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ABSTRACT

THERMALLY STIMULATED CURRENT STUDY OF TRAPS
DISTRIBUTION IN T1GaSeS LAYERED SINGLE CRYSTALS

Nasser, Hisham
M. S., Department of Physics

Supervisor: Prof. Dr. Nizami Hasanli

May 2010, 80 pages

Trapping centres and their distributions in as-grown TlGaSeS layered single
crystals were studied using thermally stimulated current (TSC) measurements.
The investigations were performed in the temperature range of 10-160 K with
various heating rates between 0.6-1.2 K/s. Experimental evidence has been
found for the presence of three electrons trapping centres with activation
energies 12, 20, and 49 meV and one hole trapping centre located at 12 meV.
Their capture cross-sections and concentrations were also determined. It is
concluded that in these centres retrapping is negligible as confirmed by the good
agreement between the experimental results and the theoretical predictions of

the model that assumes slow retrapping.

The optical properties of TIGaSeS layered single crystals have been investigated
by measuring the transmission and the reflection in the wavelength region
between 400 and 1100 nm. The optical indirect transitions with a band gap
energy of 2.27 eV and direct transitions with a band gap energy of 2.58 eV were

found by analyzing the absorption data at room temperature. The rate of change

v



of the indirect band gap with temperature was determined from the transmission
measurements in the temperature range of 10300 K. The oscillator and the
dispersion energies, the oscillator strength, and the zero-frequency refractive
index were also reported. The parameters of monoclinic unit cell and the
chemical composition of TlGaSes crystals were found by X-ray powder

diffraction and energy dispersive spectroscopic analysis, respectively.

Keywords: Thermally Stimulated Currents, Traps, X-ray Diffraction, Energy

Dispersive Spectral Analysis, Optical Constants.



Oz

TlGaSeS TEK KRISTALLERDE TUZAK DAGILIMLARININ
ISILUYARILMIS AKIM CALISMASI

Nasser, Hisham
Yiiksek Lisans, Fizik Bolimii

Tez YoOneticisi: Prof. Dr. Nizami Hasanli

Mayis 2010, 80 sayfa

Katkilanmamis TIlGaSeS katmanli tek kristallerindeki tuzak seviyeleri ve
dagilimlar1  1siluyarilmis akim  Ol¢limleri  kullamilarak — gerceklestirildi.
Aragtirmalar 10-160 K sicaklik araliginda ve 0.6-1.2 K/s araligindaki cesitli
1sitma hizlar1 ile yapildi. Deneysel veriler aktivasyon enerjileri 12, 20 ve 49
meV olan ii¢ elektron ve aktivasyon enerjisi 12 meV olan bir desik tuzak
merkezinin bulundugunu gosterdi. Bu tuzak seviyelerinin yakalama kesit
alanlar1 ve tuzak yogunluklar1 bulundu. Deneysel sonuglar ile yavas geri
tuzaklanmaya ait teorik ongoriilerin uyumlu olmasi bu tuzak seviyelerinde geri

tuzaklanmanin ihmal edilebilir oldugunu gosterdi.

T1GaSeS katmanl tek kristallerinin optiksel 6zellikleri 400—-1100 nm dalgaboyu
araliginda gerceklestirilen gegirgenlik ve yansiticilik Ol¢timleri ile arastirildi.
Oda sicakligindaki emilme verilerinin analizleri sonucunda optiksel dolayli bant
gecis enerjisi 2.27 meV ve dogrudan bant gecis enerjisi 2.58 meV olarak
bulundu. 10-300 K sicaklik araliginda gercgeklestirilen gecirgenlik Ol¢timleri

sonucunda dolayli bant araliginin sicaklik ile degisim orani bulundu. Ayrica
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titresim ve dagilma enerjileri, titresim biiylikligl ve sifir frekans kirilma indisi
belirtildi. TIGaSeS kristalinin monoklinik birim hiicre parametreleri ve kimyasal

bilesimi X-151n1 toz difraksiyon c¢aligsmasi ve enerji dagilimli spektrum analizi ile

belirlendi.

Anahtar Kelimeler: Isiluyarilmis Akim, Tuzaklar, X-151m1 Kirmimi, Enerji

Dagilimli Spektrum Analizi, Optik Sabitler.
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CHAPTER 1

INTRODUCTION

The TIGaSeS compound belongs to the group of layered semiconductors.
This crystal is formed from T1GaS, and T1GaSe, crystals by the substitution
of half of the selenium atoms by sulphur or vice versa [1,2]. TIGaSeS has
two dimensional layers arranged parallel to the (001) plane. The bonding
between Tl and Se or S atoms in this crystal is an inter-layer and the one
between Ga and Se or S is an intra-layer type. The main structural unit of a
layer is the GasS;o(Sejo) polyhedron, representing a combination of four
elementary tetrahedra GaS4(Ses) linked together by bridging Sulfur or
Selenium atoms. Tl atoms are located in tri-gonal prismatic voids resulting
from a combination of the GasS;o(Sejo) poly-hedra into a layer. These atoms

form nearly planar chains along the [110] and the [110] directions.

The optical, structural and photoelectrical properties of TlGaS, and T1GaSe,
layered crystals were analyzed in Refs. [3—18]. The indirect and the direct
transitions of TlGaS, and TlGaSe, form the fundamental absorption edge
with Eyi=2.35—-2.46 eV, Egq=2.38—2.54 eV, and E,;j= 1.83—2.06 eV, Egq=
2.11-2.23 eV, respectively [3,6]. These crystals enters the fabrications of
optoelectronic devices due to their structural properties and potential
optoelectronic applications as they have high photosensitivity in the visible
range of the spectra and high birefringence in conjunction with a wide

transparency range of 0.5—14.0 um [9].



The effect of impurity centres on the performance of optoelectronic and
electronic devices is a well-known subject. In optoelectronic devices such as
lasers and LEDs, impurities may introduce irradiative recombination centres
thus lowering the internal quantum efficiency of the device or even render
light generation impossible, which depends on the density of defects. In the
case of electronic devices, defects may introduce scattering centres thus
lowering carrier mobility, hence hindering high—frequency operations.
There are several experimental techniques to obtain detailed information
about the properties of impurity centres in semiconductors, among these
techniques, Thermally Stimulated Current (TSC) measurements are
somehow easy to perform and give detailed and enough information about

different parameter of trap centres [19-21].

TSC has been used in the last decades to analyze various parameters of
defect and impurity centres in different crystal. Obtaining these parameter
was very useful in fabricating high-quality devices [21,22]. The study of
processes in the TSC technique and methods to evaluate the electron
trapping parameters picked up with the work of Randall and Wilkins in
1965 [23]. In this work, their theoretical approach was based on the
assumption that carriers, which are thermally excited from the trap levels,
have a negligible probability of being retrapped. In 1960, Haering and
Adams [24] presented another theoretical work which is an extension of the
study of Randall and Wilkins. They studied the theory of thermally
stimulated currents in the case of slow and fast re-trapping. In 1964,
Nicholas and Woods examined the electron trapping parameters from
conductivity glow curves in CdS crystals by using the methods which have
been proposed in the previous study [25]. Another theoretical paper was
presented by Dussel and Bube in 1967 [26]. This paper was based on the



detailed theory of TSC for the case of a single type of trap and a single type

of recombination centre [26].

In TSC experiments, traps are filled at initial low temperature by band-to-
band excitation for both the electrons and holes using appropriate
illumination excitation. The trapped electrons/holes are then released to the
conduction or valence band by increasing the temperature. The released
carriers give rise to a transient increase in the conductivity of the crystal.
This increase in the conductivity is reflected in the TSC curve. TSC curve
for a single carrier trap is slightly asymmetric curve with a fairly sharp
maximum at a given temperature, which depends on the trap parameters
such as its depth, capture cross-section, and concentration as well as on the
heating rate. Worth to mention, for the consistency in the TSC experiments,
the heating rate in TSC measurements is taken as a constant during all the

measurements.

The purpose of the thesis is to obtain detailed information concerning
trapping centres in undoped TlGaSeS using the well-established technique
of TSC measurements. The Thermally Stimulated Current data is analyzed
by different means. The traps parameters such activation energy, capture
cross section area, attempt-to-escape frequency, and their concentration for
all TSC data of TlGaSeS were obtained. In addition to TSC measurements,
the optical properties of the TlGaSeS crystal in the wavelength range of
400—1100 nm are presented. The refractive index, the dispersion energy,
and the zero-frequency dielectric constant, and refractive index are
identified by means of the room-temperature reflectance and transmittance
data. The rate of the change of the indirect band gap with temperature was
determined from the temperature dependence of the transmission spectra in

the 10-300 K range. Moreover, the results of the energy dispersive



spectroscopic analysis and X-ray analysis in the Bragg-angle (20) range of
10—75° was used to determine the atomic composition ratio and lattice

parameters of the TIGaSeS crystals, respectively.



CHAPTER 2

THEORETICAL APPROACH

2.1 Introduction

Material can be classified according to their electrical properties into
conductors and insulators. Semiconductors are thermally stimulated
insulator; under the effect of light, heat, and voltage. At 0 K a huge amount
of free charge carriers, even million times smaller than the number of free
charge carriers in conductors, exits. Devices made from semiconductor
materials are the foundation of modern electronics, including radio,
computers, telephones, and many other devices. Semiconductor devices
include the wvarious types of transistor, solar cells, many kinds
of diodes including the light-emitting diode, the silicon controlled rectifier,
and digital and analog integrated circuits. Consequently, it is of great
importance to get enough information about the characteristics and
behaviours of semiconductors under different conditions because of their

importance in technology.

