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ABSTRACT

A systematic study of TiO, films deposited by dc filtered cathodic vacuum arc (FCVA) was carried out by varying the
deposition parameters in a reactive oxygen atmosphere. The influence of the oxygen partial pressure on film properties is
analyzed. Composition was obtained by Rutherford backscattering spectroscopy (RBS) measurements, which also allow
us to obtain the density of the films. Morphology of the samples was studied by scanning electron microscopy (SEM)
and their optical properties by ellipsometry. Transparent, very dense and stoichiometric TiO, films were obtained by
FCVA at room temperature.
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1. INTRODUCTION

Titanium dioxide is a wide band-gap semiconductor used in many energy-conversion and environmental applications.'
Its outstanding physical and chemical properties include high refractive index, high chemical stability, high dielectric
constant, photocatalytic activity and transparency in the visible and the near infrared. However, those properties depend
to a great extent on the deposition technique employed for its fabrication. A careful control of the fabrication process is
critical to optimize this material for the desired application. Several physical and chemical deposition methods have been
employed to prepare TiO, films such as sol-gel, spray pyrolysis, magnetron sputtering, chemical vapor deposition,
filtered cathodic vacuum arc (FCVA), etc.! In particular, physical vapor deposition (PVD) techniques are the preferred
ones for those applications in which long-term stability and controllable optical properties play an important role, and
among them magnetron sputtering (MS) is the most employed. In the present study, an alternative technique, the
cathodic arc PVD, has been used to fabricate titanium dioxide thin films.

Energy of particles during deposition by cathodic arc is much larger than in others widely employed PVD techniques
such as magnetron sputtering.” The high kinetic energy of the ions and the high ionization of the plasma during
deposition can produce dense films with a good interlayer adhesion. The main drawback of this technique is the
evaporation of macroparticles as a consequence of the very high ionization rate. Those macroparticles can be up to few
micrometers in diameter,’ and are specially detrimental for optical and electronic applications. In addition, they can
lower the substrate/layer adhesion and lead to the formation of pin hole effects. However, the use of a curved plasma
duct filter can prevent those macroparticles of reaching the substrates* and several authors claimed that filtered cathodic
vacuum deposition FCVA deposition of metal oxides are preferred over other PVD techniques in terms of refractive
index and extinction coefficient.’

TiO, films properties deposited by cathodic arc depend on many factors such as oxygen partial pressure, working
pressure, arc current, presence or not of electromagnetic filter, substrate temperature, substrate bias, etc. The last two
factors, temperature and bias, play an important role on the films structure due to the kinetic energy involved. The high
ion energy during FCVA deposition process can favor the formation of crystalline TiO, even during deposition at room
temperature. Moreover, as the plasma is highly ionized the impact energy of the ions at the surface can be controlled by
applying a bias to the substrate. Several authors have reported the formation of crystalline TiO, at room temperature by
applying a bias to the substrate avoiding any post or simultaneous annealing treatment. There are also reports on anatase
TiO, deposition at room temperature with no applied bias.?> For many applications this could be a great advantage, for
example, when depositing on heat-sensitive substrates.®
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In this work, titanium dioxide films were prepared by FCVA at room temperature in a reactive oxygen atmosphere. The
oxygen partial pressure (concentration percentage of the O, introduced in the total flow gas) was varied from 10 to 75%
and the effect on film properties was analyzed. The composition of the obtained films was analyzed by Rutherford
backscattering spectroscopy (RBS), the morphology of the samples by scanning electron microscopy (SEM) and their
optical properties by ellipsometry measurements. RBS data showed that resulting films exhibit TiO, stoichiometry, with
porosity below 4%. The low porosity is confirmed by SEM cross sectional images. Index of refraction does not change
significantly with the oxygen ratio and values around 2.5 at 550 nm are obtained for the studied samples. We
demonstrate that it is possible to obtain highly dense TiO, films with excellent properties by FCVA deposition at room
temperature.

