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The growth of TiO2 thin films prepared by plasma enhanced chemical vapor deposition has been studied by
analyzing their roughness with the concepts of the dynamic scaling theory. Differences in the growth and
roughness exponents have been found depending on the composition of the plasma by using either O2 or
mixtures Ar+O2 as plasma gas and titanium isopropoxide as the precursor. The slope of the representations of
the film roughness against the deposition time yielded values of the exponent � of 0.45 and 0.32 for, respec-
tively, thin films prepared with plasmas of O2 or mixtures Ar+O2. Meanwhile, values of the exponent � of
1.15 and 1.89/0.35 were deduced from the power spectral density representations for the films prepared under
these two experimental conditions. These values are congruent with growth processes dominated, respectively,
by shadowing or diffusion processes. A columnar microstructure was observed by scanning electron micros-
copy for the thin films prepared with pure oxygen. Meanwhile, homogeneous films were obtained with mix-
tures of Ar+O2. The open porosity of the films was determined by measuring water adsorption-desorption
isotherms with a quartz crystal monitor. This analysis showed that in the samples prepared with mixtures of
Ar+O2 the porosity consisted exclusively of micropores �d�2 nm�, while in the films prepared with an
oxygen plasma there were micro- and meso-pores �d�2 nm�. It is concluded that the different growth mecha-
nisms found by just changing the chemistry of the plasma are responsible for the quite distinct microstructures,
porosities, and optical properties obtained for the films.
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I. INTRODUCTION

It is well-known that the porosity and microstructure of
thin films are crucial factors that determine many of their
final properties.1,2 In particular, both the optical constants of
films used in optics and their evolution in depth are very
much dependent on the thin film microstructure.3–8 Most
works in literature addressing this question refer to thin films
prepared by evaporation, while other procedures such as
plasma enhanced chemical vapor deposition �PECVD� have
not received similar attention.9 This situation contrasts with
the fact that through the adjustment of a wide range of ex-
perimental parameters �i.e., type of plasma gas, pressure,
temperature, etc.� PECVD provides great flexibility to con-
trol the microstructure of the thin films.10–15 The present pa-
per aims at describing and explaining the reasons why dif-
ferent microstructures and porosities are obtained for TiO2
thin films prepared by PECVD as a function of the compo-
sition of the plasma gas used for the deposition. Studies
about the microstructure and porosity of TiO2 thin films are
of importance for the control of their optical properties11,12 or
their photoactivity when used as photoactive materials.11

On the other hand, in the last years there has been an
increasing interest in the analysis of the scaling behavior of
the surface roughness and its relationship with the growing
mechanisms of the thin films.16,17 Based on the so-called
dynamic scaling theory �DST�, these studies rely on the evo-
lution of the surface roughness with the deposition time and
the scale of measurement. The evolution of the roughness
��� and growth ��� exponents deduced from this analysis
provides information about the influence of the different sur-
face processes controlling the thin film growth �surface dif-
fusion, surface reactivity, shadowing effects, etc.� and, there-

fore, in the shaping of the surface morphology.18–21

Roughness evolution of films prepared by plasma deposition
usually behave in an “anomalous” way with regard to the
values of roughness and growth exponents �i.e., these expo-
nents do not follow the basic Family-Vicsec relation that
holds for a “normal” scaling behavior of surface
evolution22,23�. As evidenced for SiO2 and SiOxCy films pre-
pared by PECVD, a factor that contributes to the appearance
of such an “anomalous” behavior in plasma films is the fact
that species coming from the plasma may reach the surface
under off-diagonal directions.24 In the present work we try to
get further insights about the influence of the plasma chem-
istry on the thin film microstructure and porosity. For this
aim, a highly oxidative plasma of oxygen and other O2+Ar
gas mixtures with a high concentration of Ar have been used
for deposition of TiO2 thin films. These two conditions have
yielded quite different microstructures and porosities for the
films.

Here, the porosity of the films has been assessed by mea-
suring adsorption isotherms of water vapor25 with a quartz
crystal monitor. A similar technique based on the ellipsomet-
ric analysis of the thin films as a function of the relative
humidity has been reported for other types of transparent thin
films.26–30 The procedure utilized here is more general and
could also be used for thin films prepared by sol-gel �e.g.,
mesoporous films31� where the existence of a general proce-
dure for determination of porosity is a clear need.

