Chapter 4:

Optical and Transport
Characteristic of InBi1xTex

Crystals

4.1 Introduction:

The most important research in both theoretical and experimental fields pertains to
the optical properties of solid materials, including reflection, absorption, transmission, and the
pertinent optical constants. These investigations have led to the discovery of extremely
beneficial optical properties for construction of sophisticated multilayer optical devices. The
advance knowledge of optical properties and material attributes are useful for both the research
and commercial objectives. Additionally, these optical studies are particularly beneficial for
understanding the electronic structure of solids. The results of optical studies can be used to

very precisely determine the electronic energy band structures of semiconducting substances.

There are several known techniques for evaluating optical constants. The most
significant of these are Abbe's method, optical spectroscopy method, critical angle method and
polarimetric method [1-4]. However, the spectroscopic method is the one that is most
frequently used. Particularly, optical absorption spectroscopy is the quickest, easiest and most

direct technique for studying band structure. It is almost a need.
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4.2 IR Analysis and Band gap:

A valence band electron is stimulated into the conduction band when a photon impinges
on a semiconductor and has energy of the order of the band gap of the semiconductor or above.
In contrast to the conduction band where most of the band states are empty and only a small
number of states at its bottom are inhabited, the valence band states are virtually totally
occupied. Due to the abundance of unoccupied states in the conduction band that an excited
electron can occupy when it transits from its valence band state, the likelihood of this happening
is significant. When an electron is excited to the conduction band by optical absorption, it may
gain more energy than conduction band electrons, which almost all occupy states around Ec,
the conduction band edge (figure 4.1). If the semiconductor is heavily doped, this may not be
possible. However, this normally not the case. In order to achieve thermal equilibrium with the
other pre-existing electrons in the conduction band, the excited electron would frequently
release excess energy that it had accumulated through its lattice interaction, namely electron
phonon scattering. The electron-hole pairs, which are formed by the migrated electrons in the
conduction band and the vacant states (holes) they left in the valence band, act as additional
charge carriers for conduction. As a result, extra carriers that are so produced are out of balance
with the environment and eventually tend to recombine. The extra carriers, which are holes in
the valence band and electrons in the conduction band, are readily available for electrical
conduction because they are in their respective conductive bands. This undoubtedly raises
conductivity.

Valence band electrons cannot be excited to the conduction band if the incident photon
energy is smaller than the band gap. Therefore, excitation in pure semiconductors becomes
more challenging in the absence of impurity levels in the band gap, leading to little or no photon
absorption. Because of this, some substances are transparent in specific incident photon
wavelength ranges, enabling us to "see through™ insulators, like rock salt and ionic crystals,
having sufficiently large energy band gaps that allow optical photons to travel through them.
The visible range also penetrates through at photon energies above 2eV, generally at 3eV and
higher. When a photon beam of energy more than the band gap is incident on the
semiconductor, there will be absorption exhibited by the resulting spectrum. Both the sample
thickness and the energy of the input photons affect how much relative intensity is absorbed.
The relation given below can be used to determine the percentage of incident intensity that is

transmitted:
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where, o being the absorption coefficient (characteristic of the material), lo the incident
intensity and I the transmitted intensity. The absorption coefficient a near the absorption edge

of the spectrum can be expressed in terms of the band gap energy Eq [5] as:
«x= A(hv — Eg)Y ----(4.2)

where, hv is the photon energy (familiar expression), y is a numerical constant which equals 5

and % for allowed and forbidden direct transitions, respectively.

In the literature a few reports are to be found on the optical characterization of single
crystals of InBiix Sex [14]. Optical absorption study on horizontal directional solidification
(HDS) grown crystals of InBiix Sbx has been reported by Ajaykumar [6].The report suggests
that the material is low band gap, so author has chosen the FTIR method to obtain band gap.
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Figure 4.1: Band Structure
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Experimental Discussion:

Radiation that ranges from 700 to 1000 nm is considered infra-red. The wave number
unit cm is used in the context of infrared spectrum. For infrared detection, the material should

exhibit narrow band gap of at least less than 1.6 eV. It is useful to divide the infrared region

into three sections: near, mid and far infrared. In table 4.1 indicate that range of spectrum in

terms of wave length and wave number.

