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Abstract

Tungsten carbide thin films are used as wear-resistant coatings. For such applications,
it is industrially advantageous to form high-quality thin films on substrates with large
areas or complex shapes under atmospheric pressure. Herein, we investigated the
feasibility of forming tungsten carbide thin films using a mist chemical vapor deposition
method. WCi-x thin films with smooth surfaces were obtained at growth temperatures of
650 °C or above, and the elemental composition ratios of C/W and N/W gradually
approached 1 and 0, respectively, with increasing growth temperature. The hardness and
Young’s modulus of the film obtained at 750 °C were 25 GPa and 409 GPa, respectively.

The grown WCi1-x films have potential for use as hard coatings.
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1. Introduction

Tungsten carbide is known for its advantageous properties, such as its high melting
point, high hardness, low friction coefficient, and chemical stability [1-4]. Owing to these
excellent mechanical properties, tungsten carbide thin films are used as wear-resistant
coatings for mechanical parts, molds, and drilling tools [4,5]. It has also been
demonstrated that tungsten carbonitride behaves as an effective diffusion barrier for Cu
metallization in semiconductors [6] and as a promising catalyst for hydrazine
decomposition [7,8]. Tungsten carbide thin films are typically deposited using various
processes, such as physical vapor deposition [9—11] and chemical vapor deposition (CVD)
[12-15]. CVD is a major method for fabricating highly dense, pure films with good
uniformity and adhesion. From the perspective of applying tungsten carbide as a coating,
the CVD method is considered optimal because it allows for high-quality film formation
onto substrates with large areas or complex shapes. However, almost all conventional
CVD methods are vacuum processes and consequently require large and expensive
vacuum systems and consume large amounts of energy. There are some CVD methods
that are capable of fabricating thin films under atmospheric pressure, but they
ultimately require a complex and expensive system, such as a plasma generator.

The mist CVD method is receiving increasing attention as a promising technique for
the deposition of thin films under atmospheric pressure using a source material solution
[16—22]. One of the main advantages is that it is not always necessary to use volatile
precursors in mist CVD; therefore, there is a wider choice of precursors and fewer
chemical-compound-related limitations. Thus, mist CVD is an industrially advantageous
method for the fabrication of thin films. Earlier studies have mainly applied mist CVD
to the preparation of oxide films, such as ZnO [16-18], Ga203[19,20], Cu20 [21,22], and
NiO [23]. Additionally, sulfide thin films, such as ZnS [24,25] and Cu2ZnSnS. [26], and
all-inorganic halide perovskite [27] thin films have been fabricated by this method.
However, there have been no reports on the growth of carbides or nitrides using the mist
CVD method.

In this study, we investigated the feasibility of forming tungsten carbide thin films
using mist CVD. We performed mist CVD under atmospheric pressure at various
temperatures using an acetonitrile (CH3CN) solution containing a tungsten salt as the
source solution. The composition and phase of the resulting films were investigated.
Furthermore, the hardness and elastic modulus of the films were examined by

nanoindentation.



2. Experimental

2.1. Formation of tungsten carbide thin films via mist CVD.

A schematic diagram of the mist CVD system is shown in Fig. 1. Briefly, a liquid solution
containing source materials is atomized by an ultrasonic generator, and the formed mist
particles are transferred with a carrier gas to the substrate, which is thermally heated.
The films are then grown essentially by the CVD mechanism. Details on the mist CVD
method can be found in the literature [18-20,28,29]. In this study, a similar system was
used, but with the addition of a mist collection trap as shown in Fig. 1. The mist particles
that have passed through the tubular furnace are collected by passing through the
collection trap, which is filled with the same solvent as the source solution. This
collection trap helps not only to collect the mist particles but also to reduce the oxygen
partial pressure (preventing backflow of oxygen) and prevents spontaneous combustion
of the high-temperature solvent.

For the tungsten carbide thin film growth, the source solution was prepared by
dissolving WCls as the W source in acetonitrile as the C source at a concentration of 0.05
mol L1, An Ar-5%H2 mixture was used as the carrier gas and dilution gas at flow rates
of 4.0 and 2.0 L min’!, respectively. Quartz and alumina substrates (25 mm x 25 mm X
0.7 mm) were used. The growth temperature of tungsten carbide was set in the range of
550 to 850 °C. When the film was formed at high temperatures above 750 °C on the
quartz substrate, cracking or peeling due to the difference in thermal expansion
coefficients between the film (5.2 X 106 K1) and the quartz substrate (0.6 X 106 K1)
occurred. Therefore, the alumina substrate (8.0X10¢ K1) was used for film formation

for nanoindentation tests.

