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Abstract
In this study, TiO2 �lms were deposited on the glass and silicon substrates at different pressures using a
DC magnetron sputtering system. Surface topography, fractality, particle size, transparency spectra, and
roughness of the deposited �lms were analyzed through atomic force microscopy (AFM) in non-contact
mode and spectrophotometer (UV-visible) analysis. The surface morphology, absorption spectra,
transparency, and conductivity of the �lms were studied through analytical and mathematical relations,
including fractal and multifractal dimensions of the �lms. The pressure in�uenced the particle size
leading to the changes in the surface roughness and fractality of the �lms. When the working pressure
increased above 8×10− 3 Torr, the nonuniformity in the distribution of surface properties and
multifractality increased. Additionally, using optical data and the Tauc ́s method, their energy gap was
calculated. It was revealed that the TiO2 coatings have a relatively large energy gap of ~ 4eV, probably
due to their small grain size.

1. Introduction
Thin �lms have unique properties that are signi�cantly different from their corresponding properties in the
bulk state. This difference is often due to their physical dimensions (surface to volume ratio), geometric
shape, and microstructure. However, a thin �lm with leveraged characteristics can be synthesized by
modifying its properties to a great extent, which is the basis for developing thin �lm applications in
various industries [1]. Submicron thin �lms are widely used in Micro-Electro-Mechanical Systems
(MEMS), microelectronic integrated circuits, and semiconductors, as well as optical, magnetic, and
quantum interference devices. On the other hand, thin �lms with a large surface-to-volume ratio are used
in solar cells for photovoltaic conversion, shielding layers, inactivation layers, etc. Therefore, it is expected
that the application of thin �lms will extend even further by developing many products in the form of a
thin �lm in the near future.

There are different methods for the mass and easy production of thin �lms and nanostructures. The
differences between these methods are mainly in the mechanism of material transfer from source to the
substrate, transfer medium, working pressure and deposition sensitivity, and simplicity of work [2–8]. In
recent years there has been a surge of interest in nanostructured �lms of metals and their oxides due to
their unique mechanical, chemical, optical, and structural properties [9–16]. Meanwhile, titanium and its
associated oxides have been reported to be environmentally friendly and cost-effective materials that
exhibit good chemical and optical stability, high corrosion resistance in 3.5% NaCl solution, and
insolubility in the water [17–20]. Titanium dioxide (TiO2), or titania, shows n-type semiconductor
properties at room temperature because of the formation of oxygen voids or titanium atoms within the
lattice; each of those defects causes the formation of donor type semiconductors [21–23].

The TiO2 exists in nature with three different crystal structures; anatase, rutile, and brookite, where
anatase and rutile have a tetragonal structure while brookite has an orthorhombic structure [24–27].
Among the three natural mineral phases of titanium dioxide, the rutile is the most stable and dense
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phase, while the anatase phase is the least dense. The rutile structure is found naturally in volcanic rocks
or rocks exposed to high temperatures and pressures. Rutile is more likely to be found in such
environmental conditions due to its low molecular volume than the other two structures. Natural rutile
contains about 10% iron, a large amount of niobium, and tantalum. In fact, anatase and brookite are
polymorphs of rutile formed by the cooling of igneous rocks [28].

Additionally, metastable anatase and brookite phases can be formed at temperatures above 600°C. The
brookite phase is thermodynamically unstable, and it cannot be found independently, though it exists
alongside other titanium dioxide phases. The two most commonly used titanium dioxide crystal
structures are the rutile and anatase structures. In the rutile structure, the recombination rate of the
charges created by light activity is much higher than that of anatase. This causes the low charge transfer
of the rutile structure to the reactants and low e�ciency, which is the reason to use this material in color
compounds. In contrast, the anatase structure with low recombination, high charge transfer, and
consequently, high e�ciency can be used as a material with suitable optical activity [29].

