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a b s t r a c t

The effect of etching time on the statistical properties of hydrophilic surfaces of
SiO2/TiO2/glass nano bilayers has been studied using atomic force microscopy (AFM) and
a stochastic approach based on a level crossing analysis. We have created rough surfaces of
the hydrophilic SiO2/TiO2 nano bilayer system by using 26% potassium hydroxide (KOH)
solution. Measuring the average apparent contact angle allowed us to assess the degree of
hydrophilicity, and the optimum condition was determined to be 10 min etching time. A
level crossing analysis based on AFM images provided deeper insight into the microscopic
details of the surface topography. With different etching times, it has been shown that the
average frequency of visiting a height with positive slope behaves in a Gaussian manner
for heights near themean value and obeys a power law for heights far away from themean
value. Finally, by applying the generalized total number of crossings with positive slope, it
was found that the both high heights and deep valleys of the surface have a great effect on
the hydrophilic degree of the SiO2/TiO2/glass nano bilayer investigated system.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Whenever a droplet of liquid such as water is placed on the surface of a substrate, it tries to reach an equilibrium state,
and the surface becomes wet [1]. The degree of wetting is determined by the balance between adhesive and cohesive forces.
When water spreads and covers a surface in a macroscopic scale, the surface is said to be hydrophilic. The ability to control
the degree of hydrophilicity of a solid surface is extremely important and useful in awide range of technological applications.
In the last decade, extensive efforts have been focused on applications of hydrophilic surfaces such as self-cleaning surfaces,
anti-fogging mirrors [2] and photocatalysts [3,4].

It has been established that the degree of the wetting and spreading generally depend on both external conditions such
as temperature [1] and internal conditions like surface properties. Considering the latter, it has been shown that the surface
topography of a substrate [5–7] and surface impurities and contamination as chemical parameters have the most effective
role in the hydrophilic degree (or apparent contact angle) of a given hydrophilic surface [8–10].

Today, surface roughness has a vast consideration in science and technology [11,12]; it has an important effect in some
physical phenomena such as friction, degrees of hydrophilicity and hydrophobicity, self-cleaning, [13,14] and also improving
the mass throughput in microchannel and nanochannel flows [15].
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Fig. 1. Schematic positive slope crossing in a fixed α level in a rough surface.

The effect of surface roughness on the contact angle (and hence hydrophilicity) has been studied by many re-
searchers [16].Morrow carried out pioneering studies of the effect of surface roughness on contact angle, and reported an ex-
cellent and extensive set of data [17]. Others have studied the effect of surface roughness onmoving contact angles [18–20].

Recently, superhydrophilicity of the SiO2/TiO2 thin film system has been reported by our group and other
researchers [21–23]. It was reported that the hydrophilicity of the SiO2/TiO2 nano bilayer films is due to the stable Si–OH
groups and that the photocatalytic TiO2 under-layer maintains the hydrophilicity of the double-layer films by decomposing
organic contaminants on the film surface [22]. Moreover, SiO2/TiO2 nano bilayer films exhibit a natural, persistent and
regenerable superhydrophilicity without the need of UV light [24].

In this study, first, SiO2/TiO2/glass nano bilayer samples were prepared by an RF sputtering technique; then, using 26%
potassium hydroxide (KOH) solution, the surface morphology and surface roughness of the layers were examined after
different etching times. Their degrees of hydrophilicity were measured after three weeks.

