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ABSTRACT 

 

 

 

 

LOW TEMPERATURE THERMOLUMINESCENCE STUDY OF SOME 

TERNARY AND QUATERNARY LAYERED STRUCTURED 

SEMICONDUCTORS 

 

 

Delice, Serdar 

Ph. D., Department of Physics 

Supervisor: Prof. Dr. Nizami Hasanli 

 

 

July 2016, 116 pages 

 

 

 

Thermoluminescence (TL) experiments for ternary and quaternary layered 

single crystals were carried out in 10−300 K temperature range by employing various 

heating rates between 0.2 and 1.2 K/s. The TL emissions coming from the trapping 

centers in the studied samples brought out the TL spectra exhibiting peaks at different 

temperature regions for each crystals. These peaks were taken under consideration to 

reveal the TL properties of the associated trap levels. 

Characterizations of defect centers existing in the crystals were achieved 

utilizing the best-known analysis methods (curve fitting, initial rise, peak shape and 

heating rate methods) of TL theory. Thermal activation energies, capture cross 

sections and frequency factors of trapping levels were calculated with used TL 
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analysis methods. Corrections due to temperature lag effect were taken into account 

for some of the studied crystals to evaluate the activation energy using heating rate 

method. Order of kinetics exhibited by trap levels were determined through curve 

fitting and peak shape methods. TL mechanisms of the trap centers in the crystals 

were studied in depth by investigating the behaviors against different heating rates 

and stopping temperatures. Although most of the trap levels in the crystals showed 

the normal heating rate behavior, the traps in Tl2GaInS4 and GaS crystals exhibited 

the properties of anomalous heating rate behavior. Also, thermal quenching was 

observed for the Tl2Ga2S3Se crystal. In addition, except for the Tl4In3GaS8 and 

GaSe:Mn crystals, which possess the continuous distribution of traps and single trap 

level, respectively, the quasi-continuous distributions of the trapping levels were 

exhibited in other studied crystals.  

           

 Keywords: Semiconductors, defects, luminescence, activation energy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

 

 

ÖZ 

 

 

 

 

BAZI ÜÇLÜ VE DÖRTLÜ KATMANLI YAPILI YARIİLETKENLERİN 

DÜŞÜK SICAKLIK TERMOLÜMİNESANS İNCELENMESİ 

 

 

Delice, Serdar 

Doktora, Fizik Bölümü 

Tez Yöneticisi: Prof. Dr. Nizami Hasanli 

 

 

Temmuz 2016, 116 sayfa 

 

 

 

Üçlü ve dörtlü katmanlı tek kristalleri için termolüminesans (TL) deneyleri 

0.2 ve 1.2 K/s arasındaki ısıtma hızları kullanılarak 10−300 K sıcaklık aralığında 

gerçekleştirildi. Çalışılan kristallerdeki tuzak merkezlerinden gelen TL salınımları 

her bir kristal için farklı sıcaklık bölgelerinde pikler sergileyen TL spektrumları 

ortaya çıkardı. Bu pikler ilgili tuzak seviyelerinin TL özelliklerini göstermek için 

dikkate alındı. 

Kristallerde bulunan kusurların karakterizasyonu TL teorisinin en iyi bilinen 

metodlarından yararlanılarak yapıldı (eğri fitleme, ilk yükselme, pik şekil ve ısıtma 

hızı metodları). Tuzak merkezlerinin termal aktivasyon enerjileri, yakalama kesit 

alanları ve kaçış frekansları bu metodlar ile hesaplandı. Bazı kristallerin aktivasyon 

enerjisini ısıtma hızı metodu kullanılarak hesaplamak için sıcaklık gecikme 
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etkisinden kaynaklanan düzeltmeler hesaba katıldı. Eğri fitleme ve pik şekil 

metodları vasıtasıyla tuzak seviyelerinin sergilediği kinetik sıraları tanımlandı. 

Kristallerde bulunan tuzak merkezlerinin TL mekanizmaları farklı ısıtma hızları ve 

aydınlatma sıcaklıklarına karşı davranışları araştırılarak derinlemesine çalışıldı. 

Kristallerdeki çoğu tuzak merkezlerinin normal ısıtma hızı davranışı göstermesine 

rağmen, Tl2GaInS4 ve GaS kristallerindeki tuzaklar anormal ısıtma hızı davranışının 

özelliklerini göstermiştir. Ayrıca, Tl2Ga2S3Se kristali için termal sönüm gözlendi. Ek 

olarak, sırasıyla devamlı tuzak dağılımı ve tek tuzak seviyesine sahip olan Tl4In3GaS8 

ve GaSe:Mn kristallerinin dışındaki kristallerde devamlı tuzak dağılımı gibi davranış 

sergilenmiştir.  

 

 

Anahtar kelimeler: Yarıiletkenler, kusurlar, lüminesans, aktivasyon enerjisi. 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

Semiconductor materials have been getting more and more important subjects 

in human life with their tremendously expanding usage area in the technology. 

Researchers and producers have paid great deal of attention for investigation of 

electrical and optical properties of them and for improvement of the devices 

fabricated by semiconductor components. They have been used for various purposes 

for years. Due to their controllable electrical conductivity, they have taken significant 

roles in a large scale in the electronic devices covering humanity life. They are also 

optically sensitive materials so that they are chosen for fabrication of light responsive 

and producing devices. Lately, different compositions of III-VI groups 

semiconducting elements have been attracted remarkable attention for the production 

of related devices. Thus, determining the optical and electrical properties of these 

compounds will be contributor for the development of this technology. 

Various binary, ternary and quaternary layered-structured semiconducting 

materials have been considered as promising materials due to their conformity to 

semiconductor application areas such as nonlinear optical transducers, emission 

modulators and memory switching elements in optoelectronics and nonlinear optics 

[1-3]. Binary and ternary semiconductor crystals have been studied widely by 

researchers in terms of their electrical and optical properties [4-13]. Since the 

quaternary compounds of these crystals show similar optical and electrical behaviors 
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and they allow adjusting the band gap according to intended uses, these types of 

structured crystals possess great potential for improvement of the semiconductor 

technology. In this study, we focused to characterize the some binary, ternary and 

quaternary semiconducting layered single crystals that are composed of GaS-GaSe, 

TlGaS2-TlGaSe2 and TlGaS2-TlInS2 systems. 

Defects or impurities are dominant phenomena for performance of the devices 

fabricated with semiconductor materials. The efficiency of the devices can be 

strongly influenced by defects due to interaction of the unintentionally existed energy 

levels with the charge carriers contributing to the conduction or luminescence 

process. If it is necessary to exemplify the detrimental effect of the defects, non-

radiative transitions can occur due to the presence of the defect centers such that it 

causes diminishing of the internal quantum efficiency or completely hinder the 

generation of light in LEDs and lasers. Likewise, carrier mobility can decrease in the 

electronic devices, if the defect centers act as a scattering centers. Thus, high-

frequency operation can become impossible. Further, the effect of the impurities on 

the electrical and optical properties of the semiconductor materials is the well-known 

subject. Hence, having information about the existence of the defect levels in the 

studied crystals will be advantageous for the production of the devices using such 

materials. The utilized techniques for determination of the defect centers can also be 

contributory for researchers studying in the same area. 

The introduction part is going to continue with the explanation of the known 

structural and optical properties of the studied crystals. Then, the results of the 

previous studies on the same crystals will be discussed. Finally, the explanations what 

we have done in the present study will be mentioned. 

 

1.1. The optical and structural properties of the studied crystals  

The ternary layered TlGaS2 and TlGaSe2 single crystals exhibit high 

photosensitivity for visible light source and they possess transparency in a large scale 

range between 0.5 and 14.0 μm [12]. These properties make the ternary crystals 

applicable for optoelectronic devices. These crystals were studied in terms of optical 
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and electrical properties in Refs. [10-17]. The indirect (Egi) and direct (Egd) band gaps 

of TlGaS2 and TlGaSe2 crystals were found to be Egi = 2.45 eV, Egd = 2.63 eV and 

Egi = 1.97 eV, Egd = 2.26 eV, respectively [18]. The quaternary compounds formed 

from the combination of these crystals bring flexibility for variation of the lattice 

constant and band gap to obtain desired materials. The lattice constant is significant 

parameter that can increase the efficiency of light generation at large range of 

wavelength. Therefore, quaternary crystals carry great potential for optoelectronic 

applications. The quaternary Tl2Ga2S3Se, TlGaSSe and Tl2Ga2Se3S crystals, 

exhibiting the properties of semiconductors, can be formed from ternary TlGaS2 and 

TlGaSe2 crystals through the replacement of a quarter, half and three quarter of S (Se) 

atoms with Se (S) atoms, respectively [1,19]. Two-dimensional layers form the lattice 

structure by stacking as parallel to the (001) plane. Sequentially created layers make 

90 degree with former layer. In these crystals, Tl and S(Se) atoms create interlayer 

bond while Ga and Se(S) atoms form intralayer bond. The band gap energies of 

Tl2Ga2S3Se, TlGaSSe and Tl2Ga2Se3S crystals were found as Egi = 2.38 eV, Egd = 

2.62 eV [20], Egi = 2.27 eV, Egd = 2.58 eV [21], and Egi = 2.15 eV, Egd = 2.54 eV 

[22], respectively, from the analyses of transmission and reflection data obtained at 

room temperature.   

The ternary TlInS2 crystals were studied previously in point of photoelectrical 

and optical properties [23-27]. Indirect and direct energy band gaps were established 

in the crystal with energies of Egi = 2.27 eV and Egd = 2.47 eV, respectively [18]. 

Tl4Ga3InS8, Tl2GaInS4 and Tl4GaIn3S8 quaternary layered single crystals are 

constituted from TlGaS2 (TlInS2) crystal by adding a quarter (three quarter), half 

(half) and three quarter (a quarter) of In (Ga) atoms in replacement of Ga (In) atoms, 

respectively [1,19]. The lattices of the crystals comprise two-dimensional layers that 

are parallel to (001) plane. Intra- and interlayer bonds occur between gallium 

(indium) and sulfur atoms and, between thallium and sulfur atoms, respectively. 

Coexistence of indirect and direct band gaps were revealed using transmission and 

reflection measurements for Tl4Ga3InS8, Tl2GaInS4 and Tl4In3GaS8 crystals with 
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energies of Egi = 2.40 eV, Egd = 2.61 eV [28], Egi = 2.35 eV, Egd = 2.54 eV [29], Egi 

= 2.32 eV, Egd = 2.52 eV [30], respectively. 

The binary GaS and GaSe crystals are the AIIIBVI-type semiconductors with 

layered structure. These crystals possess encouraging optical properties with 

sensitivities in red and blue visible range for fabrication of devices in optoelectronic 

area [4-6]. Interlayer bonding interactions occur due to the weak forces (Van der 

Waals). Conversely, intralayer interactions are governed by strong ionic-covalent 

bonds [31]. The layers that have stacking sequence S(Se) - Ga - Ga - S(Se) consist of 

four atoms (two gallium and two sulfur (selenium)) [32]. GaS has wide band gap with 

indirect and direct energies of 2.59 and 3.04 eV, respectively, which make it as an 

applicable material to be used in fabrication of near-blue LEDs [33-35].   In addition, 

this crystal was shown to be responsive in the green-blue region of the spectra due to 

its electro- and photoluminescence properties [5,36,37]. On the other hand, GaSe 

crystals were studied widely to investigate the electrical and optical properties. It has 

a band gap interval with energy about 2.0 eV [38,39]. It is thought as a convenient 

material for terahertz and infrared generation since it has high birefringence and 

second order nonlinear optical susceptibility [40-44].  

The ternary mixed crystals of GaSxSe1-x crystals can be obtained using GaS 

and GaSe crystals by changing the constituent compounds’ concentration without any 

restriction (0 < x < 1) [32,45,46]. As being in the GaS and GaSe crystals, GaSxSe1-x 

crystals have also layered structure. The intra- and interlayer bonding types are 

dominated by strong ionic-covalent and weak Van der Waals interactions, 

respectively. Energy band gap of this system can be easily varied thanks to their 

flexibility in tunable compositions. Therefore, taking under consideration the usage 

areas of GaS and GaSe crystals, GaSxSe1-x mixed crystals can be thought as 

prominent materials for development of relevant areas like production of long-pass 

filters, optical switching and light emitting devices [47], and photodetectors [40]. The 

indirect and direct energy band gaps of GaSxSe1-x mixed crystals were reported as Egi 

= 2.08 eV, Egd = 2.16 eV, Egi = 2.28 eV, Egd = 2.38 eV and Egi = 2.39 eV, Egd = 2.53 
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eV for values of the composition x = 0.25, x = 0.50 and x = 0.75, respectively [48-

50].         

 

1.2. Previous studies  

Formerly, thermally stimulated currents (TSC) and photoluminescence (PL) 

measurements have been completed for Tl2Ga2S3Se crystals [51-53]. The TSC 

experiments were executed at low temperatures in the ranges of 10-60 K [51] and 

200-320 K [52] employing various heating rates in the ranges of 0.6−1.5 K/s, and 

0.6−1.2 K/s, respectively. The studies indicated that two trapping centers with 

thermal activation energies of 11 meV [51] and 498 meV [52] exist in the crystal. 

The PL measurements achieved in the region 10-60 K presented a broad PL band 

having maximum at 550 nm (2.25 eV) at T = 10 K. It was suggested that the observed 

PL spectrum is owing to the radiative transitions between donor and acceptor levels 

with energies of Ed = 10 meV and Ea = 160 meV, respectively [53]. 

TSC measurements were accomplished for as-grown TlGaSSe crystal in the 

temperature region of 10−100 K [54]. Analyses of TSC spectra gave one trapping 

center possessing thermal activation energy of 12 meV. The PL experiments 

performed in the wavelength interval of 695-1010 nm at low temperatures (20-56 K) 

exhibited two PL band centered at 1.605 and 1.254 eV [55]. These bands are thought 

to be raised owing to the transitions between deep donor levels (Ed = 0.721 and Ed = 

1.069 eV) and shallow acceptor levels (Ea = 0.008 and Ea = 0.011 eV). Hall mobility, 

temperature-dependent electrical resistivity and photoconductivity (PC) experiments 

were carried out previously [56]. The analysis of resistivity measurements 

demonstrated the existence of acceptor levels having energies of 230 and 450 meV. 

The recombination centers at 10, 181 and 363 meV were revealed by PC 

measurements.   

 Tl2Ga2Se3S crystals were investigated to determine the defect centers with the 

aid of TSC measurements accomplished at low temperatures (10-260 K) [57]. It was 

observed that three trapping levels centered at 12, 76 and 177 meV occur in the 

crystal. Moreover, the crystal was studied by means of PL measurements at varying 
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temperatures from 10 to 50 K [58]. One PL band arising in the wavelength interval 

of 540-700 nm was recorded. According to the study, one donor and one acceptor 

level with Ed = 270 and Ea = 10 meV were ascribed to the transition to be responsible 

for obtained PL band. 

 Tl4Ga3InS8 crystals were previously studied in terms of PL measurements. 

The experiments were done with below (λexc = 532 nm) and above (λexc = 325 nm) 

band gap excitations in the wavelength (550-710 and 420-600 nm) and in the 

temperature (80-300 K and 30-300 K) region [59]. Two PL bands centralized at 580 

and 496 nm appeared in the PL spectra. The transitions between donor levels (at 20 

and 370 meV) and acceptor level (at 200 meV) were assigned to these PL bands.     

 TSC experiments on Tl2GaInS4 crystals were achieved in the temperature 

region 10-60 K [60]. The successive analysis of the obtained TSC spectra revealed 

two trapping levels that have energies of 4 and 10 meV. The low temperature PL 

spectrum recorded in the temperature region of 15-150 K exhibited three emission 

bands [61]. The maxima of these bands were 542, 607 and 707 nm. Tl2GaInS4 crystals 

were also governed through dark electrical conductivity, PC and space charge limited 

conductivity measurements in different temperature regions of 220-350 K, 200-350 

K and 300-400 K, respectively [62]. Two energy levels with 320 and 600 meV were 

revealed by dark electrical conductivity. Also, analysis of the PC measurements 

resulted with two levels having energies of 190 and 280 meV. Single trap level 

centered at 440 meV was established by space charge limited current measurements.   

 TSC experiments on Tl4In3GaS8 crystals were achieved between 10 and 90 K 

[63]. The TSC spectrum presented one peak associated with one trap level which has 

activation energy of 12 meV. PL measurements of the same crystal carried out in the 

range 26-130 K displayed two emission bands in the PL spectrum recorded between 

500-780 nm wavelength ranges [64]. The donor (30 and 10 meV) and acceptor levels 

(810 and 190 meV) lead to radiative transitions which are related to observed PL 

bands.  

 Previously, TSC experiments on GaS single crystals were carried out below 

room temperature (10-300 K) [65]. Analysis of the TSC spectra being recorded at a 



7 

 

constant heating rate of 0.1 K/s indicated six trap levels having activation energies of 

50, 60, 120, 630, 710, and 750 meV. Also, PL measurements performed at low 

temperatures produced three bands centered at 2.22, 2.02 and 1.59 eV [66]. Analysis 

of these emission bands allowed determining the three donor levels at energies of 13, 

17 and 151 meV.  

 Ga4S3Se single crystals were studied in terms of TSC measurements between 

10 and 150 K [67]. Three trap levels were demonstrated in the crystal with energies 

of 70, 210 and 357 meV. Low temperature (10-200 K) PL studies on Ga4S3Se crystals 

were achieved by recording the PL spectrum having two bands in the wavelength 

range 500-850 nm [68]. These emission bands had maxima at 527 and 658 nm. The 

analyses resulted in two shallow donor levels at 43 and 64 meV and two acceptor 

levels at 88 and 536 meV that were assigned to origin of PL emission bands. Further, 

temperature-dependent conductivity investigations revealed the existence of two 

donor levels below the conduction band located at 755 and 465 meV [69].  

  Ga2SSe single crystals were investigated by means of TSC, PL, electrical and 

PC measurements [70-72]. Outcome of the analysis for TSC measurements indicated 

three trap levels which have activation energies of 0.072, 0.100 and 0.150 eV [70]. 

