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In this research, the deposition of tin oxide (SnO2) films doped with manganese oxide (MnO2) at
(350 °C) on glass substrates was studied using chemical spray pyrolysis. The structural, optical, and
surface topographic properties of the films were investigated. The results revealed that the prepared
films were polycrystalline with a tetragonal crystal structure. The optical measurements show that
the transmittance increases with increasing wavelength for all the prepared films, while the
absorbance and reflectance decrease. As for the absorption coefficient, refractive index, and energy
gap increase with increasing photon energy, where the energy gap value reaches around (3.0-3.5)
eV. The extinction coefficient, real and imaginary parts of the dielectric constant decrease with
increasing incident photon energy. The surface topographic study showed that all prepared films'
roughness values and root-mean-square roughness increased.
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1. Introduction

Transparent tin oxide is a chemical material known as tin oxide or tin dioxide (SnO2)[1] . It is
an important material with diverse applications in the fields of electronics, energy, and
industry, and its unique properties have made it a subject of wide interest in research and
development. It is widely used in the electronics industry as a transparent, electrically
conductive material, such as in touchscreens and solar panels. It is also used in applications
for transparent and scratch-resistant coatings [2], as well as in lithium-ion batteries [3]. It is
used as a catalytic material in many chemical reactions [4], and it is used as a sensing material
for gases and humidity due to its variable electrical properties [5]. It is also used in automotive
glass and optical crystals [6]. Transparent manganese oxide is a chemical compound with the
formula (MnQO2) [7]. Manganese oxide or manganese dioxide is a compound composed of two
oxygen atoms bonded to one manganese atom [8]. It appears as solid brown crystals and is a
semi-conductive material for electricity and heat [9]. Transparent manganese oxide is used in
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various applications [10], including the production of metallic manganese [11], in dry
batteries[12], as an oxidizing agent in the chemical industry, and as a catalyst in some
industrial processes[13]. Thin films are thin layers of materials with thicknesses typically
ranging from a few nanometers to a few micrometers [14] . These films are characterized by
their homogeneity and regularity in terms of crystalline and chemical structure at the atomic
and molecular level [15].Thin films are important materials in various fields, including
electronics [16], solar energy[17], sensors [18] , electrochemical devices[19] , protective
coatings [20], biotechnology [21], and many others. The preparation of SnO2:MnQO2 thin films
is typically achieved using techniques such as vacuum evaporation [22], thermal combustion
[23], chemical deposition [24], thermal crystallization [25], and electrochemical
deposition[26]. Chemical spray pyrolysis (CSP) is a versatile thin-film deposition technique
used in materials science and engineering [27] . It is a modified form of the conventional spray
pyrolysis method that involves the synthesis of thin films or coatings by the decomposition of
precursor solutions through pyrolysis [28].The process begins with the preparation of a
precursor solution that contains the desired chemical components for the film. This solution is
typically prepared by dissolving metal salts, organic compounds, or other precursors in a
suitable solvent. The precursor solution is then atomized into fine droplets using a spray
nozzle[29,30].

The current study aims to prepare Nanoscale films of pure tin oxide doped with manganese
dioxide to study the effect of manganese dioxide doping on the structural, optical, and
electrical properties of the prepared films. This is done for their potential use in practical
applications in the field of solar cell manufacturing and sensors.

2. Experimental

The chemical spray pyrolysis (CSP) technique has been used to manufacture thin films of tin
dioxide doped with manganese oxide (SnO2: MnO2 ). The prepared thin films are grown on
clean glass substrates with dimensions of (2.5x2.5) cm at (350 °C). The crystalline structure
of the prepared films is determined using a (Shimadzu XRD-6000 Powder) X-ray diffract
meter with (Cu Ka) radiation within the available wavelength and range at the Technological
University, and To study the effect of manganese oxide (MnO2 ) doping on the (SnO2) films
and compare the results with established values in standard cards, the absorbance and
transmittance spectra were measured using a (Shimadzu UV-Visible 1800 Spectrophotometer)
equipped in the research laboratory at the College of Sciences, Diyala University.

