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ABSTRACT

Ternary thallium dichalcogenide compounds with the chemical formula TIMeX,
(Me = In, Ga; X = Se, S, Te) are a family of low-dimensional semiconductors that
possess both layered (TlInS,, TlGaS,, and TlGaSe;) and chain-like (T1InSe,, TlInTe,,
and TIGaTe,) structures. Upon cooling, TIMeX, exhibits a sequence of structural phase
transitions from a paraelectric-normal (N) phase to a ferroelectric-commensurate (C)
phase via an intermediate incommensurate (I) phase. These compounds have
remarkable characteristics in each structural phase. In the paraelectric-N phase, these
compounds exhibit nonlinear current—voltage (I-V) characteristics and a high degree of
anisotropy. Moreover, TlGaSe, semiconductor compounds are extensively used in X-
ray detectors owing to their wide bandgap. In the I-phase, thallium atoms are not an
integral multiple of the lattice, and therefore the crystal lattice has an inconsistent
modulation period. This modulation is known as nano-spatial modulation. Moreover, in
the C phase, ternary thallium dichalcogenide compounds have potential applicability in
ferroelectric devices. Furthermore, it has been reported that TlInS,, TlInTe; and TlInSe,
exhibits a high Seebeck coefficient (i.e., TlInSe, exhibits 10° puV/K) at a temperature
below 150 K, which shows that these compounds could be used as a thermoelectric
conversion material. Upon laser light irradiation of a TIMeX, chain-like structure, a
macroscopic change in the structure was discovered in 2008. This phenomenon could be
used for optical drive actuators without the need for wiring, even in significantly weak
light of 1 W/em?®. This feature could also be applied to micro electro mechanical
systems (MEMSs) as a part of a micromachine driver such as a microactuator operated
with low light energy. However, even thorough many investigations have been
performed on the physical properties of layered TIMeX, crystals, there is still
controversy regarding the interpretation of these properties. Moreover, the mechanisms

that lead to the phase transitions are unclear partly because of the existence of different

polytypes.

The aim of this study was to study the relationship between the optical properties
of layered ternary thallium chalcogenide crystals and their structural phase transitions.
In this study, the photoluminescence (PL) spectrum at the band-edge region measured

using a confocal microscopy system was examined by excitation density dependence at



77 K and over a temperature range 77-300 K, which includes the range of successive
phase transitions. Moreover, the temperature dependence of the Raman spectra in
single-crystal TlInS, obtained from the polarized Raman spectra in the low-frequency
region was explored. In general, it is believed that phase transitions in TlInS, and
TlGaSe, compounds are associated with the displacements of Tl atoms. Owing to the
heavy weight of the Tl atom, the low-frequency region in the Raman spectra of TlInS,

is, therefore, of particular interest.

We examined the PL spectra of TlInS, crystals using a confocal microscopy
system. For light polarization E.Lc*(k//c*), a strong PL band was observed in the
temperature range of 77 to 300 K, over which a series of phase transitions occurred. At
77 K (ferroelectric-C phase) and under an excitation density greater than 0.1 MW/cm?,
the PL spectrum consisted of two components: (1) free-exciton (H band) luminescence
and (2) biexciton luminescence (M band). The binding energy of the biexciton
luminescence is estimated to be ~13.5 meV, and the structure dissociated at 160 K. For
temperatures higher than 300 K, the crystal phase underwent a transition to a
paraelectric-N phase through an intermediate I phase, and the PL spectra mainly
consisted of H band emission. To the best of our knowledge, this is the first observation

of biexcitonic emission in the PL spectra of T1InS; crystals.

Furthermore, we examined the PL spectra of TIlGaSe, using confocal
microscopy. The PL spectra apparently appeared only for the kLc* configuration. The
asymmetric spectra were separated into two Gaussian peaks, A and B, located at 2.01
eV and 2.10 eV, respectively. By examining the excitation intensity dependence of the
PL intensity and comparing the results to previously reported data, we assigned peak B
to proper free excitons emitted from the TIGaSe; crystals. To the best of our knowledge,
this is the first observation of free excitons in TIGaSe; using PL measurements. Peak A
was also assigned to free excitons. However, it is possible that the peak A free-exciton
emission came from crystals in which the a and b axis were mixed and exchanged or

from layers that were stacked with a parallel shift.

For layered TIInS; and TlGaSe,, Raman spectra in the frequency region of 35—
400 cm™ were studied over the temperature range of 77-300 K. The observed lines in

the Raman spectra were deconvoluted into Lorentzian peaks, and the temperature



dependence of each peak’s parameters, i.e., peak position and full width at half
maximum (FWHM), were obtained. The irregular behavior of the temperature
dependence of the Lorentzian parameters is reported herein. The reason for the
appearance and disappearance of Raman modes and the irregular behavior of the
temperature dependence of the Lorentzian parameters may be a structural phase
transition. A result of this transition is the quadrupled in ferroelectric-C phase along the

crystallographic c*-axis. This phenomenon is known as superlattice.

Moreover, we identified the symmetry modes for the T1InS; crystal. The Raman
spectra shows 12 phonon modes in the x(zz)x geometry, while 15 modes in x(yz)x. In
total, we observed 19 phonons, three more than those previously reported for the same
frequency range at 300 K. The small number of observed phonon modes is in agreement
with the supposition that the space group of the crystal is CSj,. In this hypothesis, group
theoretical analysis gives 24 Raman active modes (10 A, +14 B,) at the center of the
Brillouin zone. Thus, we observed all of the 10 A, phonons and nine of the 14 B,
phonons predicted. In addition, we studied the polarized Raman spectra of TlInS,
crystals across a wide temperature range that included the reported region of the N-I-C
transition. In the x(zz)x geometry, we identified three Raman modes that are possibly
related to the interlayer bonding between Tl and S atoms and four Raman modes that

may be associated to the intralayer bonding between In and S atoms.
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CHAPTER 1

Introduction

Ternary thallium dichalcogenide compounds with the chemical formula TIMeXs,
where Me is a group-III metal (In or Ga) and X is a group-IV (chalcogenide) element
(Se, S, or Te), are a family of low-dimensional semiconductors that have both quasi-
one-dimensional chain-like (TlInSe,, TlInTe,, and T1GaTe;) and quasi-two-dimensional
layered (TIInS,, T1GaS,, and TlGaSe,) structures [1-9]. These compounds have been
attracting increasing interest because of their electrical, optical, and structural properties

and thus show potential for optoelectronics applications [10-24].

In this thesis, we focus on TIInS, and TlGaSe, crystals, which belong to the
class of ternary thallium dichalcogenide compounds with layered structures. In Chapter
1, we discuss the structural and physical properties and potential applications of these
compounds. We also examine the photoluminescence and Raman spectroscopy studies
of TlInS, and T1GaSe, compounds performed so far. Finally, we present and explain the

purpose of this study.
1.1 Structural properties

1.1.1 Crystal structure at ambient conditions

Room-temperature X-ray diffraction (XRD) measurements [2, 4, 7-9] have
shown that TIMeX, compounds (where MeX, = InS,, GaSe,, GaS;) are iso-structural
layered crystals. These compounds crystallize in the monoclinic system with a
centrosymmetric space group, C2/c, which is referred to as the normal (N) phase [2, 4].
The monoclinic crystal system is shown in Figure 1.1 and the structural parameters of

the layered TIMeX, compounds are summarized in Table 1.1.



Figure 1.1 The monoclinic crystal system.
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Table 1.1: Structures of layered compounds at ambient conditions.

Compound Structure Space group ad) | bA) | c@A) p Ref.

TlInS, monoclinic C26h -C2/c 10.90 10.94 15.18 100.21° [4, 7]
T1GaSe, monoclinic Czéh -C2/c 10.772 | 10.771 | 15.363 | 100.6° | [2,4, 9]

T1GaS, monoclinic Czﬁh -C2/c 10.299 | 10.284 | 15.175 | 99.63° [4, 8]

The quasi-two-dimensional structure consists of strictly periodic layers parallel

to the (001) plane, which coincides with the ab plane. The fundamental structural unit

of a layer is an MesX tetrahedron built in an adamantine-like configuration by four

elementary MeX, tetrahedra with common corners. The combination of these

tetrahedrons to form a layer results in trigonal prismatic voids. The TI" ions are

positioned in these trigonal prisms between the layers and are arranged in straight lines

parallel to the [110] and [110] directions, which correspond to the a and b

crystallographic axes, respectively. Each successive layer is rotated 90° from the normal

of the previous layer [2, 4]. Figure 1.2 shows the tetrahedra, tetrahedron, simplified

representation of the tetrahedron, and combination of the tetrahedrons to form a layer.