Finally, to explain the quite different microstructures and
porosities of films obtained with O2 or O2+Ar plasmas, a
correlation is intended between the type of porosity of the
films and their roughness evolution analyzed under the pre-
mises of the DST and their scaling behavior. In addition, an
explanation is set up that relates the different characteristics
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of the films with the chemistry of the plasma during their
synthesis by PECVD.

This paper is structured as follows: Sec. II describes the
experimental conditions used for the deposition and the
analysis of the films and Sec. III reports the main experimen-
tal results obtained and a discussion of them. Section III is
organized into sections, each addressing specific issues as
determination of porosity �III A�, evolution of roughness
with time and scale of measurement �III B�, and an assess-
ment about growth mechanisms and thin film porosities de-
pending on the different deposition conditions �III C�. In Sec.
IV, concluding remarks, a general assessment is drawn about
the importance of knowing the growth mechanisms of
PECVD thin films to get a precise control of their final mi-
crostructure and properties.

II. EXPERIMENT

TiO2 thin films were prepared at room temperature by
PECVD in a plasma reactor with a downstream configura-
tion. The experimental setup, previously described in
literature,32, consists of a remote plasma source �SLAN from
Plasma consult Gmbh, Germany� deposition chamber where
the deposition is carried out. The source was operated with a
power of 400 W with either pure O2 or mixtures Ar+O2
�80% or 90% Ar� as plasma gas. The synthesis of the films
was carried out at room temperature. Titanium isopropoxide
was used as a titanium precursor. Due to low vapor pressure
of this precursor at room temperature, it was placed in a
heated stainless steel recipient while oxygen �10% of the
total flow of gases� was bubbled through it. Both the bub-
bling line and the shower-type dispenser used to dose the
precursor into the chamber were heated at 373 K to prevent
any condensation in the tube walls. Total pressure during
deposition was �4�10−3 torr either with pure O2 or Ar
+O2 mixtures as plasma gas. Films were deposited simulta-
neously on quartz crystal monitor elements and on pieces of
silicon and fused silica substrates. The quartz crystal monitor
elements were used to measure water adsorption isotherms as
described below.

All the films were transparent and their analysis by x-ray
photoemission spectroscopy �XPS�/depth profiling only yield
as a result a small contamination by carbon �3% to 4%� that
was similar in all cases. All the films were amorphous by
x-ray diffraction.

The effective refraction index �n� of the films was deter-
mined by UV-vis absorption spectroscopy �Perkin-Elmer
Lambda 12 Spectrometer� and by spectroscopic ellipsometry
�SOPRA� after the samples have been prepared and exposed
to the air. In the former case the refraction index of the films
was determined by simulating the oscillations appearing in
the spectra of TiO2 thin films deposited on a substrate with a
smaller refraction index. The spectroscopic ellipsometry ex-
periments were performed using a SOPRA commercially
available system. The measurements of ellipsometric param-
eters were made at wavelengths from 0.21 to 1.0 �m at three
different angles of incidence, 65°, 70°, and 75°. The reported
values of refraction index measured by UV-vis or ellipsom-
etry were determined at �=550 nm. These two techniques

yielded similar values of the refraction index, except for dif-
ferences of the order of 0.01 in some determinations. These
differences will not be considered for the discussion of the
results.

Atomic force microscopy �AFM� images were collected
in an AFM dimension 3100 from Digital Instrument in tap-
ping mode using high frequency levers. AFM images were
processed by WSxM free available software from Nanotec.
Roughness of the films, expressed as the root mean square
�RMS� value of their surfaces, has been calculated from the
images by using this software.

