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ABSTRACT 

 

 

OPTICAL PROPERTIES OF SOME QUATERNARY THALLIUM 
CHALCOGENIDES 

 

 

 

Gökşen, Kadir 

Ph. D., Department of Physics 

Supervisor: Prof. Dr. Nizami Hasanli 

Co-supervisor: Prof. Dr. Hüsnü Özkan 

 

 

April 2008, 133 pages 

 

 

 

Optical properties of Tl4In3GaSe8, Tl4InGa3Se8, Tl4In3GaS8, Tl2InGaS4 and 

Tl4InGa3S8 chain and layered crystals were studied by means of photoluminescence 

(PL) and transmission-reflection experiments. Several emission bands were observed 

in the PL spectra within the 475-800 nm wavelength region. The results of the 

temperature- and excitation intensity-dependent PL measurements in 15-300 K and 

0.13×10-3-110.34 W cm-2 ranges, respectively, suggested that the observed bands 

were originated from the recombination of electrons with the holes by realization of 

donor-acceptor or free-to-bound type transitions. Transmission-reflection 

measurements in the wavelength range of 400-1100 nm revealed the values of 

indirect and direct band gap energies of the crystals studied. By the  

temperature-dependent transmission measurements in 10-300 K range, the rates of 
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change of the indirect band gap of the samples with temperature were found to be 

negative. The oscillator and dispersion energies, and zero-frequency refractive 

indices were determined by the analysis of the refractive index dispersion data using 

the Wemple–DiDomenico single-effective-oscillator model. Furthermore, the 

structural parameters of all crystals were defined by the analysis of X-ray powder 

diffraction data. The determination of the compositional parameters of the studied 

crystals was done by energy dispersive spectral analysis experiments. 

 

 

Keywords: Photoluminescence, X-ray diffraction, EDSA (energy dispersive spectral 

analysis), semiconductors, defect states, optical properties, optical constants, 

dispersion of refractive index, energy band gap. 
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ÖZ 

 

 

BAZI DÖRTLÜ TALYUM 
 ÇALKOGENİTLERİN OPTİK ÖZELLİKLERİ 

 

 

 

Gökşen, Kadir 

Doktora, Department of Physics 

Tez Yöneticisi: Prof. Dr. Nizami Hasanli 

Ortak Tez Yöneticisi: Prof. Dr. Hüsnü Özkan 

 

 

Nisan 2008, 133 sayfa 

 

 

 

Tl4In3GaSe8, Tl4InGa3Se8, Tl4In3GaS8, Tl2InGaS4 ve Tl4InGa3S8 zincirli ve katmanlı 

kristallerinin optik özellikleri, fotoışıma ve geçirgenlik-yansıtıcılık deneyleri 

aracılığıyla incelendi. 475-800 nm dalgaboyu aralığında kaydedilen fotoışıma 

spektrumlarında çeşitli ışıma bantları görüldü. 15-300 K aralığında yapılan sıcaklık 

ve 0.13×10-3-110.34 W cm-2 aralığında yapılan uyarım gücü bağımlı deneyler, 

gözlemlenen bantların sebebinin elektron ve deşiklerin, verici-alıcı veya iletim 

bandı-alıcı enerji seviyeleri üzerinden yeniden birleşmeleri olduğu anlaşıldı.  

400-1100 nm dalgaboyu aralığında yapılan geçirgenlik-yansıtıcılık deneyleri sonucu, 

örneklerin doğrudan ve dolaylı enerji bant boşlukları bulundu. Dolaylı enerji bant 

boşluğunun sıcaklığa göre değişim oranı, 10-300 K sıcaklık aralığında yapılan 

geçirgenlik deneyleri sonucu bütün örnekler için negatif olarak bulundu. Titreşim 
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enerjileri, dağılma enerjileri ve sıfır frekans kırınım indisleri, Wemple–DiDomenico 

tek-etkin-osilatör modeli kullanılarak bulundu. Bunların yanısıra, bütün kristallerin 

yapısal parametreleri, X-ışını saçılım verileri kullanılarak hesaplandı. Ayrıca, 

örneklerin bileşim parametreleri de enerji dağılımlı spektrum analizi deneyleri 

aracılığıyla bulundu. 

 

 

Anahtar kelimeler: Fotoışıma, X-ışını saçılımı, EDSA (enerji dağılımlı spektrum 

analizi), yarıiletkenler, safsızlık durumları, optik özellikler, optik sabitler, kırınım 

indisinin dağılması, energy bant boşluğu. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

Since the earliest times, luminescence phenomena have existed and been observed in 

many different forms. The first publication on the luminescent man-made material 

entitled “De Phoenomenis in Orbe Lunae Novi Telescopii Usu” was written by La 

Galla in the year of 1612 [1,2]. Later, when elemental phosphorous was discovered 

in 1669 by Henning Brand, a new term “phosphor” was coined, meaning any 

“microcrystalline solid luminescent material”, to distinguish it from the elemental 

phosphorous [2]. Because of its long lasting glow, long-lived luminescence exhibited 

by the Bolognian stone became known as “phosphorescence” [2]. It was Eilhard 

Wiedemann to introduce the term “luminescence” to include all light emission not 

caused solely by a temperature rise, including both fluorescence (short-lived 

luminescence) and phosphorescence in 1888 [2,3].  

The 19th century led to the categorization of the various types of 

luminescence which was developed to differentiate between the various luminescent 

excitation methods [2]. By this categorization, the luminescence which results from 

chemical reactions was labeled as chemiluminescence. To describe the type of 

chemiluminescence from living things, which is exactly what caused the light 

emission from the fireflies and glowworms, the term bioluminescence was used. The 

cause of light emission from thermal excitation was named thermoluminescence. The 

light generated by using an electric field was called electroluminescence. 

Radioluminescence had three types: cathodoluminescence (light generated by  
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electron bombardment), anodoluminescence (excitation by anode rays), and 

luminescence from γ- and X-rays [2, 4]. Finally, as we come to the process of 

creating light from a material excited by photons, it was labeled as 

photoluminescence (PL). 

Today, PL spectroscopy is a very widely used technique to study the defect 

structures of semiconductors. The reason for this is mainly that PL represents a very 

suitable contactless, nondestructive and sensitive method to probe the defect levels 

inside forbidden band gap. 

The chalcogens are the elements belonging to group VI of the periodic table. 

Chalcogenides are the compounds that contain at least one chalcogen element. 

However, in general, when talking about chalcogenides, the oxides (O) are usually 

excluded as they are far more common and are really their own special class of 

compounds. This means that the chalcogenides are basically sulphides (S), selenides 

(Se) and tellurides (Te). 

Ternary thallium chalcogenides TlInSe2, TlGaSe2, TlInS2 and TlGaS2 have 

been studied extensively in recent years [5-9]. These crystals are very important in 

view of their possible technological applications in optoelectronic devices as a 

candidate material for optical devices and also for the understanding of their basic 

physics. This importance mainly comes from their wide transparency range and high 

photosensitivity in the visible range of spectra. 

Changing the compositional parameter x in the formulas of TlInxGa1-xSe2 and 

TlInxGa1-xS2 crystals over a range from 1 to 0 results in materials with various 

physical properties. For TlInxGa1-xSe2, changing the value of x from 1 to 0 in an 

order results in TlInSe2 (x = 1), Tl4In3GaSe8 (x = 0.75), Tl2InGaSe4 (x = 0.50), 

Tl4InGa3Se8 (x = 0.25), and TlGaSe2 (x = 0) crystals. Doing the same for TlInxGa1-xS2 

results in TlInS2 (x = 1), Tl4In3GaS8 (x = 0.75), Tl2InGaS4 (x = 0.50), Tl4InGa3S8 (x = 

0.25), and TlGaS2 (x = 0) crystals, in the same manner. Among these crystals, 

TlInSe2, TlGaSe2, TlInS2 and TlGaS2 are referred as the main crystals, which all the 

others are made of. 

If we look at the structures of these four main crystals, TlInSe2 crystal 

belongs to a group of semiconductors with the chain structure of the crystal lattice 

and is analog of thallium selenide (Tl1+ Tl3+ Se2) in which trivalent Tl3+ ions are 

replaced with In3+ [10]. As we come to the remaining TlGaS2, TlInS2 and TlGaSe2  
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crystals, these crystals belong to the monoclinic system, and their space group is 

C2/c at room temperature. The lattice structure of these crystals is composed of two-

dimensional alternating layers arranged parallel to the (001) plane; each layer is 

followed by another layer rotated by 900 with respect to the previous layer. A more 

detailed analysis for the structures of the remaining crystals not mentioned above 

will be given in the sections related to crystals’ structures in chapter 4. 

