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Abstract. Due to the many applications of self-cleaning surfaces in different industries,
the development of self-cleaning coating production methods in a simple and inexpensive
way has gained significance among researchers. In this regard, the present study aims to
prepare tin oxide and Manganese oxide through sol-gel procedure. Next, (MnzO4/SnO>)
double layers were deposited using spray pyrolysis system on glass substrates. Structural,
topology, and optical properties, surface morphology, and wettability characterizations were
investigated by X-Ray Diffraction (XRD), UV-Vis spectroscopy, Atomic Force Microscopy
(AFM), Field Emission Scanning Electron Microscopy (FESEM), and contact angle,
respectively. According to AFM images of Mn3Oy thin films, grains were tightly packed and
entirely compressed without crack. According to AFM images of SnOs films, the values for
grain width and Root Mean Square (RMS) roughness are about 242.8 nm and 25.85 mm,
respectively. The bilayer images show that the values of grain width and root-mean-square
thickness are about 130-220 nm and 20 mm, respectively. In addition, SnO» and Mn3O4
and SnO2/Mn3Oy4 films reveal a direct optical band gap and hydrophilicity with water
contact angles of 75°, 31°, and 70°, respectively. Owing to the importance and different
applications of hydrophilic surfaces, thin layers of metal oxide were produced in a very
simple way, among which Mn3O4 thin film was characterized by good hydrophilicity.

(© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Given the possibility of a change occurring in electrical
conductivity in a wide range of values and optical trans-
parency, wide-bandgap semiconductors based on Metal
Oxides (MO) have received considerable attention [1-
3]. Nowadays, such materials have a variety of practical
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applications such as solar cells, electrochemical devices,
and flat panel displays, to name a few [4-6]. In
many cases, the amorphous or crystalline structure of
MO is mainly composed of oxygen anions and metal
cations. Therefore, the defects of the amorphous
or crystalline structure are charged and electrically
activated, thus exhibiting the acceptor or donor prop-
erty [7]. It appears that the surface and bulk defects of
MO significantly affect the electrical conductivity and
charge transfer. In fact, the exact mechanisms of this
influence are inexplicable.

MO are used in green technology to destroy
different types of harmful and toxic pollutants through
photocatalytic activity. MO such as TiOy [8,9],
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ZnO [10], WOg3 [11], and Mn,O3 [12] have been
extensively studied due to their chemical stability,
optical gap, and non-toxicity. In order to decrease
the pollutants, different inhomogeneous structures have
also been synthesized using nano-composites of MoSs-
g-C3Ny [13], CulnZnS [14], and CusO nano-particles
surrounded by rGO [15]. Among the MO materials,
tin oxide is one of the promising tools for self-cleaning
applications [16].

Hydrophilicity activity caused by UV radiation
is of significance, thus drawing considerable atten-
tion [17,18]. The main reason why SnO, is widely
used as a self-cleaning material is because of its wetness
alteration based on ultraviolet radiation [16]. In gen-
eral, pure SnQs is characterized by high photocatalytic
efficiency because of its wide bandgap (about 3.6
volts) and high light recombination rate generated by
electron-hole pairs.

To date, many researchers have attempted to in-
crease the hydrophobicity of SnOy thin layers. Appar-
ently, incorporation of Mn3zQO, into SnOs can improve
hydrophilicity [19]. The multilayer thin films gain
greater significance for faster development in smaller
dimensions of the electronic and optoelectronic devices.
Use of multi-layered structures is a sure way to enhance
the optical properties of materials. Multi-layered films
are well known in many fields owing to their wide range
of applications. In bilayer structures, the first layer
acts as a substrate for the second layer and this feature
changes the entire system. In case the first and second
layers are different, the whole system behaves like a new
material. Recent research suggests that multi-layered
films are used in optical communication systems as well
as in piezoelectric applications [20-22]. In this study,
Sn0O, and MnsO4 thin films as well as SnOs/Mn3z0Oy4
bilayer were deposited on a glass substrate using spray
pyrolysis deposition method. After deposition, X-Ray
Diffraction (XRD), Field Emission Scanning Electron
Microscopy (FESEM), and Atomic Force Microscopy
(AFM) analyses of these thin films were carried out
to determine the crystallinity as well as the size and
topology of the grains. In addition, UV-Vis device was
eniployed to obtain the optical characteristics of the
samples. The hydrophilic or self-cleaning properties of
the thin films were evaluated by measuring the contact
angle of water on the thin films. To the best of the
authors’ knowledge, no comprehensive investigation of
Sn0Os/Mn3z0,4 bilayer has been reported so far.