PL spectrum detected in the wavelength region 565-860 nm exhibited two PL bands 

originating from the radiative transitions taking place between donor (29 and 40 

meV) and acceptor (185 and 356 meV) levels [71]. Dark electrical conductivity and 

space charge limited current investigations brought out a single trap level at 310 meV 

[72]. Temperature-dependent PC experiments on Ga2SSe crystals were also 

successful to determine two additional defect levels having energies of 140 and 100 

meV [72].  

Ga4Se3S single crystals were previously investigated through TSC 

measurements at low temperatures (10-300 K) [73]. Activation energy of revealed 

one trap level was found as 23 meV. PL measurements executed for temperatures 

from 16 to 200 K in the wavelength interval of 535-855 nm indicated two PL bands 

having maxima at 572 and 652 nm at 16 K [74]. The first band is ascribed to transition 

from donor levels at 125 meV to acceptor levels at 11 meV. PC and dark electrical 
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conductivity experiments were carried out in the temperature region of 100-350 K 

[75]. Two energy levels located at 310 and 60 meV were revealed by the dark 

electrical conductivity. Two new energy levels obtained at 209 and 91 meV were also 

attributed to trap levels existing in the crystal. 

In literature, there are many papers presenting the optical and electrical 

properties of undoped and doped GaSe single crystals. Previously, TSC 

investigations on undoped GaSe were accomplished in the temperature range of 10-

300 K. Three trapping centers located at 20, 100 and 260 meV were reported [76]. 

Undoped GaSe crystals were studied by virtue of PL measurements with varying 

temperature from 10 to 300 K in the wavelength interval of 635-750 nm [77]. 

Thermoluminescence (TL) measurements on undoped GaSe crystals were also 

achieved below room temperature (10-300 K) [78]. As-grown GaSe crystal was 

revealed to possess four trapping levels with energies of 140, 180, 240 and 370 meV. 

Annealing effect on the established defects was also investigated. The annealing up 

to 500 ºC was not sufficient for eradication of the levels. As a result, four energy 

levels centered at 110, 160, 180 and 330 meV were obtained [78]. However, the TL 

peaks related to these energy levels were prominently weak about 100 times in their 

intensity as compared to intensity of peaks observed for as-grown crystal. 

Additionally, some doped GaSe crystals were studied by many authors. GaSe:Er 

crystal was investigated by means of PL, deep-level transient spectroscopy and Hall 

measurements [79]. Two acceptor levels at 65 and 158 meV were reported by the 

authors. Shigetomi et al. [80] reported the results of PL, photocurrent and Hall-effect 

measurements on GaSe:Te crystals. They assigned the acceptor levels located at 20 

and 80 meV to the interstitial Te atoms. The same authors studied the GaSe: As, Bi, 

Sb crystals by virtue of Hall and PL measurements [81]. They found that one donor 

and one acceptor level at energies of 80 and 600 meV, respectively, exist in the 

crystals. 
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 1.3. Present study 

In this study, the results of TL investigations for binary GaS and Mn doped 

GaSe, the ternary Ga4S3Se, Ga2SSe and Ga4Se3S, and the quaternary Tl2Ga2S3Se, 

TlGaSSe, Tl2Ga2Se3S, Tl4Ga3InS8, Tl2GaInS4 and Tl4In3GaS8 layered single crystals 

were reported. Thermoluminescence experiments were carried out below room 

temperatures using various heating rates ranging from 0.2 to 1.2 K/s to expand the 

previously realized studies and to give new valuable knowledge about the 

characteristics of defects and impurities in the studied crystals. The analyses were 

accomplished through the bases of TL theory which is in accordance with the 

experimental observations for the crystals.   

In chapter 2, some theoretical information related to the semiconductor 

materials such as band structure of a semiconductor, type of semiconductors, type of 

defects in semiconductors, have been mentioned for the readers. Moreover, the 

transitions in or through the band gap which are quite significant for TL process have 

been demonstrated by exemplifying the possible cases. Theoretical approach for the 

TL experimental methods and analysis techniques were mentioned in the chapter.  

Experimental setup and procedures for TL measurements performed to obtain 

TL spectra arising due to the existence of defects in the crystals have been explained 

in chapter 3. TL measurements were explained for each methods used to investigate 

the characteristics of the trapping levels in the crystals. Simple explanations for 

EDSA measurements and experimental setup were also given in the chapter.  

In chapter 4, the results of the experimental observations have been given 

using different analysis methods known from the TL theory. Experimentally obtained 

TL spectra for each studied crystals have been indicated separately in the figures. The 

activation energies of trapping levels corresponding to obtained TL peaks were 

calculated using different methods. For this purpose, theoretical curve fit to these TL 

curves have been achieved successfully by the help of theoretical knowledge given 

in chapter 2. Moreover, initial rise and peak shape methods were applied to the TL 

peaks for evaluation of the activation energies. Frequency factors and capture cross 

sections of the revealed trap levels were calculated using the found activation 
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energies. TL curves of various heating rates were demonstrated for studied crystals. 

Distribution of determined traps was studied to get detailed information about the 

defects. 

 In chapter 5, the conclusion and physical interpretations of the obtained 

results for defect levels have been presented clearly. The comments on demonstrated 

activation energy values and other kinetic parameters, heating rate behavior and 

distribution of trap levels, the origin of existed defects in the studied crystals have 

been given by taking into account the theoretical bases and crystals’ structures.        
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CHAPTER 2 

 

 

 

 

THEORETICAL APPROACH 

 

  

 

2.1. Introduction 

Semiconductor materials possess large application areas in today’s 

technology thanks to their structural, electrical and optical flexibility of application 

for the devices. Their properties and structures have been studied and improved by 

many researchers and they are still open for development of devices. The theory of 

the semiconductors have been studied for decades. They are special materials placing 

between metals and insulators with regard to their band gap. They can show the 

properties of metals or insulators when were interfered to them externally. Moreover, 

they can have defects naturally during the growth process or intentionally doped of 

different elements. Thus, getting knowledge about these defects gain importance to 

have high quality devices. In this chapter, we mention the band structure, type of 

semiconductors, defect types, possible transitions between energy levels, theoretical 

approach to TL mechanism and analysis methods.         

 

2.2. Band structure of a semiconductor 

Discussing the band structure of a semiconductor material is crucial for better 

comprehension of the electronic properties of semiconductor materials. Simply 

approaching to subject, band structure of diamond crystal which is completely 

composed of carbon atoms were shown in Fig. 2.1. Carbon atom has six electrons 
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occupying the discrete energy levels of 1s, 2s and 2p. The first energy state (1s) is 

fully filled by electrons with opposite spins. Assuming the diamond crystal consists 

of N atoms, 1s state has 2N quantum states. By the help of the same assumption, 2s 

and 2p states have also 2N and 6N quantum states, respectively (see Fig. 2.2).  

 

 

 
Figure 2.1. (a) Occupancy of quantum states in carbon atom. (b) Configuration of band 

structure of diamond [82].  

 

 

 

Creation of the band structure is due to the interaction of the 2s and 2p states with 

each other as illustrated in Fig. 2.2. Particularly, as the separation of the states gets 

equilibrium, two bands called as valence and conduction bands occur. The valence 

band and conduction band have totally 8N quantum states. 4N states of them are 

responsible for valence electrons, while the rest of them generates conduction band. 

In diamond crystal, since four electrons related to n = 2 state occupy the valence band, 

the conduction band is empty at absolute zero. The energy level, denominated as band 

gap, remaining between valence and conduction bands is forbidden level (Eg) and 

plays an important role for electronic properties of materials such as metals, 

semiconductors and insulators. For example, in metals, since the valence and 

conduction bands overlap each other and the valence band is partially occupied by 
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electrons, small amount of electric field is sufficient for electrons to gain kinetic 

energy and to contribute to the electrical conductivity. However, in insulators, 

forbidden level blocks the electrons in the highest occupied level. Therefore, these 

materials are electrically insulated. For the case of semiconductors, the band gap can 

be small enough for electrons to be reached to unoccupied states. Consequently, these 

type of materials become more of an issue due to their useful electrical properties.  

 

 

 

Figure 2.2. Energy levels of n = 2 quantum states in a diamond crystal with N carbon atoms 

versus atomic separation. 

 

 

The position of the conduction band in k-space differs for semiconductor 

materials. If the minimum energy state of the conduction band and maximum energy 

state of the valence band are in the same k-vector, it is called as direct gap. For such 

a material, interaction with photon that has enough energy is adequate for excitation. 

On the other hand, some semiconductors has indirect gap arising from the 

differences of k-vector between conduction band minima and valence band maxima 
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(see Fig. 2.3). In this case, not only photon is needed, but also lattice vibration is 

required for charge carriers to gain momentum for transition.  

 

     

Figure 2.3. Presentation of (a) direct and (b) indirect band structures. 

 

 

2.3. Semiconductor types 

2.3.1. Intrinsic semiconductors 

Intrinsic semiconductors can be thought as an ideal crystals since they have no 

impurities or defects in the lattice structure. The conductivity of the intrinsic 

semiconductors are dominated by the interband transitions of the electrons. At 

absolute zero, all of the electrons in the intrinsic semiconductors occupy the valence 

band and the probability function F(E) for electron to be found in valence band is 

equal to 1 (see Fig. 2.4). İncreasing temperature leads to some electrons which are 

near the top of the valence band to be stimulated into conduction band. Therefore, 

the probability of electrons close to top of the valence band reduces for T > 0. In the 

conduction band there is no electron at T = 0 K, and F(E) must be zero for E > Ec. 

For T > 0, some electrons can be excited into conduction band and holes are created 

in the valence band. While the excited electrons into the conduction bands contribute 

to the conductivity, the created holes in the valence band are also employed for 

conduction. For an intrinsic semiconductor, Fermi energy corresponding to the 

probability function F(E) = ½ is in the middle of the band gap (Eg / 2). Since the 
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excitation of electrons from valence band causes the same amount of holes to be 

created, the Fermi energy level must be halfway.     

 

 

Figure 2.4. Diagram for Fermi distribution function and Fermi energy for an intrinsic 

semiconductor [83] 

 

 

2.3.2. Extrinsic semiconductors 

In the previous section, we discussed the intrinsic semiconductors that have 

small amount of electrons (approximately 109 per cubic cm) for contribution to 

conductivity. However, most of the semiconductor devices have capability of better  

 

 

Figure 2.5. (a) Phosphor and (b) Boron atom doping of silicon. 
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conduction due to the existence of impurities by doping or unintentionally created 

defects. These types of semiconductors are known as extrinsic materials. Two types 

of extrinsic semiconductor can be obtained by doping to intrinsic one appropriate 

atom. Generally, elements of the groups III and V in periodic table can be utilized 

to obtain p- and n-types semiconductors, respectively. Figure 2.5 illustrates the 

doping of silicon (Si), which has four valence electrons, with phosphorus (P) and 

boron (B). Since the P atoms contain 5 valence electrons, four of them creates 

electron-pair bonds with the Si atom. The last electron can be easily disassociated 

from the atom with small increase of temperature. By virtue of an extra electron the 

doped P is called as donor (see Fig. 2.5a).  The obtained material is n-type 

semiconductor. Similarly, if the Si atom is doped with B atom which has three 

valence electrons, instead of creating electron-pair bonds for all states, one positive 

charge is introduced around the B atom that is known as acceptor. This type of 

materials is p-type semiconductor (see Fig. 2.5b). 

 

 

 

Figure 2.6. Fermi energy level of (a) n- and (b) p-type semiconductors as a function of 

temperature [83]. 

 

 

For n-type semiconductor, the Fermi energy decreases with increasing temperature 

as seen in Fig. 2.6a. At low temperatures, Fermi energy level is between the donor 

energy level and conduction band. By rising the temperature, extrinsic 
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semiconductor starts to behave as intrinsic and the EF goes to Eg / 2. Similarly, p-

type semiconductors act as an intrinsic with elevated temperature. The Fermi energy 

increases to Eg / 2 from below the acceptor level (see Fig. 2.6b). 

 

2.4. Defects 

Even though the perfectly grown crystals exhibit regular, periodic structure, 

most of the crystal shows disordered lattices occurring intentionally by doping or 

unintentionally during the growth process. This imperfection is called as defect. 

Four types of defects which are point defects, line defects, planar or surface defects, 

and volume defects were discussed in the following section. 

 

2.4.1. Point defects 

  These defects arise owing to absence of a host atom (vacancy) or misplacing 

of an atom and create only single lattice point (not extended). There are four types 

of point defects. One of them occur due to the existence of the same but an extra 

atom. The extra atom places anywhere between the bulk atoms and called as self 

interstitial atoms. The other defect type is again created by the same atom with host 

lattice but the atom is smaller than the bulk atoms. This defect is named as  

 

Figure 2.7. Demonstration of various point defects existing in semiconductors. 
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interstitial impurity atom. Moreover, different kind of atoms in the lattice also create 

the disordered structure by replacing into the bulk atoms. Substitutional impurity 

atoms are classified as this kind of point defects. Vacancies are also a point defect 

types originating from the lacking atom in the crystal structure. Figure 2.7 

exemplifies the types of the point defects. 

                  

2.4.2. Line defects 

Absence of a group of atoms in the crystal structure or locating in a wrong 

position creates the line defects.  Generally, they are called as dislocations. Two 

types of dislocations can occur in the lattice. Edge dislocations are raised due to 

either removement or replacement of a plane from (to) the crystal. Screw 

dislocations are line defects so that the atomic planes created by atoms trace the 

dislocation line helically (see Fig. 2.8).  

 

 

 

 

Figure 2.8. Demonstration of (a) edge dislocation and (b) screw dislocation [84]. 

 

 

2.4.3. Planar defects 

In this kind of defect type, interfaces occur among homogeneous regions of 

the structure. Stacking faults, twin boundaries and grain boundaries are the best 

known planar defects existing in the semiconductor crystals. If the atom planes 

(a) (b) 
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stacked as sequentially as perfect crystals are interrupted by one or two layer, it is 

called as stacking faults. If the stacking fault continues over many atomic spacing, 

then twin boundaries are generated. Stacking fault and twin boundaries are planar 

defects arising in the single crystals. However, grain boundaries occur in the solid 

materials composed of different number of grains or crystals.  

These grains can have various size ranging between nanometers and millimeters. 

Orientations of them differ from the neighboring one by some rotation angle. Such 

an arrangement creates the grain boundaries.    

 

2.4.4. Volume or bulk defects 

The main three dimensional defect type is known as void. This defect is 

defined as the big regions, which has bigger scale as compared with other type of 

defects mentioned before, arising owing to missing of atom groups in the lattice. 

Creation of voids depends on some reasons. If air bubbles is trapped into the atom 

planes during the growth process of the crystal, the void is generally termed as 

porosity. Shrinking of the material as the growing is performed leads also a kind of 

void known as cavitation. The precipitates occur when the impurity atoms form a 

homogeneous assemblage.  

 

2.5. Transitions between energy states in thermoluminescence 

In order to understand the thermoluminescence emission mechanism, possible 

transitions of charge carriers between allowed energy states should be taken account. 

Simple model for a semiconductor material is shown in Fig. 2.9. The best-known 

transitions in a semiconductor occur between the valence and conduction bands 

explained as following: transition (a) in Fig. 2.9 takes place as electrons in valence 

band are excited by light which energy is bigger than band gap (hv > Eg). This 

transition is known as band-to-band transition and the process leads to creation of 

free electrons in conduction band and free holes in valence band. The created free 

electrons pass back to the valence band and they recombine with the free holes 

(transition h). This transition is known as direct recombination.  
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Figure 2.9. Demonstration of electronic transitions between energy levels in TL [85]. 

 

 

In a semiconductor material, other possible transitions can take place between 

the energy states arising due to the defects and/or impurities. Transitions (b) and (e) 

exemplify the trapped electrons through the trap center and holes through the 

recombination center. The transitions (c) and (f) are realized when the trapped 

electrons and holes are stimulated from the trap and recombination centers, 

respectively. In order to excite these charge carriers from the trapping centers, 

thermal energy (kT) plays role in TL experimental technique. The excited charge 

carriers from trapping centers (released to delocalized states) recombine with each 

other as shown in the figure (transitions d and g). 

If necessary to talk about modeling the simple TL mechanism, electrons in 

the valence band are excited by light having energy bigger than the band gap and 

transition (a) takes place. Either these excited electrons in conduction band recombine 

with holes in the valence band (transition (h)) or they are trapped by energy levels 

existing in the forbidden energy gap (transition (b)). Opposite charge carriers trapped 

into the recombination center (transition (e)) recombine with trapped electrons in two 

way. Thermally stimulated electrons (holes) into the conduction (valence) band 
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recombine with holes (electrons) at the recombination (trap) center. Therefore, 

luminescence is produced. The other way of recombination is explained by the 

electrons (holes) recombining with holes (electrons) through an intermediate 

localized state instead conduction (valence) band. This transition is non-radiative and 

no luminescence can be produced.   

 

2.6. Theoretical approach to thermoluminescence 

Thermoluminescence intensity (ITL) is the most important parameter for 

luminescent materials to have knowledge about the trapping centers’ characteristics. 

Obtaining the TL intensity as a function of temperature, one can determine the 

properties of the defect centers using the theoretical relations between the trapping 

parameters and TL intensity. Therefore, in this section of the chapter, we decided to 

give simple explanations and theoretical formulas related to TL intensity for different 

cases. The physical subject determining the magnitude of TL intensity is the 

concentration of the trapping levels in luminescent materials. The more the number 

of charge carriers are trapped, the more the released charge carriers contribute to the 

TL intensity at a certain temperature. Figure 2.10 shows the simple diagram for one 

electron-one hole model. 

