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ABSTRACT

OPTICAL AND ELECTRICAL CHARACTERIZATION OF Gay 751ng2s5¢ LAYERED
SINGLE CRYSTALS

Isik, Mehmet
Ph. D., Department of Physics
Supervisor: Prof. Dr. Nizami Hasanli

January 2013, 93 pages

In the present thesis, optical and electrical properties of Gagslng.sSe layered single
crystals have been studied.

The optical properties of the crystals have been investigated by means of visible and
infrared reflectivity and transmittance, ellipsometry, Raman spectroscopy, photoluminescence
(PL) and thermoluminescence (TL) measurements. The analysis of the absorption data at room
temperature revealed the existence of indirect transitions in the crystal. Moreover, the rate of
change of the band gap energy with temperature was calculated from the analysis of the
temperature dependence of transmission measurements. The spectroscopic ellipsometry
measurements on Gag 751Ny 5Se crystals were also performed to get detailed information about
the real and imaginary parts of the pseudodielectric function, pseudorefractive index and
pseudoextinction coefficient. The critical point analysis of the second derivative spectra of the
dielectric function was done to reveal the interband transition energies. The vibrational spectra of
Gag7slngsSe crystals were studied by means of infrared reflectivity and transmittance and
Raman scattering. The refractive and absorption indices, the frequencies of transverse and
longitudinal optical modes, high- and low-frequency dielectric constants were obtained from the
analysis of the IR reflectivity spectra. PL experiments were carried out as a function of
temperature and excitation laser intensity to get detailed knowledge about the recombination
levels in Gagslng»sSe crystals. The observed emission bands in PL spectra were interpreted as
the transitions from donor levels to an acceptor level.

Electrical characterization of the crystal have been performed using dark electrical
conductivity, space charge limited current, photoconductivity and thermally stimulated current
(TSC) measurements. The detailed information about the localized levels in the band gap has
been obtained from the analysis. The photoconductivity measurements were performed to
determine the dominant recombination mechanism in the crystal.

Defect centers in the crystal were characterized from TSC and TL measurements
accomplished in the low temperature range. The activation energies, attempt-to-escape
frequencies, concentrations and capture cross sections of the traps were calculated from the
analysis of the experimental data.

Keywords: Semiconductor Crystals, Optical Properties, Electrical properties, Defects.
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Gag 751N sSE KATMANLI TEK KRiISTALLERININ OPTIiKSEL
VE ELEKTRIKSEL KARAKTERIZASYONLARI

Isik, Mehmet
Doktora, Fizik Boliimii
Tez Yoneticisi: Prof. Dr. Nizami Hasanli

Ocak 2013, 93 sayfa

Sunulan tezde, Gag75lngo5Se katmanli tek kristallerinin optiksel ve elektriksel 6zellikleri
caligildi.

Kristalin optiksel 6zellikleri goriiniir ve kizilotesi yansima ve gecirgenlik, elipsometri,
Raman spektroskopisi, fotoliiminesans (PL) ve termoliiminesans (TL) olgiimleri sayesinde
incelendi. Oda sicakligindaki absorpsiyon datasinin analizleri kristal igerisinde dolayli gegislerin
varligint agikladi. Ayrica, bant enerjisinin sicaklik ile degisim orani sicakliga bagh gecirgenlik
Olglimlerinin analizlerinden hesaplandi. Gag75lng5Se  kristalinin - spektroskopik elipsometri
Olciimleri, psddodielektrik fonksiyonunun reel ve sanal kisimlari, psddokiricilik indisi ve
psodosdonme katsayist hakkinda daha detayli bilgi almak icin gergeklestirildi. Dielektrik
fonksiyonunun ikinci tiirevinin spektrasinin kritik nokta analizleri bant arasi gegis enerjilerinin
bulunmast igin yapildi. Gag 751N 2sSe kristallerinin titresimsel spektrumu kizilétesi yansiticilik ve
transmitans ve Raman sagilimi araciligi ile ¢aligildi. Kiricilik ve absorpsiyon indisleri, enine ve
boylamasina optik modlarin frekanslari, yiiksek ve diigiikk frekans dielektrik sabitleri kizil6tesi
yansiticilik ~ spektrumunun analizlerinden elde edildi. Gagslng2sSe  tek  kristallerinin
rekombinasyon merkezleri hakkinda detayli bilgi elde etmek igin sicaklifa ve uyarma lazer
yogunluguna baglu PL deneyleri gergeklestirildi. PL spektrasinda gézlemlenen emisyon bandlari
donor seviyesinden alici seviyesine gegis olarak yorumlandi.

Kristalin elektriksel karakterizasyonu karanlik elektriksel iletkenlik, sinirli bosluk yiikii
akimi, fotoiletkenlik ve 1siluyarilmig akim (TSC) 6l¢iimleri kullanilarak gergeklestirildi. Band
boslugu icerisindeki lokalize seviyeler hakkinda detayli bilgiler analizlerden elde edildi.
Fotoiletkenlik Sl¢timleri kristal igerisindeki dominant rekombinasyon mekanizmalarina karar
vermek i¢in gergeklestirildi.

Kristal igerisindeki kusur merkezleri diisiik sicaklik araliginda gergeklestirilen TSC ve TL
Olctimleri ile karakterize edildi. Tuzaklarin aktivasyon enerjileri, kacis frekanslari,
konsantrasyonlar1 ve yakalama kesit alanlar1 deneysel datanin analizlerinden hesaplandi.

Anahtar Kelimeler: Yariiletken kristaller, Optiksel 6zellikler, Elektriksel 6zellikler, Kusurlar.
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CHAPTER 1

INTRODUCTION

Semiconductors are materials which have band gap energies between those of insulators
and conductors. In the last forty years, researches on the semiconductor materials and devices
picked up. The usage areas of the semiconductor devices have been increasing, especially in the
electronic circuits and photo-electronic applications. The most attractive property of the
semiconductor materials is the possibility of controlling their physical properties in the desired
way. The elements of the IlI, 1V, V, VI groups and compounds produced from the combination
of these elements with each other are the most used materials in the semiconductor device
applications. Therefore, the characterization of these elements and compounds provide important
contributions to the semiconductor technology.

Among the many important semiconducting compounds, the A"'B"' type has become
very attractive due to their structural, optical and electrical properties. GaSe and InSe layered
crystals are used in many areas such as solar cells, optoelectronic device applications, nonlinear
optical applications. The feasibility of mixed crystals in a large range of compositions allows
varying in a wide range of some parameters like the band gap energy, conduction type,
photosensitivity, carrier mobility, etc. GaSe and InSe compounds form a restricted series of
mixed crystals GasIn,,Se. Saintonge and Brebner showed that the quality of Ga,ln;.,Se mixed
crystals becomes very poor as x approaches to some solubility limits [1]. Their growth
experiences revealed these limits as 0 < x<0.2 and 0.75< x <1. In the present thesis, we have
performed our studies focusing on the optical and electrical properties of Gag75Ing2sSe (x = 0.75)
crystal. Among GaylIn,.,Se mixed crystals in the limits of solubility (0.75 < x <1), this crystal is
the most distinctive one showing properties like GaSe. Moreover, the trapping centers existed in
the undoped crystals which are important for functioning of optoelectronic devices, were studied
by means of thermally stimulated current (TSC) and thermoluminescence (TL) experiments.

In the literature, there are many studies on the constituent compounds, GaSe and InSe, but
few papers concerning the characterization of the Gayln;.,Se mixed crystals. Firstly, it will be
worthwhile to give information about the results of the researches on the constituent crystals
GaSe and InSe, and then on Gayln,.Se mixed crystals.

GaSe and InSe layered semiconductor crystals are characterized by a highly anisotropic
bonding forces. The reason of this high anisotropy comes from the fact that the bonding within
the layers is rather stronger than bonding perpendicular to layers. In GaSe and InSe, the forces
corresponding to interlayer interaction are predominantly van der Waals type [2]. On the other
hand, covalent bonding forces are effective within the layers. GaSe and InSe crystal structures
consist of four monatomic sheets in the order Se-Ga-Ga-Se and Se-In-In-Se, respectively [3-8].
A single layer is hexagonally ordered and c-axis is perpendicular to the layers.

The lattice parameters a and c of the hexagonal structure of GaSe crystals were calculated
as 0.375 and 1.595 nm, respectively [9]. The optical properties of GaSe crystals have been
extensively studied in the literature. Karabulut et al. found the direct band gap energy of the
undoped GaSe crystals as 1.985 eV at room temperature [10]. In Ref. [11], it was shown that as
grown GasSe is a p-type semiconducting material having an indirect band gap with energies of
2.065 and 2.075 eV at 77 and 4.2 K, respectively.



Optical characterization studies on GaSe single crystals were extended using ellipsometry
and electroreflectance measurements. Ellipsometry measurements revealed the spectral
dependencies of the components of the pseudodielectric function, pseudorefractive index and
pseudoextinction coefficient [12]. Moreover, the results of the analysis on the second-energy-
derivative spectra of the pseudodielectric function showed the presence of seven critical points in
the electronic band structure of the GaSe crystals.

The temperature dependencies of the Raman-active mode frequencies and linewidths in
GaSe were studied in the frequency range of 10-320 cm™ [13]. The measurements performed in
the 15-300 K temperature range showed that the optical phonon lines softens and broadens with
increasing temperature. Analysis revealed that Raman frequency shift and broadening of
linewidths are well described by considering the thermal-expansion, pure-temperature (phonon-
phonon coupling) and crystal disorder contributions.

PL measurements were carried out by Aydinli et al. on the undoped semiconducting GaSe
[14]. The experiments performed in the 10-300 K range resulted with two wide bands. The
temperature dependence of the emitted intensities revealed the presence of two shallow acceptor
levels at 14 and 76 meV. Authors inferred that there exist two deep donor levels at 163 and
264 meV.

In Ref. [15], TSC measurements were studied in the temperature range of 10-300 K to
characterize the trapping centers in undoped GaSe crystals. The results showed the presence of
three centers with activation energies of 0.02, 0.10 and 0.26 eV. Moreover, the capture cross
sections, trap concentrations and attempt-to-escape frequencies of the levels were determined.

The electrical characterization of GaSe crystals have also been examined to get detailed
information about the usage importance of the crystals in photoelectric applications. Manfredotti
et al. carried out their electrical measurements in the temperature range of 77-850 K [16]. The
resistivity of the studied crystals varied from 102 to 10° Qcm depending on growth conditions.

InSe, the minor constituent of Gag75Ing2sSe, has also been characterized to study the
structural, optical and electrical properties.

C. De Blasi et al. [17] studied electrical properties of undoped n-type InSe crystals by
carrying out resistivity, Hall effect and space-charge-limited-current (SCLC) measurements in
the temperature range of 100-300 K. The results of the measurements revealed two donor levels
located at about 0.10 and 0.34 eV. It was also shown that the donor level at 0.34 eV affects the
SCLC at room temperature. The room temperature Hall mobility of the InSe crystals was found
as 400 cm?/Vs.

Ellipsometry measurements on single crystals InSe were carried out in the energy range
of 1.5-9.2 eV [18]. The spectra of pseudodiectric function and pseudorefractive index were
given as a result of these experiments. Moreover, the critical point analysis was accomplished on
the second derivative spectra of the pseudodielectric function. The analysis revealed the presence
of twelve critical point energies in the studied energy range.

Kundakci et al. investigated the Urbach tail and electric field influence on optical
properties of InSe crystals [19]. The band gap energies at 10 K were found as 1.358 eV and
1.348 eV under 0 and 30 V applied voltages, respectively. The temperature dependencies of the
Urbach energy and steepness parameter were also determined.

Abay et al. carried out PL experiments on n-InSe crystals in the temperature range of 10-
210 K [20]. Four peaks at 1.334, 1.306, 1.288 and 1.232 eV were observed at 10 K. These peaks
were attributed to radiative recombination of the direct free exciton, an impurity-band transition,
a donor-acceptor recombination channel and the transition within an impurity-vacany complex,
respectively.

TSC measurements were also performed on the InSe crystals to characterize the trapping
centers [21]. The analysis of the measurements carried out in the temperature range of 50-300 K
brought out three trapping centers located at 60, 160 and 340 meV below the conduction band.
Their capture cross sections, concentrations and attempt-to-escape frequencies were also
determined.

GaSe and InSe are important materials in fields of both fundamental research and
technical applications because of their characteristic properties. In addition to the above given



characterizations of GaSe and InSe, there are also some studies concerning the technological
applications of the crystals.

Sigetomi et al. studied the electrical and photovoltaic properties of undoped and Cu-
doped p-GaSe/n-InSe heterojunction [22]. Transport and phototransport properties were
investigated using capacitance-voltage, current-voltage, and the spectral response of short-circuit
current measurements. The efficiency parameters under illumination were estimated using open-
circuit voltage and short-circuit current. The low resistivity of Cu-doped GaSe is an effective
property for the electrical and photovoltaic properties of GaSe/InSe heterojunctions.

Iwamura et al. investigated the configuration dependence of the absorption edge shift
of GaSe crystal due to the applied electric field [23]. They have also described the switching
characteristics and proposed a device in which 100% intensity modulation of light from a He-Ne
laser (632.8 nm) can be made possible by a new GaSe device driven directly by a transistor. The
absorption edge was 623 nm without applying voltage to the sample. When the voltages of 10-20
V were applied to the sample, it was observed that absorption edge moves toward longer
wavelength. The shift for 20 V applied voltage was observed as 20 nm (63 meV). Since the
absorption edge moved to wavelength longer than 632.8 nm, the authors proposed a light
modulator for the He-Ne laser.

Far-infrared conversion applications of GaSe crystal have been investigated in Ref. [24].
Crystals transmitted light between 0.65 to 18 um range which is wider and more appropriate than
the range of other nonlinear optical materials, such as AgGaSe,, ZnGeP,, TlzAsSe; crystals.
Moreover, measurements of second harmonic conversion efficiency for 9.6 pm wavelength
yielded values between 62 to 75 pm/V depending on the quality of crystals. GaSe samples could
not be damaged with the 1.3 J/pulse, which corresponds to an energy density of 3.7 J/cm? With
these positive properties, GaSe was thought to be an exciting material for nonlinear optical
applications.

Abdullaev et al. have investigated the efficiency of the GaSe single crystals for the second
harmonic generation (SHG) of CO, laser pulses [25]. The efficiency of SHG in GaSe crystal of
0.65 cm thickness was up to 9%. SHG parameters of the GaSe and ZnGeP, crystals which are
suitable materials for this SHG purpose were compared. The results indicated that GaSe can
compete successfully with ZnGeP, for frequency doubling of CO, laser radiation.

Tunable SHG of pulsed CO, laser radiation in a GaSe crystal was presented in Ref. [26].
For tunable SHG, short pulsed CO, laser was used and SH radiation waveform at 4.8 um was
detected for incident laser beam with 9.6 um. Fourier transform infrared (FTIR) spectroscopy
measurements showed that 8 mm thick GaSe crystal is transparent in the 2.5-18 pum spectral
region. The spectral dependence of SHG efficiency in the 4.6-5.3 um range was studied to
understand the performance of the crystal to be used as a frequency doubling converter.

GaSe and InSe crystals are attractive materials in the electronic device applications. As a
one of these applications, Kyazym-zade et al. have developed GaSe and InSe detectors [27]. The
photosensitivity of Pt-n-InSe and Pt-p-GaSe structures was investigated. The measurements and
analysis revealed that these detectors show nearly same performance with silicon detectors under
the same experimental conditions. However, GaSe and InSe detectors have additional
advantages, such as simpler design and fabrication method, the absence of injection, a high
sensitivity in a wide energy range and the presence of a fast recombination channel.

Taking into consideration the above-mentioned technological applications, Gag 51Ny 2sSe
single crystals can be thought as an important candidate to be used in the relevant technological
areas. After getting the characteristic properties of the Gag 751ng25Se crystal and comparing with
those of its constituents, the more detailed and accurate knowledge can be given about the
adaptability of the crystal to the technological applications considering the advantageous and
disadvantageous properties of the crystal. For that reason, the detailed characterization of the
Gay7slng2sSe crystal is given in the present study to guide the researchers/readers to give an
opportunity to make interference about the possible usage areas. At this point, giving knowledge
about the results of previous studies on the GayIn;Se compounds will be a worthwhile way.



1.1 Previous Studies on Ga,In;_.,Se

The most extended work on Gayln;,Se compounds was done by Gouskov et al. [28]. The
optical and electrical properties of GasIn,,Se crystals were investigated in two extreme narrow
ranges of 0 <X < 0.2 and 0.9 < x < 1.0. The composition dependence of energy band gap values
was studied using three optical characterization techniques of absorption, Kelvin and
photoconductivity measurements. It was observed that the band gap energy (Eg) varies almost
linearly from 1.2 eV (x = 0) to 2.0 eV (x = 1). The linear fit of band gap energy versus
composition graph estimated E4 value of GagzsIng2sSe (x = 0.75) as nearly 1.8 eV. Hall effect
and resistivity measurements performed at room temperature deduced that conductivity of
Gaylny,Se crystals changes from n-type to p-type for values exceeding x = 0.13. The electrical
resistivity of Gayln,.,Se varied from 4.9 Qcm (X = 0) to 2.6 x 10° Qem x=1).

Belenkii et al. analyzed the absorption spectra of Galn,,Se crystals in the range of
0.8 < x < 1.0 [29]. The variation of energy bad gap with composition x was investigated in this
work. The results indicated that Eq decreases linearly as x increases from 0 to 0.10, but deviates
from linearity for values higher than x =0.10.

Raman scattering measurements of GayIn,,Se mixed crystals were carried out in the
range of 0.8 < x < 1.0 [30]. Measurements indicated that general appearance of observed spectra
did not change with composition and the increase of x values shifted the Raman bands toward
lower frequencies. Six Raman bands were observed in the measurements.

PL of Ga,ln,,Se crystals at two photon optical excitation were studied by Tagirov et al.
[31]. This research was carried out on the crystals with x from 0.80 to 1.0 values. The results of
the analysis showed that PL spectra of the crystals had separate lines and the positions of these
lines shift to long wavelength region with increasing x. The researchers also studied the
photoconductivity in the crystals excited with Q-switched neodymium YAG laser.

The Gaggglng10Se and Gaggslng 15Se crystals and their amorphous thin films were studied
by Karatay et al. to reveal the nonlinear and saturable absorption characteristics [32]. The band
gap energy values of the Gaggylng10Se and GaggslngsSe crystals were found as 1.92 and
1.89 eV, respectively. However, it was observed that the band gap energies of the Gaggolng.10Se
and Gag gsIng 1sSe thin films increases from 0.95 to 1.52 and 0.86 to 1.41 eV, respectively for 43,
48, 54 and 64 nm film thicknesses. The surface morphology of the thin films was analyzed from
atomic force microscopy measurements.