3. Results and discussion
X-Ray Diffraction

The X-ray diffraction (XRD) exam have been done for prepared nanomaterials in order to
investigate the crystal structure and the crystalline size using x-ray diffractometer (Shimadzu-
6000), with wavelength (°A=1.54060A) and voltage (40 KV). Figure 1 presents the
experimental XRD patterns of prepared nanomaterials. The obtained characteristic peaks at
(20 = 26.58°, 33.87°, 37.95°, 51.76°, 54.75°, 61.87 °, 64.72°) of the crystalline planes (110),
(011), (020), (121) (220), (130) and (031) revealed the formation of Cassiterite tetragonal
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SnO2 structure, space group (P42/mnm no. 136), with lattice parameters (a = b = 4.7380 A°
and c=3.1870 A°)and (o =B =1y =90°), which well agreed with the standard data (JCPDS
98-000-9163) [31], As presented in figure 1(a). The XRD results demonstrated the pure
crystalline structure of the synthesized SnO2 nanoparticles, there are no other peaks detected
in the experimental XRD pattern. After doping with MnO2, the XRD patterns indicated that
the SnO2 crystal structure doesn’t affected at all MnO2 ratios (2, 4, 6 and 8 wt. %) as shown
in figure 1(b, c, d, e), which can be described as the Mn ions were inserted within the crystalline
lattice of SnO2. The obtained XRD patterns revealed that the peaks width of pure SnO2
increased, while the peaks intensity decreased after doping with Mn ions, where the added Mn
ions led to decrease the crystalline growth of SnO2, as a result to the bigger diameter of Sn
ions (0.071 nm) compared to the Mn ions (0.067nm)[32,33] The crystalline size of pure SnO2
and doped at different ratio (2, 4, 6 and 8 wt. %) of Mn ions calculated depending on the
highest XRD peak using Debye Scherrer’s equation, to be (42.53 nm), (39.45 nm), (23.16 nm),
(21.75 nm), (18.22 nm) respectively, The obtained results demonstrated a significant
decreasing in the crystalline size with the doping ratio.

S 2 g § o
p= o~ ~ o~ -
! I 1| U (e)
| | TR T Y R o
o
o : [ Lo : [
r L
= / I I (@)
<
z oy (I [
‘Z [ | [ I (©
= | |
= ! | !
= | 1 1
— | (I [ (b)
| T TS Iam
b ([ I
| | |
| | |
| | (a)

20 30 40 50 60 70
2 Theta (Degree)

Fig.)1 (: XRD for (a) pure SnO2, (b) SnO2 /MnQO2 (2%) (c) SnO2 /MnO2 (4%) (d) SnO2
/MnQO2 (6%) (e) SnO2 /MnQO2 (8%).

Atomic Force Microscopy (AFM)

The figures (1-a), (2-b), and (2-c) display the results of Atomic Force Microscopy (AFM)
studies conducted on thin films of (SnO2) and (MnO2) prepared with different doping ratios.
AFM is a high-resolution imaging and analysis technique used to examine the surfaces of films
and provide precise measurements of particle size distribution and surface roughness. From
Table (1), it is observed that the average roughness values and the root mean square roughness
values increase for all the prepared films. This is attributed to the fact that the doping particles
of (MnO2) occupy intermediate positions within the crystal lattice [34]. Moreover, positive
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values of surface tilt, which are used to measure the extent of external coordination of the
surface, indicate that the distribution of heights is higher than the depressions. Conversely,
negative values indicate that the depressions are higher than the heights. In both cases, the
distribution is asymmetric, and for a symmetric distribution, the surface tilt should be zero.
When the surface gradient exceeds (3) , the surface possesses more peaks than depressions,
while for values below (3), the surface appears flat. The profile takes the form of an arch for
values equal to ( 3) [35].

Table (1): Some topographical parameters of (SnO2:Mn0O2) thin films.

Samples Average RMS Particle Surface Surface Maximum
Roughnes Sa (nm) Size Sleekness Kurtosis Height
(nm) (nm) (Ssk) (nm) (SKu) (nm) Sz (hm)
SnO2 14.24 17.11 130 -0.4239 2.654 125.1
(SnO2098(MnO2)o2  39.44 49.36 204 0.2593 3.264 334.1
(SnO2) 092 (MNO2)os  15.62 19.68 131 0.07461 2.927 132.0
3D view of the surface
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Fig.(2-a): AFM Images of pure SnO- thin film.
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3D view of the surface

Fig. (2-c): AFM Images of (SnOz) 0.52(MnO2)o.s thin film.
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Figure (3) shows the transmittance spectrum as a function of wavelength for the prepared thin
films. It is observed from the figure (3) that the transmittance spectrum is the opposite of the
absorption spectrum. The transmittance values increase with increasing wavelength for the
undoped films. However, when the pure material (SnO2) is doped with different percentages
(2%, 4%, 6%, 8%) of (MnO2), the transmittance decreases with increasing doping ratio, The
reason for this decrease is the increased absorption resulting from the increased concentration
of (MnO2). The higher concentration of (MnO2) leads to an increase in the density of localized
states, making the sample more nontransparent to light [36].This results in the absorption edge
extending to low energy, where the photons have sufficient energy to excite electrons from the
valence band to the conduction band of the prepared films [37].