The main purpose of this chapter is to give a literature review about some
basic properties of semiconductors, thermally stimulated current technique
used to analyze the trapping centres of semiconductors, and some other

characterization techniques used for the analysis of semiconductors.



2.2 Electrical Properties of Semiconductors

2.2.1 Band Structure

The conductivity of different materials depends on their band structure. The
electrons in semiconductors and insulators can have energies only within
certain bands(i.e. ranges of levels of energy) between the energy of the
ground state, corresponding to electrons tightly bound to the atomic nuclei
of the material, and the free electron energy, which is the energy required
for an electron to escape entirely from the material. The energy bands each
correspond to a large number of discrete quantum states of the electrons,
and most of the states with low energy (closer to the nucleus) are full, up to
a particular band called the valence band. The valence band in the
semiconductor materials is nearly filled under usual operating conditions,
thus causing more electrons to be available in the "conduction band" under
external excitations; the conduction band is the band immediately above the
valence band. Electrons in the conduction band can move freely throughout
the solid. Thus, the conductivity of a material is proportional to the number
of electrons in the conduction band. Band gap is defined as the energy
difference between the valence and conduction bands. The band gap of a
semiconductor material is less than that of insulator but higher than that of
conductors. Figure 2.1 shows a simple model comparing the band gap of
each type of material. The valence band electrons in semiconductors can be
excited to the conduction band when they gain enough energy from external
source. The electrons excited to the conduction band increase the
conductivity of the semiconductor material. This controllable conductivity
property of the semiconductors has tremendously important role in many
technological areas. Typically, band gap of semiconductors is less than 3 eV

and insulators have higher band gap energy that is usually greater than 3 eV.
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Fig. 2.1. The relative comparison of band gap energies of conductors, insulators and
semiconductors.

2.2.2 Defects

Crystals in the nature are never perfect. All crystals have some defects or
irregularities in their ideal arrangements. Although it seems that defects
cause problems, they have an important role in the use of materials in the

semiconductor science and determine many properties of the materials.

There are mainly two types of crystal defects called as point defects and line
defects-dislocations [27].

Point defects are the dimensionless defects where an atom is missing
at one or more lattice locations or is in an irregular place in the lattice
structure. There exist mainly four kinds of point defects in the crystal lattice.

All these kinds of defects are shown in the figure 2.2.



1. Self interstitial atoms: These are extra atoms which are the
same type with the atom already present in the lattice and sit in
an interstitial position.

ii. Interstitial impurity atoms: These are the atoms, which are
smaller than the atoms in the crystal and fit into the open space
between the bulk atoms of the lattice structure.

iil. Substitutional impurity atoms: These are the different type of
atoms in the lattice structure instead of the bulk atom.

1v. Vacancies: Vacancies exist when an atom is missing at one or

more lattice sites. These missing atoms leave an empty region

in its place.

Fig. 2.2. (i) Self interstitial atom, (ii) Interstitial impurity atom, (iii) Substitutional impurity
atom, (iv) Vacancy [27].

In the line defects, groups of atoms are in irregular positions. Line defects

are also called dislocations. There are two types of dislocations:

(a) Edge dislocation: This dislocation exists when an extra half-plane
of atoms is replaced in or removed from the crystal structure (figure 2.3a).

(b) Screw dislocation: If the dislocation is formed by the displacement
of atoms in a plane in the crystal then a screw dislocation is observed. A

step or ramp is formed in this type of dislocation (figure 2.3b).



Fig. 2.3. (a) Cross section of an edge dislocation, which extends into the page; (b) Screw
dislocation [26].

2.3 X-ray Diffraction Experiments

X-rays are electromagnetic waves with a wavelength in the range of 1078
to 10711 m and this wavelength is of the same order of magnitude with the
spacing between the planes of crystal. Thus X-rays are used to produce
diffraction pattern. X-ray diffraction experiments are utilized to obtain
information about the interplanar spacing between planes of atoms, the
crystal structure of an unknown material and the orientation of a crystal.

The theoretical explanation of X-ray diffraction experiment is as follows: X-
rays are radiated onto a material, which consists in crystals with a spacing d
between its planes (figure 2.4). These X-rays will be reflected after colliding
with the electrons in the crystal lattice. According to the law of reflection,
the angle of incident light 8 will be equal to the angle of reflection. The
reflection of X-rays from different atoms causes a path difference between

them. The path difference between any two successive rays is equal to



|4B|+|AC| = 2d sin 6. 2.1)

Fig. 2.4. Representation of X-ray diffraction by a crystal lattice.

X-rays scattered from different atoms constitute constructive or destructive
interference due to their path differences. If the path difference between any
two rays is an integer multiple of the wavelength (1) of emitted X-rays,
these rays interfere constructively. The mathematical relation of this
constructive interference is called “Bragg’s law” and given by the

expression [28]

2dhk1 sinf =nAi , n=0,123... (2.2)

where 7 is an integer.

The interplanar spacing d depends only on the type and size of the unit cell

and Miller indices. Bragg’s law and expression to find the d from the Miller
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indices can be combined for different kind of crystals to determine the
lattice parameters. The interplanar spacing d as a general form is given by

the expression

1 1
dhzk, - [l + 2 cos(a)cos(f)cos(y) — cos’(a) — cosz(ﬂ) - cosz(y)J

{h sin’(@) | ksin’(f) | I*sin’(y)

2 2 2
a b c

+ %(cos(a) cos(f) —cos(y)) + i—Id(COS(ﬁ )cos(y) —cos(a))
a C

+ %(cos(y) cos(a) — cos(ﬂ))} , (2.3)
ac

where a, b and c are lattice constants, 4, k and / are Miller indices and a, £,

and y are the angles for the lattice structure.

2.4 Energy Dispersive Spectral Analysis Experiments

Energy dispersive spectral analysis (EDSA) also called energy dispersive X-
ray analysis (EDXA) is an analytical method used to get information about
the chemical characterization of any sample. As a spectroscopy technique,
EDSA mainly depends on the interaction between electromagnetic radiation
and sample. The basic physical principle of EDSA technique is described as

follows:

When a sample is bombarded with a particle beam such as electron beam,

the ground state electrons within the atom are excited to an inner shell. The
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excited electron leaves a hole within the atom’s electronic structure. Then an
outer shell electron fills this hole by exposing energy. The excess energy of
this transmission is emitted as X-ray from the atom. The fundamental
principle in EDSA is that every element has a unique atomic structure and
this uniqueness allows the emitted X-rays being the characteristic of an
element’s atomic structure. Thus, the X-rays emitted by the sample are
analyzed to understand the chemical properties of the sample. In addition to
knowing the composite elements in a material, EDSA analysis is also used

to determine the ratio of each element in the material.

2.5 Optical Absorption, Transmission and Reflection of

Semiconductors

Absorption, transmission and reflection experiments are simple methods for
evaluating some optical properties of semiconductors. The analysis of such
measurements mainly based on the relation between the intensity of
incident, transmitted and reflected light which are analyzed within the
general behaviour of electromagnetic waves on the surface of different

material. This behaviour is governed by Maxwell’s equations.

Absorption: When a light is radiated on a semiconductor, some of the
incident light is absorbed through the material if the energy of the light is
equal or higher than the band gap energy of the solid. In the absorption
process, an electron in the lower energy state is excited to a higher energy
state by absorbing the energy of the incident light. The intensity of the

incident light decreases after the absorption process. Then the fraction of

12



intensity of the incident light after propagation a distance x through the

material is given by [29]

0

where I is the intensity of the incident light, I(x) is the intensity after this

propagation and a is the absorption coefficient defined as
a=—, (2.5)

where A is the wavelength of the light wave and k is the absorption index of

the material.

The absorption coefficient, a, for a given photon energy hv depends on the
probability of the transition from the initial state to final state. The

absorption coefficient a, photon energy hv and band gap energy E, are

related by the expression [30]
(ahv) = A(hv — Eg)", (2.6)
where 4 is a constant depending on the transition probability whereas p is

the index characterizing the optical absorption process. The value of the p is

equal to 2 for indirect allowed transitions and to 1/2 for the direct one.
Reflection: When light is sent to the material, some of them is reemitted

by the material to the incoming plane. This process is called reflection and

for normal incidence, the reflection coefficient is given by [29]
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_ (n-1)%+k?

= DI @7

where n is the refractive index of the material. In the transparent range in

which absorption index k is equal to zero, the reflection coefficient becomes

_ (n-1)?
T (n+1)?’

(2.8)

Transmission: When the light normally falls on the material, some of
them propagate through the material and then leaves the material without
changing its direction. This process is called as transmission. The
transmission coefficient is defined as the ratio of the intensities of

transmitted and incident light and given by [29]

__ (1-R)%exp(—ax)
r'= 1-R%exp(—2ax) ’ (2.9)

where x is the thickness of the material. When the product ax is large, then

exp(—2ax) = 0 and the transmission coefficient is

T = (1 — R)%exp(—ax). (2.10)

If R and x are known, a can be evaluated from the equation 2.9. If the
refractive index n is known, the thickness of the thin sample can be obtained
from the transmission interference fringes at wavelengths slightly longer
than the absorption edge. The expression describing thickness from this

method is [29]
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2n 7\1 —)\2
where A, and A, are the position of the two neighbouring peaks.

