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Abstract 
Tungsten carbide films (W-C films) were fabricated on silicon substrates by 
using the filtered pulse arc deposition (FPAD) method. Two types of ce-
mented tungsten carbide (WC) were used as cathode, one containing Co and 
the other Ti, which were used as binders for forming the cathode shape. The 
films were fabricated by varying the pulse arc current and substrate bias vol-
tage. The discharge, deposition and film properties were investigated under 
these deposition conditions. The cathode wear amount when using WC-Co 
(WC cathode containing Co) was found to be smaller than that measured 
when WC-Ti (WC cathode containing Ti) was used. The W-C film thickness 
was approximately 30 - 40 nm under all conditions, except when the pulse arc 
current was 50 A and the film thickness, was approximately 10 nm. Compared 
to the WC-Ti, the consumption of cathode material is suppressed in the 
WC-Co, indicating that the efficiency for film preparation of the latter is 
good. From the X-ray diffraction analysis, the crystalline phase of W-C films 
fabricated using WC-Co and WC-Ti were observed as W2C and WC1−x, re-
spectively, indicating that different crystalline phases could be fabricated us-
ing different cathodes. From the X-ray photoelectron spectroscopy analysis, 
the oxidation layer formed by air exposure was observed to exclusively exist 
on the W-C film surface. Moreover, almost all oxygen in the oxidation layer 
bonded with tungsten. 
 

Keywords 
Cemented Tungsten Carbide Cathode, Thin Film, Filtered Pulse Arc Deposition 

How to cite this paper: Isono, R., Tani-
moto, T., Iijima, Y., Harigai, T., Suda, Y., 
Takikawa, H. and Kaneko, S. (2017) Fabri-
cation of Tungsten Carbide Films by Fil-
tered Pulse Arc Deposition with Cemented 
Tungsten Carbide Cathodes. Materials 
Sciences and Applications, 8, 966-978. 
https://doi.org/10.4236/msa.2017.813071 
 
Received: October 28, 2017 
Accepted: December 5, 2017 
Published: December 8, 2017 
 
Copyright © 2017 by authors and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/  

  
Open Access

http://www.scirp.org/journal/msa
https://doi.org/10.4236/msa.2017.813071
http://www.scirp.org
https://doi.org/10.4236/msa.2017.813071
http://creativecommons.org/licenses/by/4.0/


R. Isono et al. 
 

 

DOI: 10.4236/msa.2017.813071 967 Materials Sciences and Applications 
 

1. Introduction 

Cemented tungsten carbide (WC) exhibits excellent material properties such as 
high mechanical hardness, wear resistance, high melting point, chemical inert-
ness, electrical conductivity, and low friction coefficient. It is often used as the 
base material for cutting and molding tools [1] [2] [3]. Tungsten carbide films 
(W-C films) have also been used as surface protection films for wear resistance 
improvement [4] [5]. Additionally, the use of W-C film as an interlayer between 
a substrate and diamond-like carbon (DLC) film or diamond film has been an-
ticipated. As an interlayer, it improves the adhesion of the DLC film or diamond 
film on the substrate [6] [7] [8] [9]. 

The deposition method of W-C films is categorized either as chemical vapor 
deposition (CVD) or physical vapor deposition (PVD). In the thermal CVD 
method, a W-C film is deposited by heating a substrate to approximately 1000˚C 
in a gaseous mixture atmosphere of WCl6 and hydrocarbon [10]. In the sputter-
ing method, which is the most commonly used PVD method, a W-C film is fa-
bricated by heating a substrate to several 100˚C [11] [12]. The target is tungsten 
or WC, and the atmosphere gas is Ar gas or a mixture of Ar and hydrocarbon. 
The films deposited using the CVD and sputtering methods often present crys-
talline structures of W2C and WC1−x. In this regard, the reported observations of 
the WC phase are less than those of W2C or WC1−x [13] [14] [15] [16]. 

In addition to the sputtering method, the PVD method also includes the ca-
thodic vacuum arc deposition (CVAD) method [17] [18]. In the CVAD method, 
a solid material is used as cathode, which acts as an evaporation source. The ca-
thode material evaporates at a cathode spot, which is very active and has high 
temperatures when formed by an arc discharge [19]. Because the amount of ion 
in the plasma is large and ion energy is high, the CVAD method makes it possi-
ble to deposit films having a different film quality from that produced through 
the conventional sputtering method. However, in the CVAD method, the ca-
thode spot also emits electrically neutral micron-sized fine particles (called 
droplets). Droplets in a film significantly decrease the film properties such as 
surface flatness and mechanical hardness [20]. As a method of reducing droplets 
in a film, the filtered arc deposition (FAD) method can be employed [21] [22]. 
In the FAD method, the charged particles and droplets generated from the ca-
thode are separated and transported to the substrate by the equipped magnetic 
field, consequently producing high-quality films free from droplets. 