To obtain a deeper insight into the variation of surface topography during the etching process of the hydrophilic
SiO2/TiO2/glass nano bilayer system, we have applied a level crossing analysis on images obtained by atomic force
microscopy (AFM). The level crossing analysis of this data has the advantage that it provides important global properties
of a surface. A detailed foundation and the principle of the level crossing analysis approach for rough surfaces have been
given in [25]. This stochastic tool has been used to measure the surface roughness for different systems such as the
Co(3 nm)/NiO(30 nm)/Si(100) structure used in the magnetic multilayers [26], the effect of annealing temperature on
the statistical properties of WO3 surfaces using AFM [27] and laser-induced silicon surface modification [28]. In addition,
this method was also employed in studying the fluctuations of other systems with scale-dependent complexity, such as
fluctuations of velocity fields in Burgers turbulence [29], the Kardar–Parisi–Zhang equation in (d+ 1)-dimensions [30], and
stock markets [31]. As a new application, we have used the level crossing analysis method to describe the effect of etching
time on the hydrophilic degree of the SiO2/TiO2/glass nano bilayer system.

2. Level crossing analysis: theoretical approach

Level crossing analysis of a stochastic process was first introduced by Rice in 1944 [32]. This method was applied to
investigate statistical properties of rough surfaces [25,26]. Consider a surface with size L × L which has been grown (or
etched) in laboratory, so each point on surface such as x has a height h(x); this height function behaves stochastically because
the etching process is nondeterministic. Thus, we can apply a level crossing analysis to investigate some general properties
of an etched surface.

In the level crossing analysis, we are interested in determining the average frequency (in spatial dimension) of observing
a definite value for height function h − h̄ = α in growing thin films, ν+

α , from which one can find the averaged number
(N+

α = ν+
α L) of crossing the given height in a sample with size L (see Fig. 1) [25]. It can be shown that ν+

α can be written in
terms of joint probability distribution function (PDF) of h − h̄ and its gradient. Therefore the quantity ν+

α carries the whole
information of surface lying in joint probability distribution function PDF of height and its gradient [25]:

ν+

α =


∞

0
P(α, ḣ)ḣdḣ, (1)

where ḣ = (h(x + ∆x) − h(x)) /∆x and ∆x is the differential length scale. Therefore, we can count the number of visiting
a definite height such as α and obtain general properties of the joint PDF and all statistical details for a surface. The
magnitude of ν+

α can be related to the magnitude of the three-dimensional (3D) surface area, so its determination is one
of the most suitable approaches in experimental surface analysis [26].



E. Daryaei et al. / Physica A 392 (2013) 2175–2181 2177

As introduced in Refs. [25–31], we can also define the generalized total number of crossings with positive slope,
N+

tot(q), as

N+

tot(q) =


+∞

−∞

ν+

α |α|
qdα, (2)

where zero moment q = 0 (with respect to ν+
α ) shows the total number of crossings for a height with positive slope

N+

tot =


∞

−∞
dαν+

α . The moments q < 1 will give information about the frequent events while the moments q > 1 are
sensitive to the rare events. The moment q = 1 will measure the total number of crossings of a surface with positive slope
multiplied by their heights. So, N+

tot(q = 1) can measure the captive total volume which is the same order of square area of
the surface [26].

3. Experimental details

The 2×1 cm2 glass substrates were cleaned in an ultrasonic bath with high-purity methanol for 10 min and the residual
impurities were cleaned with distilled water a few times to ensure surface cleanness. The SiO2(20 nm)/TiO2(80 nm) nano
bilayerswere grownon the cleaned glass substrate by using anRF sputtering deposition technique at room temperature (RT).
Two different Ti and Si targets were used under a mixed Ar (60%) and O2 (40%) gas discharge at total pressure of 10 mTorr.

The deposited SiO2 (20 nm)/TiO2(80 nm) nano bilayers were subsequently etched by applying a 26% solution of
potassium hydroxide (KOH). To prepare the KOH solution, 80 ml DI water, 25 ml propanol (>99.9%, Merck) and 26 g KOH
(>99.9%, Merck) were mixed together. The KOH etching process was performed on the prepared bilayers in a constant-
temperature bath at 71 °C using clean quartz glassware for various etching times, namely 4, 8, 10 and 12 min, to obtain the
optimum etching time as compared with an unetched surface (zero time).

