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TiO, thin films deposited by a vacuum arc on a glass substrate were characterized by X-ray reflectiv-
ity (XRR), X-ray diffraction (XRD), scanning electron microscopy (SEM) and atomic force microscopy
(AFM). Several thin films with different amounts of deposited TiO, mass and different deposition
and annealing temperatures were studied. A qualitative analysis of the XRD patterns indicated
the presence of the anatase and/or rutile crystalline phases in most of the studied samples. From
the analysis of the experimental XRR curves—which exhibited a wide angular range of oscillatory
behavior—the thickness, mass density and interface roughness were determined. All XRR pat-
terns were well fitted by modeled curves that assume the presence of a single and homogeneous
TiO, layer over which a very thin H,O layer is adsorbed. The thickest H,O adsorption layers were
developed in films with the highest anatase content. Our overall results of the XRR analyses are
consistent with those derived from the imaging techniques (SEM and AFM).
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1. INTRODUCTION

Titanium dioxide (TiO,) thin films were widely studied
because of their variety of potential applications, such
as the production of hydrogen or electrical energy in
solar cells, photo-assisted degradation of pollutants in
wastewater,"? gas sensors,>* optical coatings and bioma-
terials. These films have been produced by using several
techniques, such as sol-gel processes™® and sputtering
discharges.”®

Cathodic arc deposition (CAD) has demonstrated to be
a suitable technique for the synthesis of TiO, thin films
leading to a high deposition rate and a high adhesion to the
substrate.” In the CAD process, metallic ions are ejected
from the cathode surface and produce a plasma jet charac-
terized by a high ionization degree and also high kinetic
ion energy.!® In this way, metallic coatings can be obtained
by placing a substrate facing the plasma jet, while the
production of compound films is achieved under reactive
neutral gas flowing into the discharge chamber.
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The structural features of the films produced by CAD
depend on the temperature and bias condition of the sub-
strate during the coating process.!!''> The main draw-
back of CAD is that, together with the plasma jet, a few
macro-particles are emitted by the cathode. The presence
of macro-particles in the coatings produces protuberances
and depressions on the film external surface. This effect
not only increases the film roughness, but also can degrade
mechanical, electrical and optical properties of the coat-
ings. Different filter devices were developed in order to
suppress these particles from the ion beam. Descriptions
of filters and their functional principles were reported in
several works.!>"13

Employing the CAD technique and using glass sub-
strates placed on a grounded holder, amorphous TiO, films
were obtained at temperatures lower than 300 °C, while
crystalline anatase films were produced when the grounded
holder was maintained at higher temperatures, from 300
to 400 °C. Above 400 °C rutile phase was also detected.
Amorphous films were crystallized in the anatase phase
by annealing at 400 °C for 1 hour, while the rutile phase
was also observed when the annealing temperature was
500 oC.ll, 16
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In a previous experiment, anatase films deposited by
CAD at 400 °C exhibited a good photocatalytic activity in
Cr(VI) reduction, the reaction efficiency being increased
by increasing the film thickness.” Those studies were per-
formed on films with thicknesses varying from 70 up to
700 nm, assuming that the deposited material was in all
cases homogeneously distributed along the whole depth,
independently of the discharge duration and pulse number.

This work aims at studying the structural features—
thickness, density and interface roughness—of TiO, thin
films grown by the unfiltered CAD technique on glass
substrates at different temperatures. The films were char-
acterized by X-ray reflectivity (XRR), X-ray diffraction
(XRD), scanning electron microscopy (SEM) and atomic
force microscopy (AFM).

2. EXPERIMENTAL PROCEDURE
2.1. Sample Preparation

The DC vacuum arc device used in this work was pre-
viously described.!” The arc was established between a
55 mm diameter titanium cathode and the anodic vac-
uum chamber. The experiment was carried out under a
discharge current of 130 A. The base pressure of the sys-
tem was below 1072 Pa. An oxygen flow was added to
the chamber during the discharge while the pressure was
continuously monitored with a Pirani manometer. The gas
flow was kept at 40 sccm and the pressure at ~ 3 Pa dur-
ing the whole growth process. In order to obtain thin films
with different thicknesses the deposition time was varied
for each of them from 0.5 to 5 min. The discharges were
performed at 1 min intervals to prevent an overheating of
the device. 2.8 x 2.9 cm? nearly square glass substrates
were placed along the chamber axis at 26 cm from the
cathode and mounted on a grounded heater. The films were
deposited on glass substrates kept at room temperature or
at (400 +40) °C. Samples obtained at room temperature
were annealed at 400 °C in air during 1 h.

