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ABSTRACT

OPTICAL AND ELECTRICAL TRANSPORT PROPERTIES OF SOME QUATERNARY
THALLIUM DICHALCOGENIDES

Giiler, Ipek
PH.D., Department of Physics

Supervisor : Prof. Dr. Nizami Hasanli

June 2011, 112 pages

In this thesis, in order to study the structural, optical and electrical transport properties of
TlInyS3Se, TlInSeS and TlyInySSes crystals, X-ray diffraction (XRD), energy dispersive
spectroscopic analysis (EDSA), transmission, reflection, photoluminescence (PL), thermally

stimulated current (TSC) and photoconductivity decay (PC) measurements were carried out.

Lattice parameters and atomic composition of these crystals were determined from XRD and
EDSA experiments, respectively. By the help of transmission and reflection experiments,
the room temperature absorption data were analyzed and it was revealed the coexistence of
indirect and direct band gap energies of the studied crystals. Moreover, the refractive index
dispersion parameters - oscillator energies, dispersion energies, oscillator strengths, oscillator
wavelengths and zero-frequency refractive indexes were determined. Temperature-dependent
transmission measurements made it possible to find the rate of change of indirect band gaps
with temperature, absolute zero values of the band gap energies and Debye temperatures of
these crystals. From the analysis of the transmission and reflection measurements, it was

established that, there is a decrease in the values of indirect and direct band gaps energies and
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an increase in zero-frequency refractive indexes with increasing of selenium content.

PL measurements were carried out to obtain the detailed information about recombination
levels in crystals studied. The behavior of PL spectra were investigated as a function of
laser excitation intensity and temperature. The variation of the spectra with laser excitation
intensity and temperature suggested that the observed emission bands in these crystals were

due to the donor-acceptor pair recombination.

TSC measurements were carried out with various heating rates at different illumination tem-
peratures to obtain information about trap levels in these crystals. The mean activation en-
ergies, attempt-to-escape frequencies, concentrations and capture cross sections of the traps
were determined as a result of TSC spectra analysis. The analysis of experimental TSC curves
registered at different light illumination temperatures revealed the exponential trap distribu-
tion in the studied crystals. From the analysis of PC measurements, carrier lifetimes were

obtained.

Keywords: Layered crystals, Optical properties, Photoluminescence, Thermally stimulated

current, Defect states.
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BAZI DORTLU TALYUM IKILI-KALKOJENLERIN OPTIiK VE ELEKTRIKSEL
TASIMA OZELLIKLERI

Giiler, Ipek
DOKTORA, Fizik boliimii

Tez Yoneticisi  : Prof. Dr. Nizami Hasanli

Haziran 2011, 112 sayfa

Bu tezde, TlInyS3Se, TlInSeS ve Tl InySSes kristallerinin yapisal, optik ve elektriksel tagima
ozelliklerini incelemek i¢in, X 1s1n1 kirmim, enerji dagilimh spektrum analizi, gegirgenlik,

yansima, fotoigsima, 1s1l uyarilmig akim ve fotoiletkenlik bozulma 6l¢iimleri yapildi.

Bu kristallerin, orgii parametreleri ve atomik bilesimleri sirasiyla X 1g1mi1 kirinim ve enetji
dagilimli spektrum analizi deneyleriyle belirlendi. Gegirgenlik ve yansima deneyleri yardimiyla
oda sicaklig1 sogurma datasi incelendi ve bu inceleme, iizerinde ¢aligilan kristallerin direkt ve
indirekt bant genisligi enerjilerinin bir arada bulundugunu gosterdi. Diger taraftan, kirtlma
indeksi parametreleri- salimim enerjileri, dagilim enerjileri, salinim giicleri, salinim dalga
boylan ve sifir-frekans kirilma indeksleri belirlendi. Sicaklik bagimli gecirgenlik dlgiimleri,
indirekt bant aralifinin sicaklikla degisim oranini, mutlak sicakliktaki bant genigligi enerji
degerlerini ve Debye sicakliklarini bulmaya olanak sagladi. Selenyum atomlarinin igeriginin
artmasi ile indirekt ve direkt bant genisligi enerjilerinde azalma ve sifir frekansli yansima

indekslerinde artma oldugu, gecirgenlik ve yansima deneylerinin analizlerinden tespit edildi.
Fotoigima deneyleri, calisilan kristallerin tekrar birlesme seviyeleri hakkinda detayli bilgi
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elde etmek i¢in yapildi. Fotoigima spektrumlarinin davranigi lazer uyarma siddetinin ve
sicakligin fonksiyonu olarak incelendi. Fotoisima spektrumun, lazer uyarma yogunlugu ve
sicaklik ile degisimi bu kristallerde gézlemlenen emisyon bantlarinin verici-alici ciftlerinin

tekrar birlesmelerinden kaynaklandigini onerdi.

Bu kristallerdeki tuzaklanma seviyeleri hakkinda bilgi elde etmek i¢in, 151l uyarilmis akim
Olciimleri farkli aydinlatma sicakliklarindaki ¢esitli 1sitma hizlar ile yapildi. Ortalama ak-
tivasyon enerjileri, kacis frekanslari, tuzaklarin yogunluklar1 ve yakalama tesir kesitleri 1s1l
uyarilmig spektrum analizi sonucunda belirlendi. Farkli 1s1iklarla aydinlatma sicakliklarindaki
deneysel 1s1l uyarilmis akim egrilerinin analizi, incelenen kristallerdeki tuzaklarin iistel dagilimini

gosterdi. Fotoiletkenlik bozulma 6l¢limlerinin analizinden, tagiyicilarin dmrii belirlendi.

Anahtar Kelimeler: Tabakali kristaller, Optik 6zellikler, Fotoigima, Isil uyarilmig akim, Kusur

durumlari.
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CHAPTER 1

INTRODUCTION

Semiconductors are used in a wide range of electronic devices, such as transistors, switching
devices, voltage regulators, photocells and photodetectors. Industry of crystal growth made it
possible to produce pure and perfect crystals. As a result of industry development in crystal

growth, the list of semiconductor materials has exceeded.

Defects are important on the performance of optoelectronic devices. In some optoelectronic
devices, as a result of defects, scattering centers lower carrier mobility, in other words hinder

high-frequency operation.

Photoluminescence (PL) is an important technique for measuring the purity and crystalline
quality of semiconductors. It forms the basis of solid state lasers. It is used for display panels
in electronic equipment, lighting and paints. It is also sensitive, nondestructive technique for
material characterization [1] . In this technique, it creates light from a material by photoex-
citation. Radiative transitions occur not only between conduction and valence bands but also
between localized defect levels. As a result of this, PL spectroscopy can be used to determine

specific defect centres in crystals.

Another technique to study energy levels in crystals is thermally stimulated current (TSC)
technique. In TSC process, energy levels of crystals are filled by optical excitation at low
temperatures. Electrons or holes are emitted by heating to a higher temperature so that infor-

mation about energy levels in the crystal can be obtained.

The chalcogens are chemical elements belong to group VIA of the periodic table. This group
consists of the elements oxygen (O), sulphur (S), selenium (Se), tellurium (Te), the radioactive

element polonium (Po), and the synthetic element ununhexium (Uuh). The term, chalcogen,



is commenly used for sulfides, selenides, and tellurides, rather than oxides. The compounds
of the heavier chalcogens (particularly the sulfides, selenides, and tellurides) are known as

chalcogenides.

Ternary and quaternary layered-structured semiconductors show many peculiar properties.
There are large number of applications as memory switching elements, emission modulators
and nonlinear optical transducers in nonlinear optics and photoelectronics [2, 3]. Ternary
thallium dichalcogenides TlInS; and TlInSe,, which are useful for optoelectronic applications
were studied in references [4]-[8]. They have high photosensitivity in the visible range of
spectra and high birefringence in conjunction with a wide transparency range of 0.5-14.0 um

[9].

TIInS, layered crystal belongs to the group of monoclinic system. The space group is C2/c
and ratio of InS:TIS is 1:1. The lattice of TlInS; crystals consists of two dimensional layers
arranged parallel to (001) plane. Each layer rotated by a right angle with respect to the pre-
vious one [10]. Very much attention has been given to the study of the structural [10]-[14],

electrical [6, 15, 16] and optical [6], [17]-[21] properties in the visible range.

Optical properties of TlInS, crystals were studied by both absorption and reflection spec-
troscopy [6, 21, 22]. It was observed that TlInS, crystals have two energy band gaps, 2.23
eV for a direct and 2.28 eV for an indirect band gaps at 300 K, respectively. Absorption and
reflection measurements were also performed with various temperatures. The direct band gap
energy of 2.58 eV at 7=10 K were obtained [17, 18]. In reference [23], optical energy gap
of TlInS, crystal has been studied in the temperature range of 77-300 K. The energy gap was
found to be 2.24 eV at 300 K. As a result of the temperature-dependent optical measurements,

dE,/dT was found to be -1 .87x10~*eV/K in the temperature range of 77-300 K.

PL spectra of TlInS; crystal were studied in reference [24]. The temperature and excitation
intensity dependence PL spectra were analyzed in the 500-860 nm wavelength region. Two
PL emission bands were observed at T=11.5 K and excitation intensity of 7.24 W/cm?. A
band was centered at 515 nm (2.41 eV) and B band was centered at 816 nm (1.52 eV). From
the analysis of the data, it was obtained that emission A-band was due to radiative transitions
from shallow donor level located at 20 meV below the bottom of the conduction band to the

deep acceptor level located at 250 meV above the top of the valence band [24].



TSC technique was used to determine the trapping parameters in TlInS, single crystals. A
series of trap levels with energy depths ranging from 150 to 220 meV were obtained from
the analysis of TSC spectra in the range of 90-300 K [25]. The TSC measurements in TlInS;
crystals in the temperature range of 10-90 K presented that there was a trap level in the energy
gap with activation energy of 12 meV [26]. In another study, experimental evidence was found
for the presence of two shallow electron trapping centers with activation energies of 12 and 14
meV in the temperature range of 10-110 K [27]. In the high temperature range of 100-300 K,

three deep trapping centers with activation energies 400, 570 and 650 meV were found [28].

When we look at the structures of the other crystal TlInSe,, it is analog of thallium selenide
[TI'* TI3* Se,] in which trivalent TI3* ions are replaced with In**ions [29]. Optical properties
of TlInSe; crystals were studied and it was revealed that they have two energy band gaps, Eg;
= 1.07-1.23 eV and E,y; = 1.27-1.44 eV, respectively [6]-[8]. These crystals have negative
differential resistance with S-type current-voltage characteristics [6] and high thermoelectric

power [21].

TlInS; belongs the group of semiconductors with layered structure whereas TlInSe, has a
chain structure. Changing the chemical composition parameter x in the formula TlInS,Se;_,
from O to 2 causes the physical properties variation in these crystals. The crystals TlInSe, [x
= 0], TlbIn,SSe; [x = 0.5], TIInSSe [x = 1.0], Tl>In,S3Se [x = 1.5] and TlInS, [x = 2.0] are

obtained by changing the x from 0 to 2 in order of 0.5.

Tl,In;S3Se, TlInSSe and Tl,In,SSe; compounds belong to the group of semiconductors with
layered structure. They are the structural analogs of TlInS,, in which one quarter, half and
three quarters of sulfur atoms replaced by selenium atoms, respectively [30]. Crystals lattice
consists of alternating two dimensional layers arranged parallel to the (001) plane. There
is 90° angle between the layers. There is interlayer bonding between Tl and S(Se) atoms.
Whereas the bonding between In and S(Se) atoms is an intralayer type. The fundamental
structural unit of a layer is the InsS¢(Seg) adamantane-like units linked together by bridging
S(Se) atoms. The Tl atoms are in trigonal prismatic voids resulting from the combination of
the IngS¢(See) polyhedra into a layer. The T1 atoms form nearly planar chains along the [110]

and [110] directions.

The purpose of the present thesis is to report detailed information mainly about recombination

and trap levels in Tl;In,S3Se, TlInSSe and Tl,In,SSe; undoped layered single crystals by PL



and TSC techniques since impurity and defect centers in the crystal are important to fabricate
high-quality optoelectronic devices. In addition to these measurements, transmission and
reflection measurements were performed to make crystal characterization. Besides, energy
dispersive spectroscopic analysis and X-ray diffraction analysis were used to determine the

atomic composition ratio and lattice parameters of crystals studied, respectively.



CHAPTER 2

THEORETICAL APPROACH

A semiconductor is a material that has an electrical resistivity between that of a conductor and
an insulator in the range of 1072 to 10° ohm-cm at room temperature. Conductivity in semi-
conductors is strongly depend on temperature. If we define an insulator as having a resistivity
above 10'* ohm-cm, a pure semiconductor can be act as an insulator at absolute zero tem-
perature. In addition to heat, under the effect of light and voltage, semiconductors can act as
conductors. In semiconductors, current flow by either electrons or positively charged particles
“holes” whereas in metallic conductors current flow by only electrons. The conductivity of
a semiconductor material can changed by adding other elements, called “impurities”. Some
electronic devices such as transistors, switches, diodes, photovoltaic cells, detectors and ther-
mistors produced by semiconductors are very important in electronic device technology. They
may be used as single circuit elements or as components of integrated circuits. Therefore it is

very important to investigate and understand fundamentals of semiconductor materials [31].

The aim of this chapter is to give basic information about semiconductors and theoretical

information for the experiments used for to understand basic properties of semiconductors.

2.1 Theoretical Approach to Semiconductor Physics

2.1.1 Band Structure in Semiconductors

In a single isolated atom, electrons occupy atomic orbital. The electrons in the atomic orbital
form a discrete set of energy levels. In a molecule that is formed by several atoms, atomic

orbitals split as in a coupled oscillation. This causes a number of molecular orbitals which are



directly proportional to the number of atoms in the molecule. When a number of molecules
brought together to form a solid the number of orbitals becomes very small. These energy
levels in orbitals may be considered to form continuous bands of energy. In an energy band,
energy levels can be considered as continuous rather than discrete energy levels since the
separation between energy levels is comparable with the energy that electrons constantly ex-
change with phonons ( atomic vibrations ). It is also comparable with the energy uncertainty
due to the Heisenberg principle. It means that, the energy bands correspond to a large number
of discrete quantum states of electrons. Most of these states with low energy are full up to
a particular band called the valance band. If there is enough energy to move electrons from
valence band to the uppermost, almost unoccupied band called the conduction band, current
can flow. Electrons gain enough energy to jump to the conduction band by absorbing either a
phonon (heat) or a photon ( light). The energy difference between the top of the valence band

and the bottom of the conduction band is called energy gap or band gap (figure 2.1).

In crystalline materials, the occupancy of each band is described by the density of states

function [32]
N(E) = Z(E)f(E), (2.1)

where N(E) is the density of occupied energy levels, Z(E) is the density of available energy

states and f(E) is the Fermi-Dirac distribution function given by

1
JEB) = —my

) (2.2)
expl—7—1+1

where Ey is the Fermi level or chemical potential, k is the Boltzmann’s constant and 7 is
temperature . At absolute zero, the energy levels lying below the Fermi energy level are
completely full. For semiconductors and insulators Fermi energy is above the uppermost
valence energy so it is impossible to obtain a net transport of charge in the valence band in the
direction of the applied electric field. As a result of this, these materials are non-conductors

at absolute zero.

To understand the difference between conductors, insulators and semiconductors, band gap
of these materials are shown in figure 2.2. In insulators the electrons in the valence band are
separated by a large gap from the conduction band and the allowed energy bands are either

filled or empty. In conductors the valence band overlaps the conduction band and one or more
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Figure 2.1: An energy band diagram for semiconductors.

bands are partly filled between 10 and 90 percent. The electron concentration is of the order
of 10?3 cm™3. In semiconductors there is small enough energy gap smaller than 3 eV between
the valence and conduction band and one or two bands slightly filled or slightly empty. The

density of electrons in the upper band is usually less than 10%° cm=3.
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Figure 2.2: Schematic electron occupancy of allowed energy bands for an insulator, semicon-
ductor and conductor.

To understand the band structure of crystals, carbon atoms in the diamond crystals can be
investigated as an example. Energy bands of carbon in the diamond structure are shown in
figure 2.3 and figure 2.4. In the s level (I = 0), there are two atomic states coming from
two different spin orientations. In the p level (1 = 1), there are six atomic states. Three
different values for m (m = -1,0,1) and two different spin orientations for each m. If we
assume that there are N carbon atoms in a diamond crystal, the number of quantum states for
2s and 2p states are 2N and 6N, respectively. At large interatomic distances, the four valence
electrons (1522s22p?) are divided such as 2s band completely filled an 2p band one-third

filled as diamond has 6 electrons, 4 of them are valence electrons. At smaller distances, 8N



quantum states split equally between the lower band called the valence band and upper band

called the conduction band.
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Figure 2.3: Energy levels in a diamond as a function of atomic distance.

Band gap energy has been defined in real space, now some information how the allowed states
are distributed in momentum space can be given. Momentum space consideration is very
important for optical transitions (direct and indirect transitions) which will be investigated in

other chapters.

The kinetic energy of an electron is
E=21_ 2.3)

where p is the momentum of electron, m* is the effective mass of electron. From quantum
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Figure 2.4: Energy bands of diamond crystal. Energy band separated into two groups, valence
band and conduction band and each of bands contain 4N states.

mechanics we have the following equation:
p =kh, (2.4)

where f is Dirac’s constant and / = %, h i1s Planck’s constant; k is the wave vector. If the
crystal is considered as in a square well potential with an infinite barrier with a bottom width

L, it can have the discrete values

k= A (2.5)

where n is any integer different from zero. The kinetic energy of the electron can be written

as
K*n?
E = : 2.6
e (2.6)
If the crystal is a cube with length L, the allowed energies are
h*n?
E = W(nﬁ + 1) + ). 2.7)

E can be considered as discrete because of the quantum numbers n are integers. But E appears

as a quasi-continuum as the energy steps are so small. It is 107'8eV for a 1 cm? crystal.

Now, let us consider variation of energy with momentum along one direction of momentum
space. Figure 2.5 shows the parabolic dependence of E and k. It is called a parabolic valley

because of its distribution.

To define the energy gap, the top of the valence bands can be taken as the reference level.
Then, the bottom of the conduction band can be thought as localized at a higher potential. The
potential corresponds to energy gap. The valence band and conduction band in momentum

space is shown in figure 2.6.
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Figure 2.5: Parabolic dependence of energy vs. momentum.
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Figure 2.6: Energy vs. momentum in a direct-gap two-band system, where E, is the energy
of direct band gap.