2.2. Characterization.

The phase of the obtained films was determined using X-ray diffraction (XRD;
X’pertPRO-MPD with Cu Ka radiation, A = 0.15406 nm). The morphology of the films
was observed by scanning electron microscopy (SEM; JSM-6510LV, JEOL) and field-
emission SEM (FE-SEM, SU6600, Hitachi High-Technologies). The composition of the
films was determined by X-ray photoelectron spectroscopy (XPS; JPS-9030, JEOL) and
energy dispersive spectroscopy (EDS; INCAx-act, Oxford Instruments). XPS was also
used to identify the chemical bonding states of the elements of the films.

The mechanical properties (hardness and Young’s modulus) of the films were
determined by nanoindentation using Nanoindenter G200 (Agilent Technologies) with a
three-sided pyramidal Berkovich indenter tip [30]. Continuous stiffness measurements

(CSMs) were carried out under the following conditions: depth limit of 2000 nm, targeted



strain rate of 0.05 s, and targeted frequency of 45 Hz. This method is capable of
obtaining hardness and Young’s modulus as a continuous function of indentation depth.
Twelve measurements were made on each sample. Each measurement point was
separated by at least 100 pm from all other measurement points. For the calculations of
hardness and Young’s modulus, the Poisson’s ratio of the films was assumed to be 0.18
[31].

To inspect the phenomena occurring in the films during CSMs, a standard constant
strain rate (CSR) test was performed with various indentation depth limits (25-1000
nm) at a targeted strain rate of 0.05 s~1; the morphology of the indentation was then
observed with SEM.

3. Results and Discussion
3.1. Composition and morphology.

No films were obtained at growth temperatures below 650 °C. The appearances of the
thin films obtained at each growth temperature are shown in Fig. 2. The films obtained
at 650—750 °C exhibited a metallic luster (Fig. 2a—c, f). This luster faded as the growth
temperature increased beyond 750 °C (Fig. 2d) and did not occur for the film deposited
at 850 °C (Fig. 2e).

The surface SEM images of the films are shown in Fig. 3. The films deposited at 650—
750 °C have smooth surfaces (Fig. 3a—c), which is expected based on their metallic luster.
In contrast, many particles with diameters of 1-3 um were observed on the surfaces of
the films deposited at 800 and 850 °C (Fig. 3d and e). The films deposited at 650-750 °C
should be favorable for wear-resistant coatings because a low friction coefficient can be
expected from the smooth surfaces.

Figure 4 shows the cross-sectional SEM images of the films. Whereas the film
deposited at 850 °C is composed of loosely packed coarse grains, the films deposited at
lower temperatures are dense. The thickness of the films tends to increase with
increasing growth temperature, from 500 nm at 650 °C to 1260 nm at 800 °C.

The compositions of the obtained films were evaluated by XPS and EDS analysis. Fig.
5 (a) shows XPS wide scan spectra of each sample. Only the peaks of tungsten, carbon,
nitrogen, and chlorine, derived from the precursor, and oxygen, as impurities derived
from the atmosphere, were detected. In all samples, pronounced peaks derived from
oxygen, which are considered to be surface oxide layers (WOs) formed due to exposure to
the atmosphere, were detected from the outermost surface. The peaks derived from these
surface oxide layers almost disappeared upon argon etching for about 1 minute. Fig. 5

(b) shows the results of XPS depth direction quantitative analysis of the sample obtained



at 650 °C. Except for the outermost surface, the film was essentially formed of tungsten
and carbon with slight amounts of oxygen, nitrogen, and chlorine. The composition was
almost constant in the depth direction and almost coincided with the result of the
quantitative analysis by EDS. The elemental content ratios of C/W and N/W of the films
analyzed by EDS are plotted against the growth temperature in Fig. 6. As the growth
temperature increases, the C/W and N/W ratios decrease asymptotically to 1 and 0,
respectively, which correspond to the WC stoichiometric values. The film obtained at
850 °C has a particularly high C/W ratio. We speculate that the film contains amorphous
carbon (a-C), similar to a previously reported WNCy film formed at a high temperature
by aerosol-assisted CVD [32]. The columnar structure seen in the SEM image of the film
obtained at 850 °C (Fig. 4e) is thought to be this co-deposited a-C. This is also suggested
by the XPS C 1s BE narrow scans of the samples obtained at each temperature, as shown
in Fig. 5 (¢). In the spectra, three types of carbon were observed via the peaks at 283.4,
284.3, and 285.7 eV, which were assigned to WC, graphitic, and C-OH bonds, respectively.
These values for the C 1s peak agrees well with the reported values of 284.2—-285.2 and
279.7-283.8 eV for amorphous C and WC, respectively [33,34]. In particular, the peak
intensity derived from amorphous C was significantly increased in the film obtained at
850 °C, suggesting the formation of amorphous C.