Scanning electron microscopy �SEM� cross section and
normal images were measured in a Hitachi S5200 field emis-
sion microscope for TiO2 thin films grown on silicon. Water
adsorption-desorption isotherms were measured at room
temperature by dosing increasing amounts of water vapor in
a chamber where a quartz crystal microbalance �QCM� with
the deposited TiO2 film on its surface was placed. The QCM
plates were heated under vacuum at approximately 120 °C
by irradiation with a halogen lamp placed in its vicinity.
Heating the QCM with the thin films prior to the measure-
ment of the adsorption isotherms was a crucial step for the
reproducibility of the results. This was particularly true for
some of the examined thin films where water remains ad-
sorbed in its pores at room temperature, even if the samples
are maintained in vacuum for long periods of time. Once the
samples have been heated and the adsorbed water removed,
they were cooled to room temperature and an adsorption iso-
therm was measured by following the signal of the QCM as
a function of the water pressure in the chamber for both the
adsorption and desorption cycles of the experiment. To com-
pare the different isotherms, they were corrected by the mass
thickness of each thin film. Total pore volume was estimated
under the assumption that, once water vapor saturation pres-
sure was reached, the whole pore volume of the films was
filled with water. Note that this assumption would not be
correct if nonaccessible pores exist in the films.

III. RESULTS AND DISCUSSION

A. Microstructure and porosity of thin films

The deposition rates measured for the TiO2 thin films
were 5 nm min−1 for the O2 plasma and 3.5 and
2.4 nm min−1 for the Ar+O2 plasmas containing, respec-
tively, 80% and 90% Ar. The higher growing rate of the
samples prepared with the plasma of pure oxygen is likely
related with a high concentration of active oxygen species
detected in the plasma during these conditions. On the other
hand, for the three reported conditions, the measured n val-
ues were 2.05 �plasma of pure O2� and 1.95 �plasma of 80%
and 90% Ar� for films of a thickness d�500 nm.

The deviation of the n values of the TiO2 thin films with
respect to that of the single crystals of this material �n
=2.48 for the anatase phase33� should be accounted for by
the existence of some empty space in their structure �i.e.,
porosity�. In principle, a microstructure with voids and pores
should be visible when examining the samples with SEM.
Figure 1 shows SEM micrographs of the thin films prepared
with, respectively, a oxygen plasma and another of Ar+O2
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�the microstructure was very similar for 80% and 90% Ar in
the plasma gas and no additional comment will be made here
to differentiate these two types of samples�. In the first case,
the micrograph depicts a typical columnar microstructure.
This contrasts with the homogeneous microstructure of the
sample prepared with the Ar+O2 plasma, where no defined
defects or pores can be observed in its cross-section image.
The absence of pores or columns in this sample might sug-
gest that it is rather compact, in apparent contradiction with
the relatively low refraction index of this type of thin films.
To clarify this apparent contradiction and to get a precise
description of the film porous structure, we have measured
water adsorption isotherms for the two types of thin films
investigated in this work. The thickness of the investigated
films was about 0.5 �m. The corresponding curves are plot-
ted in Fig. 2 including both the adsorption and desorption
branches. The two types of isotherms are quite different. The
isotherm corresponding to the samples prepared with Ar
+O2 plasmas has a type I shape according to the IUPAC
classification.25 Type I isotherms are typical of the adsorption
in small micropores with a size smaller than 2 nm. An inter-
esting feature is that the desorption branch of this isotherm
does not show any significant hysteresis being the
adsorption-desorption process completely reversible. By
contrast, the isotherm of the O2 plasma sample presents a
shape close to that of type IV of the IUPAC classification. It
also presents a strong and irreversibly hysteresis indicating
that a considerable amount of water remains in the pores
after the completion of the desorption cycle. The irreversibil-
ity of this first water adsorption was proved by performing a
second adsorption-desorption cycle. The second isotherm
performed with this sample is also reported in Fig. 2 �top�. It
starts at the final position of the desorption branch of the first
isotherm and defines a different second cycle. These results
prove that outgassing the thin films by heating in vacuum is
a crucial step of the experimental protocol that permits one
to completely empty their pores prior to the first water ad-
sorption experiment. Note that a sample of this kind exposed
to the air would be characterized by an adsorption isotherm
with a shape close to that of the second isotherm in Fig. 2

�top�. This feature of our experimental protocol is not con-
templated in similar experiments reported in the literature
where heating treatments in vacuum prior to the adsorption
experiment are usually missing.26–28