The photoelectric and optical properties of TlInSe2 crystals were studied in 

Ref. D3–8. The fundamental absorption edge is formed by indirect and direct 

transitions with Egi = 1.07–1.23 eV and Egd = 1.27–1.44 eV, respectively [11-13]. 

Among the useful properties of TlInSe2 crystals are negative differential resistance 

with S-type current–voltage characteristics [11] and high thermoelectric power [14]. 

Recently, band structure calculations have been reported for isostructural TlInSe2, 

TlInTe2 and TlGaTe2 chain crystals [15-18]. For the latter crystal, from an angle-

resolved photoemission study, a strong temperature-dependent shift of the Fermi 

level was ascertained [18]. 

TlGaSe2 crystal has a high photosensitivity in the visible range of spectra. 

High birefringence in conjunction with a wide transparency range of 0.6-16 µm 

makes this crystal especially useful for optoelectronic applications [19]. Optical and 

photoelectrical properties of TlGaSe2 crystals were studied in Ref. [9, 20-23]. It was 

established that the fundamental absorption edge is formed by indirect and direct 

transitions with Egi = 1.97 and Egd = 2.27 at T = 300 K, respectively. The temperature 

coefficient of the indirect band gap energy (dEgi/dT) was found to be −3.8 × 10−4 eV 

K−1 [21]. 

The interest in the optical properties of TlInS2 has been extensive especially 

in the last 10 years. The electrical and the optical properties of this ternary thallium 

chalcogenide have recently become the subject of vast research [24-30]. A high 

photosensitivity in the visible range of the spectrum, a high birefringence, and a wide 

transparency range of 0.5–14 µm make this crystal useful for optoelectronic 

applications [19]. Besides these, both infrared reflection spectroscopy [31, 32] and 

Raman scattering [33] from TlInS2 have been studied as a function of temperature. A 

number of PL bands have been observed at 1.8 K in TlInS2 single crystals. They 

were attributed to the radiative recombination of free and bound excitons [34]. In 

Ref. 35, the PL bands due to excitons have been observed in the temperature range  
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5.5–100 K. Temperature dependencies of the intensities of these bands were 

interpreted by a variation in the crystal structure and the coexistence of several 

polytypes. The forbidden gap of TlInS2 was measured by both absorption and 

reflection spectroscopy as a function of temperature and was found Egi = 2.27 and 

Egd = 2.49 eV at T = 300 K, respectively. The temperature and excitation 

dependencies of radiative excitonic recombination in TlInxGa1−xS2 layered crystals 

have been also investigated and analysed, where no luminescence was observed 

below x = 0.8 [36].  

TlGaS2 crystal has an indirect band gap of about 2.46 eV at room temperature 

[37]. The existence of a fine structure in the PL spectra of a T1GaS2 in the 

temperature range 1.8-77 K has been reported [38]. It was found that the PL lines in 

the long-wavelength part of the spectrum (595-610 nm) were separated by ≅ 0.5 eV 

from the direct edge exciton absorption peak and were due to recombination of 

bound excitons. Two broad emission bands in PL spectra of TlGaS2 at T = 6 K due to 

impurity level-to band radiative transitions at 499 and 590 nm have been observed 

[39]. The impurity levels of TlGaS2 crystals in the temperature range 90-350 K have 

been investigated by thermally stimulated current and photoinduced current transient 

spectroscopy techniques [28]. The activation energies of the observed four peaks 

were found to be 0.18, 0.23, 0.36 and 0.66 eV. It was established that the 

fundamental absorption edge is formed by indirect and direct transitions with Egi = 

2.49 and Egd = 2.67 eV at T = 300 K, respectively. Besides, some of the electrical and 

optical properties of TlGaS2 crystals have also been investigated in Ref. 24, 25. 

In addition to these four main crystals, the physical properties of Tl2InGaSe4 

and Tl2InGaS4 crystals were also investigated to some extent. For Tl2InGaSe4 

crystals, there are only a few studies on the physical properties, namely 

photoconductivity data [40], Raman spectra [41], optical absorption spectra and 

temperature dependence of the band gap [42]. It was established that the fundamental 

absorption edge is formed by indirect and direct transitions with Egi = 1.86 and Egd = 

2.04 eV at T = 300 K, respectively [43]. When we come to Tl2InGaS4 crystals 

formed in the TlInxGa1-xSe2 and TlInxGa1-xS2 system, it has been reported that these 

crystals have indirect band gap of Egi = 2.27 eV and direct band gap of Egd = 2.49 eV 

at T = 300 K, respectively. 

 As seen from the above survey, layered and chain structured chalcogenides 

TlInxGa1-xSe2 and TlInxGa1-xS2 attract much interest due to their possible 
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technological applications in optoelectronic devices in the visible region of the 

spectrum. For the most part, optoelectronic properties of these materials are 

dominated by defects of various types and the interactions between them. In this 

regard, detailed information on the defect levels is very useful for the fabrication of 

high-quality devices. It is worthwhile to note that most of the work done on these 

semiconductors has concentrated on the near band edge emission and only a little 

amount of data exists on shallow and deep PL bands with emission energies below 

the band gaps of these semiconductors. Particularly, the low-temperature PL spectra 

of some members of TlInxGa1-xSe2 and TlInxGa1-xS2 crystal systems, namely TlInS2, 

TlGaS2, TlGaSe2 and Tl2InGaSe4 layered crystals, have recently been investigated by 

some researchers in the 500–860 nm wavelength region and 10–300 K temperature 

range at different laser excitation intensities [44–47]. The experimentally observed 

bands in emission spectra were attributed to donor-acceptor pair recombination 

processes. In spite of the experimental and theoretical efforts devoted to the study on 

these materials, the optical properties of some members of the  

TlInxGa1-xSe2 and TlInxGa1-xS2 crystal systems, namely Tl4In3GaSe8, Tl4InGa3Se8, 

Tl4In3GaS8, Tl2InGaS4 and Tl4InGa3S8, have not been studied yet. Therefore, both 

experimental data and the overall theoretical understanding of them lack a coherent 

and complete framework for the crystal systems studied.   

The main purpose of the present thesis is to report and discuss the results of 

the PL study on the chain and layered Tl4In3GaSe8, Tl4InGa3Se8, Tl4In3GaS8, 

Tl2InGaS4, and Tl4InGa3S8 selenides and sulfides comprising spectra with emission 

bands having energies lower than the forbidden band gap, which are related to the 

shallow and deep defect levels originating from stacking faults induced during the 

crystal growth and/or uncontrolled impurities. In order to complete the analysis 

thoroughly, the temperature and excitation power dependent behaviors of PL band 

intensities and energies have been studied in detail. Besides, for extending the 

characterization of these crystals, we also present the results of the transmission and 

reflection experiments (to determine band gap energies and their temperature 

dependences in a wide range), X-ray experiments (to calculate the lattice 

parameters), and energy dispersive spectroscopic analysis (EDSA) experiments (to 

obtain the compositional parameters), as a complementary work. 

In line with above purpose, chapter 2 deals with the theoretical bases of these 

four characterization experiments (PL, transmission-reflection, X-ray and EDSA). In 
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chapter 3, we describe the experimental systems and the methods governing these 

experiments to inform the reader. In chapter 4, the results of all experiments are 

presented, compared and discussed in detail. Finally, in chapter 5, we will make the 

physical interpretations and conclusions on the results of the experiments done on the 

crystals studied.   
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CHAPTER 2 

 

 

THEORETICAL APPROACH 

 

 

 

2.1 Introduction 

 

In this chapter, the basic theoretical knowledge needed for structural and optical 

characterization of TlInxGa1-xSe2 and TlInxGa1-xS2 crystal systems will be the main 

subject. Knowing that the optical properties of the semiconductors are directly 

related to the transitions between various states, it is very reasonable first to sketch 

how the collection of atoms into an array results in formation of bands consisting of 

infinitely many allowed states and how these bands are separated by an energy gap. 

While doing this, we will mainly concentrate on some states having special 

importance, namely impurity states. After that, some theoretical background for the 

experiments done to reveal structural properties (X-ray and energy dispersive 

spectral analysis experiments) and optical properties (transmission-reflection and PL 

experiments) of the crystals will also be given.  
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2.2 Theoretical Approach to the Band Structure in Semiconductors 

 

2.2.1 Introduction 

 

In this section, a picture to explain the basic properties of the energy bands in solids 

and semiconductors will be drawn. First, the structure of the bands in perfect 

semiconductors will be explained. After that the structure of the energy bands in real 

semiconductors will be described by introducing the concept of impurity and its 

effects on the band structure. Then, the configurational coordinate model related to 

the dynamic lattice structure will be introduced, and finally, the dependence of the 

band gap of semiconductors on temperature will be discussed. 