~—&—Pure SnO,
1.04 —4—Sn0, doped 2% MnO,
{ =#—5n0, doped 4% MnO,

—¥—S$n0, doped 6% MnO,
0.8+ —8—5n0, doped 8% MnO,

0.6 4

0.4 4

Transmittance (T%)

0.2 4

0.0

200 300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Fig. (3): Transmittance for SnO, doping MnO- films

Figure (4) shows the absorption spectrum as a function of wavelength for all prepared
thin films. It is observed that the absorption value is inversely proportional to the wavelength.
The absorption value reaches its minimum at a wavelength of (1100 nm) for all pure and doped
films. The reason for this is that the energy of the incident photon is lower than the energy
band gap, and therefore, the electron is not excited from the valence band to the conduction
band. This explains the decrease in absorption with increasing wavelength [38] .When the pure
material (SnO2) is doped with different percentages (2%, 4%, 6%, 8%) of (MnQ2), there is a
noticeable decrease in the value of processed film along with an increase in the chipping rate,
and this decrease is attributed to increased absorption [38].The highest absorption value is
observed ata ( 2%) ratio of (MnO2). This can be described by the formulation of impurity
atoms and their incorporation into the crystalline structure of the prepared films. This leads to

the formulation of energy levels between the energy bands, which in turn increases the
absorption.
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Fig. (4) : Absorbance for SnO; doping MnO- films

Figure (5) shows the reflectance values for all prepared thin films as a function of wavelength.
It is observed from the figure that the reflectance values decrease with increasing wavelength.
The reason for this is that the refractive index decreases with increasing wavelength, resulting

in lower reflectance.

Additionally, it is noted from the figure that the reflectance values are highest when the
material is pure. However, when the pure material (SnO2)is doped with different percentages
(2%, 4%, 6%, 8%) of (MnO2), the reflectance values decrease. This decrease varies greatly,
and the lowest reflectance value is recorded at a doping ratio of 2%. After that, the reflectance
values increase for the subsequent doping ratios and then decrease again.
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Fig.(5) : Reflectance for SnO, doping MnO: films.
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The figure (6) shows the absorption coefficient as a function of incident photon energy for all
prepared Films. From the figure (6) we observe that the absorption coefficient increases with
increasing photon energy, and the maximum value of the absorption coefficient occurs at
energy of (3-3.5) eV. This is correct for the undoped Films However, when the pure material
(Sn02) is doped with different percentages (2%, 4%, 6%, 8%) of (MnO2) we observe that the
absorption coefficient decreases with increasing photon energy. The lowest value of the
absorption coefficient is recorded at a doping percentage of 2%, and then there is a slight
increase and decrease after that .The reason for this behavior is that the doping process
prevents the formulation of secondary levels within the energy gap. Consequently, the transfer
of electrons with lower energy is reduced, leading to a decrease in the absorption of incident
photons and, consequently, a decrease in the absorption coefficient [39].

12

—&—Pure SnO,
—A— SnO, doped 2% MnO,
104 —o- SnO, doped 4% MnO,
—¥— SnO, doped 6% MnO,
—#—5n0, doped 8% MnO,

Absorption Coeffcient () 10* (cm™)
o
1

1.0 1.5 2.0 25 3.0 3.5 4.0 45
Photon Energy (eV)

Fig. (6) : Absorption Coefficient for SnO, doping MnO, films.
The primary factor that determines the values of the optical energy gap in thin films is the
crystalline structure of the membranes. The values of the energy gap are calculated using
equation at the value of the constant (r = 1/2 ). Through the mathematical relationship
between (ahv)*2 and the incident photon energy (hv) [40] , the best straight line is drawn that
passes through most of the points after the basic absorption edge of the curve, intersecting the
photon energy axis at point (o). This intersection point represents the value of the energy gap
for the prepared membranes. Figure (7) illustrates the energy gap value of the prepared
membranes as a function of the incident photon energy, It is observed that the doping process
with manganese oxide (MnO2) leads to a decrease in the energy gap value, This decrease
varies greatly, and it is attributed to the formation of new donor levels resulting from
doping[41] . These formed levels are located within the energy gap and near the conduction
band, creating bridges for the transfer of electrons with lower energy than the energy gap value
of the pure membrane to the conduction band. This results in a change in the Fermi level,
shifting it toward the conduction band due to the increase in the number of electronic
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transitions [42].
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Fig. (7): Optical Energy Gap for SnO2 doping MnO2 films.