2. Experimental procedures

First, SnO; and Mn30O4 thin films as well as
SnOs/Mnz0, bilayers were synthesized using sol-gel
method. Then, they were deposited using Chemical
Spray Pyrolysis (CSP) method from aqueous solutions
containing tin chloride and manganese chloride as a

Table 1. The deposition parameters of the thin films for
the spray pyrolysis process.

Deposition parameters Value
Substrate Glass

Solution flow rate 3—4 mL/min
Carrier gas Compressed air
Substrate temperature 450-55°C
Nozzle-substrate distance 38 cm
Spray gun
P bl
Lecursor . Compressed
SOIUUOP e <« carrier gas
reservoilr ‘ ‘
o Pressure
”7 ! | regulator
Spray \\“H ’
nozzle %
Thermocouple
A
Steel plate P
Power
/\/\/\/\ Lo supply

Figure 1. The schematic design of spray pyrolysis device.

precursor and compressed air as a carrier gas. Under
spray conditions, the substrate temperature ranges
from 450 to 550°C; the distance of the nozzle to sub-
strate ranges from 28 to 30 cm; and solution flow rate
is 4-3 ml/min. Glass slides were cleaned by ultrasonics
for 30 min and then, they were used as the substrate
for nano-material growth. The glass substrates were
then placed on a solid conductive surface to provide
proper heating to the layers. The parameters used
in the deposition process are presented in Table 1.
A schematic design of the spray pyrolysis device is
presented in Figure 1. The deposited thin films
contain XRD analyses using the D8 Advance Bruker
YT diffractometer via CuKa radiation at A = 1.5418A
and at 26 values between 5° and 80°, FESEM using
the MIRA3TESCAN-XMU model, and AFM using Full
Plus model from Ara-research Company. The optical
absorption spectrum was obtained by UV-Vis device
using U3500 model in the wavelength range of 200 to
700 nm. The measurement of the hydrophobic or self-
cleaning property was also performed by studying the
contact angle of water drops on the films in ambient
conditions at 25°C. For one sample, water drops were
placed in three different positions and their mean was
considered as the contact angle [23].

3. Results and discussion

3.1. X-Ray Diffraction (XRD)
The crystalline structure of SnO, film was demon-
strated using XRD via CuKo radiation (A = 1.5406A).
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Figure 2. X-Ray Diffraction (XRD) pattern of (a) SnO; thin film, (b) MnzO, thin film, and (c) SnO2/Mn3zO4 bilayers.

The insets of pictures show the identified phases.

The range of 260 angles was chosen from 5° to 80°.
Figure 2(a) illustrates the XRD pattern of SnOy thin
film deposited at 500°C. As seen in the XRD pattern,
SnO, thin film appears to have a polycrystalline struc-
ture with a tetragonal cassiterite crystalline phase, in
accordance with JCPDS card No. 41-1445 [24]. The
diffraction peaks are related to the planes of (110),
(101), (111), (211), (220), (221), and (112) which
correspond to the tetragonal crystalline structure of
SnOs film. The values for lattice parameters of a = b =
4.71A and ¢ = 3.19A were determined, corresponding
to the reported bulk values (¢ = 3.1871A and a =
4.7382A) [25]. The average grain size was measured
using Scherrer formula [26]:

D = K x \/3COS6, (1)

where D is the average grain size of the nano-particles,
B is (FWHM) values of the diffraction peaks, A =
1.5406A, and K equals 0.9. The crystalline sizes of the
films were between 18 and 40 nm and the grain size was
small, hence very severe grain boundary scattering and

low mobility, pointing to the resistance of the layers.
The small size of the grain creates much surface energy.

