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Abstract A series of iron-substituted tin dioxide ce-
ramics with composition Sn,_;Fe,O, was synthesized
using a conventional solid-state method in order to
investigate its detailed structural and dielectric proper-
ties. Samples formed in the tetragonal structure with
grain sizes of around 88—48 nm. Reduction in grain size
was found because of the suppression in the grain
growth with Fe addition. From FTIR analysis, a broad
peak was centered on 650 cm™ ' due to Sn—O vibration.
Many Raman-active phonon modes observed for as
prepared samples. The Fe substitution in SnO, essen-
tially changes the position of modes, where all the
modes shifted to a lower wave number. For all the
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samples, frequency-dependent dielectric and AC con-
ductivity measurements collected at room temperature
and in the frequency range from 75 kHz to 10 MHz. In
this frequency range, large dielectric dispersion was
noted. According to our analysis of electrical properties
of the samples under study, it is found that the conduc-
tion mechanism in these materials is based only on a
small polaron.

Keywords Fe-tin dioxide - Raman spectroscopy -
Dielectric constant - AC conductivity - Nanostructures

Introduction

Electroceramics can be treated as a model because of
their rich physical properties and relatively simple struc-
ture. They have wide applications in capacitors and
memory devices. For capacitive and memory devices,
ceramics should have colossal dielectric constant (CDC)
(Thakur et al. 2013, Dhahri et al. 2011). From the
practical point of view, tin dioxide exhibits rich and
interesting physical properties because of the relation-
ships between its electrical properties and several pa-
rameters (porosity, grain boundary barriers, crystallite
size, temperature, etc.) (Abdel-Latif and Saleh 2012).
Additionally, SnO, is chemically, mechanically, and
thermally stable. Its stable rutile phase and the natural
non-stoichiometry are key parameters to use these ma-
terials (Raju et al. 2018, Azam et al., 2010a, Saleh et al.,
2016a, Bargougui et al. 2014, Korotcenkov and Cho
2009, Kocemba and Rynkowski 2011). Moreover, it is
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easy to prepare them in the ceramic form thus enable us
to use them efficiently.

Looking at the large number of publications, a
few of them were devoted to the dielectric proper-
ties. We can get valuable information deal with the
localized electric charge carrier behavior and enable
us to understand the mechanism of dielectric polar-
ization. Furthermore, the study on structure and
dielectric properties of these materials will help to
get overall knowledge about the essence of the loss
existing in such compounds in addition to conduc-
tion mechanism (Khor et al. 2009).

It is widely proved that one of the essential prerequi-
sites for justifying and comparing the results on this kind
of compositions is full characterization of the synthe-
sized materials. The morphology, the grain size distri-
bution, and the chemical composition are the key factor
which play very important role in the physicochemical
properties of these materials. SnO, is a semiconductor
so it is considered as a model system in the present study
because of its excellent properties.

From the semiconductor technologies point of
view, the control of various properties of the select-
ed material may be achieved as a result of the
incorporation of impurities or defects into the lattice.
So, the doping process in SnO, compound became
interesting point for research that enable to improve
its electrical and microstructural properties (Drake
and Seal, 2007, Lahouli et al. 2019, Xu et al. 2005,
Drake et al. 2007). Low valency cations, such as
trivalent iron, are particularly interesting elements
for substitution. Iron is a particularly interesting
dopant for substitution in tin dioxide, where an
increase in the Debye length was obtained as a result
of carrier concentration decrease and hence electri-
cal resistance increased (Galatsis et al. 2003).

In capacitors, SnO, was implemented in the nano-
scale ceramic form where there is a large ratio between
the surface and the volume nano-range. The big differ-
ence in its electrical properties was noted depending on
the crystallinity of this material (Na/wa 2000). This
behavior may be attributed to the following parameters:
the modification in band structure, the quantum confine-
ment of carriers, and the contribution of the grain
boundaries in the nano-scale.