Figure 1.3 shows a schematic of the layered structure of the TIMeX, compounds, where

c* is the axis perpendicular to the (001) plane.
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Figure 1.2 (a) MeX, tetrahedra. (b) MesX tetrahedron, (c) simplified representation of
the tetrahedron shown in (b), and (d) combination of tetrahedrons shown in (c) to form a
layer.
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Figure 1.3 (a) Schematic of the combination of tetrahedrons and TI" ions in a layer. The
TI" ions are positioned in trigonal prismatics voids between the layers arranged in
straight lines parallel to the a [110] and b [ﬂO] axes. (b) Layer obtained through a

rotation of 90° about the ¢* axis of the layer shown in (a). (c¢) Layered structure of the
TIMeX, compounds.
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In most of these layered crystals, strong ionic-covalent chemical bonds are
present inside the layers (intralayer bonding), whereas the interactions between the
layers (interlayer bonding) are very weak and are usually described as van der Waals
interactions [4, 20]. In the TIMeX, layered compounds, interlayer bonding occurs
between Tl and X atoms, whereas intralayer bonding appears between Me and X atoms.
Figure 1.4 shows a projection of the structure on the ac* plane [25-27]. Intralayer (1)

and interlayer (2) bonding are also shown.

*o\/i“?ll’\/o\/o\/o\/o\/"ﬁ
= \02}520/\0/\0/\0/\0“5
= et atate atatetetetatatet| ®

o1y} o, @TI-Me X

Figure 1.4 Projection of the TIMeX, compound structure on the ac* plane. (1)
Interlayers (van der Waals) bonding between Tl and X atoms and (2) intralayer (ionic-
covalent) bonding between Me and X atoms.

1.2.1 Structural phase transition

Structural phase transitions in TlInS, ware discovered in the 1980s by Volkov et
al. [28], Aliev et al. [30], and Vakhrushev et al. [31], who observed the anomalous
behavior of this compound by means of dielectric, optical-dielectric, and dilatometric
and neutron diffraction measurements, respectively [22]. Since then, these phase
transitions have been studied by other authors [20, 22, 28-38] using many experimental
techniques, such as heat capacity, dielectric, X-ray, neutron diffraction, and
spectroscopy measurements. Currently, it is well accepted that upon cooling, TIMeX,
compounds exhibit a temperature dependent sequence of structural phase transitions
from a paraelectric-normal (N) phase to a ferroelectric-commensurate (C) phase via an
intermediate incommensurate (I) phase. Here, we use the following standard
designations to refer to these temperature-dependent phase transitions: 77 correspond to
the high-temperature N-to-1 phase transition and 7c¢ to the low-temperature “lock-in” I-
to-C phase transition [20, 22]. According to the experimental results of different authors,

6



the temperature 77 and 7c can vary slightly from crystal to crystal. In this work, we will
consider the temperatures indicated in Table 1.2, which are accepted by most
researchers. However, for TIGaS, these transitions are not as pronounced as for TlInS,

and TlGaSe, in a narrow temperature range.

Two principally different structural deformation mechanisms have been
proposed for paraelectric-ferroelectric transitions in layered TIMeX,: (1) angular
deformations in the MeXj tetrahedra [33] and (2) slippage of TI™ atoms channels in
the [110] and [110] directions on the ab plane [6, 34]. According to [39], the origin of
the phase transition in TIGaS, could be attributed to the first mechanism, while the
second mechanism occurs in the case of TlInS; and TIGaSe,. Moreover, owing to these
transitions, the unit cell in the ferroelectric-C phase is quadrupled (i.e., the unit cell of
the ferroelectric phase is four times the cell of the paraelectric phase) along the
crystallographic ¢ axis. Additionally, the transitions are accompanied by anomalies in
the dielectric susceptibility [36, 38], heat capacity [40, 41], and linear expansion
coefficient [42—44]. Figure 1.5 shows a simplified view of these temperature-induced

structural phase transitions at constant pressure.

Table 1.2: High-temperature (77) N-to-I phase transition and low-temperature (7c¢)
“lock-in” I-to-C phase transition. For more information on the method of investigation
(determination) of temperatures 7i and Tc, see Tables 18, 19, and 20 of reference [20].

Laminar compound

Ti (K)
N-to-1
phase transition

Tc (K)
I-to-C
phase transition

TlnS, 216 200
TlGaSe, 120 107
T1GaS, 250 180
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Unit cell phase . phase : phase
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Figure 1.5 Simplified view of the temperature-induced structural phase transitions in
TIMeX, compounds at constant pressure.

1.2 Physical properties and potential applications

Layered TIMeX, compounds have attracted particular interest because their
unique structural and physical properties and their potential for application in
optoelectronics [10-24]. These compounds exhibit a wide bandgap (see Table 1.3),
photoconducting and semiconducting behavior, and a high degree of anisotropy in their
physical properties (i.e., conductivity, linear expansion coefficient, and dielectric
function) parallelly and perpendicularly to the crystal layer plane. Furthermore, these
compounds exhibit remarkable characteristics in each structural phase. In the N phase,
TlInS, [22] and TIlGaSe, [23, 24] compounds are promising materials for the
constructions of X-ray and y-ray detectors owing to their wide band gap and appropriate
mobility-lifetime product. In the I phase, layered TlInS, compounds doped with
impurities (Fe, Mn, Cr, and Ge) lead to a rapid relaxation of the dielectric susceptibility.
This behavior (known as relaxor) is caused by the formation of polar nano-regions
(nanodomains) [22]. Similar relaxor behavior has also been observed in the y-irradiated

T1InS; compounds [47].

Moreover, in the C phase, ternary thallium dichalcogenide compounds have
potential applicability in ferroelectric devices. The considerable scientific interest by
researches in ferroelectric materials with smeared phase transitions stems from the fact

that these materials are very promising for uses in data storage systems [47].
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Furthermore, it has been reported [10, 15] that TlInS,, TlInSe, and TlInTe,
exhibit a high Seebeck coefficient (i.e,, TlInSe, exhibits 10° uV/K) at a temperature
below 150 °C, which shows that these compounds could be used as thermoelectric
conversion materials. Moreover, a strong photoacoustic effect has been observed upon
irradiation of layered TIlGaSe, with weak nanosecond laser pulses [48]. This
phenomenon showed an acoustic pulse amplitude ten times higher when the exciting
pump beam was parallel to the ¢ axis of the crystal than when it was perpendicular to c.
Such effects allow wide range of applications (i.e., sonar detection, underwater

communications lines, optical switches, and novel selective radiation detectors) [22].

Table 1.3: Optical bandgap at 300 K, where Eg and Eé(eV) are the direct and indirect
bandgap energies, respectively.

Laminar compound Eg(eV) E;(eV)
TlInS, 2.33[11] 2.28 [11]
2.11[12 1.83[12
T1GaSe, [12] [12]
2.23 [45] 2.03 [45]
2.53[12] 2.38 [12]
T1GaS,
2.54 [46] 2.46 [46]

However, although many studies have been performed on the properties of
layered TIMeX, crystals, there is still controversy regarding the interpretation of these
properties. Moreover, the mechanisms that lead to the phase transitions are still unclear
partly because of the existence of different polytypes [49-52]. At present, five crystal
modifications of the TIInS, compound are known [49]: monoclinic, triclinic, tetragonal,
hexagonal, and orthorhombic. Furthermore, the monoclinic TlInS, and TIGaSe, have
several polytype modifications that differ in the c lattice parameter: ¢’, 2¢’, 3¢’, 4¢’, ....

whereas parameters @ and b change only slightly with increasing ¢ [49-52].



1.3 Photoluminescence and Raman spectroscopy

1.3.1 Photoluminescence studies of TlInS, and TlGaSe,

Figure 1.6 shows the results of early studies near the fundamental band edge by
transmissions, reflections, ellipsometry, and photoluminescence (PL) measurements in
TlInS,. Label (1) corresponds experimental results obtained by means of transmission
and reflection measurements in TlInS, crystals using an incident beam of unpolarized
light normal to the (001) plane, that is, the ELc*(k//c*) configuration (E is the electrical
vector of the incident light, k is the propagation direction of the incident beams, and c¢*
is the axis perpendicular to the ab plane). Then, the relationship of the bandgap (£,) and
free-exciton (Erg) energies with the temperature was obtained using the Bose-Einstein

statistical factor [53].

Ey(T) = Ep — ag |1+ | (1.1)
Epg(T) = Eg (T) — E; (1.2)

where Ep and op are fitting parameters, Op is the average temperature (Einstein
characteristic temperature) of phonons interacting with the electronic subsystem, and E;

is the activation energy (binding energy) of the excitons [53, 54].

Labels (2), (3), and (4) in Figure 1.6 are the energy positions of the PL peaks
obtained from the temperature dependence of the photoluminescence spectra of the
TlInS, crystal [55-57]. At low temperatures, in the E Lc*(k//c*) configuration, the PL
spectra of TlInS; show two PL bands, a low-intensity band at the low-energy side (2.1-
2.3 eV) [57] and a high-intensity band at the high-energy side (2.3-2.6 eV) [55, 56].
The low-intensity band have been attributed to radiative donor-acceptor pair (DAP)
recombination [57], whereas the recombination mechanism of the high-intensity band

(denoted as H band in early studies) have been assigned to excitonic emission [55, 56].

Some differences arise when comparing the results of these early studies. The

energy position obtained by Equation 1.2 [53] shows the best agreement with the
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excitonic H band emission obtained experimentally at low temperatures (C phase),
whereas the energy positions of the H bands and Erzreveal a significant deviation in the
I and N phase. Therefore, the Bose-Einstein statistical treatment may not be adequate in
the extended temperature range of N-I-C phase transitions. Moreover, in early PL
studies, the differences in the obtained energy values for the A band [labels (2) and (4)]
were attributed to the different polytypes.