Figure 2(b) shows the XRD of Mn3O4 deposited
thin film at 450°C in the previous deposition condi-
tions. According to this figure, the deposited films
at 450°C exhibit a low crystalline degree due to the
powdery nature of its surface. The XRD pattern of
Mn30Oy is indicative of poor crystallization, affected
by saturation reaction and re-evaporation of atomic
species during spraying from the nozzle to the layer
surface [27]. Diffraction peaks are related to the planes
of (101), (112), (103), (211), (004), and (220) with
the preferred orientation of (103), being indicative
of their low crystalline degrees. The positions of
the obtained diffraction peaks were determined and
compared with the standard card. It was found that
the mentioned outcome was in good agreement with the
standard values of JCPDS-24-0734, thus confirming the
formation of Mn3O4 tetragonal phase (with I41/amd
space group).

Figure 2(c) depicts the XRD pattern of
Sn0,/Mnz04 bilayers simultaneously deposited on a
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substrate at 500°C in the previous deposition condi-
tions. As observed in this figure, the polycrystalline
structure is well specified and simultaneous presence
of two phases of SnOy and Mn3O4 can be confirmed
using X'Pert software, which is in agreement with the
standard values of 01-077-0447 for SnO, and 01-089-
4837 for Mnz0y.

The size of SnOy/Mn3;04 multilayer grains was
calculated using Scherrer equation. The crystalline
sizes of the films ranged between 15 and 45 nm.

3.2. FE-SEM and cross-section analysis

FESEM images of SnO, thin films deposited on the
glass substrate at different points with two magnifica-
tions are shown in Figure 3(a). The thin layers are
uniform with continuous grain distribution and they
contain no crack. The presence of large, polyhedral-
like grains in this figure confirms that the crystals are
formed by a tightly-packed type of growth. Random
distribution of grains causes scattering, thus reducing
the transmission. The formed grains were already

reported by Babar et al. [28,29].

The surface morphology of Mn3zO4 deposited us-
ing a spray pyrolysis device on the glass substrate
was investigated using FESEM images with different
These

magnifications, as illustrated in Figure 3(b).
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Figure 3. Field Emission Scanning Electron Microscopy
(FESEM) images of (a) SnO32 thin films, (b) Mn3O4 thin
films, (c) SnO2/Mn3Oy4 bilayers, and (d) cross-section of
SIIOQ/MIlg 04 .

images show the 3D growth of the completely spherical
grains of Mn3QOy. These grains are very uniform, yet
entirely separated from each other.

According to FESEM images, the substrate sur-
face is uniformly covered with fine grains of Mn3zOy.
The grain size ranges from 20 to 30 nm, which is in
agreement with the specified grain size of XRD peak.

FESEM image of the morphology of
Sn0O,/Mn30,4 sample is shown in Figure 3(c). This
sample is characterized by a rough, porous polycrys-
talline structure with polyhedral-like grading. As ob-
served, the porosity rate in this sample decreased upon
increasing MnsO4. Figure 3(d) represents the image
of the cross-section of SnOy/Mn304. The thickness of
each film was found to be about 50-70 nm and Mn3QOy,
nano-particles were well aggregated in the top layer.