The XRD patterns of the obtained thin films on alumina and quartz substrates at
various growth temperatures are presented in Fig. 7. Broad peaks corresponding to cubic
WCi-x (ICDD ref. code: 00-020-1316) are present in the pattern of the films deposited at
650 °C and at higher temperatures, whereas no peaks except for those of the substrate
are present for a growth temperature of 550 °C, at which no film was obtained. Similar
XRD peaks for WCi-x are present between the films obtained on alumina and quartz
substrates. Therefore, the crystal structure of tungsten carbide does not depend on the
substrate. WCi-x exists as a thermodynamically stable phase at a high temperature of
approximately 2500 °C [1]. However, it has been reported that WCi-xcan also be obtained
at low temperatures by magnetron sputtering [10]. Although the detailed cause has not
been elucidated, it is thought that the WCi-x observed in this study was obtained via a
similar mechanism, even when using the mist CVD method.

The fabrication of WCi-x thin films by mist CVD was successful at growth
temperatures of 650 °C and above. WCi-x films with smooth surfaces were obtained at

650-750 °C that are expected to be suitable for use as wear-resistant coatings.

3.2. Mechanical properties.

The hardness-displacement curves, Young’s modulus-displacement curves, and load-



displacement curves from CSMs of the WCi-x thin films deposited at 650 and 750 °C on
alumina substrates are shown in Fig. 8. From Fig. 8a and b, both the hardness and
Young’s modulus of the film deposited at 650 °C are nearly constant in the displacement
range of 250-450 nm. In this range, the mechanical properties of the film were accurately
measurable. On the other hand, in the shallow displacement region, peaks at
approximately 80 nm occurred in each profile. In this shallow displacement region,
elastic deformation of the film caused by the spherical tip of the indenter dominates over
plastic deformation [35] or so-called indentation size effects with an artifact in the CSM
appeared [36], which results in the observed profile peak shape. At displacements larger
than 450 nm, the hardness and Young’s modulus decrease gradually to a constant value.
This suggests that the influence of the substrate emerges when the displacement is near
the thickness of the film (approximately 500 nm in this case). Notably, in the load-
displacement curve shown in Fig. 8c, there is a region where the displacement changes,
while the load is constant. The effect in this region will be described later with the results
of the CSR tests.

Based on the above, the hardness and Young’s modulus of the film deposited at 650 °C
were determined as 17 GPa and 301 GPa, respectively, at a displacement of 300 nm,
where the substrate did not affect the results. The hardness and Young’s modulus curves
of the film deposited at 750 °C (Fig. 8d and e) show the same tendency as those of the
film deposited at 650 °C. In the same way, the hardness and Young's modulus of this film
were determined to be 25 GPa and 409 GPa, respectively, at a displacement of 700 nm.
This result shows that the WCi-x thin films deposited via mist CVD have mechanical
properties equal to or higher than that of tungsten carbide thin films prepared by
vacuum processes, such as magnetron sputtering [2].

The surface of the film deposited at 850 °C was very rough, where cracks tended to
propagate along grain boundaries, which allowed the tip of the indenter to penetrate the
film at a small load. Therefore, the film was broken instead of experiencing plastic
deformation, and thus the mechanical properties could not be measured accurately.

To reveal what kind of phenomena occurred in the film at each displacement, especially
the displacement equivalent to the film thickness, CSR tests on the film deposited at
650 °C on alumina were performed with various depth limits, and the impressions were
observed with SEM. The surface morphology of the impression for a maximum
displacement of 320 nm is shown in Fig. 9a. The triangle impression was left by the
Berkovich indenter tip without fracturing the film. For the geometry of the Berkovich
indenter tip, the length of one side of the residual impression is 7.5 times the indentation

depth [37]. For a displacement of 320 nm, the set indentation depth is in good agreement



with the indentation depth estimated from the size of the impression. This means that
the mechanical properties can be accurately evaluated in this displacement region.