1.2 Present Study

In the present thesis, the results of structural, optical and electrical characterizations of
Gag75lng o5Se crystals were presented. Moreover, the trapping centers were investigated in the
low temperature range using TSC and TL measurements. Obtained results of the applied all
techniques were compared with those of the same and/or similar experimental methods
performed on the constituent compounds GaSe and InSe crystals.

The structural characteristics of the samples were accomplished using x-ray diffraction
and energy dispersive spectral analysis experiments. Lattice parameters of the crystal structure
and atomic composition ratio of the crystals were determined.

The optical characterization of the studied samples was done using visible and IR
reflectivity and transmittance, ellipsometry, Raman spectroscopy and PL measurements. As a
result of analysis of visible reflectivity and transmittance measurements, the band gap energy,
refractive index, oscillator and dispersion energies were found. The detailed information about
the rate of change in the band gap energy with temperature and Debye temperature were
obtained from the temperature dependence (10-300 K) of transmission measurements. The
extensive knowledge about the spectral dependence of pseudorefractive index, pseudoextinction
coefficient and pseudodielectric function was acquired from ellipsometry measurements.
Moreover, the energies of interband transitions in electronic band structure of Gag7slng . sSe
crystals were found using the critical point analysis method based on the theoretical fit of the
second derivative spectra of the dielectric function. The vibrational spectra of the crystals were
studied by IR reflectivity and transmittance and Raman spectra measurements in the frequency



ranges of 100-400, 400-4000 and 25-500 cm™, respectively. The optical constants, the
frequencies of transverse and longitudinal optical modes, high- and low-frequency dielectric
constants and oscillator strength were obtained from the analysis of the IR reflectivity
measurements accomplished at room temperature. An attempt was made to interpret the bands
observed in the IR transmittance spectrum in terms of two-phonon absorption processes. The
characterization of radiative emission bands in GagrsIngsSe crystals were achieved using PL
measurements. Experiments were carried out as a function of temperature (7-59 K) and
excitation laser intensity (0.06-1.40 W cm™®).

Dark resistivity, space charge limited current and photoconductivity measurements were
carried out on the crystals for electrical characterization. The electrical measurements revealed
the variation of the resistivity as a function of temperature in the range of 150-350 K. Resistivity
activation energy has also been found from the analysis. Space charge limited current
measurement analysis showed the presence of trapping centers in the crystal. Moreover, the
dominant recombination mechanism in the crystal was determined from the photocurrent
measurements.

In addition to above-mentioned characterization techniques, the trapping centers in the
undoped samples were studied using TSC and TL measurements. The experimental data
obtained from these techniques were analyzed using various methods to calculate the activation
energies, capture cross sections, attempt to escape frequencies and concentration of the traps.
The results of TSC and TL measurements carried out on the same crystal were compared. This
comparison gave an important opportunity to relate these techniques.

In the light of these mentioned characterization processes, the theoretical background of
the applied experimental techniques are given in chapter 2. The knowledge of used experimental
systems and methods are mentioned in chapter 3. The results of the performed experiments on
Gag 75Ing25Se single crystals are detailed in chapter 4. Finally, the physical interpretations and
conclusions on the results of the characterization techniques are given in chapter 5.



CHAPTER 2

THEORETICAL APPROACH

2.1 Introduction

Materials between the metals and insulators in respect to band gap energy are called as
semiconductors. Their resistivity values are in the range of 10 and 10*® Qcm. They behave as
insulator at low temperatures. The most attractive property of the semiconductors in the
technological areas is that they have controllable conductivities depending on the external
effects. Transistors, diodes, solar cells, detectors and fiber-optic networks are some important
application areas of semiconductors. Structural, optical and electrical properties of a
semiconducting material have to be known to understand in which areas they are more effective
and usable. For that purpose, in this chapter the theoretical background of the band structure of
the semiconductors and techniques applied for characterizations are given in detail.

2.2 Electronic Properties of Semiconductors
2.2.1 Band Structure of Semiconductors

In the crystalline solids, atoms are positioned in a regularly three dimensional patterns.
Therefore, the state of an electron inside a crystal lattice structure is described by the
Schrédinger’s wave equation for the case of periodic potential V(r) = V(r + a) as

y(r)=u(r)exp( ikr), 21

where u(r) = u(r + a) is the Bloch function, k is the wave vector and r is the position vector. In
order to analyze the state of an electron in a periodic crystal potential, some simplifications are
used. Kronig-Penney is a simplification model in which the motion of electron is studied for a
one-dimensional array of square potential barriers having a width of L and separated by V,
potential (see Figure 2.1) [33].
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Figure 2.1. (a) Schematic representation of the dependence of potential energy of an electron in a one-
dimensional crystal lattice. (b) Kronig-Penney model approximation to the realistic potential energy [34].

The Schrodinger’s wave equation results with some important points;

i. Allowed and forbidden energy bands exist for electrons moving in the crystal structure
having periodic potential.

ii.  The forbidden bands become narrower as energy (E) increases.

iii. The energy of an electron is found as

E =
2m,

21,2
K [k:“lj’ N=t1+2,43...... j ; (2.2)

where m; is the effective mass of the electron and 7 is the reduced Planck’s constant.
According to the result of the Schrédinger’s equation, there exist discontinuities in energy

at k= n% which corresponds to the boundary of an allowed band. The dependency of the
energy on k-values for the periodic lattice is nearly equal to that of free electron. The only

difference is that there occurs a deviation from the parabolic E(k) curve at the boundaries. Figure
2.2 indicates extended-zone representation of the dependence of energy on k-vector..
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Figure 2.2. The extended-zone representation of the dependence of energy on k-vector [34].

As a more simple representation, the reduced-zone configuration and electronic energy bands are
shown in figure 2.3.
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Figure 2.3. Simple diagram of the reduced-zone representation.



In the band structure of solids, the valence band is the highest energy band occupied by
the electrons at T = 0 K. The lowermost allowed energy band is called as conduction band. In
semiconductors, this band is not occupied by the electrons at absolute zero. The energy region
between these bands is forbidden and called as energy gap. The location of the lowest
conduction minima with respect to highest valence band maxima can be varied in different
crystals. The materials, in which these minima and maxima positions are at the same point in k-
space, are referred as direct energy gap materials. Otherwise, they are referred as indirect energy
gap materials. Figure 2.4 shows simple configuration of the direct and indirect band gap
structures.
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Figure 2.4. Schematic diagram of (a) direct and (b) indirect band structures.

The values of the band gap energy distinguish the metals, semiconductors and insulators
from each other. In metals, energies of the filled and empty bands overlap. Therefore, there is no
energy gap for the metals. In the insulators, the conduction and valence bands are separated by a
large magnitude of band gap energy which is generally greater than 3 eV. Semiconductors have
smaller band gap energy than insulators. In semiconductors, at T = 0 K, all the electrons occupy
in the valence band and therefore they behave as insulators. For larger temperature values,
electrons have probability to be excited to the conduction band. So, they can contribute to the
carrier transport in the semiconductor.

2.2.2 Defects

Any irregularity in the ideal atomic arrangement is called as imperfection or defect. These
defects can arise unintentionally during the crystal growth or be created intentionally for some
purposes. Defects affect some properties of the crystals, such as strength, electrical conductivity.
Defects are classified into four groups according to their dimensions. These are point defects
(zero dimensional), line defects (1-dimensional), plane or surface defects (2-dimensional),
volume defects (3-dimensional).

Point defects: This kind of defects is due to a missing atom or irregular location of an atom in
the lattice structure. Point defects include mainly four types. All these types are represented in
figure 2.5.



i. Self interstitial atoms: These are the extra atoms, which are the same type with the bulk
atoms, and locate in an interstitial position.

ii. Substitutional impurity atoms: These are atoms different from the bulk atoms and
replaces into the position of the bulk atoms.

iii. Interstitial impurity atoms: These are same type of atoms with bulk atoms, but smaller
than them. They locate in the open regions between bulk atoms.

iv. Vacancies: A missing atom in the lattice structure creates an empty region. These empty
regions are called as vacancies.
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Figure 2.5. Representation of different point defect types in the semiconductors.

Line Defects: The atom groups in the lattice can be missing or found in wrong position. This

type of disordering is referred to line defects which are generally called as dislocations. There

exist two extreme types of dislocation in the crystal structure.

i Edge Dislocations: The replacement (removement) of a plane to (from) the crystal
structure is described as edge dislocation.

ii. Screw dislocations: A shear ripple stretching from side to side is called as screw
dislocations.
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Figure 2.6. (a) Edge dislocation; (b) Screw dislocation [35].

Planar defects: These defects are the interfaces between the discrete parts of a crystal. Stacking
faults and grain boundaries are two main important types of the planar defects. In the perfect
crystal structure, atoms are positioned in a stacking sequence. Stacking fault is the defect coming
out due to an error in the sequence for a few atomic spacing. If this error occurs for many atomic
spacing, twin boundaries are created. For example, in the hexagonal close packed structures, the
crystal arrangement continues as ABABABAB. If this regularity collapses by an addition of a
different atom like C which results to a new arrangement of ABABABCAB, a stacking fault
defect is formed. However, if the arrangement ABABABAB switches to ABCABCABC for a
period of time and then switches to initial arrangement, a pair of twin boundaries is formed in the
crystal structure.

Real materials generally consist of many small crystallites or grains. The different grains
are separated by regions called as grain boundaries. The size of these grains varies from
nanometers to millimeters. Crystals having grains are called as polycrystals.

Volume or Bulk Defects: These three dimensional defects are much larger than other type of
defects. Voids are one of the common types of the bulk defects. They are small regions where a
large amount of atoms are missing in the crystal structure. Voids can be described as clusters of
vacancies. Precipitates are another type of bulk defects in which impurities can cluster together
and form small areas of a different type.

2.2.3 Intrinsic and Extrinsic Semiconductors

One of the important factors affecting the conductivity in the semiconductors is existence
of the impurities. Semiconductors are classified according to presence of impurities into two
groups called as intrinsic and extrinsic. Intrinsic semiconductors are ideal perfect crystals which
do not contain impurity or defect in their lattice. In the equilibrium state, there is no free charge
carrier in the crystal. However, electrons in the valence band (VB) can be excited to conduction
band (CB) when they get enough energy. In this case, a free electron is created in the conduction
band. Correspondingly, an unoccupied state is created in the valence band in place of the excited
electron. This state is called as hole which is regarded as a positive charge carrier. This process is
called as “electron-hole pair creation”. In the intrinsic semiconductors, one hole is created in
place of one electron. Therefore, the concentration of the electrons (n) in CB is equal to that of
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holes (p) in the valence band. These concentrations are also related to intrinsic carrier
concentration (n;) as

n.p =n? (233)
The extrinsic semiconductors are called as the crystals containing impurities. These impurities
can be added into the lattice structure intentionally or unintentionally. The process of placing
impurities in the crystal structure is called as doping. The main aim of doping is to increase the
number of free charge carriers in the crystal structure. By this way, the conductivity of the
semiconductor can be adjusted for the desired purpose. The type of the conductivity of the
material is formed according to the added impurity atoms.

In the doping process, there are two types called as n-type and p-type doping. The most
popular element used for doping is the Silicon (Si). Si is in the group 1V and there are four
valence electrons in the outer atomic shell of the each atom in the crystal. Each Si atom in the
crystal bounds with the atoms of the neighboring atoms using its four valence electrons and a
firm structure is formed.

n-type doping: If any element from the pentavalent group as phosphor (P) is added into Si-
crystal, the four valence electrons of this element combine with the neighboring Si atoms.
However, the fifth electron of the P-atom does not form any bound and can move freely in the
crystal. Since there exists an excessive electron, the dopant phosphor is called as donor and
negatively doped Si is called as n-type semiconductor. Figure 2.7(a) shows the added P-atom and
excessive electron in the n-type doped silicon crystal. Moreover, this unbounded electron can be
excited to CB by the help of relatively little energy. Therefore, in the band structure of the n-
doped semiconductors, there is formed a donor level closer to the conduction band as shown in
Figure 2.8(a).

p-type doping: If the Si-crystal is doped with a element from the group Ill as Boron (B), the
three valence electrons of the boron atom form bounds with the three neighboring silicon atoms.
In this way, a missing electron exists to create a firm structure and correspondingly a hole is
produced in the place of missing electron. This added impurity is called as acceptor due to the
existence of this hole and positively doped Si-crystal is called as p-type semiconductor. Figure
2.7(b) shows the added boron atom and created hole in the crystal structure. This hole can be
occupied using low energy by an electron excited from the VB. Therefore, in the p-type
semiconductor band structure, an acceptor level closer to VB is formed as shown in figure
2.8(b).
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Figure 2.7. The doped Silicon crystals with (a) Phosphor atom (n-type doping), (b) Boron atom (p-type
doping).
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Figure 2.8. Representation of the (a) donor and (b) acceptor levels in the forbidden energy gap.

2.3 Theoretical Approach to Characterization Techniques
2.3.1 X-ray diffraction

One of the most important techniques used for the structural characterization of
semiconductors is x-ray diffraction (XRD). The interatomic distance in the crystal lattice is in the
range of 0.15-0.4 nm. The main reason of usage of x-rays in the structural characterization is the
fact that x-rays have wavelengths in the same order of magnitude with the interplanar spacings of
crystal structure. The wavelengths of the x-rays having energies of 120 eV to 120 keV are in the
range of 0.01-10 nm.

The interaction of x-rays with the matter can be resulted in three different cases. As a first
case, the electrons can be released from the bound atomic states after the interaction. This
process is called as photoionization in which the energy and momentum of the x-rays are
transferred to the electrons. Photoionization is in the group of inelastic scattering. The second
case is another inelastic scattering called as Compton scattering. In this process, the energy is
similarly transferred to the electrons. However, any releasing of the electrons from the atom
comes true. The third case is Thomson scattering in which x-rays are scattered from the atoms
elastically and wavelength of the incident x-rays is conserved. Structural characterization of the
crystal makes use of this Thomson scattering case.

The diffracted x-rays from the different atoms as a result of elastic scattering form
interference patterns. The constructive interference pattern gives us detailed information about
the distribution of atoms in the crystal. Figure 2.9 shows the deflection of the incident x-rays
from a crystal lattice having a interplanar spacing of d. If the diffracted x-rays from the darker
atoms are considered, the path difference between them is given as

|AB|+|AC| = 2dsin 6. (2.4)

If this path shift is equal to integer multiple of the wavelength (1) of the x-rays, diffracted x-rays
form a constructive interference. That means constructive interference occurs for the case of

2d,,sind=nA - n=0,12,3.... (2.5)

This expression called as Bragg law was formulated by W.L. Bragg [36]. The analysis of the
obtained XRD data gives opportunity to find the interplanar spacing (d), lattice constants (a,b
and c), Miller indices (h, k and 1) and angles (e, f and y) [37]. Table 2.1 gives detailed
information about the seven different crystal classes.
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Figure 2.9. Representation of x-ray diffraction by a crystal lattice.

Table 2.1. Characteristics of the seven crystals classes.
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2.3.2 Energy Dispersive Spectral Analysis

Energy dispersive spectral analysis (EDSA) is a powerful technique to characterize the
chemical composition of the samples. This spectroscopy method analyzes the data obtained as a
result of the interaction of an excitation x-ray source and sample.

Rutherford-Bohr atom model reveals that electrons orbit around the nucleus in the
different energy shells. The K-shell is the nearest shell to the nucleus. In turn, L and M shells
follow this shell. The L and M shells split into three and five subshells, respectively. Each
different transition between shells is called with a unique name. Since the atomic structure is a
characteristic property of elements, energies of the transitions are like a fingerprint for different
elements. EDSA takes advantage from this fingerprint atomic structure. Electrons in an atom
occupy in the discrete energy levels at rest. When the sample is radiated with an excitation
source, electrons in the inner shells are ejected from the shell and leave holes in their place. The
electrons in the outer and higher energy shells fill these holes and energy equal to difference
between final and initial shells is released as a form of x-ray. These emitted x-rays are measured
as number and energy using an energy dispersive spectrometer. Since energy of emitted x-rays is
the characteristic of the energy difference between shells, EDSA method gives us opportunity to
determine the chemical composition of the samples.

2.3.3 Optical Absorption, Transmission and Reflection

Absorption, transmission and reflection measurements are non-destructive basic
techniques used for the optical characterization of the semiconducting materials. In these
techniques, a light beam is irradiated onto material surface and intensities of reflected and
transmitted light comparative to the incident light are analyzed to get knowledge about the
optical constants of the material.

2.3.3.1 Absorption

If a light source has energy bigger than band gap, some amount of the radiated light is
absorbed and used to excite the electrons to higher energy levels. Therefore, the intensity of the
incident light decreases due to this absorption process. If the light travels through the material as
a distance of x, the ratio of the intensities of the incident (l,) and propagating (I(x)) light is
given as [38]

@ = exp(-ox) (2.6)
0
where « is the absorption coefficient defined in terms of the wavelength (1) of the light beam and
absorption index (k) of the material as

o oAk 2.7)
A
Photon energy (#v) dependency of the absorption coefficient («) is described as [39]
(ahv)=Ahv-E;)", (2.8)

where Eg is band gap energy and A is a constant depending on the transition probability. The p is
an index and equal to 2 and 1/2 for indirect and direct transitions, respectively.

2.3.3.2 Reflection

Reflection is described as the process in which a light is fallen on the surface of a material
and some of this light is reemitted by the material into the medium from which the light
propagates. The reflection coefficient (R) described as the intensity of the reflected light
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comparative to the incident light is given in terms of the refractive index (n) and extinction
coefficient (k) for normal incidence as [40]

2 2
S (L S 2.9)
(n+1)% +k*
For the transparent range (k = 0), the reflection coefficient reduces to
2
R= (n 1)2 . (2.10)
(n+1)

2.3.3.3 Transmission

When a light beam is fallen on a material surface, the light propagates through the
material and after absorption of some amount of it, the light with reduced intensity leaves the
material in the direction of initial propagation. Transmission spectroscopy deals with the photon
energy dependence of this transmitted light. Transmission coefficient (T) defined as the intensity
of the transmitted light comparative to the incident light is given by [40]

1 - =R’ exp(-ad) (2.11)
1-R%exp(—2ad)

where d represents the thickness of the sample. For the large ad multiplication term, exp(-2ad)
is nearly equal to zero and transmission coefficient reduces to

T =(1-R)?exp(—cd). (2.12)

Equation 2.11 can be used to calculate the absorption coefficient if R and d are known.
Moreover, there exist transmission interference fringes in the transmission spectra at
wavelengths slightly longer than the absorption edge for thin samples. If the refractive index of
the sample is known, sample thickness can be calculated using the expression

:1£Mz) , (2.13)
2n| 4, — 4,

where A; and 1, are the corresponding wavelengths of the maximum intensity positions of two
neighboring peaks.