Label (5) in the Figure 1.6 shows the exciton energy calculated from the
deconvoluted imaginary part of the dielectric function, which was obtained by
ellipsometric measurements [58] of TlInS, in E//c*. Clearly, in the C phase, a rapid
energy shift is observed with decreasing temperature; however, the energy values are
smaller than those obtained by PL measurements. The authors attributed this energy
difference to the different configurations used in the experiments, E//c* in [58] while

and ELc*(k//c*) in [55-56]
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Figure 1.6 The results of early studies near the fundamental band edge by transmissions,
reflections, ellipsometry, and photoluminescence (PL) measurements in TlInS,.
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To our knowledge, the existence of excitonic emission near the fundamental
band edge of the PL spectra of TIGaSe, remains unconfirmed and has so far received

little attention.

1.3.2 Raman scattering studies of TlInS, and T1GaSe,

Early studies on the polarized Raman scattering of T1InS, and TlGaSe; at 300 K
have been reported [5, 59-62]. However, at the time of those studies, the structure of
these layered crystals was considered to be tetragonal, as shown in Figure 1.7. Therefore,
the assignations of the optical modes characterizations were performed according to the
tetragonal structure, D, . Actually, we know the existence of several polytypes, i.e.

layered crystals with monoclinic structure.

Polarized Raman spectra
of TlInS, and T1GaSe, crystal at 300 KV
P .
rystal \ 7\
symmetry TlGaSe, TIGeS, / TiInS, \
co X Do) K \ 42K 300K 300 K
A 41.5 47 44.5 43
133.6 187 186 138
316.5 3115
194.5 { 320.5 { 316.5 { g
194.5 329 324
270 355 350 301
B 405 45.5 39
Bq . 46 53 50
53.5 72.5 68 57
151
279.5 390 - 347
78.6 76
= 80 116.6 111.5 81
E 19 22 22.5 18.5
P ¢ 29 24.5
31.6 41 42.5 345
83 122 121 89.5
105 174 176 128.5
2315 335 326 304
348.5 345.5
N

Figure 1.6 Early studies of polarized Raman scattering of T1InS; and T1GaSe; [5].
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Additionally, the temperature dependence of the unpolarized Raman scattering
has been investigated in [25-27]. However, these studies did not consider the existence
of structural phase transitions; therefore, the behaviors of the Raman lines positions and

widths were explained through thermal expansion and the anharmonicity theory.
1.4 Study purpose

The aim of this work was to study the relationship between the optical properties
of layered ternary thallium chalcogenide crystals and their structural phase transitions.
In this work, the band-edge region of the PL spectra of monoclinic TlInS, and T1GaSe;
crystals were measured using a confocal microscopy system and investigated in terms
of the excitation density dependence at 77 K and over the temperature range 77-300 K,
which includes the region of successive phase transitions. Furthermore, we will discuss
the temperature dependence of the Raman spectra in single-crystal TlInS, and TlGaSe,
obtained in the low-frequency region, down to 35 cm™. It is commonly believed that the
phase transitions in TlInS, and TIGaSe, are connected with the displacement of T
atoms. Because these atoms are very heavy, the low-frequency region of the Raman

spectra of these compounds is of particular interest.
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CHAPTER 2

Theoretical Background

2.1 Introduction
This chapter briefly introduces the concepts underlying PL and Raman scattering.
2.2 Photoluminescence

Atoms spontaneously emit light when electrons in an excited state move to a
lower state (ground state) by radiative transition. In solids, the radiative emission

process is called luminescence, and can occur throught a number of mechanisms [1-5]:

e Electroluminescence: Light emission resulting from exciting the sample by
the injection of electrons and holes via an external current.

e Thermoluminescence: Light emission caused by heating the sample.

e Cathodoluminescence: Light emission induced by electron bombardment.

e Photoluminescence: The re-emission of light after absorbing a photon of

energy greater than the bandgap energy.
In this work, we only consider photoluminescence.

Absorption and emission are related to each other. In the absorption process,
energy is removed from an incident electromagnetic wave while electron—hole pairs are
created. Emission is the reverse of this process, i.e., an electron—hole excited in the
medium is destroyed, resulting in the emission of electromagnetic radiation; the
electron—hole pairs are said to have undergone radiative recombination [3]. Moreover,
radiative emission is not the only mechanism. An alternative pathway between the
excited-state and ground-state bands is non radiative relaxation. Here, the electron
might lose its excitation energy as heat by emitting phonons or it may transfer this
energy to impurities. In the following, we consider in more detail the various radiative

recombination processes commonly observed in semiconductors, shown in Figure 2.1
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[3]. Unless otherwise specified, we assume that the electron—hole pairs have been

excited optically, i.e., the experimental technique is photoluminescence.
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Figure 2.1 Radiative recombination processes commonly observed in semiconductors:
(1) Band-to-band transition, (2) free-electron-to-neutral-acceptor transition, (3) free-
hole-to-neutral-donor transition, (4) DAP reconbination, and (5) excitonic
recombination. E,is the bandgap energy and £, and Ep are the shallow acceptor and
donor binding energy, respectively.

2.2.1 Band-to-band transition

In a perfect semiconductor, electron—hole pairs thermalize and accumulate at the
conduction and valence band extremes, where they tend to recombine. If this
semiconductor has a direct bandgap and electric dipole transitions are allowed, the
electron—hole pairs will recombine radiatively with a high probability. In indirect-band
semiconductors, electron—hole pairs can recombine radiatively only via phonon-assisted
transitions. Band-to-band transitions tend to dominate at higher temperatures where all

the shallow impurities are ionized.
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2.2.2 Free-electron-to-neutral-acceptor transition

At sufficiently low temperatures, carriers are trapped in impurities. For example,
consider a PL experiment on a p-type sample containing N4 acceptors per unit volume.
At low photoexcitation density, the density n, of the free electrons created in the
conduction band is much smaller than N,. These free electrons can recombine
radiatively (sometimes also non-radiatively) with the holes trapped in the acceptors.
Such transitions, which involve a free carrier (in this case, an electron) and a charge (a
hole) bound to an impurity are known as free-electron-to-neutral-acceptor transitions.
The emitted photon energy in this sample is given by E,—E4, where E, and E, are the
bandgap energy and the shallow acceptor binding energy, respectively. A similar

explanation could be used in free-hole-to-neutral-donor transition.

2.2.4 Donor—acceptor pair recombination

Often a semiconductor contains donors and acceptors. Such semiconductors are
called compensated because, under equilibrium conditions, some of the electrons from
the donor are captured (or compensated) by the acceptors. As a result, a compensated
sample contains both ionized donors (D) and acceptors (A’). By optical excitation,
electron and holes can be created in the conduction and valence bands, respectively.
These carriers can then be trapped at the D™ and A sites to produce neutral D° and A°
centers. When returning to equilibrium, some of the electrons of the neutral donors will
recombine radiatively with holes of the neutral acceptors. This process is known as a

DAP recombination.

2.2.5 Excitons and bound excitons

The absorption of a photon by an interband transition in a semiconductor creates
an electron in the conduction band and a hole in the valence band at the same point in
space, that can attract each other through their mutual Coulomb interaction. If the
appropriate conditions are satisfied, a neutral bound electron—hole pair can be formed,

which is called an exciton.

The free exciton (FE) emission process is simply the radiative decay of excitons
into phonons. Because the wave vector must be conserved in this process, only excitons
with wave vectors equal to the photon wave vector can be converted to photons. When
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these FEs lose their kinetic energy owing to localization at the lattice defects (traps),

they are called bound excitons.

2.2 Raman scattering

The term Raman scattering is historically associated with the scattering of light
by optical phonons in solid and molecular vibrations [6]. Here, the term refers to
inelastic scattering durin which a light beam is scattered by an optical medium and
changes its frequency in the process. This is in contrast to elastic light scattering, in

which the frequency of the light is unchanged (Rayleigh scattering).

Inelastic scattering processes are two-photon events that involve the
simultaneous annihilation of an incident photon and the creation of a scattered photon
[6]. The interaction process and the transition schemes are illustrated in Figure 2.2 and
Figure 2.3, respectively. An incident photon (monochromatic light beam) with an
angular frequency w; and a wave vector ki is scattered by exciting a medium of
frequency w, and wave vector ¢. The scattered photon has a frequency wsand a wave
vector ks. The excitation of the medium may be manifested in many different types of
elementary excitations that occur in a crystal, such as phonons, magnons, or plasmons.

Here, we are concerned exclusively with the phonon process.

