
Eur. Phys. J. Appl. Phys. (2016 ) 73: 30401 DOI: 10.1051/epjap/2016150539

Effect of Fe doping on the electrical and magnetic properties
of Sn1-xFexO2 nanoparticles

Saleh A. Saleh, Ahmed M. Abdel Hakeem, and Eslam M.M. Ibrahim



Eur. Phys. J. Appl. Phys. (2016) 73: 30401
DOI: 10.1051/epjap/2016150539

THE EUROPEAN
PHYSICAL JOURNAL

APPLIED PHYSICS

Regular Article

Effect of Fe doping on the electrical and magnetic properties
of Sn1−xFexO2 nanoparticles

Saleh A. Saleh1,2, Ahmed M. Abdel Hakeem1,a, and Eslam M.M. Ibrahim1

1 Physics Department, Faculty of Science, Sohag University, 82524 Sohag, Egypt
2 Physics Department, College of Science & Arts, Najran University, P.O. Box 1988 Najran, Saudi Arabia

Received: 29 October 2015 / Received in final form: 1 February 2016 / Accepted: 4 February 2016
Published online: 9 March 2016 – c© EDP Sciences 2016

Abstract. In this work, Sn1−xFexO2 (x = 0.00, 0.02, 0.04, 0.06 and 0.08) nanoparticles have been synthe-
sized using ball-milling method. The average diameter of the nanoparticles decreases from 487 to 216 nm
by adding Fe2O3 to the tin dioxide. The X-ray diffraction analyses confirms formation of tetragonal struc-
ture which is typical feature of SnO2 compounds. Theoretical density was found to be larger than the
corresponding physical one due to the porosity of the materials. The electrical resistivity versus tem-
perature measurements confirm that the undoped and Fe doped SnO2 nanoparticles are characterized
with semiconducting behavior over the whole measurement range of temperature 300–473 K. The mag-
netic measurements confirm transformation from diamagnetic to ferromagnetic characteristics as Fe doping
level reaches x = 0.06.

1 Introduction

Metal oxides attract great interest of enormous research
groups because of the broad range of their important tech-
nological properties [1–17]. Particularly, tin dioxide
(SnO2) presents itself as one of the promising materials
where it possesses various properties suitable for fabrica-
tion of different efficient electronics and optoelectronics
devices such as transparent conducting electrodes [1,2],
solar cells [3], photocatalysis [4,5] and so on. Additionally,
SnO2 has received considerable attention as solid-state
gas sensors because of its chemical and thermal stability,
natural non-stoichiometry and stable rutile phase [6–15].
Working as gas sensors is based on the chemical reaction
caused by adsorption of the gas on the SnO2 surface and
the resulted change of the electrical conductance [16,17].

Tin dioxide is a wide band gap n-type semiconductor
(of 3.6 eV) [1]. Considerable experimental investigations
focus on the synthesis of SnO2 and tuning of its band
gap by various doping and alloying methods. It has been
recently confirmed that the sensibility and response of
SnO2 gas sensors could be improved by the use of appro-
priate additives and processing methods [18]. This is rea-
sonable because incorporation of impurities or defects into
semiconductor lattices are vital means for tailoring elec-
trical resistivity of the semiconductor [19–23]. Iron is a
particularly interesting element for doping SnO2 because
Fe3+ is a lower valence cation and thus can vary the Debye
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length through changing the carrier concentration. There-
fore, by controlling Fe content, the electrical properties of
SnO2 can be tuned and feasibility of using as gas-sensors
can be improved [24].

Sn1−xFexO2 nanostructures have been successfully
synthesized by various techniques, such as sol-gel, ball
milling, hydrothermal methods and polymeric precursors
method [25–33]. Among them, the ball milling carries a
number of advantages it is a fast, simple, low-cost and
low-maintenance technique with a few drawbacks like
impurities, disorders and defects introduced in the
material. Ribeiro et al. discussed deeply the role of milling
time on the impurities contents in the Sn1−xFexO2 com-
position. They showed that the complete incorporation of
Fe2O3 by SnO2 occurs not before 3 h of milling as was
confirmed by the Mössbauer spectroscopy [34].