The photon energy dependence of n in the region of hv < E; can be analyzed using the
single-effective-oscillator model in which n and hv are related by [41,42]

nz(hv):l+i , (2.14)
EZ —(hv)?

where Eg, and E4 represents the single oscillator energy and dispersion energy, respectively. The
zero-frequency refractive index (ng) can be calculated using equation 2.14 by replacing /v = 0;

E
n2 =14 50 (2.15)
The oscillator strength (Ss,) and wavelength (As,) can be calculated from the analysis of the n. A
single Sellmeier oscillator model gives refractive index in the low energy range as [43]

(k) ¢

Rearranging equation 2.16 gives [44]
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1 1
n?_1)" = o (2.17)
( SSO/,LiO 8502'2

where S, can be described as
g _(-D (2.18)

so 2
ﬂ“so

The oscillator strength and oscillator wavelength can be calculated using these equations.
Moreover, n and hv are related in the low energy region in Cauchy model [45] as
n(i) = A+E+E ' (2.19)
2 X
where A, B and C are constants.

2.3.4  Ellipsometry

Ellipsometry is an optical measurement technique in which the change of an incident
polarized light after reflected from the surface of a sample is measured and analyzed. Since the
reflected light is generally “elliptical”, the name of “ellipsometry” is given to this measurement
method. There are mainly two quantities named as y and 4 obtained as experimental data. w and
A represent the amplitude ratio and phase shift of the parallel (p) and perpendicular (s)
components of the reflected light.

2.3.4.1 p-and s-polarized light waves

Figure 2.10 represents a simple view of light reflection on the surface of a sample. The
light are classified as p- and s-polarized light waves depending on the directions of the electric
and magnetic fields of the incident and reflected light. The plane on which electric fields of
incident and reflected waves lie is called as “plane of incidence”. The simple representation of
directions of magnetic and electric fields in the p- and s-polarization is given in figure 2.11.

]

Plane of Incidence

— N

SN

Figure 2.10. Reflection of p- and s- polarized light waves [46].
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(a) p-polarization (b) s-polarization

Figure 2.11. Representation of magnetic and electric fields in the p- and s-polarization

For the reflection, the electromagnetic waves must satisfy the boundary conditions which state
the continuity of the components of the E- and B-fields parallel to the interface. This boundary
condition carries us to the following relations for the p-polarized light [46,47];

E;, cosd, —E,, cos6, = E,, cos, (2.20)
B, +B, =B, (2.21)
where ip, rp and tp correspond to the incidence, reflection and transmission of p-polarized light,

respectively. Using the basic electromagnetic relation, E = sB, where s is ratio of speed of light
(c) to refractive index (n), equation 2.21 can be rewritten in terms of the electric field as;

n(E, +E,)=nE, . (2.22)

Using the Snell’s law (6; = 6;) and then combining equations 2.22 and 2.20, the amplitude
reflection (ry) and transmission (t,) coefficients are found as

E,  n,cosé, —n, cosé,

r,= = , (2.23)
° E, n,C0sH, +n,cosb,
¢ Eyp _ 2n. cos 6, . (2.24)
® E, NCOSE +n;cos,
Additionally, the boundary conditions for s-polarization are given as
Ei+E=E¢ (2.25)
— B, cosé, + B, cosd, =—B, cosé, . (2.26)

where is, rs and ts correspond to the incidence, reflection and transmission of s-polarized light,
respectively. Following the similar way used for p-polarization, the amplitude reflection and
transmission coefficients are found as;
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S

. _E _nicosd —n, coso, (2.27)
* E, n;cosé, +n,cosb,
¢ 55— 2n; cosé, . (2.28)
is

E. N cosé, +n, cosd,
Equations 2.23, 2.24, 2.27 and 2.28 are called as Fresnel equations. These expressions are correct
if n is replaced with complex refractive index N given by [48]
N =n-ik . (2.29)

N is given from Maxwell’s equations as

N%=¢ (2.30)
where ¢ is the complex dielectric constant and defined by its real and imaginary components as
e=¢g +ig, . (2.31)

Combining the equations 2.29, 2.30 and 2.31, n and k are related to components of dielectric
constant by;

1/2

n={(e, + (@ +e2)2)12]"" . (2.32)

k=[(-e+ (e +e2)4?)12]". (2.33)

Using the Snell’s law (N; sing; = N, siné,) for the complex refractive index and equation 2.30, we
get,

N, cosf, = (N2 —=N?Zsin?6,)" = (g, —&sin? 6,)"* . (2.34)

Fresnel equations for the reflection can be rewritten using the equation 2.34 as

_ N7cosd, —(Ng —sin® 6,)"'?
P Nt? cosd, + (Nt? —sin’ ei)l/2 ,
2 a2 1/2
= cosd —(Ng —sin 6,) _ (2.36)
cosd, + (N2 —sin?6,)"2

(2.35)

2.3.4.2 Measured values in ellipsometry

In the ellipsometry measurements, p- and s-polarized light waves are sent on the sample
surface at the Brewster angle. The amplitude and phase of these polarized light waves change
after reflection. Experimental data obtained from the ellipsometry measurements are amplitude
ratio (y) and phase difference (4) between the p- and s-polarizations. The amplitude reflection
coefficients given in equations 2.35 and 2.36 are related to y and 4 by the expression [47]

r
p = tan(y)exp(iA) = ri (2.37)
If the light transmission is measured instead of reflection,
t
p =tan(y)exp(iA) = ti : (2.38)

S
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2.3.4.3 Pseudodielectric function

In the analysis of the ellipsometry measurement data, w and 4 are used in a optical
theoretical model and then the refractive index and dielectric function of the sample are
calculated. Since the dielectric function is calculated from the usage of y and 4, it is called as
pseudodielectric function represented by < € >. The optical models differ according to the type of
the sample used in the measurements. In the crystals, the reflection occurs only at the air/sample
interface. In the air/sample optical model, the amplitude ratio of the p- and s-polarized light
given in equation 2.37 can be rewritten as

pP= rp/rs
gsin?6, - NN, (2.39)
£sin” 6, +N;N,
. . /2
_sin” 6, —cos, [gt/gi —sin? Hi]l

sin’ 6, +cos, [gt/gi —sin’ 6, ]1/2

By replacing the dielectric constant of the air (¢;= 1) the pseudodielectric function (g, = < ¢ >) is

found as,
2
(e)=¢, =sin?0, [1+ tan? o), [1_/7) 1 . (2.40)
1+p

2.3.4.4 Critical Point Analysis

Different optical properties of the sample used in the ellipsometry can be obtained from
different analysis methods of dielectric function obtained from the convenient optical model.
One of these methods is the critical point (CP) analysis used to get knowledge on interband
transitions in electronic band structure. The photon energy (E) dependence of the
pseudodielectric function used for the CP analysis is given as

<&(E)>=C — Aexp(ig)(E - E,, +il)"? . (2.41)

In the CP analysis method, the second derivative of the dielectric function is fitted using a fit
program and CP energies (E,) are found as a result. The theoretical expressions used for the CP
analysis are [46,48]

3; =m(m—1) Aexp(i¢)(E — E,, +il)"* (m=0) . (2.42)
j,;gz = Aexp(ig)(E - E, +ir)?  (M=0)- (2.43)

where A, I" and ¢ are amplitude, broadening parameter and phase angle, respectively. The

parameter m is related to the dimensions of the wave vectors playing role in the optical
transitions. The m values are equal to -1, -1/2, 0 and +1/2 for excitonic, one-, two- and three
dimensional lineshapes, respectively.

2.3.5 Infrared Spectroscopy

Infrared (IR) spectroscopy covers several methods which are based on the absorption or
reflection of electromagnetic radiation lying in the infrared region. This spectral range is
classified into three groups called as near-, mid-, and far-infrared regions. The near-IR region
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lies in the 14000-4000 cm™ range. Harmonic vibrations can be excited by the light source in this
region. The mid-IR region is in the 4000-400 cm™ range and most accessible one for the
characterizations of fundamental vibrations. The absorption bands consisting in this region
generates a molecular fingerprint. Therefore, one can detect the compounds and deduct the
structural details. The far-IR region lying in the 400-10 cm™ has low energy and can be used for
rotational spectroscopy.

Infrared spectra of the materials are obtained from the dispersive (scanning) and Fourier
transform spectrometers. The spectrum gives the ratio of transmitted intensities with and without
sample as a function of wavelength. This intensity ratio is defined as transmittance (T) and
presented in the spectrum as percentage (% T) or absorbance A = log(1/T). In the infrared
reflected spectra, reflectivity is used instead of transmittance. In the infrared spectroscopy
measurements, the transmittance or reflectivity values are reported as a function of wavenumber
(cm™). In the real crystals, atoms in the lattice are vibrating. When the crystals are radiated by an
infrared source, incident radiation is absorbed at some specific energy values. In the infrared
absorption spectra, some peaks can appear. These peaks correspond to the frequencies of a
vibration of a part of a sample molecule.

2.3.5.1 Fourier Transform Infrared Measurements

Fourier transform infrared (FTIR) spectroscopy is an experimental method which is used
to obtain infrared spectra of the materials. In the measurements, infrared light passes through an
interferometer and then through material (or vice versa). A moving mirror is used to change the
distribution of infrared light passing through the interferometer. The recorded signal
(interferogram) presents light output as a function of mirror position. Then this data is turned
into “light output as a function of wavelength (or wavenumber)” data using a data processing
method called as Fourier transform. As described above, the sample’s spectrum is always
compared with a reference and results of this comparison give the experimental data. Figure 2.12
shows processes up to obtaining a spectrum in the FTIR measurements.

Sample (S)

Transmission spectrum

L,

4000 400
“"' Sample

Background

Background (B)
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4000 Wavenumber{cm-1] 40

| JJAWOILIANU] |
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| [U'EJ%OJQ}JQHII JJUAWAINSBIAA ‘

Figure 2.12. The processes in the FTIR measurements

2.3.5.2 Raman Spectroscopy

Raman spectroscopy is a powerful experimental method to obtain information about the
vibrational modes in the crystals. It is based on the inelastic scattering (or Raman scattering) of
monochromatic light produced by a laser source operating in the visible, near infrared or near
ultraviolet range. When laser beam is radiated onto sample, it interacts with molecular
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vibrations, phonons or other excitations. As a result of this interaction, laser photon energy shifts
up or down. This shift gives knowledge about the vibrational modes in the crystal. If the final
vibrational state of the molecule has more energy than the initial state, the emitted photon will
have lower frequency to balance the total energy. This shift in frequency is called as Stokes shift.
In the contrary case, the frequency will shift to higher frequency and this shift is called as Anti-
Stokes.

Infrared and Raman spectroscopy techniques are used for the same purpose. They can be
thought as complementary methods. In the Raman measurements, a sample is radiated with a
laser source. Light from the illuminated region is collected using a lens and sent through a
monochromator. In addition to Raman scattering, elastic Rayleigh scattering mechanism also
occurs close to the laser line wavelength. These corresponding wavelengths are filtered out and
the remaining part of the collected light is dispersed onto a detector.

2.3.5.3 Kramers-Kronig Dispersion Relations
The Kramers-Kronig dispersion relations connect the real and imaginary parts of a

frequency dependent function f (w) which is analytical in the upper half plane of the complex
frequency plane [38]. These relations can be given for a frequency of w as

Re f(w) =2 PTV\”TifoI\;V‘)dW' (2.44)
Im f (w) = — PjRef(W)d (2.45)

where the symbol P points out the principal value of the integral for w'= w.

In the infrared spectroscopy experiments, since reflectivity, R(w), describes a linear
relation between the amplitudes of the incident and reflected waves, these dispersion relations
can be used to get the dispersion parameters.

2.3.6 Thermally Stimulated Current and Thermoluminescence

Thermally stimulated current (TSC) and thermoluminescence (TL) are two basic
techniques used to determine the properties of the energy levels created due to the presence of
defects in semiconductors and insulators. The theoretical approach and analysis methods of these
experimental techniques are very close to each other. The main difference between these
methods comes from the difference of obtained experimental data. In the TSC measurements, the
charge carriers in the trap levels are excited by means of temperature and then subjected to an
electric field. The temperature dependence of the current produced due to the motion of these
excited charge carriers in the electric field is used as experimental data of TSC experiments. In
the TL experiments, the charge carriers excited by means of temperature recombine with the
opposite charge carriers. While this recombination takes place, an emission of photons is given
outside. The temperature dependence of the count of these photon emissions is used as
experimental data in TL experiments. The theoretical approach of the TSC and TL methods is
mainly based on the transitions occurring in the energy band gap. Therefore, it will be a
worthwhile way to give detailed information about these transitions.

2.3.6.1 Electronic Transitions in TSC and TL Methods

As mentioned before, conduction and valence bands (CB and VB) are separated from
each other by energy difference of band gap energy and this separated energy region is
forbidden. The defects and/or impurities in the semiconductors lead to an additional energy
level(s) in this forbidden region. In a simple TSC/TL model, the existence of one electron trap
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level below the conduction band and one hole trap level above the valence band is assumed as
shown in figure 2.13. Trap level (T) below the conduction band is located above Fermi level (Ey)
and empty before the excitation of electrons and holes. The other level called as R-level is the
corresponding hole trap and can function as recombination centre. Under the light of this simple
band structure and energy levels, figure 2.13 also shows the main possible electronic transitions
occurring in the TSC-TL methods.

Conduction Band

® L J { J L J
A 7
T o o
| T
E, (2) (h)
R “E,
! d
@ (d) D
(e) (D
W
O O O O

Valence Band

Figure 2.13. Possible electronic transitions in the TSC and TL techniques. (a) band-to-band excitation; (b)

and (e) electron and hole trapping, respectively; (c) and (f) electron and hole releases; (d) and (g) indirect

recombination; (h) direct recombination. Solid circles, open circles and arrows represent electrons, holes
and transitions, respectively [49].

(1) Transition (a): The electrons in the VB excite to the CB when they have energy larger than
band gap energy (hv > Eg). As a result of this transition, free electrons and holes are created
in the conduction and valence bands, respectively. Since this transition takes place between
the delocalized conduction and valence bands, it is called as band-to-band transition.

(N Transitions (b) and (e): There are two ways for the excited charge carriers through the band-
to-band transition. They either recombine with an opposite charge carrier or are trapped in
the trap levels. Transitions (b) and (e) represent the corresponding transitions of electron and
hole trapping, respectively.

(1) Transition (h): The other choice for the free electrons and holes is the direct recombination.
This transition represented by “h” is the consequence of the recombination of a free electron
in CB with a free hole in VB.

(V) Transitions (c) and (f): Trapped charge carriers excite to conduction and/or valence bands
from trap levels when they have enough energy. The excitations of trapped electrons and
holes correspond to the transitions of (c¢) and (f), respectively. In the TSC and TL
experiments, the energy needed for this transition is given by means of temperature.

(V)Transitions (g) and (d): The charge carriers in the conduction and/or valence bands
recombine with the opposite charge carriers in the trap levels. This transition called as
indirect recombination is indicated by “g” and “d” transitions.

The possible transitions occurring in the TSC and TL experiments are given above. In this way,
the simple physical events in these measurements are given as;
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i) TSC simple model: In the low temperature, all charge carriers occupy in the VB. The sample
to be used in the TSC experiments is subjected to a radiation satisfying the condition hv > Eg. In
this manner, electrons are excited to conduction band (transition “a”). Most of the free electrons
in the CB recombine with holes in the VB (transition h). However, some of these free carriers are
trapped in trap levels (transition b). The corresponding holes are trapped in the hole traps
(transition e). When the temperature of the sample is increased, the trapped charge carriers gain
enough energy to be excited to the conduction and/or valence bands (transitions ¢ and f). These
excited charge carriers are subjected to an electric field and a current is produced on the sample.
The temperature dependence of this current is obtained as experimental data to be analyzed. As a
result of the analyses, properties of the trap levels, especially the energy level, can be found.

ii) TL simple model: All the physical events told in the TSC model up to applying an electric
field process are same in the TL model. Excitation (transition a), trapping (transitions b and e),
electron and hole releases (transitions ¢ and f) events also come true in the TL measurements.
After exciting the electrons and holes to the conduction and valence bands, respectively, by the
help of temperature, any external effect is applied to the sample. In this case, excited charge
carriers recombine with the opposite charge carriers (transition h). This recombination can be
radiative or non-radiative. If it is radiative, the temperature dependence of the count of the
photons emitted from the sample is used as experimental TL data. As a result of the analysis of
this data, activation energies of trap levels can be found.

2.3.6.2  Theoretical Approach

The main factor affecting the magnitude of the TSC and TL intensity is the number and
variation of the charge carriers in the trap levels, conduction and valence bands. The theoretical
background of the TSC and TL techniques introduces the variation of the charge carriers in these
levels through the appropriate transitions.

Conduction Band

Valence Band

Figure 2.14. Simple diagram of the band structure consisting one electron and one hole trap.

At a temperature T, an electron can be released back into the conduction band from a trap depth
of E with a probability (P) of

P=vexp(-E/KT), (2.46)

where v is the attempt-to-escape frequency and k is the Boltzmann constant. In a semiconductor,
v is defined as
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v=NA =Ny,S, . (2.47)

where A, is the retrapping probability, 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

kTm:)2/3

— o2 2.48
N_(T) 2(27[}‘12 (2.48)
and
0, M= %L, (2:49)
m

e

where m: is the electron effective mass.