Therefore, the application and e�ciency of TiO2 are strongly in�uenced by its crystal structure, as well as
its particle size and shape [8, 28]. Qiu et al. [30] reported the enhanced photocatalytic e�ciency and
optical absorption of TiO2 �lms through doping with ZrFe2O4 by sol-gel method. When studying the
thermal stability of e-beam deposited TiO2 coatings, it has been shown that the optical loss of coatings
synthesized by e-beam deposition decreased with annealing temperature [31]. Accordingly, great efforts
are made to synthesize TiO2 nanoparticles with controlled size, shape, and porosity to be used in thin
�lms, ceramics, composites, and catalysts [25, 32–35]. Other applications of TiO2 include a wide energy
gap in all its crystalline forms, a good position of the conduction and valence bands, and chemical
stability, which is widely used in photocatalytic and water decomposition applications. Since it has
hydrophilic properties, this material can also be used to prepare self-cleaning surfaces [2, 24, 34, 36].

Moreover, the ability of TiO2 to absorb ultraviolet light has led to its application in cosmetics, especially
sunscreens, to prevent skin damage. Owing to its unique optical and electrical properties, TiO2 is used in
the manufacturing of solar cells, chemical sensors, and optical coatings. It has also been used to extend
medical applications such as arti�cial heart valves and dental implants [36, 37]. This substance causes
the uniformity of bone cells between medical implants and bone. TiO2 in solution or suspension can also
break down proteins containing the aminoacid proline in places where proline is present [38].

However, no studies have been performed on the effect of working pressure on the surface morphology of
thin �lms by the multifractal method and its relationship with the optical energy gap. Therefore, the
present study is primarily based on atomic force microscopy (AFM) measurements of magnetron
sputtered TiO2 �lms. We utilized AFM and spectrophotometer measurements to study the effect of
inward gas �ux changes on the structural, morphological, and optical properties of the TiO2 �lms.
Furthermore, optical data and the Tauc ́s method were used to calculate the energy gap of deposited
�lms.
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2. Materials And Methods
A DC magnetron sputtering system with a cylindrical glass chamber was used to deposit TiO2 �lms. The
chamber consisted of two electrodes facing each other, one at the bottom with a larger radius (location
under the �lms) and the other at the top with a radius of 9 cm connected to the DC source. A schematic
of the deposition chamber is shown in Fig. 1. Glass and silicon substrates were �rst cleaned in soap
solution and then in an ultrasonic bath by immersing in acetone for 5 min. Then after drying, the
substrate wafers were inserted into the chamber and placed on the grounded electrode. Oxygen and
argon gases were introduced into the chamber with a �ow rate of 4 sccm and 1 sccm, respectively. A
mass �ow controller (MFC) was used to adjust the working pressure of the chamber. A pure titanium
target was sputtered by applying a constant power of 400 W in the medium of argon and oxygen to
reactively deposit titanium oxide thin �lms. Detailed information on deposition parameters is listed in
Table 1.

Table 1
The process parameters for fabricating the �lms.

TiO2
�lm

Sputtering parameters Thickness
(nm)

Base pressure
(Torr)

Working pressure
(Torr)

Power density
(W/cm2)

#1 10− 5 6.0×10− 3 400 481

#2 10− 5 8.0×10− 3 400 499

#3 10− 5 1.0×10− 2 400 491

#4 10− 5 1.2×10− 2 400 478

In order to statistically study the surface topography and roughness of the deposited �lms, an atomic
force microscope (NT-MDT model BL022) in non-contact mode was used. The measurements were
conducted on the 5×5 µm2 area of the �lms. Using the spectrophotometer (Hitachi, model U-3501), the
transparency spectra of the �lms were measured in the range of 300 nm to 900 nm. Subsequently, using
this data, the absorption spectra of the �lms were drawn, then the energy gap was calculated using the
Tauc ́s method [39] as follows;

When a light beam enters a matter, the intensity of the output light is expressed by Beer-Lambert law, as
follows;

I = I0e−αd

where I is the intensity of the transmitted light, I0 is the intensity of the incident light, d is the thickness of
the layer, and α is the linear absorption coe�cient of the material. From the above equation, the
absorption coe�cient can be calculated, which is used to obtain the energy gap in the Tauc ́s method.
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α =
1
dLn