 

2.2.2 Band Structure in Perfect Semiconductors 

 

To get an understanding about the nature of the semiconductors, we must first 

understand what happens when the atoms are brought together to form solids. When 

two atoms approach to each other, the wave functions of their electrons begin to 

overlap. According to Pauli’s exclusion principle, no two electrons may occupy the 

same quantum state simultaneously. So, as a result of this bringing together process, 

all spin-paired electron states gain energies, which are slightly different from the 

energies they have in the original isolated atom. Thus, if we have N number of atoms 

brought together, we can say that 2N electrons of the same orbital occupy 2N 

different states. So, instead of a discrete energy level, the bands consisting of some 

number of states very close to each other are created. 

 The energy distribution of these states depends strongly on the distance 

between the atoms. This dependence for a collection of carbon atoms is shown in 

figure 2.1. Here it is worth noticing that some of the lower energy states (2S) join the 

band of higher energy states (2P). As a result of this joining, the lower band has as 

many states as the number of electrons. This lower band is called as valence band 

and it is completely filled with electrons, whereas the upper band is called as 

conduction band and it contains no electrons. From these characteristics, we can see 

that although the conduction band can carry a current under influence of an electric 

field, the valence band cannot, because it is completely filled. 
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When the separation between the atoms is nearly equal to the lattice constant 

in crystal structures, we see that a gap is created between valence and conduction 

band, called as energy gap. It is obvious that, because there are no allowed energy 

states in the gap, we do not expect to find any electrons in the solid structure having 

energies in the range of this gap (for this reason sometimes energy gap is referred as 

forbidden energy gap). Depending on the size of the energy gap and the relative 

availability of the electrons, the solid is a conductor, semiconductor or insulator. 

 

 

Figure 2.1. Dependence of the energy banding of allowed levels in diamond on the distance between 

the atoms [48] 

 

 

In a conductor, conduction band is populated with electrons far above the energy gap 

and the electron concentration is around 1023 cm-3. In a semiconductor, however, the 

value of the energy gap is around 3 eV and the electron concentration is about 1020 

cm-3. Finally, in an insulator, the value of the energy gap is usually larger than 3 eV 

and there is a very negligible electron concentration in the upper band. So, it is rather 
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obvious that the value of the energy gap in solid structures has a very special 

importance for it determines the type of the solid. 

 Now that we have seen the distribution of allowed energy states in position 

space, we can do the same for momentum space. Momentum space considerations 

are also very important, since both energy and momentum conservation must be 

satisfied in an optical transition processes.  

 The kinetic energy E of an electron is related to its momentum P by the 

relation 

� � ��
2��  ,                                                            
2.1
 

where m* is the effective mass of the electron. Again, from quantum mechanics, we 

have 

��� � ����
2π ,                                                             
2.2
 

where h is the Planck's constant and ��� is the wave vector. Because the momentum is 

basically dependent on ���, it is reasonable to call ��� as the momentum vector.  The 

kinetic energy of the electron then can be expressed as   

� � ����
2��  .                                                            
2.3
 

If we take the crystal as a square well potential with an infinite barrier and a bottom 

of width L, then k can be found as 

� � �π
�  ,                                                         
2.4
 

where n is an arbitrary nonzero integer. If we assume the crystal has a cube shape 

whose sides has length L, the allowed energies are clearly 

� � ����
2���� � ��

2���� ���� � ��� � ���� .                                 
2.5
 
Here, E seems to be discrete being dependent on n values. However, because the 

difference of E values corresponding to each value of n are so small that E actually 

appears to be quasi-continuous (E values differ from each other with an order of 10-18 

eV for a volume of 1 cm3 of a material).  

In figure 2.2, the parabolic dependence of E on k is represented with the 

minimum of the parabola at k =0. Such a distribution of states in momentum space is 

called a parabolic valley and the energy gap is called as direct (Egd). In momentum  
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Figure 2.2. Parabolic dependence of the energy on momentum 

 

 

space representations, usually the top of the valence band is taken as the reference 

level. Then bottom of the conduction band is placed on the level, which has the value 

of the energy gap. The placement of valence and conduction bands is shown in figure 

2.3. 

 

 

 

Figure 2.3. Energy versus momentum representation in a two level direct gap system 

 

Besides these, we know that the separation between the nearest atoms varies 

in each direction in the crystal, so there will be valleys having different energy band 
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structures corresponding to several directions. Furthermore, in addition to the effects 

of the nearest neighbors, we can also take the effects of the next-nearest neighbors 

and all the higher order neighbors into account. As a result of these, it is 

understandable that there is a possibility of the minimum of the valley not to occur 

where k = 0 but at some other point corresponding to any other crystallographic 

direction. This time the energy gap is called as indirect (Egi). The pictorial 

representation of this condition is shown in figure 2.4. 

 

 

  

Figure 2.4. Energy versus momentum representation in a semiconductor having valleys at k = <000> 

and k = <111> directions 

 

 

As a result of the discussion above, we conclude that the representation in 

figure 2.4 can be used as a complete representation of the band structures in 

semiconductors, since it involves all basic properties of the bands, including energy 

values and band shapes. 
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2.2.3 Impurities and Band Structure in Real Semiconductors  

 

So far, we have discussed the band structure in perfect semiconductors, which are 

composed of only the same type of the atoms or molecules. But in real life, it is 

almost impossible to produce such a semiconductor, because there will always be 

some environmental effects that will allow other elements than you want to enter the 

composition of the semiconductor, which change the material’s structure. Such 

foreign elements are called impurities. 

Impurities have very important role in semiconductors. The presence of 

impurity atoms in semiconductors determines most of the practical applications of 

semiconductors [49]. An impurity atom produces several types of interactions when 

introduced in a lattice. If the impurity atom replaces one of the constituent atoms of 

the crystal and provides crystal with one or more additional electrons than the atom it 

replaces, it is called as a donor. The excess electron or electrons have weak bonds. If 

the impurity atom replaces one of the constituent atoms of the crystal and provides 

crystal with fewer electrons than the atom it replaces, it is called an acceptor. A 

missing electron due to impurity is considered as a hole. A hole or holes have also 

weak bounds and behave as the localized state. An example of donor can be Te 

atoms on As-site of GaAs crystal. Likewise, an example for an acceptor can be Zn 

atoms on Ga-site of GaAs crystal. 

 The impurities may sometimes locate themselves in an interstitial position, 

instead of replacing constituent atoms of the crystal, which causes another type of 

impurity. In such a condition, the impurity is always considered as a donor, since its 

outer-shell electrons are available for conduction. In addition to this, the opposite is 

also true where a missing atom in the crystal structure may also act like an impurity. 

In this case, if the missing atom deprives the crystal of one or more electrons, it is 

considered to be an acceptor. It is very common that interstitial impurities combine 

to form a molecular impurity, which may be either donor (impurity) or an acceptor 

(vacancy). 

 Now that we have the basic information about impurities, we can look at 

what they do the band structure in semiconductors. Actually, we can say that 

impurities change band structure by adding new defect levels placed in the forbidden 

energy gap of the semiconductor. The energy values of these new bands are 
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determined by knowing that the electron of a donor is essentially free when it is in 

the conduction band. So the energy level of a donor is thought to be one ionization or 

binding energy below the conduction band. A similar interpretation can also be made 

for an acceptor level. We can say that the energy level of an acceptor is thought to be 

one ionization or binding energy above the valence band. A simple pictorial 

represent of the effect of defect levels on the energy states of a semiconductor is 

shown in figure 2.5. It is rather understandable that the impurity may contribute more 

than one carrier to semiconductor (either electrons or holes). In this case, it is called 

as a multiple donor or acceptor. 

 

 

 

Figure 2.5. The effect of the defect levels on the energy structure of semiconductors 

 

  

Inside the crystal structure, donors and acceptors can form pairs that can act 

as stationary molecules that are embedded in the crystal. When a neutral donor and 

neutral acceptor come closer to each other, it is most likely that the donor’s excess 

electron becomes increasingly shared by the acceptor. This means that the donor and 

acceptor become more ionized when brought together, which results in lowering of 

their binding energies. If they become almost fully ionized, binding energies become 

nearly zero and the corresponding levels become very close to the bands’ edges. For 

such donor-acceptor pairs, the amount of change in their energy levels as isolated 

impurities is directly the coulomb interaction energy, which can be written as 

∆� � ��
 !  ,                                                            
2.6
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where q is the charge of the electron, ε is the dielectric constant of the medium and r 

is the donor-acceptor pair separation. So the pair separation energy is 

�#$%& � �' � �D ) �A � ��
 !  ,                                       
2.7
 

where Eg is the band gap energy of the crystal and ED and EA are activation energies 

of donor and acceptor as isolated impurities. 