2. EXPERIMENTAL SECTION

TiOx films were grown on Si (100) and glass substrates by means of the dc Filtered Cathodic Vacuum Arc (FCVA)
system shown in Figure 1a (PFCVA-450 from Plasma Technology Limited, Hong Kong). The system is provided by a
90° curved electromagnetic filter which guides the ions in the plasma to the deposition chamber. The substrates were
placed 240 mm away from the filter duct exit. For each deposition process base pressure in the chamber was ~2 10~ Pa.
Prior to deposition, samples were sputter cleaned by Ar’ bombardment for 15 minutes. A Ti cathode with 65 mm
diameter was used for the deposition (Figure 1b) of TiOx films in an oxygen/argon atmosphere. The total working gas
flow was fixed in 60 sccm, and different percentages of reactive gas during depositions were obtained by changing the
Ar/O,. The cathode current used was 50 A. All the depositions processes were carried out at room temperature.
Deposition time was 60 minutes and the substrate holder was rotating during the whole process at 5 rpm. Depth-resolved
composition of the samples was determined by Rutherford backscattering spectroscopy (RBS) using *'He incident ions
with an energy beam of 1.7 MeV. Spectra were collected with “He ions with an energy beam of 1.7 MeV .The data were
acquired with a silicon barrier detector located at a backscattering angle of 170°, with and energy detector resolution of
13 keV. The experimental spectra were fitted using the SIMNRA software. The thickness of the films was measured
using a mechanical stylus profilometer (Veeco Dektak 150). Morphology was analyzed by scanning electron microscopy
(SEM) with a system Hitachi S4800 SEM-FEG microscope of high resolution (1-3 nm), equipped with a Bruker X flash
4010 EDX detector with a resolution of 133 eV, field emission gun and STEM detector system. Spectroscopic
Ellipsometry (SE) was used to determine the refractive index n, of the samples. Measurements were performed in a
rotating compenstor ellipsometer M-2000FI (J.A. Woolam, Inc.).

Figure 1 FCVA system (a) and arc source with Ti cathode (b) used for sample deposition.
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3. RESULTS AND DISCUSSION

Samples were deposited keeping the total gas flux (O,+Ar) at 60 sccm and varying the relative gas flows from 10 to 75%
0,. Deposition time was 60 minutes and sample holder was rotating during the whole deposition process. In Table 1 a
summary of the main deposition parameters for each sample can be found.

Table 1. TiOx films deposited with a constant total flux of 60 sccm, t = 60 min, with rotation

Sample Ar (sccm) 0, (sccm) 0,/(Ar+0,) (%) Pressure (Pa)
Sl 54 6 10 0.50
S2 48 12 20 0.46
S3 40 20 33 0.43
S4 20 40 67 0.28
S5 15 45 75 0.26

The working pressure for the different deposition processes is also shown in Table 1. Contrary to expectations working
pressure is different for each O,/Ar ratio, ranging from 0.5 to 0.26 Pa, even when the total gas flow (60 sccm) is
maintained. A plausible reason for this behavior is the chamber configuration in which the oxygen enters directly into the
main housing of the chamber meanwhile argon inlet is placed close to the cathode (Figure 1). In Figure 2 an image of the
deposited samples can be found. Films exhibit good adhesion and they are transparent except from the sample S1, which
was deposited with the lowest oxygen ratio (10%) (Table 1). Transparent samples exhibit a gradient color due to
interferences, due to non-homogeneity of the thickness along the substrate (~30 nm variation). Visual inspection reveals
that deposition is highly influenced by the oxygen flow at low O, ratios. By varying from 10 to 20 % the oxygen percent
with no significant change in the working pressure, transparent samples are obtained. Previous works related lower
transmission in TiOx films prepared with low pressures to oxygen-deficient films, which causes light absorption by free
carriers from Ti*" and Ti’" species.” According to these authors transmittance is closely related to stoichiometry of the