Moreover, the dispersive refractive index data for hv < E,; can be
determined according to the single-effective-oscillator model proposed by
Wemple and DiDomenico [31,32]. In this model, the refractive index is

related to photon energy through the relation

EsoEq

2
nt=1+ E2,—(hv)2’

(2.12)

where Eg, is the single oscillator energy and Ey4 is the dispersion energy.
Es, and E4 parameters are evaluated from the graph of (n? — 1)~1 versus
(hv)? by fitting a linear function to the lower energy range. Also the zero-
frequency refractive index n, is obtained from the equation 2.12 by

replacing hv = 0. The expression for n is obtained as

ng=1+-¢% (2.13)
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2.6 Thermally Stimulated Current

2.7.1 Introduction

Thermally stimulated processes cover a number of some physical techniques
in which the sample is heated and a property of the sample is measured as a
function of temperature. The result of such a measurement is a curve of
measured parameter versus time or temperature. The analysis of this curve is
used in many areas of physics and chemistry to determine various properties
of materials. The most important thermally stimulated processes are the

following [33-38]:

1. Thermoluminescence

11. Thermally stimulated current (TSC)

1il. Thermally stimulated electron emission

iv. Deep level transient spectroscopy

V. Thermally stimulated depolarization current

The thermally stimulated current is the current generated from a

semiconductor when it is heated following the previous absorption of energy

from radiation. There are three essential ingredients necessary for the

production of TSC:

a. The material must have trapping levels in its band gap

b. The material must have at some time absorbed energy during exposure
to radiation

c. The TSC generation is triggered by heating the material
The thermally stimulated current is extensively used to get information on

the impurity and defect centres in the crystal. In this method, the sample

excited previously at an initial low temperature is heated under the voltage
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applied across the contacts connected to the sample. While heating the
sample linearly, the transient electric currents in the sample are measured as
a function of the temperature. The resulting curve is called a TSC curve and
usually in the form of peak(s), giving information about the properties of

shallow and/or deep trapping levels within the band gap.

2.7.2 Transitions in the Thermally Stimulated Current

Process

The possible transitions of electrons in the band gap are the main physical
events considered in the TSC experiments. The major electronic transitions
associated with the TSC are described below and represented in the figure

2.5.

® Y s conduction band & ®
i (b} | (c)
(9]
(a) (h)
(d)
_ ¥
(e) (f)
O O valence band @) ' O

Fig. 2.5. Possible electronic transitions in the TSC technique. (a) band-to-band excitation;
(b) and (e) electron and hole trapping, respectively; (c¢) and (f) electron and hole release,
respectively; (d) and (g) indirect recombination; (h) direct recombination. Solid circles,

open circles and arrows represent electrons, holes and transitions, respectively [33].
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1. Transition (a) is the band-to-band excitation of a valence band
electron to conduction band. This transition occurs when valence
band electron is given enough energy from an external source.

il. Transitions (b) and (e) are called as electron and hole trapping,
respectively. Excited electrons and holes in the conduction and
valence bands will return to their initial band. Through this return
some of the electrons and holes are trapped at trapping centers.

iii. Transitions (c) and (f) are called as electron and hole releases. When
enough energy is given to electrons and holes in the trapping centers,
they are excited to conduction or valence bands, respectively.

iv. Transitions (g) and (d) are indirect recombination mechanisms.
These transitions occur when free electrons and holes in the
conduction and valence bands, respectively, recombine with a charge
carrier of opposite sign in the trapping centers.

V. Transition (h) is the direct recombination defined as the recombining
of a charge carrier in the conduction band with the opposite sign

charge carrier in the valence band.

The following simple model can explain the TSC method: The electrons are
excited by some kind of radiation from the valence band to the conduction
band at an initial low temperature (transition a). Most of the electrons in the
conduction band return to the ground state in a short time (transition h).
Some of them are trapped in the trapping centres associated with the lattice
defects such as vacancies, interstitials or impurities (transition b). A hole is
created in the valence band in the place of electron trapped in the trapping
center. These holes are also trapped in the hole trap centres (transition e).
These trap electrons (holes) return back to conduction (valence) band when
a sufficient energy is given (transitions ¢ and f). In the thermally stimulated

processes the type of the given energy is thermal energy. The electrons

18



excited to the conduction band give a transient increase in the conductivity
of the sample. This increase is observed as a peak in the TSC curve of the
sample. The analyses of the peak(s) give information about the some
properties of the trap levels such as activation energy and concentration of

electrons in these centres.

2.7.3 Theoretical Approach

At a temperature T, the probability P that an electron can be released back

into the conduction band from a trap depth of E (transition c) is given by

P = vexp(—E/kT), (2.14)

where v is the attempt-to-escape frequency and « is the Boltzmann constant.

In a semiconductor, the former is defined by the expression

v = NS, , (2.15)

where S; is the capture cross section, N, and v are the effective density of
states in the conduction band and thermal velocity of the conduction

electrons, respectively. N, and v are given by

2
Kng) /3
2

N.(T) =2 ( v (2.16)

and
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3kT

* 9
e

v(T) =

(2.17)

where mg, is the electron effective mass [29].

The concentration of filled traps (n) mainly depends on the transitions from
or to trapping center. These possible transitions and their theoretical
explanations are [33]:

i.  Stimulation (transition c): The transition from the trapping center
to the conduction band affects the concentration of filled traps. Decrease of
trapped electron population is dependent on the concentration n and given

by the relation

dn
dt

o« —nvexp(—E/kT), (2.18)
ii. Re-trapping: In addition to the excitation transition we should also
take into account the re-trapping (transition b). The probability of re-
trapping process depends on both the concentration of free electrons n. in
the conduction band and the concentration of unoccupied traps (N —n),
where N is the total concentration of traps. The relation describing the effect

of re-trapping on the rate of change of trapped electron concentration is

% « n (N —n)Sw, (2.19)

The total rate of change of electron concentration can be obtained as

% = n.(N —n)Sw — nvexp(—E /kT). (2.20)
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by combining equations 2.18 and 2.19.

An electron excited to the conduction band can either be trapped or
recombine with a hole, directly or through a recombination center. The rate
of the recombination is n./t, where 7 is defined as recombination lifetime.

Then the rate of change of the free electrons concentration n. is equal to

dne _ _nc_dn (2.21)

For the solution of equations 2.20 and 2.21, two fundamental assumptions

have been suggested:

1. Slow Re-trapping: As suggested by Randall and Wilkins [23], in this
case the re-trapping of a charge carrier is negligible compared to the rate of
recombination and the electron released to the conduction band recombines
quickly with a hole. This assumption also called as “first order kinetics” is

expressed by the following inequalities:

% » n.(N —n)S (2.22)
and
dnc |d_”
e« | (2.23)

Using equations 2.22 and 2.23, equation 2.20 becomes

dn

-~ —nvexp(—E /kT), (2.24)
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and
r—— (2.25)

Integrating equation 2.24 by assuming a linear heating function T = T, +

pt, we get

n = nyexp {— fTTO%exp(—E/KT)dT}, (2.26)

where n, is the initial trapped electron concentration at initial temperature

Ty.

Then substituting equations 2.25 and 2.26 into equations 2.24, we get

Nne = NyTVEXp {— KE—T — TTO%exp(—E/KT)dT}, (2.27)

the thermally stimulated conductivity o is given by

0 = ne.ey = nyTveuexp {—KET — TTO%exp(—E/KT)dT}, (2.28)

where 7 is a free charge carrier lifetime, p is its mobility, S is the heating
rate, and T is the initial temperature. Then the thermally stimulated current

is described by the equation

I = nytveu (%) Atvepuexp {— :—T — TTO%exp(—E/KT)dT}, (2.28a)

where V is the bias voltage, A4 is the area of the sample and L is its length.
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2. Fast Re-trapping: Haering and Adams (1960) considered the case in
which the time required for thermal equilibrium between the conduction
electrons and trapped electrons is much shorter than the recombination

lifetime [24]. If we show the total number of electrons by

ng =n+ne, (2.29)

and assume
N > N.exp(—E /kT), (2.30)

for fast trapping process, then the rate of change of total electrons is

%__E__ﬂ(&) (_E)
dt T T \N €Xp KT/’ (2.31)

Where n and n. are concentration of electrons in traps and conduction band,
N and N, are concentration and effective concentration of trapping and
conduction states, respectively, and t is the recombination lifetime. The

solution of the equation 2.31 is [33]
1 (T Nc
n = nyexp [— 5 fTO - exp(—E/KT)dT], (2.32)

and the thermally stimulated current is

Nc

C T
I = (%) A % enyexp {— £ _ e fTo exp(—E/KT)dT}. (2.33)

KT
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2.7.4 Curve Fitting

(i) Slow Re-trapping: The TSC peak of traps for the first order kinetics
is described by the equation 2.28a. If it is assumed that v is independent of
temperature T and the variation of u and 7 is negligible with temperature

range of TSC experiment, equation 2.28a can be rewritten as [39]
V. ;t _
= ((Tz) A) Agexp{—t + B I} exp(=t)t 2dt, (2.34)

where , V;, is the applied voltage t = % and, A, and B’ are constant:

VE;

Ao = ngteuv and B = Br’

(2.35)

where ng is the initial density of traps. If we integrate relation 2.34 by parts

several times, we get a convergent infinite series expression;

I = ((%) A) Agexp[—t — B'{exp(—t)t™2 — 2exp(—t)t ™3 + 3 X

2exp(—t)t™* .3 |-
(2.36)

Because t is large in practice, by making approximation, the infinite series

can be written as

I ~ ((ﬁ) A) Agexp[—t — B'exp(—t)t~?] (2.37)

L
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[~ 1y + ((VI) A) Agexp[—t — B'exp(—t)t~2] (2.38)
where [ is the value at ¢, . If we differentiate relation 2.38 and set it to zero

to obtain the maximum of the curve, which occurs at

t=1t, =L (2.39)

KTm

then

th

tm+2

B' = exp(t,) (2.40)

(if) Fast Re-trapping: In the equation 2.33 for second order kinetics

E .
given by Haering and Adams, if we insert £ = p it becomes [40]

I1=(2)ac|-t+D [} exp(=t)t=7/2 dt|. (2.41)

where
C — M d D —_ LS/Z 242
- an - N‘BT*B/ZKS/ZT' ( : )

Integrating relation 2.41 by parts, and then approximating gives
I ~ Cexp[—t — Dexp(—t)t~7/?] (2.43)

If we differentiate equation 2.43 and then set it to zero we obtain the value

of t* at the maximum, D* is found as
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. t*)t*9/2
e 0 L (2.44)
t*+3.5

where D* is the value of D to the limits of the approximation used.