Figure 9b shows the surface morphology of the impression at a maximum displacement
of 429 nm. The shape of this impression is not triangular, and its size is much larger
than the expected size based on the penetration depth. This result suggests that film
cracks and delamination occur around and under the indenter tip before it reaches a
displacement of 429 nm.

The load-displacement CSR curves for the WCi-x thin film deposited at 650 °C on
alumina are shown in Fig. 10. The load-displacement curve with a depth limit of 300 nm
(Fig. 10a) has a general shape, whereas in that for a depth limit of 350 nm (Fig. 10b), the
displacement changes from approximately 350 nm by approximately 100 nm at a
constant load of 22 mN. In general, such a change in the load-displacement curve is
associated with through-thickness fracture of the coating, delamination of the coating,
or even nucleation of plasticity in the underlying substrate [35]. Considering the
observed CSR impressions (Fig. 9), the load-displacement curves suggest that cracks or
delamination occurred in the film at a 350-nm displacement, and thus the displacement
greatly increased, while the load remained constant at 22 mN.

In the load-displacement curve (Fig. 8c) described above, there is a region where the
displacement changes at a constant load. As indicated by the CSR tests, cracks or
delamination are considered to occur in this range, and thus the mechanical properties
cannot be measured accurately. Therefore, the values at displacements shallower than
this region with a nearly constant hardness and Young's modulus were determined as
the mechanical characteristics of the film.

The mechanical properties of the WCi-x thin films were evaluated by nanoindentation
(CSM). The film deposited at 750 °C has a hardness of 25 GPa and Young’s modulus of
409 GPa. These results demonstrate that the WCi-x thin film deposited by mist CVD has
a hardness comparable to that of films deposited by other deposition methods with

vacuum systems.

4. Conclusion

WCi1-x thin films with smooth surfaces were obtained by the mist CVD method. The
WCi-x thin films were obtained at growth temperatures of 650 °C and above, and the
elemental composition ratios of C/W and N/W gradually approached the stoichiometric
ratio with increasing growth temperature. The hardness and Young’s modulus of the
film obtained at 750 °C were 25 GPa and 409 GPa, respectively. These grown WCi-x

films thus have potential for use as hard coatings.
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Fabrication and mechanical properties of tungsten carbide thin films via mist
chemical vapor deposition: Highlights

e Smooth tungsten carbide thin films prepared at atmospheric pressure and 650-750 °C
e Mechanical properties equal to or higher than those obtained via vacuum processes

e Hardness and Young's modulus for 750 °C film of 25 GPa and 409 GPa, respectively
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Fig. 1 Schematic of the mist CVD system.



Fig. 2 Appearances of tungsten carbide films obtained at (a) 650 °C, (b) 700 °C, (c) 750 °C, (d)
800 °C, and (e) 850 °C on alumina substrates. A typical film surface with a metallic luster is
shown in ().



Fig 3 Surface SEM images of tungsten carbie films obtained at (a) 650 °C, (b) 700 °C, (c)
750 °C, (d) 800 °C, and (e) 850 °C on alumina substrates.
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Fig. 4 Cross-sectional SEM images of tungsten carbide films obtained at (a) 650 °C, (b) 700 °C,
(c) 750 °C, (d) 800 °C, and (e) 850 °C on alumina substrates.
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of the C1s region for the films obtained at 650-850 °C.
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Fig. 6 Elemental composition ratios of C/W (red open symbols) and N/W (blue solid symbols)
in the films on quartz and alumina substrates as a function of growth temperature.
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Fig. 7 XRD patterns of obtained films on alumina or quartz substrates at various growth

temperatures.
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Fig. 8 Hardness-displacement curves, Young’s modulus-displacement curves, and load-
displacement curves from CSMs of WCi-x films obtained at (a-c) 650 °C and (d,e) 750 °C on
alumina substrates.



Fig. 9 Morphology of impressions from CSR testing on WCi1-x thin films obtained at 650 °C on
alumina. The maximum displacements are (a) 320 nm and (b) 429 nm.
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Fig. 10 Load-displacement curves from CSR tests of WC1-x thin films deposited at 650 °C on
alumina. The set depth limits are (a) 300 nm and (b) 350 nm.