 

 

                              

Figure 2.10. Simple diagram for one electron and one hole traps. 
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The probability (P) of an electron to be released from trap level to the conduction 

band at a temperature T is given as the following 

 

)/exp( kTEsP  ,                                                                 (2.1) 

here, s and k present the frequency factor and Boltzmann constant, respectively. For 

a semiconductor, s is known as  

  

tecnc SNANs      ,                                                                               (2.2) 

 

where Nc is the effective density of states in conduction band, υe is the thermal 

velocity of electrons released to conduction band, St is the capture cross section and 

An is the retrapping probability, Nc and υe are defined as 
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In which the *

em  is effective mass for electron. 

The number of charge carriers occupying the traps alters with the transitions among 

the localized (trap and recombination centers) and delocalized (conduction and 

valence bands) states. These transitions are explained in theoretically as [86]; 

Stimulation: The transition of electrons from trap level to conduction band is decisive 

factor for the concentration of trap levels. The variation of number of charge carriers 

as a function of time is given as [87] 

 

)/exp( kTEns
dt

dn
     .                                                                (2.5) 
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Retrapping: the event takes places for the electrons (holes) released to conduction 

(valence) band from trap level. Some of the stimulated electrons (holes) recombine 

with opposite charges, the others can be retrapped by the defect center. Free electron 

concentration (nc) and unfilled traps’ concentration (N−n) are two important things 

for the excited charge carriers to be retrapped by the traps. N implies the concentration 

of fully empty traps. Therefore, the relation between the parameter n and the 

retrapping event is written as 

     

etc SnNn
dt

dn
)(  .                                                               (2.6) 

 

As the Eqs. (2.5) and (2.6) are rearranged together, the following relation can be 

obtained 

 

)/exp()( kTEnsSnNn
dt

dn
etc   .                                     (2.7) 

 

Recombination: If the recombination of opposite charge carriers occurs, hole 

concentration in the recombination center (m) becomes dominant. Therefore, 

variation of electron concentration in the conduction band is managed by the event 

of recombination. The relation is given as  

 

mc

e mAn
dt

dm

dt

dn
    ,                                                  (2.8) 

 

where Am is the probability of recombination. Eq. (2.8) can be rearranged by using 

the relation between m and lifetime (τ) as 
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Taking account the three events and equations obtained above, the following relations 

can be written 

 

)/exp()( kTEnsSnNn
n

dt

dn
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dnn
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    .                    (2.10) 

 

The ultimate result of Eq. (2.7) is achieved for two different cases of trapping process. 

The third case is taking into account by an empirical formula. 

 

I. Slow retrapping (first order kinetic) 

The slow retrapping case occurs as the recombination of stimulated electrons 

in the conduction band with the holes in the recombination center takes place without 

trapping again by the trap level. The probability of recombination regardless of 

retrapping dominates the TL process. The theoretical relations determining this case 

are [87] 

 

etc
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n




)(                                                                                   (2.11) 

and 

dt

dm

dt

dn

dt

dnc ,   .                                                         (2.12) 

 

With the help of Eqs. (2.11) and (2.12), Eq. (2.7) forms 

 

)/exp( kTEns
dt
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and  


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The equation (2.13) results with the following equation by using the dependence of 

temperature on the heating rate T = T0 + βt 

 


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nn
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)/exp(exp0


 .                                          (2.15) 

 

The TL intensity of luminescent materials is directly related to the emitted photons 

created by recombination of opposite charge carriers. Thus, the expression defining 

the TL intensity is given as the alteration in concentration of trapped electrons by 

time [85] 
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ITL     .                                                              (2.16) 

 

Using Eqs. (2.13) and (2.15), TL intensity is obtained as  
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 .                                   (2.17) 

 

In the equation, n0 is the initial concentration of trapped charge carriers, β is the 

heating rate, T0 is the starting temperature of heating process. 

 

II. Fast retrapping (second order kinetic)  

In fast retrapping, retrapping of released electrons dominates the 

recombination of opposite charge carriers. According to study of Garlick and Gibson 

on fast retrapping [88], much shorter time is needed for stimulated and trapped 

electrons to have equilibrium thermally as compared with the recombination lifetime. 

Taking under consideration these circumstances, for second order kinetics, following 

relations are given, 
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nN   and   mn   

 

Then, the variation rate of electrons is  
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Combining Eqs. (2.7) and (2.18), one can obtain 
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Integration of the Eq. (2.19) result with the expression giving TL intensity as 
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III.  General order kinetic 

    May and Partrige [89] improved a formula for the intensity of TL emission 

empirically to determine the TL mechanism of the trap states not to obeying the 

properties of the first and second order kinetics. The expression is given as the 

following  

            

𝐼𝑇𝐿 =⁡−⁡
d𝑛

d𝑡
 = − 𝑛𝑏𝑠′𝑒𝑥𝑝 [−

𝐸t

𝑘𝑇
] ⁡⁡,⁡⁡⁡⁡⁡⁡where⁡⁡𝑠′ =⁡

𝑠

𝑁𝑏−1⁡⁡⁡⁡.          (2.21) 

 

In the equation, b is kinetic order and 𝑠′ is pre-exponential factor. From the solution 

of the above differential equation one can write a formula as 
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Inserting the Eq. (2.22) to (2.21), the TL intensity for the traps exhibiting the 

properties of general order kinetic can be found as 
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𝑏
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    ,         (2.23) 

 

where 𝑠′′ =⁡𝑠′𝑛0
𝑏−1 and it possesses a dimension s−1 like the frequency factor. As 

understood, the Eq. (2.23) corresponds to the second order kinetics as the b is equal 

to 2 and it reduces to the first order kinetics when the parameter b goes to 1.  

 

2.7. Theoretical approach to thermoluminescence analysis methods 

In literature, there are many analysis methods that can be applied to the 

experimentally obtained TL curves. In this part of the study, we intended to clarify 

those of the most important and successful analysis techniques which we employed 

to achieve the analysis results. Application of curve fitting, initial rise, peak shape 

and heating rate methods were explained in detail in this section.  

 

2.7.1. Curve fitting method 

Curve fitting (CF) method is used to evaluate the activation energies of traps 

existing in the forbidden energy state of semiconductors and insulators. This method 

is also beneficial to determine the order of kinetics. In this manner, the Eqs. (2.17), 

(2.20) and (2.23) are applied to the experimental TL glow curve using a software 

[90]. Eq. (2.17) gives the TL intensity for first order kinetics while the Eqs. (2.20) 

and (2.23) are responsible for second and general order kinetics, respectively. 

Depending on geometry of the TL curves, one of these equations is used to get the 

best fitting curve suitable with the experimental TL curve and activation energy and 

the kinetics order for the traps can be obtained. 
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2.7.2. Initial rise method  

Initial rise (IR) method is one of the most significant and most chosen method 

to determine the activation energy of trapping levels due to its undeniable advantage 

in analysis of the TL peaks. This method is completely independent of the trapping 

process and can be utilized for all of the peaks regardless of dominant order of 

kinetics of the traps. Therefore, application of this method creates a chance to 

compare the activation energy value with other techniques dependent on order of 

kinetics. Since the trapped charge carriers related to the initial tail of the TL glow 

curve are assumed to be constant and they should be proportional to exp(-Et / kT) as 

the excitation of the trapped charge carriers to the non-localized states takes place, 

initial tail of the TL curve is taken under consideration for analysis [90]. By this way, 

plotting a graph of ln (ITL) versus 1/T results with a straight line and the slope of this 

graph gives the activation energy (–Et / k) of the trapping levels. 

 

2.7.3. Peak shape method  

Shape of the TL glow peaks shows geometrical differences depending on the 

trapping process of the charge carriers stimulated from trap levels. In the case of 

recombination of trapped charge carriers with opposite ones without retrapping, 

descending part of the TL curves seems narrower than the ascending part. On the 

other hand, if the charge carriers are retrapped before recombination, ascending part 

of the TL curve starts to be narrower by increasing number of retrapped carriers. This 

variation of the TL peak directly affects the trapping parameters of the energy levels. 

Peak shape (PS) method is very successful one for analysis of the TL peaks and gives 

reliable results. Using the geometric structure of the single glow peak, activation 

energy and geometry factor (μg) can be found. According to this method, low (Tl) and 

high (Th) temperatures sides at half maximum intensity and the peak maximum 

temperature (Tm) values of the glow curve help us to compute the activation energies 

of the charge carrier released from trap using the parameters: τ = Tm − Tl, δ = Th − Tm, 

w = Th − Tl and μg = δ/w in the following expressions [90] 
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𝐸τ =
[1.51+3.0(𝜇g−0.42)]𝑘𝑇m

2

𝜏
− [1.58 + 4.2(𝜇g − 0.42)]2𝑘𝑇m         (2.24) 

 

𝐸δ =
[0.976+7.3(𝜇g−0.42)]𝑘𝑇m

2

𝛿
              (2.25) 

 

𝐸w =
[2.52+10.2(𝜇g−0.42)]𝑘𝑇m

2

𝑤
− 2𝑘𝑇m⁡.            (2.26) 

 

The average values of above energies gives the activation energy of trap levels. Chen 

and Kirch claimed that the geometry factor should be approximately 0.42 and 0.52 

for first and second order kinetics, respectively [86]. The values that are between 0.42 

and 0.52 imply the trap is dominated by mixed order kinetics. 

 

2.7.4. Heating rate method 

Variation of heating rate (β) is a significant phenomenon that influences the 

TL mechanism of the trapping levels. Stimulation of the charge carriers trapped into 

the energy levels in the band gap of the material is directly related to β which plays 

dominating role for position of TL peaks. Although the parameter β is decisive for 

the TL curves of a certain trap, it is independent of activation energy of the trap levels. 

In other words, whatever the β is used to obtain the TL curve, the activation energy 

associated with this curve should be constant. In TL theory, there are numerous 

calculation techniques for activation energy. Among these techniques, we used the 

best known two calculation methods. One of them can be applied to experimentally 

obtained TL glow peak by the following equation using several heating rates [90]  

 

ln (
𝑇m
2

𝛽
) = ⁡

𝐸t

𝑘𝑇m
+ ln⁡(

𝐸t

𝑠𝑘
)              (2.27) 

 

Plotting ln⁡(𝑇m
2/𝛽) versus 1000/Tm graph should give a straight line with a slope that 

allows us to evaluate Et. The other method is also based on the same equation by 
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taking into consideration the idea as the following: Eq. (2.27) can be rearranged and 

rewritten in the form as below [90] 

 

𝛽 = (𝑠𝑘/𝐸t)𝑇m
2⁡exp⁡(−𝐸t/𝑘𝑇m) .             (2.28) 

 

In this equation, Tm in exponential term contributes to the variation of luminescence 

process predominantly more than the Tm which is out of the exponent. Taking this 

under consideration, logarithmic plot of β as a function of reciprocal of Tm value 

presents a straight line which has a theoretical slope of –Et/k.  

 

2.7.5. Calculation of frequency factors and capture cross section 

The frequency factor and capture cross section are important parameters that 

characterize the trapping properties of the defects. Frequency factor can be defined 

as the transition rates of the charge carriers from trap levels to free energy levels 

(conduction band) by the help of the enough external energy. Capture cross section 

shows the traps effectiveness to capture the untrapped charge carriers and related to 

effective area of the traps. These parameters can be determined by knowing the 

activation energy and Tm of the TL peak corresponding to trap levels. For this 

purpose, s value of the trapped charge carriers can be calculated according to the 

following expression [90] 
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Knowing the value of s, the capture cross section of the revealed traps can be 

determined using the expression [90] 

 

thc

t
N

s
S


  .                            (2.30)



31 

 

 

 

CHAPTER 3 

 

 

 

 

EXPERIMENTAL 

 

 

 

3.1. Introduction 

Characterization of defects existed in quaternary Tl2Ga2S3Se, TlGaSSe, 

Tl2Ga2Se3S, Tl4Ga3InS8, Tl2GaInS4, Tl4In3GaS8, ternary Ga4S3Se, Ga2SSe and 

Ga4Se3S, and binary GaS and GaSe:Mn layered single crystals were studied through 

thermoluminescence measurements that are effective and mostly used experimental 

method to reveal the trap levels and determine the trapping parameters. Since defects 

in semiconductors cause the charge carriers excited into conduction band to be 

captured before recombination, they can be thought as luminescence centers. The 

trapped charge carriers due to defects need an external energy to be released from the 

traps. This can be achieved in different ways. One of them is the stimulation of 

trapped charge carriers by thermal energy (kT). If the given thermal energy is enough 

for charge carriers to escape from the traps, they are released to delocalized states and 

then recombine with opposite charges. Therefore, some luminescence is emitted 

related to concentration of released carriers. TL method is used for this purpose. The 

temperature of the studied material is increased systematically and emitted 

luminescence is recorded by a system. The experimental setup which is a building 

system for TL measurements and applied experimental TL methods are discussed in 

this chapter in detail.  
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3.2. Experimental setup for TL measurements 

TL measurements were performed by increasing the temperature from 10 to 

300 K to reveal the trap levels in the studied crystals using closed cycle helium gas 

cryostat which is enable to decrease the temperature of the environment 

approximately 9 K practically in laboratory conditions. The required experimental 

setup for TL measurements were assembled around the cryostat. The sample used for 

experiments was prepared properly (it was cleaned and attached to contact material 

which is suitable to place in the cryostat) to prevent the undesirable results that can 

influence the luminescence efficiency of the sample. After positioning the studied 

crystal in the cryostat, the pressure of the environment was diminished nearly to 10−3 

Torr. Then, the temperature of the sample was decreased to starting temperature T0 = 

10 K from room temperature by managing the variation regularly by the help of the 

Lakeshore 331 temperature controller. The temperature of the sample was measured 

with a small semiconductor detector placed in the cryostat. The crystals were exposed 

to blue light (~470 nm) at 10 K to stimulate the charge carriers from valence band to 

conduction band for sufficient time for trap levels to be filled completely. Following 

the stopping, the crystals were heated up to 300 K with a definite heating rate, which 

can be adjusted up to 1.2 K/s using the temperature controller, to release the trapped 

charge carriers. Luminescence emitted due to recombination was directed to a 

photomultiplier (PM) tube (Hamamatsu R928; spectral response: 185 to 900 nm) by 

the aid of mirror and lenses connected to the quartz window of the cryostat. The PM 

tube delivered the pulses thanks to emitted luminescence to the Hamamatsu Photon 

Counting Unit C3866 (fast amplifier/discriminator) which was employed for 

converting the pulses from PM tube into transistor-transistor logic (TTL) pulses. Data 

acquisition module counter (National Instruments, NI-USB 6211) was operated for 

the purpose of counting the coming TTL pulses. The counted pulses were transferred 

to the personal computer which was also exploited to rule the whole experiment 

system with handled a software written in LabViewTM graphical development 

environment. Simple configuration of the experiment setup was shown in Fig. 3.1.  
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Fig. 3.1. Simple configuration of TL measurement system. 

 

 

3.2.1. TL experiments for heating rate method 

In order for investigation of heating rate dependencies of existed trap levels 

in the studied crystals, TL experiments have been carried out by taking account the 

advantage of availability in temperature controller to heat the samples at various rate. 

Accordingly, the studied samples were kept in an environment which the temperature 

was reduced to 10 K and they were illuminated with a light that energy is bigger than 

the band gap. Then, the temperature of the sample was gradually increased by step of 

the definite heating rate. In the study, each heating treatment for the crystals was 

completed for rates between the minimum rate of 0.2 K/s and the maximum rate of 

1.2 K/s. Therefore, the resulted TL glow curves were recorded in a separate data sheet 

as a function of temperature variation to analyze and comprehend the behavior of the 

traps for different heating rates.  
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Fig. 3.2. Bases of TL measurements for Tl2Ga2S3Se crystal: (a) time period for stopping; (b) 

temperature alteration vs time; (c) TL curves observed with various heating rates between 

0.4 (curve (a)) and 1.2 (curve (e)) K/s as a function of time [91]. 

 

 

 

Figure 3.2 illustrates the stopping process, temperature variation and TL 

intensities of the curves obtained for various heating rates ranging from 0.4 to 1.2 K/s 

as a function of time. As can be seen from the Fig. 3.2a, the decrease of the 

temperature to 10 K was taken about 2000 seconds. Then, the sample was illuminated 

for approximately 600 second that was enough for the studied crystal to fill the total 

concentration of the traps. Following the switching of the light, the sample was heated 

for rates between 0.4 and 1.2 K/s. Fig. 3.2b shows the temperature variation vs time 
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graph. As can be understood, higher heating rates (1.2 K/s, corresponding to (e)) leads 

to trapped charge carriers to be released from the trap levels faster. Therefore, for a 

definite time more charge carriers contributes to the TL emission as the stimulation 

of the traps was realized at higher heating rates (see Fig. 3.2c). 

 

3.2.2. TL experiments for traps distributions 

Characterization of revealed traps was continued with the investigation of the 

traps distribution. Understanding the exhibited traps’ characteristics which is 

discrete, single level or the existence of overlapping many levels is important 

phenomenon for the semiconductor material. For this purpose, an experimental 

technique was implemented for the demonstrated trap levels in the crystals. As 

explained in the previous section, TL measurements were being carried out by 

decreasing the temperature to T0 =10 K and heating the sample up to room 

temperature with a constant rate. In this case, the sample being kept at T0 = 10 K is 

heated up to a definite temperature called as stopping temperature (Tstop) using the 

temperature controller. Then, the temperature is kept constant at Tstop value until the 

measurement system and the sample get equilibrium. The stopping of the sample is 

followed out at this temperature for the same time (600 sec.) with the previous 

experiments. After the light is switched off, the temperature is diminished again to 

starting value. Thus, TL spectra is recorded with a constant heating rate in the 

temperature range of 10-300 K. By this way, since the stopping is performed at Tstop 

value, shallower levels cannot be allowed capturing the free charge carriers and the 

contribution to TL spectra comes from the deeper levels. The same process is 

maintained with higher Tstop values until the trap levels is fully emptied. As a result 

of this successive method, one can experience with two different cases for TL curves 

recorded with different cleaning temperatures. One of them is that the ascending part 

of the TL peak shifts to higher temperatures whereas the descending part of the TL 

peak keep its position except for decreasing intensity. This situation is generally 

observed for continuum case of traps. The other situation is encountered for single 

trap and the initial and latest tails do not change in position. Only alteration seems in 
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TL intensity. As the Tstop value is increased, intensity of the TL peak tends to decrease 

prominently while the peak maxima keep constant.  

