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Abstract

This study shows how the structural and dielectric properties of (SnO»)i-
«(Mn203)x, (where x=0.00, 0.03, 0.05,0.07, and 0.09) prepared using the solid state
reaction technique, are affected by the doping of semiconducting metal oxide
Mn;0s. Structural analysis of the composites was carried out using information
from the composite samples obtained from X-ray diffraction (XRD). The diffraction
peak shifting in XRD patterns indicated that Mn ions were successfully
incorporated into the SnO, crystal lattice. Mn ions were successfully doped in the
Tin oxide matrix lattice with the subsequent increase of doping levels. The average
crystal size evaluated using Scherrer's equation was found to vary from 33 to 37
nm, and the lattice constants were a=4.68-3.69 and ¢=3.166-3.173. This work also
tested the dielectric characteristics of (SnO.)ix(Mn»O3) x composites. The effects of
Mn doping were interpreted and discussed. The effects of Mn doping on the 6,.(®),
exponent (s), dielectric constant, dielectric loss, relaxation time, and polarizability
were also studied.
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Introduction

In recent years, many reports on wide-band semiconductors have been published,
primarily due to their numerous applications in optical devices [1]. Tin oxide (SnO3) is an n-
type semiconductor material with a large exciton binding energy of 130 MeV and a wide
band gap of 3.6 eV. It can be used for Diluted Magnetic Semiconductor (DMS) materials
[2,3]. Owing to their high thermal solubility (10 mol%), Mn ions may be a suitable substitute
for Sn ions in SnO» lattices. This would enhance the injected spin and carrier values, making
Mn-doped SnO:> a promising candidate for spintronics applications [4,5]. until now, most
research has focused on examining the magnetic characteristics of SnO> doped with Mn.
[6,7]. However, further studies investigating the dielectric characteristics of Mn-doped SnO>
are needed, and should be carried out. Numerous techniques, including the sol-gel approach,
chemical co-precipitation method, chemical precipitation method, and others, are used to
manufacture doped SnO.. It is anticipated that varying Mn concentrations in SnO; may
impact its optical, electrical, and structural characteristics. As far as is currently known,
relatively few studies have addressed how the Mn dopant concentration affects the structural
and dielectric characteristics.

The main topics of this work are the production of (SnO)1x(Mn203) x composites and the
investigation of the effects of Mn doping ratios on the structural and electrical properties.

Experimental

Solid state reaction approach was used to prepare (SnO2)1x(Mn2O3)x composites (x=0,
3%, 5%, 7%, and 9%). Alfa Aesar's, 99.99% purity SnO> and Mn;O; powders were
combined in the proper proportion. The mixture was sintered in air for one hour at 1000°C.
The powder was then extracted and compressed at 6 bar to create dense pellets of 12mm
diameter.

The pellets' structural investigation was undertaken using an X-ray diffractometer
(Siemens, D5000) with a Cu-Ka(A=1.544A°) source. The dielectric characteristics were
measured using an LRC meter (GW Instek LCR-8201, V= 0.1-1.3 Volt, F=12 Hz-200 KHz).
The following formula was used to determine the prepared samples' lattice constant:

1 nw+ K (D
d2= a’ +c_2

Using Scherrer's formula, the crystal size of (Sn0O2)1-x(Mn2O3)x composites was computed

[8]:

0.981
D=
P cosd (2)

Where: 0 is the diffraction angle, A is the X-ray wavelength (1.54 A), and B is the Full Width
at Half Maximum (FWHM) of the XRD peaks.
The following relation was used to calculate conductivity (Gac):

Gac = €0 €10 tand 3)
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where: ® = 2nf is the angular frequency, € is real dielectric constant, and &y is the
permittivity of free space. The hopping conduction process is what causes the conductivity to
arise [9]. In general, frequency dependent conductivity can be expressed as:

o(w,T)=c4c(T)+a(T)w® 4

Where the first component c4c(T) is temperature dependent, and the correlation of the
hopping mechanism is found in the second part a(T)w®, which is the power of angular
frequency.
The dielectric constant and dielectric loss were measured by applying the following relations
[10]:

ei=C.t/&.A 5)

Where: ¢ is the real dielectric constant, C is the capacitance, A is the effective area and t is
the thickness of the sample.
The imaginary dielectric constant (g2) was calculated according to:

&= Gac/ Q)] 80 (6)