 

2.2.4 Configurational Coordinate Model for Band Structure 

 

So far, we based our discussions on the assumption that the optical centers 

responsible for the emission were embedded in a static lattice structure and are fixed 

at equilibrium positions. However, in real semiconductors, the centers are parts of a 

vibrating lattice and the environment has a dynamic structure. This means that the 

neighboring atoms can vibrate about some average positions and these vibrations can 

affect the electronic states of the atom. Furthermore, the changes in the electronic 

structure of the atom can also affect the electronic structure of the neighboring 

atoms, thus forcing them to adopt new average positions. The nature of the vibrations 

about the new average positions may also be different from their initial electronic 

states and the shapes of the bands are strongly affected. To account for such a 

dynamic case, we have to introduce the configurational coordinate model, which has 

been used for many years to give a qualitative description of the optical processes in 

luminescent centers. This model is based on two basic approximations: 

          (i) The first approximation is called as adiabatic approximation, introduced by 

Born and Oppenheimer [50]. It is based on the consideration that atoms move very 

slowly in comparison to the valence electrons. Therefore, the electronic motion 

occurs at a given nuclear coordinate and it is not significantly affected by the 

changes in the positions of atoms. This approximation is very reasonable, since the 

nuclei are much heavier than the electrons by 103 to 105 times and therefore they 

move much slower. By adiabatic approximation, it is accepted that the nuclear and 

electronic motions are independent of each other. 

          (ii) The second approximation is to decrease the number of vibrational modes 

to only one mode from many possible modes, for simplicity. This single (ideal) mode 

is usually called as breathing mode in which the neighboring atoms pulsate radially 

in or out about central atom. Therefore, we only need one nuclear coordinate, called 
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as configurational coordinate, which corresponds to the distance between the central 

atom and the neighboring atom. However, it is known that there are many vibrational 

modes in the crystal. Even so, the idea of having only one mode is still acceptable, 

since the configuration coordinate can still represent the average amplitude of a 

linear combination of several modes. 

 With adiabatic and one-coordinate dynamic center approximations, the 

solution of the Schrödinger equation leads the ground (initial) and excited (final) 

state potential energy curves [51], as diagramatically represented in figure 2.6. Such 

a diagram is called as configurational coordinate diagram. In the diagram, the solid 

curves represent interatomic interaction potential energy, while two different points 

,- and ,-.  represent equilibrium positions for initial (i) and final (f) states, 

respectively. This difference between equilibrium points of ground and excited states 

is expected since the spatial distributions of an electron orbital for ground and 

excited states are different from each other. In the excited state, the orbital is more 

spread out and has less curvature which means that the energy of such an electron 

orbital depends less on the configuration coordinate. From the figure, it is also seen 

that the nucleus of the atom stays approximately at the same position throughout the 

emission process due to its relatively heavier mass, as mentioned before.  

The optical absorption starts from the equilibrium position of the ground 

state. The probability to lose energy by emitting light is at most 109 s-1, whereas the 

probability for an excited electron to lose energy by generating lattice vibration is 

1012 to 1013 s-1 [52]. So, it is clear that an electron at state B relaxes very fast to the 

equilibrium position at state C before it can emit light. After relaxation, it emits light 

by the transition from state C to state D and again relaxes to state A, completing a 

cycle. In this case, the energies of the emitted photons are smaller than that of the 

absorbed ones due to the transfer of energy to lattice vibrations, which is called as 

the Stokes shift. 

 When two configurational coordinate curves intersect with each other, an 

electron in the excited state can cross the intersection assisted by thermal energy and 

can reach the ground state nonradiatively. In this case, the model suggests a sudden 

decrease in luminescence efficiency of a center at elevated temperatures. It is shown 

by Gurney and Mott [53] that given enough thermal energy EQ, an electron in the 

excited state C may reach a point E and makes the transition to the ground state A  

nonradiatively. In such a case, a photon may not be emitted and the thermal 
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quenching of the PL spectra may be observed. Furthermore, it is also possible that if 

the equilibrium position of the excited state C is located outside the configurational 

coordinate curve of the ground state, the excited state can intersect the ground state 

while relaxing from B to C, resulting in a nonradiative process. 

 

 

Figure 2.6. The configurational coordinate model for the band structure 

  

 

Finally, the last significant property of the configurational coordinate model 

is that the width (generally taken as the full width at half maxima (FWHM)) of the 

emission spectra of simple systems satisfies the following relation [54], 

/ � /- 0coth 5 �672�89:;
<�  ,                                            
2.8
 

where W0 is a constant whose value is equal to W as the temperature approaches to 0 

K, kB is the Boltzman constant and hνe is the energy of the vibrational mode of the 

excited state. The experimental data for absorption in various alkali halides were 

found to fit this expression quite well [55]. 
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2.2.5 Effect of Temperature on Band Gap Energy  

 

The effect of temperature on semiconductor structures is a very important concern, 

since the changes in the structure are directly related to the band structure of the 

material. An increase in the temperature of a semiconductor causes expansion of the 

lattice structure and, as a result, an increase in the oscillations of the atoms around 

their equilibrium lattice points. In addition to the shift of the band edges due to 

thermal expansion, the increase in the oscillations also results in broadening of the 

energy levels.   

 The temperature dependence of the band gap energy for a semiconductor can 

be expressed in two main parts as, 

d�'
d9 � ?d�'
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d9 @
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 ,                                                    
2.9
 
where the first term is the result of the thermal expansion of the lattice and the 

second term is from electron-phonon interaction. The first term in the expression 

may be either positive or negative depending on the band structure of the 

semiconductor material, whereas the second term is always negative for all 

semiconductors. Therefore, overall dependence of the band gap of the material on 

temperature may be either negative or positive depending on the term that 

contributes more. For Ge, Si and A3B5 type materials, it is well-known that the first 

term is negative. So, the overall behavior of the band gap is a decreasing behavior 

with increasing temperature. However, for the lead chalcogenides like PbSe, PbS and 

PbTe, the first term is positive and more contributing term. So, overall behavior of 

the band gap is an increasing behavior as temperature increases. 

 Furthermore, the temperature dependence of the bandgap energy for many 

semiconductors has been defined by [56], 
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where Eg(0) is the value of the bandgap at T = 0 K, γ is an empirical constant and β is 

approximately the Debye temperature. It has been also proved that the experimental 

data for diamond, Si, Ge, 6H SiC, GaAs, InP and InAs were satisfactorily 

represented by this equation except that the values of β differed markedly from the 

Debye temperatures [56]. More recent experiments on GaAs and GaP revealed that 
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the above equation fits successfully to the experimental data with the β values very 

close to the Debye temperatures over a wide temperature range [57]. 

 To sum up, in most of the semiconductors, the band gap energy of the 

material decreases with increasing temperature. However, as previously mentioned, 

the lead chalcogenides are exceptional materials where an increase in the band gap 

energy with increasing temperature is observed. 

 

2.3 Theoretical Approach to Characterization Experiments 

 

2.3.1 X-Ray Diffraction Experiments 

 

X-rays are a form of electromagnetic radiation having energies between 100 eV and  

100 keV (around 10-10 m). Only short wavelength X-rays (hard X-rays) in the range 

of a few angstroms to 0.1 angstrom (1 keV - 120 keV) are used for diffraction 

experiments due to the fact that the wavelength of these X-rays are comparable to the 

size of atoms. For this reason, they are ideally suited for investigating the structural 

arrangement of atoms and molecules for most of materials. 

 When X-rays are sent to a material, they collide with electrons of atoms and 

some them are deflected away from the direction where they originally travel. If, the 

collisions between incident X-rays and the electrons are elastic, the scattered X-rays 

will have the same wavelengths as the incident ones. These are the X-rays we 

measure in diffraction experiments, since these scattered X-rays carry information 

about the atom distribution in materials.  