The shape of a constant-energy surface must deviate from that of a perfect sphere since near-
est atoms varies in different directions. As a result of this the interactions between nearest
neighbors, the minimum of the valley may occur not at k, = k, = k; = 0 but at some point

such as [111] crystallographic direction (figure 2.7).

2.1.2 Direct and Indirect Band Gap Materials

There is a big difference between direct and indirect band gap materials. In a direct gap
material, both the conduction band minimum and the valence band maximum occur at the
zone center where k = 0 where as in an indirect gap material, the conduction band minimum
does not occur at k = 0. If there is enough energy exceeding the band gap energy E, of the

material, electrons are excited from valence band to the conduction band (see figure 2.8).
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Figure 2.7: Energy vs. momentum diagram for a semiconductor with valleys at k = < 000 >
and k = < 111 > directions.
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Figure 2.8: a) In a direct band gap material the conduction band minimum and valence band
maximum occur at the same k values b) In an indirect band gap material the conduction band
minimum and valence band maximum occur at different k values [33].

Energy and momentum must be conserved in a photon absorption process for indirect band
gap materials. In a direct band gap material there is momentum conservation. Photoexcitation

of electron occurs if it only involves a UV or visible photon. The wavevector of the absorbed

11



photon is negligible compared to wavevector of electron. This means that the electron wave

vector does not change during a photon absorption in direct band gap materials.

In an indirect band gap materials, momentum conservation occur if only there is a phonon
absorption or emission. Since the electron absorption can not provide the required momentum
change which is |_k) ph0,|<<|z - k_;l,where kphor 1s the wave vector of photon, k; and k are initial
and final wavevectors of electrons to jump from the valence band to the conduction band, the

electron wave vector must change.

2.1.3 Intrinsic and Extrinsic Semiconductors

In electronic conduction in semiconductors the two bands, conduction band and valence band,
play very important role. Electronic conduction is possible if both electrons and vacant states
are available in the same band. At absolute zero there are only electrons in the valence band
and there are only vacant states in the conduction band. As a result of this situation, there is

no electron conduction.

At a finite temperature, electrons are excited from valence band into conduction band. It
creates electrons in the conduction band and vacant states in valence band. This process is
indicated in figure 2.9. Now, electronic conduction is possible since there are electrons in an

almost empty conduction band and holes in an almost-filled valence band. We have
p=n, (2.8)

where p and n are hole and electron concentrations, respectively. Some semiconductors are

called intrinsic semiconductors where there are free carriers as a result of thermal excitation.

If there are impurity atoms or structural defects in a crystal, there is a breakdown in the peri-
odicity of the crystalline structure and it becomes possible for electrons to possess energies.
One result of this is the generation of new optical absorption bands, sometimes giving the

crystal a coloured apperance.

To explain the impurity states in a crystal, Ge and Si are good examples. If atoms of the
elements ( such as phosphorus, arsenic and antimony) having five valence electrons with

an s’>p> electron configuration substitute a silicon or germanium atom, only four valence

12



- 4N quantum states
conduction band

Scooooooo@

Forbidden gap

&y 4N quantum states
0000 000 @

valence band

Figure 2.9: Intrinsic conductivity occurs in a semiconductor as a result of thermal excitation
of electrons from the valence band to conduction band.

electrons form the covalent bond with neighboring Si or Ge atoms. One electron is relatively

free to move in the crystal. This situation can be summarized as follows:

Sb (neutral with five < Sb’ (four valence alectronsto ~ +e (loosely atteched to Sb™ atom)
valence alectrons) complete the covalent band)

The various energies &., €, and &4 are the energy of the conduction-band edge, the energy
of the valence-band edge and the energy of the donor level, respectively. The word “donor”
refers to those impurities that are capable of donating an excess electron to the conduction
band. The donor ionization energy is &.-g4. This energy is needed for the excess electron
from Sb atom. If the thermal energy kT is sufficiently large compared to the donor ionization
energy, practically all donors can be ionized. The donors give their electrons to the conduction

band. This process is indicated in figure 2.10 and figure 2.11.

If atoms of the elements ( such as boron, aluminum, gallium and indium) having three valence
electrons with an s2p electron configuration substitute a silicon or germanium atom, four va-
lence electrons form the covalent bond with neighboring Si or Ge atoms. In order to complete
the covalent bond, one electron must be accepted somewhere with neighboring Si atoms. The

hole is created as a result of the missing electron. This process can be summarized as follows:

As a summary electrons in donor states jump into conduction band when there is thermal

13



Figure 2.10: Substitution of antimony atom into silicon. Antimony atoms act as donor impu-
rity.

Ec Conduction band edge
€ - -t Donor level energy
&y Valence band edge

Figure 2.11: Energy levels of Si created by substitution of antimony atoms.

excitation and they become free carriers. These electrons ionized from donor states contribute
to electric conduction since there are many vacant states. On the other hand, the acceptors
need an electron to complete the covalent band. The acceptors can capture the electron from
the valence band. After the electron excess, vacant state stay in the valence band. As a
result of this, electrons in the valence band can move. Electrons in the acceptor level energy
contribute the electric conduction. The vacant states in the valence band are called holes. This
process is indicated in figure 2.12 and figure 2.13. Therefore, electric conduction is carried by
electrons in the conduction band and holes in the valence band. If in a semiconductor, current

Ga (neutral with three =~ < Ga’ (four valence alectrons to ~ +h (a missing electron or a hole
valence alectrons) complete the covalent band) lossely attached to a Ga™ atom)

14



Figure 2.12: Substitution of gallium atom into silicon. Gallium atoms act as acceptor impu-
rity.

€c Conduction band edge
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Figure 2.13: Energy levels of Si created by substitution of gallium atoms.

carriers are predominantly electrons, it is called n type semiconductor. If the current carriers
are predominantly holes, it is called p type semiconductor. The term n type refers to charge
carriers type, negative type meaning electrons and p type refers to positive type meaning holes.
The dominance of one type of carriers is caused by substitution foreign atoms ( impurities )
to the semiconductor. Such semiconductors are called extrinsic semiconductors. Without

impurities, where p=n, these type of semiconductors are called as intrinsic semiconductors.

2.1.4 Structural Defects in Semiconductors

Defects are very important for modern science and technology. To mention the areas of de-
fects, batteries, fuel cells displays, data storage and computer memories are some examples

for them. A defect can be considered as mistake. The mistake could be a missing atom or an

15



impurity in a normal atom [34].

Defects are usually associated with crystalline solids because of regular repetition of atoms
throughout its volume. A disturbance in this regularity causes the defect. Although crys-
tal type, concentration and distribution are controlled in laboratory, they may have defects.
Some properties such as density and elastic constants are proportional to the concentration
of defects. Very small concentration of defect have very small effect on these properties.
Other properties such as conductivity of a semiconductor crystal, may be more sensitive to

the presence of small numbers of defects.

A point defect in a semiconductor is represented as an energy level on band diagrams. Energy
levels lying in the band gap are very important for electronic and optical properties. The effect
of these impurities on the electronic properties of semiconductor depend on the how closer
to the bottom of the conduction band or top of the valence band. The energy levels lie near
the valence and conduction band are called shallow levels. If they lie near to the center of the

band gap they are called as deep levels.

Shallow levels are very important for electronic conductivity. Shallow donor levels are close
to the conduction band to produce n-type semiconductor whereas shallow acceptor levels are

close to the valence band to produce p-type semiconductor.

The same considerations may apply to vacancies. Donor levels are created as a result of anion
vacancies and this causes n-type semiconductors. Acceptor levels are created as a result of

cation vacancies and this causes p-type semiconductors.

2.2 Theoretical Approach to Experiments

2.2.1 X-Ray Diffraction Experiment

X-rays were discovered by the German Physicist Roentgen in 1895. They were named as
X-rays since their nature was not known at that time. X-rays have the same nature as light
but they have very much shorter wavelength. X-rays have the wavelength 10 to 0.01 nm and
energies 120 eV to 120 keV. X-rays used in diffraction have wavelengths lying approximately
in the range of 0.05-0.25 nm. In 1912, the X-ray diffraction (XRD) was discovered. After the

discovery, the nature of the X-rays were proved clearly.
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X-rays are produced when any electrically charged particle of sufficient kinetic energy is
rapidly decelerated. In general, electrons are used for this purpose. X-rays tube contains two
metal detectors and a source of electrons. The high voltage (some tens of thousands of volts)
is created between these detectors and as a result of this , electrons strike in a very high speed

to the target. X-rays are produced at the point of impact and radiate in all directions.

plane normal

Figure 2.14: Representation of X-ray diffraction by a crystal lattice.

When X-rays strike a crystal, they will be diffracted by the crystal. A diffracted beam may
be defined as a beam composed of a large number of scattered rays mutually reinforcing one
another. Atoms in the crystal scatter incident X-rays in all directions and in some of these
directions the scattered beams will be completely in phase. In figure 2.14 the deflection of
incident X-rays are shown. If rays 1 and 2 are scattered by atoms K and L, the path difference

for rays 1K1’ and 212’ is

ML+ LN =dsinf + dsinf = 2d sin 6. 2.9

Scattered rays 1’ and 2’ will be completely in phase if the path difference is equal to a whole

number n of wavelengths, or if

nd = 2dsin6. (2.10)

This relation was first formulated by W. L. Bragg and it is known as the Bragg law [35]
where # is the order of reflection; it may be take any integral value, A is the wavelength of
the X-rays, 6 is Bragg angle between the incident beam and the particular crystal planes, d is
the interplanar spacings [36]. After XRD analysis, the information is obtained about crystal
lattice structure such as interplanar spacings (d), lattice constants (a, b and c) , the Miller

indices (4, k and /) and the angles (a, 5 and ).
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Table 2.1 shows the seven types of cells and corresponding formulas of interplanar spacings,

lattice constants, Miller indices and the angles for lattice structures.

Table 2.1: Seven types of crystal cells and corresponding formulas for interplanar spacings

[37].
System Axial Angles | dju
1 — _ _ o agn

1. Cubic a=F=y=90 T
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2.2.2 Energy Dispersive Spectral Analysis (EDSA) Experiments

Energy dispersive spectral analysis (EDSA) is also called as energy X-ray dispersive spec-

troscopy (EDS) is used to analyze the elements of the crystal or chemical characterization. It

is based on X-ray Fluorescence emission of the characteristic X-rays coming from the crystal.

The crystal is excited by high energy X-rays, gamma rays or high energetic particles such as

electrons and protons. The incident beam coming to the atoms of the crystal may eject the

electron from the inner shell. The electron in the outer shell fill the hole created by ejected

electron. The energy difference between these two shells may be released in the X-ray form.

The X-ray created by the energy difference between the two shells is called characteristic X-

rays. The number and energy of X-rays emitted from the specimen can be measured by an

EDS system. As a result of this analysis the elemental composition of the crystal can be iden-

tified. Since every elements have their own atomic structure and allow characteristic X-rays.

It helps to identify the element from the others.
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There are a number of EDS systems exist but mainly the set up consists of four primary
components : the beam source; the X-ray detector; the pulse processor; and the analyzer. But
in general, EDS systems are found on scanning electron microscopes. The main equipments
for scanning electron microscopes are a cathode and magnetic lenses. Cathode is used to
create electrons having energy from a few hundred eV to 40 keV and magnetic lenses are
used to focus a beam of electrons. These lenses focused to a spot about 0.4 nm to 5.0 nm
in diameter. A detector is used to convert X-ray energy into voltage signals after that this
information is sent to a pulse processor, which measures the signals and passes them onto an

analyzer for data display and analysis.

2.2.3 Optical Absorption, Transmission and Reflection Spectroscopy

Ultraviolet- Visible-Near Infrared spectroscopy is useful to characterize the absorption, trans-
mission and reflectivity of a variety of technologically important materials such as pigments,
coatings, windows and filters. This application is very important for characterization of the

optical or electronic properties of materials.

2.2.3.1 Absorption

Absorbance spectroscopy is generally called as spectrophotometry. In this technique, the
amount of light which is absorbed by a sample at a given wavelength is measured. Absorption
occurs in a semiconductor when incoming light energy is higher than the band gap energy of
the semiconductor. Electrons in the lower energy states are excited by the incoming light
energy and transfer to the upper energy states. Some incoming light energy is absorbed by
the semiconductor. The light intensity passes through the semiconductor can be explained by

using the Lamber-Beer-Bouger Law [38, 39]

I = Ipexp(—ad), @2.11)

where [y is incident light intensity, [ is the light intensity after propagation from the sam-
ple having thickness d and « is the absorption coefficient which is related to the transition

probabilities between the electronic energy levels in the material. It can be defined as,

a=—,. (2.12)



Here £ is the absorption index of the material and A is the light wavelength. The dependence
of the absorption on photon energy hv and band gap energy E, of the material are expressed

in the following equation [40]
ahv = A(hv — E,)P, (2.13)

where A is constant depends on the transition probability and p is an index which characterizes
the optical absorption process. The value of p is generally equal to 2 and 1/2 for indirect and

direct transitions, respectively.

2.2.3.2 Reflection

Reflection spectroscopy is the study of light has been reflected from a solid, liquid or gas.
The reflection coefficient is the ratio of reflected wave intensity to that of the incident wave

intensity. The reflection coefficient for normal incident of light is given by [1]

_1-n" 1-n+ik

A T E— @19
Here n* is the complex refractive index and defined as
n'=n-ik, (2.15)
where n is refractive index of an optical or dielectric medium.
The reflectance R is then defined by Fresnel equation
R:VF:H—n+mF_u—nP+H 2.16)

l+n—ik  (1+n)?+k%

At angles other than normal, the reflectance is a complex trigonometric function involving
the polarization direction of the incident beam. When absorption index is zero the reflectance

becomes

_(1-n)?
C(1+n)?

2.17)

2.2.3.3 Transmission

Transmission spectroscopy is the study of the light that has been passed through the solid,

liquid or gas. In the Lambart-Beer-Bauguer Law (see equation 2.11) the term /1 is called
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transmittance. The overall transmission is given by [41]

_ (1 -R)?exp(—ad)

= . 2.18
1 — R% exp(—2ad) (2.18)
If ad is large the second term in the denominator can be neglected; then
T ~ (1 - R)? exp(—ad). (2.19)

The relation in equation 2.19 can be solved for @, if R and d are known. If R is not known, the
transmittance of two samples having different thicknesses d; and d, can be measured. Then

« 1s obtained from
T,
7 ~ exp(—a(d> — dy)), (2.20)

where T = f—(‘) and T = % It is clear that % is equal to % and does not depend on incident

intensity of light.

Further, if the sample thickness is known and is thin enough to create interference fringes
in the transmission spectra, the refractive index of the sample can be determined using the
following equation

1
n = — (2.21)
(15— 1)2d
where 4; and A, are the wavelengths at which two adjacent maxima occur and d is the sample

thickness.

The refractive index can be expressed in terms of photon energy hv, the simple oscillator
energy Eo and the dispersion energy E,, which is a measure of the strength of interband
optical transition, by the relation

EsoEd

2
hy)y =1+ ——2d
= Gy

(2.22)

In the above expression the refractive index absorption data is analyzed in hv<E, range ac-
cording to the single-effective-oscillator model which was proposed by Wemple and DiDomenico

[42, 43].

Plotting (n* — 1)7! versus (hv)? allows the determination of the lower parameters by fitting
a linear function to the lower energy data range. The zero-frequency refractive index ng is
obtained on the expression

E
n(2)=1+ d.
ESO

(2.23)
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The oscillator energy E, is an “average” energy gap and it is approximately equals to two

times of the lowest direct band gap Egq (E,~2.0Ey,) [44]-[47].

The oscillator strength S 5, can be found by the refractive index analysis. The refractive index

at low energies can be represented by a single Selmeir oscillator [48]

(n(%o B 1) _ Aso 2
oD - 1 —(7) ) (2.24)

Here Ay, is the oscillator wavelength and n., is the infinite wavelength refractive index. The

above equation can be rewritten in terms of § mz(ngo—l)//l?(, as

1 1

2 -1

n - 1 — I ———— 2.25
( ) Sso/lgo Sso/lz ( )

S 4o and Ay, can be obtained as a result of (n> — 1)~ vs 172 analysis.

2.2.4 Photoluminescence Experiments

When a material is exposed to radiation, some of the energy may be absorbed and re-emitted
as light of a longer wavelength (Stoke’s Law). This is the process of luminescence. The

re-emitted light is related to the characteristic of the material.

There are various luminescence types. The names are given them according to their type
of excitation. Some of the luminescence types are photoluminescence (excited by optical or
ultra-violet light), radioluminescence (excited by nuclear radiations,i.e., y rays, § rays, X-
rays, etc.) and cathodoluminescence (electron beam). Luminescence can be created by not
only radiation but also chemical energy (chemiluminescence), mechanical energy (tribolu-
minescence), electrical energy (electroluminescence), biochemical energy (bioluminescence)

and sound waves (sonoluminescence) [32].

Photoluminescence (PL) process is the inverse of the absorption process of photons. The
electrons in the ground state may be excited by photons to the allowed excited states. When
they combine from the excited states to the ground states, the excess energy is in the form of

radiative.
There are mainly there steps in PL [49]
(1) Firstly, there is an excitation step creating electron and hole pairs by photons.
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(ii) Secondly, there is a thermalization step. In this step excited electron and hole pairs relax

towards quasi-thermal equilibrium distributions.

(iii) Finally, there is a recombination step. In this step, thermalized pairs recombine radiatively

(PL occurs) (figure 2.15).

CONDUCTION BAND
A B C D E ' F G H 1 )
1 l D D° D° _l_
> 3 o
EXCITATION RECOMBINATION
A i ~y ¥ al
Trwx | 7
+ + + ' + +

VALENCE BAND

Figure 2.15: Excitation and recombination process in a PL experiment.

The most important step dealing with us is the recombination step since the emission process

occur and it gives us information about some characteristic features of studied materials.

2.2.4.1 Recombination Mechanisms

There are mainly three types of optical transitions that occur in the semiconductors when they

are excited by photons.

