilon 3 instrument from PANalytical.
The fluorescence yield was measured using a 1 mm thick Cu-mask on
Teflon with a @ 4 mm hole to keep the illuminated area constant. For
titanium analysis, the TiKa; was used. For tungsten analysis, the WLS; 2
peaks were chosen since the WLa; » contributions overlap the CuKay 2
and CuKp; signals from the Cu-mask. The relative concentrations of the
elements were calculated by integrating the selected TiKa; and WLf 2
peaks.

2.4. Phase composition

Phase composition was analysed using XRD. 6/26 diffraction data in
the out-of-plane direction was recorded in the span of 20 = 30-150°.
XRD was performed on the samples using a D5000-system from Siemens
with a CuKa source (1.5418 A). 0/26-data were collected using a stan-
dard Bragg-Brentano geometry with motorised divergence and anti-
scatter slits at 0.15° and 1°, respectively, and a 0.2 mm receiving slit.
A curved graphite monochromator was equipped with a 1 mm detector
slit. The fitting of the diffraction peaks was done in the Topas-software
by Bruker. Le Bail-phases were used, keeping the peak positions fixed
but allowing for instance the intensity and cell parameter to be fitted to
the data.

2.5. Electron microscopy

The surface morphology of the coatings was studied using a Zeiss
1530 instrument equipped with a Schottky field emission gun (FEG)
source. In-lens secondary electron images were acquired using an ac-
celeration voltage of 2 kV and a working distance of ~4.7 mm.

Cross sections of the coatings were polished using an FEI Versa 3D
focused ion beam — SEM (FIB-SEM) system with the Ga ion beam being
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parallel to the normal direction of the substrate (the stage was tilted by
52°). The cross sections were imaged with the electron beam in the FIB-
SEM system while the stage was titled by 52° (the angle between the
electron beam and the substrate). Electron backscattered diffraction
(EBSD) was measured on the unpolished surfaces of the (Tiy,W;.x)Ny
coatings using a Tescan GAIA FIB-SEM system equipped with an Oxford
NanoNordlys detector, and the EBSD data was analysed using Oxford
HKL software.

3. Result and discussion
3.1. Thermodynamic calculations

A ternary isotherm at 789 K is shown in Fig. 1a. If the gas phase (N2)
is included, thereby effectively limiting the nitrogen activity to one
relative gas at 1 bar pressure and ambient temperature, the cubic WoN
decomposes into W and h-WN or into W and gas. Fig. 1b shows the same
isotherm but excluding the gas phase from the calculation. The p-WaN
and h-WNy then appears in the W-N binary, with low Ti solubility in
equilibrium with the B1-TiNy with some solubility of W (labelled (Ti,W)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Mole fraction N

TL,WINHLIQ

0.2
h-WN+(Ti,WN

W,TON+TiMIN

0.1

/// '

A 0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0
x w Mole fraction N N

Fig. 1. a) Isothermal section including Njp-gas at 789 K and 1 Torr. b)
Isothermal section excluding N-gas at 789 K and 1 Torr.
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N). In Fig. 2 an isopleth at 0.5 mol fraction N is show as function of mole
fraction Ti and temperature. At high Ti content, W dissolves in the (Tiy,
W1.x)Ny phase, while if the W content is larger than 0.67-0.61 mol
fraction it will precipitate as hexagonal WN below 789 K. At higher
temperatures on the other hand, this hexagonal nitride decomposes into
bce W metal and Ny gas. The pseudo-binary diagram in Fig. 2 corre-
sponds to the isoplethal section with a composition marked by the
purple line in the isotherm in Fig. 1a. As can be seen from there, at 789 K,
any addition of N would go to the gas phase, while any depletion of N
would result in a sub-stoichiometric (Tiy,W;.x)Ny phase with no W on the
metallic sublattice, i.e. in TiNp_y.