From the applications point of view, a high dielectric
constant and a low dielectric loss are generally required
together with AC conductivity. Moreover, the influence
of both of the frequency and the composition on the
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dielectric parameters offers much more understanding to
the dielectric behavior, which may help to find a good
interpretation of the conduction mechanisms.

The effect of iron doping on the structural and elec-
trical properties of polycrystalline tin dioxide ceramics
of'the nano-scale was studied in this work. The dielectric
parameter data were given in terms of frequency depen-
dent. Moreover, structure and microstructure were stud-
ied in details and their correlation with electric proper-
ties for the pure and doped SnO, ceramics.

Experimental details

The ceramic samples of chemical formula Sn;_.Fe O,
(x=0.00, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.16, 0.18)
were prepared by means of a conventional solid-state
technique from the mixture of stoichiometric amounts of
high purity oxides (SnO, and Fe,O3). Starting materials
are Sigma—Aldrich oxides. The solid-state reaction
method is more suitable for producing oxide materials
rather than other methods (Dodiya 2013). The mixture
was pressed under 5 ton cm 2 and annealed at temper-
ature 1423 K in air for 24 h. The cooling process was
done in the natural furnace temperature. This annealing
followed by gradual cooling enables iron ions to get
through tin dioxide and occupy some positions of Sn as
shown in Scheme 1.

The prepared samples were characterized by var-
ious techniques. The step-scan X-ray diffraction
(XRD) measurements were carried out at room tem-
perature using a PANalytical X’Pert PRO diffrac-
tometer with Cu (K,) radiation (A =1.5406 A), with
step of 0.02°. The counting time of each step was
1 s and starting angle was 10° up to 90°. A field
emission scanning electron microscope (FESEM,
JEOL JSM-7600F) was used to study the morphol-
ogy of the samples and their chemical purity was
checked by energy-dispersive spectroscopy (EDS).
Raman spectra were performed using an Ar laser
PerkinElmer spectrometer, in the wavelength of
514.5 nm. The infrared spectra were collected using
a FTIR PerkinElmer spectrometer to check the
bonding between different atoms as well as the
chemical information about the particles.
Frequency-dependent dielectric parameters were
measured using (LCR) meter (HP4284A) in the fre-
quency range of 75 kHz—10 MHz at room
temperature.
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Scheme 1 The mechanism of
forming Sn;_,Fe, O, using solid-
state reaction

Results and discussion
X-ray diffraction analysis

XRD patterns of the synthesized Fe-doped SnO, ce-
ramics with different doping concentrations are shown
in Fig. 1 a. All XRD patterns were analyzed using
FullProf software (Rodriguez-Carvajal 1993). It is clear
that pure SnO, is formed in a single phase of the tetrag-
onal crystal system with P42/mnm (136) space group
where all the peaks in XRD pattern matches with the
well-known crystal data identical to the JCPDS file no.
00-041-1445 (Jia et al. 2018). Because of Fe,O; doping
with so small concentrations x=0.02, 0.04, and 0.06,
we found that ten atoms were partially replaced with
iron atoms and the crystal structure still in single phase
(see Fig. 1b). When the concentration of Fe,O; in-
creased for the concentrations, which more than x=
0.06 another phase of Fe,O3 appeared in our samples
(see Fig. 1¢). All lattice parameters are given in Table 1.
The resulted crystalline size ¢ after forming the required
structure is calculated from the broadening of the XRD
pattern where the broadening of Si as a standard sample
is taken into consideration in order to avoid instrumental
errors. The well-known Scherrer formula can give us

Milling process make atoms near each
other in both compounds

Mixing by Milling

this crystalline size § as follows (Abdel-Latif 2011):

0 = k\/(Bsinf)

where B is full width at half maximum (FWHM), which
may be represented as Bops—Bga. (Bobs. 1S given as
FWHM of the observed sample; on the other hand, Byg
is the standard sample FWHM). The crystalline size of
pure SnO, is 180 nm which slightly decreased with Fe
doping where it is 161 nm for x=0.02. Then there is
dramatic decrease with increasing Fe doping where it is
92 nm for x = 0.06.