 The diffracted X-rays from different atoms can interfere with each other and 

the resultant intensity distribution is mainly modulated by this interaction. In the case 

of crystal atoms arranged in a periodic fashion, the diffracted waves will consist of 

sharp interference maxima depending on the distribution of atoms. Measuring the 

diffraction pattern, therefore, allows us to reveal the distribution of atoms in a 

material. In figure 2.7, the deflection of incident X-rays are shown. 
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Figure 2.7. Representation of X-ray diffraction by a crystal lattice 

 

 

The properties of the diffracted X-rays by a lattice plane were studied by 

Bragg in his paper titled “The Reflection of X-rays by Crystals”, published in 1913 

[58]. There, he stated the famous expression named after him, 

� H � 2 I SinM ,                                                 
2.11
 
where n is an integer representing the order of diffraction, λ is the wavelength of the  

X-rays, Θ is the half of the deviation angle of the diffracted X-rays and d is the 

spacing between the planes in the crystal structure. In addition, the interplanar 

spacing d can be expressed in most general form by 
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2.12
  

where a, b and c are lattice constants, h, k and l are the Miller indices and α, β, and γ 

are the angles for the lattice structure. 

 

2.3.2 Energy Dispersive Spectral Analysis (EDSA) Experiments 

 

Energy dispersive spectral analysis (EDSA, also called EDXA for energy dispersive 

X-ray analysis) is a predominantly used analytical tool that employs scanning 

electron microscopy (SEM) for chemical microanalysis. It is a well-known fact that 

SEM has the capability to provide information both on the surface of the material 
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and about the composition of the region near the surface of the material. EDSA 

technique is used in conjunction with SEM and is not a surface science technique. 

EDSA is a type of spectroscopy and it includes the investigation of a material 

through interactions between electrons and the material. It is based on the following 

physical principles. When an electron beam is scanned across the surface of the 

material, i.e., a material is bombarded with an electron beam, different interactions 

occur between the electron beam and the sample. Normally, an atom within the 

sample contains unexcited electrons situated in shells around the nucleus. However, 

the incident beam excites an electron in an inner shell, resulting in its ejection and 

the formation of a hole within the atom’s electronic structure. Then, an electron from 

the outer shell having higher-energy fills this hole. As a result of this process, the 

excess energy of the electron is emitted from the atom as an X-ray. Collecting these 

X-rays by measuring their numbers and energies creates spectral lines that are highly 

specific to individual elements. Since every element has distinctly unique energy 

levels, each element produces characteristic X-rays, which makes it possible to 

determine the elemental composition of the sample by analyzing the spectra. Besides 

these, the amount of each element present in the material can also be determined 

from the relative counts of the detected X-rays.  

In EDSA experiments, the electron beam sent to the material has typically the 

energy of 5 to 20 keV, for the reason being that the energy holding electrons in atoms 

(the binding energy) ranges from a few eV up to many keV. Emitted X-rays are 

generated in a region about 2 microns in depth, which is the reason why EDSA is not 

accepted as a surface science technique. EDSA can be used to investigate elements 

which have atomic number greater than 11 (Na). The reason for this inconvenience is 

that the X-ray detector (Si-Li) is often protected by a Beryllium window which 

prevents the detection of elements with an atomic number of below 11 due to the 

absorption of the soft X-rays. However, elements having an atomic number as low as 

4 (Be) can be detected by systems without protection windows. EDSA can detect 

most of the natural elements in concentrations as low as 0.1 percent, depending on 

the material type. 
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2.3.3 Transmission and Reflection Experiments 

 

Transmission and reflection spectroscopy, commonly referred to as 

spectrophotometry, is an analytical technique based on measuring the amount of light 

transmitted or reflected by a material at a certain wavelength. This technique can be 

used for solid, liquid, and gas sampling. In transmission and reflection experiments, 

the light beams are sent to the material. As light beams enter the material, some are 

absorbed, some are reflected from the surface and some pass through the material. 

After these processes, the ratio of the intensity of the transmitted light or reflected 

light to the intensity of the incident light is measured. The resulting spectrum, which 

depends on the thickness, absorption coefficient and reflectivity of the material, can 

then be analyzed to reveal several optical properties of the material.  

Absorption of light by a semiconductor occurs when the energy of the 

incoming light wave is equal to or higher than the band gap energy of the material. In 

absorption process, energy of the incoming light is transferred to the electrons in the 

material structure. The damping characteristic of light in the material is defined by 

[49] 

\
]
 
\
0
 � exp
)T]
  ,                                                
2.13
 

where I(0) is the intensity of the incident light, I(x) is the intensity of the light after 

propagating a distance x through the material and α is the absorption coefficient, 

which is defined as 

T � 4π�
λ  ,                                                       
2.14
 

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

material. Because of the nature of the process, the absorption coefficient can also 

basically be related to the transition probabilities between the electronic energy 

levels in the material. By using the transition probability between the valence and 

conduction bands, found by the help of the perturbation theory, the dependence of 

the absorption coefficient on photon energy and band gap energy for semiconductors 

is found in the simplest form as [59], 


T�6
 � b ��6 ) �'�#,                                           
2.15
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where A is a constant that mainly depends on the transition probability and p is an 

index which characterizes the optical absorption process, and it is theoretically equal 

to 2 and 1/2 for indirect and direct allowed transitions, respectively. 

 The second main process taking place in the material structure is reflection. 

In reflection process, the incoming light is reemitted by the material on the same 

side, as a reflected light wave. The reflection coefficient is defined as the ratio of the 

intensity of the reflected wave to that of incident wave. For normal incidence of 

light, the reflection coefficient for a material is given by [49], 

c � 
� ) 1
� � ��

� � 1
� � ��  ,                                             
2.16
 

where n is the refractive index of the material. When k = 0, the refractive index 

becomes completely real and the material becomes transparent. In this case the 

reflection coefficient becomes 

c � 
� ) 1
�

� � 1
�  .                                                    
2.17
 

The last main process taking place in the material structure is transmission. In 

transmission process, the incoming light is reemitted by the material on the opposite 

side, as a transmitted light wave. The transmission coefficient is defined as the ratio 

of the intensity of the transmitted wave to that of incident wave. In general, the 

transmission coefficient for a material is given by [49] 
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  .                                        
2.18
 

Here, it is easy to notice that when the product αx is very large, the second term in 

the denominator can be neglected and T becomes 

9 d 
1 ) c
� exp
)T]
 .                                      
2.19
 
Knowing R and x, equation 2.18 can be solved for α. Even when R is not known, 

with the appropriate measurement of transmittance of two samples with different 

thicknesses, the equation 

9< 9� d exp e)T
]< ) ]�
f ,                                       
2.20
 
where x1 and x2 are the thicknesses of two samples, can be used to find α. 

Further, if the refractive index n is known, the determination of thickness of 

the thin sample can be done by using transmission interference fringes at 
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wavelengths slightly longer than the intrinsic absorption edge, where the sample has 

relatively high transmission values by using the equation 

] � 1
2� 5 H<H�H< ) H�:,                                             
2.21
 

where λ1 and λ2 are the positions of the two nearest peaks. 

In addition to all these considerations above,  one can also analyze the 

refractive index dispersion data in hν < Eg range according to the single-effective-

oscillator model proposed by Wemple and DiDomenico [60, 61] to find some optical 

constants of the material. In single-effective-oscillator model, the refractive index is 

related to the photon energy by 

��
�6
 � 1 � �gh�i�gh� ) 
�6
�  ,                                    
2.22
 

where Eso is the energy of the single effective dispersion oscillator and Ed is the 

dispersion energy. According to the equation 2.22, plotting (n2 – 1)-1 versus (hν)2 

graph allows one to determine the oscillator parameters Eso and Ed by fitting a linear 

function to the lower energy data range. Moreover, the zero-frequency refractive 

index n0 at zero photon energy can also be estimated by using 

�-� � 1 � �i�gh  ,                                                   
2.23
 
which is derived from equation 2.22. To a close approximation, the oscillator energy 

Eso is an ‘average’ energy gap and it is associated empirically with the lowest direct 

band gap Egd of the material through the relationship �gh d 2.0 �'i [62-66]. The 

single-effective-oscillator model was successfully applied to the experimental data 

for TlGaSe2 and TlGaS2 layered crystals [67, 68]. 

In addition to these, the refractive index n can also be analyzed to determine 

the oscillator strength Sso for the material. The refractive index can be represented by 

a single Sellmeier oscillator at low energies by [69] 
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where λso is the oscillator wavelength. Rearranging equation 2.24 results in [63] 
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where Sso can be expressed as 

mgh � 
�-� ) 1

Hgh�  ,                                               
2.26
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By using these relations, we can also calculate the oscillator strength Sso and 

oscillator wavelength λso, easily. 