Inelastic light scattering from phonons can be divided into two generic types [6]:

e Stokes scattering

e Anti-Stokes scattering

If the frequency of the scattered photon, wyg, is smaller than that of the incident photon,
or,a quantum of energy, /i(w; —ws), is added to the scattering medium and the event is
referred to as a Stokes process. In contrast, if, @; < ws we have an anti-Stokes process,
where the elementary excitation of the medium is eliminated. In this case, the

conservation of energy and momentum during the interaction requires that
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ks=k;+q (2.1)

ws = Wy + wg 2.2)

(a) (b)
Figure 2.2 Interactions in inelastic (a) Stokes and (b) anti-Stokes light scattering. The
straight arrows represent photons, whereas the wavy arrows represent phonons.
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Figure 2.3 Transition scheme of inelastic light scattering.
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The plus signs (+) in Equations 2.1 and 2.2 correspond to Stokes scattering

(photon emission), whereas the minus sign (—) corresponds to anti-Stokes scattering

(phonons absorption). Moreover, we can see in Figure 2.3 that anti-Stokes scattering is

only possible if there are phonons present in the material before the application of the

incident light. Therefore, the probability of anti-Stokes scattering decreases with

decreasing temperature because the phonon population decreases.
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CHAPTER 33

Experimental setup

3.1 Introduction

In this work, Raman scattering and PL spectroscopy were performed using a
confocal spectroscopy system. In this sub-section, we will present a brief description of
the system and the operation of the confocal microscope. Moreover, we focus on the

TlInS; and T1GaSe; crystals and the polarizations geometries used in the measurements.
3.2 Confocal spectroscopy system

A schematic diagram of a confocal spectroscopy system (extended Nanofinder
30, Tokyo Instruments [1]) is shown in Figure 3.1b. In our system, we used two
excitation sources: a diode-pumped solid-state (DPSS) Nd: yttrium-aluminium-garnet
(YAGQ) laser operating at 532 nm and a femtosecond pulsed Ti: sapphire laser (Mai Tai
VEF-TIS, Spectra Physics) at 750 to 850 nm (tunability of 1 nm). The Ti: sapphire laser
was also used as a fundamental wave to obtain the second harmonic generation (SHG)
(GWU23F, Spectra Physics). The laser beam power could be attenuated with the help of

a circular variable metallic neutral density (ND) filter.

The Raman scattering and PL spectroscopy are performed using a charge-
coupled device (CCD) (DV420A-OE, Tokyo Instruments) as a detector. The
configuration of the system parameters for each measurement (Raman scattering or PL)
was performed with a computer. The system was also capable of performing time-
resolved PL and laser reflection intensity mapping measurements using a streak camera
and a photomultiplier-tube (PMT), respectively. As these components were not used in
this work, no further information is provided. The continuous-flow cryostat (ST-500,
JANIS) stage allowed the performance of materials characterization at various

temperatures.
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3.2.1 Confocal microscope operation

The basic setup of a confocal microscope is shown in Figure 3.2. In confocal
microscopy, a point-like source is focused onto the sample using an objective lens.
Directional alignment in the x and y directions can be performed by a mirror mounted
on a galvanometer motor for focus control, whereas the z direction is adjusted by a
piezoelectric device mounted on the objective. The scattered light and the reflected laser
beam return on the same path through the objective lens and are separated by a beam
splitter, where the scattered light is redirected to the detector through a pinhole that
allows only light from the focal plane to reach the detector. Thus, image contrast is
enhanced. Moreover, by choosing an appropriate pinhole diameter, the lateral resolution
can be increased by up to a factor of 1.41. A two-dimensional image of the sample

surface can be obtained by scanning the sample with respect to the objective.
3.3 Photoluminescence spectroscopy experimental setup

Figure 3.3a shows a schematic diagram of our PL measurement system. The sample
was mounted in a continuous-flow cryostat. A pulsed laser source Ti:sapphire laser and
an SHG were used as excitation sources with wavelengths of 800 and 400 nm (3.3 eV),
respectively. The typical laser spot size on the crystal surface was approximately 25—
200 pm. The obtained excitation densities were in the range 0.01-1 MW/cm®. The PL
was measured using a confocal microspectroscopy system and a CCD detector. The

measurements were conducted at temperatures ranging from 77 to 300 K.
3.4 Raman spectroscopy experimental setup

Figure 3.3b shows a schematic diagram of our Raman scattering measurement
system. A DPSS Nd:YAG laser with a wavelength of 532 nm was used as the light
source for the Raman confocal microscope system. The spectral resolution of the system
was better than 0.8 cm™. The temperature of the sample, which was placed in a special
vibration-free cryostat, varied from 77 to 300 K, covering successive phase transitions

of the TlInS, and T1GaSe, compounds.
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3.5 TlInS; and T1GaSe; crystals

Single crystals of layered TlInS, and TlGaSe, were grown by using the
Bridgman—Stockbarger method [2]. The obtained crystals could be easily cleaved into
plane-parallel plates perpendicular to the crystallographic ¢* axis. The XRD patterns
showed that the polytype of the studied crystals were C-TlInS, and C-TIGaSe,, with
parameter ¢ = 15A of the monoclinic system in the space group C2/c [3—6]. Figures 3.4

show the crystals studies in this work.
3.6 Polarizations geometries

The PL and Raman scattering spectra were measured in the backscattering
configuration in two geometries, as shown in the Figure 3.5: (1) On the surface of the
crystal parallelly to the ab plane, (001) plane, where the propagation vectors of the
incident light (k;) and the PL emission (k,) or scattering (k;) are parallel to the ¢ axis, as
shown in Figure 3.5a and 3.5c, respectively. Note that in this configuration, the
electrical vector (E) of the incident and emission light are perpendicular to the ¢ axis
(ELc*). And (2) on the surface of the crystal that is perpendicular to the (001) plane
where the propagation vectors of the incident light (k;) and the PL emission (k.) or
scattering (k,) are perpendicular to the ¢ axis, as shown in Figure 3.5b and 3.5d,

respectively.

In polarized Raman scattering, according to Porto’s notation, the examined
polarization geometry showed in the Figure 3.5d was x(zz)X, where x and X represent
the propagation directions of the incident (k;) and scattered (k) light, respectively,
whereas the first and second letters inside the parentheses denote to the polarization of
the incident (E;) and scattered radiation (Ej), respectively. In the case of the polarization
x(yy)x, the propagation directions of the incident (k;) and scattered (k) light are
papallelly to the x axis, whereas the polarization of the incident (E;) and scattered

radiation (Ey) are parallelly to the y axis.
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Figure 3.4 Crystals studies in this work, C-T1InS,(a) and C-
TlGaSe; (b)
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3.7 Summary

In this chapter, we have provided a description of the confocal spectroscopy
system and the basic principle behind the operation of the confocal microscope, and
discussed some experimental considerations regarding to the polarization geometry used

in the measurements.
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CHAPTER 4

Photoluminescence spectroscopy of TlInS, and TlGaSe,

4.1 Introduction

This chapter describes the PL spectra of quasi-two-dimensional ternary thallium
dichalcogenide TIInS, and TlGaSe, using a confocal microscope system in the
temperature range from 77 to 300 K, in which a series of phase transitions is believed to
occur. The PL spectra and their excitation intensities and temperature dependences are

then used to propose a model for the recombination process of photo-excited carriers.
4.2 PL spectra of TlInS,

Figure 4.1 shows the PL spectra of TlInS, for light polarization E Lc*(k//c*) and
E//c*(kLc*) at the band-edge region and at a constant temperature of 77 K. For both
polarizations, ELlc* and E//c*, the recorded spectra show two PL bands: (1) a low-
intensity band at the low-energy side (2.1-2.3 eV) of the spectra and (2) a high-intensity
slightly asymmetric Lorentzian-shaped band at the high-energy side (2.3-2.6 e¢V). For
Elc*(kllc*) polarization, the low- intensity band was attributed to radiative DAP
recombination [1], whereas the recombination mechanism of the high-intensity
emission observed at 2.52 eV (denoted as the H band in early studies [2, 3] was
attributed to excitonic recombination. To the best of our knowledge, there are no reports
exist on the PL spectrum of layered TlInS, compounds for E//c*(kLc*) polarization. It
is important to note that in this polarization, the PL band was centered at an energy
(2.49 eV) lower than that of the reported H band (2.54 eV [2] and 2.52 eV [3]). For
ELc*(kllc*) polarization, we particularly concentrated on the high-energy side of the

PL spectrum (2.3-2.6 eV).
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Figure 4.1 PL spectra of TlInS, for ELc*(k//c*) and E//c* (kLc*) polarizations at 77 K
and excitation density L = 0.31 MW/cm®.

4.2.1 Excitation dependence of PL spectra

Figure 4.2 shows the excitation density (L) dependence of the PL spectra of
TlInS, single crystals in the band-edge region at a constant temperature of 77 K for

E1c*(kl/c*) polarization.

In the excitation density range 0.01-0.1 MW/cm® the energy position of the PL
peak is approximately 2.52 = 0.9 meV, which corresponds to the H band observed in
previous studies [2, 3]. With increasing L above 0.1 MW/cm?, the intensity of the PL
emission increases rapidly, and the energy position shifts slightly toward the lower-
energy side of the spectrum. Since the energy position of the excitonic emission does
not depend on L, here, we re-examine the origin of this band A and the energy shift

exhibited with increasing L.
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Figure 4.2 Excitation density (L) dependence of PL spectra for TlInS, crystals at a
constant temperature of 77 K for E Lc*(k//c*) polarization.