Results and Discussion

The crystal structure studies of (SnOz)1x(Mn203)x composites were investigated using an
X-ray spectrophotometer, and the XRD patterns were obtained. The XRD patterns of (SnO2);-
x(Mn203)x composites for the different values of x are displayed in Figure 1. The appearance
of several diffracted peaks predicted the produced materials' polycrystalline composition. The
sample's crystal structure displayed three dominant peaks, with positions at 20=26.4°, 34.21°,
38.24°, and 52.09° for the peaks (110), (101), (201), and (211), respectively. The diffraction
peaks were consistent with the rutile-type tetragonal structure of SnO, data from the JCPDS
standard (No. 88-0287). The distinct diffraction peaks clearly indicated the well-crystallized
state of the (SnO2)1x(Mn203)x composites. When the doping ratio is high, a small diffraction
peak related to manganese is seen in the XRD patterns. When the Mn content increased, the
diffraction peaks shifted towards higher angles, indicating that the Mn ions had replaced the
Sn sites without altering the rutile structure.

The least squares approach was used to get the XRD peak positions, as shown in Table 2.
Lattice characteristics decreased when the composites’ Mn concentration rose to 7%. The
reduced ionic radius of Mn** (0.65 A) site, which is substituted for Sn** (0.69 A) site, may be
the cause of the lattice constant shrinkage [11]. The crystallite size of the (SnO2)1x(Mn2O3)x
composites are displayed in Table 1. The produced composites had crystallite sizes that
ranged from 33 to 37 nm on average. The average crystallite size of the composites was seen
to rise at low Mn content (x<0.07) and to decrease at high Mn content (x>0.07). Crystal size
may decrease as a result of a reduction in the diffusion rate brought on by an increase in the
rate of dopants' atoms. It was found that when SnO; is doped with Mn, a certain
concentration of Mn atoms may prefer to position close to or at crystal boundary regions.
This could inhibit the crystals from growing during the process, hence reducing the size of
the crystallites [12]. Many researchers have noted that an increase in Mn concentration causes
a reduction in crystal size [13].
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Figure 1: X-ray diffraction of (SnO2)1x(Mn203)x composites.

Table 1: X-ray diffraction data of (SnO»)1x(Mn>O3)x composites.

Mn203% | 26 (Deg.) F(‘gg\)’[ dwA) | C.S(am) hkl Phase
2691 0.2434 3.3100 336 (110) Sn0;

3421 0.1894 2.6189 439 (101) Sn0;

38.24 0.2435 23516 345 (200) Sn0;

39.27 0.2434 22924 347 RID) Sn0;

e 52.09 0.2975 17543 297 @11) Sn0;
55.04 0.3246 1.6671 276 (220) Sn0;

58.15 0.2975 1.5851 306 (002) Sn0;

6221 0.2976 14911 312 (310) Sn0;

65.02 0.3246 14332 29.0 (112) Sn0;

66.29 0.3516 1.4088 27.0 (301) Sn0;

2691 0.2164 3.3100 3738 (110) Sn0;

3421 0.1894 2.6189 439 (101) Sn0;

38.27 0.2434 2.3500 34.6 (200) Sn0;

39.30 0.1894 2.2909 446 (1) Sn0;

3 52.09 0.2435 17543 363 211 Sn0;
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55.07 0.2435 1.6663 36.8 (220) SnO;
58.12 0.2975 1.5858 30.6 (002) SnO;
62.24 0.2705 1.4905 34.3 (310) SnO;
65.05 0.2976 1.4327 31.7 (112) SnO;
66.29 0.2705 1.4088 35.1 (301) SnO;
26.91 0.2435 3.3109 33.6 (110) SnO,
3421 0.2164 2.6189 38.4 (101) SnO,
38.30 0.2434 2.3484 34.6 (200) SnO,
39.32 0.2975 2.2894 28.4 (111) SnO,
5 52.09 0.2975 1.7543 29.7 @11) SnO;
55.04 0.2705 1.6671 33.1 (220) SnO;
58.18 0.3246 1.5844 28.0 (002) SnO;
62.21 0.2976 1.4911 31.2 (310) SnO;
65.02 0.2706 1.4332 34.8 (112) SnO;
66.24 0.3246 1.4098 29.2 (301) SnO;
26.96 0.2164 3.3044 37.8 (110) SnO,
33.32 0.2164 2.6870 383 (222) Mn,0;
34.27 0.2164 2.6149 38.4 (101) SnO,
38.32 0.2705 2.3468 31.1 (200) SnO,
39.35 0.2435 2.2879 347 (111) SnO,
7 52.17 0.2164 1.7518 40.9 @11) SnO;
55.15 0.2705 1.6641 33.1 (220) SnO;
58.23 0.2705 1.5831 33.6 (002) SnO;
62.26 0.2976 1.4899 31.2 (310) SnO;
65.10 0.3246 1.4316 29.0 (112) SnO;
66.35 0.2705 1.4078 35.1 (301) SnO;
23.39 0.1352 3.8001 60.0 @11) Mn,0;
26.85 0.2435 3.3174 33.6 (110) SnO,
33.13 0.2165 2.7019 383 (222) Mn,0;
34.10 0.2164 2.6270 38.4 (101) SnO,
38.21 0.2435 2.3532 345 (200) SnO,
39.27 0.1894 2.2924 44.6 (111) SnO;
9 52.01 0.2976 1.7568 29.7 Q211) SnO,
55.01 0.2164 1.6678 414 (220) SnO;
58.10 0.2705 1.5864 33.6 (002) SnO;
62.13 0.2976 1.4928 31.2 (310) SnO,
65.00 0.3246 1.4337 29.0 (112) SnO,
66.19 0.2705 1.4108 35.1 (301) SnO,