1) Band to band transitions

An electron occupying a higher energy state can make a transition to an empty lower-energy
state and the energy difference between the two states can be emitted as electromagnetic

radiation. These types of transitions are sometimes called as free to free transitions since this
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process occurs between free electrons and holes. The radiation rate created by the transition
from upper states to the lower states is determined by the probability P,; for 1 carrier/cm? in

the upper state to make a radiative transition to 1 vacancy/cm? in the lower state:
R =n,nPy. (2.26)

The above equation is similar to the equation for absorption coefficient

a(hv) = A Z(P,-fnl-nf), (2.27)
where a is the absorption coefficient for a given photon energy hv, Pjs is the probability for
transition from the initial state to the final states, »; is the density of the electrons in the initial
state and ny is the density of the available (empty) final states.
In a direct-gap semiconductors, the radiated photon energy is given by the equation:

hv = E, - E, (2.28)

where E, is the upper state energy and E; is the lower state energy (figure 2.16). Threshold

emission energy is hv = E, where E, is the direct band gap of the semiconductor. In an

hv

Figure 2.16: Direct band to band transition.

indirect band-gap semiconductors, the radiated photon energy is given by the equation:
hv=FE,-E +E), (2.29)

where E), is the energy of the phonon (figure 2.17). The threshold emission energy is hv =

E,-E), for indirect band gap semiconductors.
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Figure 2.17: Indirect band to band transition.

ii) Free to Bound Transition

a) Shallow Transitions: The shallow transitions to neutralize donors and acceptors are shown
in figure 2.15.1 and figure 2.15.J, respectively. These transitions could be radiative in far field

infrared.

b) Deep Transitions: Deep transitions occur between electrons in the conduction band and
acceptor state or valence band and donor state (figure 2.15.G and figure 2.15.H). Deep transi-
tions emit a photon hv = E,-E; for direct transitions and hv = E,-E;-E, for indirect transitions
having a photon energy E,, where E; is the energy level lying for acceptors or donors and E,

is the band gap energy.
iii) Donor-Acceptor Transitions

Donor and acceptor transitions are shown in figure 2.15.F)and in figure 2.18. When both
donor and acceptor impurities are present in a semiconductor, coulomb interaction between
donor and acceptor modifies the binding energies such that energy separating the paired donor
and acceptor states is (see figure 2.19),

2
m:%—&—@+%. (2.30)

2
For distant pairs the coulomb interaction term % is very small. As a result of this, the lowest

possible photon energy is obtained in case of there is no phonon emission.
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Figure 2.18: Donor to acceptor transition.
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Figure 2.19: Effect of coulomb interaction on emission energy (r is the donor-acceptor sepa-
ration).

If the impurities are separated by distances greater than the effective Bohr radius, the transition
occur by a tunneling process. A transition between distant pairs is more probable than a
transition between nearer pairs. Therefore, while pair separation decreases, the emission

intensity decreases as r decreases.

2.2.4.2 Laser Excitation Power Dependence of Photoluminescence of Semiconductors

The dependence of the laser excitation power with the PL intensity gives information about
recombination mechanisms. The relation between PL intensity and laser excitation power is
following [50]-[53]

I L7, (2.31)
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where [ is PL intensity, L is laser excitation power and 7y is a constant. If the y values are
between 1 and 2, it shows free- and bound- exciton emission, whereas if the y values are

between 0 and 1, means that free to bound and donor-acceptor pair recombination [54, 55].

Not only dependence of the peak intensity with laser excitation power is important to obtain
information about recombination process but also dependence of the peak energy with laser
excitation power is very important. Before saying the importance, the relation for the laser

power and peak energy should be presented.

In the work done by E. Zacks and A. Halperin [56], they consider a crystal of dielectric
constant € with donor and acceptor concentrations Ny and N, respectively. They assumed that
one of the impurities is in minority (Ny;<N,) and thermal ionization of donors or acceptors
is negligible since the temperature of the crystal is low. An ionized donor-acceptor pair of
separation r are created due to pair recombination. Excitation causes by the ionized impurities
and turns them back to the neutral state. Recombination of pairs has separation between r and
r + dr should be proportional to the concentration of neutral minority impurities NyP(r) to the
number of majority impurities in the volume element 47r2dr, and to the rate of recombination

of the pairs W(r) which is,

1
W) = —. (2.32)
7(r)
7(r) is lifetime of the pairs. The intensity is
P
10) = 4N NP 20, (2.33)
7(r)
where, P(r) is fraction of neutral donors. At steady state ,
7(r)
P(ry= ———, 2.34
"=+ 10 234

where T(r) is the lifetime of the unexcited pair. Using the equations 2.33 and 2.34 , the
intensity is obtained;

3 A7 N,Nr?

RRECEIT)

(2.35)

From the binding energies such that energy seperation the paired donor and acceptor states
(see section2.2.4) hv = E, — E4— E, — i—zr and when we take the zero energy as E, — E; — E,,

the energy becomes
2 2
E(r) = -=,dE = ~dr, (2.36)
€r

€r?
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so that equation 2.35 becomes,

4N, Ny(S)?

"B= mem @)y

(2.37)

If there is an assumption such that one of the impurities produces a shallow hydrogenic en-
ergy level and the other a much deeper one, the recombination rate is given by the following

approximation [57]
W(r) = W(0)e s . (2.38)

Here, W(0) is a constant and Rp is the shallow impurity Bohr radius. Using equation 2.32 and
2 L . .
Ep = JTB’ the recombination rate is obtained in terms of energy as

1 —2Ep
W(E) = @ = W(0)e & . (2.39)

The dependence of the capture cross section on separation [57]-[59] has been estimated to be
a(r) = A (2.40)
The rate of the excitation has following relation,

1
Wee = — =M = MAF, 2.41
™ o(r) r (2.41)

where 7(r) is the lifetime of the unexcited pair under the given conditions of excitation, M is

a constant flux which is produced in a steady state by a given intensity of exciting light.

Using equations 2.41, 2.39 and 2.36 and equating to zero the derivative of 2.37 with respect

to E the below equations are obtained as following :

dI 2 d
& 4N NP [-4E3(H(E) + T(E)) — E*“—[¢(E) + T(E)]] = 0 (2.42)
dE € dE
dr 1| -2Ep 22 —2Ep
a _ 1 _ E 24
- et = b, (2.43)
dT  dT_ or 1 -2 er? —2¢ —er 2 2T
_ - )= (—)— = = = = — 244
dE ((9r )(8E) MA( r3 ) e re2MA  r2e?MA  r2MAE E ( )
—2E 2T
A[T(E) + T(E)] + E[( EzB Yr(E) + E] =0. (2.45)
For the energy of the maximum intensity £,,,
Ep
7(Ep)(4 — 2E—) +6T(Ey) =0, (2.46)
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T(Em) _ 1 Ep

= (== -2). 247
«E,) 3( E. ) (2.47)

. . (Ep)?é2 1 2B . . .
By inserting T(E,;) =~ and 7(Ej,) = e o which are derived from equations 2.41 and

2.39 into equation 2.47 following equations are obtained, respectively.

3T(E,) = (? - 2)1(En), (2.48)

m

3(En)’€®  Eg—2E, 1 2

= —¢ Em

e*MA E,, Wo ’

(2.49)

-2FE
3 362E316Tm3
C AAW(Eg - 2E,)

(2.50)

Since, M is proportional to the excitation intensity J, the following equation can be written,

E} —2Ep

J=D ,
Ep—2E, P g

(2.51)

where D is a proportionality factor.

Comparing with experimental results, the measured photon energies is used instead of E(r),

so that E,, = hv,, — hv,,. Rewriting equation 2.51 gives

(hvp — hveo)? —2(hvg — hveo)
J=D , 2.52
g + hve — 20y O v — v (2.52)

where hvp is the emitted photon energy of a close donor-acceptor pair separated by Rp, hve, is
the emitted photon energy of an infinitely distant donor-acceptor pair and hv,, is the emission

energy of band maxima.

2.2.4.3 Temperature Dependence of Photoluminescence of Semiconductors

The temperature dependence of PL spectra is used to obtain information about electronic
energy levels in crystals. While the temperature of semiconductors are increased, the PL
intensity is decreased because of thermal ionization. If the probability of the radiative transi-
tions is assumed to be independent of temperature, the luminescence efficiency can be written
as following [41]

P,

=" 2.
Y (2.53)

n
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where P, is the probability for a radiative transition and P, is the probability for a nonradia-

tive transition. The P, has temperature dependence
-E
P,y = Ppoexp ETI (2.54)

where P, independent of the temperature is a coefficient, kg is the Boltzman constant, 7'
is temperature and E; is the thermal activation energy. As a result of this, the temperature
dependence of the luminescence efficiency can be expressed as following

S — (2.55)
1+C exp[kB—T’]
where C is a constant and its value is equal to the ratio of probability of the nonradiative
transition to the radiative one. The above equation can be used to express the temperature
dependence of the band peak intensity
I= o

=——F (2.56)
1 +aexp[7]

where [y is proportionality constant and « is the rate parameter.

In the temperature dependence PL measurements, there is a relation between full width at half

maxima (FWHM) of the emission spectra and temperature [60, 61]

hy
- th —<_11/2 2.57
W = Wylco 2kBT] , (2.57)

where W is a constant, and hv, is the vibrational mode of the excited state.

In most crystals, while the temperature increases, the emission band maxima which is energy
of emitted photon decreases. This process is related with the band gap variation with the
temperature [62]. The relation between band gap energy and temperature is following [63]
y7T?
T+p

Ey(T) = E,(0) + (2.58)

d

Here, E4(0) is the band gap at zero temperature, y = % is the rate of the change of the band

gap with temperature and § is approximately the Debye temperature.

2.2.5 Thermally Stimulated Current Measurements

When a semiconductor is exposed to radiation at low temperatures, the energy levels in the

band gap of the semiconductor are filled. As a result of this, electrons or holes emitted by
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heating to a higher energy. To drive the electrons or holes, a force which is electric field is
required. This process is called thermally stimulated current (TSC). TSC measurements are

used to obtain information on trap states using some experimental methods [64]-[71].

In TSC measurements, the purpose is to achieve the information about the trapping centers

and their distribution in crystals.

2.2.5.1 Traps and Recombination Centers

When a crystal is exposed to radiation, the electron in the valence band makes transition to
the conduction band (figure 2.20 (a)). This ionization creates free electron-hole pairs. After
some time, they become localized at defect centers. This results in the trapping of electrons
(figure 2.20 (b)) and/or of holes (figure 2.20 (e)). When the crystal is again exposed to some
energy which may be thermal (for TSC), the traps are once again free to move through the

crystal.

Second process which may occur for free electrons and holes is that they may recombine with
a charge carrier of opposite sign, either directly (figure 2.20 (h)) or indirectly (figure 2.20

(d)and (g)). If these transitions occur radiatively the luminescence results.

E,

(b) (c)

\

(2
@ (h)

(d)

Figure 2.20: Electronic transitions in semiconductors. Solid circles are electrons and open
circles are holes.
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Thus, localized defect centers can be trap or recombination centers. To distinguish between
these two types of localized energy levels relative probabilities of recombination and thermal
excitation are important. As an example, if transition (c) probability is greater than transition
(d) probability, then the center is called as a trap center. Contrast to this process, if tran-
sition (d) probability is greater than transition (c) probability then the center is called as a

recombination center. Similar processes are valid for (g) and (f) transition.

The probability of a charge carrier which is thermally released from its trap is exponentially
related to —%, where E is ’trap depth’ which is defined as the energy difference between trap
and delocalized energy difference (the energy difference between E. and D,, see figure 2.21).
For a given temperature those centers of small £ are more likely to be traps than centers of
large E. For this reason, the traps are localized near the edges whereas the recombination
centers are localized towards the middle of the forbidden gap. As a result of this, a trap at one
temperature may become a recombination center at a lower temperature and vice versa. So
at a given temperature the transmission probabilities of traps and recombination centers are
equal to each other. This energy level is called as demarcation level and represented as D. If
the energy depth FE is greater than D, the center would be recombination center whereas if the

energy depth D is greater than E the center would be a trap center.

The demarcation levels for electrons D, and for holes Dj, are shown in figure 2.21.

E. *
Traps R - R
_________________________________________________ De
_ e — Electron
—_ —_— e centers
Recombination i I L
cemters | —— - oo Er{
—— —— —— ——
- - e Hole centers
................................................. D]I
Traps —— —— —o—
EV<>

Figure 2.21: Energy levels in an insulator in equilibrium at absolute zero. The below E are
full of electrons whereas those above are empty [32].
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2.2.5.2 First and Second Order Kinetics

When the transition (b) occurs in figure 2.20 at a temperature 7, E, the energy depth, is such
that E > several kT where k is Boltzmann’s constant then the electron in trap level is likely to
stay there for a considerable period. In this situation, if we assume a Maxwellian distribution
of energies, the probability p per unit time for thermal excitation from the trap is exponentially

depend on temperature as following,

—E
p=vexp . (2.59)

where v is a constant in unit of reciprocal time. The time between excitation and relaxation

back to the valence band is delayed by the residence of electron in the metastable state m.

The rate of the thermal excitation of electrons from metastable level m to the conduction band
18

—dn -E
7 np = nvexp T (2.60)

Where n is the concentration of electrons in level m [64]-[72]. The negative sign shows
loss of electrons. If there is no retrapping which means that the transition from delocalized
energy levels to the trap levels, the luminescence intensity / which is created from the decay

of electrons from trap level to the valence band is ;

d _E
1ty = -0 = yuv eXp(), (2.61)

dr

where 77 is a constant. When we integrate the equation 2.60

_d_dtn - fp" = _f%n = fpdf = n(7) = n(0) exp(-pr) (2.62)

and multiply the both sides with i7p in equation 2.62
npn(t) = npn(0) exp(=p1), (2.63)
then the following equation is obtained
1(t) = Iy exp(—p1). (2.64)
Where [y is the initial intensity at t = 0

Randal and Wilkins [73] ( later Garlick and Gibson [74] ) suggested that the probability for

electrons in the excited state to be retrapped into level m may be equal to recombine into
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ground level (recombination sites)

d
1) = —nd—’: = an?, (2.65)
where « is a constant. Integration yields;
Iy
I(t) = ———. 2.66
® (npat + 1)2 (2.66)

In equations 2.60 and 2.61, the decay rate is proportional to n, that means it is first order
process whereas in equation 2.65 the decay rate is proportional to n” that means it is second

order process.

v, which is the attempt-to-escape frequency, can be written as [75, 76]:
v = oNj, (2.67)

where o is the capture cross section, N is the effective density of states in the delocalized
energy level (conduction band) and # is the free carrier thermal velocity. ¥ and N, have a

temperature dependence as following;

kTm;,

No(T) = 250", (2.68)
and
T
9 = % (2.69)

where m;, is the electron effective mass.
Adirovitch Theory

Adirovitch used three differential equations for transition of electron between the traps (V)
and recombination centers (m) in 1956 [77]. This process is shown in figure 2.22. The first
equation about the emission intensity / is proportional to concentration of free electrons in the
conduction band 7. and concentration of holes in centers m and equal to the rate of the change
of m with minus sign as following:

I= T = A,mn.. (2.70)

Where A,, is recombination probability. A,, = 0,9 where o, is the cross section for recom-

bination in a center and  is the thermal velocity of free carriers.
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Figure 2.22: Energy levels in a solid. n, m and n. are the concentrations of trapped elec-
trons, holes in the centres and free electrons in the conduction band, respectively. N is total
concentration of traps even filled and empty [78].

Another equation was firstly derived by Randall and Wilkins [72] for transitions of electrons

between the traps and the conduction band is following;

d -E
I= _d_'tl = vnexp(o) = ne(N = A, @2.71)

Where A, is retrapping probability. A, = o,¢ where o, is the cross section for retrapping

and ¢ is the thermal velocity of free electrons.
The third equation is related with the charge neutrality which is;
m=n+ne. 2.72)

. When we take the derivative of equation 2.72 with respect to time ¢ and using equations 2.71

and 2.70 the following equation is obtained as

dn, -E
% =vn exp(ﬁ) —n:]Am+ (N —n)A,]. (2.73)

There is two basic assumptions firstly made by Adirovich and Halperin and Braner [77, 79]

as following [80]-[83]

\dne| _ ldn]
—_—, 2.74
il = 1] @79
ne <K n. (2.75)

The meaning of n, <« n is that the concentration of free carriers in the conduction band or

valence band is much smaller than the concentration of that of in the trap. The meaning of
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% < % is that the rate of the change of the free carriers in the conduction or valence

band is much smaller than that of other recombination and retrapping. As a result of these

assumptions. Following equations can be written as;

dm dn . dn,
= —since

dr  dt dt

0. (2.76)

Using equation 2.73 following expression can be written;

ne = vnexp(—) ! (2.77)

kT "[A,m+ (N — n)A,]

When we substitute the above equation into 2.71, the following equations are obtained:

—dn _ _E,_ “E)_ (N-mA,
e e ) e T (N = AL (2.78)
—dn i B (N —n)A,
e e N A 2.79)
—dn —dm -E mA,,
o - a " s A 280

First Order Kinetics

As mentioned before first order kinetics means that if an electron released from trap level it

recombine quickly with a hole centre. As a result of this the following case is valid

Aym > Ay(N — n). (2.81)
Using the above relation, the term (N—n?i&% in equation 2.80 goes 1. As a result of this the
following equation is obtained as
—d -FE
I= d—t” = nvexp(—=). (2.82)

When we integrate the both sides of above equation using 5 = ‘% where £ is heating rate

- E_ dT -E
T” = vt exp() = v exp() (2.83)
T
- _E
Inn=— | exp(—=)dT" +Inn, (2.84)
1o PAKT
T
-V -E
n = npex (—f exp(-—,)dT’), (2.85)
P8 Jn, TP
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and multiply the both sides with v exp(;—f), the current is obtained as

1= nvexp(—E) = ngv exp(—)exp(— f exp( )dT ). (2.86)

kT’

For the above equation, we obtain the condition for maximum when 7 d’ =0

E -E
2 P T eXP(—f GXP(kT,)dT)—e p—( ) XP(—f exp(— )dT) (2.87)

kT B kT’

E -E
7 PG (2.88)

where 3, is the instantaneous heating rate at the maximum and 7, is the maximum tem-

perature. This equation is used for different heating rate methods which will be discussed

later.
Second Order Kinetics

The condition for second order kinetics is that electrons are thermally excited several times

before recombining into the center. As a result of this
Ay(N —n) > A,m. (2.89)

When we rewrite the equation 2.80

-E 1
I=vn exp( T )W, (290)
Anum
using the equation 2.89, the current is obtained as;
A,m
I= —)—. 291
VneXP(kT)A “N-n) (2.91)
Since, N > n and m = n, A,, = A, current becomes
—-dn v , -E
= __ —). 292
- N PG (2.92)
When we integrate the both sides using 8 = %~
—dn v T
— = dr’, 2.93
T = Wp Jy kT,) (2.93)
1 1 v (T
— = — 4+ — dT’ 2.94
n - m NG ep(kT,) (2.94)
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NpBng

n= - = + NB, (2.95)
vn exp(-—-)dT’
0 fn) kT
. Nlj”O — , (2.96)
NB[1 + —Of exp(—) dT’]
NE ) PUT

and substitute n? into equation 2.92, the current is obtained for second order kinetics as

-E T -E
[=—n exp(k—Tt)[l + 207 [ exp

-2
= AN J,, PG dr 2.97)

The above expression is used to define second order process in TSC luminescence.