First, we must verify that the present experiment was performed at low
excitation density, for which no screening of the the excitonic interaction occurs and the
system does not become metallic. Exciton wave function overlap occurs when the
exciton-exciton distance is equal to the exciton diameter; then, the exciton lose their
identity as individual quasiparticles and a new collective phase is formed which is
known as the electron-hole plasma (EHP). The exciton density at which this occurs is

called the Mott density (Nuor) and is given approximately derived from

R

mwl =

(4.1)

NMott

where ag is the Bohr radius of FEs [4]. In the case of TlInS, crystals, Ny, was

calculated to be ~1.76 x 10*° cm™ using ag ~ 1.79 nm [5].
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On the other hand, the concentration level of the created FE Nyz (cm™) [6] is

provided by

L
NEF E E(XT (4.2)

where L (W/cm?) is the excitation density, Av (eV) is the excitation energy, @
(cm™) is the absorption coefficient at the excitation energy, and 7 (s) is the exciton life
time. Considering a maximum density of L ~ 0.73 MW/cm?, Av= 3.3 eV (for a 400 nm
laser beam), @ ~ 1.3 cm™ (at 3.3 eV, 77 K [7]), and 7~ 1 ns (at 77 K [8]), Nxz was
estimated to be ~1.79 x 10" cm™. Since the obtained values (summarized in Table 4.1)
show that N,,:;; was at least one order of magnitude larger than Ngg, the energy shift
observed in the PL spectra (Figure 4.2) for L above 0.1 MW/cm?® was not considered to
be caused by EHP. Consequently, the observed peak shift may be due to the appearance
of other exciton or excitonic complexes (i.e.s biexcitons) at energies below that of band
H. Therefore, the PL spectra were analyzed using deconvolution method to obtain the
relationship between the excitation power density (L) and the PL emission intensity (/)
[9, 10]. In the analysis, we deconvoluted the contours of the obtained PL spectra with a
Lorentzian function (peak) using the least-squares approach. The Lorentzian functions

and their parameters are shown in Figure 4.3.

Table 4.1 : Estimated values for Mott density and resulting FE density at the highest
power density used for exciting TIInS, in our work (L = 0.73 MW/cm?).
Nyore (cm™) 1.76 x 10°°

Npg (em™) 1.79 x 10"

First, because the PL corresponded to band H (at 2.52 eV) in the excitation
density from 0.01 to 0. MW/cm?® the PL spectra in this excitation range were
deconvoluted (resolved) using one Lorentzian peak with X = 2.52 eV, as shown in
Figure 4.4. Then, the PL spectra were resolved into one, two, and three Lorentzian
peaks in the excitation density from 0.16 to 0.73 MW/cm?, as shown in the Figures 4.5a,
4.5b, and 4.5c, respectively, where one of the peaks correspond to band H. The insets

show the obtained X values for each excitation density. In addition, numerical values of
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the residual sum of squares (RSS) and the coefficient of determination (R’) extracted
from the output file are included in the figures. Here, the best fit was considered as that

having the smallest RSS or, equivalently, the largest R*.

As expected, better results were obtained when the entire PL spectrum was
resolved into two and three peaks than when using only one peak. In addition, the inset
of Figure 4.5a shows that the peak position (Xz) shift to the low-energy side with
increasing L does not correspond to excitonic PL. Therefore, we discarded this result.
To obtain de results shown in Figure 4.5b, in the deconvolution analysis, we assumed
that these two peaks had fixed position energies: band H at 2.52 eV and band M in the
range between 10 and 20 meV, below 2.52 eV. Then, taken into account the obtained
RSS and R values of each fit as well as the results of the temperature dependence of the
PL spectra that are related to the binding energy (which is explained in section 4.2.2) we

determined that the best fit was obtained for peaks spaced at 13.5 meV.

Intensity (a. u.) —

1 1 I
x (eV)—

Figure 4.3 The Lorentzian function. Here, / is the maximum intensity, X is the energy
position at the maximum intensity, and D is the half width at half maximum (HWHM)
1e., at /2.
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Figure 4.4 Deconvolution of the PL spectra in the excitation density range from
0.01 to 0.1 MW/cm?. The PL spectra were resolved into one Lorentzian peak with
X =252 ¢V for L =0.01, 0.03, 0.05, and 0.1 MW/cm?, which correspond to the
excitonic band H.
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Figure 4.5 Deconvolution of the PL spectra in the excitation density range from

0.16 to 0.73 MW/cm®. The PL spectra were resolved into one, two and three
Lorentzian peaks.

Moreover, the PL spectra could be resolved into three peaks, as shown in the
Figure 5.5¢c. Again, we assumed one peak at 2.52 eV (band H) and the other two peaks
(M; and M,) at fixed position energies below 2.52 eV. However, the PL spectra

deconvolution into three Lorentzian peaks was inappropriate, considering the binding

energy of the resulting band M, as explained in section 4.2.2.

Subsequently, we focused on the two peaks deconvolution shown in Figure 4.5b.

The relationship between L and the intensities of the H and M bands, Iy and I,
respectively, is shown in Figure 4.6. The calculated Iy and I, values can be fitted by a
simple power form as follows:

[ L7 (4.3)
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where n is a dimensionless exponent [9, 10]. When the excitation energy of the laser
light exceeds the gap energy, E,, the coefficient n is generally 1 <n < 2 for free- and
bound-exciton emissions. Additionally, the radiative recombination of molecular

excitons (MEs), called biexcitons, is suggested for the / , which increases approximately

nME
NrE

as the square of the FE intensity ( ~ 2). Using equation 4.3, we determined that the

Iy and I, increase superlinearly, i.e., ny = 1.7 and ny = 3.4, and the ratio Z—M was
H

calculated to be ~ 2. Thus, the obtained results indicated that the emission bands M and
H could be attributed to the radiative recombination of MEs and FEs, respectively.
From the peak-to-peak energy difference between M and H bands (Xyp — Xy), the
binding energy of this biexciton was estimated to be ~13.5 meV, as shown in the inset

of Figure 4.5b.

10°

0 TS " 100
L (W/cm?)

Figure 4.6: The Lorentzian parameters (/) of the deconvoluted H and M bands as a
function of excitation density (L).

In most wide-bandgap semiconductors, such as GaN, ZnS, ZnSe, CdS, and
CuGaS,, high-density excitons collide with each other and generate MEs (biexcitons)
[11]. However, there have been no reports on biexciton luminescence in TIMeX,

compounds. Here, we report the first observation of biexciton luminescence in TlInS,.
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4.2.2 Temperature dependence of PL spectra

Next, we analyzed the behavior of the PL spectra as a function of temperature at
a constant excitation power density of 0.3 MW/cm? in the region 2.2-2.6 ¢V. The PL
spectra of TlInS, obtained in the temperature range from 77 to 300 K, in which phase
transitions (N-I-C) are believed to exist, are shown in Figure 4.7. No appreciable effect
of successive thermocycling was observed between the commensurate and normal
phases; hence, the results are provided without details regarding their acquisition (i.e.,

on cooling or heating). The important features of these results are summarized below:

e In the paraelectric phase, a weak, broad, and slightly asymmetric Lorentzia-shaped
band appeared at approximately 2.39 eV at 300 K. At lower temperatures, the
energy positions of the PL peaks shifted slightly to higher energies (i.e., 2.43 eV at
220 K) and the band intensity increased slowly. The same behavior was observed

between 216 and 200 K (I phase).

e At temperatures below ~200 K (ferroelectric-C phase) and down to ~77 K, the
energy position of the PL band rapidly shifted to the higher-energy side, and the

peak intensity exhibited a strong increase with decreasing temperature.

As in the case of the excitation density dependence, a deconvolution procedure
was applied to analyze the behavior of the PL spectra as a function of temperature, and
we extracted the Xy and Xj, values of the H and M bands, respectively. In the
ferroelectric phase above 77 K, the PL spectra were divided into two Lorentz peaks (H
and M bands) separated by a constant distance of 13.5 meV. We assumed that the
binding energy of the FE and ME did not change with temperature. However, at
approximately 180 K, the intensity of the biexciton M band decreased significantly
became and disappeared because the binding energy became comparable with the
thermal energy Tks, where kp is Boltzmann's constant (8.617x10” ¢V/K) and T is the
lattice temperature. Therefore, at higher temperatures (I-to-N phase), the PL emission
spectrum mainly originates from one band, the excitonic H band. The fact that the
biexciton emission could be observed up to 160 K (Tkz = 13.7 meV) supports the
hypothesis that the binding energy of this structure is approximately 13.5 meV. In

addition, it could explain why the intensity of the entire PL spectra increased rapidly for
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temperatures below 200 K (C phase). Moreover, the PL spectra deconvolution in
three Lorentzian peaks is inappropriate considering that the binding energy of the
resulting band M, (Xy — Xu2 = 24 meV) suggests that this structure should be observed
up to 278.5 K; however, was not observed in the temperature dependence of the PL

spectra, as shown in Figure 4.7.