Figure (8) shows the refractive index values as a function of incident photon energy for
all prepared Films. From the figure, we observe that the refractive index increases with
increasing photon energy, and this behavior is similar to the reflectance spectrum for the
undoped films However, when the pure material (SnO2) is doped with different raties (2%,
4%, 6%, 8%) of (MnO2)we observe that the refractive index decreases with increasing photon
energy. The lowest value of the refractive index is recorded at a doping ratio 2%, and then
there is a varying increase and decrease thereafter.The reason for this behavior is that the
doping process prevents the addition of impurity atoms to the pure material (SnO2) This leads
to a reduction in the intensity of the reflected radiation and, consequently, a decrease in the

refractive index [43].
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Fig. (8) : Refractive Index for SnO, doping MnO; films.
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Figure (9) shows the extinction coefficient as a function of incident photon energy for all
prepared Films. From the figure, we observe that the extinction coefficient decreases with
increasing photon energy for all Films However, when the pure material (SnO2) is doped with
different raties (2%, 4%, 6%, 8%) of (MnO2), we observe that the extinction coefficient
decreases. The reason for this is that the dopant material leads to a reduction in the number of
donor levels within the energy gap. These donor levels contribute to the absorption coefficient,
and consequently, their decrease results in a decrease in the extinction coefficient. Therefore
the doping process leads to a decrease in both the absorption coefficient and the extinction
coefficient [44].
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Fig. (9): Extinction Coefficient for SnO, doping MnO: films

The figure (10) shows the real dielectric constant as a function of the incident photon
energy for all prepared Films. From the figure, it can be observed that the value of the real
dielectric constant for pure materials decreases with increasing incident photon energy. The
figure (10) also indicates that the behavior of the dielectric constant curve is similar to the
behavior of the refractive index curve.When doping the pure material (SnO2) with different
ratio (2%, 4%, 6%, 8%) of (MnQO2) it can be noticed that the real dielectric constant increases
unevenly with increasing doping ratio. The reason for this increase is the result of the high
density of induced polar dipoles due to the increased doping ratio. These dipoles lead to an
increase in polarization values and refractive index, thus increasing the real dielectric constant
[45] .
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Fig. (10) : Real Part of Dielectric Constant for SnO, doping MnO: films.

The figure (11) shows the imaginary dielectric constant as a function of the incident photon
energy for all prepared Films. It can be observed from the figure (11) that the imaginary
dielectric constant for pure materials decreases with increasing incident photon
energy.However, when doping the pure material (SnO2) with different ratio (2%, 4%, 6%,
8%) of (MnQ2) it can be noticed that the imaginary dielectric constant increases with
increasing doping ratio, and the increase varies unevenly. The reason for this increase is the
incorporation of impurity atoms (MnO2) into the crystal structure of the pure Films (SnO2),
This leads to the formulation of new energy levels within the energy gap, resulting in an
increase in polarization ratio and absorbed energy, thus increasing the imaginary dielectric
constant [46].
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Fig. (11): Imaginary Part of Dielectric Constant for SnO, doping MnO; films.
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4, Conclusions

Using the chemical spray pyrolysis technique, thin films of (SnO2) doped with (MnQO2) in
different ratios (2%, 4%, 6%, 8%) were prepared. Spectral analysis was performed using FE-
SEM and AFM, and the optical properties of the prepared samples were investigated. The
electron microscope SEM revealed that the particles form non-homogeneous agglomerates
and clusters, while the surface topography by AFM showed an increase in the average surface
roughness, The optical results showed that doping affects several properties. The transmittance
increases with increasing wavelength, while the absorbance and reflectance are opposite to the
transmittance value. The extinction coefficient, absorption coefficient, refractive index, and
energy gap increase with increasing photon energy, while the real and imaginary dielectric
constants decrease with increasing photon energy. The results a significant improvement in
the morphology and optical properties of SnO2:Mn0O2 Nanostructure thin films, making them
a valuable material for solar cell fabrication and sensor applications.
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