In the TCFE9 database, the cubic WN and W3N have low solubilities
of Ti. On the other hand, the TiN phase shows a larger solubility of W. As
stated, an assessment of the ternary W-Ti-N system is lacking, but the
W:N phase with some contents of Ti have shown to stay in solid solution
under annealing up to 1100 K [16]. Another study [17] reports forma-
tion of a secondary B1-TiN phase at TiN contents between 10-20%, but a
stable solution below those contents. Thus, one could probably expect a
slightly larger solubility of TiNy in the cubic W-nitride than predicted in
the ternary isotherm presented here, in Figs. 1-2.

3.2. Elemental composition

The elemental composition analysis was performed with TOF-ERDA.
It was observed that the nitrogen content generally settled around 50 at.
%. The metal molar ratio was heavily skewed in favour of tungsten
deposition. At the highest investigated pyys, samples A-D, a ratio of
TiCl4:WFg = 13:2 in the gas phase resulted in a coating content of close
to (Tip.2Wp 2)No.s. All samples displayed some halide contamination in
TOF-ERDA of ~10 at.%. This was also examined and confirmed briefly
using Energy dispersive spectroscopy (EDS) on the coating cross sec-
tions. The results for samples A-D are plotted in Fig. 3. Also worth
remarking is that a yellow precipice was deposited downstream outside
the furnace when TiCly was present. This was assumed to be an adduct
between TiCl4 and NHj3 as has been reported on previously [18].

It was found that the Ti and W coating concentrations does not follow
the partial pressure linearly. While there may be several reasons for this,
one of the simplest explanations is that the amount of chlorine is in one
unit of TiCl, is not equal to the amount of fluorine in one unit of WF¢. As
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Fig. 2. Pseudo-binary isopleth including N»-gas at 0.5 mol fraction N at 789 K
(Purple line) and 1 Torr. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The coating composition evaluated by ERDA as a function of pwge. Total
metal halide partial pressure of pyx = 0.0429 (MX = TiCl, + WF¢) and pnus =
0.2571, T = 789 K, P = 1 Torr and pygs = 260 mTorr corresponding to sam-
ples A-D.

Pricla is increased and pwrg is reduced, the amount of NH3 per halogen
(F or C) is increased. There is virtually more ammonia to TiCl4 when
compared to WFg and this will, according to the kinetics of the indi-
vidual reactions, benefit the deposition of TiNy on the surface more than
the deposition of WNy. Another reason is the reactivity and kinetics
which was investigated using XRF at the deposition conditions for
samples A (TiNy-process) and D (WNy-process). The silica bar sample
holder was cut and the relative fluorescence yield at different positions
within the reactor were compared. It was observed that the relative Ti-
content in the TiNyx-process within the first 40 cm of the reactor was
constant as is expected for process governed by surface kinetics. In the
WNj-process the relative W-content diminished during the first 30 cm, at
which point the gas phase appeared fully depleted and resulted in no W-
deposition. The integrated fluorescence yield is provided in Fig. 4.

For the WNy coating, it was not possible to make measurements
further upstream due to the stress levels within the coating. This region
suffered from severe cracking and delamination on the silica bar. It was
thus not possible to determine if a region where a relatively stable
concentration of tungsten was deposited which would indicate that the
process in the upstream region was governed by surface kinetics. The
fast decline in coating thickness in the down-stream direction suggest
that mass transport control is in effect.