Simultaneous peaks can be analyzed by the following fitting function

I(T) = XL, L(T) (2.45)

where [;(T) is the TSC of each peak calculated by using either the relation
2.38 or 2.43 for slow and fast re-trapping, respectively, and n represents the

number of trapping centres contributing in the calculation.

When TSC curve are fitted and both E; and T3, for peaks are obtained,
relation 2.40 or 2.44 can be used to calculate B' or D* for slow and fast re-
trapping processes, respectively. Also for the first order kinetics, the
attempt-to-escape frequency v can be obtained by mean of relation 2.35.
Then the cross section of the traps can be calculated using the value of v and

the following expression

St_ v

Nc()Vth

(2.46)

here, N, is the effective density of states in the related band and vy, is a

free charge carrier thermal velocity.

The concentration of the traps can be estimated using the relation [41]

__Q
N, = LoC (2.47)
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where, Q is the quantity of released charge in a Thermally Stimulated
Current measurement.  can be obtained from the area under the obtained
peaks; e is the electronic charge, and G is the photoconductivity gain, which
equals to the number of electrons flowing within the crystal for each

absorbed photon.

To calculate G the following relation can be used [22]

T TUuv:
G =L =IE72

ttr LZ

(2.48)

here, 7 is the electron or hole lifetime, t;. is their transit time between the
electrodes, and p is their mobility. When we irradiate the sample by initial
illumination light, electron-hole pairs are generated and material
conductivity is changed due to this electron-hole pair generation. The
electrons and holes will flow towards the opposite directions by the electric
field present in the crystal, thus a current is produced. The free charge
carriers appear in the crystal until they either recombine with an opposite
charge carrier or are collected at the contacts. G in the crystals arises
because the each charge carrier travels within circuit many times until it
recombines with an oppositely charged carrier. Each time the charge carrier
goes through the circuit it contributes to the current. The photoconductivity

gain is given by relation 2.48

2.7.5 Initial Rise Method

Garlick and Gibson [25] first presented this method in 1948. Because initial

rise method is independent of the recombination kinetics, it is an attractive
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method in the analysis of the TSC curves. The integrals in the first and
second order equations 2.28a and 2.33 are very small when the traps begin
to empty as the temperature is increased. Therefore, exponential terms in
these integrals are very close to unity in this temperature range of the

process. So the current is written as

I = Cexp(—E /«kT) (2.49)

where C is constant. When the initial portion of the TSC curve is analyzed,
the plot of In(I) as a function of 1/T gives a straight line which has a slope
of (— E;/x). The limitation of this method is that there must be no overlap

peak in the initial rise portion of the analyzed peak.

2.7.6 Peak Shape Method (Chen Method)

In the peak shape method, the activation energy of trap is associated by
using three parameters (figure 2.6): 1 =T, = T, 0 =Ty, = Ty, w =Ty, — T},
where Ty, is the temperature corresponding to the maximum current, T} and

Ty, are the low and high half-intensity temperatures, respectively [33].
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Temperature

Fig. 2.6. Representation of parameters used in peak shape method.

The activation energy of the trap is obtained by

E. = [1.51 + 3.0(ug — 0.42)| kT2 /7 — [1.58 + 4.2(py — 0.42)]2kT,

(2.50)
Es = [0.976 + 7.3(ug — 0.42)| kT2/6 (2.51)
E, = [2.52 4+ 10.2(pg — 0.42)| kT2 /w — 2kTy,, (2.52)

where ug is equal to ratio §/w. In 1960 Halperin and Braner suggested to
use {4y value to understand the order of kinetics. The values of ug; were

predicted by Chen and Kirsh [33] as 0.42 and 0.52 for first and second-order

kinetics, respectively. The peak shape method cannot be carried out on the
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curve, which contains more than one peak. If such a curve occurs, the

analyzed peak can be cleaned from the other satellite peaks.

2.7.7 Isothermal Decay Method

This method is based on the shape of the decay curve with time. The
procedure of the method is as follows: The sample is heated and then it is
held at a constant temperature 7,. The thermally stimulated current can be

described for this process by [33]
I = Iexp(—yt) (2.53)

where [ is the initial current at time t = 0 and

y = vexp(—Et/KTp) (2.54)

Then the measurement is repeated at different values of temperature T, and
for all measurements, y values are evaluated from the slopes of the plots
In(I) versus time t graph. The In values of the slopes can now be plotted as

a function of 1/T and a straight line with a slope of (—E/k) is obtained.

2.7.8 Traps Distribution

Most analysis of the thermally stimulated current mentioned above is based
on the assumption that the trapping centres which are related to a specific
defect have the same, discrete activation energy. However this assumption is

not acceptable for all crystals. Especially in amorphous semiconductors it is
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observed that the band gap of these semiconductors contains a finite density
of available states. Mott and Davies [42] explained this picture by the

assumption of the presence of localized states.

For the study of the traps distribution, we assume an exponential distribution

of traps whose density at energy E is expressed by [43]

N(E) = Aexp(—a, E), (2.55)

where a; is the energy parameter characterizes the distribution. Then, for

this exponential distribution, we can write for the traps filled at the

excitation temperature 7,

nO(Te) = Aexp(—alE)eXp[(E - Ef)/KTe]v (256)

where E is the Fermi level energy in darkness and Ef is the energy of the

quasi-Fermi level for electrons during light excitation. E and Ef are written

as

E = kT,In[N./n,]. (2.57)

and

E¢f = kT,In[N./n.], (2.58)

where n,, and n, are the densities of free electrons at temperature 7}, in

darkness and during light excitation, respectively. ny is proportional to the

area of the TSC curve, by assuming this exponential trap distribution, whose
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density is given by equation 2.55, we can write equation 2.57 for traps filled

at the excitation temperature 7 as

SO(Im/Ie) x Aexp(_alE)’ (259)
where a4 is the energy parameter which characterizes the distribution, Sy is
the area of the Thermally Stimulated Current peak, /I, is the current flowing

in the sample at the peak temperature in darkness and /. current flowing in

the sample at the peak temperature during light excitation.
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CHAPTER 3

EXPERIMENTAL DETAILS

3.1 Introduction

X-ray diffraction and Energy dispersive spectral analysis, transmission,
reflection, thermally stimulated current and photoconductivity decay
measurements were carried out on as-grown TlGaSeS layered single
crystals. TIGaSeS polycrystals were synthesized from high pure elements (at
least 99.9999%) prepared in stoichiometric proportions. TlGaSeS layered
crystals were grown using the Bridgman method. Good optical quality and
freshly cleaved surfaces, which were mirror-like, were revealed by the

resulting ingot. No intentional doping of the crystal was performed.

3.2 Energy Dispersive Spectral Analysis and X-ray

Diffraction Experiments

The chemical composition of TlGaSeS crystal was determined by means of
an energy dispersive spectroscopic analysis (EDSA) by using a JSM-6400
scanning electron microscope. The equipments of the device, “NORAN
System6 X-ray Microanalysis System” and “Semafore Digitizer”, were used

for the analysis of the experimental data.
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X-ray diffraction technique was used to obtain information about the
structural parameters of TlGaSeS. A “Rigaku Miniflex” diffractometer with
CuKoa radiation having 4 = 0.154049 nm was used at a scanning speed of
0.02°/sec for the X-ray powder diffraction experiments. The crystal system,
the lattice parameters, and Miller indices of the diffraction peaks, were

evaluated by using a least-squares computer program “DICVOL 04”.

3.3 Transmission and Reflection Measurements

Transmission and reflection measurements were performed in the 400-1100
nm wavelength region by using a “Shimadzu” UV 1201 model
spectrophotometer, which consisted of a 20 W halogen lamp, a holographic
grating and a silicon photodiode. It has 5 nm resolutions. Transmission
measurements were done under normal incidence of light with a polarization
direction along the (001) plane, which is perpendicular to the c-axis of the
crystal. We utilized the specular reflectance measurement attachment with a
5° incident angle for the room temperature reflection experiments. The
sample was cooled from room temperature down to 10 K, within an
accuracy of +0.5 K, by using an “Advanced Research Systems, Model
CSW-202” closed cycle helium cryostat.
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3.4 Thermally Stimulated Current (TSC) Experiments

3.4.1 Introduction

In a TSC experiment, TIGaSeS layered single crystal was cooled down to
low temperature and was irradiated using a light source which excites
carriers across the band-gap. Traps are filled by band-to-band excitation of
the excited carriers (transitions b and e in figure 2.5 for electron and hole
traps respectively). The trapped charge carriers remain in the trap centres
until a sufficient amount of thermal energy is applied through heating to
excite these charged carriers to their respective delocalized conduction
(valence) band (transitions ¢ and f in figure 2.5 for electron and hole traps
respectively). Heating the sample is normally done on a linear time scale at
a heating rate f§ (i.e. T = T, + ft). This heating rate is usually desired to be
constant for the same of convenience in the analysis of the TSC peak(s).
When a sufficient amount of thermal energy is given, the charge carriers
electron (holes) are thermally excited to the conduction (valence) bands,

they give rise to a transient increase in the conductivity of the crystal.