Concentration (n) of filled traps is mainly based on the “traffic” of charge carriers among the
trapping centers, conduction band, recombination center and valence band. The theoretical
explanation of these transitions is [50];

I. Stimulation: The “traffic” of electrons between the trapping centers and conduction band is
one of the physical events affecting the concentration of filled traps. Randall and Wilkins give
the relation of change of the concentration of traps with time as [51]

‘;rt‘ o —nvexp(—E/KT) . (2:50)

Il. Retrapping: There are two possible ways for the electrons (holes) excited to conduction
(valence) band from trapping centers. One of these ways is the retrapping. The rate of retrapping
is governed by 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 effect
of retrapping event on the n is given by the relation

an . n(N-n)So, - (2.51)
dt

Combining the relations 2.50 and 2.51, one gets

dn

E:nC(N —n)S,v, —nvexp(—E/KT). (2.52)

I11. Recombination: Another choice for the electrons (holes) in the conduction (valence) band is to
recombine with a hole (electron) in the recombination center. If the concentration of holes in the
centre is represented by “m”, the rate of change of free electrons in conduction band is affected
from recombination by the relation

dn dm
Coc — =-—nMmA_ (2.53)
dt My

where A, is the recombination probability. The right part of the equation 2.53 can be written in
terms of lifetime (z) for recombination of free electrons as

dn,
dt

Considering these three transitions affecting the free electron concentration in the conduction
band and charge neutrality, one can write

o —n,mA, =& (2.54)

c .
T
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dn, _dm dn dn, n. dn

n.=m-n = =
dt dt dt dt T dt

(2.55)

e _ M (N =n)S,o, —nvexp(—E /kT)
dt T

Solution of the equation 2.52 is obtained using two fundamental assumptions.

i) Slow retrapping (First order kinetics)

In the case of slow retrapping, the electrons excited to conduction band have much more
probability of recombining with a hole compared to retrapping. The governing transitions in the
slow (or negligible) retrapping is the release of electrons from the trapping centers and
recombination with a hole in the recombination center. In relation, this case means that [51]

e os n. (N -n)S,v, (2.56)
T

and
dng| __|dn) dm (2.57)
dt dt| | dt

Using equations 2.56 and 2.57, equation 2.52 becomes

c;r; ~-nvexp(—E/KT) . (2.58)
and
dn__fe (2.59)
dt T '

The integration of equation 2.58 for the case of linear heating function T = T+ j¢ gives

:
n=n,exps— J'%exp(—E/kT)dT : (2.60)

To

As mentioned before, TSC and TL experiments deal with different measured data. TSC
uses the current produced due to the motion of free electrons in conduction band. Therefore,
concentration of these free electrons affects magnitude of the current measured in the TSC
experiments. By this way, substituting the equations 2.59 and 2.60 into 2.58, we obtain

E v
N, =N,zvexpy——— | —exp(-E/kT)dT; . (2.61)
o7V NP~ Tj SOPCE/KT)
and thermally stimulated conductivity o is obtained from the relation
o =N.8u =N, TVeLEXP —E—T[Kexp(—E/kT)dT (2.62)
CH=NTVeU KT Toﬁ : .

where u is the mobility. Using the Ohm’s law, the thermally stimulated current is found as
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.
lrsc = nofve,u(\gAexp{—;_— [ ;exp(—E/kT)dT} , (2.63)
To

where V is applied voltage, A and L are cross sectional area and length of the sample.

In TL measurements, intensity is proportional to the count of photons emitted from the
sample during the process of recombination of free electrons in the conduction band and holes in
recombination centers. Therefore, the variation of trapped electrons with time is the main starting
point of the expression giving the TL intensity. This intensity under the assumption of slow
retrapping is [49]

dn
Lo-_9n (2.64)
TL dt

Combining equations 2.58 and 2.60, TL intensity is given as

;
I = novexp{—lfl_ - j;exp(—E / kT)dT} : (2.65)

To

ii) Fast retrapping (Second order kinetics)

Garlick and Gibson studied the case of dominant retrapping. In this case, the time
required for thermal equilibrium between the conduction electrons and trapped electrons is much
shorter than the recombination lifetime [52-53]. Therefore the concentration relations for fast
retrapping process are given as,

N>>n and n=m
Then the rate of change of total electrons is

dm dn_ n

—~x—=—-"S=-nMmA, =-nmyv,S, - (2.66)
dt dt r C Am Cc e™t
Combining expressions 2.52 and 2.66,
@:_irﬁ% exp B (2.67)
dt N KT
Integration of the equation 2.67 gives
dn (n2 E nev T -
Il =——=| > vexp[—} 1+—— [exp(-E/KT)dT (2.68)
dt (N KT N7
and TSC is
Vv dn _(V
lsc =0 — [A=-1—¢ A (2.69)
TSC ( Lj dt ,U( Lj
2 T 2
V) nyruev E 1N%
e :(LjAoNexp[— kT} [1+;N Tjoexp(—E/kT) dT] - (2.70)
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2.3.6.3 Curve Fitting

(i) Slow Retrapping: TSC and TL curves for the slow retrapping are described by equations
2.63 and 2.65, respectively. If it is assumed that v is independent of temperature T and the
variation of x and z is ignorable with temperature in the studied range, equations can be rewritten
as [54]

t
I =A exp{—t + B'jexp(—t)tzdt} ; (2.71)
)
where tzg and, A, and B’ are constants:
VA (for TSC) “ny (orTL), and B =B 2.72)
Ao:noze/uVIA . Ay=ny , & .

If repeated integration by parts of integral in equation 2.71 is taken, we get a convergent infinite
series expression;

I =A, exp[—t -B’ {exp(—t)t’2 —2exp(~t)t 3 +3x 2exp(—t)t"‘...}t J : (2.73)

t
Because t is large in practice, by making approximation, infinite series can be written as
| ~ A, exp[—t - B’exp(—t)t’ZJ : (2.74)
I =1,+ A exp[—t - B'exp(—t)t’ZJ . (2.75)

If equation 2.75 is differentiated and equated to zero to find the maximum of the curve, which
occurs at

t=t = E , (2.76)
" KT,
then
t3
B' = exp(tm) m . (277)
t, +2

(if) Fast Retrapping: In the equations 2.68 and 2.70 for second order kinetics, if we insert

E

t = —, it becomes [55]
kT

| = A, exp(-t) (2.78)

{1— B' }exp(—t)tzdt}

to

where
2
AozngfeﬂV!A (for TSC) and A():”Wov (for TL) (2.79)
L
and  poE (2.80)
N gk

If repeated integration by parts of integral in equation 2.78 is taken, we get a convergent infinite
series expression;
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| = AO exp(—t) . (2.81)
h+ B' {exp(—t)t’2 —2exp(-t)t 2 +3x 2exp(-t)t™* }t J2

)

Because t is large in practice, the infinite series can be approximated as

O L. .l (2.82)
[1+ B'exp(—t)tfz]

If equation 2.82 is differentiated and equated to zero to find the maximum of the curve, which
occurs at

t=t =—, (2.83)

then
ty (2.84)
B’ = exp(t m - )
( m)t +4

m

More than one peak or overlapped peaks can be analyzed simultaneously using the fitting
function given by the sum

=21 (2.85)

where 1I; (T) is the current contribution of each peak calculated by means of equations 2.75 or
2.82 for slow and fast retrapping, respectively, and n denotes the number of traps involved in the
calculation.

Once the TSC and TL curves have been fitted and the values E; and T,, for peaks
determined, equations 2.77 and 2.84 can be used to calculate B’ for slow and fast retrapping
processes, respectively. Also for the first order kinetics, v can be calculated using equation 2.72.

Then, cross sections of the traps can be calculated using the v and expression
=2 (2.86)
NcUth
where vy, is thermal velocity of a free electron.
The concentration of the traps was estimated using the expression [56]

N Q. (2.87)
' ALeG

Here, Q is the quantity of charge released during a TSC measurement and can be obtained from
the area under TSC peaks; e is electronic charge and G is photoconductivity gain. G is equal to
number of electrons passing through the crystal for each absorbed photon. G is calculated using
relation [57]

G-F_#V (2.88)
t L

tr

where z is carrier lifetime and t,, is carrier transit time between electrodes.

2.3.6.4 Initial Rise Method

Initial rise method is one of the main analysis method to determine the activation energies
of the trap levels [53]. The main point of this method is based on the fact that integrals in the first
and second order equations 2.63, 2.70 (for TSC) and 2.65, 2.68 (for TL) are very small when the
charge carriers started to exciting from trap levels. Therefore, exponential terms in the integrals

29



in abovementioned equations are very close to unity for this initial temperature region. So
TSC/TL intensities are written as

I =Cexp(-E, /kT) , (2.89)

where C is constant. If logarithm of both sides is taken, one obtains

E
In(l)=C-— -
() KT

Plot of In (I) versus 1/T gives a straight line with a slope of (-E;/ k) in initial part of the glow
curve. This method cannot be applied for the overlapped peaks. One of the attractive propertis of
this method is the usability in both of order of kinetics.

2.3.6.5 Peak Shape Method

The other analysis method in the thermally stimulated processes is the peak shape method
in which E; is associated using three parameters: 7 =T, -T, , §=T, -T, and w=T, -T, |
where T,, is the temperature corresponding to maximum current, T,and T, are the low and high

half-intensity temperatures, respectively [50]. E; is obtained from the average of three energies
given below.

E, =[L.51+3.0(x, —0.42)[KT? /7~ [1.58 + 4.2(us, —0.42) |2KT, (2.90)
E, = [0.976+7.3(u, ~042) kT2 /5 (2.91)
E, =[252+10.2(u, —0.42) kT2 1w —2KT, | (2.92)

where ugy = J/w. Halperin and Braner proposed to use yq4 to learn order of kinetics. The values of
1y were predicted as 0.42 and 0.52 for first and second-order kinetics, respectively [50].
Overlapped peaks can be separated for the application of this method. If such a curve occurs in
the experimental data, analyzed peak can be cleaned from the other satellite peaks.

2.3.6.6 Differential Analysis Method
The derivative of the natural logarithm of the TSC and TL intensity for slow retrapping

case (equations 2.63 and 2.65), under the assumption of that v is independent of T, is obtained as
[58],

d(in1) _ Elz e exp(E, /KT) (2.93)
dT  kT> g

Since intensity is maximum at T = T,,,, the equation 2.93 yields

BV exp(-E, /KT,). (2:94)
KT: p
Using the equation 2.94, the second derivative of the In (I) can be writtenat T =T, as
d’(nl)| __E 94 E, . (2.95)
dr® |, kT? KT,

E; value is obtained from slope of the tangent (a,,) at T = T, of the first derivative of the glow
curve.
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2.3.6.7 Various Heating Rate Method

The heating rate of the TSC/TL experiments is expressed in terms of peak temperature
and E; as [49]

KT E, (2.96)
= expl - —— |. .
F=""g p[ kT, ]
If the temperature dependence of v is assumed as v oc T, then
2+a
E:CE i exp i ) (297)
p k\T, KT,

where C is a constant. If TSC/TL measurements are performed for different heating rates and T,
values are determined, E; value can be found using the expression 2.97. If v is assumed to be
independent of temperature (« = 0), then slope of In(T,%/g) vs. 1/T graph gives the activation
energy E.

2.3.7  Photoluminescence Experiments

Photoluminescence (PL) spectroscopy is a basic, non-destructive and contactless method
to characterize some properties of the semiconductors, especially to get information about the
band gap energy and electronic levels. PL measurements are based on the excitation of the
sample with a source having energy greater than band gap and then analysis of the emitted light
from the sample due to the transitions occurring in the band structure. As mentioned in the
theory of TSC and TL measurements, when a sample is exposed to radiation having energy
greater than the band gap, electrons are excited to higher energy levels. As a result, electron-hole
pairs are created. After a short time, the electrons recombine with holes in such a way that excess
energy of this recombination is given out as emission of light (radiative recombination) or not
(non-radiative recombination). This energy is equal to difference of the energies of electronic
levels taking part in the recombination process. As a result of the analysis of PL spectroscopy
measurements, detailed information about these levels is obtained.

Three main steps take important attention in the PL measurements [59].

i Excitation: This is the process in which electrons are excited to higher energy levels
after absorbing energy from an excitation source. Electron-hole pairs are created as a
result of excitation process. The excitation is presented in the figure 2.15 (a).

ii. Thermalization: In this step, excited electron and hole pairs relax towards quasi-thermal
equilibrium distributions (figure 2.15 (b)).

iii. Recombination: This is the step in which thermalized pairs recombine by emitting light
(figure 2.15 (c) ).
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Figure 2.15. Representation of the (a) excitation, (b) thermalization and (c) recombination mechanisms in
the energy band gap structure.

The excitation and thermalization steps are straightforward in the PL measurements. However,
recombination step is the most important one and has different forms.

2.3.7.1  Recombination Mechanisms

The electron-hole recombination can occur mainly in three ways called as band-to-band,
free-to-bound and donor-acceptor pair transitions. Figure 2.16 shows the possible recombination

ways in the band structure [59].
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Figure 2.16. Possible transitions in the band structure.
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i. Band-to-band transitions

The excited carriers occupy at the conduction and valence maxima, respectively, after
thermalization process. These electron-hole pairs recombine and emit light after a short time.
Since this transition occurs as a result of recombination of free electrons and holes in the
conduction and valence bands, respectively, it is called as band-to-band or free-to-free transition.
The emission rate (R) depends on the initial (n;) and final (ns) densities of states and probability
(Pir) for the transition from the initial state to final state by the expression [40]

R=n;n;P; . (2.98)
The transition probability depends on the type of the band gap. In the direct band gap transition,
the momentum is conserved since the transition occurs between direct valleys as shown in figure
2.17 (a). Therefore, the transition probability P;; does not depend on photon energy. The energy
conservation relates the photon energy (hv) to initial (E;) and final (E;) energies by

hv=E; — E, . (2.99)

However, in the indirect transitions, the energy and momentum of the excited electrons change.
Conservation of momentum is provided via phonon interactions (Figure 2.17 (b)). The transition
from E; to E; takes place after a phonon is either emitted or absorbed. The corresponding relation
of equation 2.99 for indirect transition is given by

hv=E; -E £E, . (2.100)

where E, is the energy of phonon.

k\

v

Figure 2.17. Schematic diagram of the absorption transitions in (a) direct band gap semiconductors and (b)
indirect band gap semiconductors [34].

ii. Free-to Bound transition:

In the semiconductors, donor and acceptor levels can come out due to the defects or
doped atoms as mentioned before. After excitation of a sample, these levels can be occupied by
electrons and holes. Free to bound transitions occur when an electron (hole) in the donor
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(acceptor) level recombines with a free hole (electron) in the valence (conduction) band. In these
transitions, the emitted photon energy is given by

hv=E, —E,; for direct transition (2.101)

hv=E,-E,,—E, forindirect transition (2.102)

where Eg, Eap and Ep are the band gap, acceptor/donor and photon energies, respectively.

iii. Donor-Acceptor Transition

Most of the semiconductors have both of donor and acceptor levels. In these materials,
acceptor levels are at least partly filled by electrons and donor levels are at least partly empty.
Therefore, one of the possible transitions in the semiconductor is the transition between these
levels. In this case, the coulomb interaction between donor and acceptor levels affects energy of
emitted photon. If the energies of donor and acceptor levels are defined by E; and E,,
respectively, the emitted photon has energy

2
hv=Eg —Ea—Ey4 +3 for indirect transition (2.103)
er

where q is the charge, ¢ is static dielectric constant and r is distance between the ionized donor
and acceptor levels.

2.3.7.2  Laser Excitation Power Dependence of Photoluminescence Peak Energy

Information about type of recombination mechanisms in the PL experiments can be
obtained from the laser excitation power dependence of the PL intensity. PL intensity (I) and
laser excitation power (L) are related to each other as [60-63]

locl® (2.104)

where ¢ is a constant giving information about the recombination mechanisms. The constant ¢ is
generally between 1 and 2 for the free and bound exciton emission and between 0 and 1 for free
to bound and donor-acceptor pair recombination [64,65].

In addition to the PL intensity, laser excitation power also affects the peak energy. The
dependency of the peak energy on laser excitation power was considered in the theoretical study
given by E. Zacks and A. Halperin in Ref. 66. Their work was based on a crystal with donor and
acceptor concentrations Ngq and N,, respectively. Assumptions in their study were that one of the
impurities is in minority (Ng « N,) and temperature of the crystal is low enough so that thermal
ionization of donors or acceptors is ignorable. Under these assumptions the excitation intensity
(J) is revealed as [66-69]

u— 3 —_—
J=D (hUm hUoo)m ex| _2(hUB hUoo)
hvg +hv, —2ho,, ho, —ho,

j , (2.105)

where D is a proportionality constant, 4v, is emitted photon energy of a closer donor-acceptor

pair, hv,, is emitted photon energy of an infinitely distant donor-acceptor pair, hv,, is emission
energy of band maxima.
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2.3.7.3  Temperature Dependence of Photoluminescence

Photoluminescence measurements can also be used to obtain information about the nature
of the emission processes and electronic energy levels in the semiconductor band structure. For
this purpose, temperature dependence of the observed bands is studied and variation of the peak
intensity with temperature analyzed to find the activation energies of the energy levels. When the
probability for a radiative transition (P,) is assumed as temperature-independent, efficiency of
emission () is described by the relation [40]

P

“p iR (2.106)

n
where P, is probability for a non-radiative relation. The temperature dependence of the non-
radiative transition is given by

P =P _exp(-E, /KT) | (2.107)

where E; is some activation energy and P, is a temperature independent coefficient. Combining
equations 2.106 and 2.107, the luminescence efficiency is obtained as

1
“1+Cexp(-E, /KT) (2.108)

n

where C = P,/ P, is a constant. Moreover, the temperature dependence of the PL peak intensity,
I(T), can be expressed under the light of same theoretical approach given above and described by
the relation

Iy

I =
1+aexp(-E, /kT)

(2.109)

where |, is proportionality constant and « is rate parameter. The equation 2.109 gives the I(T)
dependence for one activation energy. But, in some semiconductors there can be more than one
electronic energy level taking role in the PL measurements. The generalized relation of equation
2.109 for n number of thermal quenching processes is given as

o

| =
1+ @, exp(-E, /KT) (2.110)

where E;, are activation energies of the energy levels.

In addition to the PL intensity, temperature variation also affects the peak maximum
position on temperature and thereby the energy of the emitted photon. In the semiconductors,
lattice expands with increasing temperature. This expansion increases the oscillations of the
atoms about their equilibrium lattice positions. Consequently, the energy levels expand and band
gap energy of the semiconductors decreases [70]. Band gap energy (Eg) depends on the
temperature by the following equation [71]

T2
E(M=B O+ (2.111)

where E4 (0) is band gap energy at T = 0 K, y is rate of change of band gap with temperature
(y = dEg / dT) and g is Debye temperature. Since E4 decreases with temperature, activation
energies of the electronic levels are also expected to be decreasing. This decrease is observed in
the PL experimental data as a shift of the peak maximum temperature to higher values (that is to
lower energies).
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2.3.8 Electrical Measurements
2.3.8.1 Electrical Conductivity

Conductivity is one of the most important properties of the materials to be known in the
electrical characterization. Electrical conductivity is a measure of material’s ability to conduct
electricity and directly proportional to electron (n) and hole (p) concentrations in conduction and
valence bands, respectively. Conductivity (o) of a semiconducting material is given as [72]

o =e(un+ 11, p) (2112)

where e is the elementary charge, u and uj, are electron and hole mobilities, respectively. In the
intrinsic semiconductors, n and p values are equal. However, the hole (electron) contribution to
the conductivity of an n-type (p-type) is negligible, since hole (electron) concentration is
negligible compared to electron (hole) concentration. Considering an n-type semiconducting
material, the conductivity is expressed as,

o = N_eue (& 5K (2.113)

where E; and E; are valence band and intrinsic level energies, respectively. N, is defined as,

* 3/2
N, = 2(2”mekTJ (2.114)

h2

where m¢* is the electron effective mass. As seen from the equation 2.114 N, is proportional to
T 32 At the same time in the high temperature range, mobility decreases with temperature
according to relation of u ~ T %2 Therefore, the conductivity in equation 2.113 for sufficiently
high temperatures can be given as,

o =oc,e FTEKT, (2.115)

where gy is a constant. The conductivity activation energy of the material is obtained from slope
of the In(s) — 1/T graph [34].