2.2.5.3 Isothermal Decay Method

This method is based on the shape of the TSC curve with respect to time. In this process the
sample is heated until a temperature value T, and keeps constant at that temperature. The

thermally stimulated current can be written as [73, 78]

-E
I = Iyexp(—v exp(th)t), (2.98)
p

where [ is initial current value at time zero. The equation 2.98 is checked that whether it is

valid or not by plotting In/ vs ¢ graph. The criteria is to observe a straight line. After this

process, the measurements are repeated at different temperatures. The slopes y = —v exp(;TE‘)
p

are obtained. Then, the slope of Iny vs I/T, gives E;/k value.

2.2.5.4 Initial Rise Method

This method is the simplest method to evaluate the thermal activation energy E;. In this
method, the traps and recombination centers can be considered as constant at low tempera-
tures. As aresult of this in this temperature region the TSC intensity is an exponential function

kT

The above equation was firstly derived by Garlick and Gibson [74]. The equation 2.99 can be

rewritten by taking the logaritmic of it;

-E
InI(T)=C, - k—T’ (2.100)

The slope of the In 1 vs 1/T graph gives the —E;/k value.
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2.2.5.5 The Various Heating Rates Method

If the heating rate 3 increases the maximum temperature 7, shifts to higher temperatures. The
condition for this process is only keeping the other parameters such as initial trap occupancy
ng, constant. The expression for the various heating rates methods was evaluated in section

2.2.5.2 where

E
K2 = ﬁ—e p(—) (2.101)

When the above equation is written according to 8 the following expression is obtained;

-E
_ 2
B=—=T exp(—kTm ). (2.102)

v
E, "
Since the term T2 exp( k’;—;) is an increasing function of 7,,, the 8 value also increases. As a

result of this, there is a shift in TSC spectra towards 7,.

2.2.5.6 Curve Fitting Method

Slow retrapping (monomolecular condition)

In the conductivity measurements, there is a relation between conductivity, o(T) for bulk

crystals and concentration of free carriers n.(T) as following
o = eung, (2.103)

where e is the electronic charge and u is the mobility. Using equations 2.70 and 2.76, the

following expression is obtained as,

-n. dn
—A = =, 2.104
mMic - dr ( )
Where 7 is -, lifetime of free electrons. When the equations 2.82 and 2.85 are subsituted

into equation 2.104 the following equation is obtained as

n(T) = tngv exp(—)exp(— f exp( )d ). (2.105)

T kT’

Using the above equation we obtain the conductivity as following

= e/nnovexp(—)e p(—f exp(kT/)dT ). (2.106)
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When the voltage V is applied to bulk crystal the thermally stimulated current is obtained

using ohms law as;

VA VA

-E —v (T -E
I = To— = Te,umovexp(k—T)exp(F j;o exp(kT,)dT’) (2.107)

where A and L are area and length of the crystal used for TSC. The variation y and T with T

can be ignored over the temperature span of TSC curve so equation 2.106 can be written as

!
o = Aexp(—t + B f exp(—0)r2 df). (2.108)
0]
Where t = ,f—} and A and B are constants: A = ngteuv, B = VF% If the integral part of equation

2.108 is taken integration by parts, the following equation is obtained leading to a convergent

series;
o = Aexp(—t + Blexp(—)t "> — 2exp(—)t > + 3 x 2exp(-)t *..))} . (2.109)
By making approximation taking the first term is remaining

o~ Aexp(—t + B(exp(—t)t_z))io, (2.110)

o = oo + Aexp(—t + Blexp(—1)12), (2.111)
where o7 is the conductivity at ¢ = #. If there are more than one peak;
m
o(T) = Y iT), (2.112)
i=1

where o;(T) is thermally stimulated conductivity for each peaks, m is total number of ob-

served peaks.
Fast retrapping (bimolecular condition)

when the equation 2.103 is rewritten by inserting equation 2.104, the conductivity o is ob-

tained as following
—dn
= eu(——n). 2.113
o = eu( 7 T) ( )

By using equations 2.92 and 2.108, the conductivity is obtained as,

-E
kT’

—E T
o= e,m’%né exp(=Hl1 + Z% fTO exp(—) dT']2. (2.114)
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If we assume that v is independent of 7', the variation u and T with 7 can be ignored and

ng = N that means all the traps are filled, equation 2.114 can be written as;

!
o =Aexp(-[1 - B f exp(—0)r2 di] 2. (2.115)
]
Where ¢t = ,f—T’, A = ngetuvand B = % A convergent infinite series are obtained by repeating

integration by parts of the integral in equation 2.115 then we obtain the conductivity,

Aexp(—t)
o= . (2.116)
(1 + B(exp(=012 = 2exp(—=1)t—3 + 3 x 2exp(-)r*..)?)},
By dropping all terms in series except first term since ¢ is large in practice;
A —t
exp(~1) 2.117)

o= .

(1 + Bexp(=0)r~2)?);,
If #y is much greater than other ¢ values the bottom limit can be ignored and conductivity
becomes,

Aexp(—t)
o= .
(1 + B(exp(-1)t=2)2

(2.118)

If there are more than one peak overlapping each other, the conductivity for fast retrapping

can be found by equation 2.112.

2.2.5.7 Traps Distribution Method

This method was successfully applied into TSC curves by Serpi and Macciotta in 1972 [84].
If an exponential distribution of traps is assumed, the density of traps at energy E can be

written as [85]
N(E) = Aexp(—akE), (2.119)

where A is a constant and « is the energy parameter which characterizes the traps distribu-
tion. After this assumption the following expression can be written for the traps filled at the

excitation temperature 7,

(E-Ey)
no(T,) = Aexp(—akE) eXP[k—

o (2.120)

in the above equation E is the fermi energy level in darkness and E is the quasi-Fermi level

energy during light excitation. E and E¢ can be written as

E =kT, ln(%), (2.121)
on
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N,
Ef = kT, In(—), (2.122)
n

e

where n, and n,, are the densities of free electrons during light excitation and in darkness,
respectively. T, is the temperature of thermocurrent peak in darkness. Using the equations

2.120, 2.121 and 2.122 the following expression is obtained,
In
SO(I_) o Aexp(aE). (2.123)
e

S0, the area of the thermocurrent peak, is directly proportional to ng where I, is the darkness
current at peak temperature and /, is the current during light excitation at peak temperature,
respectively. If the areas of the curves and E values for each different light excitations are
calculated and plotted In S O(II—Z’) vs E graph, the @ value corresponding the variation of traps

for every decade can be obtained.

2.2.5.8 Trap Concentration Determination

The trap concentration is [86]

__0
ALeG’

(2.124)

N;

Here, Q is amount of charge released during the TSC measurement and it can be calculated

from the TSC peak area and G is the photoconductivity gain calculated from [87]

T TuV

oty L2

(2.125)

where, 7 is the carrier lifetime and ¢, is the carrier transit time between electrodes. To find
the carrier life times, photoconductivity experiments were carried out [88]. After termination
of light pulse #=fg, the current decays. Using the following equation, the carrier lifetime 7 is

determined.
-t
V=Vy+ Cexp(—) (2.126)
T

Where V) is voltage at t = co and C is a constant.
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CHAPTER 3

EXPERIMENTAL DETAILS

In this chapter, the details of experiments such as XRD, EDSA, Transmission, Reflection, PL,
TSC and photoconductivity decay, conducted to examine the structural, optical and electri-
cal transport properties of Tl,InyS3Se, TlInSeS and Tl>In,SSes crystals, will be given. The
experimental details of Bridgman method used to grow these layered crystals will also be

given.

3.1 XRD Experiments

In the X-ray powder diffraction experiment which is shown in figure 3.1, a ”Rigaku Miniflex”
diffractometer with Cu Ke radiation (1 = 0.154049 nm) were utilized at a scanning speed of
0.02 s~! in the 10-70° diffraction angle range (26). "DICVOL 04”, a least-squares computer

program was used to obtain the lattice parameters from XRD spectra.

Detector

Figure 3.1: The simple schematic representation of XRD experiment.
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3.2 EDSA Experiments

The chemical composition of studied crystals was determined by energy dispersive spectro-
scopic analysis (EDSA). In EDSA, the JSM-6400 electron microscope was used in the energy
range of 0-10 keV. To analyze the chemical composition of the studied crystals, basic equip-

ments are NORAN System6 X-ray Microanalysis System and Semafore Digitizer.

3.3 Transmission and Reflection Experiments

”Shimadzu” UV-1201 model spectrophotometer were used for transmission and reflection ex-
periments. The spectrophotometer consisted of 20 W halogen lamp, holographic grating, and
silicon photodiode. The transmission measurements were carried out under normal incidence
of light with polarization direction along the (001) plane, which is perpendicular to the c-axis
of the crystal. The schematic representation of room temperature transmission experiment is
shown in figure 3.2. For room temperature reflection experiments shown in figure 3.3, the
specular reflectance measurement attachment was utilized with 5° incident angle. The resolu-
tion of the spectrophotometer was 5 nm. ” To decrease the temperature from 300 K to 10 K, an
”Advanced Research Systems, Model CSW-202" closed-cycle helium cryostat was used tem-
perature was controlled within an accuracy of + 0.5 K. Temperature-dependent transmission

setup is presented in figure 3.4.

Spectrophotometer
[ﬂﬁl Monochromator B H %
Source

Sample
Computer Control

Figure 3.2: Schematic representation of room temperature transmission experiment set-up.
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Spectrophotometer

Light [ S Monochromator 7?
- \

Computer Control

Figure 3.3: Schematic representation of reflection experiment set-up.

Spectrophotometer

Light — — % Detector
— Monochromator ,/,
¥
Sample

Temperature
Controller

Computer Control

Vacuum
Pump

Compressor

Figure 3.4: Schematic representation of temperature-dependent transmission experiment set-
up.

3.4 PL Experiments

The schematic representation of PL experiment is shown in figure 3.5. A frequency-doubled
YAG:Nd>* laser having the A = 532 nm was used as a light source for excitation. The PL light
was collected from the sample in the direction to the normal of it. To decrease the temperature
from 300 K to low temperatures, a "CTI-Cryogenics M-22" closed cycle helium cryostat was
used. The PL spectra was analyzed using a ’Oriel MS-257” grating monochromator and
”Hamamatsu S7010-1008” FFT-CCD Image Sensor with single stage electric cooler. Sets of

neutral density filters were used to adjust the exciting laser intensity.
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Figure 3.5: Schematic representation of PL experiment set-up.

3.5 TSC Experiments

To conduct the TSC experiments, the silver paste was used to attach the sample to the copper
holder. According to sandwich geometry shown in figure 3.6, the electrodes were made. One
electrode was made on the front of the sample and the other one was at the back of it and it
covered the whole surface of the sample to maintain electrical and thermal conductivity. In

the sample layer, the conductivity is about four orders of magnitude higher than normal of the

46



sample [6]. As a result of this, the electric field lines covered the whole volume of the sample.
To make the contacts, thin copper wires were used. The copper holder was mounted on the
cold finger of the cryostat and the back side was grounded through the sample holder. A closed
cycle helium cryostat was used in the TSC measurements. To obtain constant heating, a Lake-
Shore 331 temperature controller was used. A Keithley 228 A voltage/current source and a
Keithley 6435 picoammeter were employed for TSC measurements. To excite the carriers, a

light emitting diode was used. It generates light with an energy of 2.6 eV (see figure 3.7).

Silver Paste <«
v

Sample Holder

Figure 3.6: The representation of sample attached to sample holder in sandwich geometry.

Voltage
Source

LED
, Temperature
/

> Controller
Sample

Vacuum Computer Control

Pump

Compressor

Figure 3.7: Schematic representation of TSC experiment set-up.
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3.6 Photoconductivity Decay Experiments

The photoconductivity (PC) decay measurements were done to find carrier life time. The
PC experiments were carried out as follows. A coplanar structure on the sample with ohmic
electrodes separated by a small gap were formed and illumination was occured by a high
efficiency blue light emitting diode. The controller operator was a digital signal generator op-
erating square waves. A fast current-voltage converter circuit was used the PC amplification.
A fast digital voltmeter was used to record the signal. After the light pulse, the current decays

were observed nearly exponential. The diagram of PC experiment was shown in figure 3.8.

[ USB-6211 Interface

.
[ LED Power ] Resistor

LED —3

Computer Control

Figure 3.8: Schematic representation of PC experiment set-up.

3.7 Bridgman Method

TlIn;S3Se, TlInSeS and TlyIny SSes polycrystals were synthesized from high-purity elements
(at least 99.999%) taken in stoichiometric proportions. The single crystals were grown from
synthesized polycrystals by the Bridgman method in evacuated (107> Torr) silica tubes with a
tip at the bottom. The ampoule was moved in a vertical furnace through a thermal gradient of

30 °C cm™!, between the temperatures 760 and 410 °C, at a rate of 1.0 mm h L.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the results of XRD, EDSA, Transmission, Reflection, PL and TSC exper-
iments, conducted to examine the structural, optical and electrical transport properties of

Tl,In;S3Se, TlInSeS and TlyIn, SSes layered single crystals, will be presented and discussed.

4.1 Introduction

The ternary semiconducting chalcogenides with the formula TIBX; (B and X represent metal
and chalcogen atoms, respectively) have been studied intensively in recent years [2, 3, 10].
They have both layered (T1GaS,, TlGaSe;, TlInS,) and chain (TlInSe;, TlInTe,, TlGaTe,)
structures. The quaternary Tl;In;S3Se, TlInSeS and Tl,In,SSes crystals belong to the group
of layered semiconductors. These compounds have structural similarities to TlInS, crystal
with the difference that some part of the sulfur atoms are replaced by selenium ones. The
lattice structure of these compounds composed of rigorously periodic two-dimensional layers
arranged parallel to the (001) plane (see figures 4.1 and 4.2), and each such consecutive layer
is rotated by a right angle with respect to the previous one. Interlayer bonding is formed

between Tl and Se(S) atoms while the bonding between In and Se(S) atoms is an intralayer

type.

TlInyS3Se, TlinSeS and TlInySSes layered crystals are all n-type crystals as determined

from hot probe technique.
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Figure 4.1: Projection of the crystal structure of thallium and indium chalcogenides on the
ac- plane.

Figure 4.2: Projection of the crystal structure of thallium and indium chalcogenides on the
ab- plane.
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4.2 Structural, Optical and Electrical Transport Properties of Tl,In,S;Se Lay-
ered Crystals

4.2.1 Results of X-ray Experiments and Energy Dispersive Spectral Analysis

For Tl,InpS3Se crystals, the resulting ingot were orange in color and the freshly cleaved
surfaces were mirror-like. The structure of Tl;In,S3Se crystal were analyzed by XRD. The
Miller indices (hkl), the observed and calculated interplanar spacings (d) and the relative
intensities (I/Iy) of the diffraction lines for Tl,In,S3Se crystal were found. These structural
parameters are listed in table 4.1. Figure 4.3 presents the X-ray diffractogram of Tl;In,S3Se
crystal. "DICVOL 047, a least-squares computer program, was used to calculate the lattice
parameters of the monoclinic unit cell, a = 0.8912, b = 0.3981, ¢ = 0.8501 nm, and S8 =
119.49° [89].

Intensity (a. u.)

10 20 30 40 50 60 70
20 (degrees)

Figure 4.3: X-ray diffraction pattern of Tl;In;S3Se powder sample.

By the help of EDSA, the chemical composition of Tl;In;S3Se crystals was determined as
25.9:26.1: 35.9: 12.1, respectively [89]. The spectrum obtained from EDSA is shown in
figure 4.4.
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Table 4.1: X-ray powder diffraction data for Tl,In,S3Se crystals.

No. hkl dops (Mm)  degre (nm) I/
1 10-1 0.7481 0.7492 5.0
2 200 0.3874 0.3874 9.0
3 20-2 03751 0.3750 100.0
4 110 0.3487 0.3486 2.8
5 30-2  0.2890 0.2888 11.5
6 020 0.1954 0.1953 6.8
7 40-4 0.1876 0.1876 21.9
8 121 0.1783 0.1784 2.8
9 50-1 0.1694 0.1694 2.2
10 114 0.1502 0.1502 5.0
T
s

>

©

>

»

c

(0]

c In
Se

Si
T T T T T T — T T
0 2 4 6 8 10
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Figure 4.4: Energy dispersive spectroscopic analysis of Tl,In;S3Se crystal.

4.2.2 Results of Transmission and Reflection Experiments

For Tl,In,S3Se single crystals, the transmittance (7') and reflectivity (R) spectra were recorded
in the wavelength (1) range of 450-1100 nm (figure 4.5). The reflectivity of the material with
refractive index n and absorption coefficient & was given as

1—n+mF_(1—m2+H

R=1Ir? = = ,
L e Y

4.1
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where k = aA/4n. The transmittance, in the absence of interference fringes, is represented by
the relation

(1= R)? exp(—ad)
~ 1-R2exp(—2ad) ’

4.2)

where d is the sample thickness. As a result of these relations, from the analysis of transmis-

sion and reflection measurements, refractive index and absorption coefficient can be obtained.

60 T T T T ¥ T T T
...AAAM\AIVVV\MNVV\
LA AL AL AL Ad
40} -
X
x ST T s Ll
|; i »/.
20 T .
Trans
————— Refl.
0 L 1 L 1 . 1 . 1
450 600 750 900 1050

Wavelength (nm)

Figure 4.5: The spectral dependence of transmittance and reflectivity for Tl,In,S3Se crystal
at room temperature.

In the reflection measurements, the samples having thickness such that ad >1 were used
whereas in the transmission measurements, the sample thickness was reduced by using trans-
parent tape and determined from transmission interference fringes. The long wavelength
where the transmission were very high values were used (figure 4.5). Using the the long
wavelength value of the refractive index n = 3.25 in the equation 2.21, the thickness of the

sample was calculated. Mostly, the sample thickness was of the order of 10 um [89].