3.3. AFM analysis

AFM is a common method for investigating the sur-
face morphology at a very high resolution, even with
molecular or atomic precision. Surface morphology
was evaluated using an atomic force microscope. Root
Mean Square (RMS) of the roughness of thin layers
was derived from AFM image data. Figure 4(a)—(c)
shows 2- and 3-dimensional AFM images with a size

Figure 4. Two- (left) and three-dimensional (right)
Atomic Force Microscopy (AFM) images of (a) SnO» thin
films, (b) Mn3Oy thin films, and (c¢) SnO2/Mn3O4
bilayers.
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of 2 x 2 pm for SnOs and Mn3O4 thin films as well
as SnOy/Mn304 multilayer. The surface roughness for
the films is 17, 25, and 22 nm, respectively, which is
unavoidable because of the 3D growth of the film [30-
32]. Two- and three-dimensional images were used to
estimate the grain size and orientation, respectively.
The AFM image was studied to observe the
surface morphology of Mn3O4 with the RMS thickness
of about 17.8 mm. Based on the micrograph, it can
be seen that the thin film containing Mn3O4 grains
is tightly packed, entirely compressed, and devoid of
crack. AFM study on the morphology of SnO, film
indicates that the base width of grain was 200.8 nm
and RMS roughness was 25.85 mm. Activities of atoms
that moved on the surface and grew towards low-energy
positions can be considered as the cause of the observed
increase in the grain size. In addition, as the rough-
ness of SnOs film increased, the hydrophobicity level
increased, too. Study of AFM images of SnOy/Mn304
multilayer thin film shows that the width grain and
RMS thickness in this sample are about 130-220 nm
and 20 mm, respectively. This seems to be inconsistent
with Wenzel’s equation for hydrophilic surfaces. The
Wenzel equation predicts that an increase in the surface
roughness reduces the contact angle. However, it
should be noted that the wetting ability of the surface
is controlled by surface roughness and surface energy.

3.4. Optical properties

The optical transmittance of SnO, and Mn3O,4 thin
films as well as SnO,/Mn3O4 bilayer was obtained
using UV-Vis spectrophotometer at room temperature.
SnQ, thin films, which were very transparent, were
placed on the glass substrate mainly due to the for-
mation of Fermi level in the conduction band [33].
Figure 5(a) shows the optical transmission spectrum of
this thin film in the visible light region (300-800 nm).
According to this figure, SnOs film has the highest
transmission rate ranging from 650 to 800 nm and the
maximum transmission rate of 95%. This is in agree-
ment with the results reported by other researchers [34]
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in which SnOs films indicate higher transmission than
80%. The waves shown in the transmission spectrum
may result from light interference since they represent
the waveforms that are the characteristics of light
interference [35].

The optical transmittance spectrum of MnzOy
thin films obtained from UV-Vis spectroscopy at wave-
lengths of 300-800 nm is illustrated in Figure 5(b). The
transmittance spectrum of MnzQO,4 thin film at 350 nm
increased from 35% to 85% in the wavelength range of
550-800 nm.

The optical transmission in the thin film of
Sn0,/Mn3z0,4 bilayer, deposited on the glass substrate
in the wavelength range of 350-800 nm, is shown in
Figure 5(c). The transmittance in this film reached
85% in the wavelength range of 600-800 nm. This
transmittance rate is very promising because it has the
ideal optical properties.

According to the reports [36], the electron can
be transferred, whether directly or indirectly, from
the valence to the conduction band by absorbing the
photon energy. The bandgap energy of the film can
be almost determined by the transmittance spectrum.
The absorption coefficient was calculated by the Tauc
relation [37] as follows:

ahv = B(hv — E,)?, (2)

where B is the constant with different values for differ-
ent transmittances, B, the gap energy, hv the photon
energy, and m the power, all with the hypothetical
values of 1.2, 3.2, 2, and 3 and depend on the electronic
transmission. By drawing the (ahv)™ diagram versus
hv, the optical bandgap energy of the films can be
determined. The diagram is plotted by n = 1/m
with the assumption that n = 2 is allowed for direct
transmittance [38]. For SnO, and Mn3zO,4 thin films
as well as SnO,/Mn304 bilayer samples, the value of
2n was selected (for direct bandgap transition), as
shown in Figure 6(a)—(c) [39] [40]. As observed in
Figure 6(a), the optical bandgap energy of SnOs thin
film is about 3.1 eV at the substrate temperature of