The comparison of the adsorption isotherms reported in
Fig. 2 for the two samples clearly reveals their different mi-
crostructure and sheds some light onto the apparent contra-
diction between the SEM micrographs and the refractive in-
dices of the films. Thus, although the values of the total
porosity, estimated from the values of maximum water ad-
sorption at saturation conditions, are quite similar for the two
samples �i.e., around 0.8�10−6 cm−3�, the different shape of
the isotherms suggests that the type, size, and size distribu-
tion of pores must be completely different.25 To get a more
precise assessment of the pore size distribution in these two
thin films we have represented the data of the adsorption
branches in the form of a t-plot.25 This type of representation
is typical for the analysis of porosity in powder materials and
gives an indication of the type and distribution of different
pores existing in a sample. For this type of representation we
have used the Halsey-Wheeler equation25 assuming an
equivalent diameter for the water molecule of 1.3 Å.34

T-plots permit one to estimate the volume of micro- �pore
size smaller than 2 nm�, meso- �pore size between 2 and
50 nm�, or macro-pores �pore size greater than 50 nm�
present in the films.25 The corresponding curves are plotted
in Fig. 3. The curve for the sample prepared with Ar+O2
plasmas is typical of micropores �pore size d�2 nm�, with-
out practically any contribution from other types of pores.
The micropore volume, determined from the extrapolation of
the “plateau” region of the curve is �0.85�10−6 cm3, in
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FIG. 1. Cross section ��a� and �b�� and planar views ��c� and �d��
SEM micrographs of the TiO2 thin films prepared by PECVD with
a 100% O2 ��a� and �c�� and 10% O2-90% Ar ��b� and �d�� as
plasma gas. Note that the substrate is in the bottom of the view in
�a� and �b�.
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FIG. 2. �top� First and second water isotherms of TiO2 thin film
prepared by PECVD with 100% O2. �bottom� Water adsorption and
desorption isotherms of TiO2 thin film prepared by PECVD with
10% O2-90% Ar as plasma gas.
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good agreement with the total volume of pores deduced from
the adsorption isotherm. The t-plot curve of the O2 sample is
more complex resulting from the contribution of both mi-
cropores and mesopores. The volume of micropores can be
estimated by extrapolation of the dotted-dashed line plotted
in Fig. 3.25 In this case, the estimated micropore volume was
�0.40�10−6 cm3. This value accounts for �50% of the to-
tal pore volume �i.e., 0.78�10−6 cm3� of this sample.

B. Analysis of roughness evolution with thickness

The evaluation of the surface roughness as a function of
both film thickness and scale of measurement within the
frame of the dynamic scaling theory permits one to assess
the growth mechanism of the films.16 Such an approach has
been successfully applied for thin films grown by
evaporation,18 sputtering,19 thermal CVD,35 or
PECVD.20,21,24 Here, besides applying this methodology, we
will try to correlate the obtained information with the poros-
ity and microstructure of the films.

Monitoring the surface roughness by AFM for samples
grown for increasing periods of time �i.e., for increasing
thickness by assuming that the growth rate is constant� is the
most common experimental method used for this type of
analysis.16 Figure 4 shows a set of AFM images for thin films
prepared with O2 and Ar+O2 plasmas for increasing periods
of time and hence increasing thickness. It is already clear
from these images that the roughness of the O2 plasma films
is larger than that of the Ar+O2 plasma films. In addition, it
can be qualitatively concluded that for the two series of
samples the roughness increases with their thickness.

A more precise evaluation of the roughness of the films
can be gained by looking at the line profiles measured on the
AFM images. Lines profiles of the AFM images are pre-
sented in Fig. 5. A close look to these profiles reveals that for
the O2+Ar samples there are two types of superimposed
structures. The first one corresponds to oscillations of ap-
proximately 10 nm that seem to coalesce in bigger structures
of 70–80 nm as the thickness of the film increases. Mean-
while, in the line profiles of the O2 plasma samples there is

only one type of structure of about 30–40 nm that grows in
height with the deposition time.