Five TiO, thin films prepared under different condi-
tions were studied by XRD and XRR. The differences
between the growth processes are differences in amount
of deposited mass (DM), deposition temperature (DT) and
further annealing temperature (AT). The deposited masses
were approximately 0.2, 0.3, 0.4, 0.5 and 0.6 mg for sam-
ples labeled as A, B, C, D and E, respectively. The val-
ues of the other preparation parameters are reported in
Table 1.

2.2. Structural Characterization

The surface morphology of the grown thin films was stud-
ied by SEM using a Philips 515 microscope and by AFM
using a Nanoscope III Digital-VEECO microscope oper-
ated in tapping mode. The depth profile of the films was
also studied by SEM (Zeiss Supra 40).

2

Table I. Preparation parameters for the different samples.

Sample label DM (mg) DT (°C) AT (°C)
A 0.2 400 600
B 0.3 400 -

C 0.4 400 -

D 0.5 400 -

E 0.6 20 400

The crystalline phases in the films were identified by
glancing-angle XRD using a Philips PW 3710 diffractome-
ter equipped with thin film attachment, with CuK, radi-
ation (A =0.15418 nm). The angle of incidence was set
at 1° (fixed during the whole diffractogram) and a diver-
gence slit of (1/12)° was used. Because of probable strong
effects of preferred crystal orientation on the intensity of
XRD peaks, no quantitative determinations of the fraction
of phases were carried out.

The XRR technique allows for the quantitative deter-
mination of relevant structural parameters of thin films,
namely density, thickness and roughness of air/film and
film/substrate interfaces.'® The refractive index, n, of any
material for X-rays is slightly lower than unity and can be
written as:'?

n=1-6—if (1)

with
8= (X/2m)r,N\p(Z + f')/A )

and
B=38f"/(Z+[") 3)

0 and B being the dispersion and absorption terms, respec-
tively, p the mass density, A the X-ray wavelength, r, the
classical electron radius, N, the Avogadro’s number, A the
atomic mass, Z the atomic number, and the factors f’ and
f” the real and imaginary parts of the atomic scattering
factor corrections, respectively.?’ The parameters A and Z
refer to the basic atomic group (i.e., TiO, in the present
study).

For angles of incidence—with respect to the surface—
smaller than a certain critical angle, 6., the incident X-ray
beam is totally reflected on the film surface, while for
angles higher than 6. the radiation partially penetrates into
the film. Thus, the reflected X-ray intensity is unity at very
small angles, exhibits a more or less sharp decrease at the
critical angle 6., and shows an oscillatory pattern above 6...
The angular positions of interference maxima and minima
depend on film thickness d. For single layer thin films,
0. and d are related through a modified Bragg equation:?!

02 = 6>+ (m+Am)*(A/2d)* 4)

where 6, are the angles of the interference extremes (max-
ima and minima), m refers to the interference order and
Am are parameters taking the values Am = 0 for minima
and Am = 1/2 for maxima. On the other hand, the critical
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Fig. 1. Profile of the incident X-ray beam measured at an angle 6 = 0.

angle can be related to the refractive index from the Snell
law. For very small angles we have
0> ~ 28 (5)

By coupling Egs. (2) and (5) the mass density, p, of
the thin films can be directly determined from the simple
measurement of the critical angle for total reflection, 6,.

X-ray reflectivity measurements were performed by
using the D12A-XRD1 and D10A-XRD2 beamlines of the
National Synchrotron Light Source (LNLS), Campinas,
Brazil. The energy of the X-rays was 8 keV (A =
0.1549 nm) and the opening of the slit that defines the
vertical size of the incident X-ray beam was 50 um. The
angle of incidence with respect to the surface, 6, was var-
ied from 0.1° to 1.5° by a 6(sample)-26(detector) scanning
procedure.