2.3.8.2 Space Charge Limited Currents

Space charge limited current (SCLC), used to get information about the impurity level
depends on the analysis of the current-voltage characteristic of the material. In this technique, the
current flowing through the ohmic contact is measured as a function of applied voltage. If the
used sample has trap level, a large number of space charges is located in the trap center. If the
applied voltage is sufficiently increased, traps are saturated and electrons are injected into the
bulk of the material and contribute to flowing current [73]. In the case of a single shallow trap
level, the behavior of the I-V characteristics can be divided into three main branches [74-78]:

i. Ohmic Region; The current density (J) depends linearly on the applied voltage (V) by the
relation,

J= eﬂ\li' (2.116)
ii. Space Charge Region; Injected charges dominate the current and current density-voltage are
related by the relation,

_9,_0V°. (2.117)
J—8 §71 3
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iii. Trap filled region: In this region, shallow trap level is filled by the excess injected charges
and current increases towards the ideal trap free characteristic (6 = 1). In this case, the trap filled
voltage limit is given by

2N, el?
3e

In the above expressions, L is the distance between electrodes and N is the density of the trap
levels. The quantity 6 is the fraction of injected charge which is available for conduction band
and given by

Vop = (2.118)

0= gN—I\ICeXp(—Et /KT) (2.119)
t
where g is the degeneracy factor and E, is the energy of the trap level.

2.3.8.3 Photoconductivity

One of the factors affecting the conductivity is the illumination of the sample. When the
materials are exposed to light having energy greater than band gap, free electrons and holes are
created in the conduction and valence bands, respectively. These free charge carriers increase the
conductivity of the material. Change in the conductivity due to the illumination is defined as
photoconductivity. If a homogeneous material in which there is only one carrier transport
(assume n-type) is illuminated, the carrier density (n) and carrier mobility () changes due to this
photoexcitation. Therefore, the conductivity can be defined as

o =0, +Ac =e(n, +An)(zy, +AL) (2.120)

where An and Ap are increases of the free electron and hole concentrations, respectively, and A
is the dark conductivity [57]. Since oy = ngeuy, the increase in the conductivity is

Ao =eu,An+(n, +An)eAu (2.121)

The increase of the carrier density can be written in terms of the photo-excitation rate (¢) and
electron lifetime (z,) as An = ¢r,,. Then equation 2.122 can be re-written as

Ao =euyt,p+neAu . (2.122)

Assuming that mobility and lifetime is independent of illumination, photoconductivity change in
equation 2.122 is

Ao =eu,r,¢ - (2.123)

n-1

However, if the lifetime varies as ¢"~ then Ao varies with ¢" . In that case, photocurrent

defined as the change of the current under illumination will be proportional to ¢” . The value of
n gives us opportunity to understand the behavior of photoconductivity [57].

e If n < 1, lifetime decreases with increasing light intensity. The behavior is called as
“sublinear”.

e If n > 1, lifetime increases with increasing light intensity and consequently material
becomes more photosensitive. The behavior is called as “supralinear”.

e If0<n<1,the recombination is dominated by a single type of imperfection level.

e |[fn=0.5and n =1, there exist recombination at the surface (bimolecular) and in the bulk
(bimolecular), respectively.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 Introduction

Structural, optical, electrical and defect characterizations of the Gagsslng.sSe single
crystals were studied using x-ray diffraction (XRD) analysis, energy dispersive spectral analysis
(EDSA), visible and infrared reflectivity and transmittance, ellipsometry, Raman spectroscopy,
photoluminescence (PL), dark electrical resistivity, space-charge-limited current (SCLC),
photoconductivity, thermally stimulated current (TSC) and thermoluminescence (TL)
experiments. Gag751ng5Se polycrystals were synthesized from particular high purity elements
taken in stoichiometric proportions. Growth of single crystals was accomplished using Bridgman
method.

3.2 Energy Dispersive Spectral Analysis

The determination of the chemical composition of Gag7slng.sSe single crystals was
performed using the EDSA experiments. The experiments were performed using JSM-6400
scanning electron microscope. The used microscope has two equipments called as “Noran
System6 X-ray microanalysis system” and “Semafore Digitizer” which take part in the analysis
of experimental data. Figure 3.1 shows simple schematic configuration of used experimental
system.

3.3 X-ray Diffraction Experiments

The crystal structure properties of the GagslngsSe were identified using XRD
experiments. Measurements were performed using “Rigaku miniflex” diffractometer with CuKa
radiation ( A = 0.154049 nm ). The scanning speed of the diffractometer was 0.02°%s. Figure 3.2
shows simple schematic representation of XRD measurement system. Least-squares computer
program “TREOR 90” was used for analysis. Crystal system, Miller indices of the diffraction
peaks and lattice parameters were obtained from the analysis. Experiments were accomplished in
the diffraction angle (20) range of 10-80°.
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Figure 3.1. Schematic representation of scanning electron microscope
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Figure 3.2. Simple schematic representation of XRD experiment.
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3.4 Transmission-Reflection Experiments

Transmission and reflection measurements are basic experimental techniques used for the
optical characterization of Gag 751ng 25S€ semiconductor crystals.

Experiments were accomplished at room temperature in the 380-1100 nm spectral range.
Shimadzu UV 1201 model spectrophotometer with resolution of 5 nm, which consisted of a 20
W halogen lamp, a holographic grating and a silicon photodiode, was used for the experiments.
Transmission measurements were carried out under normal incidence of light with a polarization
direction along the (001) plane. This plane is perpendicular to the c-axis of the crystal. For the
reflection experiments, a specular reflectance measurement attachment with a 5° incident angle
was used. Transmission measurements were made in the 10-300 K temperature range. Advanced
Research Systems, Model CSW-202 closed cycle helium cryostat was used to cool the sample.
Accuracy of the cooling system was 0.5 K. Technical reasons did not allow us to perform the
reflection measurements at low temperatures. Figure 3.3 shows the schematic representation of
the experimental systems used for transmission and reflection measurements.
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Figure 3.3. Simple schematic representation of (a) transmission and (b) reflection experimental set-up.

40



3.5 Ellipsometry Experiments

The optical characterization of the Gag 751ng 25Se single crystals was expanded by carrying
out ellipsometry measurements. Analysis of the experimental data gave important knowledge
about the spectral dependence of real and imaginary parts of the pseudodielectric function,
pseudorefractive index and pseudoextinction coefficient of the used sample. Moreover, the
interband transition (critical point) energies were found from the analysis of the second
derivative spectra of the pseudodielectric function.

The ellipsometric measurements on Gag 75Ing 25Se were taken at room temperature in the
1.2-6.0 eV spectral range with 0.01 eV increments using SOPRA GES-5E rotating-polarizer
ellipsometer. The angle of incidence of the light beam was 70°. The measurements were
performed on the layer-plane (001) crystal surface which is perpendicular to the optic axis c.
Since the crystals have layered structures, it is very difficult to perform measurements on any
other surfaces than the sample natural layer-plane surfaces. The samples were prepared by easy
cleavage an ingot parallel to the crystal layer. The freshly cleaved surfaces are mirror-like.

3.6 Infrared and Raman Spectroscopy Measurements

The vibrational spectra of GagsslngosSe layered crystals were studied using infrared
reflectivity and transmittance and Raman scattering. IR reflection measurements were performed
on the layer-plane (001) crystal surfaces with light polarization E L c. IR reflection spectra were
recorded at room temperature with FIS-21 IR spectrometer in the frequency range from 100 to
400 cm™. The spectral resolution was 1 cm™. Infrared transmittance spectra were recorded with a
Nicolet 6700 FTIR spectrometer (Thermo Scientific, USA) equipped with a He/Ne laser source
(632.8 nm), KBr beamsplitter, DTGS-Kbr detector. The spectral range was between 400 and
4000 cm™ (middle-IR). IR beam was focused onto a 6 mm diameter area in the center of the
holder. Scanning of sample and processing of spectra were performed with OMNIC software.
Raman scattering spectra were excited by the 532 nm line of YAG:Nd*" laser. The spectra were
registered at room temperature in the frequency range 25-400 cm™ with “Horiba Jobin Yvon
RMS-550” Raman spectrometer at a resolution of 1 cm™.

3.7 Photoluminescence Experiments

As a further optical method, photoluminescence measurements have been carried out on
Gay 751ng.255e layered single crystals to get detailed information about the radiative transition in
the crystal. Figure 3.4 shows schematic representation of the used PL experimental set-up. The
sample with dimensions of 6 x 4 x 1 mm?® was irradiated along the c-axis using an argon-ion
laser operating at wavelength of 488.0 nm. The PL emission was collected from the laser-
illuminated surface of the sample in a direction close to the normal of the (001) plane. The
crystals were cooled from room temperature to 7 K using a CTI-Cryogenics M-22 closed cycle
He cryostat. The accuracy of the temperature measurements was within + 0.5 K. U-1000 Jobin
Yvon double grating spectrometer and a cooled GaAs photomultiplier endowed with the
necessary photon counting electronics were used to analyze the PL spectra in the wavelength
range of 580-670 nm. The excitation intensity dependence of the PL spectra measurements have
been performed using neutral-density filters placed in front of the laser. The laser beam intensity
was varied from 0.06 to 1.40 W cm™.
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Figure 3.4. Simplified block diagram of the PL measurement set-up.

3.8 Electrical Measurements

In the electrical characterization studies, the temperature and illumination dependence of
the resistivity/conductivity of Gag 75Ing 2sSe crystals were investigated. In the measurements, four
contacts were placed on the circumference of the sample having arbitrary shape classified in the
van der Pauw geometry (Figure 3.5). Ohmic sufficiently small contacts were made using
electrodes connected to crystal with high purity silver paste. The contacts showed ohmic
behavior which was verified from linearity of the current-voltage characteristics. The
temperature-dependent  resistivity, SCLC and photoconductivity measurements were
accomplished in an automated closed-cycle Lakeshore cryogenic system. The current was
supplied by a Keithley 220 programmable current source. Keithley 2182 Nanovoltmeter was
used for the measurement of voltage across the contacts.
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Figure 3.5. Representation of the contacts on arbitrary shaped van der Pauw geometry.

The resistivity measurements were conducted by applying a constant current through the
neighboring two contacts and measuring voltage across the other two contacts. By this way,
there exist four different measurement forms. The corresponding values for each measurement
are calculated using Ohm’s law. Table 3.1 shows the possible measurement ways and
corresponding resistance values.

Table 3.1 The applied currents between contact pairs, measured potential differences between
neighboring contacts and corresponding resistances

Current Voltage Resistance

P} Vay Ra = Vaillip
Ri=R:+ Ry

I3 Va Rp = Var/ls

I34 Vi Re=Violls
Rz = Rc + Rd

la1 Va3 Ry = Vaslla

The resistivity of the material with thickness d is calculated from the relation [79]:

- 74 R+R, (R
In(2) 2 R,

where f is a correction factor. If the R; and R, values agree within = 10%, f is taken as 1 [72].
The thickness of the used sample was 1 mm.
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3.9 Thermally Stimulated Current Experiments

The main point which the TSC experiments based on is to provide a transition of carriers
from trapping centers located in the forbidden energy region to conduction and/or valence bands
and to obtain a current by moving the carriers under the effect of an electric field. For this
purpose, firstly the trapping centers are filled with charge carriers at low temperatures (T). Then,
the sample is excited at temperature T, using a suitable light source and so the transition of
electrons from valence band to conduction band is achieved by making a band-to-band
transition. The electrons (holes) in the conduction (valence) band pass back to valence
(conduction) band after spending their lifetimes. But some of them are trapped in the trapping
centers when they are making transitions. The trapped charge carriers must have enough energy
to be excited to the conduction and/or valence bands. In the thermally stimulated current
measurements, the needed energy is provided by heating the sample. Since the analysis methods
mainly depend on the constant heating rate assumption, the sample is heated using a constant
rate. The charge carriers excited to conduction and/or valence bands from the trapping centers by
the help of thermal energy are exposed to a constant electric field. The temperature dependence
of the current flowing on the sample due to this electric field is obtained as experimental data in
the TSC experiments. The current-temperature curve is called as “glow curve”. The properties of
the trapping center(s) are found as a result of the analysis of the glow curve.

The dimensions of used Gag 51Ny 2sSe in the TSC experiments were 7 X 6.5 x 1 mm?®. We
have prepared the sample connections using sandwich geometry configuration. In this type of
configuration, one of the electrodes is connected to front surface of the sample. This connection
was done using a small droplet of silver paste. The circuit connection was completed by
connecting the second electrode to the cryostat. This type of connection lets the electrons and/or
holes to flow through the crystal in the direction of parallel to the c-axis. The simple
representation of the sandwich geometry is shown in the figure 3.6. Hot probe application
showed that the electrical conductivity of Gag 751Ny 05Se crystal was p-type.

—

silver paste
Sample /

Sample Holder

Figure 3.6. The simple representation of the sample with sandwich configuration.

In our TSC experiments, the excitation of the sample at low temperature was done using a
LED generating the light at a maximum peak of 2.6 eV. The trap level(s) was filled at
temperature of To = 10 K under the effect of excitation for 600 sec and bias voltage of V; =1 V.
Then, excitation was turned off and an elapsed expectation time of 300 sec was waited in the
dark. After this time interval, the sample was heated at constant rate under a bias voltage of
V, =50 V. TSC experiments were done in the temperature range of 10-300 K using an Advanced
Research systems closed-cycle helium cryostat. Constant heating rate was achieved thanks to
Lake-Shore 331 temperature controller. A Keithley 228A voltage/current source and a Keithley
6485 picoammeter were used in the experiments. The temperature and current sensitivities of the
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system were about 10 mK and 2 pA, respectively. The simplified block diagram of the TSC
system is shown in the figure 3.7.
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Figure 3.7. Simplified block diagram for TSC experimental set-up.

3.10 Thermoluminescence Experiments

The experimental procedure of the thermoluminescence measurements shows very big
similarities with that of TSC experiments. In the TL experiments, the trapping centers are also
filled using a suitable light source. Then, the sample is heated with constant heating rate after
expectation time has elapsed. As distinct from the TSC experiments, in the TL measurements no
contact is used on the surface of the sample and the sample is not exposed to a potential
throughout the TL experiments. In the TL experiments, electrons (holes) excited to the
conduction (valence) band from the trapping centers by the help of thermal energy de-excites to
the valence (conduction) band after a very short time (lifetime). In the process of this transition,
photons are released out from the sample. The data proportional to the count of these photons are
received using suitable experimental devices. Although the current flowing over the sample is
taken as experimental data in the TSC experiments, a measurement directly proportional to the
number of photon counts are received as experimental data in the TL experiments. The curve of
the temperature dependence of the TL intensity was called as the “glow curve” of the TL
experiments. This glow curve is analyzed using the analytical methods mentioned in the chapter
2 and properties of the trapping centers are found. As experimental procedure, TL experiments
have some advantages compared with TSC. Not dealing with background current and not
encountering with contact problems can be considered as two important advantages. However,
the need of large enough number of photon counts for the application of the analysis methods
can be thought as the disadvantage side of the TL experiments.
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TL measurements were carried out using a home-made set-up which was constructed by
modifying the existing TSC measurement system (see figure 3.8). The system is built around a
closed cycle helium gas cryostat (Advanced Research Systems, Model CSW-202). Sample
temperature was controlled using a LakeShore Model 331 temperature controller which is
connected to a personal computer via the GPIB bus. Temperature was measured using a
semiconductor diode detector. The temperature controller is able to control the sample
temperature between 10 and 300 K and can ramp the temperature linearly at a maximum rate of
1.0 K/s.
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Figure 3.8. Simplified block diagram of the TL experimental set-up.

A light tight measurement chamber which carries the detector (a photomultiplier tube,
PMT), light source (Light Emitting Diode, LED) and the optics was connected to the optical
access port of the cryostat (quartz window) where the sample lies on the focal plane of the optics
for both measurement and illumination. To focus the illumination light on to the sample or to
direct the luminescence onto the detector window, a rotatable front surface mirror was installed
into the light tight housing. Luminescence emitted from the sample was measured using a
photomultiplier tube (Hamamatsu R928; spectral response: 185 to 900 nm) working in photon
counting regime. Pulses from the photomultiplier were converted into TTL pulses using a fast
amplifier/discriminator (Hamamatsu Photon Counting Unit C3866) and counted by the counter
of a data acquisition module (National Instruments, NI-USB 6211). The DAQ unit was
connected to a PC using the standard USB interface. A high power blue LED emitting at ~ 470
nm (2.6 eV) was used for illuminating the sample. For this purpose the mirror position was
changed to the LED side. The flux at the sample position was about a few mW/cm? The LED
was driven by a computer controlled constant current source via the DAQ interface. Whole
measurement system was controlled by a computer using software written in LabView™
graphical development environment.
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For a TL measurement, the sample was irradiated for 300 seconds using the blue light at
10 K, after 120 seconds of waiting (to allow the unstable components to decay), the sample was
warmed up linearly at a predetermined heating rate and the emitted luminescence is recorded as a
function of temperature.

3.11 Photoconductivity Decay Experiments

Photoconductivity decay experiments were performed to determine the carrier lifetime. In
the experiments, two electrodes were connected to the opposite surfaces of crystal using silver
paste droplets. Then, one of the contacts was illuminated by a high efficiency short-pulsed LED
controlled by “NI USB-6211 high-performance USB data acquisition device”. The determination
of the decay time of the photocurrent was done using data obtained by means of a signal
transmitted to the computer during the experiment. The schematic representation of the used
experimental set-up is shown in figure 3.9.