Sn atoms in rutile structure occupy (0, 0, 0)
position while oxygen atoms occupy at (0.3, 0.3,
0). Oxygen atoms (anions) are forming octahedra
(Zhao et al. 2014) as shown in Scheme 1 where they
surround tin atoms. Because of doping with Fe,O3
with different concentrations, we noted that the sin-
gle phase of rutile structure is kept in x =0.02, 0.04,
and 0.06 as a result of the partial replacement of tin
atoms by iron atoms. At concentration of x> 0.06,
another phase was observed as Fe,O; of hexagonal
structure of space group R;.. Lattice parameters are
listed in Table 1.
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Fig. 1 a XRD patterns of all samples in and b XRD patterns of single phase in x=0.04 refined by the Rietveld method and density of
electrons map in unit cell
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The calculations of the density of electrons p(r), FullProf, regardless of the symmetry. A fast Fourier
which are scattered from the unit cell of a crystal, are transform (FFT) is used for the calculation based on
carried out based on Fourier as a subprogram in the following expression (Abdel-Latif, 2016):

Table 1 Structural parameters and porosity of SnO, doped with x = Fe,O5

X SnOs (Paz/mum) Fe,03 (Rs.) Porosity
a=b(A) c(A) cla a=b(A) c(A)
0.0 4.7316 3.1778 0.6744 63.036
0.02 4.7415 3.1864 0.6688 21.282
0.04 47372 3.1864 0.6719 23.215
0.06 4.7349 3.1850 0.6719 31.567
0.08 4.7305 3.1838 0.6722 5.0332 13.7579 28.465
0.10 4.7215 3.1764 0.6733 5.0344 13.7670 39.158
0.12 4.7299 3.1827 0.6723 5.0293 13.7651 25263
0.16 4.7457 3.1916 0.6711 5.0447 13.8045 32.423
0.18 4.7179 3.1761 0.6734 5.0185 13.7040 28.617
Tetragonal Hexagonal
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) =3 F(H)exp{-2ri(H 1)}

It is clear from this equation p(r) is a function of the
following parameters: the unit cell volume (Vi), the
reciprocal lattice vector (H), the vector position inside
the unit cell (), and the complex Fourier coefficients
F(H) (Abdel-Latif et al. 2019). The density of electrons
inside the unit cell is calculated as shown in Fig. 1b for
Sng geFeg 040, and all samples are shown in Suppl.1.
One can note from the electron density maps that the
density of electrons of both pure SnO, and
Sng ogFeg.020, is close to each other and is different
from that of the other samples. Moreover, the electronic
densities are comparably high in the first two samples
and are lower for the concentrations x > 0.04. The higher
concentrations samples have almost the same configu-
ration of electronic density as shown in Suppl.1.

Microstructure analysis

Since the material properties depend strongly on its
microstructure, all images of the prepared samples were
done at room temperature by field emission scanning
electron microscopy (FESEM). These images of Sn;
_Fe, 0, (x=0.0-0.18) samples are shown in Fig. 2 a—
k. The FESEM micrographs revealed that the micro-
structure consists of very small, randomly oriented,
homogenous, well-interlinked, and non-uniform (in
shape and size) grains. Also, the micrographs show the
agglomeration of nanoparticles. With incorporation of
Fe®* ions in SnO,, the average grain size was reduced as
shown in Table 1.

Further, energy-dispersive spectroscopy (EDS) spec-
tra were done to check the purity of the chemical for-
mula of the designed composites and they are illustrated
in Suppl. 2 (a - k). The presence of only those elements,
which comprise the prepared ceramics, is clear in the
EDS patterns. On the other hand, it is a good indication
to the formation of the required tin/iron oxide according
to the proposed calculations.