Smearing effects of the XRR intensity curves mainly
depend on the width of the incident beam, the opening
of the receiving (detector) slit and on the macroscopic
deviations of the surface from a perfect flatness.?? In this
experiment, the overall smearing effect was evaluated from
the profile of the reflected beam while keeping the angle
of incidence 6 fixed at a given value lower than 6, and
sweeping the detector 26 angles around the expected angle
for total reflection. Figure 1 displays a typical X-ray beam
profile for § = 0. The measured profile is a Gaussian func-
tion that exhibits a half maximum width A(26) equal to
0.011°. The widths of the Gaussians for the alignment con-
ditions corresponding to the different studied samples were
similar.

3. EXPERIMENTAL RESULTS

3.1. Microscopy

The typical surface morphology of thin films grown at
400 °C is shown in Figure 2. A SEM image from the
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Fig. 2. Typical structure of anatase thin films grown at 400 °C; (a) SEM
and (b) AFM images from the film surface, (c) SEM image from the
cross section depth profile.

film surface is presented in Figure 2(a) in which a uniform
base with a few macro-particles, commonly observed
in thin films grown by unfiltered-CAD, can be noticed.
Figure 2(b) displays an AFM image corresponding to
the same sample over an area without macro-particles, in
which a surface composed of columnar grains, rather dense
and without voids is apparent. The columnar structure is
also revealed in a SEM cross section image displayed in
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Figure 2(c), in which a quite uniform and homogeneous
profile is observed. The image in Figure 2(c) corresponds
to a film thicker than the films studied by XRR, showing
more clearly the depth profile. Samples grown at room
temperature, annealed at 400 °C, exhibit a similar structure
containing higher sized columns.

3.2. X-Ray Diffraction

The XRD patterns of the five studied TiO, thin films are
plotted in Figure 3. They correspond to the series of stud-
ied samples labeled as A, B, C, D and E, with increasing
amounts of deposited mass. In this figure the angular posi-
tions of the Bragg peaks expected for the crystalline phases
that are often exhibited by TiO,, i.e., anatase and rutile, are
also indicated. In the diffractograms corresponding to sam-
ples B, C, D and E, the presence of several Bragg peaks
has been noticed corresponding to anatase and/or rutile
crystalline phases and a broad halo in the 26 range from
20 to 40°. For this angular range the X-ray penetration in
TiO, is expected to be of about 0.3 wm, value much higher
than the thicknesses of all the studied TiO, thin films, as
we will see below. Thus we could safely conclude that the
broad halo observed in all XRD patterns is related to the
diffuse scattering produced by the amorphous structure of
the glass substrate.

The diffractogram corresponding to the sample with
the highest deposited mass (sample E, DM = 0.6 mg),
grown at room temperature and then annealed at 400 °C,
exhibits the presence of strong and well defined Bragg
peaks corresponding to the anatase phase.

On the other hand, the XRD patterns corresponding to
thin films grown at 400 °C without further annealing con-
taining intermediate amounts of deposited mass (samples
B, C and D with DM = 0.3, 0.4 and 0.5 mg, respectively)
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Fig. 3. XRD spectra associated to the five studied TiO, thin films. Posi-
tions of Bragg peaks corresponding to anatase and rutile are indicated
with black and grey bars, respectively. Signals are vertically displaced
for clarity.
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exhibit several Bragg peaks indicating the presence of
the anatase and/or rutile phases. The intensity ratios of
the Bragg peaks corresponding to these phases are very
different for each diffractogram of this set. We did not try
to quantitatively determine the volume fractions of anatase
and rutile phases from these different ratios because signif-
icant differences in peak intensities may be due to differ-
ent preferred orientations or differences in crystallite size,
effects not investigated in this work.