Personal
[ NI USB-6211 Interface ](—> Computer

(ome)
| LED l%l Sample I

) I

Power Supply |

Figure 3.9. Simplified block diagram of photoconductivity decay experimental set-up.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, the results of the applied experimental techniques for the structural,
optical, electrical and defect characterization of Gagslng.sSe single layered crystals will be
given in detail. The obtained results will be compared with the results of the studies on GaSe
crystal which is the main constituent compound of Gagsslng»sSe. The variation of the
characteristic properties of GaSe as a result of addition of the indium atoms will be revealed.

4.2 X-ray Diffraction and Energy Dispersive Spectral Analysis

Structural properties of Gags5lngosSe single layered crystals were determined using
energy dispersive spectroscopy and x-ray diffraction (XRD) experiments. The chemical
composition of Gag7slng.sSe crystals was identified using energy dispersive spectroscopy
experiments. Figure 4.1 shows the resulting spectroscopy obtained from the measurements
carried out in 0-9 keV energy range. The atomic composition ratio of constituent elements ( Ga :
In: Se ) in the crystal was found out as 39.8 : 11.3 : 48.9, respectively [80].

The crystal structure was obtained by means of XRD experiments. Figure 4.2 shows x-ray
diffractogram of Gag 751N 25Se crystal. The crystal system, Miller indices of the diffraction peaks
and lattice parameters were acquired from the outputs of the least-squares computer program
“TREOR 90”. Miller indices ( h k 1), observed and calculated interplanar spacings ( d ) and
relative intensities ( 1/ 1) of the diffraction lines evaluated from the program are given in table
4.1. It is seen from the table that calculated and observed interplanar spacings were in good
agreement with each other. Moreover, the lattice parameters of the orthorhombic unit cell were
found to be a = 0.62365, b = 0.52206 and ¢ = 1.59194 nm [80]. The effect of addition of In
atoms to GaSe compound on the crystal structure can be revealed by comparing the obtained
results with those of GaSe studied in Ref. [9]. In this study, the structural analysis showed that
GasSe has hexagonal crystal structure with lattice parameters of a = 0.3755 and ¢ = 1.5946 nm. It
is seen that addition of In atoms to GaSe compound transforms the structure of the mixed crystal
Gag7slngsSe from hexagonal to orthorhombic with above given lattice parameters. This
transformation can probably be due to the difference between the atomic radii of indium and
gallium atoms (about 14 %) leading to the local distortions of the crystal structure [81].
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Figure 4.1. Energy dispersive spectroscopic analysis of Gag 751ng 2sSe crystal.
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Figure 4.2. X-ray powder diffraction pattern of Gag 75Ing 25Se crystal.
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Table 4.1. X-ray powder diffraction data for Gag 751Ny .25Se crystal

No. hkl dops (NM) dearc (NM) /1y
1 200 0.79647 0.79597 7.1
2 021 0.40011 0.40032 100
3 040 0.31186 0.31182 27.0
4 520 0.28344 0.28357 43.7
5 241 0.25371 0.25374 17.7
6 202 0.24794 0.24804 7.4
7 721 0.19775 0.19774 16.5
8 641 0.18828 0.18845 22.8
9 801 0.18593 0.18594 19.8
10 830 0.17942 0.17949 28.9
11 920 0.17026 0.17017 9.4
12 642 0.15977 0.15979 9.8
13 562 0.14486 0.14482 8.9
14 623 0.14172 0.14171 7.8
15 852 0.13363 0.13363 16.1

4.3 Transmission and Reflection Experiments

Figure 4.3 shows temperature dependence of the transmittance (T) spectra of
Gag 751ng.25Se crystals in the wavelength (1) range of 380-1100 nm and temperature range of 10-
300 K [82]. The room temperature reflection measurements were accomplished using the
samples with natural cleavage planes and the thickness such that ad >> 1 (inset of figure 4.3).
Absorption coefficient () and refractive index (n) were calculated from the transmittance (T)
and reflectance (R) spectra using expressions

. :1,n{(1—R)2 {(1—R)“ N RZT } (4.1)
d 2T 47°

m{ R [aﬂ” . @2
1-R | (1-R?) \4z

which are derived from the equations 2.7, 2.9 and 2.11 [40].
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Figure 4.3. The spectral dependence of transmission for Gay 751ng 2sSe crystal in the temperature range of
10-300 K. Inset: The spectral dependence of reflectivity at room temperature.

Thickness of the used crystal was measured as 100 um. In order to get more information about
the energy band gaps of the crystal, dependence of « on photon energy (hv) was used in the high
absorption region. Figure 4.4 shows the corresponding dependence for each temperature. It was
observed that room temperature absorption coefficient (o) for Gag 751ng 2sSe crystal changes from
27 to 457 cm™ with increasing photon energy from 1.82 to 1.95 eV. Analysis of the experimental
data revealed that (ahv) and (hv — Eg) relation gives a good coherence for p = 2 corresponding to
indirect band gap transitions (see equation 2.8). The indirect band gap energies (Eg) at studied
temperatures were found from intersection point of fitted line with photon energy axis.
Temperature dependence reflection measurements could not be performed in our experimental
set-up. Therefore, spectral dependence of room temperature reflectivity was uniformly shifted in
energy according to the blue shift of the absorption edge for calculation of a. Eg values increases
from 1.89 to 2.01 eV as the temperature decreases from 300 to 10 K (Figure 4.5). The linear fit
of band gap energy versus composition graph, accomplished on Gayln,,Se compounds in the two
extreme narrow ranges of 0 < x < 0.2 and 0.9 < x < 1.0 estimated E4 value of Gag75Ing2sSe
(x =0.75) as nearly 1.8 eV [24]. The obtained energy band gap at the room temperature from our
measurements conforms to this estimated value.

At this point, it will be worthwhile to make an inference about the usage application of
Gag 75lng o5Se crystal. lwamura et al. showed that band gap energy of GaSe shifts from 1.990 to
1.927 eV (nearly 63 meV shift) by applying 20 V voltage to the sample [23]. Since the
absorption edge energy takes value smaller than 1.959 eV (He-Ne laser emission energy), the
authors proposed a light modulator for the He-Ne laser on the base of GaSe crystal. If it is
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assumed that under application of voltage, Gag 751ng 2sSe will show similar behavior as GaSe, the
band gap energy will decrease from 1.89 eV to 1.827 eV. Since band gap energy moves to lower
value than 1.833 eV (Krypton laser emission energy), GagslngsSe crystal may be used as a
light modulator for this Krypton laser line.
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Figure 4.4. The dependence of (a4v)*? on photon energy in the temperature range of 10-300 K.

Temperature dependence of the band gap energy (Eg) was analyzed using the equation [71]

T 2
E,M =B+~ (2111)
Figure 4.5 represents fit (solid line) of experimental data (open circles) according to equation
2.111. The fit of the experimental data results with Eg (0) = 2.01 eV, y = - 6.2 X 10* eV/K and
S = 177 K. The Lindemann’s melting rule [70] using x-ray results and melting temperature
T = 1033 K gives Debye temperature for Gag 751ng25Se crystal as f = 160 K which is consistent
with our result.

52



2,00 | -

190 F -

0 100 200 300
Temperature (K)

Figure 4.5. The indirect band gap energy as a function of temperature. The circles are experimental data and
the solid line represents the fit according to equation 2.111

Figure 4.6 presents the variation of the refractive index (n) obtained from equation 4.2 as
a function of wavelength (1). Refractive index of Gag75lng 25Se decreases from 3.15 for A = 650
nm to 3.03 for A = 1100 nm in the hv < Eg region. The long wavelength refractive index 3.03
calculated for Gag7slngosSe crystals shows is in good agreement with values of n = 3 for InSe
[83] and n = 2.92 for GaSe [84]. Refractive index spectrum was fitted using the Cauchy model
which relates n and / in the low energy region as [45]

B C
n(ﬁ)= A+?+F (219)

Inset of the figure 4.6 indicates theoretical fit of equation 2.19 to experimental data. A, B and C
parameters were obtained to be 2.88, 1.18 x 10° nm® and —7.5 x 10°® nm*, respectively.

Moreover, the wavelength dependence of the dispersive refractive index in hv < E4 range
can be analyzed to determine the energy of the single effective dispersion oscillator energy (Es,),
dispersion energy (Eq), zero-frequency refractive index (ng) and dielectric constant (g) using
single-effective-oscillator model in which n is related to hv by [41-43]

n’(hv) =1+7ES°Ed ' (2.14)
EZ - (hv)*

The linear fit of the experimental data under the light of equation 2.14 is shown in figure 4.7.
The result of fitting process gives oscillator parameters as Ey, = 4.60 eV, E4 = 34.21 eV,
&,= nOZ: 8.43 and n, = 2.9.
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Figure 4.6. The variation of refractive index as a function of wavelength at room temperature. Inset: The
circles show experimental data. The solid line represents the fit according to equation 2.19 in the
low energy region.
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Figure 4.7. Plot of (n’~1) vs. (hv)? in the hv< E4 range at room temperature. Open circles are
experimental data and the solid line represents the fit using equation 2.14.
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The oscillator strength (Ss,) and wavelength (1s,) for Gag 751ng 25Se were calculated using analysis
of the refractive index in the low energy range from single Sellmeier oscillator model. The
refractive index is given in this model as [44]
(L S S (217)
SSOA‘ SO SSOJ’

Ss and /s, values were obtained from the (n”— 1) versus A2 curve as 1.01 x 10* m?and 2.71 x
107" m , respectively.

Once the n and k values are known, the real (¢;) and imaginary (e,) parts of the dielectric
constant can be calculated from the relations [48]

g, =n°—k* and ¢,=2nk

which are derived from the equations 2.32 and 2.33. Figure 4.8 and its inset show the spectra of
the ¢; and &, in the 600-1100 nm wavelength range, respectively. The spectrum of &, is similar to
that of refractive index due to ignorable extinction coefficients in low energy region. Sellmeier
and Cauchy model analysis applied to our measurements corresponds to region where ¢, = 0 [46].
The small values of &, indicate that these models are applicable for Gag 751ng.25Se single crystals.
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Figure 4.8. The spectrum of the ¢; in the 600—1100 nm wavelength range at room temperature. The inset
represents the spectrum of the ¢, in the same range.

4.4 Ellipsometry Measurements

Detailed information about the optical constants, real and imaginary components of
pseudodielectric  function, pseudorefractive index and pseudoextinction coefficient of
Gag 751N 25Se crystal was obtained from analysis of ellipsometric data [85]. Figure 4.9a shows
the spectra of components of pseudodielectric function in the range of 1.2-6.0 eV. The &, values
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vary between 1 and 8.5 values in the studied region and two peaks were observed in its spectra,
their maximum positions were shifted towards to lower energy values nearly by amount of 0.3-
0.7 eV as compared with those of GaSe [12, 86-89]. This can be due to the fact that the replacing
of Se atoms by In atoms in GaSe crystal leads to the modification of band structure.

The pseudorefractive index ( < n >) and pseudoextinction coefficient ( < k >) of the studied
Gag 75Ing.25Se crystal can be calculated using the expressions

=l eryehra]” 2%)

0)=[-eu)+ e + ()92 1] %)

relating the pseudodielectric constants to <n> and <k> values. The pseudorefractive index and
pseudoextinction coefficient spectra of Gag 751Ny 2sSe crystal obtained from the above-mentioned
expressions are presented in figure 4.9b. Two peaks in the pseudoextinction coefficient spectra
were observed at peak energies of 3.6 and 4.7 eV. These peaks can be attributed to strong
absorption of photon energy at the corresponding critical points (interband transitions).

Energy (eV) Energy (eV)

(@ (b)

Figure 4.9. (a) The spectra of the pseudodielectric function of Gag 751Ny 2sSe. Solid and dot-dashed curves
represent the real and imaginary part spectra, respectively. (b) The spectra of the refractive index and
extinction coefficient. Solid and dot-dashed curves represent the refractive index and extinction coefficient
spectra, respectively.
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The reflectivity R of the crystal was determined using the following relation
n-1)y>+x?
_nh e (29)
(N+1)Y +x°

The spectral dependence of reflectivity is shown in figure 4.10.
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Figure 4.10.The spectral dependence of reflectivity of Gag 751ng 25Se crystal.

Ellipsometric data giving the dielectric constants as a function of energy can also be used
to get comprehensive information about the interband transitions in the electronic band structure
of Gag751ng25Se crystal. To this end, the critical point (CP) analysis method was performed on

the second derivative spectra of real (d° < & >/dE2) and imaginary (d? < & >/dE2 ) parts of the

pseudodielectric constant calculated from the spectra given in figure 4.11. The second derivative
spectra were fitted under the light of theoretical expressions 2.42 and 2.43 for each case of m
values. As m = —1 case gives the lowest mean-square deviations, obtained spectra were fitted for
the case corresponding to excitonic optical transitions [12]. The second derivative spectra were
obtained after smoothing the graph using low level binomial filtering. CP analysis were
accomplished above the band gap energy E; = 1.89 eV [46]. Because the second derivative
values are very sensitive to small changes of the main data, the smoothing process should be
done without giving any damage/variation to the data. Therefore, since smoothing process
strongly distorts the main experimental data in the 2.0-3.0 eV range, we accomplished fitting
process only for the region above 3.0 eV. In the energy range from 3 to 6 eV, four CP lineshapes
of 3.16, 3.53, 4.05 and 4.53 eV were appeared as a result of least-square fitting program. These
points are indicated by arrows in figure 4.11. We listed in table 4.2 the results of the CP analysis
of Gag 751np.25Se and also previously reported results of GaSe which is the main constituent of the
studied crystal.
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Figure 4.11. Second-energy derivative of the dielectric function of Gag 751ng 25Se. Stars and open circles
represent the second-energy derivative spectra of the real and imaginary part of the dielectric function,
respectively. The solid and dot-dashed curves show the fit to the experimental data.

Table 4.2. Critical point energies for Gay 751ng 25Se and GaSe single crystals.

Ref. Crystal Ea Eg Ec Ep
This work Gag 751ng.25Se 3.16 3.53 4.05 4.53
Ref. [12] GaSe 3.23 3.75 4.03 4.69
Ref. [90] GaSe:Te 3.35 3.67 4.10 4.57

At this point, it is worthwhile to make some interpretations on the critical point energies
of 3.16 and 3.53 eV. In accordance with Ref. [91], a theoretical study about the electronic energy
band structure of GaSe and InSe, we supposed two deeper valence bands with Se p,, py
symmetry at 1.27 and 1.64 eV below the uppermost valence band with Se p, symmetry for
Gay 75lng 25Se crystal. Figure 4.12 shows the diagram of the electronic energy band structure of
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the crystal plotted according to this suggested model. Following the assignments made in Refs.
[12, 18], we attributed tentatively the CP structures in the higher energy region to the excitations
of Se py, py electrons to either the second or the third group of conduction bands.

Figure 4.12. Sketch of the electronic energy band structure of Gag 751N 2sSe crystal near the bandgap at the
Brillouin zone center.

4.5 Infrared and Raman Spectroscopy Measurements

Figure 4.13a shows IR reflectivity spectrum of Gag-slng.sSe crystals in the frequency
range of 100—-400 cm™. Kramers-Kronig analysis has been performed to get the dispersion
parameters. The frequencies of transverse (vi) and longitudinal (v.) optical phonons were
determined from the maxima of the function of & and function of energy losses Im(1/¢),
respectively. The spectral dependencies of & and Im(1/¢) are presented in figure 4.13b. The
values of vr and v, were determined as 209 and 243 cm™, respectively. Moreover, the
dependencies of optical constants n and k on the frequency were calculated from reflectivity
spectra (figure 4.13c). The high- and low-frequency refractive indices were determined as 2.42
(v = 400 cm™) and 3.09 (v = 100 cm™), respectively, with maximum value of n = 5.95
corresponding to the frequency v =206 cm™. The oscillator strength was determined from

s=2 &,(max) (4.3)
vy
where &(max) is the value of the imaginary part of the dielectric constant in the reflection band
maximum and y is full-width at half maximum of &, peak (damping constant). Using the
obtained values of &,(max) = 45.9 and » = 10 cm™ (see figure 4.13b), the magnitude of oscillator
strength was found to be S = 2.2. The high-frequency dielectric constant ¢,, = 6.7 was established
from the high-frequency reflection coefficient R., (v= 400 cm™) in accordance with formula
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7 l1-JR,
The low-frequency dielectric constant &, determined from relation g = ¢, + S, was found to be
8.9.

2
: —(“ﬁ J - (4.4)
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Figure 4.13. The spectral dependencies for Gag 751N 25Se crystal: (a) Infrared reflectivity; (b) £, and
Im(1/¢); (c) Optical constants n and k.
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Figure 4.14 shows the Raman scattering spectrum of Gagslng.sSe crystals registered in the
frequency range 25-500 cm™ in back scattering geometry. In this configuration parasitically
scattering light from exciting line gets into the spectrometer. Therefore, we were unable to
measure the Raman spectra in the range lower than 25 cm™. Unpolarized excitation and
detection, allowing all the lines to be visible, have been used for this spectrum.
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Figure 4.14. Unpolarized Raman scattering spectrum of Gag 751ng 25Se crystal.

Six lines with frequencies of 41, 136, 210, 242, 305 and 480 cm™ were observed in the spectrum.
The latter line with frequency of 480 cm™ may be assigned to the overtone of mode with
frequency of 242 cm™. We attribute the two lines with frequencies of 210 and 247 cm™, revealed
in the Raman spectrum, to the TO and LO branches of the polar mode, respectively. These
frequencies are in good agreement with those determined by infrared reflection measurements
(209 and 243 cm™). Earlier, the similar interpretation of the lines observed in the Raman spectra
of GaSe layered crystals was made by authors of Refs. [92-95]. The coincidence of the Raman
and infrared reflection mode frequencies shows that the investigated Gag 751ng25Se single crystal
has non-centric space symmetry group. In other words, the lack of inversion in crystal symmetry
implies the simultaneous Raman and infrared activity of vibrational modes.

61



Transmittance (a. u.)

600 550 500 450 400

Frequency (cm™)

Figure 4.15. Infrared transmittance spectrum of Gag 751ng 25Se crystal.