Table 4.1 Wavelength and Wave number for IR Region

Region| [Wavelength range (nm)| (Wave number range (cm™)
Near 0.78-25 12800 — 4000

Middle| 2.5-50 4000 — 200

Far 50 -1000 20010

The most useful IR region lies between 4000-6700 cm™. There isn't enough energy in
IR to induce electronic transitions, unlike ultraviolet radiation. IR is only absorbed by
compounds with small vibrational and rotational energy differences. Atomic dipole moments
must change within a molecule during vibration or rotation to allow a molecule to absorb IR.
Dipole moments of atoms/molecules are affected by fluctuations in the alternating electrical
field of radiation. In this case, radiation will change the amplitude of molecular vibration when
the frequency of the radiation matches the vibrational frequency of the molecule.

To form crystal pellets, spectroscopic grade dry KBr powder at less than 5%
concentration was thoroughly mixed with fine crystalline powder and formed into a 1 cm
diameter palette, using a vacuum pelletizer. This experiment measured the optical absorption
spectra in the 400 cm™ to 4000 cm™ wave number range. A spectrum analysis was performed
to calculate the absorption coefficient based on photon energy. The relation between absorption

coefficient (o) and the incident photon energy (E) near the absorption edge is expressed as

a=A(E—-Eg)" ----(4.3)
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where A is varying function which may be regarded as a constant over narrow range
considered and n is a number representing the nature of the transition. Several authors have
investigated the phenomenon of optical absorption and the resulting interband transition. As a
result, for the permitted direct transition, the absorption coefficient o near the absorption edge
is proportional to the band gap Eg as (ohv)? vs (hv-Eg), where hv is the incident photon energy

[7-10]. Thus the plot of (ahv) vs (hv) is expected to be linear near the absorption edge .

The plots of (ahv)? vs hv were used to evaluate the optical band gaps. These plots are
shown in Fig. 4.2 to 4.4 for InBiwxTex (x = 0.05, 0.1, and 0.15). Near the fundamental
absorption edge, the plots appear linear in the region of strong absorption. Hence by
extrapolating the linear portion to (chv)?> = 0, the band gap was evaluated. Since, the
conduction band minimum lies lower than valence band maximum InBi compounds reflect
semi-metallic character with an inverted band gap [11, 12]. The impurity Te atoms incorporated
in the host InBi lead to bond length variations and shift of Fermi level. Due to these processes,
more charge carriers will be created in the valence band, which give rise to semiconducting
behavior [13,14]. A monotonic increase in band gap with Te concentration in InBi is observed

(Figure- 4.5). The values of the band gap obtained are given in Table 4.2.

Table-4.2 Bandgap of InBiixTex (x=0.05,0.10 and 0.15) crystals

Crystal Bandgap (eV)
INBio.os T€0.05 0.195
InBio.goTeo.10 0.213
INBiossTe 015 0.232
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Figure 4.2: Plot of (ohv)? vs hufor InBio.sTeo.os crystal
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Figure 4.3: Plot of (ahv)? vs hv for InBio.goTeo.10 Crystal
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4.3 Hall measurements:
An important characteristic that determines whether a material is metallic,

semiconductive or insulating is its electrical property. According to this definition,
semiconductors have an electric conductivity that lies between that of insulators and metals. A
few examples of electrical properties are electrical resistivity, Hall coefficient, carrier densitiy,
carrier types, Hall mobility, magneto-resistance and thermoelectricity.

The most frequent characterisation approach used to analyse electrical properties such
as carrier mobility and impurity concentration is Hall measurements. Hall data can also be used
to determine the electrically produced active impurities in a semiconductor. The nature of the

charge carriers can be determined. The Van der Pauw [15, 16] approach was used for carrying

out on Hall measurements.
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Figure 4.6: Schematic representation of Hall Effect in a conductor.
CCG - Constant Current Generator, Jx — current density
¢ —electron, B — applied magnetic field
t — thickness, w — width
V4 — Hall voltage
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Experimental Discussion:

The Hall measurements were carried out at room temperature using the Van der Pauw
method. Two opposite probes were connected to a power supply with a digital current meter in
series and across the other two probes; a digital micro voltmeter was connected to measure the
voltage. The crystal was placed between the poles of a strong electromagnet giving a field of
about 18K gauss maximum. The current and voltage were measured with and without the
magnetic field. A large number of samples were measured at room temperature. The values of
the Hall parameters including resistivity, carrier concentration, Hall coefficient and mobility
for all the samples have been analysed. From analysis of the Hall parameters, the negative
values of Hall- coefficient clearly point out the n-type semiconductor nature of InBii.xTex (x=
0.05, 0.10, 0.15,) crystals with the majority charge carriers as electrons and all of them remain
n-type in nature [17, 18]. From the value of resistivity and Hall coefficient the Hall mobility

can be calculated using the equation,

1y = |RH| /pav""(4'4)

The effective charge carrier concentrations can be calculated by using the formula,
Ne=1/Ru € ----- (4.5

The resistivity, carrier concentration, Hall coefficient and mobility of InBiyxTex (x=0.05, 0.10

and 0.15) are listed in Table-4.3.

Table 4.3 Hall Co-efficient, Carrier concentration, Resistivity for InBiixTex Crystal

o Carrier T
Hall Coefficient _ Resistivity
Samples concentration
Ry (Qm /T) p (@m)
n(m-3)

InBi 0.6626 x10°° 9.432x10% .2290 x10°®
INBio.osTeo.05 1.1902 x106 5.251x x10%* 4961 x10®
InBio.goTe0.10 3.13 x10° 1.996 x10%* 1.088 x10®
INBiogsTeo1s 7.85 x10® 0.796 x10% 2.72 x10°®
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4.4 Thermo electric measurement:

Energy conversion methods have constituted a significant part of the nation's research
and development efforts in recent years. In the present day, thermoelectricity, thermionics, fuel
cells, and magneto hydrodynamics are known to be the most advanced schemes. Future energy
production will most likely involve each of these forms. Bismuth telluride-based alloys are
among the most promising thermoelectric materials available today, not only because they are
among the best thermoelectric materials near room temperature, but also because they can be
prepared in many ways to improve their ZT values.[19-21]

InBi1xTex has narrow band gap with large value of charge mobility in addition to
reduced lattice thermal conductivity. Hence it may potentially find application as n-type thermo
element. Many reports have mentioned about the theoretical prediction about bismuth and its
related alloys as promising candidate for low dimension TE materials at 100 K[22,23].

Figure 4.7 shows the experimental set up used for studying the thermoelectric power
(TEP). A temperature controller coil, made up of manganin wire, is used for measuring TEP
by creating a desired temperature gradient between the copper block and the coil. Samples are
placed between copper blocks. A freshly cleaved crystal plane along (001) direction was
prepared for the experiment, having thickness of about 1-3 mm in order to maintain the required
temperature gradient and also the distance between the copper blocks. Calibrated thermocouple
pairs made up of Au-Fe (7%) - Chromel were used to measure the temperature gradient. The
potential difference generated across the two Cu blocks is measured. A single voltmeter having

accuracy of a nano volt was attached to measure the voltage.
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Figure 4.7: Block diagram of sample holder of TEP set up
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Experimental Discussion:

The thermoelectric power can be defined as follows: if AT is the temperature difference
across the sample and AV is the resultant potential difference this temperature gradient
generates,

S =AV/ AT------ (4.6)

Due to the movement of electrons from hot end to cold end to minimize their energy,
there will be an electric field developed across the conductor. As long as a temperature gradient
exists between two ends of the sample, the thermoelectric voltage will be proportional to it.
When a load is connected to the sample, the electric power is consumed by the load. Here the
thermoelectric power corresponds to the electromotive force and the resistivity corresponds to
the internal resistance. Maintenance-free electric power generation, waste heat energy recovery
and long operating lifetime are some of the advantages of thermoelectric power generation.