Study of the bulk Fe doped SnO2 materials have been
reported by many research groups while their properties in
nanosized scale are not fully explored. This work presents
a study of the effect of Fe doping on the structural, electri-
cal and magnetic properties of tin dioxide particles synthe-
sized in nano-sized scale. Fabrication of gas-sensor devices
with tiny particles size improves significantly the sensi-
bility of gas detection since the surface to volume ratio
becomes much larger. Noteworthy, the electrical proper-
ties of the tiny particles of a semiconductor exhibits large
deviation from those of single-crystalline or bulk poly-
crystalline counterparts [35]. Deviation of the electrical
properties comes from the band structure modification,
the quantum confinement of the charge carriers and the
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predominant contribution of the largely defective and
strained grain boundaries resulted from decreases of the
particles size to nanometer scale.

2 Experimental details

Samples of chemical formula Sn1−xFexO2 (x = 0.00, 0.02,
0.04, 0.06 and 0.08) were prepared from high purity
oxides (SnO2 and Fe2O3). The precursors were weighed
and mixed according to the desired stoichiometry and then
ball milled for 2 h. The powder mixtures were gone into
conventional solid-state technique where they were pressed
at room temperature into pellets inside a stainless steel
die under 5 ton cm−2 and subsequently sintered in air at
1423 K for 24 h. After that, the materials were ball milled
for 12 h at a rotation speed of 300 rpm with ethylene.

Phase analysis was done by means of X-ray diffrac-
tion (XRD) using a PANalytical X’Pert PRO diffractome-
ter at room temperature with Cu (Kα) radiation (λ =
1.5406 Å). A 2θ scan was taken from 10◦ to 90◦ with a
sampling pitch of 0.02◦. The morphology of the samples
was studied by a field emission scanning electron micro-
scope (FE-SEM: JEOL JSM-7600F) techniques. Compo-
sition analysis was carried out using energy dispersive
spectroscopy (EDS) attached to the FE-SEM. The elec-
trical resistivity was carried out at various temperature
ranging from room temperature to 473 K in a vacuum
of 10−3 mmHg which was found to contribute much to
the thermal stability during measurements. A DC voltage
(1.1 V) was applied across the sample and the
resulted current was measured by a digital picoammeter
(DPM-111 Scientific Equipments, Roorkee). The temper-
ature was measured by a calibrated copper-constantan
thermocouple mounted near the sample. The magnetic
properties were studied using a commercial super-
conducting quantum interference device magnetometer
(VSM-SQUID).

3 Results and discussion

3.1 Structural studies

Figure 1 shows the XRD patterns of the pure and
Fe-doped SnO2 samples. The diffraction peaks are corre-
sponding to typical tetragonal structure of SnO2 alloys
phases (PDF code: 00-041-1445) with space group P42/
mnm (136) confirming the expected crystal structure.
Variation of some peaks intensities with changing the dop-
ing concentration can be observed.

The sharpness of the peaks indicates to the well crys-
tallinity of the prepared sample. Noteworthy, no indica-
tions of peaks corresponding to impurity phases or other
tin- or iron-oxides phases were detected. Also, no peaks
were detected for the Fe-Sn oxide phase even for the most
Fe doped SnO2 sample. This may be reasonable because
formation of such phase requires low cooling rate, high
synthetic pressure, and high dopant concentration, which
are not realized in this work [36].
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Fig. 1. XRD patterns of pure and Fe-doped SnO2 samples.

Assuming that the nanoparticles have spherical shape
and according to the well-known Scherrer’s equation [37]:
Cs = 0.89λ

β cos θ , the crystallite size of the nanoparticles can
be calculated from the full width of half maximum β of
the diffraction peak corresponding to the Bragg’s angle θ.
Taking into account the wavelength of Cu Kα radiation
λ = 1.5418 Å yields the mean diameter Cs equal to 180 nm
of the pure SnO2 samples and decreases sequentially by
increasing the Fe content to reach 92.2 nm for the sample
of x = 0.08 (see Tab. 1).

For tetragonal structure, the lattice parameters a and
c are calculated using the relations [38]:
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The data tabulated in Table 1 shows that the lattice
parameters are nearly constant with variation of the Fe
content in the SnO2 samples. The unchanged values of
a and c likely arises from the following reasons: (i) the
relatively low content of Fe2O3 in the compounds and
(ii) the low change of defects amounts caused by the oxy-
gen content in the sample due to also the relatively low
content of Fe2O3 [39]. Noteworthy, the unchanged values
of the lattice parameters indicate well incorporation of Fe
into the SnO2 host lattice. This matches well with the
monophase feature observed from the XRD patterns and
the complete absence of the iron oxide as second phase.
Similar behavior has been reported in other works [40].