samples.
10% Ej" oy

Low %0, H‘;‘é"'w%oz

Figure 2 Pictures of samples deposited on glass

In Figure 3 deposition rates in nm/min as a function of the oxygen partial pressure are plotted. Two glass substrates and
two silicon substrates were coated in each process. Their position in the sample holder can also be observed in the figure.
Deposition rates increase with the oxygen flux from 2 nm/min for low oxygen flux to more than 10 nm /min for the
highest oxygen flux. However, as the variation of oxygen ratio also leads to variation in the working pressure (see Table
1), this thickness trend can be also due to the lower working pressure at high oxygen ratios. According to Figure 3,
deposition rate is more affected by the substrate position than by the type of substrate. Similar deposition rates are found
on silicon and glass substrates. The deposition rates obtained in the present work are lower than that previously reported
for TiO; films deposited by non-filtered cathodic arc and filtered cathodic arc with an applied substrate bias.’ The lower
deposition rate could be related to a lower kinetic energy of the ions. We do not observe poisoning of the cathode under
reactive conditions during deposition by filtered cathodic vacuum arc.® This could be the reason that, in contrast to a
magnetron sputtering process, no two regimes can be distinguished in the deposition rate as a function of the oxygen
partial pressure.’
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Figure 3 Deposition rate versus relative oxygen gas flux for samples deposited with a constant total flux of 60 sccm and
picture of the substrates in the samples holder.

Morphology of the samples was investigated by SEM. Figure 4 shows the SEM film cross section and surface images for
the sample deposited with the 33% O,. Similar results were obtained for the whole range of oxygen ratios analyzed in
this work. According to SEM images films exhibit a good adhesion to the substrate and they are highly dense. Dense
structures and good substrate/film adhesion are very often obtained by cathodic arc deposition. The high energy of the
incident particles can lead to a certain degree of implantation and also lead to suppression of columnar growth, obtaining
very dense structures without the need for heating the substrate.” As mentioned in the introduction, one of the main
drawbacks of cathodic arc deposition is the presence of macroparticles as a consequence of the high ionization currents.
The surface scanning images of our samples (Figure 4) revealed a uniform and flat surface showing that the curved
magnetic filter effectively avoids macroparticle deposition.
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Figure 4 SEM cross section and surface images for samples S3 (33% O,)

Elemental composition of films will greatly determine TiOx properties. In Figure 5 RBS measured spectrum for sample
S2 (20% O,) is plotted as an illustrative example. Simulation results are also included in the graph to show the accuracy
of the fitting. For clarity the individual contribution of the different elements to the global spectrum has been also
included in the graph. Silicon signal originated from the substrate and oxygen and titanium signals from the film can be
observed. The spectra exhibits sharp edges with no tails and the data can be properly fitted using a single layer. This
means that Si/TiO, interface is very narrow, down to the limit of the technique (i.e. £50 x 10" at/cm? or ~5 nm)."
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Figure 5 RBS data and simulation results for S2 sample (20% O,)

Ti/O ratio for the different samples is summarized in Table 2. RBS results indicate that stoichiometric TiO, films (Ti/O
33/67) were formed and that the composition is uniform throughout the thickness of the films. Interestingly, RBS results
show that stoichiometric TiO, is obtained even for the lowest oxygen percentage TiO, films (S1), and the oxygen content
in the films does not vary with the O, partial pressure. This means that small variation in the stoichiometry of the
samples (non-detectable by RBS) lead to opacity of the samples.'' Sample deposited with the lowest oxygen ratio (S1) is

close to sub-stoichiometry, which is further confirmed by ellipsometry measurements.
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Table 2. RBS data for TiOx films deposited with a constant total flux of 60 sccm, t = 60 min, with rotation. Film thickness
measured by profilometry is also included.