3.4.2 Sample Preparation

T1GaSeS crystals of dimensions of 9.0 mm x 10 mm x 0.8 mm were used
for TSC measurements. We made the electrical contacts on the crystal
surface by using conducting silver paste according to “sandwich” geometry.
For this purpose, first electrode was attached on the front side of the sample
using a little amount of silver paste. Then we attached the sample to the top

of a coin-like sample holder with the same paste. The second electrode is
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connected to the cryostat to make a close circuit. The electrons/holes stream
within the sample in a sense along the c-axis in this configuration. A
schematic diagram of the sandwich geometry is shown in the figure 3.1. The
conductivity of the studied crystals within the layer is about four orders of
magnitude higher than that normal to the layer [3]. Therefore, the
distribution of electric field lines through the sample covers almost all the

volume for the current contact configuration.

—

zilver paste
Sample /

Sample Holder

|

Fig. 3.1. The simple presentation of the sample with sandwich configuration.

3.4.3 Thermally Stimulated Current Measurements

The TSC measurements were performed in the temperature range from 10 to
300 K using the Advanced Research Systems closed-cycle helium cryostat.
Constant heating rates ranges between 0.6-1.2 K s were consummated
using the temperature controller “Lake-Shore 331”. A Keithley 228A
voltage/current source and a Keithley 6485 picoammeter were used in the
Thermally Stimulated Current experiments. The temperature sensitivity was
about 10 mK and the current sensitivity was 2 pA in the used instruments.

The view of the TSC experimental set up is shown in the figure 3.2.
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Fig. 3.2. Schematic diagram of the TSC experimental set up [44].

When the probability of trapped carriers to be released is insignificat; at
initial low temperature, the electrons/holes are photo excited by a suitable

LED generating radiation at a maximum intensity of 2.6 eV.

Both charge carriers hole and electron traps in TlGaSeS layered single
crystals were studied. The investigation of hole traps were performed in
temperature range from 10 to 100 K. The hole traps filling was performed
by illumination under bias voltage of V; =1 V at the initial temperature
To= 10 K for about 10 min. Then the excitation was turned off. After
waiting for = 60 s as an expectation time a bias of ¥, was applied to the

crystal and temperature was raised at constant heating rate. For TlGaSeS; a
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bias voltage of V', =100 V can be applied while increasing the temperature

heating since the dark current contribution is negligible.

The details of illumination time, voltage and initial temperature for TSC

measurements for TIGaSeS crystals are recorded in the figure 3.3.
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Fig. 3.3. Experimental condition of TSC measurements of T1GaSeS crystal in low
temperature range. (1) time period of applied illumination; (2) variation of bias voltage;
(3) temperature variation with time; (4) TSC peaks for different heating rates in Ks™1: 0.6
(a), 0.8 (b), 1.0 (¢c), 1.2 (d).
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The investigation of electron traps were performed in temperature range
from 10 to 160 K using the same set-up used for the investigation of hole
traps. Here, a constant heating rates range of 0.6—1.2 K s™' were used. The
trap filling was performed by illumination under bias voltage of V', =1 V at
initial temperature 7y =10 K for about 10 min. Then the illumination was set
off. After waiting for about(= 60 s), we applied a voltage of ¥ to the
crystal and temperature was raised at constant heating rate. Again a voltage
of V, =100 V was applied during heating since as stated before, the dark

current contribution is low in T1GaSeS crystals.

3.5 Photoconductivity Decay Experiments

Photoconductivity gain for different samples can be determined using
various approaches. For this work, the following approach was used to
determine G by utilizing photoconductivity decay experiment [45,46]. Using
the photoconductivity decay experiments, the free charge carrier life time
can be determined. The experiments are carried out by developing the
following set-up. Ohmic contacts were performed on both sides of the
sample according to sandwich geometry. The sample was irradiated using a
LED “blue” controlled by a digital signal generator operating square waves
“NI USB-6211 high-performance USB data acquisition device”. The
photocurrent was amplified by a fast-current-voltage converter circuit. The
signal was recorded by a fast digital voltmeter and transmitted to the
computer and then treated to determine the photocurrent decay time. The
schematic block diagram of the photoconductivity decay experimental set

up is shown in the figure 3.4.
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Fig. 3.4. The diagram of the photoconductivity experimental setup.

For the fact that current decays exponentially after light pulse is set off

att = t,, the carrier lifetime 7 is obtained by the corresponding output

voltage relation, given by:
V =V, + Cexp(—t/1) (3.1)

here, V, is the voltage at t = oo and C is a constant.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

In this part, the parameters of monoclinic unit cell will be found by studying
the results of the X-ray powder diffraction. The element composite of
T1GaSeS crystals will be obtained by studying the results of EDSA. Some
optical properties of TIGaSeS crystals will be reported after analyzing the
results of transmission and reflection measurements. The anaylsis of the
results of the Thermally Stimulated Current experiments will be given to
express the defect centers for both types of carriers in the crystal and their

properties.

4.2 Results and Discussion of Energy Dispersive

Spectroscopic and X-ray Experiments

The chemical composition of TIGaSeS crystals, shown in figure 4.1 was
determined from energy dispersive spectroscopic analysis by using a JSM-
6400 electron microscope. The composition of the studied crystal (Tl : Ga :
S : Se) was found to be 25.7 : 25.9 : 24.1 : 24.3 . Moreover, EDSA indicated

that silicon impurities were present in T1GaSeS.
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Fig. 4.1. Energy dispersive spectroscopic analysis of a TIGaSeS crystal.

The parameters of the monoclinic unit cell were found by performing the X-
ray powder diffraction experiment. Figure 4.2 shows the X-ray
diffractogram of the TlGaSeS layered crystal. The observed and calculated
interplanar spacing (d), the miller indices ( 2 k& [ ), and the relative
intensities (I/I,) of the diffraction lines are given in Table 4.1. The lattice
parameters of the monoclinic unit cell, calculated by using least-squares
computer program “DICVOL 04”, were estimated to be a = 0.7588,b =
0.7645,c = 0.8714 nm and f = 111.85°.
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Fig. 4.2. X-ray diffraction pattern of a TIGaSeS powder sample.

Table 4.1. X-ray powder diffraction data for TIGaSeS crystals.
No. h kI dops (NM) dearc (NM) 1/1,
1 02 0 0.3824 0.3823 100
2 21 -1 0.3723 0.3720 40.7
3 20 -2 0.3343 0.3343 14.0
4 01 2 0.3197 0.3199 21.0
5 22 -1 0.2843 0.2845 97.0
6 310 0.2542 0.2543 23.8
7 00 3 0.2347 0.2348 19.2
8 13 2 0.1904 0.1903 14.1
9 41-3 0.1869 0.1869 33.1
10 31 2 0.1785 0.1785 12.1
11 04 2 0.1680 0.1680 339
12 34 0 0.1560 0.1559 18.2
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4.3 Results and Discussion of Reflection and Transmission

Experiments

The transmission (T) and reflectivity (R) spectra for T1GaSeS single crystal were
obtained in the wavelength (1) range of 400 — 1100 nm (figure 4.3). The
reflectivity and transmission of material are given by equations 2.7 and 2.9,

respectively.

The absorption coefficient, o, is related to the absorption index k by

o = =X 4.1)

The reflectivity and the transmission measurements provided a determination of #,

k, and a.
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Fig. 4.3. Spectral dependence of the transmission and the reflectivity for a TIGaSeS crystal
atT = 300 K.
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The reflectivity is appraised using specimen with natural cleavage planes
and a thickness satisfying “ad > 1". The latter is determined by
transmission measurements where an adhesive tape was used to fix the
crystal to be suitable for the measurements. Using the obtained transmission
interference fringes; the thickness was determined; at a wavelength slightly
longer than the intrinsic absorption edge which corresponds to a relatively
high transmission region (figure 4.3). The long-wavelength value of the
refractive index n = 2.72, obtained from the reflection measurements, was
used. For the room-temperature transmission measurements, the thickness of

the sample was about 10 pm.