The extracted values for the Xz and X, bands are plotted against the temperature
in Figure 4.8. Some differences are observed when we compare our results to those of
early studies on the excitonic emission from T1InS; crystals [2, 3]. As seen in Figure 4.7
for the C phase, the previous studies also reported a rapid energy position shift (labels 1
and 2) and energy values of the H band that agree well with those obtained in the
present work. However, at high temperatures, the energy values of band H (labels 1 and
2) and Xy exhibit strong differences, and there is no longer agreement in the I and N
phases. Moreover, the reported anomaly in the temperature range from 195 K to 216 K
(I phase), where the energy position of the band H is nearly independent of the
temperature [3], was not observed in the band H energy in this work. We attribute this
discrepancy mainly to the difference between the polytypes examined in the early PL
studies and those investigated in the present work. Label (3) in figure 4.8, indicates the
exciton energy calculated from the deconvoluted imaginary part of the dielectric
function obtained by the ellipsometry measurements [12] of TlInS; in E//c*. Clearly, a
rapid energy shift is observed in the C phase with decreasing temperatures; however, the
energy values are smaller than those obtained from PL measurements. We attribute

these energy differences to the configurations of the experiments (ELc* in this work).

Finally, Label (4) corresponds to the relationship (Equation 1.2) of the bandgap
(E,) and FE (Erg) energies versus the temperature, which was obtained using the Bose-
Einstein statistical factor [7]. The exciton energy calculated using Equation 3 and the
parameters presented in Table 4.2 shows the best agreement with the experimental data
at temperatures below 100 K (C phase), while a significant deviation is observed in the
I and N phases. Therefore, this treatment may not be adequate in the extended
temperature range of N-I-C phase transitions. For comparison, Table 4.2 also shows the
parameters calculated by the least-squares fitting of the experimental energy position of
band H using Equation 1.2 in the ferroelectric-C phase in the region 77-200 K.
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Figure 4.7 PL spectra of TlInS; crystal at different temperatures in the range 77-300 K
under a constant excitation power density of 0.3 MW/cm®.
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Figure 4.8: Temperature dependence of the energy position of the PL A and M bands.

Table 4.2: Values of the Bose-Einstein statistical relation parameters.
Er(eV) ap(eV) Os(K) Ei(eV)

2.592 0.0062 26 0.0123
Ep- Ei=2.71 0.179 292.9 -
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4.3 PL spectra of TlGaSe;

To date, many studies have examined layered T1GaSe; crystals, which belong to
the group of quasi-two-dimensional TIMeX, compounds. However, besides
photoconductivity [73] and optical absorption [74], the excitonic properties of TlGaSe;
are not well understood. The reported photoconductivity and optical absorption data
showed that excitons are located at 2.13 eV [73] and 2.12 eV [74], respectively, at low

temperatures.

4.3.1 Excitation dependence of PL spectra

Figure 4.9 shows the PL spectra of TlGaSe, for light polarization ELlc*(k//c*)
and E//c*(kLc*) at the band-edge region and a constant temperature of 77 K. The
optical transitions responsible for PL emission near the band edge are obviously
polarized for kLc* (E//c* and E//c*). Because, FEs may responsible for the emission

from T1GaSe; observed at E//c*, we consider the PL spectra in more detail.
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Figure 4.9 PL spectra of TlGaSe, for k//c* and kLc* at 77 K.

The PL spectrum for E//c*(kLc*), shown in Figure 4.9, is slightly asymmetric

Gaussian-shaped band and exhibits a tail on the high-energy side, which obviously
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means that the spectrum includes more than one peak. Therefore, we deconvoluted the
spectrum (Figure 4.10) and then resolved resolved it into two Gaussian peaks, denoted
as A and B bands, located at 2.01 and 2.10 eV, respectively. Figure 4.11 shows the
excitation intensity dependence of the emission intensities of peaks A and B at 77 K,
which is very well described by Equation 4.3. For peaks A and B, ny = 1.9 and ng= 1.8,
respectively. At low excitation density, the emission intensity of the deconvoluted peak
B is very low. Therefore, the accuracy of the ng value for peak B is low. Because the
exponent ng for peak B is quite large (ng > 1), and the peak energy is very close to that
of FEs observed via optical absorption [13] and photoconductivity [14] spectra, we
assigned peak B to FE emission in the TlGaSe; crystals. The ny value for peak A (1.9)
is also rather large and nearly equal to that of peak B. This means that peak B has the
same recombination mechanism as peak A. Consequently, the recombination

mechanism for peak A must also be the irradiative decay of FEs.
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Figure 4.10 PL spectrum of TIGaSe, measured at 77 K.
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Figure 4.11 Excitation intensity dependence of the emission intensities of peaks A
and B in the TlGaSe2 spectrum measured at 77 K.

Because the structure of TlGaSe, includes defects, the perfect stacking between
layers is largely disrupted; thus, the monoclinic b axis and the @ axis mix and exchange
positions [15]. We believe that the A excitons resulted from the defective volume

fraction of the studied crystals.

4.3.2 Temperature dependence of PL spectra

Next, we analyzed the behavior of the PL spectra as a function of temperature at
a constant excitation power density of 5 mW in the region 2.8-2.2 eV. The PL spectra
of TlGaSe, obtained in the temperature range from 77 to 300 K, in which phase
transitions (N-I-C) are believed to exist, are shown in Figure 4.4. As no appreciable
effect of successive thermocycling between the commensurate and normal phases was
observed, the results are provided without details regarding their acquisition (i.e.,

cooling or heating).

Figure 4.12 shows the PL spectra at 77, 120, and 160 K. The temperature
dependence of the emission energy of peaks A and B at temperatures ranging from 77 to

300 K is shown in Figure 4.10. With increasing temperature, the intensity of peak B
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decreases compared to that of peak A, and peak B disappears at temperatures above 160
K. The width of the PL spectra also increases with increasing temperature. The intensity
of the deconvoluted peak B is rather low in the high-temperature range. Therefore, peak
B may be screened by thermal effects. However, peak A, which is located at 2.01 eV,
remains at room temperatures and is observed to change very little with varying
temperature. We can estimate the bandgap change of TlGaSe, as a function of
temperature by using peak A instead of the pure FE, peak B. Thus, the bandgap also

changes very little with temperature.

Peak B

%2,10—0 0000 O .

= I
a0

= i ]

g i 4
5)

g 2.05¢ .

£ i ]

> - Peak A 1

L o © o -

® o000 © |

] 1 ] ]
2.00 100 200 300

Temperature (K)

Figure 4.10 Emission energy of peaks A and B in the TlGaSe; spectrum between 77
and 300 K.
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Figure 4.12 at Temperature dependence of PL intensity of the TlGaSe, for E//c*(kL
c*)at 77 K.
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4.4 Summary

We investigated the PL spectra of TlInS, crystals using a confocal microscopy
system. For E1c*(k//c*) light polarization, a strong PL band was observed in the entire
temperature range from 77 to 300 K, over which a series of phase transitions is believed
to occur. At 77 K (ferroelectric-C phase) and under excitation densities above 0.7
MW/cm?, the PL spectrum consisted of two components: (1) FE luminescence (H band)
and (2) biexcitons luminescence (M band). The binding energy of the biexcitons was
estimated to be ~13.5 meV, and the structure dissociated at temperatures between 140
and 160 K. For higher temperatures, up to 300 K, the crystal phase changed to a
paraelectric-N phase state through an intermediate I phase, and the PL spectra consisted
mainly of FE emission (H band). To the best of our knowledge, this is the first

observation of biexcitonic emission in the PL spectra of TlInS, crystals.

Furthermore, we investigated the PL spectra of TlGaSe, using confocal

microscopy. The PL spectra appeared only for the kLc configuration. The spectra,

which were asymmetric, were separated into two Gaussian peaks, A and B, located at
2.01 and 2.10 eV, respectively. By analyzing the excitation intensity dependence of the
PL intensity and previously reported data, we attributed peak B to pure FE emission
from the TlGaSe, crystals. This is the first observation of FEs in TlGaSe, using PL
measurements. Peak A was also assigned to Fes; however, its FE emission could
originate from crystals in which mixed and exchanged a and b axis, or to layers that

were stacked with a shift to the parallel (ab plane).
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CHAPTER 5

Raman spectroscopy of TlInS; single crystal

5.1 Introduction

This chapter describes the Raman scattering spectra of quasy-two-dimensional
ternary thallium dichalcogenide TlInS, and TIGaSe, usign a confocal microscope
system in the temperature range from 77 to 320 K, in which a series of phase transitions

is believed to occur.
5.2 Unpolarized Raman scattering spectra

5.2.1 Unpolarized Raman scattering spectra of TlInS,

Figure 5.1 displays, the Raman spectra of TlInS, at 300 and 77 K in the
frequency region of 120-400 cm™. Each mode in the measured Raman spectra was
deconvoluted into Lorentzian peaks (Figure 4.3), using a least squares procedure. The
spectra at 300 K exhibit seven Raman peaks, whereas the number of peaks increases to
ten at 77 K. Thus, a decrease of the temperature to 77 K generates a variation in the
spectra, with an increase of the number brings about a variation in the spectra, such that
there is an increase of the number of Raman lines and more distinct separation of
closely spaced lines. Furthermore, shifting and broadening of the Raman-active modes
are observed with increasing temperature. The frequencies of the observed Raman-
active modes are listed in Table 5.1. The frequencies of the modes at 77 and 300 K
agree well with those reported previously [1-3]. The table also includes a comparison
between the frequencies of the modes observed in the 300 K spectra and those obtained

in earlier work [2].
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Figure 5.1 Unpolarized Raman spectra of TlInS, at 300 and 77 K. The numbers
correspond to those listed in Table 5.1.