A way of getting information about the factors that are
controlling the microstructure of the thin films during their
growth is to plot their roughness, determined from the AFM
images, as a function of the deposition time �or their thick-
ness for films prepared for increasing periods of time at con-
stant deposition rate�. The corresponding plot for the two
types of thin films considered here is shown in Fig. 6 where
the roughness of the films ��� expressed in terms of their rms
values has been plotted against their thickness. From this
plot it is possible to confirm that the samples synthesized
with O2 plasma are rougher than those prepared with mix-
tures Ar+O2. In this later case it is interesting that the data
for two gas compositions �i.e., 10% and 20% O2� depict a
quite equivalent tendency. This confirms that their growth
mechanism is equivalent for relatively high Ar concentration
in the plasma gas.

A significant experimental result is that, for all experi-
mental conditions used, the evolution of surface roughness
follows the scaling law �� t� �t, thickness of the films is
proportional to the time of growth when the deposition rate
is constant�, which implies a linear dependence between the
two magnitudes in the log-log representation used in Fig. 6.
Such a dependence is in agreement with one of the assump-
tions of the DST, with � being the so-called growth expo-
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FIG. 3. “t-plots” of the adsorption isotherms for TiO2 thin films
prepared by PECVD with 100% O2 plasma �first cycle� and 10%
O2-90% Ar plasmas.
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FIG. 4. AFM images of the surface of the TiO2 thin films with
increasing thickness prepared by PECVD with O2 �left, �a�–�d�� and
Ar+O2 �right, �e�–�h�� as plasma gas. Thicknesses of the films are
indicated in the figure. Images of samples with similar thickness
prepared with the two plasma gases have been chosen to stress the
differences in roughness.
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nent. Thus the slope of the representations in Fig. 6 permits
one to calculate the growth exponent by adjusting the points
to a straight line. For the two series of points represented in
Fig. 6, the calculated � values are 0.45 and 0.32, respec-
tively, for the films prepared with plasmas of O2 or Ar+O2.
Note, however, that for the range of thin film thickness in-
vestigated here the roughness does not reach saturation. This
behavior, contrary to the premises of the Family-Vicsec re-

lation, may imply either that thicker films should be prepared
or an “anomalouos” behavior of such thin films.

Within the DST, a number of different theoretical models
have been developed in order to explain the values of the
scaling exponents, and in particular the growth exponent
beta.23 Of these, probably the best known are the random
deposition model �i.e., �=0.5�,23,35 the so called KPZ model
�i.e., ��0.22�23,35,36 or others controlled by diffusion like in
MBE deposition �i.e., ��0.2�.37 The experimental � values
obtained in our case are relatively close to theoretical values
of 0.5 and 0.25/0.20.

Further information about the scaling properties of the
films can be obtained from the so-called “power spectral
density” of a wave vector �PSD�k�� from the AFM
images.16,35 This is defined for two-dimensional images as
the radial average of the conjugate product of the Fourier
transform of the surface and it provides information about
the dependence with the scale of measurement of the surface
roughness and the self-affine scaling behavior of the films
surface.

According to the DST, there exist two regions in which
the surface roughness depends on the scale of measurement
following two different asymptotic behaviors:16 below a cut-
off length, the roughness changes with the scale of measure-
ment L following the scaling law: ��L� where � is the
so-called roughness exponent. That is, below the cutoff
length the surface behaves as a self-affine statistic fractal.
Over the cutoff length, the surface roughness is constant and
invariant with the scale of measurement. As a consequence
of this behavior, the PSD is characterized by two different
regions: for low correlation lengths �k	 �, PSD�k� behaves
so that log PSD�k�
k, while for high correlation lengths
�k� � the log PSD�k�=const.

