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Abstract
Titanium diboride is a newly developed material suitable for protective coatings. Its high
temperature oxidation resistance at temperatures of 700°C and beyond is limited due to its
poor oxidative behaviour. This paper presents a novel approach to improving the coatings'
oxidative characteristics at temperatures of 700°C by doping with silicon. Titanium diboride
films were deposited onto Si(100) wafer substrates using a DC magnetron sputtering system.
Films were deposited in two different compositions, one at pure Til?2 and the other with
20%Si doping. These samples were vacuum annealed at 700°C at lxlO"6Torr to investigate
the anaerobic behaviour of the material at elevated temperatures and to ensure that they were
crystalline. Samples were then oxidised in air at 700°C to investigate their oxidation
resistance. Annealing the films at 700°C in air results in the oxidation of the film as titanium
and boron form T1O2 and B2O3. Annealing is seen to produce only minor changes in the films.
There is some silicon diffusion from the substrate at elevated temperatures, which is related to
the porous nature of the deposited film and the high temperature heat treatments. However,
silicon doped films showed relatively less oxidation characteristics after annealing in air
compared with the pure TiB2 samples.

Introduction
Titanium diboride is a ceramic material that has attracted much interest for applications such
as a protective coating against oxidative wear because of its high hardness, high melting point
and good electrical properties. It has recently been used as a protective coating in crucibles
and electrodes for aluminium reduction. Til$2 also displays remarkably good conductivity at
elevated temperatures, a characteristic observed in relatively few other recently developed
coating materials. It displays a potential for use as a coating for stainless steel interconnects
within a ceramic fuel cell (CFC). However, it is unstable at elevated temperatures, and as
reported previously [1] will form B2O3 and TiC>2 at elevated temperatures. Previous work [2]
from the authors presented results of implantation with Ti and Ta ions to investigate the self-
ion damage effects and the effects of implanting a higher valency ion on the crystal lattice.
Implantation of Ti and Ta resulted in improved oxidation resistance of the films. This paper
presents the details of our results on the doping of silicon in to the TiB2 films by co-sputtering
process.

Experimental
TiB2 films were deposited onto Si(100) wafers by DC magnetron sputtering at an argon
pressure of 3.2xl0"3 Torr. Silicon doping was performed using silicon pieces (of a calculated
area according to the required dopant concentration in the film) attached to the target with
silver adhesive paste. This ensured that the silicon was co-sputtered with the TiB2 to give the
desired silicon concentration throughout the entire thickness of the films. After deposition,
selected films were vacuum annealed for four hours at 700°C and then subjected to oxidation
at the same temperature for four hours. These films were analysed for composition and
structure using Rutherford Backscattering Spectrometry (RBS) and X-Ray Diffraction (XRD)
respectively. RBS was performed using a 2-MeV He2+ beam (collimated to 1.5mm diameter)
backscattered at 169° to the beam direction. Spectra were accumulated for a total charge of
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20(iC measured with a sensitive Faraday cup arrangement. XRD was performed using a
SIEMENS D500 Diffractometer using CoKa radiation.

Results and Discussion
The two analytical tools employed for the investigation are Rutherford Backscatering
Spectrometry (RBS) and X-Ray Diffraction (XRD). Figure 1 refers to the RBS spectra of pure
TiB2 films. It shows three different spectra corresponding to the asdeposited pure TiB2 film,
annealed at 700°C and oxidised at 700°C. It may be observed from the film that the thickness
of the asdeposited film is less than the annealed and oxidised films. This may be due to the
thickness variation of the film during deposition. Oxygen has been the main impurity in these
films. Previous work, [3] explains an unavoidable level of oxygen contamination, and that
there seems to be a tendency for these films to form TiO2 in the presence of oxygen. We also
noticed a small quantity of aluminum present in the film. This could have been sputtered
from the clamping ring that was holding the TiB2 target to the holder. In the subsequent
experiments the magnetron holder has been modified to eliminate the possibility of any
aluminum impurity in the films. The 0%Si-doped oxidised TiB2 film displays a greatly
reduced thickness of Ti and greatly increased silicon and oxygen concentrations. However,
the reduction in the thickness of deposited titanium may be attributed to two reasons. In
addition to the non-uniformity of the deposition process, the presence of increased oxygen
signal might also have contributed to this behaviour. It is difficult to state unequivocally the
exact boron concentration in the asdeposited films and also any changes occurred in its
composition due to heat treatments because of its low atomic number.
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Figure 1. RBS Spectrum of Figure 2 RBS Spectrum of
Pure TiB2 films 20%Si-doped TiB2 films