3.3. Phase composition

XRD was employed to evaluate the phase content and to estimate the
cell parameter of the deposited phase. Apart from the two substrate
material peaks (a-Al;O3 (0006) and (000 12)), the samples in general

s
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® TiN-process WNx-process

Fig. 4. The relative metal content for the sample processes A (TiNy) and D
(WN,) across the deposition zone.
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displayed only one major phase, cubic TiNy or cubic p-WyN. The ex-
ceptions being samples B, which displayed peaks that could be assigned
to two phases, TiN and p-W;,N. The phases could be fitted using either
the TiN (PDF 038-1420) or -W2N (PDF 025-1257) patterns by allowing
the cell parameter to be changed. The acquired out-of-plane 6/26 data of
samples A-D are plotted in Fig. 5. The values of the cell parameter
reduced gradually from 4.23 A (ref = 4.24 A) to 4.16 A (ref =4.13 A) as
Pwre Was increased and pricl4 was reduced within the gas mixture. The
cell parameter also followed pygs but to a lesser extent. The cell
parameter, plotted as a function of the W/(Ti + W) atomic fraction ac-
quired by XRF, can be seen in Fig. 6. The metal composition acquired by
XRF deviates from the values retrieved by TOF-ERDA due to the lower
sensitivity of the measurement. It, however, provides for a quick and
non-destructive acquisition of data which allowed a larger pool of
samples to be analysed. It does not provide information regarding the
concentration of nitrogen.

When comparing the TOF-ERDA data and XRD phase content to the
thermodynamic calculations, it is seen that these CVD depositions have
not reached thermodynamic equilibrium. This is expected as CVD is a
steady state process with new precursor added and by-products expelled
from the system. Limits in the diffusion rate may also hinder the material
from reaching equilibrium thus rendering the material meta stable. The
elemental composition is close to N at.% = 50 % which is represented by
the pseudo-binary isopleth presented in Fig. 2 previously. At a deposi-
tion temperature of 789 K in the same figure, calculations suggest that a
concentration of Ti at.% < ~ 43% would yield a mix of W and (Tix,W;.x)
Ny within the coating. Samples B and C showed no indication of a W
phase present in XRD even though the respective concentrations were
closer to 30 and 20 at.% respectively.

The trend in the cell parameter, as seen in Fig. 6, does span within the
two expected boundary values, ariny = 4.24 A and awnx = 4.16 A. The
expected value of WNy here is higher than the PDF reference since a
previous study of WNy coatings of the same phase produced in this
apparatus [13] did come to the same value. Those coatings were
considered free of contamination as measured by TOF-ERDA. One
method for roughly estimating the cell parameter within a solid solution
is the use of Vegard's rule. This empirical relationship, defined in terms
for this system, is: arix, w1-xNy = X * awnx + (1 — X) * ating. Comparing
the plotted values to the values given by Vegard's rule shows a decent
agreement but deviate slightly from it. The samples on the W-rich end
are underestimated with the opposite being true on the Ti-rich end. The
reason for this discrepancy can partly be attributed to error in the XRF
measurement and partly to the unknown quantity of N present in these
coatings. For instance, a higher content of N occupying vacancies and/or
tetrahedral-/octahedral holes would expand the cell. Internal stresses in
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Fig. 6. The cell parameter as a function of the tungsten fraction of the metal
content for samples A-K. Samples at 0 or 100 % are deposited using either only
TiCly or WF.

the coating could affect the value of the cell parameter too. The thick-
ness of the closely investigated samples A-D is seen in Fig. 7 in the next
section. There it is seen that the thickness of the TiNy (sample A) is rather
thin, 600 nm. A thicker sample, being more bulk-like, is more relaxed
and may not express the condition of stresses at, for instance, the sub-
strate interface. Thinner samples may for this reason also deviate from
the expected cell parameter value.

3.4. Microstructure

The morphologies and microstructures of some selected samples,
A-D were investigated by SEM. Micrographs of the samples A-D are
provided in Fig. 7. It can be seen that samples A (TiNy), B and C ((Tix, W1
©»Ny) exhibit growth into wedge shaped grains that displays well defined
top facets. Sample D (WNy) appears very featureless in the cross-section
and it displays a top surface with less defined surface features which is
confirmed by the WNy-Pt interface in the polished cross-section.