Sample 0,/(Ar+0,) Ti o ;Ehickness , Thickness
(%) (10 atoms/cm”) Profilometer (nm)
S1 10 32£1% | 68+1% 1635 169
S2 20 32+1% 68+1% 1697 211
S3 33 31+1% 69+1% 2355 267
S3 67 32+1% 68+1% 3919 490
S4 75 32+1% 68+1% 5582 630

RBS analysis allows calculating the corresponding areal density for each film component (atoms/cm?). The same trend
from the deposition rate for thin film thickness with the oxygen partial pressure shown in Figure 3 (higher deposition rate
with the increment of the oxygen ratio) can be inferred from RBS data. Provided the film thickness is known from
profilometry (1)2r other techniques, film density of our TiO, films can be obtained from RBS data using the relation shown
in Equation 1 ~:

107 (nmcm_1 )t(al‘cm_2 M, (g)

d(nm) = (1)

plgem™ 3N (atmol™ YN (mol)

where d is the film thickness, ¢ is the areal density in at cm?, M, is the molecular weigth, p is the film density, N, is the
Avogadro number and N is the number of mols. In Figure 6 RBS thickness in at cm™ versus the nominal thickness in nm
for the different samples is plotted. A very good linear fitting is obtained, indicating that density is similar for all the
deposited samples. Therefore variation in the oxygen rate does not have a significant effect on the film density.
Theoretical density value for bulk anatase and rutile materials are 3.84 gem™ and 4.23 gem” respectively.” A density of
3.79 g em” for the deposited samples is inferred from the plot (Figure 6). This value is in agreement with Bendavid et
al.? who reported a density of 3.80 g/cm’ for TiO, films deposited by FCVA with no bias applied to the substrate. If we
consider a bulk density of 3.9 g/cm’ for amorphous TiO,,'*'* deposited films exhibit a porosity of 4 %, which is
consistent with the dense structure observed in the SEM cross section image in Figure 4.
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Figure 6 RBS in at cm™ obtained from RBS data versus nominal thickness measured by profilometry
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Refractive index was obtained from spectroscopic ellipsometry. All the samples were simulated using a Cody-Lorentz
model, except from sample S1 (10% O,). In this case, an additional Drude oscillator is needed to obtain a reasonable fit.
This could be an indication that when depositing at low oxygen ratio we are close to the transition from TiO, to TiOy
(x<2). Refractive indexes for the different samples are plotted in Figure 7.
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Figure 7 Index of refraction for the different deposited samples.

There are not significant differences in the refractive indexes () for the different samples except from S1. The refractive
index is slightly lower for the sample with the lowest O, ratio for wavelength below 600 nm. Like all samples exhibit a
similar density, the lower n could be related to changes in the microstructure such as the degree of cristallinity and/or
phase transformations.? Previous work reported the following refractive indexes at 550 nm for TiO, films deposited by
filtered cathodic arc: 2.56 for amorphous TiO,, and 2.62 and over 2.7 for anatase and rutile phases respectively.® Indexes
of refraction in the present work are around 2.5, being slightly lower for the sample S1 as previously mentioned. This
value is therefore close to the one reported for amorphous TiO,* Deposition of TiO, at room temperature by physical
vapour deposition usually lead to amorphous TiO,, although there are some previous references of anatase phase
obtained at room temperature.™"> Further investigations are needed to elucidate the crystalline phase of our samples.

4. CONCLUSIONS

Titanium oxide films were deposited by evaporating titanium ions in an oxygen environment using a filtered cathodic
vacuum arc system. The effect on the film properties of oxygen ratio during deposition was analyzed. Transparent
samples are obtained when the oxygen is higher than 10%. SEM images show very dense films with no presence of
macroparticles on the surface. The high density is confirmed by RBS measurements which also indicate that samples
exhibit a similar density, no matter the deposition conditions. Ion beam analysis shows that stoichiometric titanium oxide
samples are obtained in all cases. Refractive indexes around 2.5 are obtained. Further characterization of the samples by
X-Ray diffraction and Raman is needed to study thin films cristallinity. Our results indicate that high quality TiO, films,
stoichiometric and with a dense structure can be obtained by filtered cathodic arc deposition at room temperature.