Vibrational analysis

From Raman scattering, one can get valuable informa-
tion about the crystallinity and size effects in our sam-
ples besides the resulting defect and vacancies (Kumar
et al. 2017). The vibrational mode in the system could

be described clearly based on the variations in position,
intensity, and width of the Raman modes.

The six atoms existed in the SnO, unit cell give rise to
18 vibrational modes; four of them are Raman active (three
non-degenerate modes, Ay, Big, B, and the doubly
degenerate E,) (Saleh et al., 2016b). According to these
Raman-active modes, O atoms that vibrate on the other
side Sn atoms are at rest. In the same direction, the double
degenerate £, mode vibrates while three non-degenerate
modes (Ajg, Bjg, and B,,) vibrate in the plane which is
perpendicular to the c-axis respectively. Non-degenerate
B, mode that include the rotation of all six oxygen atoms
forming the octahedral site gives rise to the vibration
around the c-axis (Matthias and Ulrike 2005).

Figure 3 a shows the room temperature Raman scat-
tering spectra of parent (pure) and doped SnO, samples.
The Raman modes are present at 777, 634, and
477 cm™ ! corresponding to the three fundamental vibra-
tional modes B,,, A1, and Ej,, respectively, describing
the formation of the rutile crystal structure in these
samples (Bhattacharjee and Ahmaruzzaman, 2015).
Some extra peaks are observed at 225.27, 292.57,
408.79, and 607.68 cm™ ! with increase in Fe concentra-
tion, which may be attributed to the nano-effect.

The atomic displacements may be found by Raman
spectroscopy. The shift in the 634 and 477 cm ™' modes
may be a result of the substitution of Sn** ions by small
jons Fe**. The higher frequency mode (777 cm ') has
almost disappeared. The observed broadening and the
reduced intensities occurred in the peak imply the struc-
tural disorder with incorporation of Fe. The increase in
the structural disorder appeared usually at nano-size
(Gouadec and Colomban, 2007). Moreover, a decrease
in the inversion centers density may allow to the appear-
ance of the IR-active modes.

FTIR spectra of the wavenumber ranging 400—
4000 cm ' are shown in Fig. 3 b. That may help to
describe the formation of fundamental absorption bands
in the SnO,- and Fe-doped SnO, systems. The nano-size
effect of the Sn—O stretching vibrations is found in the
region 400-800 cm” ', In our case, the 647 cm ! peak is
assigned to Sn—O-Sn stretching mode formed by the
condensation of adjacent hydroxyl groups (Reddy et al.
2016). The 545 cm™ ' band is referred to terminal Sn—O
vibration of the Sn—OH group. The bending vibration of
adsorbed water molecules is observed at 1628 cm '
(Ben Haj Othmen et al. 2018). A broad band, which is
found at 3429 cm ™', refers to O—H stretching vibration
because of trapping of water molecules at the sample
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Fig. 2 a—k FESEM images of Sn;_,Fe, O, ceramics with x =0.00-0.18

surface (Parthibavarman et al. 2014). Shift of the peaks may be attributed to the defects in our samples as a result
towards the lower wavenumber that occurred in our case of increase of iron concentration.
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Fig. 3 a Raman spectra of all
samples at room temperature. b
FTIR of Sn;_,Fe, O, (x=0.00—
0.18) ceramics
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Dielectric analysis

For engineering applications in electronic materials, the
dielectric properties of usual interest are the complex
dielectric constant €*. This quantity described as
(Naseem et al. 2018) e« =’ +je' ', &' called dielec-
tric constant, is the real part of permittivity, which de-
scribes the material capacity to store charge and the
imaginary part of permittivity is namely dielectric loss
" that describes the energy needed for molecular mo-
tion or the loss in energy because of the polarization and
ionic conduction (Khor et al. 2009).