Figure 2 refers to the 20%Si-doped films. The asdeposited film displays the deposited
titanium, silicon signals along with a small concentration of oxygen and some silver. The
silver is observed because it is present in the adhesive paste used in attaching the silicon
pieces to the target. In spite of the care taken not to expose any silver paste adhesive directly
to the plasma, apparently there has been some sputtering at the edges and corners, which
resulted in the inclusion of a minimal quantity of silver (< 0.8 %) in the films. The vacuum
annealed TiB2 film exhibits relatively little change as far as the RBS data is concerned.
Though there is no oxygen present in the asdeposited and vacuum annealed films, some
amount of oxygen is present in the oxidised film over a thinner surface layer. Thickness of
the oxygen signal is certainly less than one fifth of the total thickness of the film as indicated
by the titanium signal at the channel number 368. This essentially means that the bulk of the
TiB2 film is still intact without oxidation, which may be attributed to the presence of silicon in
the film. A noted reduction in the silver concentration is observed after the treatment. It is
difficult to observe the boron concentration due to the reasons explained above.
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Figures 3 and 4 give a good comparison of the XRD spectra of pure (0%Si-doped) TiB2

films with that of 20%Si-doped films. In figure 3, the asdeposited sample clearly displays the
formation of the TiB2(100) and TiB2(101) peaks at approximate 2-theta angles of 34.5° and
44.5° respectively. These are in agreement with the standard values reported in the powder
diffraction file data for T1B2 phase (PDF 35-741). There are two large peaks at 2-theta values
of approximately 61.8 and 68.9 that represent different planes of the silicon substrate. The
XRD (not shown in the figure) of the vacuum annealed sample (700°C for 4 hours) has also
indicated the formation of same peaks. In contrast, the XRD spectra of oxidised sample
shown in figure 3 exhibits the formation of many different peaks. In addition to the substrate
silicon peaks, we observe the following peaks at the approximate 2-theta angles: 32°, 36°,
54.5°, 39.5°, 41.5°, 44.5°, 61.5° and 63°. These peaks are mainly attributed to three different
phases: TiB2, B203 and TiO2. In specific, the peaks at 32° ,36° and 54.5° can be attributed to
(222), (400) and (600) planes of B2O3 phase, while the peaks at 39.5°, 41.5° are identified to
belong to the (200) and (111) planes of TiC>2 rutile phase. Interestingly, a peak
corresponding to the (204) plane of TiO2 anatase phase is also seen at a 2-theta value of 63°.
Rest of the peaks are that of (100) and (110) planes of TiB2 phase. This is clearly indicating
the oxidation of the film. The oxidised spectrum is in agreement with the RBS data also. As
large amount of oxygen presence is seen from the RBS spectra of both asdeposited and
annealed films, it is not surprising to see the formation of different oxide phases after
oxidation. However, at this stage the role of oxygen in the oxidation of the film is not clearly
understood.
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Figure 3 XRD Spectrum of 0%Si-doped
TiB2 Oxidised Film

Figure 4 XRD Spectrum of 20%Si-doped
TiB2 Oxidised Film

Fig.4 represents the xrd spectra of the films deposited with around 20% silicon doping.
Bottom spectra in this figure belongs to the xrd of the asdeposited film while the top one is
that of the oxidised film. It is very clear from these spectra that there is not much change
between the xrd spectra of the asdeposited and oxidised films. Though the peaks remained
the same even after oxidation, their intensities varied. Overall, there have been no indications
of any oxide formation in these films compared to the pure TiB2 films without any doping.
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Conclusions
This paper presented the results of our investigation on the silicon doping of TiB2 films
deposited by DC magnetron sputtering. Pure TiB2 films oxidise to TiO2 and B2O3 when
annealed in the presence of oxygen at 700°C for four hours. Silicon doping via co-sputtering
has a positive effect in reducing the oxidation of TiB2 to TiC>2 and B2O3 when annealed in the
presence of oxygen under the same conditions. The evidence presented in both XRD and RBS
spectra support these conclusions. However, the oxidation mechanism under the silicon
doping conditions need further investigation.
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