ACKNOWLEDGEMENTS

We acknowledge European H2020 Friends® project for financial support. Authors would like to thanks Dr. Alberto
Palmero for fruitful discussions.

Proc. of SPIE Vol. 9558 95580S-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/12/2017 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



(3]

(4]

(3]

REFERENCES

Chen, X.., Mao, S. S., “Titanium Dioxide Nanomaterials : Synthesis , Properties , Modifications , and
Applications,” Chem. Rev. 107, 2891-2959 (2007).

Bendavid, A., Martin, P. J.., Takikawa, H., “Deposition and modication of titanium dioxide thin films by filtered
arc deposition,” Thin Solid Films 360, 241-249 (2000).

Tay, B. K., Zhao, Z. W.., Chua, D. H. C., “Review of metal oxide films deposited by filtered cathodic vacuum
arc technique,” Mater. Sci. Eng. R Reports 52(1-3), 1-48 (2006).

Huang, a. P., Chu, P. K., Wang, L., Cheung, W. Y., Xu, J. B.., Wong, S. P., “Fabrication of rutile TiO2 thin films
by low-temperature, bias-assisted cathodic arc deposition and their dielectric properties,” J. Mater. Res. 21, 844—
850 (2006).

Takikawa, H., Matsui, T.., Sakakibara, T., “Properties of titanium oxide film prepared by reactive cathodic
vacuum arc deposition,” Thin Solid Films 348, 145-151 (1999).

Twu, M. J., Chiou, a. H., Hu, C. C., Hsu, C. Y.., Kuo, C. G., “Properties of TiO2 films deposited on flexible
substrates using direct current magnetron sputtering and using high power impulse magnetron sputtering,”
Polym. Degrad. Stab. 117, 1-7 (2015).

Zhang, F., Wang, X., Li, C., Wang, H., Chen, L.., Liu, X., “Rutile-type titanium oxide films synthesized by
filtered arc deposition,” Surf. Coatings Technol. 110, 136139 (1998).

Martin, P. J.., Bendavid, A., “Review of the filtered vacuum arc process and materials deposition,” Thin Solid
Films 394, 1-15 (2001).

Yuste, M., Escobar Galindo, R., Caretti, I., Torres, R.., Sanchez, O., “Influence of the oxygen partial pressure
and post-deposition annealing on the structure and optical properties of ZnO films grown by dc magnetron
sputtering at room temperature,” J. Phys. D. Appl. Phys. 45, 025303 (2011).

Escobar Galindo, R., Gago, R., Lousa, A.., Albella, J. M., “Comparative depth-profiling analysis of nanometer-
metal multilayers by ion-probing techniques,” TrAC - Trends Anal. Chem. 28(4), 494-505, Elsevier Ltd (2009).

Dhumal, S. Y., Daulton, T. L., Jiang, J., Khomami, B.., Biswas, P., “Synthesis of visible light-active
nanostructured TiOx (x < 2) photocatalysts in a flame aerosol reactor,” Appl. Catal. B Environ. 86, 145-151
(2009).

Nastasi, Mich, James W. Mayer, Y. W. ael., [on Beam Analysis: Fundamentals and Applications, C. Press, Ed.
(2014).

Anderson, O., Ottermanm, C. R., Kuschnereit, P., Hess, P.., Bange, K., “Density and Young’s modulus of thin
TiO2 films,” Fresenius. J. Anal. Chem. 358(1-2), 315-318 (1997).

Mergel, D., Buschendorf, D., Eggert, S., Grammes, R.., Samset, B., “Density and refractive index of TiO 2 films
prepared by reactive evaporation,” 218-224 (2000).

Zhao, Z. W., Tay, B. K., Lau, S. P.., Yu, G. Q., “Optical properties of titania films prepared by off-plane filtered
cathodic vacuum arc,” J. Cryst. Growth 268, 543-546 (2004).

Proc. of SPIE Vol. 9558 95580S-8

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/12/2017 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