           

3.3 Energy dispersive spectral analysis 

Energy dispersive spectroscopic analysis (EDSA) experiment is used to 

determine the chemical composition of the materials by differentiating the abundance 

of individual elements in the materials. We used this experimental method to find the 

concentrations of each constituent elements in Ga4S3Se, Ga2SSe and Ga4Se3S single 

crystals. JSM-6400 scanning electron microscope (SEM) was employed for EDSA 

measurements. “Noran System6 X-ray microanalysis system” and “Semafore 

Digitizer” were integrated to the microscope to be utilized for the analysis of 

experimental data. Figure 3.3 depicts the simple diagram for EDSA system building 

around the SEM.  

 

                 

                     Fig. 3.3. Schematic configuration of EDSA experiment system. 
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Typically, the SEM is used to get knowledge about either the surface characterization 

or the elemental composition of the samples. As the electron beam hit the sample, 

one can observe three different signals coming from backscattered electrons, 

secondary electrons and X-ray beam. EDSA experiment is related to X-ray beam 

emitted from the sample due to the interaction between primary electrons with the 

atomic shells. The created characteristic X-ray beams of the elements are directed to 

the EDS detector that converts the individual beam into the electrical pulses. These 

pulses are converted to voltage pulses which correspond to energies of the elemental 

X-ray beams.   
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CHAPTER 4 

 

  

 

 

RESULTS AND DISCUSSIONS 

 

 

 

4.1. Introduction 

Thermoluminescence is effective experimental method consistent with the 

known theoretical information to determine and characterize the defects in the 

semiconductor lattice structure. The TL experimental observations and the analysis 

outcomes for the studied crystals are given throughout this chapter. Activation 

energies, capture cross sections and frequency factors of the trapping levels in the 

crystals are presented using various analysis techniques. Heating rate behaviors of 

the trap levels are demonstrated for the studied crystals. Traps distribution is also a 

subject of this chapter. The discussions about the analysis results are given clearly by 

taking into account the TL theory.   

 

4.2. Results of TL studies on Tl2Ga2S3Se, TlGaSSe and Tl2Ga2Se3S single crystals 

4.2.1. Determination of activation energies, frequency factors and capture cross 

sections 

TL peaks of Tl2Ga2S3Se, TlGaSSe and Tl2Ga2Se3S single crystals were 

observed between 10 and 100 K, 10 and 180 K, and 10 and 80 K temperature regions, 

respectively, by heating the samples with a rate β = 1.0 K/s. Although the experiments 

were achieved between 10 and 300 K, rests of the recorded TL spectra of the crystals 

were not indicated in the presented figures since no peak was observed out of the 
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shown temperature interval. The CF method applied by means of equations (2.17) 

and (2.23) was used to compute the activation energies, frequency factors and capture 

cross sections of Tl2Ga2S3Se, TlGaSSe and Tl2Ga2Se3S crystals. Figure 4.1 shows the 

experimental TL peak with a maximum temperature (Tm) of 47 K and theoretical 

curve fit applied for Tl2Ga2S3Se crystal. Application of Eq. (2.17) did not give 

successful fitting result. Therefore, we realized the CF analysis with the help of Eq. 

(2.23) by gradually altering the parameter b between the ranges 1 and 2. The most 

prosperous result was attained for b = 1.2. This value stated that general order of 

kinetics dominated the trapping mechanism. Activation energy of trapping center in 

Tl2Ga2S3Se single crystal was found as 16 meV using this successful method [91].  
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Figure 4.1. Experimentally detected TL peak (circles) of Tl2Ga2S3Se crystal using β = 1.0 K/s 

and theoretical curve fit (solid peak). Inset: TL intensity versus 1000/T. Circles and line 

exemplify the experimental data and the fitted line, respectively. 

 

 

Figure 4.2 shows the experimentally observed TL peaks of TlGaSSe crystal 

labeled as peak A and peak B and their theoretical fits. As shown from the figure, the 

TL peaks reach maximum intensities at TmA = 39 K and TmB = 131 K. Since peaks A 
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and B appeared independently from each other, we had a chance to analyze each peak 

separately. Implementation of CF method for peak A was achieved using Eq. (2.20) 

corresponding to parameter b = 2. This value was a strong evidence for the trap level 

to be attributed to the presence of second order of kinetics. Thermal activation energy 

for trapping level correlated to peak A was evaluated as EtA = 16 meV [92]. Eq. (2.23) 

gave reliable result for peak B as seen in the figure. The parameter b was found as 

1.2 that demonstrates the trap level corresponding to peak B exhibits the physical 

properties of general order kinetics. Further, the existence of trap level was revealed 

with the value EtB = 97 meV (see Table 4.1).  
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Figure 4.2. Experimentally detected TL peaks (circles) of TlGaSSe crystal using β = 1.0 K/s 

and theoretical curve fits (solid peak). Inset: TL intensity versus 1000/T. Circles and lines 

exemplify the experimental data and the fitted lines, respectively. 

  

 

TL experiments of Tl2Ga2Se3S layered single crystals performed at low 

temperatures and with heating rate 1.0 K/s provided one TL peak appearing around 

Tm = 36 K as seen in Fig. 4.3. The curve fitting analysis of recorded TL peak 

suggested one trapping center with activation energy of Et = 13 meV found from the 

application of Eq. (2.23) [93]. Mixed order of kinetics was ascribed to trap level 

through the calculated parameter of b = 1.4.      
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Figure 4.3. Experimentally detected TL peak (circles) of Tl2Ga2Se3S crystal using β = 1.0 K/s 

and theoretical curve fit (solid peak). Inset: TL intensity versus 1000/T. Circles and line 

exemplify the experimental data and the fitted line, respectively. 

  

 

 

 
Table 4.1.  The calculated Et, St and s values of established traps in TlGaSSe crystal. 

Tm (K) Et (meV) St (cm2) s (s-1) 

 
Curve fitting 

method 

Initial rise 

method 

Peak shape 

method 
  

39 16 16 17 6.6 × 10-24 14,3 

131 97 97 101 1.4 × 10-23 353,8 

 

 

The computed activation energies for trap levels obtained in Tl2Ga2S3Se, 

TlGaSSe and Tl2Ga2Se3S single crystals were utilized to calculate the frequency 

factors and the capture cross sections of the trapping levels in the crystals using Eqs. 

(2.29) and (2.30), respectively. As a result of the analyses, The s and St values were 

found as 2.9 s−1 and 1.6 × 10−24 cm2 for Tl2Ga2S3Se, 14.3 and 353.8 s−1, and 6.6 × 

10−24 and 1.4 × 10−23 cm2 for peaks A and B related to traps in TlGaSSe, 8.7 s−1 and 
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4.3 × 10−24 cm2 for Tl2Ga2Se3S, respectively. The capture cross sections of the trap 

centers were calculated at the hands of the effective masses of 
0

* 25.0 mme  , 

0

* 44.0 mmh   and 
0

* 48.0 mmh  for Tl2Ga2S3Se, TlGaSSe and Tl2Ga2Se3S, 

respectively. Since the trap levels observed at shallower energy states activated at 

low temperatures, s values were found to be too small than the physically expected 

value. Examples of such a similar behavior were shown in the ternary compounds 

(TlGaS2, TlGaSe2, and TlInS2) and Zn1-xCdxO alloy films [94, 95].        

Secondly, IR method that is independent of kinetics’ order was taken under 

consideration to get the activation energies of revealed traps in Tl2Ga2S3Se, TlGaSSe 

and Tl2Ga2Se3S single crystals. For this purpose, logarithmic plots of TL intensities 

versus inverse of recorded temperature were indicated in the insets of Figs. 4.1, 4.2 

and 4.3. As seen in the graphs, such a plots of TL intensities result with a straight line 

that the slopes give a value of (–Et / k). Insets demonstrate the experimentally obtained 

straight lines (circles) and linear fits (lines). Consequently, the Et values of trap levels 

were obtained as 16 meV for Tl2Ga2S3Se, 16 and 97 meV for TlGaSSe, and 13 meV 

for Tl2Ga2Se3S, respectively. These values coincide with those found by CF method. 

PS method was implemented to experimental TL curves in order to compute 

the thermal activation energies of trapping levels.  Application of this method gave 

the activation energies as 18 meV for Tl2Ga2S3Se, 17 and 101 meV for TlGaSSe and 

14 meV for Tl2Ga2Se3S, respectively. Moreover, in our studies on Tl2Ga2S3Se, 

TlGaSSe and Tl2Ga2Se3S crystals, the calculated values of μg were approximately 

equal to 0.48 for Tl2Ga2S3Se, 0.52 and 0.44 for TlGaSSe and 0.48 for Tl2Ga2Se3S, 

respectively. These values indicated that kinetics order for the obtained trap levels 

differ from the first order. The outcomes of this method conformed to the curve fitting 

and initial rise analysis results. 

Thermal activation energy of defect centers could be calculated through 

variable heating rate technique. To this end, the Eq. (2.27) was taken into 

consideration and plotting ln⁡(𝑇m
2/𝛽) versus 1000/Tm graph gave a straight line using 

different β values and related Tm values of the experimental TL curves of Tl2Ga2Se3S 

crystals. The activation energy of trap level was found as 6 meV from the slope (see 
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Fig. 4.4). This energy value was not consistent with those obtained by other analysis 

techniques. Therefore, we thought that the Tm’s of the experimental TL peaks showed 

some deviation owing to the phenomenon known as temperature lag effect that 

creates greater deflection at bigger heating rates [96-98].  
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Figure 4.4. ln⁡(𝑇m
2 𝛽⁄ ) vs. 1000/Tm plot for Tl2Ga2Se3S crystals. Open and black squares are 

experimental and theoretical data, respectively. Solid lines are the fitted lines.  

 

 

Since the left hand side of the Eq. (2.27) was strongly affected by Tm, determining 

the real temperature of the sample is crucial for application of heating rate method to 

calculate activation energy. Overtly, for TL measurement, the sample is attached to a 

holder in the cryostat and heated with definite rate by temperature controller, which 

have an interaction with the sample holder. Therefore, the TL spectra is recorded as 

a response to the heater temperature. However, sample and recorded temperatures 

may not simultaneously conform with each other as the heating process is applied 

due to some reasons such as inappropriate contact of sample to holder, thermal 

gradient all along the sample, and/or thermal gradient between the heating strip and 

temperature controller. Those of some expectable cases lead to temperature deviation 
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on detected TL curves. Such a dissonance in temperatures is known as lag effect. In 

order to prevent incorrect calculations due to temperature difference, a method 

improved by Kitis and Tuyn [99] can be utilized to compute the activation energy of 

defect centers accurately by means of the following equation 

 

𝑇mj = 𝑇mi − 𝑐⁡𝑙𝑛 (
𝛽i

𝛽j
)                  (4.1) 

 

Here, Tmi and Tmj are peak maximum temperatures that corresponds to linear heating 

rates βi and βj, respectively. c presents a constant value. We applied equation (4.1) to 

compute the constant c using the lower rates β = 0.6 and β = 0.7 K/s and it was found 

as 5.19. The corrected Tm values associated with heating rates 0.8, 0.9 and 1.0 K/s 

were computed with the same equation. Therefore, thermal activation energy was 

obtained as 13 meV for the trapping center from the slope of ⁡ln⁡(𝑇m
2/𝛽) versus 

1000/Tm graph depicted by corrected Tm values [92]. This energy value was correlated 

with the found values by other applied methods. 

 

4.2.2. Heating rate dependencies of trap levels in Tl2Ga2S3Se, TlGaSSe and 

Tl2Ga2Se3S crystals 

Heating rate dependencies of TL glow curves obtained for Tl2Ga2S3Se, 

TlGaSSe and Tl2Ga2Se3S crystals were investigated performing the TL experiments 

with varied heating rates. Figure 4.5 illustrates the TL peaks of Tl2Ga2S3Se detected 

by employing the rates of heating varying from 0.4 to 1.2 K/s. On the strength of TL 

theory, change of heating rates culminate in alteration of location and structure of TL 

peak [90]. As can be noticed from Fig. 4.5, TL intensity decreases and its Tm value 

moves to higher temperatures with raising heating rate. The integral of the TL spectra 

is commensurate with initial trap concentration. In the heating rate dependence, it 

was observed that area (S0) of the spectra decreases when the heating rate is elevated 

(see inset of Fig. 4.5). This is an evidence of thermal quenching of luminescence 

caused by increasing the probability of non-radiative transitions as the temperature 
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increases [100-102].  Some explanations for shifting tendency of Tm values of TL 

curve to higher temperatures were stated in a TL study on lithium magnesium borate 

phosphors by Anishia et al. [103]. Assuming a small heating rate is employed for 

stimulation of trapped charge carriers, someone detects a TL peak possessing a value 

of Tm1. 
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Figure 4.5. Experimentally detected TL peak of Tl2Ga2S3Se crystal with varied β values. 

Inset: Tm (triangles) and area (squares) dependencies on heating rate.  

 

 

If charge carriers occupying traps are excited with bigger heating rate β2, the trapped 

carriers recombine with opposite ones more quickly. Thus, the number of releasing 

carriers stimulated at T1 temperature diminishes as the heating mechanism was 

operated with β2. The same number of released carriers can merely be reached at T2 

temperature (T2 > T1) when the β2 is applied for stimulation. Therefore, the Tm value 

of new glow peak (Tm2) moves to higher temperatures. Moreover, the full width half 

maximum (FWHM) of the TL curve expand from 16 to 28 K with varying β from 0.4 

to 1.2 K/s (see inset of Fig. 4.5). However, the asymmetry of the TL spectra is nearly 
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conserved as proved by the calculation of geometry factors for each spectrum around 

0.48.   

Figure 4.6 depicts the TL curves of TlGaSSe, denominated as peak A and 

peak B, detected with varied rates of heating ranging from 0.5 to 1.0 K/s. It is clear 

from the figure that the TL intensities tend to decrease and Tm values have gradual 

increment with elevating heating rate. Figure 4.7 shows the dependence of Tm, 

FWHM and integral of the curves to the heating rate. The Tm and FWHM values of 

the curves alter from 31 to 39 K and 12 to 19 K for peak A and vary from 95 to 131 

K and 32 to 37 K for peak B.  
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Figure 4.6. Experimentally detected TL peaks of TlGaSSe crystal with varied β values.  

 

 

The integrals of the peaks stand for the charge carrier liberated from traps during each 

measurement. Since same amount of charge carriers are released unless the stopping 

time is changed, the integral of each curve must be constant. Thus, in order to 

conserve the same area value for the peaks the FWHM value must increase gradually 

as the peak intensity diminishes. Figure 4.7 illustrates analogous variation of the peak 
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areas. As seen, the areas are very close to each other with some slight experimental 

variations. 

 

   

Figure 4.7. Tm, FWHM and area (S0) dependencies on heating rate for TlGaSSe crystal (peaks 

A and B). 

 

 

Figure 4.8 depicts the dependence of heating rate on TL curve of Tl2Ga2Se3S 

crystals. The exhibited glow curves were observed by heating the sample for different 

rates changing from 0.6 to 1.0 K/s. Inset of Fig. 4.8 demonstrates the variation of Tm, 
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FWHM and the area of the curves. Increasing tendency of the Tm and FWHM was 

noted with the values from 32 to 36 K and 17 to 23 K, respectively. Moreover, S0 

value of the peaks remains nearly same with slight variations. 
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Figure 4.8. Experimentally detected TL peaks of Tl2Ga2Se3S crystal with varied β values. 

Inset: Tm, FWHM and area (S0) dependencies on heating rate for TlGaSSe crystal. 

 

 

4.2.3. Distribution of trap levels in Tl2Ga2S3Se, TlGaSSe and Tl2Ga2Se3S crystals 

The defect centers revealed in the studied crystals can possess different trap 

characteristics due to some reasons regarding growth process and/or natural 

formation of the traps. It is known from the theory that the crystals either exist the 

single, isolated discrete trap level or they compose of the many trapping levels that 

are very close to each other. Thermoluminescence mechanisms of such traps show 

diversity and kinetic parameters of these traps should be dealt with disparately. Thus, 

understanding the trap mechanism of the studied crystal gain importance. To 

investigate the trap’s distribution of Tl2Ga2S3Se, TlGaSSe and Tl2Ga2Se3S crystals, 

Tstop method was applied to the observed glow curves of the crystals with a rate of 
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heating β = 1.0 K/s. Figure 4.9 shows TL peaks detected at different Tstop values (10 

to 25 K). As understood from the figure, TL intensity diminishes gradually and Tm of 

the peaks shifts to higher temperatures. This behavior can be explained with the fact 

that the concentration of charge carriers diminishes with increasing Tstop.  
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Figure 4.9. Experimentally detected TL peaks of Tl2Ga2S3Se crystal with different Tstop 

values. Inset 1: Et vs. Tstop plot. Inset 2: Logarithmic plot of S0 as a function of Et. Solid line 

is the fitted line.  

 

 

In other words, shallower trapping levels are emptied and the contribution to 

luminescence comes from the deeper levels. The Et values for each glow peak were 

found to be rising from 16 to 58 meV when the Tstop is increased from 10 to 25 K, 

respectively (inset 1 of Fig. 4.9). The frequency factors for each glow peak were taken 

into account to understand its dependency of temperature. It was found that shifting 

Tm to high temperature leads to increase in s values.   
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Table 4.2. The obtained Tm, S0, Et and s values for Tl2Ga2S3Se crystal at different Tstop. 

Curve 1 2 3 4 5 6 7 

Tstop (K) 10 15 17 19 21 23 25 

Tm (K) 47.8 50.7 53.0 55.9 61.1 65.2 73.0 

S0 (a.u.) 24940 16880 12130 7250 3760 1520 410 

Et (meV) 16 24 27 33 41 47 58 

s (s-1) 2.9 16.0 32.4 95.4 220 441 931 
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Figure 4.10. Experimentally detected TL peaks of TlGaSSe crystal with different Tstop values 

(peak A). Inset 1: Et vs. Tstop plot. Inset 2: Logarithmic plot of S0 as a function of Et. 