Figure 4.15 presents the infrared transmittance spectrum of Gag7slng.sSe crystal in the
frequency range of 400-600 cm™. The minima at 421, 443, 480, 511 and 540 cm™ are considered
as caused by the two-phonon absorption. In analogy to the situation in GaSe [96] and InSe [97]
layered crystals, it can be expected that the phonon combination modes are due to zone-centered
phonons. The bands observed in the transmittance spectrum of Gag 751ng 2sSe fit closely with the
possible combinations among the frequencies found from Raman spectrum in figure 4.14. The
proposed assignments of these bands are presented in table 4.3. The bands in IR spectrum with
frequencies of 421 and 480 cm™ were attributed to the overtones of modes with frequency of 210
and 242 cm™ observed in the Raman spectrum of Gag-slng2sSe crystal. In Table 4.3, we also
present the known frequencies of IR and Raman-active modes of binary compounds GaSe and
InSe, which are the constituents of Gag751ng5Se crystal. It is seen from the table, that obtained
frequencies of IR and Raman-active modes of GagslngsSe are slightly lower than those of
GasSe crystal. Since the frequencies of modes for InSe are lower than those for GaSe, it is an
expected result to reveal the slight decrease of frequency values for Gag 751ng 25Se crystal.
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Table 4.3. The frequencies of IR and Raman modes (cm™) of GaSe, InSe and Gay 75Ing.25S€ crystals, and attributions of IR transmittance
minima due to two-phonon absorption processes in Gag 751ng 255¢€ crystal

IR Reflection Raman Scattering IR Transmittance :sr;)izorsggt
GaSe InSe Gag 751N 255e GaSe InSe Gag 751N 25Se GaSe InSe Gag 751N 25Se Gag 751N 25Se
[96] [97] this work [92] [97] this work [96] [97] this work this work
- - - - 41 41 409 409 - -
— — — 59 — - 422 420 421 210 x 2 =420
— — — — 115 - 446 — 443 136 + 305 =441
- - - 134 - 136 478 - 480 242 x 2 =484
- 178 - - 176 - 511 - 511 210 + 305 =515
214 212 209 213 - 210 540 - 541 242 + 305 = 547
- - - - 225 -
255 - 243 253 - 242

- - - 308 - 305




4.6 Photoluminescence Measurements

Figure 4.16 shows temperature dependence of PL spectra of Gag5lng,sSe crystals in the
580-670 nm range at laser excitation intensity of 1.40 W cm™ [98]. There exist two peaks in the
PL spectra in the temperature range of 7-59 K. Since the low intensity values of first peak
centered at nearly 595 nm do not let us to achieve the temperature and laser excitation intensity
dependence analysis, we left this peak out of work in the present study.

Intensity (a.u.)

PL

(j%\

14

1 . 1 . 1 . 1 . 1
580 600 620 640 660

Wavelength (nm)

Figure 4.16. PL spectra of Gag 751N 2sSe crystal in the 7-59 K temperature range and 580—670 nm
wavelength region with excitation laser intensity of L = 1.40 W cm™.

The observed strong peak at nearly 613 nm was fitted using least square fitting method
under the consideration of Gaussian distribution. When the PL spectrum at T = 7 K was fitted by
the composition of two peaks (A and B), we obtained a good fit as shown in figure 4.17. As a
result the corresponding peak positions were determined as Ex= 613 nm (2.02 eV) and Eg = 623
nm (1.99 eV). In the present work, each PL spectra obtained in the temperature and laser
excitation dependence measurements were decomposed to two peaks and then analysis were
carried out with the corresponding values of fit results.
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Figure 4.17. Deconvolution of the PL spectrum into Gaussian lineshapesat T =7 K.

Figure 4.16 also indicates that increase of temperature results with a decrease in the peak
intensity and a shift of its energy to lower values (red shift). With increasing temperature half-
widths of the decomposed peaks rises from 0.046 to 0.057 eV and from 0.076 to 0.106 eV for A-
and B- peaks, respectively. Inset in figure 4.18 illustrates shift of the peak energy to lower
energies with increasing temperature. It is known that energy of the donor—acceptor pair
transition decreases along with the band gap energy as the temperature is increased [59].

Temperature dependence of the intensities of decomposed PL spectra was analyzed to get
essential knowledge about the electronic energy levels in the forbidden energy gap. For this
purpose, the curve of maximum intensities of each peaks versus 1000/T was plotted (figure 4.18)
and fitted using the expression [39]

) = lo . (2.109)
1+ aexp(-E; /kT)
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Figure 4.18. Temperature dependencies of observed A- and B-band intensities for Gag 751ng o5Se crystal.
Circles and triangles are experimental data. Solid curves show the theoretical fits using equation 2.109. Inset:
Temperature dependence of emission band energies.

The activation energies of quenching process were found as 0.01 eV for both bands as a result of
analysis. Since Gag 75lng2sSe is a p-type material, as determined by the hot probe technique, we
believe that this calculated energy belongs to a shallow acceptor located at 0.01 eV above the top
of the valence band. This shallow level can be thought as arising from defects, created during the
growth of crystals, and/or unintentional impurities.

In addition to temperature dependence of the PL spectra, we have also studied the laser
excitation intensity dependency of the observed emission bands to get additional valuable
information about the recombination mechanism responsible for the observed luminescence.
Figure 4.19 illustrates the PL spectra of Gag5Ing2sSe single crystals at different laser intensities
at T = 7 K. Measured PL spectra reveal that the increase of excitation intensity results an
increase on the peak energies (blue shift). The behavior of the emission band is in agreement
with the idea of inhomogenously distributed donor—acceptor pairs for which increasing laser
excitation intensity leads to blue shift of the band by exciting more pairs that are closely spaced
[40].
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Figure 4.19. PL spectra of Gay 751ng 25Se crystal for different excitation laser intensitiesat T = 7 K.

At low excitation laser intensities, carriers are trapped by only a small portion of the donor and
acceptor levels. This results in recombination from distant pairs only. When sufficient high
excitation laser intensities were used, all donors and acceptors are excited. In this manner,
contribution to recombination from closer pairs is also provided. The energy of the emitted
photon during a donor—acceptor pair transition has a positive contribution from a Coulomb
interaction between ionized impurities. The decrease of the separation between pairs increases
this contribution [59]. Furthermore, radiative transition probabilities which are different for
distinct pair separations decrease exponentially as a function of the distance between pairs [59].
Distant pair recombination saturates at high excitation laser intensities; whereas close pairs have
larger transition probability and can trap more carriers. Therefore, a shift of the peak energy of
the emission band to higher energy is observed as the excitation laser intensity increases.

Figure 4.20 shows the dependence of the emission band peak energies (E;) at T=7 K asa
function of excitation laser intensity (L). The experimental data are fitted by the expression [66]

L(E,) = Ly

3
(EP — Eoo) exp|:_ M} . (2.105)

Eg +E,, — 2Ep Ep -E.,
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From a nonlinear least square fit to the experimental data, the photon energy values for an
infinitely distant donor—acceptor pair and a close donor-acceptor pair are found to be

E.= 1.96 eV, Eg = 2.07 eV for A-band and E.= 1.92 eV, Eg = 2.04 eV for B-band,
respectively. These limiting photon energy values are in good agreement with the band gap
energy (Eq= 2.08 eV [81]) and the observed values of the peak energy positions for A- and B-

peaks (E-»<2.01eV <Ep<2.02eV <Eg < Eg) and (Ex<1.98eV <Ep<1.99eV <Eg < Ey),
respectively.
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Figure 4.20. Dependence of emission band band energies on excitation laser intensity at T = 7 K. Stars are

experimental data. Solid curves represent the theoretical fit using equation 2.105. Inset: Dependence of PL

intensities at the emission band maximums versus excitation laser intensity at T = 7 K. The solid lines show
the theoretical fit using equation 2.104.

In PL spectra of Gag 751ng25Se crystal, the increase in the peak intensities of emission band with
increase in the laser excitation intensity was also observed. The logarithmic plot of PL intensity
versus laser excitation intensity is given in inset of figure 4.20. Experimental data can be fitted
by a simple power law of the form [60-63]

loc L | (2.104)

where | corresponds to the PL intensity, L corresponds to excitation laser intensity and y is a
dimensionless constant. The linear fits for both A- and B-bands give the equal value of ¢ as 0.86.
This result confirms the above-mentioned supposition that A- and B-bands are related to the
same acceptor level with activation energy of 0.01 eV. The exponent ¢ for excitation laser
photon energy exceeding the band gap energy Eq is generally 1< ¢ < 2 for free- and bound-
exciton emission, whereas 0 < ¢ < 1 is typical for free-to-bound and donor—acceptor pair
recombination [64].
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Under the light of the results of the analysis of the PL spectra studied as a function of
temperature and excitation laser intensity, we may construct a simple possible scheme for the
states located in the forbidden energy gap of Gag 751ng 25Se crystal. It should be noted that the top
of valence band is formed prevailingly by p-state of Se and the bottom of conduction band is
originated from the s-d cationic states [99]. In the proposed scheme shown in figure 4.21,
shallow acceptor level (a) is located at 0.01 eV above the top of the valence band. The sum of
the activation energies of the donor (Eg) and acceptor (E,) levels, involved in the emission band,
is given by the general relation for the emission energy of donor—acceptor pair [59]

E,+Ey=E, —E, . (4.5)

Considering that the acceptor level (a) is located at 0.01 eV above the top of the valence band
and taking into consideration the Eq=2.08 eV [81] and E = 1.96 eV (for A-band) and 1.92 eV

(for B-band), the donor levels (d; and d,) involved in the emission A- and B-bands are located at
0.11 eV and 0.15 eV below the bottom of the conduction band, respectively. Taking into account
the above considerations, the observed emission bands in the PL spectra have been attributed to
the radiative transitions from the donor levels to the acceptor level.
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Figure 4.21. Proposed energy band diagram for Gag 751ng o5Se crystal.

4.7 Temperature Dependence of Dark Electrical Resistivity
The dark electrical resistivity measurements were carried out on Gag 751ng25Se crystals in

the temperature range of 150-350 K. Figure 4.22 shows temperature dependence of the
resistivity. The room temperature resistivity (proom) Was found as 2.2 x 10° Qcm. In Ref. 28, the
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resistivities of GaSe and InSe crystals were reported as 2.6 x 10° and 4.9 Qcm, respectively. The
closeness between the values obtained for Gag 751ng 2sSe and GaSe crystals can be interpreted as
that major constituent, GaSe, dominates the electrical properties of the mixed crystal
Gag7slngsSe.In the studied temperature range, it was observed that the resistivity of

Gag 75INg 25Se sample decreases from 8.5 x 10% to 1.1 x 10° Qcm as temperature increases from
150 K to 350 K.
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Figure 4.22. Temperature dependence of resistivity of Gag 751ng o5Se crystal. The inset shows the linear fit
(solid line) of the experimental data (circles) according to equation 4.6.

The experimental data of resistivity-temperature dependence was found to follow the

where py is the pre-exponential factor and E, is the resistivity activation energy. E, value was
found from the linear fit of the In p — 1000/T graph. In the studied temperature range, there exists
only one linear region representing the E, value as 0.10 eV. Moreover, this energy level was
found to be same for all applied illumination intensities in that region. It will be worthwhile to
compare this energy value with those found from the previous experimental techniques. In the
photoluminescence measurements, two donor levels with activation energies of 0.11 and 0.15 eV
were revealed. Taking into account the errors, the energies 0.10 and 0.11 eV obtained from dark
resistivity and PL measurements, respectively, may possibly assign to the same level.

4.8 Space Charge Limited Current Analysis

The current-voltage characteristics of Gag 751ng25Se single crystal have been investigated
as a function of temperature. The 1-V measurements revealed that both ohmic and space-charge-
limited (SCL) characters exhibit in the 180-300 K range. The ohmic behavior prevails in the low
applied voltage up to 1 Volt. After that value current becomes SCL and increases as a function of
square of the applied voltage. Figure 4.23 shows the applied voltage (V) dependence of the
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current density (J). Figure 4.24 represents the plot of In(J) versus In(V) which is used to get ratio
of the free carrier density to the trapped carrier density (6). The @ values were calculated using
the slope of the graph and equation 2.117 taking into account the electron mobility as
210 cm?V*s™ [100], distance between the electrodes as 1.8 cm and the dielectric constant as 9.2
[82]. Then the graph of In(#)-1000/T was plotted to find the energy of the trap. The linear fit of
the graph resulted with an activation energy of 0.11 eV (inset of figure 4.23). This value shows a
good agreement with the values found from the dark resistivity and photoluminescence
measurements.
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Figure 4.23. The variation of current density as a function of applied voltage. Inset shows the In(6) — T*
variation. Circles are experimental data and solid line is the linear fit.
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Figure 4.24. The In(J) — In (V) characteristics in the SCL region.

4.9 Temperature Dependence of Photocurrent Measurements

Photoconductivity measurements were performed at different light intensities (F) in the
range of 9.8-81.1 mWcm™ and in the temperature range of 150-300 K. The electric field was
6 V/cm (ohmic region). The photocurrent was measured along the layer, while the incident light
was perpendicular to the layer. Figure 4.25 shows some of the dependence of the photocurrent
(In) on illumination intensity (F) at different temperatures. The photocurrent-illumination
intensity relation follows the o F" expression, where the power exponent (n) indicates the

behavior of the recombination mechanism. In all measured data, it was found that n values were
nearly equal to 0.5 which indicates that there exists recombination (sublinear recombination) at
the surface.

Figure 4.26 shows the dependence of photocurrent on temperature at different
illumination intensities. It was seen that the photocurrent decreases exponentially with
decreasing temperature and plots of In (I5,) — 1000/T consist of one distinct region. In the studied
temperature range, the exponential increase in photocurrent with temperature in accordance with
the relation | on & exp(_Eph /KT) gives the photocurrent energy (E;n) as 12 meV. Taking into

account the possible errors, this energy value shows a good agreement with 10 meV energy
found from photoluminescence measurements.
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Figure 4.25. Variation of I, with F at different temperatures for Gag 751ng 2sSe crystals.
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Figure 4.26. The temperature dependence of photocurrent at various illumination intensities.
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4.10 Thermally Stimulated Current Measurements

i. Determination of the type of the charge carriers and minimum excitation time

TSC measurements performed on GagzsIngsSe crystals were carried out in the
temperature range of 10-300 K with constant heating rate of g = 0.8 K/s. In these measurements,
there exists one peak with peak maximum temperature of nearly 160 K as shown in figure 4.27.
For the analysis of the obtained curves, it is necessary to determine the type of the trapping
kinetics in the TSC process [101]. The type of the trapping Kinetics is determined by the
comparison of the magnitudes of capture cross sections S; and S, of the trapping and
recombination centers. For first order kinetics S; << S;, slow retrapping occurs in the TSC
experiments. In this case, electrons (holes) excited thermally from the traps have much greater
probability for recombining with holes (electrons) than of being retrapped. Therefore, the
concentration of the charge carriers trapped in the defect centers have no any effect on the peak
maximum temperature of the TSC curve. The magnitude of the current measured in the
experiments is only changed with the variation of concentration of the charge carriers. Fast
retrapping case occurs in the case of S; >> S,. In the fast retrapping, electrons (holes) are
retrapped before recombination takes place. Therefore, these retrapped charge carriers take role
in the TSC process more than one time. The TSC curves corresponding to fast retrapping are
shifted to higher temperatures. Also, peak position and shape of the TSC curve changes with the
concentration of filled traps. For this purpose, the initial concentration of the charge carriers in
the trapping centers was changed by illuminating the sample for different times (0-600 sec) at
low temperature (figure 4.27). As shown from the TSC curves in the figure, the shape of the
spectra and peak maximum temperature values remain invariable. This behavior indicates that
the observed trapping center may be considered under the first order kinetics condition. Inset of
figure 4.27 shows the dependence of peak maximum currents on illumination time for observed
peak. It is revealed that trapping center is filled completely after nearly 600 sec. Therefore, the
illumination time for TSC experiments on Gag 751Ny 2sSe crystal was taken as 600 sec.
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Figure 4.27. TSC spectra of Gag 751N 25Se crystal for various illumination times. Inset: the dependence of
peak maximum current on illumination time. The dash-dotted lines are only guides for the eye.
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The type of the charge carriers taking part in the TSC experiments was also determined by
illuminating only one contact of the sample. Figure 4.28 shows the TSC curves of Gag75lng .5Se
crystals measured for forward and reverse bias conditions for the observed trapping center. In
this experimental technique, the contact on the illuminated surface of the crystal was connected
to the positive or negative terminals of the applied voltage and TSC experiments were carried out
for both cases. The illumination of crystal surface creates both types of charge carriers. But, only
one type of carriers is driven along the whole field zone, while the opposite type is collected very
quickly depending on the bias voltage. Only the illuminated terminal type carrier is trapped
throughout the excitation. It was revealed from the figure 4.28, that when the polarity of the
illuminated contact is positive, TSC curve intensity was highest. That means holes are distributed
in the sample and then trapped. Consequently, observed peak can be characterized as hole trap.
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Figure 4.28. Typical experimental TSC curves of Gay 751ng 25Se crystal under opposite bias voltage. Circles
and stars represent the experimental data obtained at illumination of positive and negative contacts,
respectively.

ii. Determination of activation energy

There are several methods to determine the activation energies of the trapping centers.
Among these methods, we have used the curve fitting, initial rise, peak shape and differential
analysis methods. When the curve fitting method was applied on the TSC curve for one trapping
center case, a good fit of the theoretical consideration to the experimental data was obtained
(Figure 4.29). The fitting process was successfully accomplished for the case of slow retrapping
according to equation 2.75. This also suggests that retrapping is negligible for the trap of
Gay 751Ny 25Se crystal studied in the present work. The solid line in figure 4.29 shows the data for
a heating rate of 0.8 K/s fitted with one peak having activation energy of E;= 62 meV (table 4.4).

As a second analysis technique, we have used the initial rise method which is independent
of the recombination kinetics. This method is based on the theoretical fact that the TSC is
proportional to exp(-E/KT) when the charge carriers are thermally excited from the traps [50].
Therefore, when the initial portion of the TSC curve is analyzed, the plot of In (1) versus 1/T
gives a straight line with a slope of (-Ey/k). Figure 4.30 shows this plot with its linear fit given as
a solid line. The activation energy of the trap calculated from this slope was found as 61 meV
(Table 4.4).
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Figure 4.29. Experimental TSC spectrum of Gag 751ng 25Se crystal with 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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Figure 4.30. Thermally stimulated current vs. 1000/T. The circles present the experimental data and the line
represents the theoretical fit using initial rise method.
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Table 4.4. The activation energy (E;), capture cross section (S;), attempt-to-escape frequency (v)
and concentration of observed trap of Gag 751ng 25Se crystal from TSC measurements.