Figure 7 shows the PSD curves deduced from the AFM
images of O2 and Ar+O2 samples with a similar thickness
around 500 nm. For the TiO2 samples prepared with a
plasma of pure O2, the PSD�k� shows that the � exponent
calculated from the slope of the PSD curve before saturation
has a value of 1.15. It is also interesting that the saturation of
the PSD curve is obtained for correlation lengths around
30–40 nm, a value similar to the average particle size de-
duced from the linear profiles of this sample �cf. Fig. 5
�top��. Moreover, this � value is very similar to the value of
1.2 which, associated with relatively high � values, is con-
sidered as an “anomalous” situation where the growth is
dominated by shadowing effects.34 Thus the PSD curve tells
us that for lengths within the particle size as observed by
AFM, the roughness is much affected by shadowing effects.
Meanwhile, for larger scales of measurements the heights of
the interface are uncorrelated. This would support the fact
that for this set of samples the growth exponent � is close to
0.5, a value that might indicate a random evolution of the
surface features. It is reasonable to associate such a random
evolution to a statistically independent growth of the differ-
ent columns defining the microstructure of the films �cf. Fig.
1�a��. In favor of this assumption is the fact that the size of
the columns is similar to the maximum correlation length
found before saturation �cf. Fig. 7 �top�� and to the size of the
structures detected in the line profiles of these samples �Fig.
5 �top��.
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On the other hand, the O2+Ar sample presents a PSD
curve where two different slopes are observed before the
curve reaches saturation. At low correlation lengths, the �
parameter presents a very large value of 1.89, while for rela-
tively larger correlation lengths this parameter takes a value
of 0.35. It is also interesting that the transition from one to
the another slope found in this PSD curve occurs for corre-
lation lengths around 5 to 6 nm, of the same order than the
average size of the smallest structures present in this sample
as deduced from its linear profiles in Fig. 5 �bottom�. The
highest � value must correspond to the region where the
grains are formed, while the smallest value reflects the grain
aggregation process in bigger structures. In this sense it must
be mentioned that the smallest � value is close to the value
of this exponent characteristic of the KPZ scaling equation
���0.36�, which accounts for lateral growth and surface
relaxation processes.16 Meanwhile, very high � values ��
	1�, attributed to � values around 0.35, have been associ-
ated in literature to anomalous behavior dominated by sur-
face diffusion.38,39 It is important to stress that in plasma
grown thin films lateral growth can be particularly important
because plasma species may arrive to the surface according
to off-normal directions.24

C. Growth processes by PECVD and thin film porosity

In literature, growth exponents ��0.45 and a nonsatura-
tion behavior of roughness with deposition time have been

associated with growth processes characterized by very high
sticking probabilities of the fragments �particles� reaching
the surface.24,35 Typically, such a situation leads to the devel-
opment of columnar microstructures. The analysis of the
PSD curve of the sample prepared with a plasma of 100% O2
fits within this scheme. We therefore conclude that under
these plasma conditions, surface diffusion is restricted or
suppressed and the species coming from the plasma remain
in the same place where they touch the surface. Shadowing
and development of a columnar microstructure is then a
likely result.24 This is in fact the situation found for this type
of sample where similar-sized columns grow in height up to
the surface of the films �cf. Fig. 1�.

By contrast, the samples prepared with Ar+O2 plasmas
are characterized by ��0.32, a value that suggests that sur-
face diffusion of ad-species may be important in controlling
the growth of the films. Enhanced diffusion should prevent
the appearance of columnar microstructures and favor a
granular microstructure instead. At high correlation lengths,
this assumption is supported by the value of the � exponent
of 0.35 �cf. Fig. 7 �bottom��.

Since the temperature of the substrate �i.e., 298 K� is
similar for the two types of thin films a reasonable hypoth-
esis to account for the two types of growing mechanisms is
that the plasma species arriving to the surface are different in
the two cases. TiO2 thin films prepared with the plasma of
pure O2 present a relatively high growing rate �i.e.,
5 nm min−1 against 3.5–2.4 nm min−1 for the films obtained
with Ar+O2 plasmas�, a fact that points to that this plasma is
very efficient in inducing a considerable fragmentation and
oxidation of the titanium isopropoxide precursor in the
plasma phase. This has been confirmed recently by means of
the optical emission spectroscopy �OES� characterization of
the plasma, showing the formation of CO*, CO+, CH*, and
TiO* species.40 As previously proposed, highly fragmented
titanium species containing Ti-O �Ref. 40� and/or Ti-O-Ti
�Ref. 41� structures will bind tightly at the point where they
reach the TiO2 surface. No surface diffusion of ad-species is
expected under conditions. By contrast, for the films ob-
tained with plasmas rich in Ar, the titanium species coming
from the plasma must be neither completely oxidized nor
extensively fragmented �i.e., they must consist of fragments
of the type TiOxCy, where part of the 12 carbon atoms of the
precursor molecule are still attached to the titanium�. This is
actually suggested by the fact that the OES spectra recorded
under these conditions only show the presence of lines due to
Ar* and H* species.40 Partially decomposed species of the
precursor molecule of the type TiOxCy would interact very
weakly with the growing surface of the film and could dif-
fuse onto it until they become oxidized by oxygen species
coming from the plasma. Only when this occurs, titanium
would remain anchored onto the surface by formation of di-
rect Ti-O-Ti�surf� bonds.