In the XRD pattern corresponding to the thin film with
the lowest amount of mass deposited at 400 °C (sam-
ple A, DM = 0.2 mg) the presence of any Bragg peak
could be identified, neither those of anatase nor those of
rutile. In this pattern only a broad XRD halo produced by
the glass substrate is apparent. This thin film (sample A)
was further submitted to an additional annealing process
at 600 °C (in air, during 1 h) to favor the formation of
a crystalline structure. However, even after applying this
additional annealing, no Bragg peaks were detected. In
Section 4 we will discuss the a priori unexpected differ-
ence of this result referring to sample A with respect to
those previously reported corresponding to samples B, C
and D.

3.3. Determination of Film Thickness and Density
from X-Ray Reflectivity Results

The XRR patterns of the five TiO, thin films analyzed
in this work are plotted in Figure 4. We can notice
that after a constant reflectivity (equal to 1) below the
critical angle 6., a wide angular range exhibiting well
defined oscillations are apparent for higher 6 angles, for
all thin films with different deposited mass. The angular
increments between interference maxima and minima are
smaller for thin films with higher deposited mass. This
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Fig. 4. X-ray reflectivity patterns corresponding to the five studied TiO,
thin films. Curves are vertically displaced for clarity. The solid lines
correspond to the best fit to the experimental curves applying model 2
(see text).
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Fig. 5. 6? versus (m+ Am)? linear plots. The thickness of the thin film
is determined from the slope « as d = A/(2a'/?).

feature—as a priori expected—indicates that the thickness
of the studied thin films increases for increasing deposited
mass.

In order to determine the film thicknesses we have
applied the modified Bragg equation (Eq. (4)). For this
purpose the squared angles corresponding to maxima and
minima were plotted in Figure 5 as functions of (m +
Am)?. As predicted by Eq. (4), the results plotted in
Figure 5 are in all cases well fitted by straight lines. The
thicknesses of the thin films were determined from the
slopes, a =[A/(2d)]?, of the straight lines determined by
the least square procedure. The mass densities of the films
were derived from the critical angles through Egs. (2)
and (5), using f' =0.36 and f” = 1.94 for Ti0,.” In
turn, the critical angles were determined as the average
values between those obtained from the y-intercepts in
Figure 5 and from the angles at which the reflected inten-
sities fall to 50%. The structural parameters derived from
this procedure (densities and thicknesses) corresponding to
all studied thin films are reported in Table II.

3.4. X-Ray Reflectivity Fitting Procedure

The whole XRR curves plotted in Figure 4 were analyzed
by applying the Parratt32 v1.6 software. This program sim-
ulates the XRR intensity function for a given set of rel-
evant parameters and determines them by the best fitting

Table II. Structural parameters determined from the XRR analysis.

Sample

label p (g/em®)  d (nm) o (nm) o, (nm) d, (nm) o, (nm)
A 4.244+0.02 71 2.1 1.1 1 1.4

B 4.01+£0.02 102 1.5 1.0 5 1.3

C 4.00 £0.04 134 1.7 1.4 2 0.7
D 4.00 £ 0.07 158 3.0 2.4 6 0.2
E 3.79+0.06 237 4.0 34 6 0.9

J. Nanosci. Nanotechnol. 13, 1-8, 2013
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Fig. 6. Thin film models.

procedure. The varying fitting parameters are the thick-
ness, the refractive index—both dispersion and absorption
terms—and the roughness (o). Parratt software can be
applied to thin films composed of one or more successive
layers on a thick substrate.

The simplest proposed model is drawn in Figure 6(a)
(model 1). This model consists of a single layered TiO,
film—with structural parameters d, §, 8 and o—deposited
on a thick SiO, glass substrate having structural parame-
ters labeled as 8,, B, and o,. The substrate was assumed
to be pure SiO, for sake of simplicity because silica is
the predominant compound (~70%) in window glasses.
Moreover, the density of the glass substrates—estimated
from their weight and volume—was close to that of SiO,
(2.49 g/em®).

For all simulations, the roughness parameters o and o
were set as varying parameters, while d and & were kept
constant taking the values determined as described in the
previous section. The parameters 6, and 3, of the substrate
were calculated by applying Egs. (2) and (3), assuming
a mass density of 2.49 g/cm® and taking f’ and f” for
SiO, from tables.?® The absorption parameter 8 was also
allowed to vary, its final value not significantly differing
from the initial one, which was initially calculated from
the parameter 6 by applying Eq. (3).

