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Iron-doped Sn;_Fe,0, (x=0.0, 0.05, 0.1, 0.2, 0.33) thin films on Si(100) substrates and powders were prepared
by a chemical solution process. The x-ray diffraction (XRD) patterns of the Sn, ,Fe,O, thin films and powders
showed a polycrystalline rutile tetragonal structure. Thermo gravimetric (TG) - differential thermal analysis
(DTA) showed the final weight loss above 430 °C for all powder samples. According to XRD Rietveld refine-
ment of the powders, the lattice parameters and unit cell volume decreased with increasing Fe content. The
magnetic properties were characterized using a vibrating sample magnetometer (VSM) and Méssbauer spec-
troscopy. The thin film samples with x =0.1 and 0.2 showed paramagnetic properties but thin films with x =
0.33 exhibited ferromagnetic properties at room temperature. Mossbauer studies revealed the Fe** valence state
in the samples. The ferromagnetism in the samples can be interpreted in terms of the direct ferromagnetic cou-
pling of ferric ions via an electron trapped in a bridging oxygen deficiency, which can be explained using the F-

center exchange model.
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1. Introduction

Since the discovery of ferromagnetism in Co-doped TiO,
at room temperature [1], there have been many experi-
mental and theoretical studies on the magnetic properties
of transition metal doped semiconductors [2-8]. Under-
standing the magnetic interactions in a magnetic semi-
conductor has been a subject of intensive research, which
has greatly enhanced our basic knowledge of magnetism.
Many theories have been proposed and this subject is still
a matter of controversy. This study is an experimental
investigation into the effects of iron doping above 5% on
the structural and magnetic properties of tin oxide (SnQO,).
Among the various transition metal additives, Fe is of
particular interest because the ferromagnetism in Fe-doped
SnO, was proposed from a F-center exchange model [9,
10]. Fe-doped SnO, is considered a promising material
for the development of multifunctional magnetooptoelec-
tronic devices.
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2. Experimental

Tron-doped Sn;_Fe,O, (x =0.0, 0.05, 0.1, 0.2, 0.33) thin
films and powders were fabricated by a chemical solution
method. Weighed amounts of tin acetate (Sn(CH;CO,),)
and iron nitrate nonahydrate (Fe(NO3);-9H,O) were first
dissolved in 2-methoxyethanol, acetic acid, diethanol-
amine, and distilled water. The solution was heated under
reflux at 80 °C for 12 h to allow gel formation. Before
film deposition, the Si (100) substrates were cleaned with
acetone and methanol in an ultrasonic bath. The films
were deposited at 600 rpm for 4 s and 3000 rpm for 15 s
by spin-coating. They were then pyrolyzed on a hot plate
at 80 and at 250 °C for 3 min between each coating step
to increase the layer thickness. For the powder samples,
the solutions were dried at 120 °C for 48 h. Thermo
gravimetric (TG) - differential thermal analysis (DTA)
were carried out on the powders xerogel up to 1000 °C at
a heating rate of 5 °C/min to determine the crystallizing
temperature. The compositions of all powder and thin
film samples were annealed at 800 °C. In particular, the
thin film samples with x = 0.33 were annealed at various
temperatures (300, 400, 500, 600, 700, 800, and 900 °C)
to allow the formation of the highly homogeneous
developed phase. The crystal structure of the samples was

© 2009 Journal of Magnetics



-162 -

examined by x-ray diffraction (XRD) with Cu K (1=
1.54056 A) radiation. The thickness of the prepared thin
film was measured by field emission scanning electron
microscopy (FE-SEM). The magnetic properties were
characterized using a vibrating sample magnetometer (VSM)
and Mossbauer spectroscopy. In the thin film magneti-
zation measurements, the magnetic field was applied
parallel to the sample plane. The Mdssbauer spectra were
recorded using an electromechanical type spectrometer
with a >’Co source in a rhodium matrix.

3. Results and Discussion

TG and DTA were carried out on the powder xerogel
up to 1000 °C at a heating rate of 5 °C/min. The weight
losses on the TG curves and the corresponding endo-
thermic peaks on the DTA curves were attributed to the
decomposition of the organic compound in the com-
positions. Fig. 1 shows the TG and DTA plots of the dried
SnyFe,O, (x=0.0, 0.1) gel powder compositions. As
expected, the decomposition reaction was strongly exo-
thermic. The exothermic peak at 265 °C and 269 °C for x
=0.0 and 0.1, respectively, was relatively sharp and intense.
The weight change associated with this exothermic reac-
tion was approximately 26% and 33% for x =0.0 and 0.1,
respectively. The sharp exothermic peak with a rapid weight
drop was attributed to decomposition of the mixed solvent
and the evaporation of metal salts and/or decomposition
of a by-product. Figs. 2 and 3 show the x-ray diffraction
patterns of Sn,_Fe,O, (x=0.0, 0.05, 0.1, 0.2, 0.33) thin
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Fig. 1. The TG and DTA plots of the dried Sn; Fe,O, (x=0.0,
0.1) gel powders.
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Fig. 2. The x-ray diffraction patterns of Sn;Fe.O, (x =0.0,
0.05, 0.1, 0.2 and 0.33) thin films and Si(100) substrate at
room temperature.
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Fig. 3. The x-ray refinement of Sn,Fe,O, (x=0.0, 0.05, 0.1,
0.2 and 0.33) powders at room temperature.