1
T

The T here is the transmittance which is de�ned as the fraction of transmitted intensity to incident
intensity. The relationship between the absorption coe�cient and the photon energy is expressed as
follows:

(αhν)n = A hν − Eg

where, Eg is the energy gap of matter, hν is the photon energy, and A and n are constant coe�cients. It is
n = 2 for indirect transitions and n = 0.5 for direct circuits. By plotting the variation curve n (αhν) in terms
of hν and �tting the straight line in the linear range up to (αhν) = 0, the energy gap value can be
estimated.

3. Results And Discussion
The surface features strongly in�uence the optical transmission and absorption processes and explain
their behavior in the wide interval of wavelengths. On the other hand, the TiO2 energy gap value
substantially affects the optical processes for higher energies of photons (for wavelengths below 200
nm). The combination of multifractal analysis, as well as optical transmission and absorption processes,
provides valuable information to explain the importance of optical processes in the growth of TiO2 layers.

Figure 2 shows the AFM images of titanium dioxide �lms recorded at a 5×5 µm2 scale. The AFM images
show that the TiO2 nanoparticles were formed, and the growth of the layers followed the island growth
model (Volmer–Weber). It can be seen that by increasing the input �ux, the particle size distribution was
changed, leading to changes in the surface roughness. Figure 3 shows the particle size distribution
diagram. We know that as the working pressure increases, the density of the plasma on the substrate
surface increases, which in turn increases the rate of nucleation and the rate of growth of the nuclei. At
the same deposition time, increasing the nucleation rate resulted in an increase in the thickness of the
layers, which was con�rmed by the thickness measurement results reported by the quartz crystal. When
the working pressure was 6×10− 3 Torr, the average particle size was measured to be 52 nm while with
increasing the working pressure to 8×10− 3, and then 1.0×10− 2, and �nally 1.2×10− 2, the particle size was
increased to 58, 60, and 62 nm, respectively. This indicates that the increase in the growth rate of the
nuclei leads to a slight increase in the particle size formed in the plasma and accumulated on the surface,
which was con�rmed by the particle size distribution diagrams obtained from the images.

The roughness values were varied between 1.59 nm and 1.73 nm; as for the lowest pressure, the average
roughness was 1.7 nm, while it decreased to 1.65 and then to 1.58 nm with increasing the working
pressure. On the other hand, further increasing the working pressure to 1.2×10− 2 led to an increase in the
roughness to 1.73 nm. Therefore, no clear relation between the roughness and working pressure was

( )

( )
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found. However, surface parameters such as maximum height and the total height of roughness pro�le
as well as particle distribution of surface particles might lead to such a result [40].

The results of fractal analysis of the TiO2 �lms are presented in Fig. 4. The multifractal singularity
spectra f(α) (Fig. 4(a)) and generalized fractal dimension Dq (Fig. 4(b)) indicate well developed
multifractal properties of the h(x,y) function determined from the AFM images for all TiO2 �lms. The
pro�le of the f(α) function indicates a decreasing trend in the surface fractality (over) with increasing the
working pressure from 6×10− 3 Torr to 8×10− 3 Torr (�lm #1 and #2). On the other hand, the surface
fractality was increased dramatically by further increasing the working pressure from 8×10− 3 to 1.2×10− 2

Torr (�lms #2 - #4). The width of the f(α) function corresponds to a broader range of surface features
(see. Figure 4(a)). Therefore, comparing the multifractal spectra of deposited TiO2 �lms reveals a

broadening of f(α) with the working pressure above 8×10− 3 Torr, which can be attributed to the increasing
non-uniformity in the distribution of surface features at higher pressures.