In order to obtain detailed information about the energy band gaps, we
studied the dependence of the absorption coefficient on photon energy in
absorption regions. The relation between the absorption coefficient & and

the photon energy is given by relation 2.6

Figure 4.4, shows the absorption coefficient, a, calculated at room
temperature for a TIGaSeS crystal in the photon energy range of 2.33—2.73
eV. It can be seen from figure 4.4 that as the photon energy increased from
2.33 t0 2.73 €V, o changed from 27 to 3140 cm™1. The analysis reveals that
the a is proportional to (hv — Eg)pwith p = 2 and p = 1/2 for the energy
ranges 2.33—2.52 eV and 2.58—2.73 eV, respectively. Insets of figure 4.4
shows the dependencies of (ahv)'/? (inset 1) and (ahv)?on the photon
energy hv. In this figure, circles represent the experimental data; the solid
lines are the linear fit which is used to find the band gaps. By extrapolating
these fitted lines down to (@hv)/2 = 0 and (ahv)? = 0, we obtained the
values of the indirect band gap as Eg; = 2.27 + 0.02 ¢V and the direct band

as Egq =2.581+0.02 eV. Worth to mention, the linear dependencies

of (ahv)'/? and (ahv)? on the photon energy hv suggest that indirect
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allowed transitions occurred in the range of 2.33—2.52 eV and direct
transitions occurred in the intervals of 2.58—2.73 eV for the studied

T1GaSeS.
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Fig. 4.4. Variation of the absorption coefficients as a function of photon energy at T = 300
K. Insets 1 and 2 represent the dependencies of (hv)'/? and (ahv)? on photon energy,
respectively.
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Figure 4.5 shows the transmission spectra for a TlGaSeS layered single
crystals being measured in the temperature range of 10—300 K. Thin layered
crystals breaks into pieces at relatively low temperatures due to their high
fragility. Therefore, the low-temperature measurements were done using
thick samples, of thickness 300 um. Consequently, we could analyze only
the indirect energy band gap (Egi) temperature dependence. Due to
technical obstacles, we could not perform a direct measurements of low
temperature reflectivity. Hence, to calculate the absorption coefficiet a, the
spectral dependence of the room temperature reflectivity was shifted

uniformly with energy according to the blue shift of the absorption edge.

40 T T T T T T T
1] = 10K o
—_ 0 =
70 ——
—100
130
. 30 —160 —
o 190
> —220
~ —250
c —280
i) 11 ——300
[%)]
@0 20t -
=
2]
c
s
-
10 |- -
o Exp.
Fit
11 226 ‘ ‘ o
0 100 200 300
Temperature (K)
0 1 . 1 . 1 1

510 520 530 540 550 1080 1090
Wavelength (nm)

Fig. 4.5. Spectral dependence of the transmssion for TIGaSeS 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 4.5.
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The indirect energy gap decreases with increasing temperature as it is shown
from the inset of figure 4.5. That is, as the temperature increases from 10 to
300 K, it shifts from 2.33 to 2.27 eV. The temperature dependence of the
energy band gap is given by the following relation [29]

yT°
E (DY=E (0)+
(1) =E,(0) T+4

(4.5)

where, E4;(0) is the absolute zero value of the band gap, y = dEy; / dT is the
rate of change of the indirect band gap with temperature, and f is
approximately the Debye temperature. The data for the dependencies of Eg;
on the temperature (10—300 K) were fitted using equation 4.5 as shown in
the inset of figure 4.5 (the solid line correspond to the theoretical fit). From
the fitting, the following parameters were found to be Eg;(0) = 2.34 €V,
¥y = =3.2x10" eV/K, and B = 165K for TIGaSeS crystals. The Debye
temperature for the TlGaSeS crystals was estimated to be f = 165K by
using Lindemann’s meltingrule [47] with X-ray results; as reported in the

section 4.3, and the melting temperature 7, = 1135 K.

The refractive index n was calculated using equations (4.1) and (4.2) as a
function of wavelength and is shown in figure 4.6. The refractive index in
the energy region of hv < Eg gradually decreases from 2.90 to 2.72 with
increasing wavelength in the interval of 620—1100 nm, as seen in figure 4.6.
The long wave-length value if the refractive index agrees with values of 2.6
(A = 1100 nm) and 2.9 (A1 =1500 nm) reported for TIGaS, [48] and T1GaSe,
[11] layered single crystals, respectively.

48



3.2

e
@
T

Refractive index
N
»
T
,-S
3
(n%-1)
/ A
g
|

20 I 1 L I
400 600 800 1000

Wavelength (nm)

Fig. 4.6. Dependence of the refractive index on the wavelength for a TIGaSeS crystal. Inset:
Plot on (n? — 1)~ versus (hv)2. The solid line represents the fit using equation 4.6.

The dispersive refractive index was analyzed by means of single-effective-
oscillator model. Previously, this model was successfully applied to the
experimental data for ternary TlGaS, and TlGaSe, crystals [11,48]. Thus »
can be expressed in terms of the photon energy, the single oscillator energy,

E, and the dispersion energy, Eq4, by relation 2.1 .

Plotting (n? — 1)1 versus (hv)? allows the determination of the oscillator
parameters by fitting a linear function to the lower energy data range
1.13—1.96 eV. The fits of the above reported function is presented in the
inset of figure 4.6. The zero-frequency refractive index is obtained using

relation 4.6, i.e. according to the expressionn3 = 1 + E4/E,.
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The value of E, was obtained as 4.66 ¢V and the value of E4 was obtained
as 24.28 eV by using the slope and the y-axis intersection with of the
straight line (inset of figure 4.6). Furthermore, zero-frequency dielectric
constant was determined as &, = ng = 7.15 and zero-frequency refractive
index ny = 2.67 were evaluated by means of equation 4.6. The oscillator
energy Eg, 1S an “average” energy gap and is approximately equal to two

times the lowest direct band gap Egd(ES0 ~ gd) [32,49-53]. In this study,
the ratio Eo/Egq = 1.83 is found for TIGaSeS crystal.

4.4 Results and Discussion of Thermally Stimulated Current
(TSC) Experiments

TSC measurements were carried out in as-grown TlGaSeS layered single
crystals. The investigations for both hole and electron traps were performed.
When the sample is illuminated at initial low temperature, both the electrons
and holes are created in this region. Each of them can be driven out by the
application of bias voltage causing different charge distribution in the
crystal that is affected by the type of the trapping centres. To determine the
type of the trap, we fill it by photo-excitation through different contacts. In
our experiments, the samples were illuminated through the positive contact
and the negative one as well. In this case, both hole and electron traps are
distributed in the crystal and then trapped. Hence, the results for TSC on as-
grown will be reported in two distinct sections each for one type of traps.
Worth to mention, there are various methods to appraise the parameters of
traps from the obtained TSC curve. We have used the different heating rates,
curve fitting, initial rise, isothermal decay and trap distribution methods for

the analysis of the data.
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4.4.1 Results of TSC Observation of Hole Trapping Centres

and their Distribution in as-grown T1GaSeS

4.4.1.1 Determination of the Trap Type and Minimum

Excitation Time

When the sample was illuminated from the both contacts, the maximum
Thermally Stimulated Current measured were equal 22.4 and 4.2 pA,
respectively. The maximum of the peak is highest for the positive contact
being illuminated rather than the negative one. This occurs when mainly the
holes are distributed in the crystal and then trapped by hole trapping centres.

Therefore the maximum appeared in TSC curve was assigned to hole traps.

It is useful to know the minimum illumination time necessary for carrying
out TSC measurements. To fix this, the sample was illuminated for different
time periods ranges between 50 and 900 s and the TSC curves in the
temperature range of 10—100 K were obtained at constant heating rate of
B = 0.8 K s'. It is found that minimum illumination time is 600 s by
plotting the maximum values of Thermally Stimulated Current (/,.x) versus

excitation time as shown in figure 4.7 and 4.8.
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The dash-dotted line is only guide for the eye.
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4.4.1.2 Activation Energy Determination

Various methods to determine the activation energy of the trap can be used.
Different heating rate, curve fitting, initial rise, isothermal and peak shape

methods were used.

4.4.1.2.1 Different Heating Rate Method

Figure 4.9 represents typical TSC spectra of TlGaSeS single crystals
measured for four linear heating rates of § = 0.6, 0.8, 1.0, and 1.2 K s in
the 10—100 K temperature range. The TSC increases and the temperature at
which the maximum value occurs shifts to a high temperature by increasing
B. The activation energy E; = 9 meV and the attempt-to-escape frequency
v = 0.51 5™ of trapped carrier were determined using the plot of In(T;2/88)
versus (1/Ty,,) as shown in the inset of figure 4.10. The advantage of this
method is that the activation energy is independent of the kinetic processes

occurring in the studied crystals [19-22,35].
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Fig. 4.9. Experimental TSC spectra of TIGaSeS crystals obtained with various heating rates.
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Fig. 4.10. In(T2/B) versus 1000/T for four different heating rates.
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4.4.1.2.2 Curve Fitting Method

Figure 4.11 shows the experimental TSC curve of the TlGaSeS for the
heating rate of 0.8 K s™'. From curve fit using equations 2.34 and 2.35 the
activation energy is determined to be £; = 12 meV and the attempt to escape
frequency as v = 0.57 s". A good agreement has been observed between the
experimental TSC spectra and the theoretical one estimated with the
assumption slow re-trapping. This suggests that re-trapping does not occur

for the trapping centres of T1GaSeS crystals.
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Fig. 4.11. TSC spectrum of TIGaSeS crystals with a heating rate of 0.8 K s. Open circles
are experimental data. Solid curve shows the fit to the experimental data.
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4.4.1.2.3 Initial Rise Method

This method is valid for all types of recombination kinetics [19]. It is based
on the assumption that the Thermally Stimulated Current is proportional to
exp(— E./k) when the traps start to empty upon heating. The semi-
logarithmic plot of the TSC versus 1/T gives a straight line whose slope is
(— E./k) as shown in figure 4.12. The activation energy is presented in

Table 4.2.

(nA)
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10'4 L | L | L
40 80 120

1000/T (K )

Fig. 4.12. TSC versus 1000/T for peak in the TSC spectrum of TlGaSeS crystals. Open
circles are experimental data. Solid line is theoretical fit using initial rise method.
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Table 4.2. The activation energy (E;), capture cross section (S;), attempt-to-escape
frequency (v) and concentration (N;) of hole traps for TSC peak of TlGaSeS crystal.