films and powders (x=0.0, 0.05, 0.1, 0.2, 0.33),
respectively. In Fig. 2, the XRD patterns of the Fe-doped
SnO, films showed a polycrystalline single phase without
any Fe related crystallites due to segregation. All the
diffraction patterns were assigned to the tetragonal rutile
phases of tin oxide (Sn0O,). Although the XRD patterns of
the SnO, thin films with a Fe concentration up to x =0.33
showed a single phase, the XRD patterns for x = 0.2 and
0.33 indicated the coexistence of rutile Sn(Fe)O, and -
Fe,O; phase. In order to examine the changes in the
detailed local structure, a Rietveld refinement was per-
formed for x = 0.0, 0.05, and 0.1 powder XRD patterns.
The crystal structure of the powder samples was deter-
mined to be a tetragonal structure with the space group
P4,/mnm by Rietveld refinement, and the final Bragg
factors, Rg and Ry, for all patterns were <3%. With
increasing Fe concentration from x = 0.0 to 0.1, the lattice
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Table 1. Summary of the Sn;Fe,O, powders from XRD Rietveld refinement analysis; The synthesis parameters, lattice constant,
lattice volume, Bragg factors (Rp, Rr), and oxygen deficiency.

Fe content lattice constant (A) lattice volume (A%) Ry Ry oxygen deficiency
) a Co v % % %
0.0 4.7400 3.1871 71.6058 2.98 2.16 6.8
0.05 47388 3.1851 71.5389 2.22 1.47 8.7
0.1 4.7380 3.1836 71.4679 1.24 1.97 12.8
(+0.0001) (+0.0001) (£0.0001) (+0.01) (#0.01) (#0.1)
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Fig. 4. FE-SEM images of Sngg7Fe) 330, thin film on Si (100)
substrate.

constant a, decreased from 4.7400 to 4.7380 + 0.0001 A,
and ¢, decreased from 3.1871 to 3.1836 + 0.0001 A. In
addition, the unit cell volume decreased with increasing
Fe concentration. Table 1 lists the refined parameters.
This can explained by the difference in ionic radii,
Fe**=0.69 A and Sn**=0.83 A. From the Rietveld
refinement of the powder XRD patterns, the oxygen
deficiency concentration for Fe-doped SnO, increased
with increasing Fe concentration.

Fig. 4 shows FE-SEM images of Sngg7Feq330; thin
films on the Si (100) substrate. The thickness of the
Sng ¢7Feg 330, thin film was determined to be 73 nm. This
suggests that Sn;.Fe, O, (x=0.0, 0.05, 0.1, and 0.2) thin
film samples have similar thickness due to the same pre-
paration conditions.

The magnetic properties were characterized by VSM
and Mossbauer spectroscopy. Fig. 5 shows the magneti-
zation curves at room temperature for the Fe-doped SnO,
thin films. As shown in Fig. 5, the ferromagnetic pro-
perties of the Sng4;Feq 330, thin film revealed a coercivity
of 137 Oe at room temperature. With the exception of the
Sng 67F€9330, thin film, all thin films showeds paramag-
netic behavior. In the case of powder samples, the x =
0.05 sample showed the paramagnetic behavior, which is
in contrast to the weak ferromagnetic behavior observed
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Fig. 5. Magnetic hysteresis loops at room temperature for
Sn;Fe,0, (x=0.1, 0.2, 0.33) thin films.
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Fig. 6. Magnetic hysteresis loops at room temperature for
Sn; Fe, O, (x=0.05, 0.01) powders.

for the x =0.1 sample, as shown in Fig. 6.

The origin of the magnetism in the Fe doped SnO, is
believed to be a F-center exchange (Fe** — vacancy — Fe®")
model [9, 11]. In a recent paper, Coey et al. proposed a
ferromagnetic exchange mechanism involving oxygen
vacancies ([]), which form F-centers with trapped elect-
rons, for the observed ferromagnetism in the Fe-doped
SnO, thin films. The VSM measurements of this Sn;_-
Fe, O, sample suggests that the ferromagnetic behavior of
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Fig. 7. The Mossbauer spectra of Sn;Fe,O, (x=0.05, 0.1)
powders taken at room temperature.
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the x =0.33 doped thin film and x = 0.1 powder samples
follow the F-center exchange model, according to the
increasing oxygen deficiency from 6.8% to 12.8% with
increasing dopant concentration from x=0.0 to x=0.1
using a Rietveld refinement, as summarized in Table 1.

Fig. 7 shows the Mdssbauer spectra of the Sn;.Fe,O,
(x=0.05 and 0.1) powders taken at room temperature.
The spectrum displayed a single doublet with electric
quadrupole splitting (AEq) of 1.07 mm/s for x =0.05 and
0.91 mm/s for x = 0.1. The isomer shift (J) of the doublet
for x =0.05 and 0.1 was found to be 0.23 and 0.25 mm/s
relative to Fe metal, respectively, which is consistent with
the Fe’* charge state [12, 13]. The Fe’* ions constituting
this doublet are located at the Sn*" sites, which indicate
that the oxygen deficiency is caused by Fe’" ions.

4, Conclusion

Iron-doped Sn;_Fe,O, (x = 0.0, 0.05, 0.1, 0.2, and 0.33)
thin films and powders are fabricated by a chemical
solution method. The prepared samples with a Fe-doping
concentration varying from 0 to 33% showed a rutile
tetragonal structure. XRD refinement analysis showed that
the lattice parameters and cell volume decreased with
increasing Fe content, and indicated the presence of oxy-
gen deficiencies in the samples. Ferromagnetic behavior
at room temperature was observed for the x =0.33 thin
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film and x=0.1 powder samples. On the other hand,
paramagnetic behavior was observed in the other thin film
and powder samples. The Mdssbauer spectra showed that
the iron was mainly in the form of Fe**, which substituted
for the Sn*" sites. This can be direct evidence of oxygen
deficiencies caused by presence of Fe*" ions in place of
Sn**, which in turn leads to the ferromagnetic behavior.
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