After three weeks, in which the samples had been in normal atmospheric conditions (the relative humidity and
temperature were about 60% and 25 °C, respectively), the water apparent contact angle measurements of the KOH etched
SiO2 surfaces of the SiO2/TiO2/glass nano bi-layer systemweremade in atmospheric air at room temperature by employing
a commercial contact angle meter (Dataphysics OCA 15 plus) with ±1° accuracy. To do that, a water droplet was injected
on several spots of the surface using a 2 µl micro-injector for obtaining accurate statistical analysis.

In order to determine the apparent contact angle of the clean etched surface (without any surface dirtiness), the etching
process was repeated for the optimum etching time and its apparent contact angle was measured again. Surface roughness
(the standard deviation of the height values within the given area of AFM image) and surface topography of the samples
were characterized by Thermo Microscope Autoprobe CP-Research AFM in air with a silicon tip of 10 nm radius, in contact
mode, and the images were digitized into 1024 × 1024 pixels.

4. Results and discussion

According to our experimental results, the lowest apparent contact angle obtained was ∼4° for the clean etched surface
just after 10min etching time. Nevertheless, it increased to 21° after threeweeks. The observed increasing trend is consistent
with a previous study [33]. The behavior of this system is associated with the amount of surface OH species determined
by X-ray photoelectron spectroscopy (XPS) reported by our group [23] and others (see, for example, [34]). The surface
topography of the whole etched SiO2/TiO2/glass nano bi-layer system was also investigated by the AFM technique. The
three-dimensional AFM image shown in Fig. 2 indicates the average nanostructure size and surface roughness after 10 min
etching time.

Fig. 3 shows both changes in the average water apparent contact angle on the surface and changes in the RMS surface
roughness of the SiO2/TiO2/glass nano bilayer after various etching times. The RMS roughness curve indicates that the
surface roughness increased from 0.7 nm to 4.8 nmwith increasing etching time. Nevertheless, it decreased again to 1.4 nm
after 12 min etching time.

It is necessary to note that all contact angle measurements shown in Fig. 3 were performed three weeks after etching
of the SiO2 surface to ensure surface dirtiness, without any surface cleaning process such as UV/O3 treatment [33]. The
minimum apparent contact angle was determined at 21° after 10 min of etching time. In general, by increasing the etching
time, the apparent contact angle decreases, and after 10min it begins to increase due to reduction of SiO2 surface roughness.
This reduction originates from the decreasing thickness of the SiO2 layer with increasing etching time. The improvement of
the degree of hydrophilicity of the SiO2/TiO2/glass nano bilayer system by the etching process is the result of topographical
change of the etched surface. Increased surface area and topographical changes cause a reduction in the apparent contact
angle measurements. This improvement was also observed in other etched substrates [35–37].

There are two conventional theories that discuss the effect of surface roughness on the degree of the hydrophilicity:
Wenzel’s theory [5] and Cassie–Baxter’s theory [6]. The former describes a homogeneous wetting regime in which the
droplet completely covers the rough surfacewithout any air pocketwhile the latter is based on the idea that some entrapped
air in a rough heterogeneous surface could enhance its hydrophobicity, recognizing that the water drop is partially sitting
on air, not filling the valley. The Wenzel equation is cos(θW ) = r cos(θY ), cos(θW ) = r cos(θY ), where θW , θY and r are
Wenzel’s contact angle for rough surface, Young’s contact angle for a smooth surface andWenzel’s roughness factor (which
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Fig. 2. Three-dimensional AFM image of the SiO2/TiO2/glass nano bi-layer surface observed after 10 min etching time.
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Fig. 3. Variation of average contact angle and the RMS surface roughness of the SiO2/TiO2/glass nano bi-layer surface as a function of etching time (all
experimental data obtained after three weeks of being kept in atmospheric conditions).

is defined as the ratio of the actual area of rough surface to the geometric projected area), respectively. For a more general
and real surface, the Cassie–Baxter equation, cos(θCB) = r f cos(θY ) + f − 1, where θCB and f are the Cassie–Baxter contact
angle for a heterogeneous surface and the fraction of solid surface area wet by the liquid, respectively, can be used. Here the
r is the roughness ratio of the wet surface area.