Table 2: The lattice constants as a function of Mn doping ratio.

Mn% a(A) c (A
0 4.68230 3.17018
3 4.68230 3.17153
5 4.68230 3.16884
7 4.67307 3.16615
9 4.69155 3.17288
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A.C Conductivity Spectra.

One useful technique for understanding the electrical characteristics of the manufactured
composites is the ac conductivity approach. Figure 2 illustrates the fluctuation of conductivity
with angular frequency of (SnO2)1x(Mn203)x in the frequency range of 1 to 200 kHz at
different doping ratios. At room temperature, the conductivity of (SnO2)1-x(Mn203)x
composites was computed, regardless of temperature. Figure 2 shows that cGai(®) grows
exponentially with frequency across the whole frequency range, indicating pure ac
conductivity and electronic polarization. The figure illustrates how the polarization of the
space charge causes Gac to grow as the frequency increases [14]. Figure 2 shows that at high
doping levels of MnxO3 particles, the electrical conductivity (cac) has a high value. The
behavior of o, with frequency can be explained by an increase in the number of charge
carriers, which lowers resistivity and increases

According to Equation (4), 6(®,T) o ®°® if 64¢(T) is less than is less than a(T)w® for a given

temperature. As a result, the plot of In () vs In(®w) represents a straight line with slope (s).
Table (3) gives the values of (s) for (SnO2)1x(Mn203)x composites. It can be noticed that (s)
decreases with increase of doping ratio from 0 to 5%; hence correlated barrier hopping
(CBH)is the suitable model. This model is adopted when the electrons hop over the potential
barrier between two sites; the ac conductivity is due to hopping between defect states or
dangling bonds (D +D—). The conductivity here is pure ac since Gac(®) is exponentially
dependent on frequency, and the exponent (s) exceeds unity [18].
On the other hand, increases with the increase of Mn content for high doping ratio i.e. 7% and
9% which makes the small polaron (SP) the most suitable model. When the exponent s gets
to increase with the increase of Mn content, this indicates that the covalent solid has received
an excess charge carrier, which causes a significant degree of lattice deformation and the
production of a small polaron [19-22].

A5 ;  ==—Sno2

e Sn02 :3%Mn0O2
= Sn02 :5%MnO2
Sn02 :7%Mn02
$n02:9%Mn02

Ln o, (ohm.cm)!

105 110 115 120 125 13.0 135 14.0 145
Ino(Hz)

Figure 2: Conductivity curves of (SnO2)1x(Mn20s)x for different doping ratios.
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Cole-Cole plots

Using an LCR meter, the dielectric characteristics of the (SnO2)1x(Mn203)x composites
were evaluated. In the frequency range of 10 to 200 kHz, the resistance, capacitance, and
loss factor were measured using the LCR meter. The real dielectric constant (g1) was plotted
against the imaginary dielectric constants (&2) in a Cole-Cole plot.
The Cole-Cole plots of (SnO2)1x(Mn203)x composite samples at different doping ratios are
displayed in Figure 3. The plots showed a straight diagonal line in the low-frequency
domain. A partially semicircular arc was in the high-frequency region after a single peak in
the low-frequency region that provided information on the impact of blocking electrodes
[23]. The real dielectric constant axis was above the semicircle's center [24]. Semicircles
were partially visible on the high-frequency side, representing the electrode's reaction. The
grain border area and the low-frequency semicircle were connected, with the former coming
from the grain interior region [23].
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Figure 3: Cole-Cole plots of (SnO2)1x(Mn203)x for different doping ratios.
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The polarizability (o) was calculated according to 6=am/2 where 0 is the diagonal angle
below the dielectric constant axis, as listed in Table 3.