- 100 100
——5Sn0Oy thin film | — Mn304 thin ﬁ1m| ‘_ SnO2/Mn3O4 bilayer ‘

100 1 —
= X 80 g
X 3 1 - |
5 K g %
2 80 - = 8
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z 2 g
& 60 4 <
S £ 40+ &

40
40 T T T T 20 T T T T
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Figure 5. The optical transmittance spectra of (a) SnO; thin films, (b) Mn3zO4 thin films, and (¢) SnO3/Mn3O,4 bilayers.
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Figure 6. The (ahv)? versus hv graphs of (a) SnO» thin films, (b) MnzOy thin films, and (c) SnOz/Mn3Oy4 bilayers.

500°C. According to other studies [41], as the substrate
temperature increased, the energy gap decreased. Of
note, except for the removal of oxygen vacancies, high
temperatures would cause more concentration of the
oxygen atoms in the interstitial (intermediate) sites.
The oxygen interstitial sites are caused by a separate
band defect in the bandgap region, and the high
temperature in the substrate reduces the value of E,
in SnO,, film [42]. The absorption curve of Mn3 Oy, thin
film prepared at 450°C in the region between 300 and
800 nm is illustrated in Figure 6(b). The spectrum
exhibits significant absorption in the visible region,
thus pointing to its application as an adsorbent. The
optical gap energy of Mn3QO, thin layer was found to
be 2.83 eV, which is consistent with those from other
studies [43].

The absorption spectrum of SnOs/Mn3O4 bilayer
sample is shown in Figure 6(c). The highest absorption
peak for this film occurs at 380 nm. The bandgap
energy of SnO,/Mnz0,4 bilayer is observed at about
3.4 eV, which is higher than SnO, and Mn3O, films.
As the number of layers increased, a blue shift was
observed at the absorption edge. The reason for

this increase in the bandgap of the samples can be
attributed to the increase in the number of layers [35].
Multilayer structures are good candidates for optical
applications.

The optical constants of SnO, and Mn3zO4 thin
films as well as SnOs/Mn3 04 bilayer with the refractive
index (n) and extinction coefficient (k) were computed
by the transmittance and reflection curves. The
refractive index of the samples can be calculated using
the following equation [44,45]:

n=n,(l+vR/1-R)' (3)

where n; is the refractive index of substrate and R the
reflection. The refractive index of the glass substrate
is equal to 1.51. The extinction coefficient k£ can be
calculated through the following equation [41]:

k= a\/2n, (4)

where « is the absorption coefficient of the films and
A the wavelength of light. Figures 7(a)—(c) show the
refractive index changes, and Figures 8(a)—(c) show
the extinction coefficient for these samples in terms of
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wavelength. As observed in these figures, the refractive
index of the films follows an increasing trend with
the wavelength that corresponds to the behavior of
the reflection spectrum. The refractive index value
in SnO, films at A\ = 450 nm increased from about
1.5 to 2.1 [46]. The value of n for Mn3O, film at
A = 550 nm also demonstrated an increasing trend
from 1.39 to 1.58. With the simultaneous deposition
of SnOy/Mn30, bilayer, as illustrated in this figure,
the increasing trend of the refractive index continued
up to 1.7. According to Figure 8(a)—(c), the extinction
coefficient for SnOs film at 500 nm is about 1. This
value for Mn3Oy, film and SnOy/Mn3O,4 bilayer at 600
nm is about 2 and 1.8, respectively.

