Materials Physics and Mechanics 43 (2020) 11-17 Received: November 28, 2019

TEMPERATURE EVOLUTION OF THE DIFFUSE REFLECTANCE

SPECTRA OF Sr3Bi206 STRONTIUM BISMUTHATE
D.S. Shtarev'*, E.O. Nashchochin? A.V. Syuy*®, A.V. Shtareva?

“Yu.A. Kosygin Institute of Tectonics and Geophysics, Far Eastern branch of the Russian Academy of Sciences,
65 Kim Yu Chen Street, Khabarovsk, 680063 Russian Federation
’Far Eastern State Transport University, 47 Seryshev Street, Khabarovsk, 680021 Russian Federation
®pacific National University, 136 Tihookeanskaya Street, Khabarovsk, 680035, Russian Federation

*e-mail: shtarev@mail.ru

Abstract. The diffuse reflection spectroscopy (DRS) method was used to study the properties
of strontium bismuthate Sr3Bi,Og in a wide temperature range. It is established that after the
Kubelka-Munk transformation and logarithmization, it is possible to distinguish three linear
sections on the DRS. The presence of such linear regions at energies smaller than the bandgap
is usually associated with electron-phonon interactions in the crystal and is described using a
model based on the Urbach rule. A high-energy linear region can be associated with a direct
transition of electrons from the valence band to the conduction band. The remaining linear
sections can be associated with the transfer into the conduction band of electrons
biographically localized in deep traps in the bandgap.
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1. Introduction

The bismuthates of various alkaline earth metals have recently been actively studied as
potentially visible light photocatalysts. One of the reasons for this is that they have an
anomalous ratio between the potentials of the top of the valence band and the bottom of the
conduction band on the one hand, and the bandgap on the other [1]. The most photocatalytic
properties of calcium bismuthates [2-10] and strontium bismuthates [11-19] are studied. The
most studied barium bismuthate is the composition of BaBiO3 [20-24]. The photocatalytic
properties of magnesium bismuthates have yet to be investigated [25].

In the series of bismuthates of the above alkaline earth metals, namely strontium
bismuthates are perhaps the most promising photoactive materials. This is due to the fact that
they successfully combine high photocatalytic activity and ease of manufacture [11]. On their
basis, photocatalysts can be developed for the purification of water and air from organic and
inorganic pollutants, for the production of hydrogen due to the photocatalytic decomposition
of water, etc. According to theoretical studies [26], the most promising compositions for this
are strontium bismuthates, in the cationic sublattice of which the number of strontium atoms
exceeds the number of bismuth atoms. That is, such strontium bismuthates, which are located
in the phase diagram in the area from 50 to 100 mol.%.

A significant factor limiting the practical use of strontium bismuthates is the relatively
large value of the bandgap. Therefore, for strontium bismuthate Sr3Bi,Og, the bandgap is
3.2 eV [11]. Such a bandgap makes it impossible to activate the radiation of the visible range.
However, it is known that semiconductor photoactive materials can be activated by radiation
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with photon energy less than the bandgap. Such absorption of radiation in an improper region
becomes possible due to electron-phonon interactions and is described by the Urbach
rule [27]:

a= aoehv/EU, (1)
where a — semiconductor absorption coefficient, E;; — Urbach energy.

In this work, based on an analysis of the temperature evolution of diffuse reflection
spectra, the main parameters of electron-phonon interactions for a promising photoactive
material — strontium bismuthate Sr3Bi,Og — are determined.

2. Experimental

Pure strontium bismuthate Sr3Bi,Os was obtained by the solid-phase synthesis in accordance
with the procedure described in detail in [11]. Strontium nitrate and bismuth oxide were used
as precursors. The precursors were mixed in a stoichiometric ratio, after which they were
subjected to two-stage heating: up to 650°C for 24 in the first stage and up to 825°C for
72 hours in the second.

The optical properties of the synthesized strontium bismuthate were studied by diffuse
reflection spectroscopy (DRS). Diffuse reflectance spectra were recorded in the temperature
range 100-503 K. An Agilent Cary 5000 UV spectrophotometer with an integrating sphere
was used to record the DRS. BaSO, was used as the standard. Also, a special attachment to
the spectrophotometer was used, which allows registration of DRS in a vacuum at a controlled
temperature. A more detailed description of the design of the device and its capabilities for
optical measurements is given in [28].