T (K) E;(meV) S (em?) v(s?)  Ne(em?®)
Curve fitting Initial rise Peak shape
method method method
156.8 62 61 65 1.0x10% 230 1.4x 10"

TSC glow curve has also been analyzed using peak shape method which depends on the
analysis of the low and high half-intensity temperatures of the TSC curve. The averaged value of
calculated E,, E5 and E,, using equations 2.90, 2.91 and 2.92 for the observed peak is found as
65 meV (Table 4.4). The characteristic parameter x4 value for the trap in Gagzslng,sSe crystal
was calculated as 0.45 which is closer to the value of 0.42 suggested for the slow retrapping
process. This closeness is also another indication of the first order kinetics for the trap level of
Gag 751Ny 25Se crystal.

As a last method, we have applied the differential analysis method on the observed peaks.
Figure 4.31 shows the graph of the first derivative of the logarithmic current with respect to
temperature. Activation energy of the observed trap was calculated using the slope of the tangent
(am) at T = T, of the first derivative of the TSC curve. As can be seen from the figure, the
derivative is equal to zero at T, = 156.7 K with a tangential slope of oy = —1.26 x 10°. The
corresponding activation energy of this ay, value was calculated using equation 2.95 as
E; =63 meV.

0,08 T T T T T T
0,04
'—
o
=
= 000
£
o
-0,04
O Derivative OO
Tangent 5 :
-0,08 : ' : ' : L T
80 120 160 200

Temperature (K)

Figure 4.31. Derivative of the thermally stimulated current. Open circles are experimental data and the line is
the tangent at T,,= 156.7 K.
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iii. Determination of capture cross section and concentration of traps

Curve fitting parameters can also be used to calculate the capture cross section (S),
attempt-to-escape frequency (v) and concentration (N;) of the traps. Equations 2.72 and 2.77
relating the parameter B’ can be combined to calculate the attempt-to-escape frequency. Then the
capture cross section of the trap can be found using equation 2. 86. Table 4.4 shows the results of
the calculations in which hole effective mass of m,= 0.14 m, reported for GaSe crystal [100] was
used. The small value of the capture cross section justifies the assumption of first order kinetics.

The concentration of the trap (N;) and photoconductivity gain G were calculated using the
relations 2.87 and 2.88, respectively. The photoconductivity decay is nearly exponential after
termination of light pulse at t = t,. The carrier lifetime z was determined from the corresponding
output voltage expressed as [56]

Vi =V + DeXp(-t/7), (4.7

where Vi, is the voltage at t = co and D is a constant. Figure 4.32 represents the experimental
data (circles) and its theoretical fit (solid line) obtained using equation 4.7. The carrier lifetime
was found as 0.11 ms from the output of the fitting program. The photoconductivity gain
corresponding to this value was calculated as 6.9 from equation 2.84, using V =3V and x = 210
cm?Vs [100]. Then, concentration of the observed trap was evaluated as N, = 1.4 x 10" cm™®
(Table 4.4).
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Figure 4.32. Photoconductivity decay curve for Gag 751N 2sSe crystal. Open circles are experimental data.
Solid line shows the fit to the experimental data.

4.11 Thermoluminescence Measurements
i. Determination of the minimum excitation time
Figure 4.33 shows the TL curves of Gag7slng2sSe crystal observed in the temperature

range of 10-200 K for different illumination times [102]. Since TL experiments do not represent
any peak above 200 K, this range was not given in the graphs presented in the work. The
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obtained curve at constant heating rate of 1.0 K/s reveals the existence of at least three distinctive
peaks. There are a few methods to find the exact number of these centers and their luminescence
parameters. However, before applying these methods, the order of the kinetics in the TL process
should be determined. The theoretical approach and experimental methods are different for first
(slow retrapping) and second (fast retrapping) order kinetics as mentioned in chapter 2. The
dependency of the TL glow curve on excitation time helps to understand the type of the kinetics
as mentioned in the results of thermally stimulated current measurements. As can be seen from
the figure 4.33, observed TL glow curves for different illumination times differ with regard to
peak intensity, but their peak temperature positions do not change. This is an important indicator
of slow retrapping process. Moreover, the dependency of intensity on excitation time reveals that
defect centers are completely filled for illumination times between 300 and 600 sec illumination
time. Therefore, the crystal was illuminated for 600 sec in all thermoluminescence
measurements.
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Figure 4.33. TL curves of Gag 751ng 25Se crystals for different illumination times at a constant heating rate
£ = 1.0 K/s. Inset: Maximum value of TL intensity as a function of illumination time. The dash-dotted line
is only guide for the eye.

ii. Determination of activation energy

In the determination of activation energies, curve fitting, initial rise and different heating
rate methods were used for the observed TL curves.

The curve fitting method was applied to the experimental glow curve under the light of
the expression 2.75. Curve fitting method revealed that there appear four different defect centers
with activation energies of 9, 45, 54 and 60 meV (Figure 4.34). The dashed-dot lines below the
experimental data (open circles) represent the each defect center’s own glow curves
(deconvoluted peaks). Peak maximum temperatures, activation energies, capture cross sections
and attempt-to-escape frequencies of the defects centers obtained from the curve fitting method
are presented in table 4.5.
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Figure 4.34. Experimental TL curve of Gag 751Ny 25Se crystal with heating rate # = 1.0 K/s and
decomposition of this curve into four separate peaks. Open circles are experimental data. Dashed curves
represent decomposed peaks. Solid curve show total fit to the experimental data.

At this point, the comparison of calculated activation energies with those determined from
TSC and PL analysis should give essential assessment to relate these luminescence techniques.
TSC measurements demonstrated that one hole trapping center exists at 62 meV. This level is
also observed in TL analysis with E;p = 60 meV in the glow curve. However, three additional
defect centers (A, B and C) also appear in TL measurements. The reason of not observing these
centers in the TSC experiments can be because of the large dark currents in Gag 751ng .5Se crystal
having low resistivity. Moreover, it may be informative to compare the present TL outcomes
with previous results obtained from PL spectroscopy measurements on Gag 751N 25Se crystals in
the temperature range of 10-300 K. Trap levels of 10 and 12 meV were revealed from the
temperature dependency of the PL intensity and phoconductivity measurements, respectively.
These energies are very close to the level located at 9 meV found in the TL analysis. Taking into
consideration the errors, these energies can be assigned to the same level.

As a second method, the initial rise method, valid for both of slow and fast retrapping
processes, was applied. Figure 4.35 shows the convenient plots and linear fitted lines (according
to equation 2.89) with their resulting activation energies. The calculated values of 8, 41, 53 and
55 meV were in good agreement with values obtained from curve fitting method (Table 4.5).

Table 4.5. The activation energy (E;), capture cross section (S;) and attempt-to-escape frequency
(v) of observed traps in Gag 751ng 25Se crystal from TL measurements.

Peak Tm(K) E;(meV) S (cm?) v (s
Curve Initial Heating After
fitting rise rate thermal
method method method  cleaning
A 37.8 9 8 - - 72 %105 0.7
B 80.2 54 53 53 - 4.6x 1025 193.0
C 101.4 45 41 - 48 9.5x10% 6.3
D 137.0 60 55 - 59 3.5%x 102 4.3
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Figure 4.35. TL intensity vs. 1000/T for observed peaks in TL spectra of Gag 751ng 25Se crystal. Open circles
are experimental data and solid lines are the fitted straight lines.

The reliability of the curve fitting method results introducing the number of defect centers
as four can be verified using an experimental technique which separates the overlapped peaks.
For this separation purpose, thermal cleaning process is used in the TL measurements. In this
method, the sample illuminated at low temperature (To = 10 K) is heated up to a cleaning
temperature (T) value which empties some of the initial defect levels. Then the sample is
cooled to initial low temperature and re-heated to higher temperature without any additional
excitation. By this way, some of the initial defect levels are emptied throughout the process
occurring between T, and T temperatures. The TL curve obtained after re-heating the sample
includes all the luminescence properties belonging to the remaining distributed traps. We have
performed many experiments for different T temperatures and revealed that first two peaks
empty for T, = 45 K. The TL glow curve obtained after thermal cleaning process is given in
figure 4.36. It can be easily seen that this curve belongs to the combination of remaining peaks C
and D. We have also applied curve fitting method on this glow curve (inset of figure 4.36). The
results of curve fitting method on C- and D-peaks before and after the thermal cleaning were in
good agreement with each other (Table 4.5).

The effect of heating rate on the TL curve is also investigated using heating rates (5)
between 0.2 and 1.0 K/s (figure 4.37). Behavior of the TL curve according to the change of
heating rate can be used to calculate the activation energy of the traps [103]. In this method, the

plot of In (Tnf / B) versus 1/ T, gives a straight line with a slope of E; / k. In the inset of figure

4.37, this plot obtained using the Ty, values of the most intensive peak in TL curves for different
heating rates is represented. As a result of linear fit of the plot, corresponding activation energy
was found as 53 meV. It should be noted, that the T, values of the most intensive peak in TL curve
and deconvoluted peak B curve are very close to each other (see figure 4.34). For this reason 53
meV energy calculated from the different heating rate method can be attributed to the activation
energy of peak B.
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Figure 4.36. Experimental TL glow curves of Gag 751ng 25Se crystal before (stars) and after (circles) thermal
cleaning for a heating rate of # = 1.0 K/s. Inset: Experimental TL curve after thermal cleaning and
decomposition of this curve into two separate peaks. Open circles are experimental data. Dashed curves
represent decomposed peaks. Solid curve show total fit to the experimental data.
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Figure 4.37. Experimental TL curve of Gag 751N 25Se crystal with different heating rates. Inset:

In (T,ﬁ 1B) versus 1000/T,, for different heating rates. Open circles are experimental data and solid line
shows the theoretical fit to the experimental data.
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CHAPTER 5

CONCLUSION

In the present thesis, an important mixed crystals, Gag 751N 25Se which is formed from the
restricted combination of GaSe and InSe semiconductor crystals was characterized by means of
structural, optical and electrical measurements. The applied techniques were x-ray diffraction
and energy dispersive spectral analysis for structural characterization, visible and infrared
reflectivity and transmittance, ellipsometry, Raman spectroscopy and photoluminescence for
optical characterization and dark electrical resistivity, space-charge-limited current and
photoconductivity for electrical characterization. Furthermore, the trapping centers in the
undoped Gag7sIng5Se single crystals were studied using thermally stimulated current and
thermoluminescence measurements. The obtained results of each experimental methods were
compared with those of GaSe crystal to understand how the addition of In atoms changes the
characteristic properties of the GaSe.

Energy dispersive spectroscopy experiments were carried out in the energy range of 0-9
keV. As a result of the analysis, the atomic composition ratio of the constituent elements ( Ga :
In : Se ) in the crystal was found out as 39.8 : 11.3 : 48.9, respectively. The crystal system,
Miller indices and lattice parameters of the crystal structure of Gag 751ng5Se were obtained from
the analysis of the x-ray diffraction experiment. The lattice parameters of the orthorhombic unit
cell were found to be a = 0.62365, b = 0.52206 and ¢ = 1.59194 nm. The effect of addition of In
atoms to GaSe compound on the crystal structure was revealed by comparing the obtained results
with those of GaSe given in the literature. This comparison indicated that addition of In atoms to
GaSe compound transforms the structure of the mixed crystal Gag-slng»sSe from hexagonal to
orthorhombic with above given lattice parameters.

The optical constants of Gag 751ng o5Se single crystals were found via the transmission and
reflection measurements in the 380—1100 nm spectral region. The analysis of the absorption data
at the room temperature showed the existence of indirect transitions in the crystal with energy
band gap of 1.89 eV. In the literature, the band gap energies of GaSe and InSe were found
approximately as 2.0 and 1.2 eV, respectively. When the obtained result for Gag 751ng 25Se single
crystal was compared with those of previous studies, it is seen that band gap energy value is in
the expected region of 1.2 — 2.0 eV and closer to that of GaSe crystal. Temperature dependence
of the transmission measurements were also performed in the 10-300 K region. Measurements
revealed the shift of the absorption edge toward lower energy as temperature is increased from
10 to 300 K. The rate of change of the indirect band gap of the crystal was found as
y=-6.2 x 10~ eV/K from the theoretical relation giving the band gap energy as a function of
temperature. The absolute zero value of the band gap energy was calculated as Eg (0) = 2.01 eV
from the same analysis. The refractive index values found in the wavelength range of
650-1100 nm decrease from 3.15 to 3.03. The long wavelength refractive index 3.03 calculated
for Gag 751y 25Se single crystals showed a good consistency with the refractive index values n =3
for InSe and n = 2.92 for GaSe given in the literature. The Wemple-DiDomenico single-
effective-oscillator model applied to refractive index dispersion data was used to determine the
oscillator energy (Es), dispersion energy (Eq), and zero-frequency (ng) refractive index. The
oscillator parameters were calculated as Eg, = 4.60 eV, Eq= 34.21 eV and n, = 2.9. The real (&)
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and imaginary (e,) parts of the dielectric constant were also calculated from the refractive index
and extinction coefficient in the 380—1100 nm spectral region.

The optical characterization of GagzsIngsSe crystal was extended by carrying out the
ellipsometry measurements the 1.2-6.0 eV spectral region to get detailed information about the
optical constants, real and imaginary parts of the pseudodielectric function, pseudorefractive
index and pseudoextinction coefficient. Moreover, the critical point analysis of the second
derivative spectra of the dielectric constant in the above band gap region were accomplished to
get comprehensive information about the interband transitions in the electronic band structure of
Gay 75lng 25Se crystal. Analysis revealed the presence of four critical points (CP) with energies of
3.16, 3.53, 4.05 and 4.53 eV. The CP energies of GagsIngsSe crystal was found to be slightly
smaller than those of GaSe given in literature. This is thought to be an expected result, since the
band structure of GaSe crystal changes and consequently band gap energy decreases with the
addition of In atoms.

The infrared reflectivity and transmittance and Raman scattering in Gag 75Ing 2sSe layered
crystals were investigated in the frequency ranges of 100-400, 400—-4000 and 25-500 cm™,
respectively. The frequencies of transverse (vy) and longitudinal (v.) optical phonons were
determined as 209 and 243 cm™, respectively, from the maxima of the function of the imaginary
part of the dielectric constant (&) and the function of energy losses Im(1/g), respectively.
Moreover, the high- and low-frequency refractive indices were determined as 2.42
(v = 400 cm™) and 3.09 (v = 100 cm™), respectively, with maximum value of n = 5.95
corresponding to the frequency v =206 cm™. In the Raman spectroscopy measurements, six lines
with frequencies of 41, 136, 210, 242, 305 and 480 cm™ were observed in the spectrum. The
latter line with frequency of 480 cm™ may be assigned to the overtone of mode with frequency of
242 cm™. The two lines with frequencies of 210 and 247 cm™, revealed in the Raman spectrum,
were attributed to the TO and LO branches of the polar mode, respectively. The infrared
transmittance spectrum of GagssIngsSe crystal showed minimas at 421, 443, 480, 511 and 540
cm™ which are considered as caused by the two-phonon absorption. The bands in IR spectrum
with frequencies of 421 and 480 cm™ were attributed to the overtones of modes with frequency
of 210 and 242 cm™ observed in the Raman spectrum of Gag 751ng 2sSe crystal.

Photoluminescence measurements were carried out as a function of temperature and
excitation laser intensity on Gagslng.sSe single crystals. Two emission bands centered at
613 nm (2.02 eV, A-band) and 623 nm (1.99 eV B-band) were observed at T = 7 K at constant
laser excitation intensity of 1.40 W cm™. The excitation intensity (0.06-1.40 W cm™) and
temperature dependence (7-59 K) analysis performed on the PL spectra of A- and B- bands
revealed that observed emissions are interpreted as transitions from two donor levels to a single
acceptor level located at 0.01 eV above the valence band. The energies of donor levels were
calculated from the band energy positions of the bands as 0.11 and 0.15 eV for A- and B-bands,
respectively. Since the studied samples were not intentionally doped, the revealed acceptor and
donor levels are considered to come out from the uncontrolled impurities and/or defects
produced during the crystal growth.

The dark electrical resistivity measurements were carried out on Gag 751N 25Se crystals in
the temperature range of 150-300 K. The room temperature value of the resistivity (p) was found
as 2.2 x 10° Qem. In the studied temperature range, the resistivity activation energy was found as
0.10 eV. This energy value showed a good agreement with the result obtained in PL
measurements. The 1-V measurements revealed that both ohmic and space-charge-limited (SCL)
characters exhibit in the 180-300 K range. The analysis on the SCL region indicated the energy
of the trap level as 0.11 eV which is consistent with the results obtained from PL (0.11 eV) and
dark resistivity (0.10 eV) measurements. Photoconductivity measurements were performed at
different light intensities in the range of 9.8-81.1 mWcm™ and in the temperature range of
150-300 K. The photocurrent-illumination intensity relation showed that the behavior of the
photoconductivity is sublinear recombination. Moreover, analysis on the dependence of
photocurrent on temperature at different illumination intensities revealed the photocurrent energy
as 12 meV.

The defect levels in Gagslng2sSe single crystals were studied by means of thermally
stimulated current (TSC) and thermoluminescence (TL) measurements. TSC measurements
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performed in the temperature range of 10-300 K with constant heating rate of g = 0.8 K/s
revealed that there exists one hole trapping center at 62 meV energy level. The results of the
various activation energy determination methods (curve fitting, initial rise, peak shape and
differential analysis methods) were agree with each other. Since the analysis of the experimental
TSC curve gave reasonable results under the model that assumes slow retrapping, the retrapping
process was negligible for the observed trap level. As the crystals studied are not intentionally
doped, the observed levels are thought to exist due to the presence of defects created during the
growth of crystals and/or unintentional impurities. The capture cross section of the trap was
calculated to be 1.0 x 10® cm® Also the concentration of the trap was estimated to be
1.4 x 10" cm®,

Thermoluminescence measurements were also carried out in the low temperature range of
10-300 K with different heating rates. The observed TL curves have been analyzed using curve
fit, initial rise and different heating rate methods. Four trapping centers with activation energies
of 9, 45, 54 and 60 meV were found from the results of the analysis. The trapping center at
60 meV was also observed in the TSC measurements with 62 meV activation energy. The reason
of not observing the other three centers in TL results can be due to the large dark currents in
Gag7slngsSe crystal having low resistivity. Moreover, taking into consideration the errors,
trapping center at 9 meV observed in TL analysis can be considered as the same level observed
in PL result with 10 meV level.. The studied Gag 751Ny 05Se crystals were not intentionally doped.
Therefore, the existence of these trapping centers can be referred to the defects, created in the
growth process of crystals, and/or unintentional impurities. The experimental applications and
consistency of the slow retrapping theory with experimental curve showed that the first order of
kinetics is the dominant case in the TL measurements. The capture cross sections and attempt-
to-escape frequencies of the observed trap levels were also calculated.
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