 

 

Figures 4.10 and 4.11 represent the TL glow curves of TlGaSSe crystals 

(peaks A and B) at different Tstop ranging from 10 to 16 K and from 35 to 50 K, 

respectively. Similar to Tl2Ga2S3Se crystals, intensities of the glow peaks (A and B) 
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decreased proportionally with the emptied concentration of trap center and increment 

in Tm was experienced by employing varied Tstop values (see Table 4.3). Insets 1 of 

Figs. 4.10 and 4.11 produce the thermal activation energies of liberated carriers 

corresponding to utilized Tstop values. As seen from the inset 1 of the figures, the 

activation energies increased from 16 to 27 meV and 97 to 146 meV for peaks A and 

B with increasing Tstop, respectively. 
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Figure 4.11. Experimentally detected TL peaks of TlGaSSe crystal with different Tstop values 

(peak B). Inset 1: Et vs. Tstop plot. Inset 2: Logarithmic plot of S0 as a function of Et.  

 

 

TL glow curves of Tl2Ga2Se3S crystal detected with different stopping 

temperatures (10 to 15 K) were shown in Fig. 4.12. It is easily noticed from the figure 

that increasing Tstop ensured the luminescence intensity to be decreased and peak 

maximum temperature to be shifted gradually. Et values were shown in the inset 1 of 

Fig. 4.12. Energy values raised from 13 to 18 meV with increasing Tstop from 10 to 

15 K (Table 4.4).  
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Figure 4.12. Experimentally detected TL peaks of Tl2Ga2Se3S crystal with different Tstop 

values. Inset 1: Et vs. Tstop plot. Inset 2: Logarithmic plot of S0 as a function of Et.  

 

 

 

Table 4.3. The obtained Tm, S0, Et and s values for TlGaSSe crystal at different Tstop (peaks 

A and B). 

 Peak A      Peak B     

Curve 1 2 3 4 5 6 1 2 3 4 5 

Tstop (K) 11 12 13 14 15 16 35 40 43 46 50 

Tm (K) 40 41 42 43 44 45 133 136 138 140 145 

S0 (a.u.) 1711 
137

5 
959 696 464 266 685 513 381 262 161 

Et (meV) 17 19 20 22 24 27 105 114 122 132 146 

s (s-1) 17.1 28.4 33.1 52.3 80.8 165.5 
6.6      

×      

102 

1.2

× 

103 

2.1

× 

103 

4.4

× 

103 

9.6

× 

103 
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The reason of increment of activation energy by rising stopping temperature depends 

on the charge carriers occupying deeper levels. Much more thermal energy is needed 

for stimulation of the carriers at deeper centers [86,90,104]. The analogous behavior 

was ascribed to the quasi-continuous traps distribution [105-107]. 

 

 

Table 4.4. The obtained Tm, S0, Et and s values for Tl2Ga2Se3S crystal at different Tstop. 

Curve 1 2 3 4 5 6 

Tstop (K) 10 11 12 13 14 15 

Tm (K) 36 38 38 40 44 45 

S0 (a.u.) 385 240 190 140 75 50 

Et (meV) 13.3 14.0 14.4 15.5 17.1 18.0 

s  (s-1) 8.7 8.1 9.4 10.1 9.3 10.7 

 

 

 

The detailed characterization of traps distribution was achieved by assuming 

exponential distribution for the trap center. By this way, the density of trap is 

considered as proportional to the Et values of glow peaks in Figs. 4.9−4.12. Therefore, 

the density of traps can be presented as  

 

Nti= A exp(- α Eti).                      (4.2) 

 

The area under the peaks are proportional to the density of traps. Then the Eq. (4.2) 

equation can be rewritten as [105] 

 

S0  A exp (-α Eti).                                                                                                                                   (4.3) 
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In the Eq. (4.3), α is a parameter related to energy and characterizes the distribution. 

Logarithmic plot of S0 as a function of Et bring out straight line with a slope of α. The 

insets 2 of Figs. 4.9−4.12 show the analogous graphs. The slopes were found as α = 

0.10 meV−1 for Tl2Ga2S3Se, αA = 0.191 and αB = 0.035 meV−1 for TlGaSSe and α = 

0.41 meV−1 for Tl2Ga2Se3S crystals. These values imply that 23 meV for Tl2Ga2S3Se, 

12 and 66 meV for peaks A and B of TlGaSSe, and 6 meV for Tl2Ga2Se3S vary with 

the alteration of one order of magnitude.   

 

4.3. Results of TL studies on Tl4Ga3InS8, Tl2GaInS4 and Tl4In3GaS8 single 

crystals 

4.3.1. Determination of activation energies, frequency factors and capture cross 

sections 

Figure 4.13(a) reproduces TL spectrum of Tl4Ga3InS8 crystal obtained in the 

temperature range of 10-200 K for β =1.0 K/s. Since no intensive peak was observed 

in the range of 200-300 K, the measured spectrum in that range are not displayed in 

the figure. As can be seen from the Fig. 4.13(a), there exist two distinctive peaks 

arising nearly at peak maximum temperatures of 60 and 165 K. Moreover, the 

existence of one faint peak nearly at Tm = 100 K can be detected from the spectrum. 

Before starting the analysis (especially by curve fitting method) of the experimental 

data, the determination of the number of peaks arising due to different defect centers 

is first and important way. We have used the thermally cleaning procedure to separate 

overlapped peaks. The obtained glow curve using this method for  

Tstop = 42 K has been shown in Fig. 4.13(b). The existence of the trap level B, which 

is not clear in the main TL curve (see Figure 4.13(a)), is verified by this method.  
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Figure 4.13. Experimentally detected TL curves of Tl4Ga3InS8 crystal using β = 1.0 K/s. (a) 

and (b) present the TL curves recorded before and after thermal cleaning, respectively.  

 

 

In Figure 4.14, solid curve expresses the theoretical fit of the experimental 

data for Tl4Ga3InS8 obtained from CF method. The curve fitting analysis in 

accordance with Eq. (2.17) successfully revealed the presence of three trapping 

centers with energies of EtA = 13, EtB = 44 and EtC = 208 meV (see Table 4.5) [108]. 
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The dashed-dot curves in Fig. 4.14 under the main curve represent the decomposed 

peaks related with each defect center.  

 

 

    Table 4.5. The calculated Et, St and s values of established traps in Tl4Ga3InS8 crystal. 

Peak Tm (K) Et (meV) St (cm2) s (s−1) 

  
Curve fitting 

method 

Initial rise 

method 

Peak shape 

method 

 
 

A 58 13 13 16 2.9 × 10-25 0.5 

B 103 44 44 -- 9.4 × 10-25 8.4 

C 166 208 -- 204 9.6 × 10-21 2.0 × 105 
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Figure 4.14. Experimentally detected TL curve (circles) of Tl4Ga3InS8 crystal using β = 1.0 

K/s and theoretical curve fit (solid curve). Dash-dotted peaks are decomposition of solid 

curve. Inset: TL intensity versus 1000/T for peaks A and B. Stars (peak A), triangles (peak 

B) and solid lines exemplify the experimental data and the fitted lines, respectively. 
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TL experiments performed for Tl2GaInS4 with heating rate of 1.0 K/s resulted 

with two successive peaks (A and B) with Tm values of 34 and 55 K as seen in Fig. 

4.15. First order approach to the TL curve by virtue of Eq. (2.17) did not provided 

the compatible fitted curve with the observed TL curve. Implementation of Eq. (2.23) 

was necessary to fit the experimental curve well. Thus, the glow curve was subjected 

to Eq. (2.23) by regularly altering the parameter b until the well describing fitting 

curve was succeeded. By this way, the presence of two trap centers in the forbidden 

energy level of Tl2GaInS4 crystal was established with thermal activation energies of 

EtA = 12 and EtB = 26 meV as the parameters bA = 1.0 and bB = 1.6 were employed 

for peaks A and B, respectively (see Table 4.11) [109]. The first and general order 

kinetics were proved with this successful method for the peaks A and B respectively. 
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Figure 4.15. Experimentally detected TL curve (circles) of Tl2InGaS4 crystal using β = 1.0 

K/s and theoretical curve fit (solid curve). Dash-dotted peaks are decomposition of solid 

curve.  
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Thermally cleaning procedure using Tstop = 26 K which was enough to clean 

the shallower traps related to peak A of Tl2InGaS4 crystal allowed peak B to appear 

separately from peak A as demonstrated in Fig. 4.16. The small shift of the Tm value 

of glow curve obtained after thermal cleaning process arises due to the closeness of 

the two trap levels (related to peaks A and B). This shift can considered as be 

negligible. After cleaning the initial part of the TL spectra, the successively obtained 

TL glow peak (peak B) was analyzed using CF method (by equation (2.23) with 

parameter b = 1.6). Application of the method revealed the existence of the trapping 

center correlated to peak B with EtB = 27 meV (see inset 1 of Fig. 4.16). 
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Figure 4.16. Experimentally detected TL curves of Tl2InGaS4 crystal before (circles) and 

after (stars) thermal cleaning process. Inset 1: TL peak (circles) obtained at Tstop = 26 K and 

curve fit (solid line) to the peak. Inset 2: TL intensity versus 1000/T for peaks A and B. 

Circles (peak A), stars (peak B) and solid lines exemplify the experimental data and the fitted 

lines, respectively. 
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Table 4.6. The calculated Et, St and s values of established traps in Tl2GaInS4 crystal. 

Peak Tm (K) Et (meV) St (cm2) s (s−1) 

  
Curve fitting 

method 

Initial rise 

method 

Peak shape 

method 
  

A 34 12 12 -- 1.0 × 10-23 7.2 

B 55 26 27 28 1.3 × 10-23 24.1 
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Figure 4.17. Experimentally detected TL peaks of Tl4In3GaS8 crystal using β = 1.0 K/s. 

 

 

Figure 4.17 presents the observed TL glow curve of Tl4In3GaS8 obtained in 

the 10-240 K temperature range with a constant heating rate of β = 1.0 K/s. The 

temperature ranges of 80-170 and 240-300 K were not shown in the figure due to the 

absence of TL peaks in these ranges. The TL spectra give peaks (called as peak A 

and B as represented in the figure) arising at the peak temperatures of approximately 

36 and 213 K. As can be seen from the figure, A and B peaks show different behavior 
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in the temperature region of T > Tm. Peak A has a broad descending part (region of T 

> Tm) compared to the ascending region (region of T < Tm), but peak B shows the 

opposite behavior of the peak A. Therefore, we have investigated these peaks 

separately. The broadening of the peak A in the temperature region of T > Tm can be 

attributed to the two possible cases; (i) the existence of many peaks corresponding to 

the various defects, (ii) the existence of one peak related to one defect level. In both 

cases, first and/or non-first order kinetics may be responsible for TL process. At this 

point, usage of a parameter value (μg) given by Chen and Kirsh will be helpful to get 

an insight about the number of peaks [86]. The μg value for the peak A is found nearly 

as 0.63 which is very far from the predicted range (0.42−0.52) [110]. This is a 

powerful indication of the fact that there are many peaks under the main peak A.  
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Figure 4.18. Experimentally detected TL peak B (circles) of Tl4In3GaS8 crystal using β = 1.0 

K/s and theoretical curve fit (solid curve). Inset: TL intensity versus 1000/T for peak B. 

Circles and solid line exemplify the experimental data and the fitted line, respectively. 

 

 

Using a fitting program under the light of theoretical expressions giving TL intensity 

as a function of temperature to reveal these many peaks gives unreliable results. 

Therefore, we have decided to use thermally cleaning technique and have dealt with 
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the analysis of this peak in the section 4.3.3. However, the peak B descends more 

sharply compared to the peak A for the region of T > Tm (see Figure 4.18). This can 

be strongly due to the dominant mechanism of the first-order kinetics. Moreover, we 

have calculated the μg value to obtain an opinion about the number of peaks. The μg 

value for peak B was found as 0.42 which corresponds to the value of the first order 

kinetics for one trap level. First order approach to the TL peak B by virtue of Eq. 

(2.17) provided the fitted curve which described the experimental TL curve 

successively. Therefore, the presence of one trap centers in the forbidden energy level 

of Tl4In3GaS8 crystal was established with thermal activation energy of EtB = 292 

meV [110].  

The activation energies found by CF method were used to compute the s and 

St values of the trapping levels in Tl4Ga3InS8, Tl2GaInS4 and Tl4In3GaS8 crystals with 

the help of Eqs. (2.29) and (2.30), respectively.  Analyses resulted with the s and St 

values of 0.5, 8.4 and 2.0 × 105 s−1 and 2.9 × 10−25, 9.4 × 10−25 and 9.6 × 10−21 cm2 

for peaks A, B and C of Tl4Ga3InS8, 7.2 and 24.1 s−1, and 1.0 × 10−23 and 1.3 × 10−23 

cm2 for peaks A and B of Tl2GaInS4, and 6.1 × 105 s−1 and 2.6 × 10−20 cm2 for peak 

B of Tl4In3GaS crystals, respectively. Effective masses
0

* 21.0 mme  , 
0

* 19.0 mme   

and 
0

* 16.0 mme  were utilized to obtain the capture cross sections of Tl4InGa3S8, 

Tl2GaInS4 and Tl4GaIn3S8 crystals, respectively.  

The IR method has also been applied to analyze the TL peaks determined for 

Tl4Ga3InS8, Tl2GaInS4 and Tl4In3GaS8 crystals. The activation energies of trapping 

levels existing in Tl4Ga3InS8 crystal were found as 13 and 44 meV for peaks A and B 

as seen in the inset of Fig. 4.14. In order to calculate the activation energy of the trap 

level related to peak B, we used the TL peak obtained after thermal cleaning at Tstop 

= 42 K (see Fig. 4.13b). However, we could not apply this method to peak C since 

the initial tail of the peak was not obtained experimentally. For Tl2GaInS4 crystal, 

activation energy of observed trap level was successfully evaluated by 

implementation of the method to the main curve for peak A and to the TL peak arising 

after thermal cleaning at Tstop = 26 K for peak B. As a result, Et values of 12 and 27 

meV revealed the existence of trap levels (see inset 2 of Fig. 4.16). The method was 
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also achieved for peak B of Tl4In3GaS8 crystal and EtB = 293 meV was established 

for the corresponding trap level (Inset of Fig. 4.18). 

PS method gave the activation energies of trapping levels as 16 and 204 meV 

for peaks A and C of Tl4Ga3InS8 crystal using experimentally observed TL peaks 

(Table 4.5). Since the Tl and Th values of peak B was not clear in the observed TL 

spectra, the method was not achievable for application. The main TL curve of 

Tl2GaInS4 crystal was not also suitable for the analysis of this method. Therefore, we 

decided to apply this method to only peak B. The activation energy was obtained for 

the related trap to be EtB = 28 meV (Table 4.6). For the Tl4In3GaS8 crystal, the 

activation energy of deeper trap correlated to peak B was computed as EtB = 290 meV. 

The consistency of found energy values with above techniques indicated the 

reliability of the energy values. The μg values have been computed as 0.44 and 0.42 

for peaks A and C of Tl4Ga3InS8, 0.45 for peak B of Tl2GaInS4 and 0.42 for peak B 

of Tl4In3GaS8 crystals, respectively.  

 

4.3.2 Heating rate dependencies of trap levels in Tl4Ga3InS8, Tl2GaInS4 and 

Tl4In3GaS8 crystals 

4.3.2.1 Normal heating rate dependencies of trap levels in Tl4Ga3InS8 and 

Tl4In3GaS8 crystals 

The studies on Tl4Ga3InS8 and Tl4In3GaS8 crystals have been expanded by 

accomplishing the heating rate dependencies of the trap levels. The experiments were 

achieved with varied rates between 0.2 and 1.2 K/s for Tl4Ga3InS8 and between 0.2 

and 1.0 K/s for Tl4In3GaS8 crystals. In the studies, we merely investigated the heating 

rate behaviors of trap levels corresponding to peaks A in TL curves Tl4Ga3InS8 and 

Tl4In3GaS8 crystals due to the low intensities and complexities of the analysis for 

other observed peaks of the crystals. Chen and McKeever [90] assumed that Tm shifts 

to higher values and a decrease in intensity of TL peak occurs with increase of heating 

rate. The same behavior of the TL curve obeying this rule has been observed in 

Tl4Ga3InS8 and Tl4In3GaS8 crystal (see Figs. 4.19 and 4.20).  
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Figure 4.19. Experimentally detected TL peaks of Tl4Ga3InS8 crystal with varied β values. 

Inset: Tm, FWHM and TL intensity dependencies on heating rate (peak A). 

 

 

  

Besides the shift of Tm, there occur some changes on the shape of TL glow curve with 

variation of heating rate β. Inset to Figs. 4.19 and 20 demonstrate the heating rate 

dependencies of FWHM, TL intensity and Tm values clearly. The FWHM of the TL 

spectra enlarges from 22 to 44 K for Tl4Ga3InS8 and from 11 to 24 K for Tl4In3GaS8 

crystals as heating rate increases. Moreover, Tm and ITL obey to TL theory with 

showing increasing and decreasing tendencies, respectively, with heating rate as 

shown in the insets of Figs. 4.19 and 20. 
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Figure 4.20. Experimentally detected TL peaks of Tl4In3GaS8 crystal with varied β values. 

Inset: Tm, FWHM and TL intensity dependencies on heating rate (peak A). 

 

 

 

4.3.2.2 Anomalous heating rate dependence of trap level in Tl2GaInS4 single 

crystals 

Until this part of the study, we have come across the normal behavior of trap 

levels for variation of heating rate. The well-known dependence (normal heating rate) 

in TL theory was established in the previous sections presenting the various heating 

rate dependence of the trap levels in above mentioned crystals. However, the trap 

level (associated with peak B) being observed in Tl2GaInS4 crystals acted differently 

from the well-known phenomenon. Figure 4.21 illustrates such behavior in TL peak 

B with the variation of the heating rate between 0.2 and 1.2 K/s. As seen from Fig. 