In this study, based on our experimental data analysis, we have used the Wenzel model to describe the degree of the
hydrophobicity of the etched surface. This was done by calculating cos−1(cos θW/r) for all etched surfaces in order to
determine the apparent contact angle for a smooth surface (removing the surface roughness effect). We have obtained
the values of the r factor from AFM data analysis. As a result, the contact angle for a smooth surface was found to be in
the range from 41° to 47° for r values from 1.20 to 1.32, for all investigated samples. These findings are in good agreement
with Wenzel’s regime. We believe that, due to surface dirtiness of the SiO2/TiO2/glass nano bilayer, we can ignore the
hydrophilic role of the TiO2 sublayer. It is important to note that the obtained r factor is related to both AFM image scale
and resolution of each image. We estimated the r factor from the AFM images with size 1× 1 µm2 and 1024× 1024 pixels.

According to water apparent contact angle measurements, the etching rate of the 26% KOH solution at 70 °C used was
determined as 15 Å/min by observing the unchanged apparent contact angle after approximately 13 min. This is related to
complete etching of the SiO2 layer (the TiO2 layer cannot be etched by the KOH solution).
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Fig. 4. The average frequency of visiting height h(x) − h̄ = α with positive slope ν+
α of the etched SiO2/TiO2/glass nano bilayer at different etching times

as a function of α. Inset: power-law behavior for heights far from mean value (for large α).

To obtain detailed knowledge on the variation of surface topography during the etching process of the hydrophilic
SiO2/TiO2/glass nano bilayer system, we have applied a level crossing analysis on images obtained by AFM. This procedure
was performedon the scanned surfaces as two-dimensional stochastic data as follows. First, the surfaceswere cut at different
height levels i.e. h(x) − h̄ = α [25] in the x and y directions, and then the number of crossing points with positive slope at
each level (as shown in Fig. 1) were counted to determine a particular frequency ν+

α .
Fig. 4 shows the average frequency of visiting the height α with positive slope, ν+

α , as a function of α for different etching
times. It is seen that, by increasing the etching time, the average frequency of visiting the height α(ν+

α ) becomes broader
until 10 min and after that it narrows down. In fact, the height dependence of the ν+

α function is a Gaussian for small α, and
is related to the frequently visited heights near the average height for all surfaces. The standard deviation of each etching
time curve (Fig. 4) is related to the corresponding surface roughness obtained by the conventional AFM analysis, as seen in
Fig. 3. The shifted peak position of the distribution must be related to the tip convolution effect that was also reported in
our previous studies [26,27].

However, there is a definite departure from the Gaussian distribution at large α’s for all etched samples. The average
frequency of visiting the heights far from the mean value, where they are related to rare events, have a power law behavior,
i.e. ν+

α ∼ α−b. Here exponent b is related to the surface topography and changes for different etching times. The exponent
was obtained by using a least-squares fitting method for different etching times (see the inset of Fig. 4). It varies from 2.2
to 8.5 for, respectively,10 and 12 min etched samples. The small exponent originates from the increase in number of high
heights and deep valleys present on the etched surface.

In fact, the behavior of several physical aspects, at least in some range of length or time scales, is dominated by large and
rare fluctuations that are characterized by broad distributions with power-law tails [38]. However, there are several reports
of power-law behavior in some nanostructural systems by using AFM data, such as the edge distribution of a nanowire in an
inorganic conducting network [39] but, to the best of our knowledge, this is the first report of the observation of a power-law
distribution for heights on the hydrophilic surface of SiO2/TiO2/glass nano bilayer using AFM images.