The simulated pattern that best fit to the experimen-
tal XRR curve corresponding to sample C and assuming
the simple model 1 is displayed in Figures 7(a) (0 < 6 <
0.8°) and (b) (0.8° < 6 < 1.4°). We can notice in Figure 7
that the best fitted curve (solid line) exhibits (i) notice-
able oscillations at very small angles, near 6 ~ 0.35°, over
which the experimental pattern is smooth, (ii) a few sharp
minima over the 0.6° < 6 < 0.7° range that are not so pro-
nounced in the experimental pattern, and (iii) a smooth
behavior for 6 > 1.2° in contrast to the still oscillatory
experimental pattern.

A second attempt was to assume a two-layer model
(model 2) as schematically shown in Figure 6(b) plus a
smearing contribution related to the width of the incident
beam and resolution slit and deviations from the flatness
of the studied films.? Since TiO, is a hydrophilic material,
we have assumed that a thin layer of adsorbed H,O (d,,
d,, B, and o,) homogeneously covering the TiO, thin film
could be added. For this second model the Parratt soft-
ware for two layers was applied. The parameters 6, and 3,

5

3710114V HOHV3S3d



RESEARCH ARTICLE

X-Ray Reflectivity Analysis of Titanium Dioxide Thin Films Grown by Cathodic Arc Deposition

Kleiman et al.

Intensity (a.u.)

Intensity (a.u.)

(b) — .
0.8 0.9 1.0 1.1 1.2 1.3 14
& (deg)

Fig. 7. Experimental XRR data and fitted curves (solid lines) (a) below
0.8°. (b) above 0.8°.

were kept constant and set to the initial values determined
by applying Egs. (2) and (3). The density of H,O was set
equal to 1 g/cm3. The other parameters d, and o, were
allowed to vary together with o and o,. The experimental
and best fitted patterns displayed in Figures 7(a) and (b)
for model 2 demonstrated that the reflectivity curves cal-
culated under the assumption of a two-layer model (TiO,
thin film+ H,O layer) fit well—and better than the sin-
gle layer model—to the experimental data over the whole
angular range. It is worth mentioning that the only inclu-
sion of the smearing parameter in model 1 amended the fit
at small angles (6 < 0.8°) but not over the whole studied
angle range.

The XRR profiles that best fitted the whole set of exper-
imental patterns corresponding to all the samples stud-
ied here are displayed as solid lines in Figure 4 and the
parameters derived by the described fitting procedure are
reported in Table II.

6
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Fig. 8. Specific deposited mass m, = p - d—the values of p and d being
derived from XRR measurements—as a function of the nominal specific
deposited mass m, = DM/A?.

4. DISCUSSION

The results reported in Table II indicate that, as expected,
the thickness of the thin films increases monotonously as
the amount of deposited mass increases. Even though the
amount of deposited mass in each sample was determined
with a rather low accuracy, we have tried to verify the
consistency of the experimental results derived from our
XRR measurements. For this purpose we have plotted in
Figure 8 the specific amount of deposited mass per unit
area m, = p-d (with both parameters, p and d, determined
from our XRR analysis) as a function of the nominal spe-
cific deposited mass, m,, = DM/A, A being the known sur-
face area of the glass substrate. We can notice in Figue 8
that the experimental values of m, as function of m/ lie,
considering the uncertainties, in the straight line that is
expected under ideal conditions. This result demonstrates
the consistent trend of the parameters derived from our
XRR analysis.

Taking into account the values of bulk mass density of
anatase (p, = 3.89 g/cm®), rutile (py = 4.23 g/cm?®) and
amorphous TiO, (p,,, = 3.6 g/cm?),'? we can infer that the
densities determined for samples B, C and D—all of them
close to 4.00 g/cm®—are consistent with the presence in
these samples of a mixture of anatase and rutile phases. On
the other hand, the density of sample E was determined to
be equal to 3.79 g/lcm®—i.e., slightly lower than expected
for anatase—while its XRD pattern exhibits Bragg peaks
corresponding to the anatase phase. Thus both results indi-
cate that sample E is composed of anatase phase.