4.21, the glow peak’s TL intensity increases and the Tm shifts to higher values with 

ascending heating rate. Moreover, the area under the curves grows from 78 to 181 (a. 

u.) as the heating rate varies from 0.2 to 1.2 K/s [109]. In this part of the chapter, we 

try to understand and explain the reason of such an opposite behavior. 
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Figure 4.21. Experimentally detected TL peaks of Tl2GaInS4 crystal with varied β values 

(peak B). Inset: Tm, FWHM and area (S0) dependencies on heating rate. 

  

 

 

Up to this section of the thesis, thermoluminescence mechanisms of the trapping 

states with regard to varied rates of heating were demonstrated by virtue of the 

illustrious behaviors. As we mentioned, the unchanging integral of the glow peaks as 

a response to elevating rate is the expected behavior of TL because of the same 

number of emitted photons at each heating rate. In case the decrescent area and 

intensity of luminescence, the mechanism was explained with the phenomenon of 

thermal quenching [90]. In recent years, the opposite behavior was revealed with the 

study on YPO4 crystals where the intensity of total luminescence tends to rise with 

the heating rate [111]. This experience was denominated as anomalous heating rate 

and approached by aid of a two-stage TL model [112].  
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Figure 4.22. Simplified diagram of energy levels for Tl2GaInS4 crystal. Radiative and non-

radiative transitions are illustrated by pathway 1 (solid arrow) and pathway 2 (dashed arrow), 

respectively. 

 

 

 

This model takes into account the recombination of electrons producing only 

radiative transitions. However, in the semi-localized model [113, 114], non-radiative 

transitions realized between the excited state of the trap and the recombination center 

are also taken under consideration (see Fig. 4.22).  Clearly, the electrons, stimulated 

from the ground state of the trap into the excited state by thermal energy, are released 

into the conduction band. Then, two ways are possible for electrons. One of them is 

the recombination with holes situated in the recombination center. The other is the 

capturing by trap state. The former event (pathway (1) in the Fig. 4.22) produces the 

TL emission while the latter (pathway (2) in the Fig. 4.22) results with the non-

radiative recombination. Two-stage process of stimulation of electrons from traps 

suggests the increment of probability of the radiative transitions relative to non-

radiative one. The electrons situated at excited state are decisive for the localized 

transitions. As long as the electrons spent time at the excited state, the probability of 

non-radiative transitions increases proportionally with that time. The higher heating 
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rates lead to this time to decrease thanks to the increasing stimulation probability of 

electrons into the conduction band. Thus, one can say that the number of localized 

transitions diminishes with elevating heating rate causing the increase in the emitted 

luminescence. The anomalous heating rate phenomenon is physically based on the 

rivalry among the non-radiative and radiative transitions. This competition between 

pathways (1) and (2) brings about the TL peak to rise whereas the related non-

radiative transitions decrease relatively to conserve the total number of charge 

carriers [114]. Under the light of these explanations, the increase of the area under 

the TL curves (230 percent enhancement) that can be affirmed as increase in the 

probability of radiative transitions over that of the non-radiative transitions revealed 

the anomalous behavior of the corresponding trap level. Further, the Tm and FWHM 

values of each peak show increasing tendency from 34 to 63 K and from 16 to 25 K, 

respectively. Inset to Fig. 4.21 shows the heating rate dependencies of Tm and FWHM 

of the related glow curves and area enclosed under the curves. 

 

4.3.3. Distribution of trap levels in Tl4Ga3InS8, Tl2GaInS4 and Tl4In3GaS8 

crystals 

As we mentioned in part 4.3.1, the trap level established in Tl4In3GaS8 

crystals (related to peak A) exhibited the behavior of highly defective structures. 

Therefore, the activation energy depth of the traps was investigated utilizing the 

thermally cleaning procedure. Figure 4.23 shows the obtained TL glow curves at 

different stopping temperatures satisfying the emptying of the shallower levels. The 

activation energies of the trap levels were obtained using initial rise method. Since 

the initial rise method based on the analysis of the initial part of the curve, the 

obtained energy corresponds to the firstly emptied trap level if there are many levels 

in the crystal structure. The activation energies of the revealed trapping centers were 

observed to be shifted from ~12 to ~125 meV by increasing the stopping temperature 

from 10 to 36 K (see inset 1 of Figure 4.23 and Table 4.7) [110]. The increase of the 

activation energy values when Tstop increases is consistent with the gradual emptying 
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of shallowest trapping levels during each preheating treatment [86, 104]. Similar 

results on the traps distribution were also reported previously in the Refs. [115-117]. 
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Figure 4.23. Experimentally detected TL curves of Tl4In3GaS8 crystal with different Tstop 

values at β = 1.0 K/s (peak A). Inset 1: Et vs. Tstop plot. Inset 2: Logarithmic plot of S0 as a 

function of Et.  
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Table 4.7. The obtained Tm, S0, Et and s values for Tl4In3GaS8 crystal at different Tstop  

(peak A). 

Peak A 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Tstop 

(K) 
10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0 32.0 34.0 36.0 

Tm (K) 35.8 35.3 36.5 36.0 36.9 39.1 41.5 43.7 48.3 51.7 55.9 59.6 61.8 65.5 

S0 (a.u. 

×106) 
2.41 2.26 2.19 2.03 1.94 1.60 1.37 1.06 0.60 0.35 0.20 0.07 0.05 0.01 

Et 

(meV) 
12.3 12.9 12.7 14.3 14.3 18.9 23.6 28.5 35.9 46.8 58.1 81.6 91.6 125.4 

s (s−1) 3.0 4.3 3.2 6.9 5.8 23 73 218 681 
5.4× 

103 

2.8× 

104 

1.7× 

106 

6.7× 

106 

1.3× 

109 
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Figure 4.24. Experimentally detected TL curves of Tl4Ga3InS8 crystal with different Tstop 

values at β = 1.0 K/s (peak A). Inset 1: Et vs. Tstop plot. Inset 2: Logarithmic plot of S0 as a 

function of Et.  
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Figures 4.24 and 4.25 show the measured TL curves for Tl4Ga3InS8 (peak A) 

and Tl2GaInS4 (peak B) crystals obtained after illuminating the sample at various 

stopping temperatures between 10 and 34 K, and 26 and 36 K, respectively. As can 

be seen from the figures, The TL intensities of peaks gradually decreased and Tm 

values shifted to higher temperatures with increasing the Tstop values. This behavior 

can be explained with the assumption of a quasi-continuous traps distribution [104-

106]. The activation energies of released charge carriers were found by using the CF 

method (see inset 1 of Figs. 4.24 and 4.25). The increase of the activation energy 

values from 13 to 41 meV for Tl4Ga3InS8 and from 27 to 67 meV for Tl2GaInS4, with 

the rising stopping temperatures, respectively, was obtained (Tables 4.8 and 4.9) 

[108,109]. 
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Figure 4.25. Experimentally detected TL curves of Tl2GaInS4 crystal with different Tstop 

values at β = 1.0 K/s (peak B). Inset 1: Et vs. Tstop plot. Inset 2: Logarithmic plot of S0 as a 

function of Et.  
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Using Eq. (4.3), we plotted ln(S0) versus Et graphs for each crystals as seen in the 

inset 2 of the Figs. 4.23−4.25. The slopes of the experimental data were found as α = 

0.048 meV−1 for Tl4In3GaS8 (peak A), α = 0.046 meV−1 for Tl2GaInS4 (peak B) and α 

= 0.096 meV−1 for Tl4Ga3InS8 (peak A) crystals. These values correspond to the 

variation of one order of magnitude in traps density for every 48, 50 and 24 meV, 

respectively.  

 

 

Table 4.8. The obtained Tm, S0, Et and s values for Tl4Ga3InS8 crystal at different Tstop   

(peak A). 

Curve 1 2 3 4 5 6 

Tstop (K) 10.0 20.0 25.0 30.0 32.0 34.0 

Tm (K) 57.8 58.6 60.4 68.9 74.0 78.0 

S0 (a.u.) 1049 929 452 247 213 70 

Et 

(meV) 
13.2 13.7 17.4 22.2 28.5 40.6 

s (s−1) 0.7 0.8 1.6 2.3 5.3 32.5 

 

 

  

Table 4.9. The obtained Tm, S0, Et and s values for Tl2GaInS4 crystal at different Tstop  

(peak B). 

Curve 1 2 3 4 5 6 

Tstop (K) 26 28 30 32 34 36 

Tm (K) 59 61 64 66 70 74 

S0 (a.u.) 19225 12300 9155 6440 4440  3050 

Et 

(meV) 
27 37 43 53 60 67 

s (s−1) 18.2 131.6 296.4 1.6 × 103 3.0 × 103 5.2 × 103 
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4.4. Results of EDSA for Ga4S3Se, Ga2SSe, Ga4Se3S crystals 

Chemical composition of Ga4S3Se single crystal was determined utilizing the 

EDS analysis method in the energy range of 0−10 keV. The characteristics x-rays 

arising from the constituent elements revealed the EDSA spectrum exhibiting 

distinctive peaks as shown from the Fig. 4.26. The background in the spectra 

originates from the interaction of atomic nuclei with the incident electrons. The 

apparent peaks symbolize the contribution of each elements in the spectrum. The ratio 

of constituent elements in the crystal was determined by counting the detected x-rays 

relatively. The composition rates Ga : S : Se were obtained as 51.0 : 36.8 : 12.2, 

respectively.           
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Figure 4.26. Energy dispersive spectrum for Ga4S3Se crystal. 

 

 

 

Figure 4.27 depicts the EDSA spectrum of Ga2SSe crystal between the energy 

ranges of 0−10 keV. The observed peaks were denominated by the constituent 

elements using the characteristics X-ray emissions from each element in the mixed 

crystal. EDS measurements established the chemical composition ratio of the 

elements (Ga: S: Se) to be 49.8 : 24.8 : 25.4, respectively.    
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Figure 4.27. Energy dispersive spectrum for Ga2SSe crystal. 
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Figure 4.28. Energy dispersive spectrum for Ga4Se3S crystal. 

 

 

EDSA spectrum of Ga4Se3S crystal was demonstrated in the 0−10 keV energy 

range in Fig. 4.28. Characteristics emission energies of each element in the mixed 
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crystal were taken account to determine which peak in the spectrum belongs to its 

own element. Therefore, the ratio of the atomic compositions was found as 50.6 : 

37.2 : 12.2 for Ga : Se : S, respectively. The slight deficiency of selenium and sulfur 

in the growth crystals can be explained with the higher volatility of them as compared 

to the gallium.     

 

4.5. Results of TL studies on GaS, Ga4S3Se, Ga2SSe, Ga4Se3S and GaSe:Mn 

single crystals 

4.5.1. Determination of activation energies, frequency factors and capture cross 

sections 

An example of a TL glow curve of GaS obtained by heating the sample from 

10 to 225 K at a rate of 1.0 K/s is shown in Fig. 4.29. As seen in the figure, the TL 

curve exhibited two strong overlapping peaks with maxima around 91 and 146 K  
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Figure 4.29. Experimentally detected TL curve (circles) of GaS crystal using β = 1.0 K/s and 

theoretical curve fit (solid curve). Dash-dotted peaks are decomposition of solid curve. Inset: 

TL intensity versus 1000/T for peak A. Circles and solid line exemplify the experimental data 

and the fitted line, respectively. 
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labeled as “peak A” and “peak B”, respectively. In addition, a weak third peak C 

(shoulder) is observed around 170 K. The TL curve did not exhibit any peak beyond 

200 K. The intensity of the high-temperature peak C around 170 K (see Fig. 4.29) is 

too low as can be understood by comparison with its neighboring peak at around 146 

K. Therefore, we decided to exclude this peak for curve-fitting analysis. Figure 4.29 

shows the two underlying components (peaks A and B) of the TL glow curve of GaS 

obtained by deconvolution using curve fitting. A first-order kinetic approach was not 

successful in describing the TL glow peaks. However, the glow curve could be 

deconvoluted into its components using a model function based on non-first order 

approach. The curve was fitted to Eq. (2.23) by gradually varying the kinetic order 

parameter b between 1 and 2 separately for peaks A and B. The best fitting was 

obtained with parameters bA = 1.6 and bB = 1.2 for peaks A and B, respectively. This 

outcome implies that mixed order kinetics dominates the excitation process from the 

traps. Using CF, the thermal activation energies of peaks A and B were determined 

as 52 and 200 meV, respectively. (see Table 4.10) [118]. 

 

 

Table 4.10. The calculated Et, St and s values of established traps in GaS crystal. 

Peak Tm (K) Et (meV) St (cm2) s (s−1) 

  
Curve fitting 

method 

Initial rise 

method 
   

A 91 52 51  4.4 × 10-24 55.3 

B 146 200 --  2.7 × 10-20 8.7 × 105 

C 170 304 --  2.9 × 10-18 1.3 × 108 

 

 

Fig. 4.30 shows the observed TL glow curve of the Ga4S3Se crystals 

accomplished by heating the sample at a constant rate of 0.4 K/s between the 

temperatures 140 and 200 K. As seen from the figure, one TL peak appearing at Tm 

= 168 K was obtained. Application of Eq. (2.23) was achieved to obtain the best fit 
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by varying the parameter b in the fitting program. The most reliable result was 

obtained with b = 1.5 which is responsible for general order of kinetics [86]. The 

activation energy of the trap level was found as Et = 495 meV [50]. 
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Figure 4.30. Experimentally detected TL peak (circles) of Ga4S3Se crystal using β = 0.4 K/s 

and theoretical curve fit (solid curve). Inset: TL intensity versus 1000/T. Circles and solid 

line exemplify the experimental data and the fitted line, respectively. 

 

 

Fig. 4.31 shows the TL spectra of Ga2SSe crystal obtained at β = 0.4 K/s 

heating rate. The fitting process was successfully resulted with the presence of three 

trapping centers located at EtA = 6, EtB = 30 and EtC = 72 meV under the light of Eq. 

(2.17) (solid curve in Fig. 4.31). The good agreement between the experimental glow 

curve and fitted curve obtained using Eq. (2.17) confirms that the parameter b which 

is responsible for order of kinetics is equal to 1 corresponding to slow retrapping 

process. The reliability of the CF method is thought as decreasing with increasing 

fitting parameters which is proportional to the number of peaks. Therefore, we have 

also performed the analysis on the glow curve in which shallowest trapping center 

was emptied using thermally cleaning procedure. The fitting (dash-dot line) of the 

thermally cleaned TL glow curve (triangles in Fig. 4.31) was resulted for remaining 
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peaks with EtB = 30 and EtC = 74 meV which can be thought as a powerful indication 

of accuracy of results [119]. 
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Figure 4.31. Experimentally detected TL curves of Ga2SSe crystal before (circles) and after 

(triangles) thermal cleaning process at β = 0.4 K/s. Solid and dash-dotted curves depict the 

curve fits to the TL curves. 

 

 

 

Figure 4.32 presents the TL glow curve of Ga4Se3S crystal for heating rate of 

0.4 K/s. In the figure, temperature range in which TL peak was observed is presented 

although measurements were carried out in the 15-300 K temperature range. TL 

spectra exhibit only one peak with Tm of nearly 74 K. CF analysis done using both 

Eqs. (2.17) and (2.23) gave successful results for general order kinetics with 

parameter b = 1.2. Solid line in Fig. 4.32 is the fitted curve giving activation energy 

of the trap center as 27 meV [120].  
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Figure 4. 32. Experimentally detected TL peak (circles) of Ga4Se3S crystal using β = 0.4 K/s 

and theoretical curve fit (solid curve). Inset: TL intensity versus 1000/T. Circles and solid 

line exemplify the experimental data and the fitted line, respectively. 

 

 

 

Figure 4.33 shows a typical TL curve for GaSe:Mn crystal in the temperature 

range 10–225 K with heating rate of  β = 1.0 K/s. Three overlapping peaks (A, B and 

C) and one isolated peak D were observed with maximum temperatures (Tm) nearly 

at 47, 102 and 139 K, and 191 K, respectively. For the first three peaks (A, B and C), 

Eq. (2.17) gave the best-fit result with the activation energy values of EtA = 8 meV, 

EtB = 34 meV and EtC = 130 meV [121]. This is an evidence for the trap levels that 

characteristics of the first order kinetics are exhibited. Since the last peak (labeled as 

D in Fig. 4.33) was distinctively independent of the others, we analyzed it separately. 

Application of Eq. (2.17) was unsuccessful for fitting of the peak D. Therefore, Eq. 

(2.23) was utilized several times by varying the parameter b between 1 and 2. The 

best fit was accomplished with the value of b = 1.2, which indicates the mixed-order 

of kinetics dominates the trap level corresponding to the TL peak D [90].  At the end 

of fitting process, activation energy of trapping center was calculated as EtD = 388 

meV. 
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Figure 4.33. Experimentally detected TL curve (circles) of GaSe:Mn crystal using β = 1.0 

K/s and theoretical curve fit (solid curve). Dash-dotted peaks are decomposition of solid 

curve. Inset: TL intensity versus 1000/T for peaks A and D. Circles and solid lines exemplify 

the experimental data and the fitted lines, respectively. 

 

 

 

At this point, we focused to compare found energy values with previous 

studies on related crystals reported by several authors [78,122,123]. The acceptor 

levels with activation energies of 130 and 388 meV are close to those observed in 

undoped GaSe crystals (140 and 370 meV) [78]. These levels may be associated with 

native defects or defect complexes [122]. In our experiments on GaSe:Mn crystals, 

we have not observed the acceptor levels with energy of 180 and 240 meV reported 

in undoped GaSe crystals by TL measurements [78]. It is generally adopted that the 

major acceptors in undoped GaSe are gallium vacancies VGa [123]. Doped with 

mangan, most of the gallium vacancies are occupied by mangan atoms, and 

the MnGa defects may be nonradative centers. Thus, the absent in the TL spectra of 

GaSe:Mn crystals of bands with activation energies of 180 and 240 meV may 

probably be associated with recovering of these defect levels by Mn atoms doping.  
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Table 4.11. The calculated Et, St and s values of established traps in Ga2SSe crystal. 