Table 5.1 Raman frequencies (v;) in the range 130400 cm.

This work Ref. [2]
vi (cm™) vi(em™)
Raman line 77 K 300 K 300 K
(1) 137.7 137.2 138.1
(2) 172.6 175.1 -
3) 271.9 270.6 272.0
4) 279.7 280.5 283.2
(5) 290.1 292 294.3
(6) 300.4 - -
(7) 305.8 309.1 304.5
(8) 3184 - -
9) 345.8 345.5 345.8
(10) 349.9 - -
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5.2.1 Temperature dependence of wavenumber and linewidth

Figure 5.2 presents, the temperature dependence of the peak position (xp). With
decreasing temperature, the Raman peaks with frequencies between 300 and 350 cm™
begin to split. The mode at 300 cm™ is divided into three modes (6, 7, and 8), whereas
that at 350 cm™ has two modes (9 and 10) at approximately 225 K and 260 K,
respectively. A similar behavior of high-frequency lattice modes was also observed in
T1GaS; [4]. More details on the temperature dependence of the X and y of the Raman

lines are provided in Figure 5.3.
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Figure 5.2 Temperature dependence of the mode frequencies of the Raman spectra of
T1InS,. The dashed lines represent guides for the eyes. The numbers correspond to those
listed in Table 5.1.
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Figure 5.3 Temperature dependence of the X and y values of the Raman lines.
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A distinct feature of the plots of Figure 5.3 is the irregular dependence of xy and
y on temperature. This dependence lies beyond the Bose—Einstein distribution for
phonons; therefore, it is bound to phase transitions. For example, the x, value of mode 3
(Figure 5.3a) initially increases, then suddenly decreases, and finally increases again
with increasing temperature. For this mode, x reaches a maximum at 90 K and a bend

between 200 and 260 K.

The behavior of mode 5, shown in Figure 5.3c, also exhibits and irregular
dependence of xj on the temperature. A clear maximum is observed at approximately
225 K. This behavior does not coincide with that reported in [25], where xy exhibits
changes at high frequencies as the temperature increases from 77 to 300K. A similar

behavior of y and x, is observed in the other modes shown in Figure 5.3.

The appearance and disappearance of Raman modes and the irregular behavior
of the temperature dependence of the Lorentzian parameters may be due to a structural
phase transition. This is because such transition can cause the unit cell to quadruple in
the direction of the ¢ axis in the ferroelectric-C phase. This phenomenon is known as

superlattice formation.
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5.2.2 Unpolarized Raman scattering spectra of TlGaSe,

The Raman spectra of a TIGaSe; crystal at 78 and 300 K are shown in Figure 5.4.
In the frequency region 50-300 cm™, the spectra exhibit at least 12 Raman modes at
300 K and this number increases to 17 at 80 K. Table 5.2 summarizes the numerical
values of the mode frequencies shown in Figure 5.4 and includes Raman peaks reported
by other researches [1, 5] in the frequency range of 50-300 cm™. Each mode in the
measured Raman spectra was deconvoluted into Lorentzian peaks (Figure 4.3), using a
least squares procedure. The temperature dependence of the modes is shown in Figure
5.5. As the temperature decreases, additional Raman lines suddenly appear at
frequencies of approximately 56, 82, 199, and 237 cm™, which is an indication of a
structural phase transition at low temperatures [1, 4]. More details on the temperature
dependence of the frequency and width (FWHM) of the lines are provided in Figure 5.6.
We can clearly observe that in the temperature interval between 7c = 107 K and 7i =
120 K, where the phase transition occurs, the temperature dependence of the phonon
frequency and the width of the peak show discontinuities for the highest intensity
Raman modes (1, 9, 11, and 17).
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Figure 5.4 Raman spectra of TlGaSe, at 78 and 300 K. The numbers correspond to those
listed in Table 5.2.
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These results partly agree with those reported previously [6], where pressure the
dependence of phonon frequencies in TlGaSe; also showed discontinuities for modes 1,
11 and 17. Furthermore, in Figure 5.6 we can also observe that the mode width
(FWHM) exhibits broadening with increasing temperature. This explains why Raman
modes are clearly resolved at low temperatures, while some closely spaced modes are

not resolved at high temperatures
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Figure 5.5 Temperature dependence of the mode frequencies of the Raman spectra of
TlGaSe,. The dashed lines are guides for the eyes. The numbers correspond to those
listed in Table 5.2.
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Table 5.2 Raman mode frequencies (v;) in TIGaSe; at low and room temperature.

Ref. [1] Ref. 2] Ref. [5] This work
Raman line vi(em™) vi(em™) vi(em™) vi(cm™)
85K 300K 300 K 300 K 80 K 300K
(1) 53 54 54 53 50.4 50.5
2) 56 - - - 55.1 -

- 74 - - - - -
(3) 79 - - - 78.9 77.1
4) 83 82 82 80 80.8 -
(5) 87 88 88 - 89.9 88.8

- 92 - - 91 - -
(6) - - - - 97.4 98.8
(7) 106 105 105 105 104.1 104.6
(8) 118 - - - 114.9 114.1
9) 133 133 133 132 130.8 129.9

- - - 163 - - -
(10) - - - 177 175.5 174.9
(11) 194 194 194 193 192.0 191.2
(12) 199 198 198 - 198.2 -

- 204 - - - - -
(13) 231 230 230 229 229.8 2272
(14) 240 240 240 - 237.6 -
(15) 244 - - - 242.5 236.8

- 250 250 250 249 - -
(16) 260 - - - 257.6 -

- - 268 268 - - -
(17) 280 278 278 278 279.7 275.7

- 285 - - - - -
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5.3 Polarized Raman scattering spectra of TlInS,

5.3.1 Polarized Raman scattering spectra of TlInS, at 300 K

As stated by R. Loudon [7], A,-type phonons should be expected at the diagonal
components of the (xx), (yy), and (zz) polarization tensors, while B,-type phonons are
predicted for the (zx), (zp), (xp), and (yz) polarizations. Therefore, when interpreting the
crystal symmetry on the assumption of a monoclinic system, it suffices to compare the
(xx), (yy), and (zz) spectra with one of the (zx), (zp), (xy), and (yz) spectra. Thus, A,-
and Bg-type phonons should be observed in the x(zz)x and x(yz)xX polarizations,
respectively. The Raman spectra of TlInS; in frequency region 30400 cm™ at 300 K
(paraelectric-N phase) for x(zz)x and x(yz)x polarization are shown in Figure 5.7a
and b, respectively. As in the unpolarized case, each mode in the measurement Raman
spectra was deconvoluted into Lorentzian peaks, using a least-squares procedure. The

fitting peaks are also shown in Figure 5.7.

We identified the symmetry modes for the TlInS; crystal as shown in Table 5.3. The
Raman spectrum shows 12 phonon modes in the x(zz)x geometry, while 15 modes at
x(yz)x. In total, we observed 19 phonons, three more than those reported by K. R.
Allakhverdiev et al. [8] for the same frequency range at 300 K. Figure 5.8 shows the
temperature dependence of the phonon modes (12—-19) in the x(yz)x polarization (200—
400 cm™). These modes can be observed in the entire temperature range from 300 to 77

K. This reinforces the deconvolution procedure shown in Figure 5.7.

The symmetry identification, performed according to our data, shows one
discrepancy at 48 cm™ with the results obtained in [8]. The small number of observed
phonon modes is in agreement with the supposition that the space group of the crysta is
C gh. In this hypothesis, group-theoretical analysis gives 24 Raman actives modes (10 A,
+14 B,) at the center of the Brillouin zone [7]. Thus, we observed all of the 10 A,

phonons and nine of the 14 B, phonons predicted.

63



—— Exp. data

------ Fit sum.

(5) (10)
¢ "

240 280 320 360
\ cm!l —>

Intensity (a. u.)

(18)

300 350 400
Raman-shift (cm™)

(b) f(yZ)x —— Exp. data
------ Fit sum.

Intensity (a. u)

Raman-shift (cm™)

Figure 5.7 Polarized Raman scattering spectra of the TlInS; crystal at 300 K. (a)
A,-type phonons (black solid line) and B,-type phonons (red dotted line). (b) B,-
type phonons (black solid line) and, A,-type phonons (blue dotted line).
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Table 5.3 Mode assignment and phonon frequencies of Raman spectra of TIInS,
crystals at 300 K.