The dependence of absorption coefficient with photon energy is very important to obtain de-
tailed information about energy band gaps. This relation was analyzed in the high absorption

regions. a can be represented by the relation
ahv = A(hv — E,)P. (4.3)
In this equation, A is a constant depends on the transition probability and p is an index that
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characterizes the optical absorption process. If p is theoretically equal to 2 and 1/2 it corre-
sponds to indirect and direct allowed transitions, respectively. Figure 4.6 shows the variation
of @ from 40 to 4260 cm™! with increasing photon energy from 2.15 to 2.60 eV. From the
analysis of the experimental data it was shown that, the absorption coefficient was propor-
tional to (hv — E)? with p =2 and 1/2 for ranges 2.18-2.29 eV and 2.46-2.58 eV, respectively.
Insets 1 and 2 of figure 4.6 display the dependencies of (@hv)!/? and (ahv)? on photon energy
hv, respectively. The circles are the experimental data and the solid lines were fitted to a linear
equation to find the band gaps. The linear dependencies for the relations (@hv)'/? and (ahv)?
versus hv suggests the realization of indirect and direct allowed transitions, respectively. The
extrapolations of straight lines, indirect band gap energy E,; = 2.16 + 0.02 eV and direct
band gaps energiy Eqq = 2.42 + 0.02 eV were calculated, respectively [89]. Indirect and di-
rect inter-band edge transitions can exist for thallium containing layered crystals because of

specific features of the prevailingly p-anionic upper valence band and s-T1 states [90].

4000

0
215 220 225 230

Energy (eV)
2000

o (cm™)

(ah)? emZev?)

o i
240 248 256
! Energy (eV)

2,2 2,4 2,6

Figure 4.6: The variation of absorption coefficient as a function of photon energy for
Tl;In,S3Se crystal at T = 300 K. Circles represent the experimental data that were fitted
to a linear equation (the solid lines) to find the band gaps. Insets 1 and 2 represent the depen-
dencies of (ahv)!/? and (ahv)* on photon energy, respectively.

Figure 4.7 shows the transmission spectra in the temperature range of 10-300 K for Tl,In,S3Se
crystal. Thick samples (300 um) were used in the low temperatures. If the thin layered sam-

ples were used at low temperatures, they broken into pieces. Since they are very fragile.
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Technical reasons did not allow us a direct measurement of the reflection at low temperatures.
The point is that the specular reflectance attachment for a Shimadzu UV-1201 model spec-
trophotometer which is not adapted for the low-temperature reflection measurements via a
closed-cycle helium cryostat. Therefore, for the calculation of absorption coefficient a at low
temperatures, the spectral dependence of room temperature reflectivity was uniformly shifted
in energy according to the blue shift of the absorption edge. For this reason, the tempera-
ture dependence of indirect band gap energy (Eg;) was only analyzed. The value of indirect
transition energy gap decreases from 2.28 to 2.16 eV with increasing temperature from 10 to
room temperature. This variation was illustrated in the inset of figure 4.7. The temperature

dependence of the energy band gap can be represented by the relation

yT?

T+B

Eqi(T) = E4(0) + “4.4)

Here, E;(0) is the band gap at zero temperature, y = dE,;/dT is the rate of the change of the
band gap with temperature and S is approximately the Debye temperature. The experimental
data for the dependence of E,; on temperature (10-300 K) were fitted using equation 4.4
as shown in the inset of figure 4.7 (solid line corresponds to the theoretical fit). From the
analysis, E,;(0) = 2.28 eV, y = -6.1x107% eV K1, and 8 = 135 K were found. The Debye
temperature, 8, were estimated using Lindemann’s melting rule [91] from the analysis of X-
ray results. Melting temperature 7, = 1048 K was used for this calculation and 8 = 142 K

was found.

The obtained refractive index n as a function of wavelength is shown in figure 4.8. As seen
from the figure, the refractive index in the energy region of hv < E, gradually decreases from
3.45 to 3.25 with increasing wavelength in the region 616-1100 nm. To analyze the data, the
single-effective-oscillator model proposed by Wemple and DiDomenico [42, 43] was used.
This model could be applied to the ternary TlGaSe, and T1GaS, layered crystals successfully,
[92, 93]. There is a relation between the refractive index and photon energy in the following
equation

EsoEd

2
nhv)y=1+ ——,
( ) E%o_(hv)z

4.5)

where E, is the single oscillator energy and E, is the dispersion energy. From the analyis
of (n> = 1)~! on (hv)?, the oscillator parameters were obtained by fitting a linear function to
the lower energy data range (1.13-2.02 eV). It is presented in inset of figure 4.8. The zero

frequency refractive index np was estimated from equation 4.5. E, and E; were found 4.78
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Figure 4.7: The spectral dependence of transmittance for Tl;In,S3Se crystal in the tempera-
ture range of 10-300 K. Inset: The indirect band gap energy as a function of temperature. The
solid line represents the fit using equation 4.4.

eV and 43.58 eV, respectively (see inset of figure 4.8). The zero-frequency dielectric constant
& = n% = 10.12 and refractive index ny = 3.18 were obtained from the equation 4.5. The
oscillator energy Ej, is an “average” energy gap and can be found from the relationship Ej,
~ 2.0 Eqy where E,q is the lowest direct band gap [44, 47]. The ratio Ey, /E¢q was found to
be 1.97 [89].

The oscillator strength S, for TlyIn;S3Se crystal can obtained by the help the refractive
index n analysis. At low energies, there is a representation for the refractive index by a single

Sellmeier oscillator [48]

(ngo B 1) _ Aso 2
oD 1 - (7) , (4.6)

where Ay, is the oscillator wavelength and 7., is infinite wavelength refractive index. Rear-
ranging of equation 4.6 gives

1 1
2 _ 1yl
-l = - 4.7
(n"—=1) So2 SuP 4.7

Here, S, = (n2, — 1)/ /lfo. The values of Sy, and A, calculated from the plots of (n> — 1)~
versus 172, were found to be 13.18x10'> m™2 (204.80 eV? ) and 2.60x10~7 m, respectively
[89]. The obtained oscillator strength values are in the same order with those obtained for

ZnS, ZnSe, Ag,S, GeSe, and T1GaS, crystals [43, 46, 93, 94].
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Figure 4.8: The dependence of refractive index on the wavelength for Tl;In,S3Se crystal.
Inset: Plot of (n2 — 1)~! versus (hv)? . The solid line represents the fit using equation 4.5.

4.2.3 Results of Photoluminescence Experiments

Crystals used for PL measurements had dimensions of 6x3x1 mm?>. In PL experiments, the
sample were illuminated in a direction close to the layer. The temperature was decreased from
300 K to 22 K and it was controlled within an accuracy of + 0.5 K. The PL spectra of the
sample was analyzed in the wavelength region of 535-725 nm .To adjust the exciting laser
intensity from 16 to 516 mW cm™2, sets of neutral density filters were used .PL spectra have

been corrected for the spectral response of the optical apparatus [95].

Figure 4.9 presents the PL spectra of TlIn,S3Se crystals in 22-58 K temperature range at the
constant laser excitation intensity L = 78 mW cm™2. All spectra were analyzed using a fitting
procedure to decompose the overlapped bands. A typical result of fitting two Gaussian peaks
to A- and B- bands is shown in figure 4.10. The procedure yielded the peak position, full-
width at half-maximum (FWHM) and intensity of the bands. The observed emission bands
were centered at 564 nm (2.20 eV, A-band) and 642 nm (1.93 eV, B-band) at T = 22 K. As
seen from figure 4.9, emissions bands change as temperature is increased: the peak positions
show several degrees of red shift, the FWHM increases and the peak intensities decrease.
With increasing temperature, the FWHM rised from 0.15 to 0.20 eV and from 0.42 to 0.52 eV

with increasing temperature in the range of 22-58 K for A- and B- bands, respectively [95].
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Figure 4.9: Temperature dependence of PL spectra from Tl;In;S3Se crystal at excitation laser
intensity L = 78 mW cm™2. Note that for curves 16-18, intensities have been multiplied by a
factor of four.

There is a shift in the peak energies towards the lower energies with increasing temperature
(see the inset of figure 4.11).1t is known from the work [49] that when the temperature in-
creases, the donor-acceptor pair transition energy decreases. The experimental data for the
temperature dependence of PL bands intensities were fitted by the following expression:

Iy
1= ,
1+ aexp[(—E,/kgT)

(4.8)

where [y is a proportionality constant, E is the thermal activation energy, k is the Boltzmann
constant and « is the recombination process rate parameter. Figure 4.11 shows the temper-
ature dependence of the emission band maximum intensities as a function of the reciprocal
temperature in the 22-58 K range. The best fits using equation 4.8, demonstrated by the solid

curves in figure 4.11, have been achieved with parameters Ips = 3.5, E4 = 0.02 eV, a4 =
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Figure 4.10: Decomposition of the PL spectrum from Tl,In,S3Se crystal into two Gaussian
lineshapes (7' =22 K, L = 516 mW cm™2).

1128.3 and Ipp = 26.7, Ep = 0.01 eV, ap = 141.8 for A- and B- bands, respectively. Since
Tl;In,S3Se crystal is an n-type semiconductor, it is believed that these levels are shallow
donor levels located at E; 4 = 0.02 eV and E; 5 = 0.01 eV below the bottom of the conduction
band. These shallow levels can be point defects. They were created because of deviations
in stoichiometry or uncontrolled impurities. The latter may be attributed to the presence of
Si impurities introduced into Tl;In;S3Se during the crystal growth process in ungraphatized

ampoules [95].

The laser excitation intensity dependence of PL spectra is also important to obtain informa-
tion about the recombination mechanism. The PL spectra at different 16 laser intensities
were shown in figure 4.12 at T = 22 K. From the analysis of the spectra, we obtained the
information about the peak energy position and intensity for emission bands at different laser
excitation intensities. It is revealed that the peak energy position of A-band (E,4) does not
change with laser excitation intensity, while that of B- band (E,p) shifts slightly towards
higher energies with increasing excitation intensity (blue shift). Referring to work [95], it
means that there are inhomogeneously distributed donor-acceptor pairs. As obtained from
the data analysis, B-band maximum shifts higher energies (AE,p = 30 meV) with increasing
excitation laser intensities from 16 to 516 mW cm™2 (i.e., 20 meV per decade of exciting
radiation intensity. The observed blue shift is typical of ternary and quaternary compounds

such as CdGeAs; (10-15 meV per decade of intensity of exciting radiation)[96], HgInGaS4
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Figure 4.11: Temperature dependences of PL bands intensities for Tl,In,S3Se crystal. Circles
are the experimental data. Solid curves show the theoretical fits using equation 4.8. The inset:
temperature dependences of emission A- and B-bands peak energies.

(20 meV per decade of intensity of exciting radiation) [97], TI,InGaS4 (20 meV per decade
of intensity of exciting radiation)[98], Culn;_,Ga,Se; (15 meV per decade of intensity of

exciting radiation) [99].

”At low excitation laser intensities only a small fraction of the donor and acceptor levels trap
carriers. This leads to recombination from distant pairs only. At high enough excitation laser
intensities all donors and acceptors are excited, which leads to a contribution from closer pairs
as well. The energy of the emitted photon during a donor-acceptor pair transition has a posi-
tive contribution from a Coulombic interaction between ionized impurities. This contribution
increases as the separation between the pairs decreases [49]. Furthermore, radiative transi-
tion probabilities for different pair separations are different and decrease exponentially as a
function of the pair distance [49]. Distant pair recombination (contributing to the low part en-
ergy part of a donor-acceptor pair emission band) saturates at high excitation laser intensities,
whereas close pairs have a larger transition probability and can accommodate more carriers.

Therefore, it was observed a shift of the emission band peak energy to a higher energy as the
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Figure 4.12: PL spectra of Tl;In,S3Se crystal as a function of excitation laser intensity at T
=22 K.

excitation laser intensity increases [95]” [91].

The dependence of the B- band peak energy (E,p) at T = 22 K as a function of excitation

laser intensity (L) is given in figure 4.13. The experimental data in figure 4.13 were then fitted

by the following expression:

(Epp — Ew)® —2(Ep — Ew)

4.9
OEp+ Ew—2Eps ¥ Epp— Ewo 4.9)

[l

L(E, ) = L

where L is a proportionality constant, Ep is the emitted photon energy of a close donor-
acceptor pair separated by a shallow impurity Bohr radius (Rp), and E is the emitted photon
energy of an infinitely distant donor-acceptor pair [56]. By using a nonlinear least square
fit to the experimental data, E,, and Ep were found as 1.82 eV and 2.07 eV, respectively.
These energy values are in good agreement with the band gap energy (Eg; = 2.27 €V) and the
observed values of the peak energy position (i.e., Exo < 1.91 eV < Ep <194 eV < Eg < Eg)
at T =22 K. The indirect band gap energy Eg; = 2.27 ¢V at T = 22 K was evaluated using the
temperature coeflicient of Eg;, reported in 4.2.2 for Tl;InyS3Se crystal (dE;/dT = -6.1x107*

eV K1) [95].

61



600 " T y T T T

(\JA - O
' 5
5 s
S s00f > .
£ "
b c
> b
= £
(] .
§ 2 10' 10° 10° O
E 200 - Excitation Intensity (chm’Q) -
S
8
kS
x
LLl
Ok : L . I . 1 ]
1,91 1,92 1,93 1,94

Peak Energy (eV)

Figure 4.13: Excitation laser intensity versus emission peak energy for TlyIn,S3Se crystal for
B-band at T = 22 K. The solid curve represents the theoretical fit using equation 4.9. Inset:
Dependence of PL intensities at the emission maximums versus excitation laser intensity for
A- and B-bands at T = 22 K. The solid lines show the theoretical fits using equation 4.10.

In PL spectra of TlyInpS3Se crystal, the increase in the peak intensities of A- and B- bands
with increase in the laser excitation intensity was also observed. The logarithmic plot of PL
intensities versus laser excitation intensities are given in the inset of figure 4.13. Experimental

data were fitted by a simple power law of the following form (see equation 2.31):

I o L7, (4.10)

where, [ is PL intensity, L is excitation laser intensity and 7y is a dimensionless constant.
Using the above expression the value of y = 0.87 and 0.76 for A- and B- bands were found,
respectively. It is well known from the work [54, 55], laser photon energy must be greater
than the band gap energy. If the y values are between 1 and 2, free- and bound-exciton
emission occurs. If the y values are smaller or equal to 1 free-to-bound and donor-acceptor

pair recombination occurs.

As a result of PL spectra analysis with respect to temperature and excitation laser intensity,
there is a possible scheme for the states located in the forbidden energy gap. In the proposed
scheme, shallow donor levels d4 and dg were located at Eg4 = 0.02 eV and E g = 0.01 eV

below the bottom of the conduction band, respectively. The sum of the donor (E;p) and
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acceptor (E,p) levels for the emission B- band can be written as [49]:
Ejp+Esp=Eg—Eo =227V —-182eV =045¢eV 4.11)

Considering that the donor level dp was located at E g = 0.01 eV below the bottom of the
conduction band, the above energy sum suggests that the acceptor level ap involved in the
emission B- band was placed at E,p = 0.44 eV above the top of the valence band. For the
A-band, the shallow donor level at E 4 = 0.02 eV and the observed peak energy at 7 = 22 K
(Epa = 2.20 V), results in an acceptor level, which was located at E,4 = 0.05 eV above the
top of the valence band. Taking into account the above considerations, the observed emission
A- and B- bands in the PL spectra have been attributed to the radiative transitions from the
donor level dy to the acceptor level a4 and from the donor level dp to the acceptor level ap,

respectively [95].

4.2.4 Results of Thermally Stimulated Current Experiments

The TSC experiments were performed in the temperature range of 10-170 K. The sample was
cooled from 300 K to 10 K. Temperature controller was utilized to provide constant heating
rates in the range of 0.4-1.5 K s™'. A light emitting diode was used to excite the carriers.
The diode light has a maximum peak of 2.6 eV. The traps were filled at 79 = 10 K under
a bias voltage V| = 10 V for about 750 s. However for the revealing of traps distribution
they were filled at different illumination temperatures (7o; = 20, 30, 37 and 40 K). Then the
excitation was turned off. The bias voltage V, was applied to the sample and the temperature
was increased at a constant rate, after an expectation time 300 s .The bias voltage V, = 100 V
could be applied to the sample since the dark current contribution was low in Tl;In,S3Se. The
figure 4.14 shows the illumination and heating parameters of the optimum TSC conditions for

TlIn,S3Se crystal .

While the illumination of the sample, positive and negative charge carriers are created. Ac-
cording to bias voltage, one type of carriers is driven but the other type of carriers is collected
quickly. As a result of this, driven carriers are trapped. Figure 4.15 shows the TSC spectra of
Tl,In,S3Se for two biasing polarities at a constant rate of 8 = 1.2 K s~! in the range of 40-120
K. The peak intensity is highest when the illumination surface has negative polarity. It means
that the electrons are distributed in the crystal and then trapped. As a result of this, the peak

in the TSC spectra of Tl,In,S3Se crystal can be considered as electron traps [100].
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Figure 4.14: Principles of the TSC experiment for Tl,In,S3Se crystals; (1) time period of
applied illumination; (2) variation of bias voltage; (3) temperature variation with time for four
different light illumination temperatures; (4) TSC spectra for four different light illumination
temperatures: 20 (1), 30 (2), 37 (3) and 40 K (4).
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Figure 4.15: Typical experimental TSC curve of Tl,In;S3Se crystals under bias voltage. Cir-
cles and stars show the experimental data obtained when the polarity of illuminated surface
was negative and positive, respectively.



It is important to determine the type of trapping kinetics to analyze the TSC spectra. To
analyze the TSC spectra, relative magnitudes of capture cross sections S; and S, of the trap-
ping and recombination centers, respectively, are very important. If §; << S, the process is
monomolecular, i.e., slow retrapping occurs. The cases S; =S, and S; >> §, are bimolecular
and fast retrapping, respectively. For slow retrapping (monomolecular condition), electrons
thermally excited from traps have greater probability of recombining with holes than being
retrapped. In this case, the initial density of filled traps has no effect on both the shape and
peak position of the TSC curve. Figure 4.16 shows the TSC spectra of Tl;In;S3Se crystal
registered for different illumination time (50-900 s) at a constant heating rate of 8 = 1.0 K s™!
[100]. We obtained that the minimum illumination time as 750 s by plotting the maximum
values of TSC (I,,,,) versus illumination time (inset of figure 4.16). To vary the initial density
of filled traps, illumination time changed and it was observed that there was no change for
both the shape and the peak position of the TSC curve. This fact indicates that the traps may

be considered under monomolecular condition.
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Figure 4.16: TSC spectra of the Tl,In;S3Se crystals for various illumination times at a con-
stant heating rate of 8 = 1.0 Ks™!. Inset: maximum thermally stimulated currents as a function
of illumination time. The dash-dotted line is only guide for the eye.