It is well known that density plays a key role in control-
ling the properties of polycrystalline oxides [41]. There-
fore, the samples density was determined by two different
methods. Firstly, the physical density (ρP) of each sample
was measured by the formula ρP = m

πr2h where m is the
mass, r is the radius and h is the vertical height of the
sample in pellet form. Secondly, the theoretical density,
ρth, was evaluated by substituting the value of the lattice
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Table 1. Structural properties of the synthesized samples.

x% Cs (nm) a (Å) c (Å) c/a ρth (g cm−3) Pp (g cm−3) Porosity dSEM (nm)
0.00 180 4.72 3.18 0.67 7.02 2.6 63.0 633
0.02 161.25 4.75 3.18 0.67 6.89 5.4 21.3 528
0.04 92.5 4.75 3.19 0.67 6.79 5.2 23.2 468
0.06 92.5 4.75 3.19 0.67 6.74 4.6 31.6 411
0.08 92.2 4.74 3.19 0.6722 6.70 4.8 28.5 385

parameters a and c in the following formula:

ρth =
ZM

NAa2c
,

where Z,M andNA are the number of molecules in the
unit cell, the molar mass and the Avogadro’s number,
respectively. The values of ρP and ρth are presented in
Table 1. The data reveal that theoretical density ρth
decreases as the Fe content increases while the physical
density doesn’t show sequential change. This may be
attributed to existence of pores in the samples which
makes calculation of physical density not so accurate.
Existence of porosity may also be the reason of why the-
oretical density of each sample is larger than the corre-
sponding physical one. To estimate the porosity of the
samples, the following formula was employed [42]:

P =
(

1 − ρp
ρth

)
× 100,

where ρP is the physical density and ρth is the theoretical
density. From Table 1, the porosity values do not vary
sequentially as the Fe increases in the samples and this
may explain the non-sequential change of the physical
density values mentioned above.

3.2 Morphological studies

Figure 2 shows scanning electron microscope (SEM)
images of Sn1−xFexO2 (x = 0.00, 0.02, 0.04, 0.06 and 0.08)
samples. Generally, the samples consist of nano-sized semi-
spherical particles. Note that, no significant differences in
the overall morphology of the samples were observed.

The average size dSEM of the particles were deter-
mined by counting 100 particles at different locations at
each sample surface. The results of this analysis are dis-
played in histograms depicted as insets in Figure 2. The
data imply that dSEM decreases from 487 to 216 nm by
adding Fe2O3 to the tin dioxide. Notably, dSEM is much
larger than the crystallite size Cs calculated from XRD
(see Tab. 1) since the former represents the size of aggre-
gated nanocrystallites of Sn1−xFexO2. However, both of
them show the same trend with increasing the Fe concen-
tration in the samples. All the materials were investigated
by the energy dispersive X-ray EDX spectrometer. It was
found that the materials composition matches well with
the desired stoichiometry. Noteworthy, analyzing several
different locations of each material confirms that the
material is of the same chemical composition, which
confirm the good homogeneity of the prepared samples.

3.3 DC electrical resistivity

The temperature dependence of electrical resistivity (ρ)
was measured in the range between 300 and 473 K.
Figure 3 shows the ρ-T plots for the samples of 0.00 ≤ x ≤
0.08. The undoped sample show typical behavior of semi-
conductor over the whole range of temperature (see the
inset of Fig. 3).

However, for Fe-doped SnO2 samples, the conduction
behavior is featured by two distinct mechanisms where
ρ-T plot consists of two distinct regions around a cer-
tain transition temperature Tp. It was found that, the Tp

value increases significantly as the Fe content increases in
the samples (see Tab. 2). In the low temperature region
(300 K ≤ T ≤ Tp), the resistivity is relatively constant
as the temperature of measurement increases. The con-
stant ρ-T behavior can be attributed to the free carriers
created due to the Fe incorporation in the SnO2 lattice
and thus the associated mobility dependence conduction
mechanism. From this behavior, one can conclude that
the low temperature region is characterized by a compe-
tition between the carrier mobility and thermal activa-
tion mechanisms. The contribution of the carrier mobility
mechanism due to existence of free carriers is the reason of
the resistivity increase with the increase of the Fe concen-
tration in the samples. Obviously, the room temperature
resistivity ρ300 K increases with Fe substitution as seen in
Figure 4.