 

2.3.4 Photoluminescence Experiments 

  

2.3.4.1 Introduction 

 

As mentioned before, the PL experiment is the most common method to probe into 

the material structure. The spectral content of the result of the PL experiment is a 

direct measure of various important material properties.  

In a PL experiment, photo-excitation causes electrons within the material to 

move into permissible excited states. When these electrons return to their equilibrium 

states, the excess energy is released and may include the emission of light (a 

radiative process) or may not (a nonradiative process). The energy of the emitted 

light or PL is related to the difference in energy levels between the two electron 

states involved in the transition that is, between the excited state and the equilibrium 

state. The quantity of the emitted light is related to the relative contribution of the 

radiative process.  

Therefore, in a PL experiment, firstly electron-hole pairs are excited (figure 

2.8.A). Then before they recombine radiatively, they reach a quasi-thermal 

equilibrium among themselves which lasts much shorter than the recombination 

process. Thus a PL process involves three steps [70]:                                    

(i)   Excitation step, where electron-hole pairs are excited by an external 

energy source.                  

(ii)  Thermalization step, where excited pairs relax towards quasi-thermal  

       equilibrium distributions.  

(iii) Recombination step, where the thermalized pairs recombine radiatively 

to produce emission.  
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Figure 2.8. Electronic transitions in a PL experiment by excitation and recombination 

 

 

The most important step among these is the recombination step, since the 

spectra from the experiment is directly related to the recombination mechanisms 

involved in the emission process. In the following section, we will deal with the 

possible recombination mechanisms one might encounter during the experiments. 

 

2.3.4.2 Recombination Mechanisms 

 

Three types of optical transitions that may take place in a semiconductor when it is 

energized by some external means are band-to-band transitions, free-to-bound 

transitions and donor-acceptor pair transitions [70].   

 

2.3.4.2.a. Band-to-Band Transitions            

         

These types of transitions, involving free holes and free electrons, are sometimes 

called free-to-free transitions. In a perfect semiconductor, e-h pairs will thermalize 

and accumulate at the conduction band and valence band extrema where they tend to 

recombine.  The rate of emission is given by the equation [49] 



27 
 

c � �%�C� ,                                                    
2.27
 
where  ni  and nf  are the initial and final densities of states, and P is the probability 

that 1 carrier/cm3 at the higher energy will make a radiative transition into 1 

vacancy/cm3  in the lower state. This probability is proportional to the absorption 

coefficient.         

        In a semiconductor having a direct band gap, the recombination of electron-hole 

pairs occurs radiatively with a high probability. So in such a semiconductor, like 

GaAs, recombination transition is vertical and radiated photon energy is given by the 

equation: 

�6 � �C ) �% ,                                                     
2.28
                                                     
where  Ef  and  Ei  are the final and initial state energies, respectively. In indirect band 

gap semiconductors, like Si and Ge, electron-hole pairs can recombine via phonon 

assisted transitions, and the emitted photon has the energy given by the equation: 

�6 � �C ) �% n �o ,                                             
2.29
 
where hΩ is the energy of phonon and the + and – signs correspond to phonon 

emission or absorption, respectively. As easily seen from above formula, phonon 

emission can shift the band-to-band spectrum to lower energies.  

 

2.3.4.2.b. Free-to-Bound Transitions 

             

Band-to-band transitions dominate at high temperatures where all impurities are 

ionized, but at low temperatures, the carriers become frozen on impurities. As an 

example, we can consider a p-type sample which contains NA acceptors per unit 

volume. If we do a PL experiment on this sample, we see that at low photoexcitation, 

the density of free electrons forming in the conduction band is much smaller than NA. 

These electrons can recombine with the holes trapped on the acceptors radiatively or 

nonradiatively (figure 2.8.G). Transitions like this, which involves a free carrier (an 

electron in our case) and a charge which is bound to an impurity (a hole in our case), 

are called as free-to-bound transitions. In such transitions, the energy of the emitted 

photon is given by EG – EA, where EA is the acceptor activation energy.  
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2.3.4.2.c. Donor-Acceptor Pair Transitions 

 

Semiconductors quite often contain both donors and acceptors.  In such 

semiconductors, under equilibrium conditions, some of the electrons from donors are 

captured (or compensated) by the acceptors. For this reason, such semiconductors are 

called as compensated. They contain both ionized donors (D+) and acceptors (A-). 

Electrons and holes can be formed in the conduction and valence bands, respectively, 

by optical excitation (figure 2.8.A). Then these carriers can be trapped at D+ and A- 

sites and they produce neutral donors (D0) and acceptors (A0). In returning the 

equilibrium, some of the electrons on neutral donors will recombine radiatively with 

the holes on the neutral acceptors (figure 2.8.F). Such a process is called as donor-

acceptor pair transition (DAP). This transition can be represented by   

p- � b- � �6 � pq � bl .                                    
2.30
 

The photon emitted in such a transition has the energy  

�6 � �G ) �D ) �A ,                                            
2.31
                               
where EG is the band gap energy of the sample, ED is the activation energy of the 

donors and EA is the activation energy of the acceptors as isolated impurities. But in 

this equation, we see that the Coulomb interaction between ionized donors and 

acceptors is neglected. So taking the Coulomb interaction into account, our equation 

becomes 

�6 � �G ) �D ) �A � ��
 !  ,                                      
2.32
 

where ε is the static dielectric constant and r is the distance between ionized donor 

and acceptor (figure 2.9). 
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Figure 2.9. Donor-acceptor pair transition and the effect of Coulomb interaction on emission           
      energy 

 

 

 

2.3.4.3 Laser Excitation Power Dependence of the Peak Intensity  
            and the Peak Energy of the Photoluminescence Spectra on  
            Semiconductors 
 

As the power of the excitation light source is changed, the variation of PL intensity 

depending on this power can be used to identify the underlying recombination 

process [71]. It has been found experimentally that the luminescence intensity I of 

the PL emission lines is proportional to Lγ, which can be expressed as 

  \ ∝ Lt ,                                                                
2.33
 
   

where L is the power of the exciting laser radiation and γ is a constant whose value 

is, between 1 and 2 ( 1 < γ < 2 ) for exciton like transitions and smaller than 1 

( γ < 1 ) for free-to-bound and donor-acceptor pair transitions [72-75]. The results of 

some of the experiments on the dependence of the PL intensity on the laser excitation 

power are shown in table 2.1 [76]. From the table, it is seen that equation 2.33 holds 

well for several emission lines of CdTe. 

In addition to the dependence of the peak intensities on laser excitation 

power, it is also very important to investigate the dependence of the peak energies on 

laser excitation power to learn more about the recombination mechanisms in the 

material that cause emission. In PL experiments, it is generally observed that the 

emission band peak shifts to higher energies when the laser excitation intensity is 
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Table 2.1. The γ values of CdTe luminescence lines 

                
 FE D

0
X A

0
X hD

0 eA
0 D

0
A

0 Power Range (W cm-2) 

        
Ref. 37 1.2 1.4 1.3  0.7  0.003 – 0.3 

Ref. 37 1.0 1.1 1.1 0.7 0.6  0.3-6 

Ref. 34 1.25  1.25 1.03   0.001-1 

Ref. 33 1.1 1.5 1.5, 1.7  1-1.1   

Ref. 35 1.3 1.4 1.4   0.76 0.4-10 

         

 

 increased. Several attempts were made to formulate this behavior. One of these 

attempts was done by M. I. Nathan and T. N. Morgan [77], explaining the 

dependence of the emission band peak energy shift on excitation laser intensity as 

�
6
 � �- exp 5�6�-: ,                                                
2.34
 
where hν is the peak energy maximum of the PL band, L0 is a constant and E0 is a 

coefficient which depends on the compensation of the sample. The coefficient E0 

becomes very small in non-compensated samples, where there is no shift in emission 

band peak. 

 Another attempt was made by D. G. Thomas et al. [78] on the dependence of 

the shift in PL band peak on the laser excitation intensity for GaP sample. In this 

attempt, laser excitation intensity versus PL band peak energy graph was plotted in 

logarithmic scale. On this graph, they tried to fit a straight line to the widely scattered 

experimental data points. However, it has been found that there is an obvious 

deviation of the experimental data from a straight line [79], which was also observed 

by P. J. Dean and J. L. Merz in their work for ZnSe sample [80].  