Figure 4.17 presents TSC spectra of the Tl;In;S3Se crystals measured at six heating rates of 8
=0.4-1.5 K s7! in the temperature range of 30-125 K [100]. As expected, thermally stimulated

current gradually increases, and the peak maximum (7,) shifts to a high temperature with
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increasing the heating rate.
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Figure 4.17: The experimental TSC spectra of Tl,In;S3Se crystals at different heating rates.

To reveal the traps distribution in Tl;In;S3Se crystals, the sample was excited by light for
750 s at different illumination temperatures (7;) ranging from 20 to 40 K. Then the light
source was switched off and the sample was cooled down to 10 K. After that, in order to
excite the trapped electrons to the conduction band, the sample was heated at a constant rate
B =1.2K s!. The experimental TSC spectra of TlIn,S3Se crystal at different illumination
temperatures (7o; = 20, 30, 37, and 40 K) are shown in figure 4.18. The intensity of the
TSC spectra decreased and the maximum values of peak shifted towards higher temperatures
with increasing illumination temperatures. This situation supports the validity of a quasi-

continuous traps distribution [85, 97, 101, 102].

The area enclosed under the curve obtained with illumination at temperature 7T, is propor-
tional to the total number of carriers released from the traps during the heating process. In
order to obtain the energetic traps distribution in the studied crystals the peak was calculated
from the area difference of two successive experimental TSC spectra for the pairs of illumi-

nation temperatures 7o; and To;+1: 20 and 30 K, 30 and 37 K, 37 and 40 K. The maximum
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Figure 4.18: The TSC spectra of Tl,In,S3Se crystals at different illumination temperatures
Ty.

temperatures (7,,;) and areas (Q;) of peak, evaluated from the subtracted two successive TSC
curves related to different pairs of illumination temperatures, are listed in the table 4.2. Since
the difference in the current value during heating is due to the trap levels above a certain en-
ergy level, the mean activation energy of those traps can be found with the help of the initial
rise method previously defined in 2.2.5.4. In this method only the initial part of the subtracted
TSC curves were analyzed for the peaks. When the traps start to empty with temperature,
the TSC is directly proportional to exp (—E;/k). Therefore, a semi-logarithmic plots of the
currents versus 1/ T gives the straight lines with the slopes of (—E;;/k) for the peak as shown
in figure 4.19. The mean activation energies of traps calculated for the curves are presented

table 4.2.

Inset of figure 4.19 presents the plots of In(Q;) (the amount of the released charge during
the heating process) as a function of the mean activation energies. The dependence is well
approximated by the exponent, which suggests the presence of an exponential distribution of
the traps. The exponential distribution is consistent with the presence of fluctuations in the

crystal potential, caused by structural defects, which give rise to localized states acting as
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Figure 4.19: Thermally stimulated currents versus 1000 / T for the TSC spectra of Tl,In,;S3Se
crystals, calculated from the difference of two successive experimental TSC spectra for the
selective pairs of temperatures 20-30 K, 30-37 K and 37-40 K (curves from 1 to 3). Solid
lines present the theoretical fits according to the initial rise method. Inset: The logarithmic
plot of released charge as a function of activation energy. Squares show the experimental data
for the peak. Solid line is theoretical fit according to equation 4.12.

traps for the carriers [101].

The following expression can be written for the traps filled at the illumination temperature 7;
by assuming an exponential traps distribution, whose density at energy E; will be given by

Nii = A exp(—aEy), [85]
Q; < Aexp(—akE) . 4.12)

Here, a is the energy parameter that characterizes the traps distribution. From the analysis of
the graph In(Q;) versus mean activation energies, the value of & = 0.094 meV~!, correspond-

ing to 25 meV/ decade were found, respectively (inset of figure 4.19 ).

The obtained values of E,; and T,,; were used to calculate the attempt-to-escape frequencies

v; from the following expression

BE;i E
= exp(—), 4.13
(T2, p( kTmi) (4.13)

Vi

The capture cross section of the traps was determined using the following equation

Vi

S = :
" Ncﬂth

(4.14)
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Table 4.2: The illumination temperatures of two successive experimental TSC curves (7;-
Toi+1); maximum temperature (7,,;) and area (Q;) of calculated TSC curves ; mean activation
energy (Ey), capture cross section (S;), attempt-to-escape frequency (v;) and concentration
(Ny;) of traps in TlInpS3Se crystal.

Toi — Tois1 K) T (K) Qi (uC) E;(meV) S;(cm?)  v; (s Ny(em™)

20-30 78.8 41.5 30 3.5x107% 0.9 2.6x 1012
30-37 81.0 25.6 39 8.5x1072 2.9 2.8x10'2
37-40 88.5 14.0 55 3.6x107%* 135 1.7x10!2

where N, = 2(2nm*ekT [h*)3/? is the effective density of states in the conduction band and ¢,
is the thermal velocity of a free electron. The effective mass m;, = 0.14 mg [103] was utilized
to calculate N, and ¢,. Using the latter values, the capture cross section of the traps in
Tl,InyS3Se crystals were estimated (table 4.2). It will be noted that the obtained magnitudes
of attempt-to-escape frequency and capture cross section of the traps for all studied crystals

are low, which suggests a strong repulsive barrier to capture the carriers [104].

The concentration of the traps was estimated using the relation [105]

O;

= 100G (4.15)

ti

Here, Q; is amount of charge released during the TSC measurement that can be calculated

from the area of the TSC peak and G is the photoconductivity gain calculated from [87]

1%
G=-="2
tir L?

(4.16)
In this equation, 7 is the carrier lifetime and #,, is the carrier transit time between the elec-

trodes. The carrier lifetime were determined from the PC decay experiments [88].

After termination of light pulse at ¢ = #y, the current decays are nearly exponential .The carrier

lifetime #;, is determined by the corresponding output voltage equation
—t
V=Vy+Cexp(—), “4.17)
T

where V) is voltage at t = co and C is a constant.The theoretical fit (solid line) using equation
4.17 to the experimental data for Tl>In,S3Se crystals is shown in figure 4.20. From the decay
of photocurrent, carrier lifetime was obtained as 7 = 13.6 ms. The corresponding photocon-
ductivity gain was found to be G = 2498 from the equation 4.16 utilizing V, = 100 V and u
=28 cm? V™! sec™! [103]. The trap concentrations (Ny;) were calculated using the equation

4.15 as 2.6x 102, 2.8x10'2 and 1.7x10'2 cm™3.
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Figure 4.20: The photoconductivity decay curve for the Tl,In;S3Se crystals.

4.3 Structural, Optical and Electrical Transport Properties of TlInSeS Lay-
ered Crystals

4.3.1 Results of X-ray Experiments and Energy Dispersive Spectral Analysis

For TlInSeS crystals, the resulting ingot were red in color and the freshly cleaved surfaces
were mirror-like. The X-ray diffractogram of TlInSeS crystal are shown in figure 4.21. In
table 4.3, the Miller indices (hkl), the observed and calculated interplanar spacings (d), and
the relative intensities (//ly) of the diffraction lines are presented. Using "DICVOL 04, the
lattice parameters of the monoclinic unit cell, a = 0.72850, b = 0.45380, ¢ = 0.78357 nm, and
B =106.22°, were obtained [106].

By the help of EDSA, the chemical composition of TIInSeS crystals was determined as TI :
In: Se:S,25.7:259:24.3: 24.1, respectively [106] . The spectrum obtained from EDSA

is shown in figure 4.22.
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Table 4.3: X-ray powder diffraction data for TIInSSe crystals.

No.  hkl  dyps(nm)  dege(nm)  I/Iy
1 110 038834 0.38866 43.7
2 200 037588 037625 66.5
3 002 0.34998 0.34981  30.6
4 210 028984 0.28965 100.0
5 112 024327 024313 133
6 301 021759 021758 172
7 311 0.19629 0.19620  39.2
8 113 0.18824 0.18833 114
9 20-4 0.17884 0.17883 16.3
10 401 017010 0.17013 127
11 023 016261 0.16263 245
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Figure 4.21: X-ray diffraction pattern of TlInSeS powder sample.

4.3.2 Results of Transmission and Reflection Experiments

The transmittance (7)) and reflectivity (R) spectra of TlInSeS single crystals were recorded
in the wavelength (1) range of 500-1100 nm (figure 4.23). The absorption coefficient a
and refractive index n were obtained from the equations 4.1 and 4.2.The reflection measure-
ments were done using specimens with natural cleavage planes and a thickness such that ad

> 1. In the reflection measurements, the samples having thickness such that ad >1 were
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Figure 4.22: Energy dispersive spectroscopic analysis of TlInSeS crystal.

used whereas in the transmission measurements, the sample thickness was reduced by using
transparent tape and determined from transmission interference fringes at wavelength slightly
longer than the intrinsic absorption edge, i.e. in a region with relatively high transmission
(figure 4.23). Using the the long wavelength value of the refractive index n = 3.30 in the
equation 2.21, the thickness of the sample was calculated. Mostly, the sample thickness was

of the order of 20 um [106].
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Figure 4.23: The spectral dependence of transmittance and reflectivity for TlInSeS crystal at
room temperature.
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The @ can be represented by the equation 4.3. Figure 4.24 shows the variation of @ from
190 to 5100 cm™! with increasing photon energy from 1.90-2.50 eV. From the analysis of the
experimental data it was shown that, the absorption coeflicient was proportional to (hv — Eg)”
with p =2 and 1/2 for ranges 2.09-2.21 and 2.26-2.43 eV, respectively. Insets 1 and 2 of figure
4.24 display the dependencies of (ehv)'/? and (ahv)* on photon energy hv, respectively. The
circles show the experimental data. They were fitted to a linear equation (the solid lines)
to find the energy band gaps. The linear dependencies for the relations (@hv)'/? and (ahv)?
versus hv suggests the realization of indirect and direct allowed transitions, respectively. The
extrapolations of straight lines, indirect band gap energy E,; = 2.05 + 0.02 eV and direct band
gaps energy Eq,q = 2.21 + 0.02 eV were calculated, respectively [106]. Indirect and direct
inter-band edge transitions can exist for thallium containing layered crystals [106] because of

specific features of the prevailingly p-anionic upper valence band and s-T1 states [90].

Inset 1

4000 -

o L
19 20 21 2;
hv (eV)

o (cm‘*)

2000 -

Figure 4.24: The variation of absorption coefficient as a function of photon energy for TlInSeS
crystal at T = 300 K. Circles represent the experimental data that were fitted to a linear
equation (the solid lines) to find the band gaps. Insets 1 and 2 represent the dependencies of
(ahv)'/? and (ahv)? on photon energy, respectively.

Figure 4.25 shows the transmission spectra of TlInSeS crystal that was registered in the tem-
perature range of 10-300 K. Thick samples (300 um) were used in the low temperatures. If the
thin layered samples were used at low temperatures, they broken into pieces. Since they are

very fragile. The value of indirect transition energy gap obtained by the analysis decreases
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Figure 4.25: The spectral dependence of transmittance for T1InSeS crystal in the temperature
range of 10-300 K. Inset: The indirect band gap energy as a function of temperature. The
solid line represents the fit using equation 4.4.

from 2.15 to 2.05 eV with increasing temperature from 10 to 300 K, as illustrated in the inset
of figure 4.25. The temperature dependence of the energy band gap can be represented by
the relation 4.4. The experimental data for the dependence of E,; on temperature (10-300 K)
were fitted using equation 4.4 as shown in the inset of figure 4.25 (solid line corresponds to
the theoretical fit). From the analysis, E,;(0) = 2.15 eV, y = -4.7 x10* eV K, and B =130
K were found. The Debye temperature, 8, were estimated using Lindemann’s melting rule
[91] from the analysis of X-ray results. Melting temperature 7,, = 1045 K was used for this
calculation and 8 = 141 K was found [106].

The obtained refractive index »n as a function of wavelength is shown in figure 4.26. As seen
from this figure, the refractive index in the energy region of hv < E, gradually decreases from
3.54 to 3.30 with increasing wavelength in the region 645-1100 nm.To analyze the data, the
single-effective-oscillator model proposed by Wemple and DiDomenico [42, 43] was used.
This model could be applied to the ternary TlGaSe, and T1GaS; layered crystals successfully,
[92, 93]. There is a relation between the refractive index and photon energy ( see the equation
4.5). From the analyis of (n* = 17! on (hv)?, the oscillator parameters were obtained by

fitting a linear function to the lower energy data range (1.13-1.94 eV). It is presented in inset
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of figure 4.26. The zero frequency refractive index ng was estimated from equation 4.5, i.e.
according to the equation 2.23 [106]. From the analysis of the inset of figure 4.26 the values
of the parameters Ey, and E; were found to be 4.46 eV and 41.74 eV, respectively. The zero-
frequency dielectric constant gy = ng = 10.36 and refractive index ny = 3.22 were evaluated
by means of equation 4.5 [106]. The oscillator energy E, is an "average” energy gap and can
be found from the relationship Eg, =~ 2.0 Eyq where Eg, is the lowest direct band gap [44, 47].

The ratio E, /Egq was found to be 2.0.
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Figure 4.26: The dependence of refractive index on the wavelength for TlInSeS crystal. Inset:
Plot of (n*> — 1)~! versus (hv)? . The solid line represents the fit using equation 4.5.

The oscillator strength S s, for TlInSeS crystal can obtained by the help the refractive index
n analysis using the equations 4.6 and 4.7. The values of S, and A,,, calculated from the
plots of (n? — 1)7! versus 272, were found to be 1.21x10' m~2 (188.02 eV?)and 2.78x10~7
m respectively [106]. The obtained oscillator strength values are in the same order with those

obtained for ZnS, ZnSe, Ag;S, GeSe; and TI1GaS; crystals [43, 46, 93, 94].

4.3.3 Results of Photoluminescence Experiments

The photoluminescence spectra of TlInSeS layered crystals have been studied in the wave-

length region of 500-700 nm and temperature region of 10-65 K and reported in Ref. [91].
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The observed emission band, centered at 584 nm (2.122 eV) at T = 10 K, was assigned to
donor-acceptor pair recombination. The variation of the PL band intensity versus excitation
laser intensity has also been investigated. The red and blue shifts of this band have been ob-
served with increasing temperature and increasing laser excitation intensity, respectively. The
PL was found to be due to radiative transitions from the shallow donor level located at 0.023
eV below the conduction band to the moderately deep acceptor level at 0.064 eV located

above the valence band.

4.3.4 Results of Thermally Stimulated Current Experiments

The TSC experiments were performed in the temperature range of 10-180 K. The sample
was cooled from 300 K to 10 K. The temperature controller was utilized to provide constant

heating rates in the range of 0.2-1.0 K s~!

. A light emitting diode was used to excite the
carriers. The diode light has a maximum peak of 2.6 eV. The traps were filled at 7y = 10 K
under a bias voltage V1 = 10 V for about 600 s. However for the revealing of traps distribution
they were filled at different illumination temperatures (To; = 30, 45, 52 and 57 K). Then the
excitation was turned off. The bias voltage V, was applied to the sample and the temperature
was increased at a constant rate, after an expectation time 60 s .The bias voltage V, = 100 V
could be applied to the sample since the dark current contribution was low in TlInSeS. The

figure 4.27 shows the illumination and heating parameters of the optimum TSC conditions for

TlInSeS crystal [107].

Figure 4.28 shows the TSC spectra of TlInSSe for two biasing polarities at a constant heating
rate 8 = 0.8 K s~ in the temperature range of 10-180 K. Since, the polarity of the illuminated
surface is negative, the intensity of the peak is highest. The peak appearing in the TSC spectra

of TlInSeS crystal can be considered as electron traps [107].

Figure 4.29 shows the TSC spectra of TlInSeS crystal registered for different illumination
time (50-600 s) at a constant heating rate 8§ = 0.8 K s~!. We obtained that the minimum
illumination time as 600 s by plotting the maximum values of TSC (/,,,,) versus illumination
time (inset of figure 4.29). To vary the initial density of filled traps, illumination time changed
and it was observed that there was no change for both shapes and peak positions of the TSC

curve. This fact indicates that the traps may be considered under monomolecular condition.
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Figure 4.27: Principles of the TSC experiment for TlInSeS crystals; (1) time period of ap-
plied illumination; (2) variation of bias voltage; (3) temperature variation with time for four
different light illumination temperatures; (4) TSC spectra for four different light illumination
temperatures: 30 (1), 45 (2), 52 (3) and 57 K (4).

To estimate the mean activation energy of the traps, we used the isothermal decay method
defined in subsubsection 2.2.5.3. In this method the sample was heated from T to T, at
a constant rate. After that, the sample was held at T, until complete detrapping. For this

process, the TSC can be described by (see equation 2.98)
I = Iyexp(—vyt), (4.18)

where [ is initial current at time ¢ = 0 and y = vexp(—E,/kT ). The TSC decay measurement

on the TlInSeS crystals were repeated at T), = 50, 55, 60, 65, 70, 75 and 80 K at a constant
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Figure 4.28: Typical experimental TSC curve of TlInSeS crystals under bias voltage. Circles
and stars show the experimental data obtained when the polarity of illuminated surface was
negative and positive, respectively.
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Figure 4.29: TSC spectra of the TlInSeS crystals for various illumination times at a constant
heating rate of 8 = 0.8 K s~!. Inset: maximum thermally stimulated currents as a function of
illumination time. The dash-dotted line is only guide for the eye.

heating rate 0.8 K's ~! (figure 4.30). From the analysis of In(/) versus time ¢ the were obtained
for each temperature T,. By the help of In y values versus 1000/T, graph (inset of figure 4.30)

the mean activation energy E; was obtained as 25 meV [107].
Figure 4.31 presents TSC spectra of the TlInSeS crystals measured at six heating rates of 8 =
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Figure 4.30: Experimental TSC spectra of TlInSeS crystals at different temperatures 7, = 50,
55, 60, 65, 70, 75 and 80 K. Inset: y = v exp(-E;/kT ) plot as a function of 1000/T,. v is the
attempt-to-escape frequency of a trapped carrier.

0.2-1.0 K s~! with step 0.2 K s~! in the temperature range of 10-180 K. As expected, while
the heating rate increases, TSC increases and there is a shift in peaks maximum (7’,) to higher

temperatures [107].