The permittivity of a material is an indication not
only to the molecular relaxation but also to the transport
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processes. It may depend on many parameters such as
the material structure, composition, and synthesis meth-
od. To understand role of the following parameters,
microstructure, intergranular potential barrier, and com-
position on the electrical properties of any material, the
value of (¢) can be obtained using relation:

e =Cd/e,A

where A is the sample area, ¢, free space permittivity, C
is the effective capacitance, and d is the sample thick-
ness. The imaginary part of the permittivity (¢") which is
calculated using the formula: €” =& "tan d, where
tand = tan(90 — ¢) is the dielectric loss factor and it is
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related to the energy loss from the applied field into the
sample to be termed as dielectric loss.

The dependence of dielectric constant (¢") and dielec-
tric loss factors (¢") of undoped and Fe-doped SnO,
ceramics at room temperature and in the frequency
range from 75 kHz to 10 MHz is illustrated in Fig. 4.
It is quite clear that all samples are describing the normal
dielectric behavior for both " and ” where the decrease
occurred with an increase in frequency. This occurred in
the low-frequency region because of the inability of the
electric dipoles to be in pace with the frequency of
applied electric field at high frequency (Kundys et al.
2008). The obtained high values for both two factors at
lower frequencies region are described according to the
space charge polarization resulted from the inhomoge-
neities present in the dielectric structure, viz. porosity in
the system. The change in the dielectric may depend on
the nature of material (Kumar et al. 2016). Moreover, all
the samples exhibit large dielectric dispersion in the
under investigation frequency range. That may explain
the high value of dielectric constant at low frequency
and the low value of dielectric constant as a result of the
high value of the frequency. Among all the samples, the
lowest dielectric dispersion achieved for SngoFe 0,
exhibits while the Sny ggFe 020, gives highest dielectric
dispersion. The decrement in both " and €” is attributed
to the dielectric relaxation.

Dielectric loss of pure and iron-doped SnO,
samples displayed the same behavior of the dielec-
tric constant-frequency dependent as shown in Fig.
4 c. It is also noted that as a result of adding Fe,
low tangent was loss compared with the undoped
SnO, sample. Two main factors affected the dielec-
tric loss: resistive loss and relaxation loss. Energy
is utilized by the mobile charges in resistive loss
case, while in the case of relaxation loss, the di-
poles relaxation give rise to the dissipation of en-
ergy (Sharma et al. 2014). High dielectric losses
obtained at lower frequency may attributed to the
space charge polarization according to the
Shockley—Read mechanism (Abdel-Latif et al.
2018), where at low and intermediate frequency,
surface electrons may be captured by the impurities
and defects in crystal lattice, and hence, the space
charge polarization occurs (Abdel-Latif et al. 2018).
Low dielectric loss observed at higher frequencies,
in our case, may be attributed to the formation of
defects dipoles originated because of the mix of
valence states (Fe**/Fe** and Sn**/Sn®*) (Mehraj
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Fig. 4 a Variation of permittivity real part with frequency for all
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et al. 2015). Looking at the high resistance of the
grain boundary that is found in Ty Cog 4Fe;0y,
space charge polarization was produced as a result
of the electronic accumulation at the grain bound-
ary (Hcini et al. 2017).
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Both of the dielectric constant and dielectric loss
at lower frequencies show a larger dispersion
whereas they reach a low value at higher frequen-
cies. On the basis of space charge polarization
(Maxwell-Wagner bilayer) model, this behavior
can be well explained and it is in good agreement
with Koop’s phenomenological theory (Godara
et al. 2015). According to it, the origin of the space
charge polarization may be explained because of
the inhomogeneous dielectric materials that consist
of large good-conducting grains surrounded by the
low-conducting grain boundaries. The migration of
charge carriers that occurred at low frequencies in
interfacial, space charge, and polarization is pre-
dominate (Ahmad et al. 2018). Moreover, the rela-
tion between the space charges and the applied
electric field at low frequency is the reason for
the high dielectric constant value. On the other
side, at higher frequency, no enough time to follow
the applied electric field gives rise to the appear-
ance of relaxation. The well-known polarization
types that affect the total polarization are listed as
follows: electronic, dipolar, ionic, and interfacial
polarization. Dipolar and interfacial polarizations
are taking charge of dielectric constant at lower
frequency, while both of the electronic and the
ionic polarizations are taking charge of dielectric
constant at higher frequency. Electrons shift from
the equilibrium position under the influence of
electric field application, and hence cause polariza-
tion (Chandel et al., 2018).