It can be concluded that homogenous (Tiyx,W1.x)Ny coatings have
been deposited. The microstructure is wedge shaped which is common
to a deposition process in growth mode. There is some contrast to the
cross-sections of A-C but that is due to channelling contrast and not
inhomogeneity in the atomic distribution. The featureless appearance of
the WNy film is attributed to nano-crystallinity.

EBSD was performed on the unpolished top surface of the samples to
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Tum
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Fig. 7. (a—d) Unpolished planar view and (e-h) cross section view with Pt on top for (a, ) sample A (TiN,), (b, f) sample B ((Tix,W1.x)Ny), (c, g) sample C ((Tix,W1.x)

N,) and (d, h) sample D (WN,).

provide texture information in the form of pole figures. All four of the
investigated samples A-D showed clear textures which is displayed in
Fig. 8 by the high intensities at the centres of the pole figures. Samples
A-C showed an (100) alignment with the coating normal and sample D
displayed a (111) orientation. This is supported by the XRD data shown
earlier in Fig. 5.

The three samples (A-C) with (100) textures all exhibit a dotted ring
at the periphery of the pole figures, i.e. 90° away from the coating
normal, that can be explained by crystal symmetries and coating
nucleation. The samples with a (100) texture will exhibit a 4-fold
symmetry around the coating normal in the {100} pole figures
(Fig. 8a (top)). Given the a-Al,O3 substrate surface 3-fold symmetry,
three different, but energetically equivalent, nucleation and growth
orientations are expected, giving a total of 3 x 4 = 12 intensities near the
periphery in the {100} pole figures. These different nucleation orien-
tations are represented by coloured squares in Fig. 8a—c. As for sample D
with a (111) out-of-plane orientation, this alignment is expected to fit
well with the substrate, however looking at the {111} pole figure
(Fig. 8d) there are three additional poles present. For a single crystal
oriented along (111), the pole figure would yield four poles, (111),

a b

{100} E”‘ {100} Ex' 100} {100}

{111}

{111} {111}

(111), (111), separated by 120°, and (111) located in the centre. If the
stacking order is reversed by nucleation of a twinned crystallite, those
poles are no longer visible. Instead the (111), (111), (111) poles are
seen, also separated by 120° but offset by 60° to their mirror parts. This
is illustrated by the coloured triangles in Fig. 8b. The (111) pole overlaps
the (111) pole and does not yield an additional pole in the figure. The
present of twinned grains explain the poles observed here by EBSD.

4. Conclusions

We have successfully produced crystalline (Tix,W1x)Ny coatings
from a WFg, TiCl4 and NHj reaction gas mixture using CVD. The coatings
displayed a cubic phase with a cell parameter in between TiN and p-W2N
(see Figs. 5-7). It was shown that the element composition could be
varied by adjusting the gas phase composition over the substrate surface
(see Fig. 4). By adjusting the gas phase composition toward more TiCly,
to compensate for the higher reaction rate of WF¢, a coating having
equal amounts of Ti and W was achieved.

The deposition conditions were not optimised in regard to phase
purity and texture control. The introduction of additional NH3 or Hj to

X0 X0
L

{11}

Arbitrary units [a.u.]

Low

Fig. 8. {100} and {111} pole figures of (a) sample A (TiN,), (b) sample B ((Tix,W1.,)Ny), (c) sample C ((Ti,,W;.,)Ny) and (d) sample D (WN,).
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the reaction gas mixture may reduce the halide (F and Cl) contamination
which were between 5 and 10%. Future experiments may take into
consideration the depletion of WF¢ that affects the length of the depo-
sition zone and coating compositions. The grains in the ternary coatings
were wedge shaped and, when compared to the binary TiN and -W3N,
they were significantly larger (see Fig. 7). The texture of the (Tiy,W1.x)Ny
samples were (100) and is was shown that there is an epitaxial rela-
tionship to the substrate (see Fig. 8). There was some tendency toward
random in-plane orientation that is likely related to a loss of coherency
as the sample grows thicker and the internal stresses level out.
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