Peak Tm (K) Et (meV) St (cm2) s (s−1) 

  Curve fitting method 
Heating rate 

method 
  

  
Before 

cleaning 

After 

cleaning 
   

A 34 6 -- 7 1.3 × 10−25 1.2 

B 79 30 30 32 2.2 × 10−25 2.8 

C 108 72 74 -- 4.2 × 10−24 65.6 

 

 

The shallow acceptor level of 34 meV observed in our study of GaSe:Mn 

crystal by low-temperature TL experiments may be attributed to the Mn atoms by 

analogy with  the results of work on GaSe:Cu crystals [122], where shallow acceptor 

level of 40 meV was assigned to the Cu atoms. As for the extremely shallow level of 

8 meV, which was not previously observed in any GaSe crystals doped with various 

atoms, this level probably may be attributed also to the Mn atoms. 

Using the energy values found by CF method, we calculated the frequency 

factors and capture cross sections of the determined trapping levels obtained in GaS, 

Ga4S3Se, Ga2SSe, Ga4Se3S, and GaSe:Mn single crystals. The Eqs. (2.29) and (2.30) 

were employed for evaluation of these two trapping parameters. Eventually, 55.3, 8.7 

× 105 and 1.3 × 108 s−1 of frequency factors and 4.4 × 10−24, 2.7 × 10−20 and 2.9 × 

10−18 cm2 of capture cross sections for the traps associated with peaks A, B and C, 

respectively, were obtained for GaS crystals. The single peak related to trap level in 

Ga4S3Se crystal gave the s and St values as 5.8 × 1013 s−1 and 1.5 × 10−12 cm2, 

respectively. Analysis for Ga2SSe crystals resulted with 1.2, 2.8 and 65.6 s−1, and 1.3 

× 10−25, 2.2 × 10−25 and 4.2 × 10−24 cm2 for trapping centers corresponding to peaks 

A, B and C, respectively. In addition, the s and St values were computed as 1.6 s−1 

and 2.4 × 10−25 cm2 for Ga4Se3S crystals. The four trapping levels in GaSe:Mn crystal 

were also investigated by means of frequency factor and capture cross section that 
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found as 0.3, 1.8, 4.1 × 103 and  4.6 × 109 s−1 and 2.6 × 10−26, 4.4 × 10−26, 6.8 × 10−23 

and 2.2 × 10−17 cm2 for peaks A, B, C and D, respectively. The St values of the trap 

levels were obtained by the effective masses
0

* 47.0 mme  , 
0

* 44.0 mme  , 

0

* 41.0 mme  , 
0

* 38.0 mme   and 
0

* 8.0 mmh   for GaS, Ga4S3Se, Ga2SSe, Ga4Se3S, 

and GaSe:Mn single crystals. 

IR method was accomplished for the trap levels observed in GaS, Ga4S3Se, 

Ga2SSe, Ga4Se3S, and GaSe:Mn crystals to corroborate and improve the reliability of 

the results getting in curve fitting method. For this purpose, logarithmic variations of 

the TL intensities as a function of reciprocal of the respective temperature were 

presented in the insets of Figs. 4.29, 4.30, 4.32 and 4.33. Linear fit of such a plot was 

resulted with thermal activation energy of 51 meV for peak A of GaS single crystal 

(see inset of Fig. 4.29 and Table 10). Due to the closeness of peaks to each other, we 

could not separate the peaks B and C in the main TL curve to their individual peaks 

so that we were not allowed applying IR method to these peaks. The TL peak of 

Ga4S3Se crystal was achievable for implementation of IR method since it exhibits the 

properties of one trap level. Therefore, compatible result with CF technique was 

achieved with Et = 493 meV (see inset of Fig. 4.30).  The same convenience for 

application of IR method to the TL single peak of Ga4Se3S gave a chance to determine 

the Et value of the associated trap level (inset of Fig. 4.32). The logarithmic plot gave 

successful outcome (Et =26 meV) enough to rely on the result of CF method. We 

could only analyze the peaks A and D in the TL spectra of GaSe:Mn crystal since the 

peaks B and C overlap with peak A and each other as can be seen in Fig. 4.33. 

Obtained activation energies of trap levels were reported as EtA = 7 meV and EtD = 

386 meV (see inset of Fig. 4.33). 

PS method was used to evaluate the Et values of trap levels in Ga4S3Se, 

Ga4Se3S and the Et value of trap level corresponding to peak D of GaSe:Mn crystal. 

The obtained value of 495 meV for Ga4S3Se was in good agreement with the values 

found by above mentioned techniques. Analysis of TL peak observed for Ga4Se3S 

crystal by means of this method established the presence of the trap level with Et = 

28 meV. The peak D of GaSe:Mn crystal gave consistent result (EtD = 400 meV) with 
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the above techniques by the help of peak shape method. On the other hand, The TL 

peaks of GaS, the TL peaks of Ga2SeS and the TL peaks of GaSe:Mn (A, B and C) 

were not suitable for application of the method due to their overlapping tails. The µg 

values were calculated as 0.48, 0.47 and 0.44 which are strong evidences implying 

the trap levels related to peaks of Ga4S3Se, Ga4Se3S and peak D of GaSe:Mn crystals, 

respectively, are dominated by mixed order of kinetics. 

 

 

Table 4.12. The calculated Et, St and s values of established traps in GaSe:Mn crystal. 

Peak Tm (K) Et (meV) St (cm2) s (s−1) 

  
Curve fitting 

method 

Initial rise 

method 

Peak shape 

method 
  

A 47 8 7 -- 2.6 × 10−26 0.3 

B 102 34 -- -- 4.4 × 10−26 1.8 

C 139 130 -- -- 6.8 × 10−23 4.1 × 103 

D 191 388 386 400 2.2 × 10−17 4.6 × 109 

 

 

 

The activation energies of trapping centers determined in Ga2SSe and 

Ga4Se3S crystals were also calculated taking the advantage of β dependence of TL 

glow curves according to the Eq (2.28). Therefore, the plots of ln (β) vs. 1/Tm were 

achieved using various heating rates of 0.4−1.0 K/s for Ga2SSe and 0.4−1.2 K/s for 

Ga4Se3S crystals. Figures 4.34 and 4.35 show these plots and their linear fits for peaks 

A and B of Ga2SSe and TL peak of Ga4Se3S crystals. Since the Tm value of the peak 

C of Ga2SSe is not clearly determined from the glow curve, we have left this peak 

out of heating rate dependence analysis. The activation energy values were obtained 

from the slope as EtA = 7 meV and EtB = 32 meV for Ga2SSe crystal (see Fig. 4.34 

and Table 4.11) [119].  
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Figure 4.34. ln(β) vs. 1000/Tm plot for Ga2SSe crystals. Circles, stars and solid lines 

demonstrate the experimental data and fitted lines, respectively.  

 

 

 

However, experimental Tm values of the peak being observed for Ga4Se3S crystals 

were not applicable for the analysis. Thus, we decided to correct these values using 

the phenomenon which is temperature lag effect. We used the Eq. (4.1) that are 

prosperous for the corrections. The constant c in the equation was equal to 31.1 found 

by the help of the smallest β values of 0.4 and 0.6 K/s. Utilizing the corrected Tm 

values, ln (β) vs. 1/Tm  graph was replotted and Et was obtained as 23 meV from the 

slope of the plot (see Fig. 4.35) [120]. 
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Figure 4.35. ln(β) vs. 1000/Tm plot for Ga4Se3S crystals. Circles and solid line demonstrate 

the experimental data and fitted line, respectively. Temperature lag effect corrections are 

used for the data. 

 

 

4.5.2 Heating rate dependencies of trap levels in GaS, Ga4S3Se, Ga2SSe, Ga4Se3S, 

and GaSe:Mn crystals 

4.5.2.1 Anomalous heating rate dependence of trap level in GaS single crystals 

TL glow curves of the GaS crystal, measured at various heating rates ranging 

between 0.2 and 1.0 K/s, were given in Fig. 4.36. As can be seen from the figure, a 

shift of the peak temperatures was observed for both peaks A and B. It was interesting 

to observe that the intensities of the peaks behave differently. The intensity of the 

low-temperature peak (peak A) behaved in an expected manner, i.e. the intensity 

decreased on increasing the heating rate. However, the intensity of peak B was 

observed to increase with increasing heating rate. A close inspection of the figure 

showed that the intensity of peak B increases seven fold as the heating rate varies 

from 0.2 to 1.0 K/s. Such an increase can be ascribed to an increase in the probability 

of radiative transitions over that of the non-radiative transitions. The details of the 

anomalous behavior of the TL peaks were discussed in section 4.3.2.2 (see also Fig. 

4.21).  
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Figure 4.36. Experimentally detected TL curves of GaS crystal with varied β values. 

 

 

Our current observation of an increase in intensity of peak B of the GaS TL glow 

curve can be explained using the same approach. It should be noted that the 

coexistence of normal (peak A) and anomalous heating rate (peak B) dependences is 

reported here for the first time. In addition to the above-mentioned observation of 

heating rate dependencies of the peak intensities, the heating rate dependencies of the 

two peak temperatures and the FWHM values were also analyzed. Figures 4.37a and 

4.37b present the heating rate dependencies of the FWHM, Tm and intensities of peaks 

A and B. As can be seen from the figures, for peak A both the peak temperature and 

FWHM increase from 49.5 to 91.2 K and from 14.5 to 35.0 K respectively. For peak 

B, these values increase from 85.3 to 145.6 K and from 16.9 to 22.9 K, respectively 

[118].  
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Figure 4.37(a) and (b). Tm, FWHM and TL intensity dependencies on heating rate for GaS 

crystal (peaks A and B). 
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4.5.2.2 Normal heating rate dependence of trap level in Ga4S3Se, Ga2SSe, 

Ga4Se3S, and GaSe:Mn single crystals 

Fig. 4.38 illustrates the heating rate dependency of the TL curve of Ga4S3Se 

crystals obtained for rates between 0.4 and 0.8 K/s with step of 0.1 K/s. As can be 

seen from the figure, the Tm of the glow curves tends to shift to higher values with 

increasing heating rate.  
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Figure 4.38. Experimentally detected TL curves of Ga4S3Se crystal with varied β values. 

Inset: Tm, FWHM, TL intensity and area (S0) dependencies on heating rate. 

 

 

The variation of the TL intensities, the peak maximum temperatures, the full-

width-half-maximums (FWHM) and the areas enclosed under the obtained curves 

were represented in the inset of Fig. 4.38. As can be seen from the figure, the Tm and 

FWHM values raised from 168 to 210 K and from 14.4 to 18.4 K, respectively [50]. 

Moreover, the TL intensity decreased whereas the area enclosed under the curves did 

not change with temperature since the experiments were performed for the case of 

fully filled traps. 
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The dependency of the TL glow curve on the rate of heating was investigated 

for Ga2SSe crystal with rates between 0.4 and 1.0 K/s (see Fig. 4.39). Peak maximum 

temperatures of the peaks shifted to higher temperatures in accordance with 

theoretical approach given by Chen and McKeever (Inset of Fig. 4.39) [90]. We could 

not determine the Tm values of peak C truly, so we left this peak out of our analysis. 

Moreover, the TL intensities of each peaks (A, B and C) decreased as a response to 

increasing heating rates as expected from the TL theory. Since the observed peaks 

overlap each other, we were also unable to determine the FWHM values and 

individual areas of the peaks.           
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Figure 4.39. Experimentally detected TL curves of Ga2SSe crystal with varied β values. Inset: 

Tm dependencies on heating rate for peaks A and B. 

  

 

 

Heating rate dependence of the observed TL peak for Ga4Se3S crystals was      

investigated for rates between 0.4 and 1.0 K/s (see Fig. 4.40).. As can be seen from 

figure presenting the variation of Tm, FWHM and intensity with heating rate, 
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theoretical evidences are satisfied in our experimental data. The Tm values shifted 

from 74 to 113 K, FWHM increased from 39 to 45 K, and the TL intensity decreased 

from 190 to 169 (a.u.) with increased heating rates between 0.4 and 1.0 K/s [120].   
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Figure 4.40. Experimentally detected TL curves of Ga4Se3S crystal with varied β values. 

Inset: Tm, FWHM and TL intensity dependencies on heating rate. 

 

 

In order to better comprehend the TL mechanism of the indicated trap levels 

in GaSe:Mn crystals, heating rate dependencies of the glow curves were investigated. 

Figure 4.41 shows the detected TL glow curves of Mn doped GaSe crystals obtained 

by heating the sample with various β values ranging from 0.4 to 1.0 K/s with step of 

0.2 K/s. One can easily observe the alteration of the position and shape of the TL 

curves as a response to variation of heating rate in the graph. Clearly, Tm value of 

each glow curves shifts to higher temperatures and TL intensity decreases with 

increase of heating rates in accordance with the TL theory.  
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Figure 4.41. Experimentally detected TL curves of GaSe:Mn crystal with varied β values. 
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Figure 4.42. TL intensity and Tm dependencies on heating rate for GaSe:Mn crystal (peaks 

A, C and D). 
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Figure 4.42 illustrates the heating rate dependencies of TL intensity and Tm 

values of TL curves. Increase of heating rate resulted with increase of Tm value from 

34 to 48 K, from 97 to 134 K and from 143 to 189 K for peaks A, C and D, 

respectively. In addition, increase of the heating rate led to decrease of the TL 

intensities from 323 to 167, from 324 to 158 and from 370 to 302 (a.u.) as can be seen 

in the Fig. 4.42 [121]. 

 

4.5.3. Distribution of trap levels in GaS, Ga2SSe, Ga4Se3S, and GaSe:Mn crystals 

In order to understand the nature of the traps associated with our observed 

glow peaks of GaS crystal, we applied thermally cleaning technique for Tstop values 

ranging from 10 to 70 K. Figures 4.43a and 4.43b show the recorded TL curves 

obtained after illuminating the GaS sample at these temperatures. Through elevating 

Tstop value, peak C in the TL curve appeared more distinctive since the contribution 

of charge carriers coming from shallower traps related to peaks A and B were absent. 

As the concentration of trapped charge carriers diminishes gradually, the intensity of 

the TL curve exhibits a tendency to decrease and the Tm shifts towards higher 

temperatures with increasing stopping temperature. This behavior can be explained 

on the assumption of a quasi-continuous trap distribution [105-107]. The activation 

energies of released charge carriers were found by using a curve-fitting method (see 

inset of Fig. 4.43a and insets of Fig. 4.43b). The increase of the activation energies 

from 52 to 90 meV (peak A), from 200 to 268 meV (peak B) and from 304 to 469 

meV (peak C) with rising stopping temperature from 10 to 30 K, from 10 to 50 K and 

from 30 to 70 K, respectively, showed the contribution of charge carriers released 

form deeper levels for the responsible trap levels [118]. Similar outcomes for 

distribution of traps were also reported in Refs. [115-117]. 

By the assumption for the density of revealed traps to be proportional to Et, 

we utilized the well-known approach under the light of Eq. (4.3). Plots of ln (S0) 

versus the Et were straight lines with slopes of α = 0.063, 0.058 and 0.013 meV-1 for 

peaks A, B and C, respectively (see inset of Fig. 4.43a and insets of Fig. 4.43b). These 
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determined values imply a variation of one order of magnitude in the density of traps 

for depths of 36, 39 and 166 meV associated with peaks A, B and C, respectively. 

 

 
Figure 4.43(a) and (b). Experimentally detected TL curves of GaS crystal with different Tstop 

values at β = 1.0 K/s. Insets: Logarithmic plot of S0 as a function of Et.  
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Table 4.13. The obtained Tm, S0, Et and s values for GaS crystal at different Tstop. 

Curve 1 2 3 4 5 6 7 8 9 

Tstop (K) 10.0 26.0 28.0 30.0 33.0 40.0 50.0 60.0 70.0 

TmA (K) 91 93 94 95 -- -- -- -- -- 

TmB (K) 146 146 146 148 150 151 153 -- -- 

TmC (K) 169 169 169 169 169 169 170 171 172 

EtA (meV) 52 69 76 90 -- -- -- -- -- 

EtB (meV) 200 217 225 230 235 241 268 -- -- 

EtC (meV) -- -- -- 304 308 322 367 398 469 

sA (s−1) 55.3 508.0 
1.2 × 

103 

6.9 × 

103 -- -- -- -- -- 

sB (s−1) 8.7 × 

105 

3.7 × 

106 

7.2 × 

106 

8.3 × 

106 

9.5 × 

106 

1.4 × 

107 

9.0 × 

107 
-- -- 

sC (s−1) -- -- -- 
1.3 × 

108 

1.9 × 

108 

5.2 × 

108 

1.1 × 

1010 

8.5 × 

1010 

1.0 × 

1013 

 

 

Fig. 4.44 depicts the TL curves of Ga2SSe crystals obtained after applying the 

Tstop method for different values between 10 and 52 K at a rate of 0.4 K/s. The 

activation energy of the shallowest level in each TL glow curve was calculated using 

IR method. Although, a traps distribution case are considered as the contribution of 

released charge carriers remaining after cleaning process, only one value for 

activation energy is obtained by IR method. Hornyak and Chen reported the found 

energy from initial rise method as centered energy value of continuous distribution 

of activation energies in an energy range [124]. Therefore, the previously obtained 

energies from curve fitting method are attributed to the centered energy value (or 

mean energy of distribution) of three discrete trapping centers. Inset 1 of Fig. 4.44 

represents the ln (ITL) vs 1/T plots of the experimental data (stars) and their linear fits 

(solid lines) for three measurements. Inset 2 of Fig. 4.44 shows the Tstop dependencies 

of activation energies. The increase of activation energy from 6 to 14 meV can be 
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associated to the traps distribution of shallowest level (peak A). The remaining 

increasing energies from 33 to 136 meV are related to the distribution of peak B and 

C [119]. Since these peaks are closely overlapped, we assume that excitation of 

trapped charge carriers can occur from both of the centers for some Tstop values. 