The final attempt to derive an analytical expression for the dependence of the 

peak energy of the PL band on laser excitation intensity was made by E. Zacks and 

A. Halperin [81]. They considered a sample with dielectric constant ε and with donor 

and acceptor concentrations ND and NA, respectively. They also considered one of 

these concentrations in minority and the other is in majority and made the 

assumption that the temperature of the crystal is so low that thermal ionization of the 
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impurities is negligible. Any pair recombination will leave an ionized donor-acceptor 

pair of separation with the distance of a nearest neighbor pair. Excitation process 

produces free charge carriers, which are eventually get captured by ionized 

impurities and turn them back to the neutral state. The light intensity, which is 

emitted by the recombination of donor-acceptor pairs, should be proportional to the 

concentration of neutral minority impurities, to the number of majority impurities in 

the volume element, and to the rate of the pair recombination. On continuous 

excitation, a steady state will be reached, when the rate of the generation of neutral 

pairs will just be equal to the rate of their recombination. A given intensity of the 

exciting light will produce a constant flux of free carriers at steady-state. With these 

assumptions, the recombination rate is given by a good approximation as 

/
!
 � /-exp 5)2!
cB : ,                                           
2.35
 

where W0 is a constant, r is the pair separation distance and RB is the shallow 

impurity Bohr radius. Then, by using the capture cross sections for pairs, they 

obtained the expression for L as 

 

� � p 
�6v ) �6∞
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�6v ) �6∞ : ,               
2.36
 
  

where hνB is the emitted photon energy of a close donor-acceptor pair separated by 

RB, hν∞ is the emitted photon energy of an infinitely distant donor-acceptor pair and 

hνm is the emission energy of band maxima, respectively. There are three free 

parameters in equation 2.36, which are D, hνB and hν∞. Here D is a proportionality 

factor and for this reason its calculated values are not important in physical 

interpretations. The other two parameters hνB and hν∞, however, have special 

importance while interpreting the experimental results. Here it should also be noted 

that as seen from the equation 2.35 the band maximum shifts to higher energies with 

increasing laser excitation intensity, as expected.  

 

2.3.4.4 Temperature Dependence of the Peak Intensity and the Peak  
            Energy of the Photoluminescence Spectra on Semiconductors  
 

The dependence of the PL spectra on temperature provides a very important 

understanding of the nature of the emission processes occurring in the material 
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structure and has been used to obtain information about electronic energy levels in 

various semiconductors. The changes in the intensities of the band peaks of the 

luminescence spectra with respect to increasing temperature can be analyzed to 

explain the origin of the luminescent optical centers in the crystal.  

It is found that different processes contribute to the decrease of PL band peak 

intensity with increasing temperature. When temperature of a material is increased, 

the most probable situation is the thermal activation of a nonradiative transition 

channel, decreasing the luminescence efficiency, and thus the band peak intensity. In 

general, if we assume the probability of the radiative transitions is independent of 

temperature, the efficiency of the luminescence emission can be expressed in the 

simplest form as [49] 

z � �&�& � �{&  ,                                                      
2.37
 
where Pr and Pnr are the probabilities for a radiative and nonradiative transitions, 

respectively. The nonradiative transition probability Pnr has temperature dependence 

[49] 

�{& � �{&h exp 5) �|�89:,                                           
2.38
 

where Pnro is a coefficient independent of the temperature and Et is the thermal 

activation energy. As a result, the dependence of the luminescence efficiency on 

temperature can be expressed as [49] 

z � 1
1 � } exp ~) �|�89�

 ,                                        
2.39
 

 

where C is a constant whose value equals the ratio of the nonradiative transition 

probability to the radiative one. In addition, the same model can be used to express 

the temperature dependence of the band peak intensity in the same manner as 

\ � \-
1 � T exp ~) �|�89�

 ,                                         
2.40
 

where Io is proportionality constant and α is the process rate parameter. However, it 

is noticed that this equation does not fit the experimental data over a large 

temperature range, especially for the low temperature part. To manage this situation 

a better fitting function was introduced [82] as 
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 ,                                  
2.41
 

where the integer n corresponds to the number of the thermal quenching processes 

and Etn are the thermal activation energies of the electronic energy levels. If the 

result of a nonlinear fit of equation 2.40 to the experimental data is not satisfying, 

equation 2.41 gives us the freedom to choose the number of the activation energies 

for a better fit. However, in general, it has been seen that the equation 2.41 rewritten 

with n = 2 as 

\ � \-
1 � T< exp ~) ��<�89� � T� exp ~) ����89�

                   
2.42
 

fits well enough to the experimental data for most of the cases. Here, it should be 

noted that the parameter Et1 corresponds to the activation energy at low temperatures, 

whereas Et2 corresponds to the activation energy at high temperatures. In fact, it has 

been found that Et1 is dominant for the temperature values around T d 5 - 60 K and 

Et2 is dominant for T > 60 K [83-85]. 

Another significant property of the PL spectra is the dependence of the 

positions of the emission band maxima on temperature. Actually, the position of a 

band maximum directly corresponds to the PL emission energy, which is the energy 

of a photon emitted by an electron making transition between two energy levels. 

Therefore, the shifts of the emission band maxima with increasing temperature can 

be directly related to the changes in the band structure of the material. 

Most generally, an increase in the temperature of a semiconductor causes 

expansion of the lattice structure, as mentioned in section 2.2.5. Therefore, as a result 

of the thermal expansion of the lattice structure, the band gap of the semiconductor 

decreases. Along with the decrease of the band gap, it is very reasonable to expect 

that the energy levels in the band gap region gets closer to each other and the energy 

difference between them decreases. This decrease results in the shift of emission 

band maxima, which corresponds to the energy of the emitted photon, towards lower 

energies. 

In contrast to the above discussion, it is also possible to observe a shift in 

emission band maxima towards higher energies. Such a behavior is generally 

explained within the framework of configurational coordinate model, mentioned in 

section 2.2.4. To observe the temperature-dependent behavior of the emission band 
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peak energy, the configurational coordinate model is redrawn in figure 2.10, with 

permitted discrete energy levels of ground and excited states (horizontal lines). 

According to this model, only the lowest levels of the excited state are occupied at 

low temperatures [86]. Therefore, in such a situation only transitions from the lowest  

 

 

 

Figure 2.10. The configurational coordinate model for the band structure with permitted energy levels 

of ground and excited states [86]. 

 

 

level of the excited state to the ground state are possible. As a result, the high energy 

extent of the emission process is limited. But when the temperature is increased, 

higher energy levels of the excited state starts to be occupied by electrons [86]. This 

process gives the electrons a possibility to make transitions from higher energy levels 

of the excited state to the ground state. The electrons making transitions from higher 

energy levels of the excited state have obviously more energy to emit as a photon. 

Besides, as we go higher among the energy levels of the excited state, the number of 

electrons that can occupy the state increases significantly. This means that the rate of 

the transitions from an upper level in the excited state to the ground state is much 

higher than the rate of the transitions from the bottom of the excited state to the 

ground state. As a consequence of all these, the increasing temperature results in 
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occupation of higher energy levels in the excited state with increasing number of 

electrons. A large number of electrons make transitions from the higher energy levels 

of the excited state to the ground state by emitting high energetic photons. So, the 

high energy part of the spectra becomes more dominant than low energy part, 

causing a shift of emission band maxima towards higher energies. 
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CHAPTER 3 

 

 

EXPERIMENTAL SETUPS AND TECHNIQUES USED IN THE 
EXPERIMENTS  

 

 

 

3.1 Introduction 

 

In this chapter, all of the experimental setups and techniques used in structural and 

optical characterization experiments in the scope of this dissertation will be given in 

detail, since they are a measure of the significance of the experimental results. In 

addition to the general information, some particular properties of the experimental 

devices will also be given.  

 

3.2 Energy Dispersive Spectral Analysis Experiments 

 

The EDSA experiments were used to determine the chemical composition of the 

samples. As mentioned before, this technique employs SEM for chemical 

microanalysis. In the experiments, a “JEOL JSM-6400” scanning electron 

microscope equipped with secondary and backscattered electron detectors was used. 

