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In the present study, Fe* doped SnO:; thin films were synthesized by chemical spray pyrolysis method. The as-prepared
sampleswere characterized by powder X-ray diffraction (XRD), optical and electron paramagnetic resonance (EPR) studies
to collect the information about the crystal structure and the local site synmetry of doped Fe® ions in the SnO; lattice. The
powder XRD data revealed that the crystal structure belongs to a tetragonal rutile phase of SnO and its lattice cell
parameters were evaluated. The average crystallite size was found to be around 23 nm. The EPR spectrum revealed a
resonance signal at around g =2.07, which can be ascribed to iron ions into the host lattice at a distorted octahedral site
symmetry and also confirmed from the optical absorption studies.

(Received December 10, 2016; accepted April 5, 2018)

Keywords: SnO,, Thin films, Spray pyrolysis, Powder X-ray diffraction, Optical and EPR

1. Introduction

Tin oxide (SnO,) is a special oxide material because it
has a low electrical resistance with high optical
transparency in the visible range [1, 2]. Due to the unique
properties and abundance, SnO, is extensively studied as
cost-effective metal oxide semiconductor for potential
solutions of environmental problems [3]. The suitability
and tunability of band structure of SnO,, as well as the
chemical, thermal stability and non-toxicity, make it an
appropriate material for liquid crystal displays, gas
sensors, flat panel display and heat reflectors in solar cells.
For most of these applications, SnO, is valuable to use in
the form of thin films and it has interesting properties for
several applications [4].

Thin films based semiconducting materials are very
fascinating and can be used in many applications as
coating materials, heat mirrors, catalysis in optoelectronic,
plasma devices and electrochromic devices etc. [5].
There is a great demand and usage for transparent
conductive oxides (TCOs) based semiconducting oxide
materials, energy conversion sources, semiconducting
based solar cells and luminescent materials. Among all
oxide based materials, SnO, can be treated as a unique
material due to its wide variety of properties like low
electrical resistance and high optical transparency in the
visible region. Due to its significant properties, SnO, can
also be used in wide variety of applications such as gas
sensors, LEDs, solar cells, and optoelectronic devices [6].
SnO, can be treated as the host material, because the bond
formation and the coexistence between tin interstitials and
oxygen vacancies help in the improvement of transport of
ions and optical properties. Doping with different metal
oxides in SnO, nanostructures can improve the good
optical transparency and electrical conductivity [7]. The 3d

transition metal ions as dopants with open d-shell
electronic configurations have various physical properties.
To obtain good quality films, iron is used as one of the
mag'or source of elements for display devices. By doping
Fe®* ions in SnO, thin films, one-dimensional structure
was formed due to the presence of oxygen vacancies in
Sn0O,. The oxygen vacancy has a great influence on the
physical and chemical properties. Usually semiconductor
oxide hosts are incorporated with small concentrations of
activator ions, like transition (3d) or rare-earth (4f) metals.
The absorption and emission bands of activators are
controlled by changing the crystal field or the covalence
(the activators have excitation energy levels that can be
excited by direct excitation or by energy transfer from the
host and then emission from the excitation states are
subsequently observed) depending on site symmetry and
coordination number of activator ions. Among the 3d
transition metal ions, Fe®* ions can show an efficient
luminescence property.

SnO, thin films can be fabricated by using various
techniques, like, chemical vapor deposition [8], sputtering
[9], sol-gel [10], reactive evaporation [11], pulsed laser
ablation [12], and spray pyrolysis [13]. Among these,
spray pyrolysis is one of the most appropriate methods
because of its facile, simplicity, low cost, easy to add
doping materials and the possibility of varying the film
properties by changing composition of starting solution
[14]. In the present study, Fe** doped (0.01 mol %) SnO,
thin films were prepared by using a chemical spray
pyrolysis method. The as-prepared thin films were
characterized by powder X-ray diffraction (XRD), optical
and electron paramagnetic resonance (EPR) techniques to
collect the information about the crystal structure and the
site symmetry of doped Fe" ions in the SnO; lattice.
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2. Experimental
2.1. Synthesis

All the chemicals and reagents in this experiment
were of analytical grade and used without further
purification. Here, Fe** doped SnO, thin films were
synthesized by using chemical spray pyrolysis method. A
spray solution was prepared by mixing 0.1 M aqueous
solutions of SnO, and Fe,03; (0.01 mol %) using magnetic
stirrer. The automated spray solution was then transferred
to the hot substrate kept at the normalized deposition
temperature 673 K using filtered air as carrier gas at a flow
rate normalized to ~ 1.8 ml/min. To prevent the substrate
from excessive cooling, the prepared solution was sprayed
on the substrate for 10 s with 15 s intervals. The films
deposited on micro-glass slides were first cleaned with
detergent water and then dipped in acetone.

2.2. Characterization

The as-prepared samples were characterized by
powder XRD pattern using PANalytical Xpert Pro
diffractometer with CuKa radiation (A = 0.15405 nm). The
optical absorption spectrum was recorded at room
temperature using JASCO V-670 spectrophotometer in the
wavelength ranging from 200 to 1400 nm. The EPR
spectrum was obtained at room temperature on JEOL JES-
FA series X-band EPR spectrometer having 100 kHz field
modulation.

3. Results and Discussion
3.1. Powder X-ray diffraction studies

Fig. 1 shows the powder XRD pattern of Fe** doped
SnO, thin films. The obtained XRD pattern of the as-
prepared sample is in good agreement with the standard
JCPDS file No. 41-1445 [15]. From the diffraction data,
the as-prepared sample is indexed to a tetragonal rutile
phase of SnO, with a space group of P4,/mnm and the
corresponding lattice cell parameters are measured as
a=b=0.473 nmand ¢ =0.318 nm [16].