In order to get more information about different moments of the probability distribution function, one could calculate
the generalized total number of crossings with positive slope, i.e. Eq. (2). For the moment with q = 0, it shows the total
number of crossings for a height with positive slope. Indeed it shows the total number of an AFM image that is equal to
number for all pixels, i.e. 1024×1024 ∼ 106. For moment q = 1, it will be proportional to the total area of the 3D surface of
nanostructure of the etched SiO2 surface, as reported for the sputtered Co(3 nm)/NiO(30 nm)/Si(100) structure [21]. The
higher moments, q > 1, give information about the tail of the PDF for a rough surface. For q ≫ 1, the high values of α will
dominate in Eq. (2). Using the power-law expression for level crossing frequency one finds

N+

tot(q ≫ 1) ∼ dq−b,

where d is proportional to the SiO2 layer thickness as a limit of integration for Eq. (2).
Fig. 5 shows the generalized total number of crossings with positive slope, N+

tot(q), for the etched SiO2/TiO2/glass nano
bilayer surface at different etching times. This functionhas an increasing trendby increasing the q value in all etched samples.
Based on this figure, it was found that the sample with high degree of hydrophilicity had a long tail in the PDF function. This
means that the number of high heights and deep valleys are much larger than for other etched surfaces. Therefore, the role
of extreme events in the height fluctuations is effective in improving the hydrophilicity of the SiO2/TiO2/glass surface.

For some applications inwhich higher surface areas are useful (such as hydrophilic surfaces of photocatalysts atWenzel’s
regime), considering the behavior of N+

tot(q = 1) is more appropriate. The increase in N+

tot(q = 1) has the same meaning
as the increase in both surface area and Wenzel’s roughness factor. Indeed, for two surfaces with the same height standard
deviation, N+

tot(q = 1) can separate the one with a higher surface area.
To correlate the measured macroscopic property (apparent contact angle) with a microscopic property (surface

roughness) of the etched surfaces, we have applied the N+

tot(q = 1) function as a tool to measure and characterize the
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Fig. 6. Variation of surface roughness and contact angle via the generalized function N+

tot (q = 1).

three-dimensional etched surface. Fig. 6 shows the variation of surface roughness and contact angle of the etched surface
via the generalized total number of crossing with positive slope at q = 1. It is clear that the contact angle is reduced with
increasing N+

tot(q = 1), whereas the surface roughness of the SiO2 etched layer has an increasing trend, but not in a linear
fashion. Thus, we can consider N+

tot(q = 1) as another quantity to evaluate the surface morphology of the samples. It is
necessary to note that, in this figure, all the points in both graphs are arranged based on increasing N+

tot(q = 1) value, and
not arranged by the etching time duration.

5. Conclusions

Nanoscale roughness was generated on the hydrophilic surfaces of sputtered SiO2/TiO2/glass nano bilayers by applying
26% KOH solution. The results of apparent contact anglemeasurements and AFManalysis have shown that extreme events in
nanoscale surface roughness significantly increase the degree of surface hydrophilicity. Thesemicroscopic changes in surface
topography contribute to increasing the hydrophilicity. A behavioral change from increasing hydrophilicity to decreasing
hydrophilicity was observed after 10 min of etching time. We have found that the hydrophilicity degree of a surface can be
improved by using a simple etching process.

To obtain a deeper insight into the variation of surface topography during the etching process of the hydrophilic
SiO2/TiO2/glass nano bilayer system, we have applied a level crossing analysis on images obtained by AFM. We have
investigated the role of etching time, as an external parameter, to control the statistical properties of a rough SiO2 surface.
Moreover, by using the level crossing analysis, we have obtained an optimum etching time (10 min) to have the highest
hydrophilic degree. The average frequency of visiting the height α with positive slope, ν+

α , was calculated for different
etching times, and it was found that the height dependence of ν+

α is Gaussian for heights near the mean value and that
it obeys a power law for heights far from the mean value. Applying the generalized total number of crossings with positive
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slope, N+

tot(q), we have found that the high heights and deep valleys of the surface have a great effect on the hydrophilic
degree of SiO2/TiO2/glass nano bilayers.
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