Energy gap variation due to Al content in SmFe,_,Al,O; and its application in optics
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The optical properties of Al-doped SmFeO; (SmFe,_,Al, O3, for x varying from 0 to 0.15), were monitored by diffuse reflectance spectroscopy
(DRS). The diffuse reflectance spectra were used to study the surface properties of the samples. The DRS spectra exhibit three reflection bands
at different regions. The product was characterised by X-ray diffraction to confirm the formation of single-phase crystals of the perovskite
structure. The bandgap, a major factor in determining the optical performance of any material, was found to be tunable with Al content (x).

1. Introduction: The optical bandgap (E,) is explained as the
minimum energy required to move an electron from the valence
band to the conduction band. In a pure, undoped crystal the
optical gap is equal to the energy separation (E,) between the
conduction band edge and the valence band edge. The optical
and electronic properties of semiconductor materials can be
characterised by using the energy gap because of the relation
between the refractive index and the energy gap. The nature and
magnitude of the energy gap and refractive index are used to
determine the applications of semiconductors as optoelectronic
and optical devices. The performance assessment of the bandgap
engineered structures depends on these properties for continuous
and optimal absorption of broadband spectral sources. A prior
knowledge of the refractive index and energy gap is required to
deal with different devices such as solar cells, waveguides,
detectors, and photonic crystals. Coating technologies rely on the
spectral properties of materials. These technologies include
antireflection coatings and optical filters [1]. The threshold for
absorption of photons in a semiconductor can be determined by
energy gap and the refractive index is a measure of its
transparency to incident spectral radiation. The relation between
these two significant properties has a great effect on the band
structure of semiconductors [2]. In 1950, Moss proposed the
following basic relationship between these two properties using
the general theory of photoconductivity, which was based on the
photo effect [2, 3]

n*/A, = 77/um 1)

where n is the refractive index and A, is the wavelength
corresponding to the absorption edge. In terms of the energy gap,
this expression is [4]

n'E, = 95eV @)

According to this relation, the refractive index of a semiconductor
can be determined with a known energy gap. Therefore, the study
of the energy gap is very important for determining the
performance of any material.

In this Letter, Al is exploited to control or alter the bandgap
of a material. This process named bandgap engineering. Layered
materials with alternating compositions can be constructed by dif-
ferent techniques such as molecular beam epitaxy. These methods
are exploited in the design of laser diodes.

Rare-earth perovskite orthoferrites present interesting properties
and are studied for their potential applications in microelectronics,
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bioengineering, and smart devices and for their meeting the
requirement of miniaturisation and low-power consumption in
such electronic components [5]. Understanding the crystallisation
mechanisms and characterising such perovskites are thus important
for understanding their properties. Induced modifications in differ-
ent functional properties (such as magnetic and optical) of SmFeO3
can be achieved by introducing intended magnetic vacancies into
the Fe sublattice by substitution of non-magnetic ions that can
produce additional anisotropy in the rare-earth orthoferrite
system. Because dilution effects cannot be neglected even in a
small concentration of vacancies, their relevance strongly depends
on the nature of the rare-earth ion [6].

Herein, we emphasise the influence of the variation of the B site
cation radius by substituting Fe** ions with Al"® ions. The physical
properties of a series of SmFe;_,Al,O; compounds, where
0.0<x<0.15 in steps of 0.05, are explored to discover novel
characterisations and to open a new era of optical applications.
The tuning of Al composition (x) will lead to changes in optical
properties [7-9].

In this Letter, the crystal structure and microstructure of
(SmFe,_,AlO;, for x varying from 0 to 0.15) are explored and
shows the influence of Al ions content (x) by using X-ray diffrac-
tion (XRD). XRD helps us to investigate the structural variations of
the unit cell of SmFeO3 parent compound upon the substitution
with A" ions. Fig. 1 illustrates the XRD pattern for the samples
(SmFe;_,Al,O3, for x varying from 0 to 0.15). The analysis of
the XRD pattern reveals the formation of the structure. The data
were compared and indexed with reference ICDD card no.
04-006-8304. The intensity of the diffraction lines depends slightly
on the Al content in the orthoferrite lattice. AI™> content (x) was
limited at the value of 0.15 due to the appearance of the secondary
phase, which means the material has another component indexed as
Al,O3 with relatively small intensities.