Periodic arc discharge occurs and the plasma is generated in the filtered pulse 
arc deposition (FPAD) method [23] [24]. The FPAD method has the following 
features in comparison with the DC arc deposition method. The FPAD method 
operates at a low average power so that temperature rise around the cathode is 
suppressed. Under the method, the evaporation material size becomes compact. 
Moreover, material difficult to discharge in the DC arc deposition method can 
be used the cathode [25] [26]. Therefore, the FPAD method can be regarded as a 
powerful evaporation method for developing new materials. 
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In this study, W-C films were fabricated on Si substrates by using the FPAD 
method. We used two types of WCs as cathode, one containing Co and the other 
Ti, which were used as binders for forming the cathode shape. The W-C films 
were fabricated by varying the pulse arc current and substrate bias voltage.  

2. Experimental Details 

The experiments were performed using the FPAD system [27]. This system con-
sists of a focus coil and a 90˚ torus filter coil in order to transfer the plasma 
beam to the substrate. The droplets, which degenerate film quality, are removed 
by this filter coil [28] [29]. The substrate material used was Si (100), and it was 
fixed to the substrate table by using carbon double-stick tapes. The WCs which 
contain either Co or Ti as binder for forming the cathode shape, were used in 
the cathode. The binder contents of WC-Co (WC cathode containing Co) and 
WC-Ti (WC cathode containing Ti) are approximately 5 wt% and 1 wt%, re-
spectively. The pulse arc currents are 50, 100, and 150 A, and the pulse frequen-
cy, pulse width, duty ratio and trigger voltage are 10 Hz, 5 ms, 5%, and approx-
imately 7 kV, respectively. The substrate bias voltages are ground (GND), DC - 
100, - 300, and - 500 V. The deposition time and base pressure of the chamber 
are 40 min and less than 1 × 10−4 Pa, respectively. 

The arc discharge voltage and cathode wear amount were measured for de-
riving discharge properties. The arc discharge voltage is derived from the poten-
tial difference between the anode and cathode using an oscilloscope (Tektronix 
TDS2014), and the cathode wear amounts were derived by the difference be-
tween the cathode mass before and after discharge. This difference was meas-
ured using an electronic balance (Sartorius CP224s). The thickness of the W-C 
films and substrate temperature reached at deposition were measured for deriv-
ing deposition properties. The thickness was measured using a stylus surface 
profiler (Veeco Dektak 3). The W-C film surface was observed by using an opti-
cal microscope (Nikon ECLIPSE ME600) and a field emission scanning electron 
microscope (FE-SEM, HITACHI SU8000 Type Ⅱ). The substrate temperature 
at deposition was measured using a thermos label, which can measure tempera-
ture of 50˚C or more at 5˚C intervals. The film properties, bonding structure, 
element composition, and film density were analyzed using an X-ray diffracto-
meter (XRD, Rigaku RINT-2500), X-ray photoemission spectroscopy (XPS, 
ULVAC-PHI Quantera SXM-CI), and X-ray reflectance measurement device 
(Phillips, X’Pert PRO MRD), respectively. 

3. Results and Discussion 
3.1. Discharge Properties 

The relationship between the arc discharge voltage and pulse arc current at a 
constant bias voltage of DC-100 V was determined. When using WC-Co, the arc 
discharge voltages were 27, 35, and 38 V at pulse arc current of 50, 100, and 150 
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A, respectively. On the other hand, when using WC-Ti, the arc discharge voltages 
were 28, 41, and 44 V at pulse arc current of 50, 100, and 150 A, respectively. 
Evidently, the arc discharge voltage increases with increasing pulse arc current. 

Figure 1 shows the relationship between the cathode wear amount and varied 
pulse arc currents. The cathode wear amount of the WC-Co was smaller than 
that of the WC-Ti, and it is considered that droplet emission from the WC-Co is 
less than that of the WC-Ti. The cathode wear amount at a current of 50 A was 
smaller than those at pulse arc currents of 100 and 150 A. Based on this, the 
pulse arc current of 50 A was regarded as too low for cathode evaporation. 

3.2. Deposition Properties 

Figure 2 shows the W-C film thickness fabricated using different pulse arc cur-
rents at a constant bias voltage of DC-100 V. At 50 A, a very thin film, approx-
imately 10 nm thick, was formed. The explanation considered for this thickness is 
the small amount of evaporation from the cathode. At 100 A or more, film thickness  

 

 
Figure 1. Cathode wear amount under different pulse arc currents at a constant bias vol-
tage of DC-100 V. 