The analysis of the TSC data gives information about the characteristic features of the traps
distribution. For this reason, the sample was excited by light at different illumination tem-
peratures (To;) ranging from 30 to 57 K. The sample was illuminated at 7(; for 600 s then
the light source was switched off and the sample was cooled down to 10 K. Thereafter, the
sample was heated at a constant rate § = 0.8 K s™! to excite the trapped electrons to the
conduction band. The experimental TSC spectra of TlInSSe crystal at different illumination
temperatures (7¢; = 30, 45, 52,and 57 K) are shown in figure 4.32. The intensity of the TSC
spectra decreased and the peak maximum shifted towards higher temperatures with increas-
ing light illumination temperatures. This fact supports the validity of a quasi-continuous traps

distribution [85, 97, 101, 102].

The area enclosed under the curve obtained with illumination at temperature 7; is propor-
tional to the total number of carriers released from the traps during the heating process. In

order to obtain the energetic traps distribution in the designated temperature region, the total
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Figure 4.31: The experimental TSC spectra of TlInSeS crystals at different heating rates.

. , . , .
41 555 EE i
o 30K 0 3
| o 45 DD O |
;:\ 4 92 U DD
3 3L v 57 DD O 4
- O o=
{ oy r O O OD 1
(0] O e} oo
C 2t 2 O oo ]
; DD O on
o | D 22y
O
1 | D
0
50

Temperature (K)

Figure 4.32: The TSC spectra of TlInSeS crystals at different illumination temperatures 7.

charge released from the traps is calculated from the area difference of two successive experi-
mental TSC spectra related to the pairs of illumination temperatures T; and T¢;;+1: 30 and 45

K, 45 and 52 K and 52 and 57 K. The maximum temperatures (7,;) of calculated TSC curves
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with corresponding peak areas (Q;) are listed in table 4.4. Since the difference in the current
value during heating is due to the trap levels above a certain energy level, the mean activation
energy of those traps can be found with the help of the initial rise method. A semi-logarithmic
plots of the currents versus 1/ T gives the straight lines with the slopes of (—E;/k) for the peak

as shown in figure 4.33. The mean activation energies of traps calculated for the curves are

presented table 4.4.
T T T
10° -
< 1 1 1 1
3 30 40 50 60 70
_:’ Activation energy (meV)
()
c 10" .
>
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1
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Figure 4.33: Thermally stimulated currents versus 1000 / T for the TSC spectra of TlInSeS
crystals, calculated from the difference of two successive experimental TSC spectra for the
selective pairs of temperatures 30-45 K, 45-52 K and 52-57 K (curves from 1 to 3). Solid
lines present the theoretical fits according to the initial rise method. Inset: The logarithmic
plot of released charge as a function of activation energy. Squares show the experimental data
for the peak. Solid line is theoretical fit according to equation 4.12.

Table 4.4: The illumination temperatures of two successive experimental TSC curves (T;-
Toi+1); maximum temperature (7,,;) and area (Q;) of calculated TSC curves ; mean activation
energy (Ey), capture cross section (S4), attempt-to-escape frequency (v;) and concentration
(Ny;) of traps in TlInSeS crystal.

Toi —Toir1 K)  Tpi (K) Qi (uC) Ey(meV) S;i(em®) v (s™) Ny(em™)

30-45 81.4 94.5 28 471075 1.4 1.9x10Y7
45-52 93.9 63.8 47 3.1x107%#* 123 2.3x10"7
52-57 104.2 30.7 67 1.6x1072  78.6  2.7x10"

Inset of figure 4.33 presents the plots of In(Q;) (the amount of the released charge during the
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heating process) as a function of the mean activation energies. These dependences are well
approximated by the exponent, which suggests the presence of an exponential distribution of
the traps. The exponential distribution is consistent with the presence of fluctuations in the
crystal potential, caused by structural defects, which give rise to localized states acting as

traps for the carriers [101].

The graph In(Q;) versus mean activation energies based on equation 4.12, the value of a =
0.029 meV~!, corresponding to 79 meV/ decade were found, respectively (inset of figure

4.33).

The obtained values of E,; and T,,; were used to calculate the attempt-to-escape frequencies
v; from the equation 4.13. The capture cross section of the traps was determined using the
following equation 4.14. The effective mass m; = 0.14 m, [103] was utilized to calculate
N, and ¥,. Using the latter values, the capture cross section of the traps in TlInSeS crystals
were estimated (table 4.4). It will be noted that the obtained magnitudes of attempt-to-escape
frequency and capture cross section of the traps for all studied crystals are low, which suggests

a strong repulsive barrier to capture the carriers [104].

The concentration of the traps was estimated using the relations 4.15 and 4.16. The theoretical
fit (solid line) using equation 4.17 to the experimental data for TlInSeS crystals is shown in
figure 4.34. From the decay of photocurrent, carrier lifetime was obtained as 7 = 26.8 ms.
The corresponding photoconductivity gain was found to be G = 2080 from the equation 4.16
utilizing V> = 100 V and y = 28 cm? V7! sec™! [103]. The trap concentrations (N; ) were

calculated using the equation 4.15 as 1.9x 107, 2.3x10!'7 and 2.7x10'7 cm=3.
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¢ Exp.
— Fit

Voltage (mV)
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Figure 4.34: The photoconductivity decay curve for the TlInSeS crystals.
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4.4 Structural, Optical and Electrical Transport Properties of Tl,In,SSe; Lay-
ered Crystals

4.4.1 Results of X-ray Experiments and Energy Dispersive Spectral Analysis

For Tl,In,SSes crystals, the resulting ingot were red in color and the freshly cleaved surfaces
were mirror-like. The structure of Tl,In;SSe; crystal were analyzed by XRD. The Miller
indices (hkl), the observed and calculated interplanar spacings (d) and the relative intensities
(I/1p) of the diffraction lines for Tl,In,SSe; crystal were found. These structural parameters
are listed in table 4.5. Figure 4.35 presents the X-ray diffractogram of Tl;In,;SSes crystal.
"DICVOL 04, a least-squares computer program, was used to calculate the lattice parameters

of the monoclinic unit cell, a = 0.56367, b = 0.79060, ¢ = 0.70674 nm, and 8 = 92.56° [108].
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Figure 4.35: X-ray diffraction pattern of Tl,In,SSes powder sample.

Table 4.5: X-ray powder diffraction data for Tl;In,SSes crystals.

By the help of EDSA, the chemical composition of Tl;InySSes crystals was determined as

No. hkl  d,ps(nm)  dege(nm) I/l
1 11-1 03917 0.3917 422
2 111 0.3786 0.3789 74.5
3 200 0.3534 0.3534 26.8
4 121 0.2917 0.2916  100.0
5 040 0.1978 0.1978 434
6 222 0.1894 0.1893 19.7
7 31-2 0.1800 0.1799 15.6
8 23-2  0.1712 0.1712 20.9
9 241 0.1639 0.1640 16.1
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25.7:25.9:36.2: 12.2, respectively [108]. The spectrum obtained from EDSA is shown in
figure 4.36.

(a.u.)

Intensity

Figure 4.36: Energy dispersive spectroscopic analysis of TlyInySSes crystal.

4.4.2 Results of Transmission and Reflection Experiments

The transmittance (7) and reflectivity (R) spectra for Tl,In,SSes single crystals were obtained
in the wavelength (1) range 500-1100 nm (figure 4.37). The absorption coefficient o and

refractive index n were obtained from the equations 4.1 and 4.2.
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Figure 4.37: The spectral dependence of transmittance and reflectivity for a Tl,In,SSes crystal
at room temperature.
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In the reflection measurements, the samples having thickness such that ad >1 were used
whereas in the transmission measurements, the sample thickness was reduced by using trans-
parent tape and determined from transmission interference fringes at wavelength slightly
longer than the intrinsic absorption edge, i.e. in a region with relatively high transmission
(figure 4.37). Using the the long wavelength value of the refractive index n = 3.34 in the
equation 2.21, the thickness of the sample was calculated. Mostly, the sample thickness was

of the order of 10 um [109].

The @ can be represented by the equation 4.3. Figure 4.38 shows the variation of @ from
50 to 4420 cm™! with increasing photon energy from 1.80-2.50 eV. From the analysis of the
experimental data it was shown that, the absorption coeflicient was proportional to (hv — E)”
with p = 2 and 1/2 for ranges 2.00-2.11 eV and 2.20-2.45 eV, respectively. Insets 1 and 2 of
figure 4.38 display the dependencies of (@hv)!/? and (ahv)? on photon energy hv, respectively.
The circles show the experimental data. They were fitted to a linear equation (the solid lines)
to find the energy band gaps. The linear dependencies for the relations (ahv)'/? and (ahv)?
versus hv suggests the realization of indirect and direct allowed transitions, respectively. The
extrapolations of straight lines, indirect band gap energy E, = 1.96 + 0.02 eV and direct
band gaps energy Eqy = 2.16 £ 0.02 eV were calculated, respectively [109]. Indirect and
direct inter-band edge transitions can exist for thallium containing layered crystals because of

specific features of the prevailingly p-anionic upper valence band and s-TI states [90].

Transmission spectra for the Tl;In;SSes crystal measured in the temperature range 10-300
K are presented in figure 4.39. The low-temperature measurements were done using thick
samples, about 300 um, as the thin layered samples were very fragile and broke into pieces at

low temperatures [109].

As seen from the inset to figure 4.39, the indirect energy gap decreases with increasing tem-
perature, i.e. it shifts from 2.08 to 1.96 eV as the temperature increases from 10 to 300 K.
The temperature dependence of the energy band gap can be represented by the relation 4.4.
The experimental data for the dependence of Ej; on temperature (10-300 K) were fitted using
equation 4.4 as shown in the inset of figure 4.39 (solid line corresponds to the theoretical fit).
From the analysis, E4(0) = 2.09 eV, y = -5.6 x10™* eV K7!, and 8 = 130 K were found
[109]. The Debye temperature, 5, were estimated using Lindemann’s melting rule [91] from

the analysis of X-ray results. Melting temperature 7, = 1043 K was used for this calculation

85



4000

60 Inset 1

3000

[ Inset 2

1000

Figure 4.38: The variation of absorption coefficient as a function of photon energy for
TlIn,SSes crystal at T = 300 K. Circles represent the experimental data that were fitted
to a linear equation (the solid lines) to find the band gaps. Insets 1 and 2 represent the depen-
dencies of (ahv)!/? and (ahv)? on photon energy, respectively.

and 8 = 127 K was found.

The obtained refractive index n as a function of wavelength is shown in figure 4.40. The
refractive index in the energy region of hv<E, gradually decreases from 3.56 to 3.34 with
increasing wavelength in the region 652-1100 nm. To analyze the data, the single-effective-
oscillator model proposed by Wemple and DiDomenico [42, 43] was used. This model could
be applied to the ternary TlGaSe, and T1GaS, layered crystals successfully, [92, 93]. There
is a relation between the refractive index and photon energy ( see the equation 4.5). Plotting
the dependence of (n> — 1)~! on (hv)? allows the determination of the oscillator parameters by
fitting a linear function to the lower energy data range (1.09-1.93 eV). The fitting of the above

reported function is presented in inset of figure 4.40. The zero frequency refractive index ng

86



40 ! T v T 0 T E 7/

1 —— 10K A

W

= SRt
—_~
(=]

> 30+ i
N—"
c
o
(2]

o 20 .
S
(%)
C

© 10| -

= 100 200 300
Temperature (K)
0 | L/

80 60 620 640 1080 1100
Wavelength (nm)

Figure 4.39: The spectral dependence of transmittance for Tl,In,SSe; crystal in the tempera-
ture range of 10-300 K. Inset: The indirect band gap energy as a function of temperature. The
solid line represents the fit using equation 4.4.

was estimated from equation 4.5.

The values of the parameters E, and E;, calculated from the slope and the intersection with
y-axis of the straight line in inset of figure 4.40, were found to be 4.67 eV and 45.35 eV,
respectively. Moreover, the values of zero-frequency dielectric constant &g = n% =10.71 and
refractive index ng = 3.27 were evaluated by means of equation 4.5.The oscillator energy Ej,
is an "average” energy gap and can be found from the relationship Ej, ~ 2.0 Eyq where Egq

is the lowest direct band gap [44, 47]. The ratio Ey, /Egq was found to be 2.16 [109].

The oscillator strength S 4, for Tl,In,SSes crystal can obtained by the help the refractive index
n analysis using the equations 4.6 and 4.7. The values of S ;, and A,, calculated from the plots
of (n* — 1)7! versus 172 , were found to be 1.38x10'* m™2 (212.19 eV?) and 2.66x10~7 m
respectively [109]. The obtained oscillator strength values are in the same order with those

obtained for ZnS, ZnSe, Ag,S, GeSe, and T1GaS, crystals [43, 46, 93, 94].
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Figure 4.40: The dependence of refractive index on the wavelength for Tl,In,SSe;3 crystal.
Inset: Plot of (n?> — 1)~! versus (hv)? . The solid line represents the fit using equation 4.5.

4.4.3 Results of Photoluminescence Experiments

Crystals used for PL measurements had dimensions of 6x3x1 mm?>. In PL experiments, the
sample were illuminated in a direction close to the layer. The temperature was decreased from
300 K to 25 K and it was controlled within an accuracy of + 0.5 K. The PL spectra of the
sample was analyzed in the wavelength region of 570-700 nm .To adjust the exciting laser
intensity from 2.7 to 111.4 mW cm™2, sets of neutral density filters were used .PL spectra

have been corrected for the spectral response of the optical apparatus [108].

Figure 4.41 presents the PL spectra of Tl,In,SSes crystals in 25-63 K temperature range at
constant laser excitation intensity L = 111.4 mW cm™2. The observed emission band has
asymmetric Gaussian line shape and centered at 633 nm (1.96 eV) at T = 25 K. As seen from
figure 4.41, emission band changes its peak position, FWHM and intensity as a function of the
sample temperature: the peak position shows several degrees of red shift with increasing tem-
perature; the FWHM increases and the peak intensity decreases as temperature is increased.
The FWHM rised from 0.11 to 0.14 eV with increasing temperature in the range of 25-63 K
[108].

There is a shift in the peak energies towards the lower energies with increasing temperature
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Figure 4.41: Temperature dependence of PL spectra from Tl;In;SSes crystal at excitation
laser intensity L = 111.4 mW cm™2. Note that for curves 10-14, intensities have been multi-
plied by a factor of three.

(see the inset of figure 4.42. It is known from the work [49] that when the temperature
increases, the donor-acceptor pair transition energy decreases. The experimental data for the

temperature dependence of PL bands intensities were fitted by the expression 4.8

Figure 4.42 shows the temperature dependence of the emission band maximum intensity as a
function of the reciprocal temperature in the 25-63 K range. The best fit using equation 4.8,
demonstrated by the solid curve in figure 4.42, has been achieved with parameters I = 242.0,
E; =0.03 eV, a = 10400. Since TlIn,SSe; crystal is a n-type semiconductor, as determined
by the hot probe technique, it is believed that this level is shallow donor level located at 0.03
eV below the bottom of the conduction band [108]. These shallow levels can be point defects.
They were created because of deviations in stoichiometry or uncontrolled impurities. The
latter may be attributed to the presence of Si impurities introduced into Tl;In,SSes during the

crystal growth process in ungraphatized ampoules [95].

The laser excitation intensity dependence of PL spectra is also important to obtain informa-

tion about the recombination mechanism. The PL spectra at different 19 laser intensities were
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Figure 4.42: Temperature dependences of PL bands intensities for TlIn,Se3S crystal. Circles
are the experimental data. Solid curves show the theoretical fits using equation 4.8. The inset:
temperature dependences of emission band peak energies

shown in figure 4.43 at T = 25 K. From analysis of the spectra, we obtained the information
about the peak energy position and intensity for emission band at different laser excitation
intensities. Our analysis reveals that the peak energy position changes with laser excitation
intensity (blue shift) [108]. Referring to work [95], it means that there are inhomogeneously
distributed donor-acceptor pairs. As obtained from the data analysis, B-band maximum shifts
higher energies (AE, = 16 meV) with increasing excitation laser intensities from 2.7 to 111.4
mW cm~2 (i.e., 10 meV per decade of exciting radiation intensity. The observed blue shift
is typical of ternary and quaternary compounds such as CdGeAs; (10-15 meV per decade
of intensity of exciting radiation)[96], HgInGaS4 (20 meV per decade of intensity of excit-
ing radiation) [97], Tl,InGaS, (20 meV per decade of intensity of exciting radiation)[98],

Culn;_,Ga,Se; (15 meV per decade of intensity of exciting radiation) [99].

The dependence of the emission band peak energy (E),) at T = 25 K as a function of excitation
laser intensity (L) is given in figure 4.44. The experimental data in figure 4.44 were then fitted
the expression 4.9. By using a nonlinear least square fit to the experimental data, E, and Ep

were found as 1.91 eV and 2.04 eV, respectively. These energy values are in good agreement
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Figure 4.43: PL spectra of Tl;In,SSes crystal as a function of excitation laser intensity at 7
=25K.

with the band gap energy (E,; = 2.08 ¢V) and the observed values of the peak energy position
(i.e., E0<1.94 eV<E,<1.96 eV<Ep<Eg) at T =25 K [108].

In PL spectra of TlyInySSes crystal, the increase in the peak intensities of the emission band
with increase in the laser excitation intensity was also observed. The logarithmic plot of PL
intensities versus laser excitation intensities are given in the inset of figure 4.44. Experimental
data were fitted by a simple power law that is equation 4.10. Using the equation 4.10, the value
of v = 0.97 were found. It is well known from the work [54, 55], laser photon energy must be
greater than the band gap energy. If the y values are between 1 and 2, free- and bound-exciton
emission occurs. If the y values are smaller or equal to 1 free-to-bound and donor-acceptor

pair recombination occurs.

As a result of PL spectra analysis with respect to temperature and excitation laser intensity,
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Figure 4.44: Excitation laser intensity versus emission peak energy for Tl,In,SSe; crystal for
B-band at T = 22 K. The solid curve represents the theoretical fit using equation 4.9. Inset:
Dependence of PL intensities at the emission maximums versus excitation laser intensity for
A- and B-bands at T = 22 K. The solid lines show the theoretical fits using equation 4.10.

there is a possible scheme for the states located in the forbidden energy gap. In the proposed
scheme, shallow donor level, d, is located at 0.03 eV below the bottom of the conduction

band. The sum of the donor (E;) and acceptor (E,) levels can be written as [49]:
E;+E,=E;—E,=208eV—-191eV=0.17¢V. 4.19)

Considering that the donor level, d, is located at 0.03 eV below the bottom of the conduction
band, this result suggests that the acceptor level, a, involved in the emission band is located at
0.14 eV above the top of the valence band. Taking into account the above considerations, the
observed emission band in the PL spectra has been attributed to the radiative transitions from

the donor level, d, to the acceptor level, a.