In this study, we propose a detailed explanation of the optical
properties of orthoferrites and we investigate the optical properties
by using diffuse reflectance spectroscopy (DRS) measurements.
The Letter is organised as follows: In Section 2, the materials and
fabrication method are explained in detail. In Section 3, results
and discussion are explained and we show the DRS concept and
the results that show how the energy gap is affected by Al concen-
tration. In Section 4, we present our conclusions.

2. Materials and methods: Double sintering ceramic technology
was used to prepare samples of SmFe;_,Al,O; with different
concentrations of Al, from 0 to 0.15 in steps of 0.05. Analar
grade oxides (Smy0;, Al,O3, and Fe,O3) were mixed together.
The preparation consisted of four steps:
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Fig. 1 XRD patterns of the samples (SmFe;_,AlL.O;3, for x varying from 0 to
0.15) *Secondary phase

1. Stoichiometric ratios were well mixed.

2. Grinding and pre-sintering were done at a certain rate.

3. Regrinding and final sintering were done at a certain rate.
4. The samples were pressed into pellets.

The detailed description of the preparation is presented in Fig. 2.

3. Results and discussion: The optical range from ultraviolet
(UV), though visible (vis), to infrared (IR) was characterised by
using DRS, in which a Varian SE spectrometer with a
BaSO,-coated integration sphere was used. DRS is a technique in
which scattered energy is collected and analysed. The sample is
projected to the beam which reflects off the surface of the particle
or be transmitted through a particle. The energy reflecting off
the surface is typically lost. The beam that passes through a
particle can either reflect off the next particle or be transmitted
through the next particle. These transmission and reflectance
events can occur many times in the sample, which increases the
path length. Finally, the scattered energy is collected by a
spherical mirror that is focused onto the detector. The detected
light is partially absorbed by particles of the sample, yielding the
sample information as shown in Fig. 3. There are two techniques
for the measurement, either the single-beam or the double-beam
arrangements. In the single-beam arrangement, the value of
primary beam intensity is recorded prior to the measurement. Its
disadvantage is the temperature dependence of the electronic
detection system, so all measurements must be taken in constant
temperature rooms. In double-beam arrangement, the primary
beam splits into the sample beam and reflectance beam. The
arrangements avoid any effect due to the experimental environment.

DRS has many advantages than other techniques. It is a simple
method of investigation, a suitable and non-destructive. These
advantages are important in examinations of gels, porous and nano-
crystalline materials. It is impossible to examine such materials by
using traditional methods of investigation and it is also difficult
to determine the path length in optical transmittance through
them. The high spectral quality of diffuse reflectance relates to
the following factors: (i) the sample must be diluted with a non-
absorbing matrix to ensure a deeper penetration of the incident
beam into the sample, which decreases the specular reflection com-
ponent and maximises the contribution of the scattered component
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stoichiometric ratios were well mixed

Y

samples were grinded using agate mortar for4 h
and pre-sintered in air at 900 C at a heating rate
of 4°C/min

.

samples were cooled to room temperature

Y

samples were regrinded again for 3 h and final
sintering was done in air at 1150 C for 2 h

v

samples were cooled to room temperature

v

samples were pressed into pellets using a uniaxial
press at a pressure of 5x10% N/m*for 180 sec

Fig. 2 Flowchart describing the preparation method of SmFe;_,Al.O;,
where x varies from 0 to 0.15 in steps of 0.05

IR beam

¢

A
" ) * sample

urce detector

Fig. 3 Schematic diagram of DRS

in the spectrum, and (ii) the quality of DRS spectra is improved by
smaller particles.