 

 
Figure 2. Film thickness of W-C films fabricated at different pulse arc currents and a 
constant bias voltage of DC-100 V. 
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did not change and was not dependent on the cathode. Therefore, compared to 
WC-Ti, consumption of cathode material is suppressed in the WC-Co, indicat-
ing that the efficiency for film preparation is good in WC-Co. Moreover, the 
W-C film thickness was fabricated at different bias voltages and a constant pulse 
arc current of 100 A. However, a relationship which is the bias voltage and ca-
thode type to the film thickness was not observed. The substrate temperature 
reached at deposition was approximately 50˚C under each condition, and W-C 
films could be formed at relatively low temperatures.  

The optical micrographs of W-C films are shown in Figure 3(a) and Figure 
3(b), and the FE-SEM photomicrographs of W-C films are shown in Figure 3(c) 
and Figure 3(d). In these films, the arc current and bias voltage were 100 A and 
DC-100 V, respectively. The cathode material of W-C films shown in Figure 3(a) 
and Figure 3(c) are WC-Co, and in Figure 3(b) and Figure 3(d) are WC-Ti. As 
shown in Figure 3, very few droplets were observed at the surface of W-C films 
at the macroscopic and microscopic levels. This result means that the droplets 
and plasmas generated from the cathode were separated by the filter coil. Fur-
thermore, the separated plasmas were transported to the substrate. 

3.3. Film Properties 

The structure of the W-C films prepared under each condition was investigated 
by XRD analysis. The scanning angle of the detector, 2θ, was varied within the 
range of 30˚ - 80˚ in increments of 0.02˚. Figure 4 shows the XRD spectra of 
W-C films fabricated at different pulse arc currents and a constant bias voltage  

 

   
(a)                                    (b) 

   
(c)                                     (d) 

Figure 3. The optical micrographs of W-C films fabricated at a pulse arc current of 100 A 
and bias voltage of DC-100 V by using (a) WC-Co and (b) WC-Ti. The FE-SEM photo-
micrographs of W-C films fabricated at a pulse arc current of 100 A and bias voltage of 
DC-100 V by using (c) WC-Co and (d) WC-Ti. 
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(a) 

 
(b) 

Figure 4. XRD spectra of W-C films fabricated at different pulse arc currents and a con-
stant bias voltage of DC-100 V using (a) WC-Co and (b) WC-Ti. The theoretical intensi-
ties of each crystal phase are shown in the lower part of the figure [14] [30] [31]. 

 
of DC-100 V. Figure 4(a) and Figure 4(b) are the spectra of films using WC-Co 
and WC-Ti, respectively. On the other hand, Figure 5 shows the XRD spectra of 
W-C films fabricated at different bias voltages and a constant pulse arc current 
of 100 A. Figure 4(a) and Figure 4(b) show the spectra of films using WC-Co 
and WC-Ti, respectively. Relatively broad peaks are observed in Figure 4 and 
Figure 5. The broad peaks are generally caused by many factors such as small 
crystal grain size and strain. Among these factors, small crystal grains are consi-
dered to be the primary factor. This because that the fabricated W-C films have a 

https://doi.org/10.4236/msa.2017.813071


R. Isono et al. 
 

 

DOI: 10.4236/msa.2017.813071 972 Materials Sciences and Applications 
 

thickness of nanometer order and the W-C films are thought to be nanostruc-
tured. Therefore, it is considered that their broad peaks were led by nanome-
ter-sized crystallites. There are two main peaks of approximately 36˚ and 42˚ as 
shown in Figure 4(a) and Figure 5(a), while there is a single main peak of ap-
proximately 38˚ as shown in Figure 4(b) and Figure 5(b). Therefore, from the 
theoretical intensities [14] [30] [31] of each crystalline phase which shown in 
lower part of Figure 4 and Figure 5, the crystalline phase of W-C films fabri-
cated by using WC-Co and WC-Ti were observed with the W2C and WC1−x, re-
spectively. By using different cathodes, crystalline phases could be produced.  

 

 
(a) 

 
(b) 

Figure 5. XRD spectra of W-C films fabricated at different bias voltages and a constant 
pulse arc current of 100 A using (a) WC-Co and (b) WC-Ti. The theoretical intensities of 
each crystal phase are shown in the lower part of the figure [14] [30] [31]. 
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In Figure 4, the full width at half maximum (FWHM) of the main peak de-
creased with increasing pulse arc current. This means that the crystallite size 
tends to increase with an increase in pulse arc current. Consequently, crystallin-
ity tends to improve. Moreover, in Figure 5, the FWHM of the main peak in-
creased with increasing bias voltage. Therefore, this also meant that the crystal-
lite size tends to decrease with an increase in bias voltage, so crystallinity tended 
to worsen.  