E;(meV)
Tinax (K) S; (em®) v Ni(em?)
Different Curve Initial Isothermal
heating rates fitting rise decay
method method method method
50.9 9 12 11 10 89x10%° 051  7.7x10"

4.4.1.2.4 1sothermal Method

In isothermal method, the sample is heated at constant rate from 7 to 7}, and
then held at T}, until complete de-trapping. For this processes, the TSC can
be described by equations 2.53 and 2.54. The TSC decay measurements on
the T1GaSeS crystals were repeated at temperatures 7, = 24, 29, 34, 39, 46,
and 51 K (figure 4.13). Thus, a series of slopes; i.e. y —values of the plots
In(7) versus time ¢ are obtained for each temperature 7, (figure 4.13). The In
values of the slopes versus 1/T}, of the figure 4.14 give a straight line from
which E; was obtained as 10 meV. The linear intersection of the In(y)

versus 1/T;, graph gives the attempt-to-escape frequency v = 0.73 s
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Fig. 4.13. Experimental TSC spectra of TIGaSeS crystals at different temperatures Tj,.
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Fig. 4.14. In(y) plot as a function of 1/T},. Open circles are experimental data. The solid
line is the linear fit to the experimental data.
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4.4.1.2.5 Peak Shape Method

In peak shape method, Tyax , 77 , and T;, of equations in section 2.7.6 were
found to be 51.0, 35,3, and 67.5 K, respectively. These values were used in
equations 2.50, 2.51, and 2.52 to find E, E5 and E\,. The averaged value of

obtained activation energies E;, E5 and E,, for the peaks is £,y = 15.3 meV.

4.4.1.3 Determination of the Traps Distribution

The analysis of TSC data gives information about the characteristic features
of traps distribution. In this regard, the crystal was illuminated at different
excitation temperatures T, ranging from 20 to 40 K, so as to allow trapping
of photo-produced holes. Then, the light source is set off; the sample is kept
in darkness and cooled to 10 K. Thereafter, the sample is successively
heated with a linear rate to excite the trapped holes into the valence band.
The experimental TSC spectra of TlGaSeS crystals at different excitation
temperatures (T, = 20, 25,27, 30, 35 and 40 K) are shown in figure 4.15.

59



N
o

[any
o

Current (unA)

Temperature (K)

Fig. 4.15. Experimental TSC spectra of TIGaSeS crystals at different excitation
temperatures T.

The TSC spectra decrease in intensity and shifts towards higher
temperatures with increase in the light excitation temperature. This fact
supports the validity of a quasi-continuous traps distribution [43,54-56].
The activation energies, determined by curve fitting method, and the
maximum temperatures of thermo-current curves registered at different
excitation temperatures are shown in Table 4.3. The activation energy
ranges from 14 to 33 meV at 7y = 20 and 40 K, respectively. It is observed
that above 7, = 40 K, the TSC spectra could not be analyzed due to their

low intensity.

By assuming an exponential trap distribution, whose density at energy E;

given by equation 2.55, we can write equation 2.59. Figure 4.16 shows the
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plot of In[S,(I,/I.)] versus the activation energy E; obtained by analyzing

the TSC curves, which were recorded at different excitation temperatures.

The obtained graph is a straight line which has a slope a; = 0.12 meV"'

which corresponds to 18.9 meV/decade, an order of magnitude variation in

the trap density for every 18.9 meV.

Table 4.3. TSC parameters for TIGaSeS crystals at different excitation temperatures.

Curve 1 2 3 4 5 6
Exication
temperature 20.0 25.0 27.0 30.0 35.0 40.0
X)
Maximum
temperature 49.6 51.6 54.2 57.4 61.9 72.8
(K)
Curve area
(au) 719 574 409 296 120 24
Activation
energy (meV) 14 18 21 24 29 33
0
o |
_E
o
n
c2f
1 I 1 I
10 20 30
Et (meV)

Fig. 4.16. In[Sy(I,,/1 )] plot as a function of activation energy E,. Open circles are
experimental data. Solid line is the linear fit to the experimental data.
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4.4.1.4 Determination of Capture Cross-Section and

Concentration of the Traps

Once the TSC was fitted and the values of E; and T,,, were obtained (Table
4.3), equations 2.35 and 2.40 were used to obtain B and v; the attempt-to-
escape frequency. Using the value of v = 0.57 s™, the capture cross-section
area of traps was evaluated using equation 2.46, where the effective density
of states in the valence band and the thermal velocity of free hole are used to
study the hole traps. The calculated value of S, was found to be 8.9x1072°
cm’. The small value of the capture cross-section justifies the assumption of

monomolecular kinetics.

The traps concentration was obtained with the use of equation 2.47. The
dimensions of the sample 9x1x0.8 mm’ were used. The photoconductivity
gain was measured by photoconductivity decay measurements in which
equation 3.1 was used to evaluate the carrier lifetime t; figure 4.17 is the
theoretical fit to the experimental data in the light of equation 3.1. Using the
value of T = 2.3x10” s in equation 2.48, the photoconductivity gain was
found to be G = 1096 using V> = 50 V and u = 61 cm®V's™ [57]. The
concentration of traps was found to be N; = 7.7x10" cm™ using equation

2.47.
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Fig. 4.17. A photoconductivity decay curve for T1GaSeS crystal. Open circles are
experimental data. Solid curve shows the theoretical fit to the experimental data.

4.4.2 Results of TSC Observation of Electron Trapping

Centres and their Distribution in as-grown T1GaSeS

4.4.2.1 Determination of the Trap Type and Minimum

Excitation Time

In this part, the sample was illuminated through the negative contact. In this
case, mainly the electrons are distributed in the crystal and then trapped.
Therefore, the observed peaks in TSC spectra of TlGaSeS crystal are

assigned to electrons traps as shown in figures 4.18 and 4.19.
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Once again it is of great importance to fix the needed minimum illumination
time to carry out the Thermally Stimulated Current measurements. To
determine this, the same procedure used while analyzing hole traps was

followed and the minimum illumination time was found as 600 s.

(nA)

Current

40 80 120 160
Temperature (K)

Fig. 4.18. Experimental TSC spectrum of TIGaSeS crystals registered at the excitation
temperature T, = 10 K and decomposition of this spectrum into two peaks (A and B). Open
circles are experimental data. Dashed curves represent decomposed peaks. Solid curve
shows total fit to the experimental data.
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Fig. 4.19. Experimental TSC spectrum of TIGaSeS crystal obtained after the thermal
cleaning at T = 55 K and decomposition of this spectrum into two separate peaks (B and
C). Open circles are experimental data. Dashed curves represent decomposed peaks. Solid

curve shows total fit to the experimental data.

4.4.2.2 Activation Energy Determination

Several methods to evaluate different parameters of the trapping centres can
be used. The number of overlapping peaks restricts the applicability of some
of these methods. To analyze the TSC spectra for electron trapping centres,

curve fitting, initial rise, and peak shape methods were used.
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4.4.2.2.1 Curve Fitting Method

This method is used for decomposition of the TSC spectra into separate
peaks. For slow re-trapping which is knows as monomolecular conditions,
Thermally Stimulated Current curve of a discrete set of traps with activation
energy FE: is given by relations 2.28a, 2.34, 2.35, and 2.40. In order to
analyze all peaks of spectra simultaneously, the fitting function which is

given summing all features of the TSC spectra is given by 2.45.

Figure 4.18 shows the experimental TSC spectrum of TlGaSeS crystal
obtained at the excitation temperature 7p = 10 K using the heating rate of
B =0.8 K s. Attempts to fit the theoretical curve to measured data with
only single peak failed. A fit of the data using two peaks (distinguished as A
and B) was done and a result of an excellent fit for the measured spectra was
obtained. The activation energies associated with these two peaks were
found to be E£Ao = 12 meV and Eg = 20 meV. Thereafter, the so-called
“thermal cleaning” technique was used to prove that there is an additional
weak peaks in the high-temperature part of the spectra along with peaks A
and B. “Thermal cleaning” process was done as follows: first we cooled the
crystal and then illumination with suitable light source was applied at T =
10 K. Then the same heating cycle as before was followed, this time we
turned heating off at a temperature near 7Tmax = 58 K of peak B.
Consequently, the traps contributing for the TSC peaks given by A and B
were substantially emptied. Then the sample was cooled down in the dark to
Ty = 10 K and heated again at the same heating rate. The quenching of the
high-intensity peaks A and B has made it possible to observe the details of
the other remaining part which is somehow smaller in intensity as shown in
figure 4.19. However, the third peak C was not registered separately, due to

the fact that peak B has much higher initial intensity (almost 10 times) than
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that peak C. A weak shoulder due peak B on the low temperature side of
TSC curve was noticed. This can be illustrated by the fact that the impurity
levels corresponding to peak B could not be emptied entirely. It could be
possible to empty completely the trapping centres associated to the peak B
by applying higher thermal cleaning temperatures. However, it was
observed that such a process decreases the intensity of the third peak C
drastically. The attempts to make fitting for the measured experimental
spectra of thermally cleaned spectrum using only single peak failed either.
Therefore, a fit of the observed spectrum using two peaks (B and C) was
done successfully. The theoretical curve calculated for two peaks with
activation energies Eg = 20 meV and E. = 49 meV is compatible with the
thermally cleaned experimental data in the 10—160 K temperature range as

shown in figure 4.18.