The different microstructures and porosities of these two
types of TiO2 films prepared in this work are congruent with
this picture of the growing processes. According to that, a
high sticking coefficient and a low mobility of the ad-species
yield a columnar growth as it is effectively found for the
samples prepared with 100% O2 plasma. The porosity of this
columnar microstructure consists of micro- and meso-pores.
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FIG. 7. PSD curves as a function of k deduced from images �b�
and �f� of Fig. 4. They correspond to TiO2 samples prepared with
O2 �top� or mixtures 10% O2-90% Ar �bottom� as plasma gas. The
length scale is incorporated in the figure in the upper x axis.
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We think that it is possible to associate the mesopores with
the empty space remaining between the columns. For the
O2+Ar plasma, surface diffusion of the ad-species and the
lateral growth of the surface grains due to the off-
perpendicular arrival of plasma species24 prevent the forma-
tion of columns. Growth of the films occurs by coalescence
of very small grains growing laterally. Although the micro-
structure of these samples is characterized by a homogeneous
aspect, they contain a high volume of micropores. According
to the above considerations about the growing process of
these thin films, the micropores in these samples would cor-
respond to the interparticular space remaining after coales-
cence of grains.

IV. CONCLUDING REMARKS

The present paper tries to describe the growth mechanism
of TiO2 thin films prepared by plasma deposition through the
analysis of their scaling behavior. The analysis of the scaling
parameters � and � has provided some clues to realize the
importance of factors like shadowing, surface diffusion, or
lateral growth in the surface growth mechanism of the films.
Depending on the plasma conditions, these processes are
more or less favored, thus leading to films with quite differ-
ent microstructures and porosities. An additional aspect is the
attempt to correlate the scaling behavior of the films with
their porosity and microstructure.

The work presents a methodology to determine the poros-
ity of thin films consisting of the implementation in this field
of the classical adsorption methods utilized for characteriza-
tion of powder materials. In particular, by using the t-plots of
the water adsorption isotherms it has been proved that thin
films with a similar overall porosity may present either mi-

cropores or a mixture of micro- and meso-pores, depending
on the preparation conditions.

By means of the analysis of the scaling behavior of the
thin films, the microporosity has been associated with a
growing mechanism where surface diffusion and lateral
growth are the key factors that control the film growth. By
contrast, the development of mesoporosity and a columnar
microstructure have been associated with a growing mecha-
nism where the plasma species present a high sticking coef-
ficient and hence low surface diffusivity. In this case shad-
owing effects are critical for the control of the final
microstructure. Since, except for the type of chemistry in the
plasma, all other deposition conditions where similar for the
two kinds of thin films, it is proposed that plasma chemistry
is a key factor to explain the found differences. In this con-
text it is worthy of note that control of microstructure by
other techniques like physical vapor deposition requires the
intervention of other process parameters like temperature of
substrate or pressure during deposition.42

Finally, from the point of view of the optical application
of the films it is interesting to remark the finding that the
adsorption of water in mesoporous films may present hys-
theresys and be partially irreversible, while in microporous
films total reversibility occurs. Due to the change in refrac-
tion index due to the water adsorption in the pores, these two
different behaviors are relevant when the thin films are to be
used for optical applications under real conditions of work
and, particularly, if the humidity of the environment may
change during time.43,44
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