This work
Ri‘il::n Ref. [8] x(zz)x x(yz)x Mode assignment

(1) 34 (By) - 34.9 34.9 (B,)
2) 37 (Ap) 37.6 37.6 37.6 (Ap)
(3) 43 (Ap) 41.2 - -

4) 49 (Ay) 48.7 48.7 48.7 (By)
(5) 57 (Ap) 56.4 - -

(6) 81 (Ay) 77.5 77.5 77.5 (Ay)
(7) 87 (B,) 86.5 87.5 87.5 (By)
(8) 98 (By) 96.9 92.3 92.3 (By)
9) 115 (Ap) 114.8 - -

(10) 137 (Ap) 136.7 136.8 136.8 (Ay)
(11) - 176.5 175.7 175.7 (Ay)
(12) 271 (By) - 270.7 270.7 (By)
(13) 279 (Ap) 279.8 279.8 279.8 (Ap)
(14) 291 (Ay) 291.1 291.1 291.1 (Ap)
(15) 301 (By) - 300.3 300.3 (By)
(16) 304 (By) - - -

(17) - - 311.4 311.4 (By)
(18) - - 324.2 324.2 (By)
(19) 344 (Ay) 345.4 346.8 346.8 (Ap)
(20) - - 368.9 368.9 (By)
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5.3.2 Temperature dependence of polarized Raman scattering spectra in TlInS,

Figure 5.9 shows the polarized Raman spectra of the TlInS; crystal in the low-
frequency range (35— 180 cm'l) at 77, 150, 200, 216, 250, 300, and 320 K. As we did
not observe any appreciable effect of successive thermocycling between the
commensurate and normal phases, the results are provided without details regarding
their acquisition way (i.e., on cooling or heating). Each mode in the measured Raman
spectra was deconvoluted into Lorentzian peaks, using a least-squares procedure. The
figure also shows an example of the fitting of the Raman spectrum at 77 K. The bands
that were deconvoluted into separate lines are indicated by arrows above the relevant
frequency. At least seven Raman peaks can be identified in the spectrum obtained at
300 K and this number rises to 10 at 77 K. This is reflected in Figure 5.10, which
displays the temperature dependency of the frequency of each Raman line from 77 up to
300 K. The increase of the temperature leads the typical decrease of the intensity and
line broadening of the Raman spectra. Moreover, the appearance of additional Raman
lines (3, 5, and 8) is an indication of a structural phase transition at low temperatures [1,
4]. More details on the temperature dependence of the frequency of the Raman lines are

provided in Figure. 5.11.

In the case of temperature-induced phase transitions in layered compounds, the
external (interlayer) modes responsible for phase transitions are expected to have the
strongest temperature dependence, while the internal (intralayer) modes are considered
to remain relatively undisturbed [9]. Thus, for TIMeX, layered compounds the
interlayer (T1-X) modes that include displacements of the TI" atoms that are responsible
for phase transitions are expected to have the strongest temperature dependence. From
the Raman frequency values of Figure 5.11, we calculated the slope (dv; / dT) to
quantify the temperature dependence of the frequencies (v;). The numerical values of the
slopes are summarized in Table 5.4. In the N phase, we can clearly observe that the
modes responsible for the Raman lines 4, 6, and 10 exhibit a strong temperature
dependence of the frequency (the highest slope values). It must also be noted that the
intensity of these Raman lines exhibits strong temperature dependence (Figure 5.9). We
assume that these modes are associated with the interlayer bonding between Tl and S
atoms. Additionally, we identified the four Raman lines 1, 2, 7 and 9 that are possibly

related to the intralayer bonding between In and S atoms.
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Figure 5.9 Polarized Raman spectra of the TlInS, crystal in the low-frequency
range (35-180 cm'l) at 77, 150, 200, 216, 250, 300, and 320 K.
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The intralayer and interlayer Raman modes of the layered compounds T1GaSe,
and T1GaS, have been determined and reported in [60]. However, as far as we know,
there haves been no studies on TIInS, compounds. Here, we report here the first
determination of the intralayer and interlayer Raman modes of layered compound

THHSQ.

Table 5.4 Temperature dependence of Raman line frequencies (v;). The
numbers corresponds to those shown in Figures 2 and 3.

Raman line (v, / 0T§1291603 cm’! K! | Type of bonding
C phase N phase
1 6.4 Intralayer
2 -8.2 Intralayer
3 23 - -
4 -15.6 Interlayer
5 -74.1 - -
6 -35.1 Interlayer
7 -1.5 Intralayer
8 -13.4 - -
9 0.8 Intralayer
10 15.1 Interlayer
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5.4 Summary

The Raman scattering spectra of TlInS, were analyzed and the temperature
dependence of xy and y was obtained. The plots showed the appearance of certain modes
with increasing temperature from 77 K. Moreover, irregular behavior was observed in
the temperature dependence of the peak positions and lines widths in Figure 5.3.
Moreover, we studied the temperature dependence of the frequency and peak width of
the Raman lines in TIGaSe;, including the temperature range of the reported
ferroelectric phase transition through an intermediate incommensurate phase. Our
results in both crystals indicate a complicated situation that cannot be fully explained
within the theoretical framework of the phase transitions previous reported for TlGaSe;.
Futher studies of the broadening and peak position as a function of the temperature are

necessary to fully understand the results obtained in this study.

Moreover, we identified the symmetry modes for the TlInS; crystal. The Raman
spectra shows 12 phonon modes in the x(zz)X geometry, while 15 modes in x(yz)x. In
total, we observed 19 phonons, three more than those previously reported for the same
frequency range at 300 K. The small number of observed phonon modes is in agreement
with the supposition that the space group of the crystal is C gh. In this hypothesis, group
theoretical analysis gives 24 Raman active modes (10 A, +14 By) at the center of the
Brillouin zone. Thus, we observed all of the 10 A, phonons and nine of the 14 B,
phonons predicted. In addition, we studied the polarized Raman spectra of TlInS,
crystals across a wide temperature range that included the reported region of the N-I-C
transition. In the x(zz)x geometry, we identified three Raman modes that are possibly
related to the interlayer bonding between Tl and S atoms and four Raman modes that

may be associated to the intralayer bonding between In and S atoms.
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CHAPTER 6

CONCLUSIONS

We investigated the PL spectra of TlInS; crystals using a confocal microscopy
system. For light polarization E | c*(k//c*), a strong PL band was observed across the
entire temperature range from 77 to 300 K, in which a series of phase transitions is
believed to occur. At 77 K (ferroelectric-C phase) and under excitation densities above
0.1 MW/cm’, the PL spectrum consisted of two components: (1) an FE (H band)
luminescence and (2) biexciton luminescence (M band). The binding energy of the
biexcitons was estimated to be ~13.5 meV, and the structure dissociated at 160 K. For
higher temperatures up to 300 K, the crystal phase underwent a transition from the
paraelectric-N -phase through an intermediate I phase, and the PL spectra consisted
mainly of FE emission (H band). To the best of our knowledge, this is the first
observation of biexcitonic emission in the PL spectra of TlInS, crystals. Furthermore,
we investigated the PL spectra of TlGaSe, using confocal microscopy. The PL spectra
appeared only for the kL ¢* configuration. The spectra, which were asymmetric, were
separated into two Gaussian peaks, A and B, located at 2.01 and 2.10 eV, respectively.
By analyzing the excitation intensity dependence of the PL intensity and previously
reported data, we attributed peak B to pure FE emission from TlGaSe; crystals. This is
the first observation of FE in TlGaSe, using PL measurements. Peak A was also
assigned to FEs; however, it is possible that its FE emission came from crystals in
which the a and b axis were mixed and exchanged or to layers that were stacked with a

parallel shift.

The Raman scattering spectra of TlInS, were analyzed and the temperature
dependence of xy and y was obtained. The plots showed the appearance of certain modes
with increasing temperature from 77 K. Moreover, irregular behavior was observed in
the temperature dependence of the peak positions and lines widths in Figure 5.3.

Moreover, we studied the temperature dependence of the frequency and peak width of
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the Raman lines in TIGaSe;, including the temperature range of the reported
ferroelectric phase transition through an intermediate incommensurate phase. Our
results in both crystals indicate a complicated situation that cannot be fully explained
within the theoretical framework of the phase transitions previous reported for TlGaSe,.
Futher studies of the broadening and peak position as a function of the temperature are
necessary to fully understand the results obtained in this study. The appearance and
disappearance of Raman modes and the irregular behavior of the temperature
dependence of the Lorentzian parameters may be due to a structural phase transition
because the unit cell is quadrupled in direction of the crystallographic ¢ axis. This
phenomenon is known as a superlattice. The obtained results are indicative of a
complicated picture that is difficult to interpret within the reported theory of phase

transitions in T1InS, and TIGaSe,.

Moreover, we identified the symmetry modes for the TlInS; crystal, which were
in agreement with the supposition that the space group of the crystal is €S;,. In this
hypothesis, group-theoretical analysis gives 24 Raman actives modes (10 A, +14 B,) at
the center of the Brillouin zone. Thus, we observed all of the 10 A, phonons and nine of
the 14 B, phonons predicted. In addition, we studied the polarized Raman spectra of
TlInS; crystals across a wide temperature range that included the reported region of the
N-I-C transition. In the x(zz)x geometry, we identified three Raman modes that were
possibly related to the interlayer bonding between Tl and S atoms and four Raman

modes that could be associated to the intralayer bonding between In and S atoms.
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