Fair enough agreement has been attained between the experimental TSC
spectra and the theoretical ones, estimated by the assumption of slow re-
trapping (fig. 4.18 and fig. 4.19). This suggests that there is no re-trapping
for the trapping centres of the TlGaSeS crystal. The parameters of the three
electrons trapping centres in TlGaSeS crystals were determined and reported

in Table 4.4.

4.4.2.2.2 Initial Rise Method

Again as illustrated in section 4.4.1.2.3, a semi-logarithmic plot of the
current versus 1/T gives a straight line which has a slope of —E;/k. The
plots for TSC peaks of the studied sample are presented in figure 4.20. The
activation energies of the traps calculated by this method are reported in

Table 4.5
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Fig. 4.20. TSC versus 1000/T for all three peaks in TSC spectra of TIGaSeS crystal. Open
circles are experimental data. Solid lines show fits to the experimental data for A, B and C

peaks.

Table 4.4. The activation energy (E;), capture cross section (S;), attempt-to-escape
frequency (v) and concentration (V;) of electron traps for three TSC peaks of T1GaSeS

crystal.
Peak T (K) E, (meV) v (s Si(cm®) N, (cm™)
Curve Chen Initial rise
fitting  method  Method
method
A 38.7 12 15 13 2.8 2.1x10%*  2.0x 10"
B 58.0 20 23 20 3.1 1.0x10%* 2.8 x 10"
C 103.0 49 52 47 11.8 1.1x10%* 44 x10"
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4.4.1.2.3 Peak Shape Method

In peak shape method, 7}, , 71, and 7} of equations in section 2.7.6 were
found to be 36.5, 27,6, and 44.4 K, respectively for peak A, 55.1, 42.3, and
66.6 K, respectively for peak B, and 101.7, 81.2, and 117.0, respectively for
peak C. These values were used in equations 2.50, 2.51, and 2.52 for each
peak to find E;, Es and E,,. The averaged value of obtained activation
energies E, Es and E,, for the peaks is E,y = 15, 23, and 52 meV for peaks
A, B, and C respectively.

4.4.2.3 Determination of the Traps Distribution

The same procedure illustrated in section 4.4.1.3 was followed but in this
case the crystal was excited by light at different illumination temperatures
Ty ranging from 20 to 31 K for peak A and from 57 to 70 K for peak C so as
to allow trapping of photo-produced electrons. Then, the light source is
turned off; the sample is kept in darkness and cooled to 10 K. Thereafter, the
sample is successively heated with a constant linear heating rate § = 0.8 K
s to excite the trapped electrons into the conduction band.

Figures 4.21 and 4.22 show the experimental TSC spectra of TIGaSeS
crystals obtained at different excitation temperatures (79, = 20, 23, 26, 29,
and 31 K) for peak A and (Toc= 55, 57, 60, and 70 K) for peak C.
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Fig. 4.21. Experimental TSC spectra (peak A) of TIGaSeS crystals at different
excitation temperatures T},.
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Fig. 4.22. Experimental TSC spectra (peak C) of TIGaSeS crystals at different excitation
temperatures Ty.
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Again, the TSC spectra decrease in intensity and shifts towards higher
temperatures with increase in the light excitation temperature. This fact
supports the validity of a quasi-continuous traps distribution [43,54-56].
The activation energies, found by curve fitting method, and the maximum
temperatures of thermo-current curves registered at different excitation
temperatures are reported in Table 4.5. The activation energies range from
18 to 25 meV at Ty = 20 and 31, respectively for peak A, and from 66 to 122
meV at Ty = 55 and 70 K, respectively for peak C. It is observed that above
To = 31 K (peak A) and 7, = 70 K (peak C) the TSC spectra could not be

analyzed due to their low intensity.

Similar to the procedure followed in section 4.5.1.3, by assuming an
exponential trap distribution, whose density at energy E; given by equation
2.55, we can write equation 2.59. Figures 4.23 and 4.24 show the
In[Sy(I,,/1c)] plotted as a function of the activation energy E; obtained by
analysing the TSC curves, which were recorded at different excitation
temperatures. The obtained graph for peak A is a straight line which has a
slope of a; = 0.26 meV™" which corresponds to 9 meV/decade, an order of
magnitude variation in the trap density for every 9 meV. Similarly peak C,
the straight line has a slope of a; = 0.028 meV™' which corresponds to 81
meV/decade, an order of magnitude variation in the trap density for every

81 meV.
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Table 4.5. TSC parameters for TIGaSeS crystals for peaks A and C at different excitation

temperatures.
Peak A Peak C
Curve* 1 2 3 4 5 1 2 3 4 5
Excitation temperature (K) 20 23 26 29 31 55 57 60 65 70
Maximum temperature (K)  47.0 47.7 50.1 542 569 102.6 1052 110.7 119.7 1279
Curve area (a.u.) 78 60 37 21 12 1807 1249 944 499 325
Activation energy (meV) 18 20 21 23 25 66 73 81 106 122

*See Figs. 4.21 and 4.22.
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Fig. 4.23. In[Sy(I,/I )] plot as a function of activation energy E; for peak A. Open circles
are experimental data. Solid line is the linear fit to the experimental data.
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Fig. 4.24. In[S,(I,,/I.)] plot as a function of activation energy E; for peak C. Open circles
are experimental data. Solid line is the linear fit to the experimental data.

4.4.2.4 Determination of Capture Cross-Section and

Concentration of the Traps

The same discussion of section 4.4.1.4; once the TSC was fitted and the
values of E; and T,,, were obtained (Table 4.4), equations 2.35 and 2.40 were
used to calculate B and the attempt-to-escape frequency v. Using the values
of v (Table 4.4), the capture cross-section area of traps was evaluated using
equation 2.46, where the effective density of states in the conduction band
and the thermal velocity of free electron are considered to study the electron

traps. The calculated value of S; was found to be 2.1x
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10'24, 1.0x 10'24, and 1.1x107* cm? for peaks A, B and C. The small value of
the capture cross-section justifies the assumption of monomolecular

kinetics.

The traps concentration was obtained with the use of equation 2.47. The
dimensions of the sample 9x1x0.8 mm’ were used. The photoconductivity
gain was measured by photoconductivity decay measurements in which
equation 3.1 was used to evaluate the carrier lifetime 7; figure 4.25 shows
the theoretical fit to the experimental data in the light of equation 3.1. Using
the value of 7=3.8x107 s in equation 2.48 the photoconductivity gain was
found to be G = 3622 using J, = 10 V and u = 61 em’V's™! [57].The
concentration of traps N; (Table 4.4) was found to be 2.0x10", 2.8x10",

and 4.4x10' cm™ for peaks A, B and C, respectively using equation 2.47.

15
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o
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0.0
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Fig. 4.25. The photoconductivity decay curve for the TIGaSeS crystal. Open circles are
experimental data. Solid curve shows the theoretical fit to the experimental data.
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CHAPTERS

CONCLUSION

In this work, an X-ray powder diffraction analysis was used to characterize
T1GaSeS crystals. The parameters associated with the monoclinic unit cell
were estimated to bea = 0.7588,b = 0.7645,c = 0.8714 nm and f =
111.85". The absorption coefficient and the refractive index were
determined by measuring the optical transmission and reflection of T1GaSeS
crystals over the spectral region of 400-1100 nm. A coexistence of both
transitions the indirect and the direct one in the studied TlGaSeS with
energy band gaps of 2.27 and 2.58 eV. There values were observed as a
result of the room-temperature absorption data analysis. The absorption
edge was found to shift toward lower energy as we increase the temperature
from 10 K up to 300 K. The temperature dependence of the indirect energy
band gap of the crystal was determined as a function of tempeature. The rate
of change on the indirect band gap with temperature was found to be y =
—3.2x 107*eV/K. Moreover, the value of the absolute-zero band gap
energy, Egi(0), was determined as 2.34 eV. The Wemple-DiDomenico

single-effective-oscillator model was used to analyze the refractive index
dispersion data. As a result of this analysis, the dispersion energy and the

zero-frequency refractive index were obtained.

A hole trapping centre with activation energy of 12 meV and three electron

trapping centres with activation energies 12, 20, and 49 meV (for A-, B-, C-
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peaks, respectively) were obtained TIGaSeS layered single crystals using
TSC measurement. The observed trapping levels are thought to originate
from defects, created while growing the sample, and/or unintentional
impurities due to the fact that samples used in these measurements are not
intentionally doped. The traps parameters which were obtained by using
several distinct methods of analysis agree with each other. The re-trapping
process is negligible as assured by the good agreement between the
experimental outcomes and the theoretical predictions of the model that

assumes slow re-trapping.

For hole trapping centre, the capture cross-section and the concentration of
the traps were calculated to be 8.9 X 10726 cm? and 2.0 X 10'* cm™3,
respectively. The quasi-continuous distribution of the shallow hole traps in
the studies crystals were revealed by the analysis of the TSC spectra. The
variation on one order of magnitude in the trap density for every 18.9 meV

was obtained.

Furthermore, for the electron trapping centres, the capture cross-section of
the traps were calculated to be2.1 X 1072%,1.0 X 1072* and 1.1 x
1072* cm?. Furthermore, the concentrations of the traps were found to
be 2.0 X 1012,2.8 x 10! and 4.4 x 101° cm~3. Exponential distribution of
electron trapping centres was also obtained by analysing the data recorded at
different illumination temperatures. Using this measurement, values of 9
and 81 meV/decade for traps distribution of peaks A and C, respectively

were obtained.
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