Sn0;: JCPDS# 41-1445
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Fig. 1. Powder XRD pattern of Fe** doped SnO, thin films

From the analysis of the XRD pattern, it is clearly
observed that the prepared sample is crystalline in nature
[17]. XRD pattern shows that the prepared sample grows
along the preferred orientation of (110) plane, which
resembles the rutile phase of SnO, and the remaining
planes such as (101), (200) and (211) were also detected
with significant intensities [18]. The average crystallite
size of the as-prepared sample is calculated by using
Debye-Scherrer’s formula,

D = (kA/pcosH)

where k is a constant (about 0.9), A is the wavelength of
X-ray, B is the full width at half maximum (FWHM) of the
diffraction peak, and 6 is the diffraction angle [19]. Based
on the value of FWHM, the average crystallite size of the
as-prepared sample is found to be around 23 nm, which is
in the order of nano-size.

3.2. Optical absorption studies

The Fe* has an electronic configuration of [Ar] 3d°
equivalent to a half filled d-shell and it is predominantly
most stable state of iron. The ground state of d° ions is °S
which transforms into °A;, state in the field of any
symmetry and it is same for both octahedral and
tetrahedral fields. It does not split by the effect of crystal
field and hence all the transitions are spin forbidden and
appear with less intensity. In the excited state it gives rise
to quartet (*P, “D, “F, “G) and doublet (S, %P, %D, °F, 2H)
terms. Of the above terms 6Alg lies lowest according to
Hund’s rule. It corresponds to the strong field
configuration t%,e,%. In a weak crystal field, the lower
quartet terms transform as follows: b5 GAlg,
4G 4Tlg+4T2g+4Eg+4Alg,4D—>4T2g +4Eg,4P—>4T1g.
The transitions from °A; to T, and “T, depend on the
crystal field strength Dq, whereas the other bands are
independent of Dg. However, the crystal field parameters
in the two cases are essentially different. The Dq values in
the two cases are related as DQet = 4/9 Dot [20].
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Fig. 2. Optical absorption spectrum of Fe** doped SnO, thin
films
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Fig. 2 shows the optical absorption spectrum of Fe®*
doped SnO, thin films in the region of 360-700 nm at
room temperature. The absorption bands obtained in the
Fig. 2 are assigned to various transitions of Fe** in the
octahedral site symmetry. The bands at around 382 (26178
cm?), 412 (24271 cm™), 453 (22075 cml), 542 (18450
cm?) and 688 (14535 cm™) nm are attributed to the
transitions  °A;o(S) — “‘Ey(D), °A(S) — “Ty(D),
*Asg(S) — “A(O+Ey(G), *Arg(S) — “Ty(G) and
®A14(S) — “T14(G) respectively.

The energy matrices of d° configuration are solved
with Tree’s correction factor (o = 90 cm™) [21], the
evaluated crystal field (Dg) and interelectronic repulsion
(B and C) parameters are Dq = 925, B = 700 and C = 2750
cm?. The evaluated parameters are in good agreement
with the observed absorption data. These values suggest
that the doped Fe®" ions are in distorted octahedral site
symmetry with the host lattice. The observed band head
data and the calculated values are listed in Table 1.

Table 1. Optical band positions, crystal field and inter-electronic repulsion parameters of
Fe** doped SnO, thin films

Transitions

from Wawelength Wawve number (cm™) Dqg B C
®Agq (S) (hm) em®) | em™) | (m?)

1 Observed | Calculated

“E4(D) 382 26178 26169

“T24(D) 412 24271 24318
925 700 2750

“A14(G+'Ey(G) 453 22075 22066

“T24(G) 542 18450 18437

*T14(Q) 633 14535 14578

3.3. EPR studies

Fig. 3 shows the EPR spectrum of Fe** doped SnO,
thin films at room temperature. Since the iron ions belong
to d° configuration with ®S ground state in the free ion and
there is no spin-orbit interaction, g value is expected to lie
very near to free ion value of 2.0023. In perfect T4 or Oy,
i.e. cubic ligand fields, only one signal appears at g = 2.0
in the X-band EPR spectrum. The orbital angular
momentum is zero for Fe** and therefore, the EPR
spectrum can be observed even at room temperature. The
EPR spectrum exhibits a signal at around g = 2.07, which
can be attributed to iron ions into the host lattice at
distorted octahedral site symmetry [22]. The features of
the EPR spectrum can be qualitatively explained as
follows: resonance peak for Fe®* at around g = 2.07 can
only occur if Fe** is located in a site where crystal field
interaction energy is less than the magnetic Zeeman
energy and arises due to isolated Fe**. Fromthese results,
the site symmetry of Fe* in host lattice is identified as an
octahedral site symmetry and the same is also confirmed
from the optical absorption study.
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Fig. 3. EPR spectrum of Fe** doped SnO, thin films

4. Conclusion

In summary, Fe®* doped SnO, thin films were
successfully prepared by chemical spray pyrolysis method.
From the powder XRD studies, the crystal system was
indexed to a tetragonal rutile phase and the corresponding
lattice cell parameters were evaluated.
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The evaluated average crystallite size of the as-
prepared sample was in the order of nano-scale. The
optical absorption spectrum showed five characteristic
bands and revealed the doped Fe®* ions were in the
distorted octahedral site symmetry of the SnO, lattice.
This was also established from the EPR study, which
showed a strong resonance signal at around g = 2.07,
which was also a further evidence for the octahedral

symmetry of Fe**ions in the host lattice.
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