The high temperature range (Tp ≤ T ≤ 473 K) is
characterized by sudden sharp fall of the resistivity with
increasing the temperature. In this range, the electrons are
excited above the mobility edge and the thermal
activation mechanism of conduction become dominant as
a typical feature of semiconductors. The electronic con-
duction mechanism was found to be well represented by
a simple thermal activation law [43]: ρ(T ) = ρo exp(Eρ/
KβT ) where the pre-exponential factor ρo depends on the
composition of the samples [44], KB is the Boltzmann’s
constant, T is the absolute temperature and Eρ is the
corresponding activation energy, which is a function of the
electronic energy levels of chemically interacting atoms in
the materials and hence of the emerged band gap. From
the plot of ln ρ versus 1/T (Fig. 5), the activation energy
Eρ of all samples is estimated and tabulated in Table 2.

The Eρ values coincide with those reported previously
in other works [4,6]. Besides, they increase as the Fe con-
tent increases in the samples which explain the increase
of the electrical resistivity by Fe doping.

Figure 6 shows magnetic field (H) dependence of mag-
netization (M) for the materials at hand. The data exhibit
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Fig. 2. SEM images of pure and Fe-doped SnO2 samples.
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Fig. 3. The temperature dependence of the electrical resistiv-
ity for pure and Fe-doped SnO2 samples.

diamagnetic characteristic with negative magnetic suscep-
tibility for the pure SnO2 (sample of x = 0) as expected.
The negative magnetic susceptibility extends to the sam-
ples of x = 0.02 and 0.04 which may be attributed to the
low content of the Fe oxide and domination of the diamag-
netic features.

However, the room temperature M versus H plots of
these samples are featured with a hysteretic behavior.

Table 2. The transition temperature Tp and the activation
energy Eρ of the Sn1−xFexO2 (x = 0.00, 0.02, 0.04, 0.06 and
0.08).

x% 0.00 0.02 0.04 0.06 0.08
Tp (K) – 348 398 401 403
Eρ (eV) 0.68 0.87 1.25 1.49 1.59

Further Fe doping changes the magnetic behavior of the
Sn1−xFexO2 samples where, as shown in Figure 6,
x = 0.06 and 0.08 samples possess positive magnetic
susceptibility with room temperature ferromagnetic
behavior. The most notable thing for these samples is the
unsaturation of the M versus H plots which may indi-
cates a strong paramagnetic contribution at higher mag-
netic field [45]. The coercivity (Hc) is 5983 and 6620 Oe
while the retentivity (Mr) is 0.013 and 0.019 emu/g for the
samples of x = 0.06 and 0.08, respectively. The room tem-
perature ferromagnetic behavior appears at doping level
x = 0.6 might suggest a major role of surface oxygen
vacancies and charge carriers with taking in considera-
tion the model proposed by Coey et al. [46]. for ferromag-
netism in oxide semiconductors. According to this mode,
the transition metal dopants act as charge reservoirs
from which electrons can be transferred to local defect
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density of states such as oxygen vacancies in a nanoparti-
cle which could raise the Fermi level to fulfill the Stoner
criterion condition of ferromagnetism. If the energy
needed for the charge transfer is lower than the energy
gained from spin splitting, surface states could develop a
magnetic moment and the surface shell of the nanoparticle
that is rich in oxygen vacancies can spontaneously order
ferromagnetically [47].

4 Conclusion

A study on structural, and electrical resistivity of poly-
crystalline Sn1−xFexO2 (x = 0.00, 0.02, 0.04, 0.06 and
0.08) compounds have been carried out. We investigated
the effects of iron concentration on the densification, elec-
trical properties and magnetic features of Sn1−xFexO2

(x = 0.00, 0.02, 0.04, 0.06 and 0.08) ceramics prepared
by the solid state reaction method. XRD patterns of all
samples showed only peaks characteristic of cassiterite
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Fig. 6. Magnetization versus magnetic field plots of the
Sn1−xFexO2 (x = 0.00, 0.02, 0.04, 0.06 and 0.08) measured
at room temperature.

phase SnO2. The microstructure study confirmed decrease
of grain size with Fe doping which coincides with the
XRD data. The pure SnO2 sample was characterized by
typical semiconductor behavior over the whole tempera-
ture of measurement. However, the Fe-doped samples were
featured by a transition between two distinct conduction
mechanisms around a certain transition temperature. The
low temperature region showed competition between car-
rier mobility and semiconductor conduction mechanisms
while with elevating the measurement temperature, the
semiconductor mechanism dominated. The magnetic mea-
surements revealed that the the Sn1−xFexO2 (x = 0.00,
0.02 and 0.04) are diamagnetic materials. However, the
x = 0.06 and 0.08 samples are ferromagnetic with coer-
civity 5983 and 6620 Oe, respectively.
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