Therefore, we avoid giving specific energy ranges of distribution of traps for these 

centers. 
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Figure 4.44. Experimentally detected TL curves of Ga2SSe crystal with different Tstop values 

at β = 0.4 K/s. Inset 1: TL intensity versus 1000/T. The stars and the lines exemplify the 

experimental data and theoretical fits, respectively. Inset 2: Et vs. Tstop plot.  

 

 

Traps distribution study was also accomplished for the trap level in Ga4Se3S 

crystals using Tstop method. Figure 4.45 presents the TL curves obtained for different 

Tstop values between 15 and 36 K employing the heating rate of 0.4 K/s. The activation 

energies of the centers corresponding to these curves were calculated using curve 

fitting method. Activation energies increase from 27 to 40 meV as Tstop is increased 

from 15 to 36 K (see Inset 1 of Fig. 4.45) [120]. The Et values were evaluated using 
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IR method. The obtained TL curves in Fig. 45 can also be analyzed to get information 

about the energy parameter (α) characterizing the traps distribution by the help of the 

Eq. (4.3). Inset 2 of Fig. 4.45 illustrates the ln(So) plotted as a function of the energy 

Et. The linearly fitted plot gave a slope as  = 0.151 meV1 corresponding to 15 

meV/decade, an order of magnitude variation in the trap density for every 15 meV.  

 

 

Table 4.14. The obtained Tm, S0, Et and s values for Ga4Se3S crystal at different Tstop. 

Curve 1 2 3 4 5 6 

Tstop (K) 15 24 27 30 33 36 

Tm (K) 74 76 76 78 80 82 

S0 (a.u.) 5162 4590 3362 1907 1446 877 

Et (meV) 27 30 32 34 36 40 

s (s−1) 1.6 2.4 3.4 4.1 4.8 6.6 
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Figure 4.45. Experimentally detected TL curves of Ga4Se3S crystal with different Tstop values 

at β = 0.4 K/s. Inset 1: Et vs. Tstop plot. Inset 2: Logarithmic plot of S0 as a function of Et.  
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TL properties of the trap levels in GaSe:Mn crystals were studied in detail 

achieving the  thermally cleaning of the shallowest levels of the traps by varying the 

stopping temperature between 15 and 65 K. In literature, there are many examples 

explaining the characteristics of traps center. As we mentioned before, some trap 

states exhibit the properties of continuous distribution of traps especially in highly 

defective materials while the others consist of single trap level. In continuous traps 

which reveal the existence of many overlapping peaks, increase of the Tstop values 

leads to shift of initial tail and Tm value of each glow curves to higher temperatures 

distinguishably while the high temperature side of the curves is not affected 

[90,110,115,125]. However, in the single trap case, Tm of the curves remains 

unchanged and low and high temperature sides of the curves tends to decrease 

symmetrically as the Tstop value is increased [90]. The only alteration is the number 

of charge carriers releasing from trap level.  
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Figure 4.46. Experimentally detected TL peaks (peak D) of GaSe:Mn crystal with different 

Tstop values at β = 1.0 K/s. Inset: Tm and Et dependencies on Tstop values. 
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Figure 4.46 depicts the TL peak D of GaSe:Mn crystal detected with different 

Tstop values between 15 and 65 K. Since the peaks observed at low temperatures 

(peaks A, B and C) were overlapping, we only characterized the trap level 

corresponding to peak labeled as D. As can be seen from the Fig. 4.46, Tm values of 

the curves can be considered as nearly same with negligible variation of ~2 K 

(difference between the maximum temperature of first and last peaks). The TL 

intensity of the curves decreased in both of the temperature sides symmetrically as 

the stopping temperature was increased. Inset of Figure 4.46 shows the Tstop variation 

of Tm and Et values of each glow curves. Activation energies were calculated using 

the IR method and all of the values were found very close each other. This was 

another evidence for the trap to be attributed to discrete, single level. The average 

activation energy of the single trap level was calculated as 388 meV utilizing the 

energy values of each glow curves (Table 4.15) [121]. This value was in good 

agreement with the values evaluated by previous analysis technique for GaSe:Mn 

crystals.    

  

 

 

 
    Table 4.15. The obtained Tm, S0, Et and s values for GaSe:Mn crystal at different Tstop. 

Curve 1 2 3 4 5 6 

Tstop (K) 15 25 35 45 55 65 

Tm (K) 191 190 191 190 192 193 

S0 (a.u.) 4503 4072 3015 2202 1294 562 

Et (meV) 386 391 387 388 389 385 

s (× 109 s−1) 1.9 2.9 2.0 2.4 2.0 1.4 
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CHAPTER 5 

 

 

 

 

CONCLUSION 

 

 

 

In the present thesis, defect characterizations of binary, ternary and quaternary 

layered structured single crystals were studied through low temperature TL 

measurements. Those of layered crystals are semiconducting materials that are used 

or have possibility of usage in technologic devices. Ternary compounds of the 

semiconductors possess remarkable properties attracting great interest. They have 

highly anisotropic properties, non-linear effects in I-V characteristic, 

photoconductivity properties, switching and memory effects and potential 

applications for optoelectronic devices. The quaternary compounds of these types of 

crystals permit to adjust band gap energy which covers wide ranges in the visible 

spectrum. Thus, they can be considered as possible materials for production of 

optoelectronic devices. Defects existing in the crystals are dominating factors for the 

performance of the devices. Therefore, knowing the characteristics of defects is 

crucial for high quality devices. TL is very sensitive experimental method to 

determine the defect centers in the studied crystals. In the thesis, TL properties of the 

crystals have been reported. Also, structural properties of Ga4S3Se, Ga2SSe and 

Ga4Se3S crystals have been investigated by means of EDSA measurements and the 

results have been reported.     

 Thermoluminescence investigations of Tl2Ga2S3Se single crystal achieved 

under room temperature (10−100 K) established one trap level that corresponds to 
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being successively observed one TL glow peak reaching its maximum intensity at 47 

K with a heating rate of 1.0 K/s. The recorded TL peak was examined under a variety 

of analysis methods (CF, IR and PS methods) known from the TL theory to compute 

the activation energy, frequency factor and capture cross section. An energy state that 

has 16 meV was revealed with the agreement of applied analysis methods. s and St 

values were evaluated as 2.9 s-1 and 1.6 × 10-4 cm2 under the light of found activation 

energy. Analysis also implied that the general order kinetics governed the trapping 

process of the defect level. Heating rate dependency of demonstrated level was 

studied with various heating rates ranging from 0.4 to 1.2 K/s. Thermal quenching 

was attributed to the level by the strong evidence showing decrease in the area and 

intensity of the TL peak with rising heating rate. Distribution of energy levels from 

16 to 58 meV corresponding to each successive peaks detected for Tstop values 

between 10 and 25 K was attributed to quasi-continuous distribution. This trap level 

are thought as a native defect arising from stacking faults that have great possibility 

to be formed between layers. 

The TL studies on TlGaSSe crystals realized with various heating rates 

between 0.5 and 1.0 K/s at low temperatures (10−180 K) culminated in observing 

two distinctive TL peaks with temperature maxima of 39 and 131 K as the β = 1.0 

K/s is employed. The TL peaks were analyzed with CF, IR and PS methods and EtA 

= 16 and EtB = 97 meV were found for the associated trap levels. Analysis result of 

peak shape method offered for the trap levels corresponding to peaks A and B, 

respectively, that second and mixed order of kinetics managed the TL trapping 

process.  Frequency factors and capture cross sections were obtained as sA = 14.3 and 

sB = 353.8 s−1, and StA = 6.6 × 10−24 and StB = 1.4 × 10−23 cm2. The decreasing TL 

intensity and increasing Tm values despite the constant area under the peaks indicated 

the normal heating rate behavior of trap levels which are quite consistent with the TL 

theory. Traps’ distribution was also investigated by thermally cleaning procedure and 

energy increments from 16 to 27 meV and 97 to 147 meV were ascribed to quasi-

continuous distribution for trap levels related to peaks A and B, respectively. 
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Defect characterization of Tl2Ga2Se3S single crystals was accomplished by 

TL experiments carried out in the temperatures 10−80 K using various heating rates 

of 0.6−1.0 K/s. The TL spectra recorded for β = 1.0 K/s provided one TL peak with 

Tm = 36 K. Application of CF, IR and PS methods revealed the presence of the trap 

level with agreed activation energy value of 13 meV. Mixed order of kinetics was 

denoted to trap level with the strong evidences obtained with the applied methods. 

The temperature lag effect corrections for the TL peaks observed with different 

heating rates were utilized to calculate the activation energy with heating rate method. 

Frequency factor and capture cross section were calculated as 8.7 s−1 and 4.3 × 10−24 

using the found activation energy. The increasing Tm values and decreasing TL 

intensity were observed as the heating rate increased regularly. Increasing energy 

from 13 to 18 meV as the Tstop was varied from 10 to 15 K implied the quasi-

continuous distribution of traps. 

Low-temperature thermoluminescence measurements for Tl4Ga3InS8 crystals 

were performed using various heating rates between 0.2 and 1.2 K/s. The TL spectra 

shown in the temperature ranges of 10-200 K exhibited three TL peaks at Tm values 

of 58, 103 and 166 K. Application of different analysis methods indicated the 

existence of trapping levels associated with these peaks with activation energies of 

13, 44 and 208 meV. These analysis methods indicate also that the properties of the 

first order kinetics were exhibited by the traps. Frequency factors and capture cross 

sections of the revealed traps were computed as sA = 0.5, sB = 8.4 and sC = 2.0 × 105 

s−1 and StA = 2.9 × 10−25, StB = 9.4 × 10−25 and StC = 9.6 × 10−21 cm2. Normal heating 

rate behavior of trap level related to peak A was established by observing the increase 

in Tm value and decrease in TL intensity. The distribution of trap level related to peak 

A was also investigated and increase of energy from 13 to 41 meV was attributed to 

quasi-continuous distribution.  

Analysis on detected TL spectra of Tl2GaInS4 single crystals with various 

heating rate ranging from 0.2 to 1.2 K/s at low temperature indicated the presence of 

two trapping levels correlated to apparent TL peaks that have Tm values of 34 and 55 

K. The resulted TL analysis methods were in good compliance with each other on 
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account of obtaining activation energies of 12 and 26 meV. The trapping processes 

of the levels were determined by CF and PS analyses and it was found that the first 

and general order kinetics were responsible for the traps with the parameters bA = 1.0 

and bB =1.6. The strongly dependencies of frequency factors and capture cross 

sections to the found activation energies and Tm values brought out the small values 

of 7.2 and 24.1 s−1, and 1.0 × 10−23 and 1.3 × 10−23 cm2 for the demonstrated traps. 

The peak appearing at Tm = 55 K was also analyzed in terms of heating rate 

dependency and traps distribution after removal of the initial tail of the TL spectra 

which are bounded to neighboring TL peak. Measurements with varying heating rate 

allow to observation of TL peaks with increasing intensity, area and shift of Tm 

values. Such an alterations of the TL parameters were referred to the anomalous 

heating rate behavior and can be explained with the semi-localized transition model 

that suggests the behavior is due to the competition between radiative and non-

radiative transitions. Increase in energy value of the traps from 27 to 67 meV deduced 

the validity of quasi-continuous distribution. 

TL properties of Tl4In3GaS8 crystals were investigated in the temperature 

range 10−240 K. The TL spectra presented two separate glow peaks in the 

temperature regions of 15−80 K and 165−240 K as the TL measurement was 

performed with β = 1.0 K/s. The Tm values of the successive peaks were 36 and 213 

K. The characterization of observed related trap levels was achieved by analyzing the 

glow peaks separately and it was shown that the peak at lower temperature side 

consists of numerous overlapping peaks that means the existence of distributed many 

energy levels. The analysis for obtaining the activation energies of the distribution 

indicated the increment from 12 meV to 125 meV for the trap level with increasing 

Tstop from 10 to 36 K. The s and St of the continuum traps were found to be shifted 

from 3.0 to 1.3 × 109 s−1 and form 5.3 × 10−24 to 5.8 × 10−16 cm2, respectively. 

However, the relatively high temperature peak was suitable for implementation of TL 

analysis methods which are successful to calculate the activation energy of single 

levels. CF, IR and PS methods were applied to this peak and 293 meV was found for 

the activation energy. The s and St values were found to be 6.1 × 105 s−1 and 2.6 × 
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10−20 cm2. Moreover, curve fitting and peak shape method were in good agreement 

for the result that first order of kinetics dominates the trapping levels. Heating rate 

dependency of low temperature peak was also investigated using the rates between 

0.2 and 1.0 K/s. It was found the TL intensity had a loss in magnitude while the Tm 

had tendency for shifting to higher values as expected.  

TL characteristics of defect centers in GaS single crystals were investigated 

under room temperature (10−225 K) using various β values of 0.2−1.0 K/s. TL 

emission from the defects exhibited a curve consisting of three peaks labeled as peaks 

A, B and C nearly appearing at 91, 146 and 170 K. The intensities of the peaks A and 

B were too strong so that the existence of peak C was faint. The activation energies 

of these peaks were found using the analysis methods as 52, 200 and 304 meV. Mixed 

order of kinetics was assigned for the trap levels correlated to peaks A and B with the 

help of the parameter b = 1.6 and b = 1.2, respectively, found by CF method. s and St 

values were found to be 55.3, 8.7 × 105 and 1.3 × 108 s−1, and 4.4 × 10−24, 2.7 × 10−20 

and 2.9 × 10−18 cm2, respectively. Heating rate method showed the coexistence of the 

normal and anomalous behavior of trap levels. Increasing heating rate leads to 

decrease in TL intensity of peak A and shift of the Tm value to higher temperatures 

while it increased the TL intensity of peak B with shifting Tm. The SLT model 

explained the anomalous behavior by assuming the radiative and non-radiative 

transitions take place competitively. Quasi-continuous distribution was dedicated to 

the traps thorough the analysis of TL curves obtained with different Tstop values 

between 10 and 30 K (peak A), 10 and 50 K (peak B), and 30 and 70 K (peak C) with 

increasing activation energies from 52 to 90 K, from 200 to 268 K, and from 304 to 

469 K, respectively.  

Thermoluminescence spectra for Ga4S3Se crystal detected in the 10−300 K 

utilizing varying heating rates from 0.4 to 0.8 K/s revealed one TL glow peak around 

Tm = 168 K. The properties of trap level donated to this peak were investigated by TL 

analysis methods to obtain the activation energy and to comprehend the TL 

mechanism. Application of analysis techniques gave the Et value as 495 meV. The 

CF and PS method revealed the s and St values of trap level to be 5.8 × 1013 s−1 and 
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1.5 × 10−12 cm2, respectively. The parameter b = 1.5 implied that the mixed order of 

kinetic was dominant for the trapping process. Normal heating rate behavior that is 

the diminishing in TL intensity and increasing Tm value of the TL peak was observed.  

Ga2SSe single crystals were studied in virtue of TL experiments performed in 

10−300 K temperature region employing various heating rates of 0.4−1.0 K/s. 

Recorded TL spectra possess three distinctive peaks with Tm values of 34, 79 and 108 

K. It was found that charge carriers occupying the associated trapping levels need 

activation energies of 6, 30 and 72 meV to be stimulated into delocalized states. The 

frequency factors and capture cross sections of the traps were found as with 1.2, 2.8 

and 65.6 s−1, and 1.3 × 10−25, 2.2 × 10−25 and 4.2 × 10−24 cm2, respectively. CF analysis 

revealed the trapping mechanism is governed by first order of kinetic. Heating rate 

dependencies of the successive peaks were investigating by increasing the heating 

rate. The best-known and expected result that is the diminution of TL intensity and 

rising Tm value was observed for each TL peak. Due to overlapping of trapping levels 

with each other, distribution of traps was taken under consideration without 

separating each peak to individual one. Consequently, energy shift from 6 to 136 meV 

was observed with increasing Tstop from 10 to 52 K.  

TL investigation was continued to get knowledge about the defect center in 

Ga4Se3S single crystal under room temperature (10−300 K). TL spectra obtained with 

heating the sample at a rate of 0.4 K/s presented one glow peak at Tm = 74 K. Analyses 

brought out the existence of one trap level correlated to exhibited peak possessing 

activation energy of 27 meV. Moreover, using the Et of trap level, we found the s and 

St values as 1.6 s−1 and 2.4 × 10−25. The glow peak was fitted with the parameter b = 

1.2 that implies the trap levels is dominated by mixed order of kinetic. Normal heating 

rate behavior was shown for the trap level by varying the rate between 0.4 and 1.2 

K/s. Distribution of traps was demonstrated by illuminating the sample with rising 

Tstop value from 15 to 36 K and increasing energy value from 27 to 40 meV was 

assigned to quasi-continuous distribution.  

Thermoluminescence measurements for GaSe:Mn single crystals were carried 

out in the temperature range of 10−225 K for different heating rates of 0.4 and 1.0 
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K/s. The TL curve possessed four peaks with Tm values of 47,102,139 and 191 K. 

Four trapping levels were dedicated to these peaks by the help of the analysis 

methods. The peak observed at highest temperature region (peak D) was analyzed 

separately. As a result, the Et values of the traps were obtained as 8, 34, 130 and 388 

meV. The trap levels related to first three peaks were found to carry the characteristics 

of first order kinetics. Also, the properties of mixed order of kinetics are exhibited by 

the trapping center associated with peak D. The s and St values were obtained by 

using activation energy and peak maximum temperature values and they were 

calculated as 0.3, 1.8, 4.1 × 103 and  4.6 × 109 s−1, and 2.6 × 10−26, 4.4 × 10−26, 6.8 × 

10−23 and 2.2 × 10−17 cm2, respectively. The energy levels of 130 and 388 meV were 

ascribed to defects and defect complexes which were also presented in GaSe crystals. 

On the other hand, the 8 and 34 meV energy levels were observed merely in Mn 

doped GaSe crystals. Therefore, it was thought these levels originated from the Mn 

atoms. Heating rate dependencies of the trapping levels were studied and decrease in 

TL intensity and shift of the Tm values were established through the analyses. Traps 

distribution analysis revealed the presence of single trap level for peak D unlike the 

traps having distributed energy levels.     
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