3.5. Hydrophilic properties

Wetting of a solid surface with water depends on the
relationship between the surface tensions (solid/air,
water/solid, and water/air). The contact angle be-
tween the water drops and surface determines the ratio
between these tensions. In the case of complete wetting
of the surface, the contact angle is zero in degree and
the contact angle of 180° shows that the surface is
not completely wet. The surface wettability requires
the interaction between the liquid and solid surface.

CA (degree)

Mn3 Oy SnO»

SHOQ /Mn3 04

Figure 9. Contact angle measurement for (a) SnOz thin
films, (b) Mn3Oy4 thin films, and (c) SnO2/Mn3O4
bilayers.

Figure 9 shows the contact angle of the water drops of
SnO, and MnzOy thin films as well as SnO2/Mn3z0y
bilayer deposited on a glass substrate. The contact
angle of about 75° for SnO, film is characterized by
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an average of five repetitions. Water molecules disrupt
this bond by forming new hydroxyl groups. In dark
conditions, hydroxyl groups are gradually repelled from
the surface. The reason for this increase in hydrophilic-
ity can be related to an increase in hydroxyl groups
on the SnOy surface [47,48]. According to Figure 9,
water is flatly placed on the surface of Mn3O, film
with a mean contact angle of 31°, instead of forming
a drop. This property is attributed to the nano-
crystalline nature, which is expected to have a high
energy level. Hydrophilic nano-crystalline materials
are the main requirement for electrode materials of
superconductors. This property is useful for the close
connection between the aqueous electrolyte and the
film surface for the application of superconductors.
A similar type of observation was reported by Mane
et al. [49]. The shape of the drop for SnOy/Mn30,
bilayer is illustrated in Figure 9. The contact angle
between the formed water drop and the surface of this
film is about 70°. The presence of Mn3O,4 film on
the substrate of SnO; film enhances the hydrophilic
properties of the film.

4. Conclusions

The present study managed to investigate the morpho-
logical, structural, optical, and self-cleaning properties
of SnOy and Mn3O4 thin films and Mn3zO4/SnO,
bilayer prepared using spray pyrolysis system on glass
substrates. The X-Ray Diffraction (XRD) pattern
of SnOy and Mn3zO,4 thin films demonstrated the
polycrystalline structure with tetragonal cassiterite
and tetragonal hausmannite structures, respectively.
Field Emission Scanning Electron Microscopy (FE-
SEM) images indicated the polyhedral-like grains for
SnQO, thin films and these images in the case of Mn3zOy
film demonstrated that the substrate surface was uni-
formly covered with spherical beads-like architecture.
In addition, FESEM images of the morphology of
Sn02/Mn30, bilayer showed a porous polycrystalline
structure with the polyhedral-like grading. The cross-
section of SnOs/Mnz0, was indicative of the thickness
of each film which was found to be about 50-100
nm. According to Atomic Force Microscopy (AFM)
images of Mn3Oy thin films, grains were tightly packed,
entirely compressed, and devoid of crack. AFM images
for SnO, films showed that the width of grain was
242.8 nm and Root Mean Square (RMS) roughness was
25.85 mm. According to these images for the bilayer,
the grain width was about 130-220 nm and root-mean-
square thickness was about 20 mm. Both SnO, and
Mn3zO4 films and SnOy/MnzO4 bilayer had a direct
optical bandgap. The optical bandgap energies for
SnOs and Mn3zO4 thin films as well as SnOs/MnzOy4
bilayer were 3.1, 2.83, and 3.4 eV, respectively. The
contact angle of the water drops of SnO; and Mn3zOy4

thin films and SnOy/Mn304 bilayer was characterized
by contact angle measurement. Hydrophilicity rates
with water contact angle of SnOy and Mn3Oy, films and
Sn0,/Mn304 bilayer were 75°, 31°, and 70°, respec-
tively. According to the obtained results, the MnsOy4
thin layer exhibited good hydrophilicity among the
synthesized layers. Hydrophilicity was also employed to
achieve the desired effect for many applications such as
anti-fog coatings, biomedical, filtration, heat pipes, etc.
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