In this Letter, the surface structure of SmFe;_,Al,O3 pellets was
probed by UV-vis-IR diffuse reflectance spectroscopy. Fig. 4
shows the DRS spectra of x varying from 0 to 0.15. If x=0, there
is no AL It is clear that there are several reflection bands within
the three reflection regions: UV, vis, and IR. There are several
absorption bands in the UV region centred around 228, 240, 300,
and 320 nm. In the visible range (400-800) nm, there is mainly
one absorption band peaked at ~622 nm, with an absorption edge
at ~470 nm.

The optical bandgap can be determined from DRS measurements
[10, 11]. In a diffuse reflectance spectrum, the ratio of the light
scattered from a thick layer of the sample to that from an ideal
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Fig. 4 UV—vis—IR diffuse reflectance spectra

non-absorbing reference sample is measured as a function of the
wavelength by using the Schuster—Kubelka—Munk (SKM) remis-
sion function (i.e. FSKM(R,,) versus / in nanometres) [12—15].
Kubelka—Munk theory was used for the analysis of the diffuse
reflectance spectra, as expressed by the following equation:

FSKM(R,,) = (1 — Ry)2/2R,, = K/S. 3)

The relation among the diffuse reflectance of the sample (R,) and
absorption (K) and scattering (S) coefficients are related by the
SKM remission function. The SKM remission function relates the
experimentally determined diffuse reflectance of a thick sample to
K and S. The limiting fraction of the absorption of light per unit
thickness is called the absorption coefficient. The limiting fraction
of the light energy scattered backward per unit thickness, as thick-
ness tends to zero is called the scattering coefficient. At constant S,
FSKM(R,,) is directly proportional to K, and a plot of FSKM (R,)
vs concentration of the absorbing species should be a straight line
passing through the origin. This linear relationship can be used
for quantitative studies of powder samples of infinite layer thickness
containing uniformly distributed metal ions in low concentration.
DRS has been used extensively to study transition metal oxides
to obtain information on surface coordination and different oxida-
tion states of metal ions. However, this technique has limitations
owing to the difficulty in interpreting the large bandwidths and
specular reflectance often observed in the spectra.

The bandgap energies of SmFe;_,Al,O; were evaluated from
optical reflectance spectra by extrapolating the straight line plot of
(F(Roo)hv)* versus hv according to the following Kubelka—Munk
equation as shown in Fig. 5 [16]:

F(Ry) = A(hv — E,)" 4)

where / is Planck’s constant, v is the frequency of vibration, £, is
the bandgap, and A4 is a proportional constant. The value of the
exponent #n denotes the nature of the sample transition: n=1/2 for
a direct allowed transition, n=23/2 for a direct forbidden transition,
n=2 for an indirect allowed transition, and » =3 for an indirect for-
bidden transition. Because the direct allowed transition is used in
this experiment, n=1/2 is used for these samples. The obtained
bandgap of SmFe;_,Al,O; versus Al composition (x) is plotted in
Fig. 6. One can see that the bandgap value decreases with increas-
ing Al content (x). It is clear that the resulting bandgap energies are
large (wide). The bandgap energies of materials are related to the
wavelength that is generated from the light source [17-19].
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Fig. 6 Variations of the energy gap of SmFe;_.Al,O; when x is varied from
0to 0.15 in steps of 0.05
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Therefore, we recommend using the investigated system in light
source applications.

4. Conclusion: We investigated the novel properties of Al-doped
SmFeO; (SmFe;_.Al,O;, where 0.0 <x<0.15 in steps of 0.05).
Double sintering ceramic technology was used to synthesise the
materials. On the basis of diffuse reflectance spectra, the optical
bandgap of SmFe;_,Al,O; was determined and it was found that
it can be tuned by altering the Al doping concentration (x). The
wide bandgap that was determined by reflectance indicates that
the system could be useful in optical applications, especially for
light sources.
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