As shown in Fig. 4(a), for the working pressure of 6.0×10− 3 Torr, the left arm of the curve is longer, which
indicates that larger nanoparticles were identi�ed on the surface of this layer. However, as the working
pressure increased, the curves changed, and the right arm of the curves became taller, indicating that
smaller nanoparticles outperformed larger nanoparticles in determining the surface behavior of the
layers. As shown in Fig. 4(b), an identical conclusion can be deduced from the trend of generalized fractal
dimension Dq. Here, the slope of the Dq function is associated with the fractality of the surface.
Increasing the working pressure from 6×10− 3 Torr to 8×10− 3 Torr (�lms #1 and #2) led to a slight
decreasing fractality, while a further increase in the pressure resulted in a signi�cant increase in
multifractality (�lms #2 - #4). These results are in good agreement with the values of (αmax-αmin) and
(Dqmax - Dqmin) in which the minimum was assigned to �lm #2 (Fig. 4(c)), whereas, for the higher working

pressures above 8×10− 3 Torr, an increase in the multifractality was observed. The bigger the value of
(αmax- αmin), the higher the h(x,y) �uctuations are expected. The h(x,y) �uctuations detected by the
multifractal singularity spectra were also the smallest for �lm #2.

Another technique that was used further to describe the surface morphology of the deposited layers was
Minkowski Functionals analysis. Minkowski boundary and Minkowski connectivity curves for all samples
were calculated using the Gwyddion software. The curves obtained from the analysis of 4 samples are
illustrated in Fig. 5. The curves show that the Minkowski boundary and Minkowski connectivity are
functions of working pressure. It was observed that the maximum boundary was obtained for sample 2.
These results indicate the nanoparticles were placed on the surface so that they have the most
boundaries. It is known that the Minkowski connectivity describes the measure of the number of
connections in the nanoparticles pattern by analyzing the relationship between connected and
disconnected pixels in an image. Also, as can be seen, the minimum and maximum of the Minkowski
connectivity curve for sample #2 are higher than others. Therefore, the connection between nanoparticles
in sample #2 was dominant, and the high connection occurs for larger nanoparticles at the surface of
samples #1 and #2 compared to samples #3 and #4.
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Figure 6. depicts the transmission and absorption spectra of the TiO2 �lms in the visible region, derived
from the dominant relationships between the optical spectra (transmission, absorption, and re�ection).
The �lms exhibited high absorption edges for wavelengths above 350 nm, which can be con�rmed by a
shift in their optical spectra (absorption edges) to higher wavelengths by increasing the working pressure.
The minimum and maximum transparency in the �lms were almost constant, about 50% and 90%,
respectively. It is notable that the optical behavior of #1 and #4 �lms, which were prepared at the lowest
and highest pressures, respectively, were almost identical, while there was a slight phase shift in the
wavelength of �lms #2 and #3. Therefore, it can be concluded that they exhibited similar transmittance
and absorbance. This is in accordance with the changes in the surface roughness obtained from the AFM
data.

In a semiconductor material, the dependence of the absorption of the UV-visible radiation can be
determined by the electronic transitions between the valence band and the conduction band. Therefore,
the optical properties of semiconductors can be modi�ed by controlling the band gap energy. On the other
hand, the band gap energy in thin �lms strongly depends on the surface roughness and correspondingly
on the fractal features of the coating.

As discussed above, the Tauc ́s equation was used to determine the magnitude of the bandgap in TiO2

�lms. This is possible by analyzing the data in Fig. 6, n (ah ) in terms of h , and extrapolating the values
obtained in the high energy region with the horizontal axis. The closer the value of this parameter to zero,
the higher the conductivity; thus, the better the semiconductor or non-conductive properties of the
material. The results of this analysis are given in Fig. 7. The energy gap of layers was found to be 3.98,
3.95, 4.03, and 4.00 eV for samples #1, #2, #3, and #4, respectively. It is notable that the energy gap of all
TiO2 �lms was in the vicinity of 4.00 eV, while the slight variation can be attributed to the changes in the
working pressure. The results show that the lowest energy gap is related to the layer with the lowest ∆α,
indicating that the surface complexity affected the energy gap.