The figures 8-10 show the TEP for the InBi1xTex (x = 0.05, 0.10 and 0.15) crystals are
plotted as functions of temperature between 300 to 400 K. It is clear that the addition of Te into
InBi affects the TEP value.
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Figure 4.8: Plot of S (thermo emf) vs T (temperature) for InBio.gsTeo.05 Crystal
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Figure 4.9: Plot of S (thermo emf) vs T (temperature) for InBio.goTeo.10 Crystal
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Figure 4.10: Plot of S (thermo emf) vs T (temperature) for InBio.gsTeo.15 crystal
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Figure 4.11: Plot of S (thermo emf) vs 1/T for InBio.gs Teo.os Crystal
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Figure 4.12: Plot of S (thermo emf) vs 1/T for InBio.goTeo.10 Crystal
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Figure 4.13: Plot of S (thermo emf) vs 1/T for InBio.gs Teo.15 Crystal

The net TEP for any thermoelectric material having presence of both electron and holes,

may be modeled by the relation,
S= ( 6eSe + 06pSp)/ ( Ce +0p)

where ce and op are the electrical conductivities and Se and Sp are the TEPs for electrons and
holes, respectively. Negative TEP values were observed implying higher mobility for electrons
than for holes. The value of the TEP increases with decreasing temperature over a range of
certain temperature. This raise is owed to the freezing-out of electrons and holes.
The variation of ‘S’ of InBi1.xTex (x = 0.05, 0.10 and 0.15) crystals at different temperatures is
shown in Figures 4.8- 4.10. The TEP is observed to be negative for InBiixTex (x = 0.05, 0.10
and 0.15) crystals over the entire temperature range revealing n-type semiconductor nature of
all the samples.

An expression can be used to examine the temperature dependence of thermoelectric
power in semiconductors given by Perluzzo et al. [24-26]:

S = —k/e[A+.] -~ (47)

where k is the Boltzmann constant, e is the electronic charge, Er is the energy separation
of the Fermi level from the top of the valence band, A = ((5/2) - s) is the constant that varies
from 0 to 4, which is affected by the dominant scattering process and may be understood to be
a measure of the kinetic energy transported by carriers. The carrier concentration of the crystals
essentially depends upon Er.

There is a direct relation between Er and the carrier concentration of the crystals. When
plotting the TEP against the reciprocal of temperature (1/T), a straight line should be observed
for small temperature ranges where Er is fairly constant. Depending on whether electrons or
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holes dominate the charge carriers in semiconductors, TEP has a different sign. The fact that
TEP in InBiwxTex (x = 0.05, 0.10 and 0.15) is negative clearly indicates that these crystals are
n-type semiconductors.

Figures 4.11-4.13 shows the variation of TEP with the inverse of temperature for InBis-
xTex (x = 0.05, 0.10, and 0.15) crystals. The values of ErF and A obtained from the slope and
intercept of the plots are listed in Table 4.2. [27-32]
where Na is the effective density of states and is given by

Na=2(2mme*KT)%/2-------- (4.8)

where me* is the effective mass of electrons. The values of carrier concentration
obtained from Hall effect measurements (Table 4.3), the effective density of states Na for all
the crystals can be calculated with the help of the below formula,

n = Naexp (EF/KT) ------ (4.9

where Er is the Fermi energy, k is the Boltzmann constant and T is the temperature.

The values of effective density of states thus obtained are presented in Table 4.4. The effective

density of states of electrons decreases with increase of Tellurium content in InBi.

Table 4.4: Effective Density of States and Fermi energy value of InBiixTex

crystal
Crystals Er (eV) Na (m)_3 A S
INBio.os Teo.05 0.023 1.24x10% 1.078 1.43
INBio.oo T€0.10 0.030 1.03 x10%° 1.30 1.2
INBi oss5T€.015 0.035 0.94 x10%° 1.36 1.14
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4.5 Conclusions:

» There are no observable indirect transitions in the crystals. The band gaps of

InBi1xTex (x=0.05, 0.10, 0.15) are about 0.195, 0.213 and 0.232 eV

(all direct), respectively.

» The negative sign of Hall coefficient and thermal EMF show that all the crystals are of

n-type having carrier concentration of 10 * m=, respectively.

» The Fermi energy of InBii-xTex (x= 0.05, 0.10, 0.15) is about 0.023, 0.030 and 0.035,

respectively.
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