3. Results and Discussion

Figure 1 shows how the diffuse reflectance spectra of strontium bismuthate Sr;Bi,Og change
upon heating from 100 K to 503 K. It can be seen that the largest changes occur in the region
of 2.2-3.2 eV.
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Fig. 1. Temperature evolution of the diffuse reflection spectra of strontium bismuthate
Sr3Bi,0¢ upon heating from 100 K to 503 K
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Determining the true absorption coefficient of a semiconductor (see formula 1) is a non-
trivial task. Therefore, in practice, to determine the Urbach energy, instead of the absorption

coefficient, the Kubelka—Munk function is used [29-30]:
(1-R)*
== )
If we logarithm expression (1) and take into account the transition from the absorption
coefficient to the Kubelka-Munk function (2), we obtain:

In(F) = In(Fy) + 7 (3)
U

Figure 2 presents the diffuse reflectance spectrums, converted by the formula (3). It can

be seen that in all the obtained spectra, three linear sections can be distinguished: the first in

the region of 2.75-3.3 eV, the second in the region of 2.25-2.75 eV and the third in the region
of less than 2.25 eV.
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Fig. 2. Kubelka-Munch transformation for diffuse reflectance spectrum of strontium
bismuthate Sr3Bi,Og at various temperatures

Each of the detected linear sections is characterized by its own value of the Urbach
energy. The energy of Urbach characterizes the ability of an electron to transfer to the
conduction band during photoactivation with an energy less than the value of the bandgap. In
this case, the photoelectron receives a lack of energy as a result of the electron-phonon
interaction from the thermal vibration of the crystal lattice.

The most obvious is the transition of an electron from the valence band to the
conduction band. However, from general considerations, transitions into the conduction band
of electrons biographically localized in deep traps in the bandgap are also possible. For such
electrons, the Urbach rule must also be satisfied. In diffuse reflectance spectrum, such
transitions should manifest themselves in the form of additional linear sections in the energy
region smaller than the bandgap.

Thus, found and shown in Fig. 2 additional linear sections can be associated with deep
defects in the band structure of strontium bismuthate Sr3Bi,Og. It follows from expression (3)
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that the Ey energy can be found if the linear sections of the curves in Fig. 2 describe by a
linear function. The results of such analysis are shown in Fig. 3.
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Fig. 3. Temperature dependence of the Urbach energy of strontium bismuthate Sr3Bi,Os

The typical temperature dependence of Urbach energy has the following form. At low
temperatures, the energy of Urbach is independent of temperature. Usually, this area is
attributed to intrinsic or impurity defects. Starting from a certain temperature, a direct
relationship is established between Urbach energy and the temperature. This is due to the
increase in thermal energy stored by the crystal lattice.

Figure 3 shows that the temperature dependence of the Urbach energy of the first linear
section has a well-known and explained, "canonical™ form. For the other two linear sections,
the temperature dependence of the Urbach energy has a more complex form.

The second linear section is characterized by a constant decrease in the Urbach energy
with increasing temperature.

For the third linear section, heating from 100 K to 300 K is accompanied by a decrease
in Urbach energy, after which the Ey begins to increase with increasing temperature.

The revealed differences in the temperature dependence of the Ey also confirm that the
first linear section of the diffuse reflectance spectrum corresponds to interband transitions,
and the second and third are associated with defects in the band structure.

The characteristic of electron-phonon interactions in the crystal lattice can be the
steepness parameter (c), which can be determined by formula (4):

o(T) = ;. (4)

Figure 4 shows the calculation results by formula (4) for the temperature dependences
of the Urbach energy for the strontium bismuthate Sr3Bi,Og shown in Fig. 3.
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Fig. 4. Temperature dependences of ¢ for various linear sections of diffuse reflectance

spectrum. Markers — experimental data, dashed line — the results of the calculation according
to the formula (5), see below

Typical temperature dependence of the steepness parameter o(T) is described by the
following formula [31]:
o(T) = gy (%) th (%), (5)
where hv, — is the effective phonon energy, which in most cases coincides with the phonon
energy involved in the formation of the long-wave side of the fundamental absorption edge,
o, — parameter that describes the optical excitation in the material. In crystalline
semiconductors hv,, — effective phonon energy in a single-oscillator model that describes an
exciton (or electron) — phonon interaction (EPI), and o, — parameter related to the EPI
constant g as [32] g, = 2/3 g

The obtained experimental data made it possible to determine the main parameters of
electron-phonon interactions for all detected linear sections (Table 1).

Table 1. The main parameters of electron-phonon interactions in Sr3Bi,Og

Region of Diffuse Reflectance Spectrums hv,, meV gy g
I linear section (2.75-3.3 eV) 70 0.24 2.7(7)
Il linear section (2.25-2.75 eV) 930 1.74 0.38
I11 linear section (<2.25 eV) 180 0.16 4.1(6)

4. Conclusion

The studies performed allowed us to establish linear sections in the Diffuse Reflectance
Spectrums that are associated with both interband transitions and deep biographical defects in
the band structure of strontium bismuthate Sr3Bi,Og. Applying the Urbach rule to the detected
linear sections made it possible to determine the main parameters of electron-phonon
interactions.
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