As we know, several factors can in�uence the energy gap of semiconductors. For instance, the energy gap
value strongly depends on the crystal structure (such as defects, charged impurities, disorder at the grain
boundaries), morphology (such as roughness, fractality, particles shape, and particles quantum size), the
thickness of layers, and chemical composition of the material. Here, our aim was to study the effect of
the surface morphology of the �lms on their energy gap. The results showed that increasing the
multifractality of the �lms increased their energy gap. The high energy gap of the deposited layers can be
ascribed to the multifractal properties of their surface, the small nanoparticle size (see particle size
distribution diagram in Fig. 3).

The energy gap determined by the Tauc ́s method is not very sensitive to changes in working pressure, as
the Eg value is in�uenced mainly by material properties. The high absorption of wavelengths under 200
nm can be observed in Fig. 6(b) for all structures, which was closely related to Eg = 4 eV determined by
the Tauc ́s method for the TiO2 layers. The development of surface features shows signi�cant sensitivity
of multifractal behavior on working pressure (see Fig. 4(c and d). The modi�cation of surface features by
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applied forming steps (revealed by multifractal methods) directly in�uenced the spectral transmission
and absorption processes. The shifts of spectral transmittance (Fig. 6(a)) and absorbance (Fig. 6(b))
curves directly correlated with the trends of multifractal parameters determined from the AFM h(x,y)
functions. The multifractal analysis provides valuable information about the surface properties and can
directly explain the spectral absorption and transmission processes.

Conclusion
In this research, titanium dioxide �lms were deposited at different working pressures utilizing a
magnetron sputtering system. The surface morphology and optical properties of TiO2 �lms were
investigated. According to the measurement of the crystal thickness gauge installed on the device, it was
shown that the thickness of the TiO2 �lms was varied with the pressure where the optimum pressure of

8×10− 3 Torr was found for �lm #2 with the maximum thickness. Also, multifractal properties
synergistically interacted with the development of the thickness of the �lms during the deposition.
Investigation of AFM results revealed that particle size was changed with the pressure leading to the
changes in the surface roughness and fractality of the �lms. Additionally, the nonuniformity in the
distribution of surface properties and multifractality increased by raising working pressures.

The changes in the thickness of the �lms were also evident in the optical spectra, wherein �lm #2
exhibited the lowest transmission while �lms #1 and #4 showed the highest transmission values. Also, it
was found that by increasing the working pressure, absorption edges shift to higher wavelengths and
possess high values for wavelengths greater than 350 nm. The energy gap and minimum and maximum
transparency of the TiO2 layers were less sensitive to changes in the working pressure. Using the Tauc ́s
method, the energy gap of the �lms was calculated to be ~ 4eV. Such a large energy gap can be attributed
to the small grain size of TiO2 coatings. Eventually, the obtained results from the multifractal analysis

showed that at the working pressure of 8.0×10−3 Torr, the layers have the lowest ∆α and, therefore, the
least complexity, as well as the lowest energy band gap.
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Figures

Figure 1

The sketch of the deposition chamber.
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Figure 2

The AFM images of TiO2 �lms a) #1, b) #2, c) #3 and d) #4 recorded at 5×5 µm2 surface area.
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Figure 3

The particle size distribution diagram of TiO2 �lms a) #1, b) #2, c) #3 and d) #4 recorded at 5×5 µm2

surface area.
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Figure 4

The results of multifractal analysis obtained from AFM scans of TiO2 �lms #1, #2, #3, #4: (a) multifractal
singularity spectra f(α); (b) generalized fractal dimensions Dq; (c) (α max-αmin) and (d) (Dqmax - Dqmin).
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Figure 5

The results of Minkowski Functionals analysis obtained from AFM images of TiO2 �lms S1, S2, S3, S4:
(a) Minkowski boundary (S); (b) Minkowski connectivity (χ);

Figure 6

Transmittance (a) and absorbance (b) spectra of TiO2 thin �lms deposited at different pressures.
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Figure 7

Tauc plot for: �lm #1 (481 nm); �lm #2 (499 nm), �lm #3 (491 nm) and �lm #4 (476 nm) 