4.4.4 Results of Thermally Stimulated Current Experiments

The TSC measurements were carried out in the temperature range of 10-175 K using a closed
cycle helium cryostat. Temperature controller was utilized to provide constant heating rates
in the range of 0.4-1.0 K s~!. At low temperatures, carriers were excited by a light emitting
diode, generating light at a maximum peak of 2.6 eV. Generally, the trap filling was performed

by illumination under a bias voltage V| = 1 V for about 1300 s at the initial temperature T =
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10 K. However for the revealing of traps distribution they were filled at different illumination
temperatures (To; = 10, 20, 30, 40, 50 and 60 K). Then the excitation was turned off. The
bias voltage V, was applied to the sample and the temperature was increased at a constant
rate, after an expectation time 300 s .The bias voltage V, = 100 V could be applied to the
sample since the dark current contribution was low in Tl,In,SSes. The figure 4.45 shows the
illumination and heating parameters of the optimum TSC conditions for Tl;In,;SSes crystal

[110].
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Figure 4.45: Principles of the TSC experiment for Tl,In,Se3S crystals; (1) time period of
applied illumination; (2) variation of bias voltage; (3) temperature variation with time for four
different light illumination temperatures; (4) TSC spectra for four different light illumination
temperatures: 10 (1), 20 (2), 30 (3), 40 (4), 50 (5) and 60 K (6).

Figure 4.46 shows the TSC spectra of TlyInpSesS for two biasing polarities at a constant
heating rate 8 = 0.8 K s~! in the temperature range of 10-160 K. Since, the polarity of the
illuminated surface is negative, the intensity of the peak is highest. The peak appearing in the

TSC spectra of Tl>InpSesS crystal can be considered as electron traps [110].
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Figure 4.46: Typical experimental TSC curve of Tl;In,;SSes crystals under bias voltage. Cir-
cles and stars show the experimental data obtained when the polarity of illuminated surface
was negative and positive, respectively.
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Figure 4.47: TSC spectra of the Tl;In,;SSes crystals for various illumination times at a con-
stant heating rate of 8 = 0.8 K s~!. Inset: Maximum thermally stimulated currents of A and
B peaks as a function of illumination time. The dash-dotted line is only guide for the eye.

Figure 4.47 shows the TSC spectra of TlyIn;SSes crystal registered for different illumination

time (50-2700 s) at a constant heating rate of 8 = 0.8 K s~!. The plot of the maximum values
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of TSC (I,,4x) versus illumination time is presented in the inset of figure 4.47. To vary the
initial density of filled traps, the illumination time altered and it was observed that there was no
change for both the shapes and the peaks positions of A and B peaks in TSC curves. It suggests
that the traps may be considered under monomolecular condition. Since the increasing the
illumination time from 1300 to 2700 s did not lead to the change for the shapes and the
positions of A and B peaks in TSC curves, to decrease the duration of experiment as well as
to economize helium gas we carried out the TSC measurements using the illumination time

1300 s [110].
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Figure 4.48: The experimental TSC spectra of Tl,In,;SesS crystals at different heating rates.

Figure 4.48 presents TSC spectra of the TlyIn;SSes crystals measured at four heating rates
of 8 =0.4-1.0 K s~! with step 0.2 K s~! in the temperature range of 10-175 K. As expected,
thermally stimulated current gradually increases and maximum current values of A and B

peaks shift to higher temperatures with increasing the heating rates [110].

To reveal the traps distribution in Tl,Inp,SSes crystals, the sample was excited by light for
1300 s at different illumination temperatures (7;) ranging from 10 to 60 K. Then the light
source was switched off and the sample was cooled down to 10 K. Thereafter, the sample was
heated at a constant rate 8 = 0.8 K s™! to excite the trapped electrons to the conduction band.
The experimental TSC spectra of TlyIn;SSes crystal at different illumination temperatures

(To; = 10, 20, 30, 40, 50, and 60 K) are shown in figure 4.49 [110]. The intensity of the
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TSC spectra decreased and the maximum values of A and B peaks shifted towards higher
temperatures with increasing illumination temperatures. This fact supports the validity of a

quasi-continuous traps distribution [85], [101], [97], [102].
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Figure 4.49: The TSC spectra of Tl,In,SSe; crystals at different illumination temperatures
To.

The area enclosed under the curve obtained with illumination at temperature 7; is propor-
tional to the total number of carriers released from the traps during the heating process. In
order to obtain the energetic traps distribution in the studied crystals, the overlapped peaks
in the experimental TSC spectra (figure 4.50) were decomposed into separate peaks. The
example of the decomposition of TSC curves into two peaks (A and B) for T, = 40 K was
demonstrated in figure 4.50. The total charge released from the traps related to peak A was
calculated from the area difference of two successive experimental TSC spectra for the pairs
of illumination temperatures 7; and T;;;:10 and 20 K, 20 and 30 K, 30 and 40 K. The same
procedure has been followed for peak B using the pairs of illumination temperatures T; and
Toi+1:30 and 40 K, 40 and 50 K, 50 and 60 K. The maximum temperatures (7,;) and areas
(Q;) of peaks A and B, evaluated from the subtracted two successive TSC curves related to
different pairs of illumination temperatures, are listed in the table 4.6. Since the difference
in the current value during heating is due to the trap levels above a certain energy level, the
mean activation energy of those traps can be found with the help of the initial rise method.

A semi-logarithmic plots of the currents versus 1/T gives the straight lines with the slopes of
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(—E;;i/k) for A and B peaks as shown in figure 4.51. The mean activation energies of traps
calculated for the curves 1, 2 and 3 (A peak) and 4, 5 and 6 (B peak) are presented table 4.6
[110].

30 . , . ; . .
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TR . . ¢
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Figure 4.50: Experimental TSC spectrum of Tl,In,SSes crystals obtained at illumination
temperature To; = 40 K with a heating rate 8 = 0.8 K s™!. Open circles are experimental data.
Dash-dotted curves represent the decomposed peaks A and B. Solid curve shows total fit to
experimental data.

Inset of figure 4.51 presents the plots of InQ; (the amount of the released charge during the
heating process) as a function of the mean activation energies for peaks A and B. These depen-
dencies are well approximated by the exponent, which suggests the presence of an exponential
distribution of the traps. The exponential distribution is consistent with the presence of fluctu-
ations in the crystal potential, caused by structural defects, which give rise to localized states

acting as traps for the carriers [101].

The graph /n(Q;) versus mean activation energies of A and B peaks, based on equation 4.12,
the value of @ = 0.076 meV~!, corresponding to 30 meV/ decade and the value of a = 0.039
meV~!, corresponding to 59 meV/ decade were found, respectively (inset of figure 4.51)

[110].

The obtained values of E,; and T,,; were used to calculate the attempt-to-escape frequencies
y; from the equation 4.13. The capture cross section of the traps was determined using the

following equation 4.14. The effective mass m; = 0.14 m, [103] was utilized to calculate N,
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Table 4.6: The illumination temperatures of two successive experimental TSC curves (7;-
Toi+1); maximum temperature (7,,;) and area (Q;) of calculated TSC curves ; mean activation
energy (Ey), capture cross section (S;), attempt-to-escape frequency (v;) and concentration
(Ny;) of traps in TlInpSSes crystal.

Toi— Tois1 K) T (K) Qi (uC) E;(meV) S;(em?)  vi(s™') Ny(em™)

Peak A
10-20 54.3 591 11 1.5x107% 0.2 4.7x10°
20-30 60.4 328 20 9.4x107% 1.6 2.6x10°
30-40 71.0 112 33 4.3x107%4 9.8 0.9x10°
Peak B
30-40 92.4 445 35 54x107% 2.1 3.6x10°
40-50 107.4 200 57 3.1x107%*  16.3 1.6x10°
50-60 112.6 150 62 3.6x107%  20.7 1.2x10°
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Figure 4.51: Thermally stimulated currents versus 1000/ T for the TSC spectra of Tl,In,SSes
crystals, calculated from the difference of two successive experimental TSC spectra for the
selective pairs of temperatures 10-20 K, 20-30 K, 30-40 K for peak A (curves from 1 to 3)
and 30-40 K, 40-50 K, 50-60 K for peak B (curves from 4 to 6). Circles and squares show
the experimental data for peaks A and B, respectively. Solid lines present the theoretical
fits according to the initial rise method. Inset: The logarithmic plots of released charge as a
function of activation energy. Circles and squares show the experimental data for peaks A and
B, respectively. Solid lines are theoretical fit according to equation 4.12.

and ;. Using the latter values, the capture cross section of the traps in Tl;In;SSes crystals
were estimated (table 4.6). It will be noted that the obtained magnitudes of attempt-to-escape

frequency and capture cross section of the traps for all studied crystals are low, which suggests
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a strong repulsive barrier to capture the carriers [104].
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Figure 4.52: The photoconductivity decay curve for the Tl,In,SSes crystals.

The concentration of the traps was estimated using the relations 4.15 and 4.16. The theoretical
fit (solid line) using equation 4.17 to the experimental data for Tl,In,SSe; crystals is shown
in figure 4.52. From the decay of photocurrent, carrier lifetime was obtained as 7 = 36.2
ms. The corresponding photoconductivity gain was found to be G = 4200 from the equation
4.16 utilizing V, = 100 V and y = 28 cm? V™! sec™ [103].The trap concentrations (Ny;) were
calculated using the equation 4.15 as 4.7x 10°, 2.6x10° and 0.9x10° (peak A) and 3.6x 10°,
1.6x10° and 1.2x10%°cm ™3 (peak B) [110].
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CHAPTER 5

CONCLUSION

The influence of defects on the performance of optoelectronic devices is important. For this
reason, in order to obtain the detailed information about defect levels in Tl;In,S3Se, TlInSeS
and Tl,In,SSes crystals, PL and TSC measurements were carried out. Moreover, to reveal
the structural and optical properties of crystals, XRD, EDSA, transmission and reflection
experiments were performed. These experiments made it possible to characterize the studied

crystals.

Lattice parameters and atomic composition of Tl,In,S3Se, TlInSeS and Tl;In;SSes crystals
were determined from XRD and EDSA experiments, respectively. After the analysis of XRD

experiment results, it was obtained that all these crystals belong to monoclinic crystal system.

Optical properties of Tl,In,S3Se, TlInSeS and Tl,In, SSe; crystals were investigated by means
of transmission, reflection and PL measurements. For Tl,In,S3Se crystals, the analysis of the
room temperature absorption data revealed the coexistence of indirect and direct transitions
with energy band gaps of 2.16 and 2.42 eV, respectively. The refractive index dispersion data
were analyzed using the Wemple-DiDomenico single-effective-oscillator model. As a result,
the oscillator energy, dispersion energy, oscillator strength, oscillator wavelength and zero-
frequency refractive index were found. Temperature-dependent transmission measurements
allow to find the rate of change of the indirect band gap with temperature, absolute zero value
of the band gap energy and Debye temperature as -6.1x107* eV K~!, 2.28 eV and 135 K,
respectively. The Debye temperature was also estimated by using Lindemann’s melting rule

and found to be 142 K.

The optical indirect transitions with a band gap energy of 2.05 eV and direct transitions with a

band gap energy of 2.21 eV were determined from the analysis of absorption data at room tem-
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perature for TlInSeS crystals. The refractive index dispersion parameters - oscillator energy,
dispersion energy, oscillator strength, oscillator wavelength and zero-frequency refractive in-
dex were found. The rate of change of the indirect band gap with temperature (-4.7x107* eV
K1), absolute zero value of the band gap energy (2.15 eV) and Debye temperature (130 K)
were found as a result of analysis of the temperature-dependent transmission measurements.

The Debye temperature 141 K was also obtained using Lindemann’s melting rule.

The analysis of the absorption data revealed the presence of both optical indirect and direct
transitions for Tl,In;SSes crystals with energy band gaps of 1.96 eV and 2.16 eV, respectively.
The refractive index dispersion parameters - oscillator energy, dispersion energy, oscillator
strength, oscillator wavelength and zero-frequency refractive index were determined. As a
result of temperature-dependent transmission measurements, the rate of change of the indirect
band gap with temperature, absolute zero value of the band gap energy and Debye temperature
were found to be -5.6x10™* eV K1, 2.09 eV and 130 K, respectively. The Debye temperature

was also obtained from the Lindemann’s melting rule as 127 K.

From the analysis of the transmission and reflection measurements, it was established that
changing the chemical composition parameter x in the formula TlInS,Se,_, from 1.5 to 0.5
causes decrease in indirect and direct band gaps energies and increase in the magnitudes of
zero-frequency refractive indexes. In other words, when S atoms are replaced by Se atoms,
there is a decrease in the values of indirect and direct band gaps energies and an increase
in the magnitudes of zero-frequency refractive index. As a result of temperature-dependent
transmission measurements, Debye temperatures were calculated. The obtained values were
compared with those found from Lindemann’s melting rule, using X-ray results, and it was

achieved that they were all in agreement with each other.

PL measurements were carried out to obtain the detailed information about defect levels of
TlIn;S3Se and TlInpSSes crystals. For TlpInyS3Se crystals two emission bands centered
at 564 nm (A- band) and 642 nm (B- band) were observed at T = 22 K. The behavior of
both bands were investigated as a function of excitation laser intensity (16-516 mW cm™2)
and temperature (22-58 K) in the wavelength range of 535-725 nm. The variation of the
spectra with laser excitation intensity and temperature suggest that the transitions between
donor and acceptor levels can be responsible for the observed emission bands. Also, the

intensity of emission band increases sublinearly with respect to the excitation laser intensity
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and confirms that the observed emission bands in Tl;In;S3Se are due to the donor-acceptor
pair recombination. Radiative transitions from shallow donor levels located at 0.02 and 0.01
eV below the bottom of the conduction band to acceptor levels located at 0.05 and 0.44 eV
above the top of the valence band are suggested to be responsible for the observed A- and B-

bands in the PL spectra, respectively.

PL experiments were carried out in the temperature range of 25-63 K and laser excitation
range of 2.7-111.4 mW cm~2 in the wavelength region of 570-700 nm for Tl,In,SSe; crystals.
A broad PL band centered at 633 nm was observed at T = 25 K. Radiative transitions from
shallow donor level located at 0.03 eV below the bottom of the conduction band to acceptor
levels located at 0.14 eV above the top of the valence band are suggested to be responsible
for the observed band in the PL spectra. From the analysis of temperature-dependent PL
spectra, peak positions shows several degrees of red shift with increasing temperature. From
the analysis of peak energy position and intensity for emission band at different laser excita-
tion intensities it was established that the behavior of the band is in agreement with the idea of
inhomogeneously distributed donor-acceptor pairs for which increasing laser excitation inten-
sity leads to blue shift of the band by exciting more pairs that are closely spaced. The emission
band maximum slightly shifts towards higher energies with increasing laser intensities from

2.7to 111.4 mW cm™2.

As a consequence of PL experiments, the donor levels were obtained as 0.02 eV (A- band),
0.01 eV (B- band) for Tl;In;S3Se and 0.03 eV for Tl,In;SSes crystals. The donor states
are thought to originate from uncontrolled impurities or point defects created during crystal
growth since the studied crystals were not initially doped. Comparing the obtained activation
energies with that of TlInSeS crystals (0.023 eV) [91], it is possible to observe that these

energies were increased with increasing of Se atoms content.

TSC measurements were carried out to obtain information about electrical transport properties
of TlpIn,;S3Se, TlInSeS and TlInySSes crystals. For TlyInyS3Se crystals, TSC were studied
in the temperature range of 10-170 K. In order to obtain the energetic traps distribution in the
crystals the peak was calculated from the area difference of two successive experimental TSC
spectra for the pairs of illumination temperatures T¢; and Tg;+1: 20 and 30 K, 30 and 37 K,
37 and 40 K and mean activation energies of traps calculated for curves were found 30, 39

and 55 meV, respectively. The value of 25 meV/decade was obtained for exponential traps
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distribution. It was concluded that slow retrapping (monomolecular condition) occurs for the
traps in TlInpS3Se crystals. Attempt-to-escape frequency, concentration and capture cross
section of the traps were determined. From the PC experiment, carrier lifetime was obtained

as T = 13.6 ms.

TSC measurements were carried out on TlInSeS layered single crystals in the temperature
range of 10-180 K. The electronic traps distributions have been analyzed by the different light
illumination temperature technique (Ty; = 30, 45, 52 and 57 K). Mean activation energies of
traps evaluated for curves obtained from the area difference of two successive experimental
TSC spectra for the pairs of illumination temperatures 30 and 45 K, 45 and 52 K, 52 and
57 K were found 28, 47 and 67 meV, respectively. The variation of one order of magnitude
in the trap density for every 79 meV was estimated. It was revealed that slow retrapping
(monomolecular condition) occurs for the traps in TlInSeS crystals. Attempt-to-escape fre-
quency, concentration and capture cross section of the traps were determined. The mean
activation energy E; was obtained as 25 meV from the analysis of TSC experiments using the
isothermal decay method. As a result of PC measurements, carrier lifetime was obtained as 7

= 26.8 ms.

Tl,In,SSes layered single crystals have been studied in the temperature range of 10-175 K
using the TSC technique. The TSC spectra demonstrated the presence of overlapped peaks,
which were decomposed into two separate peaks (A and B). The analysis of experimental
TSC curves registered at different light illumination temperatures (10, 20, 30, 40, 50 and 60
K) revealed the exponential distribution of the traps in the studied crystals. Mean activation
energies of traps calculated for curves calculated from the area difference of two successive
experimental TSC spectra for the pairs of illumination temperatures 10 and 20 K, 20 and
30 K, 30 and 40 K for peak A and 30 and 40 K, 40 and 50 K, 50 and 60 K for peak B
were found 11, 20, 33 meV and 35, 57, 62 meV , respectively. The variations of one order
of magnitude in the traps’ density for every 30 meV (A peak) and 59 meV (B peak) were
estimated. It was restablished that slow retrapping occurs for the traps in Tl;In;SSes crystals.
In addition, attempt-to-escape frequency, concentration and capture cross section of the traps
were determined for peaks A and B. From the analysis of PC measurements, carrier lifetime

was obtained as T = 36.2 ms.

Summarizing the above mentioned results of TSC measurements, it was revealed that the
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TlIn,SSes, TlpInpS3Se and TlInSSe crystals exhibit an exponential distribution of traps. It
was observed that when Se atoms are replaced by S atoms there was an increase in the carrier
life times. Moreover, slow retrapping was realized for Tl,In,SSes, TlyInyS3Se and TlInSSe

crystals.
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