To understand the conduction mechanism in present
ceramics the AC conductivity (o,.) calculated with data
available from the dielectric measurement by the empir-
ical formula (Zhao et al. 2018):

Oge = 27f £, tand

where, f is the applied field frequency. The room
temperature frequency dependence of AC conduc-
tivity for Fe-doped SnO, ceramics is shown in
Fig. 5. The increase in AC conductivity as a result
of the frequency of applied field is because this
increase in frequency reinforces the electron hop-
ping frequency (Azam et al., 2010b). From the
charge carriers transfer point of view, charge carrier
may transfer between localized states and the driv-
ing force generated through applied field associates
the liberation of the trapped charges (Farea et al.

= Fe=0.00
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Fig.5 AC conductivity versus frequency at room temperature for
all samples
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2008). The exchange interactions between the dif-
ferent metal ions have the main contribution to the
conduction mechanism.

The frequency response of AC conductivity (o) in
the investigated material can be interpreted according to
the hopping or polaron mechanisms depending on the
available free charge carriers. The motion of electros
under the effect of electric field polarizes or distorts the
lattice forming polarons. Small polaron are generated as
a result of the spatial extension of such deformation or
distortion over the lattice is of the order of the lattice
constant while the generation of large polarons occurs
when the deformation extends beyond the lattice con-
stant. The AC conductivity decrease as a result of the
increase of frequency that may give rise to large polaron
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Fig. 6 Variation of log o, with respect to log f for Fe-doped SnO,
ceramics
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model, whereas the opposite behavior explains small
polaron model (Dhanalakshmi et al., 2016a,
Dhanalakshmi et al., 2016b). Hence, the observed var-
iation in (0,.) as a function of frequency in the present
study is in accordance with small polaron mechanisms
only. The involved electrons in hopping are responsible
for electronic polarization in these compositions
(Parthibavarman et al. 2014). The frequency-
dependent AC conductivity of dielectric materials could
be expressed by power law given by (Abo El Ata et al.
20006):

Oye = BW"

where B and n are temperature and material intrinsic
property dependent; B has the units of conductivity
while 7 is dimensionless (Mehedi Hassan et al. 2012).
The n value is deduced from the slope of the log o,
versus log f given in Fig. 6, and the linear fitting is an
indication to the conduction as frequency dependent
when 7 is less than one and greater than 0 (O<n<1)
or frequency independent when n» =0 (Mehedi Hassan
et al. 2012). The values of # less than one and greater
than 0 (n=0.827, 0.831, 0.835, 0.833, 0.836, 0.83,
0.848, 0.846, and 0.842) for all samples. According to
the n values, in our samples, the conduction is frequency
dependent and it is evident of the presence of small
polarons only.

Conclusions

Because of Fe,0; doping within a small concentrations
(x=0.02, 0.04, and 0.06), Sn;_.Fe, O, was found to
have single phase and Sn atoms partially replaced by
Fe atoms to hold the same symmetry of tetragonal
crystal system of P42/mnm (136) space group.

There is a decrease in the dielectric constant and dielec-
tric loss depending on the increase in frequency. Moreover,
the dielectric parameters in the investigated samples are
explained according to space charge polarization and to the
Maxwell and Wagner’s two-layer model. From the AC
conductivity frequency-dependent measurements, a small
polaron mechanism is pronounced. In the high-frequency
region, the dielectric loss of high iron concentration is near
zero implying that the material is promising for high-
frequency device use.
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