Figure 6 shows the XPS spectra of W-C films made of WC-Co at a pulse arc 
current and bias voltage of 100 A and DC-100 V, respectively. Figure 6(a) and 
Figure 6(b) show the C1s and W4f spectra, respectively. The lower spectra are 
the film surfaces, and the upper ones are the surface spectra after Ar ion sput-
tering, which means that the latter are the inside spectra of the films. Under the 
sputtering conditions, the acceleration voltage and processing time were 1 kV 
and 30 s, respectively. As shown in Figure 6(a), the film surface was C-C rich, 
and only a small amount of carbon oxide was observed. As shown in Figure 
6(a), after sputtering, the peak of the spectrum shifted to C-W. It is considered 
that C-C was preferentially broken by the Ar ion. As shown in Figure 6(b), W-C 
and W-O were observed at the film surface, which means that the carbide and 
oxide of the tungsten were formed. As shown in Figure 6(b), W-O peak was re-
duced by Ar sputtering, and oxygen was not detected by the results of the quan-
titative analysis. It is regarded that the oxide formed by air exposure of the sam-
ple after the fabrication exists only in the film surface. Moreover, under other 
conditions, the XPS spectra also exhibited a trend similar to those in Figure 6. 

Figure 7 shows the C/W ratio of the W-C film surface calculated by XPS 
analysis. Figure 7(a) and Figure 7(b) shows the results of W-C films fabricated  

 

     
(a)                                    (b) 

Figure 6. XPS spectra of W-C films fabricated at a pulse arc current of 100 A and bias 
voltage of DC-100 V using WC-Co. The C1s and W4f spectra are shown in (a) and (b), re-
spectively. In the W4f spectra, * and ** correspond to W4f5/2 and W4f7/2, respectively. The 
theoretical binding energy of each bonding is shown by the broken vertical line [12] [15]. 
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(a) 

 
(b) 

Figure 7. C/W ratio of W-C films calculated by XPS analysis, fabricated at (a) different 
pulse arc currents and a constant bias voltage of DC-100 V, and (b) different bias voltages 
and a constant pulse arc current of 100 A. 

 
at different pulse arc currents and a constant bias voltage of DC-100 V, and at 
different bias voltages and constant pulse arc current of 100 A, respectively. As 
shown in Figure 7(a), the C/W ratio decreased with increasing pulse arc current. 
This means that the tungsten contained within the W-C films increased with in-
creasing pulse arc current. The relative amount of tungsten reaching the sub-
strate was more compared to that of carbon. Therefore, W2C or WC1−x in the 
W-C films increased with increasing pulse arc current, so that it is considered 
that crystallinity tended to improve with increasing pulse arc current, as shown 
in Figure 4. As shown in Figure 7(b), the C/W ratio hardly changed relative to 
the bias voltage. Therefore, the amount of tungsten and carbon ions reaching the 
substrate is not affected by the bias voltage. Although not shown in the figure, 
Co and Ti as binders were not detected in XPS analysis. Therefore, the binders 
contained in the cathodes were not in the fabricated films.  

Figure 8 shows the W-C film density fabricated at different pulse arc currents 
and bias voltages. In Figure 8(a), film density increased with increasing pulse  
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(a) 

 
(b) 

Figure 8. Film density of W-C films, fabricated at (a) different pulse arc currents and a 
constant bias voltage of DC-100, and (b) different bias voltages and a constant pulse arc 
current of 100 A. 

 
arc current. This tendency is thought to be due to the increased in tungsten con-
tained within the W-C film with increasing pulse arc current, as shown in Fig-
ure 7(a). In Figure 8(b), film density hardly changed relative to the change in 
bias voltage. This trend was similar to that observed in Figure 7(b). These re-
sults indicate that the composition of the W-C films does not depend on bias 
voltage. 

4. Conclusions 

The W-C films were fabricated on Si substrate by using the FPAD system. As 
cathode material, we used two types of WC, containing Co and Ti as binders, 
respectively. The substrate temperature was at a relatively low temperature of 
approximately 50˚C. Moreover, the fabricated W-C films had very few droplets. 
The crystalline phase of W2C and WC1−x were observed by using WC-Co and 
WC-Ti, respectively. The C/W ratio and film density depended on the pulse arc 
current, regardless of the type of binders. Moreover, the tungsten contained 
within the W-C films increased with increasing pulse arc current. In this study, 
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it was shown that the W-C films of different crystalline phases could be fabri-
cated using different WC cathodes at low temperatures.  

As an application of these W-C films, it could be expected to apply the W-C 
films to the DLC interlayer for improving the adhesion with the DLC film. Ad-
ditionally, it is considered that these W-C films fabricated at low temperature are 
possible to deposit to the low melting point material. 
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