However XRD and XRR experimental results corre-
sponding to sample A (i.e., the thinnest film) exhibit
apparently contradictory features. As a matter of fact, the
density of sample A derived from XRR is 4.24 g/cm?,
i.e., very close to the density of rutile (4.23 g/cm?), while
its XRD pattern (Fig. 3) does not exhibit any Bragg peak
of crystalline rutile. Since this sample was further annealed
at 600 °C the presence of the rutile phase is a priori

J. Nanosci. Nanotechnol. 13, 1-8, 2013
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expected.'® Therefore the observed features of our XRR
and XRD results imply that the thinnest film (sample A)
contains very small rutile crystals that produce very wide
and weak diffraction peaks instead of well-defined and
narrow XRD peaks.

The thicknesses of the H,O layers covering the differ-
ent films range from 1 to 6 nm, the thickest H,O layers
being formed on the films that exhibit the best defined and
strongest anatase peaks in XRD patterns, i.e., samples B, D
and E (Fig. 3). This higher thickness of the water adsorp-
tion layer developed on anatase is a priori expected because
this phase is more hydrophilic than rutile.?*

The values of the surface roughness of the studied
thin films—determined from the fitting procedure and
reported in Table [I—agreed with previous results obtained
by AFM for films grown by CAD (~2 nm for films
grown at 400 °C and ~ 5 nm for those deposited at room
temperature'®), the roughness of film E being higher than
those of the other thin films.

The roughness determined from AFM images referred
to areas of the thin films without macro-particles, while
those derived from XRR analysis correspond to essentially
the whole sample. This result indicates that the average
roughness of the surface was not significantly affected by
the presence of macro-particles. On the other hand, the
roughness of the H,O layers was similar to that of the cor-
responding film surface. The roughness values determined
for the substrate agreed with the roughness measured with
AFM in several regions of the glass (0.6—1.5 nm).

Finally it is worth emphasizing that the assumption
of model 2 (TiO, + H,O layers) including instrumental
smearing effects greatly improved the agreement between
the experimental and simulated X-ray reflectivity patterns.
However, the relevant structural parameters derived for the
film from model 2 did not significantly differ from those
determined under the hypothesis of model 1 (single TiO,
layer).

5. CONCLUSIONS

Different annealing conditions and amounts of deposited
mass lead to the formation of TiO, thin films with different
structural features. The results of X-ray reflectivity analy-
sis curves indicate that the studied thin films are essentially
homogeneous and exhibit a rather low roughness, without
any significant influence of macroparticles. The films have
thicknesses ranging from 71 up to 237 nm and roughness
ranging from 1.5 up to 4 nm.

XRR results indicate that TiO, thin films grown at
400 °C without additional annealing (samples B, C, D)
exhibit mass densities within the range between the den-
sity of anatase (3.89 g/cm®) and that of rutile (4.24 g/cm?),
thus suggesting that these thin films contain a mixture of
both crystalline phases. Our XRD analyses confirm the
presence of anatase and/or rutile phases in all samples

J. Nanosci. Nanotechnol. 13, 1-8, 2013

except in the thinnest film (sample A) even after being
annealed at 600 °C.

On the other hand, the density of the thinnest TiO, film
was determined to be very close to the mass density of the
rutile phase, which is expected to be present after a thermal
annealing at 600 °C. However, as mentioned above, no
well-defined peaks were detected in the XRD pattern. We
therefore concluded that the rutile crystals in the thinnest
film are very small thus producing very weak peak profiles
that could not be identified in the XRD patterns.

In spite of most of the studied thin films were grown
by applying several successive deposition steps, an excel-
lent agreement between experimental and simulated XRR
curves based on a simple TiO, +H,O model was observed
in all cases. This led us to conclude that the grown films
are composed of a single and homogeneous TiO, layer
covered with a very thin layer of adsorbed water, without
any other significant structural feature.
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