Dielectric Spectra

The variation of €1 and &> of the (SnO2)1.x(Mn20O3)x composites with frequency is shown in
Figures 4 and 5. It is evident from the figures that & and & values are large at low
frequencies. This indicates that the dipoles have enough time in this region to orient
themselves in the direction of the electric field. Additionally, the impact of electrical
polarization (space charge polarization) causes charge carriers to accumulate at the electrode-
composite interface. The values of € and & decreased with the exponential increase of
frequency and reached a fixed value. This variation in the dielectric characteristics can be
attributed to the fact that more ions do not propagate in the direction of the electric field, and,
as a result, the polarization of the space charge decreases with increasing frequency [24]. As
a result, the charge carriers contribute less to the dielectric properties as displayed in Figures
4 and S.

For more explanation, it is obvious that € tends to decrease with increasing frequency to
reach lower values. This can be ascribed to the fact that the electrode blocking layer is
dominated; thus, the dielectric behavior is affected by the electrode polarization, while at
high frequency the dielectric signal is not affected by electrode polarization.

As noted from the figures, €1 and €2 of SnO; increased with the increase in the concentration
of (Mn20:3); this behavior is ascribed to more addition of free charge carriers [25,26].

From the relation of (g1) versus log o, it is evident that (g;) values are affected greatly by
the doping ratio; at a frequency of 1kHz, ¢ increased from 86.26 to 87.46 as Mn was added
to the SnO» lattice when the doping ratio increases from 0 to % 3. It decreased at 7% doping
ratio to increase again to 88.72 at 9% doping ratio. The reason behind the increase in the
value of ¢ is the creation of a non-linear capacitor or conductor. Additionally, the migration
of charge carriers or the trapping and buildup of charge carriers at interfaces and flaws cause
the distortion of the electric field. The Maxwell-Wagner effect is the name given to this kind
of polarization, which depends on the conductivity of the current phases [27].

Conversely, as the frequency increased, € fell to lower values. This can be explained by
the electrode blocking layer's dominance, which causes the electrode polarization to have an
impact on the dielectric behavior at low frequencies but not the dielectric signal at high
frequencies [28]. (g2) versus In (®) is shown in Figure 5 for (SnO2)i1x(Mn203)x composites
with different doping ratios. According to Deby’s intrinsic relaxation time, €, versus In (o) of
(SnO2)1x(Mn203)x predicts that these curves must be symmetrical around wp, which is the
angular frequency (wp) corresponding to maximum absorption (an absorption peak),
according to the equation (wp= 1/t), where 1 represents the most probable value of a spread
of relaxation times. Figure 5 clearly shows that a high Mn>Os doping ratio caused the
absorption peak to move into a lower frequency band. The calculated relaxation time (t) is
shown in Table 3. It is evident that when the doping ratio increases, (t) values drop; this
suggests that an increase in doping ratio increases the intermolecular force. The composite
samples become more conductive, as indicated by the decrease in relaxation time. As was
previously mentioned, there is a strong correlation between electrical conductivity and
dielectric relaxation time. There are some parameters like relaxation time which give
indication for how long a semiconductor must be neutralized during conduction. Therefore,
the relaxation time is considerable in semiconductors and insulators and small in metals [29].
It must be noted that the dielectric loss values are very high; therefore, the large loss of
energy stored within the dielectric material is also high.
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Figure 4: Real dielectric constant €1 of (SnO2)1x(Mn203)x as a function of logarithm w for

different doping ratios
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Figure 5: Imaginary dielectric constant &2 of (SnO2)1.x(Mn203)x as a function of logarithm ®

4960




Mahmood Iraqi Journal of Science, 2025, Vol. 66, No. 11, pp: 4952- 4962
for different doping ratios.

Table 3: The polarizability (o) values.

Sample s o 7x107°
SnO, 1.0176 0.333333333 3.18
Sn0O; :3%Mn,03 0.6721 0.288888889 7.96
Sn0O; :5%Mn,03 0.4072 0.466666667 3.98
SnO; :7%Mn,03 0.4811 0.333333333 2.27
SnO; :9%Mn,03 0.4850 0.122222222 2.27

Conclusions

Solid-state reaction technology was used to create tin oxide pellets doped with manganese.
The produced samples with tetragonal structure were polycrystalline, as found the X-ray
diffractogram. Mn ions replacement in the SnO, lattice was confirmed by the XRD pattern of
the pellets, as seen by the peak shift of the SnO, diffraction plane. Using the XRD method,
the crystalline size and lattice characteristics were found. Using the Debye-Scherer formula,
the film's crystalline size was determined to be between 33.6 and 37.8 nm. The lattice
constants were a = 4.68-3.69 and ¢ = 3.166-3.17-3. This study also reports the electrical
properties of the manufactured composite samples.
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