The diagram that belongs to the experimental setup is shown in figure 3.1. The 

EDSA experiments were done in 0-10 keV range. The analyses of the experimental 

results were done with a “NORAN System6 X-ray Microanalysis System” and 

“Semafore Digitizer”, which are the original equipments of the device. As a result of 

the analyses, the atomic composition ratios of the investigated samples were found. 
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Figure 3.1. A schematic representation of a typical scanning electron microscope 

 

 

3.3 X-Ray Diffraction Experiments 

 

The structural parameters of the samples used in this study were revealed by X-Ray 

diffraction experiments. In the experiments, a “Rigaku Miniflex” diffractometer with 

CuKα radiation having a wavelength of λ = 0.154049 nm was used in the 10-70° 

diffraction angle (2θ) range at a scanning speed of 0.02° s−1. A schematic 

representation for a typical experimental setup for X-ray diffraction experiments is 

shown in figure 3.2. The analyses of the experimental data were done by using a 

least-squares computer program ‘‘DICVOL 04’’. As the results of the analyses, the 

lattice parameters of the unit cells for the samples were found. 
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Figure 3.2. A schematic representation of a typical X-Ray diffraction experimental setup 
 

 

3.4 Transmission and Reflection Experiments 

 

The transmission and reflection experiments were done in the 400-1100 nm 

wavelength region with a “Shimadzu UV-1201” model spectrophotometer by using a 

20 W halogen lamp, a holographic grating, and a silicon photodiode. A schematic 

representation for a typical experimental setup for transmission and reflection 

experiments is shown in figure 3.3. The resolution of the spectrophotometer was 5 

nm. In addition, the experiments in 900-1200 nm range were done by using a 

“Bruker Equinox 55” model Fourier Transform Infrared (FTIR) spectrometer. The 

transmission measurements were carried out under normal incidence of light with 

polarization direction along the (001) plane, which is perpendicular to the c-axis of 

the crystals. For room temperature reflection experiments, a specular reflectance 

measurement attachment with 5° incident angle was used. In addition to these, for 

the temperature dependent measurements, an ‘‘Advanced Research Systems, Model 

CSW-202’’ closed-cycle helium cryostat was used to cool the sample from room 

temperature down to 10 K, and the temperature was controlled within an accuracy of 

± 0.5 K.  
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Figure 3.3. Schematic representations of (a) transmission and (b) reflection experimental setups 
 

 

3.5 Photoluminescence Experiments 

 

In the PL measurements, the surfaces of the crystals were irradiated along the c-axis 

by using the 325 nm line of a He–Cd laser, the 406 nm line of an “Oriel” Hg-Xe arc 

lamp, the 457.9 nm line of a argon-ion laser, the 532 nm line of a continuous  

frequency-doubled YAG:Nd3+ laser, and the 632.8 nm line of a He–Ne laser 

depending on the necessities of the experimental situations. The experiments were 

carried out by collecting the light from the light-illuminated face of the sample in a 

direction close to the normal of the layer. A “CTI-Cryogenics M-22” closed-cycle 

helium cryostat was used to cool the sample, and the temperature was controlled 

within an accuracy of ± 0.5 K. The resulting spectra of the sample were measured 

using an “Oriel MS257” monochromator with a grating of 1200 grooves mm−1 and 

3.22 nm mm−1 dispersion, and a “Hamamatsu S7010-1008 FFT-CCD Image Sensor” 

with a single-stage electric cooler. In figure 3.4, a schematic representation of a 

typical PL setup is shown. Here it should also be mentioned that due to the broad  
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spectrum of Hg-Xe arc lamp, it was inevitable to use a bandpass filter to get a narrow 

spectrum from the lamp. The transmission spectrum of a typical bandpass filter is 

shown in figure 3.5. The resolution of the PL experimental system was better than 3 

meV (≈0.3 nm). In laser intensity dependent measurements, sets of neutral density 

filters were used to adjust the exciting laser intensity. All of the PL spectra have been 

corrected for the spectral response of the optical apparatus. All the spectra have been 

analyzed by using a fitting program ‘Peak Fit for Win 32 Version 4’. PL bands were 

fitted by Gaussian profiles. The procedure yields the peak position, short- and long-

wavelength side half-widths, and the intensity of the bands. In the case of coexisting 

bands, we applied the same program to deconvolute the observed bands, as shown in 

figure 3.6. 

 

 

 
 

 
 

Figure 3.4. A schematic representation of a typical PL experimental setup 
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Figure 3.5. The transmission spectrum of a typical bandpass filter 

Fig. 3.6. An example of deconvolution of the photoluminescence spectra into three Gaussian 
lineshapes 
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3.6 Properties of the Crystals Used in the Experiments 

 

TlInxGa1-xSe2 and TlInxGa1-xS2 crystal systems were synthesized from elements with 

purities better than 99.999 % taken in stoichiometric proportions. Single crystals 

were grown by using the Bridgman method from a melt of synthesized materials 

sealed in evacuated (10−5 Torr) silica tubes with a tip at the bottom in the laboratory 

of Physics Department, Baku State University. A simple representation of crystal 

growth by the Bridgman method can be seen in figure 3.6. In EDSA and PL 

measurements, the samples were freshly and gently cleaved with a razor blade from 

the middle part of the grown ingots and no further polishing and cleaning treatments 

were required because of the natural mirror-like cleavage planes. In the X-ray 

experiments, the samples were grinded in order to have them powdered. In reflection 

measurements the specimens with natural cleavage planes and a thickness such that 

αx >> 1 were used. For room temperature transmission measurements, the samples 

were reduced in thickness (by repeated cleaving using transparent adhesive tape) 

until they were convenient for the measurements (≈ 10 µm). Since the thin layered 

samples were very fragile, they broke into pieces at low temperatures. Therefore, the 

low-temperature measurements were carried out on thick samples (≈ 300 µm). 

 

 

 

 

Fig. 3.7. A simple representation of crystal growth by the Bridgman method 
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CHAPTER 4 

 

 

RESULTS AND DISCUSSIONS 

 

 

 

4.1 Introduction 

 

In this chapter, the results of the structural and optical characterization experiments 

on chain and layered Tl4In3GaSe8, Tl4InGa3Se8, Tl4In3GaS8, Tl2InGaS4 and 

Tl4InGa3S8 crystals will be the main subject. The analyses and the discussions on the 

experimental results will also be given in order to reveal the structural and optical 

properties of these materials. Furthermore, the physical basis of the optical processes 

taking place in the crystals studied will also be discussed.  

 

4.2 Results of the Structural and Optical Characterization  
      Experiments for Tl4In3GaSe8 crystal 
 

The quaternary compound Tl4In3GaSe8 belongs to the group of semiconductors with 

chain crystal structure. This crystal is a structural analogue of TlInSe2, in which a 

quarter of the trivalent indium atoms are replaced by gallium atoms [87, 88]. In the 

lattice of Tl4In3GaSe8 crystal, Ga3+ and In3+ ions are surrounded each by four 

selenium ions and form negatively charged chains �Ga���In��	Se��
��
 along the 

tetragonal c-axis. These chains are connected by thallium univalent ions Tl1+ (figure 

4.1). Forces between ions inside chains are covalent and strong, and between chains 

are ionic and weak. 
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Figure 4.1. Projection of the unit cell of Tl4In3GaSe8 crystal on the [001] plane. The figures indicate 

heights above this plane. 

 

 

The electrical conductivity of the studied sample was p-type as determined by 

the hot probe method. Crystals suitable for PL measurements had typical sample 

dimensions of 9 × 2 × 1 mm3. After cleaving, the resulting ingot appeared grey-black 

in color and the freshly cleaved surfaces were mirror-like. 

 

4.2.1 Results of X-Ray Experiments 

 

The structure of Tl4In3GaSe8 crystals was defined by the X-ray powder diffraction 

experiments. X-ray diffractogram of Tl4In3GaSe8 is shown in figure 4.2. Table 4.1 

shows the obtained Miller indices (hkl), the observed and calculated interplanar 

spacings (d) and the relative intensities (I/I0) of the diffraction lines. 
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Figure 4.2.  X-ray diffraction pattern of Tl4GaIn3Se8 powder sample. 

 

 

The calculated (using equation 2.12) and observed interplanar spacings were found 

to be in good agreement with each other. The parameters of the tetragonal unit cell 

for this crystal were found to be a = 8.066 and c = 6.697 nm.  
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4.2.2 Results of Energy Dispersive Spectral Analysis (EDSA)  
         Experiments 
 

The chemical composition of Tl4In3GaSe8 crystals was determined by EDSA 

experiments. The result of the EDSA experiment in 0-10 keV energy range is shown 

in figure 4.3. The composition of the studied samples (Tl:In:Ga:Se) was found to be 

25.5:19.1:6.5:48.9, respectively. Moreover, EDSA indicated that silicon impurities 

were present in the crystal. 

Table 4.1.  X-ray powder diffraction data for Tl4In3GaSe8 crystal 

     
No. h  k  l dobs (nm)  dcalc (nm) I /I0 

     1 2  0  0 0.4032 0.4038 29 
2 2  1  1 0.3178 0.3180 15 
3 2  2  0 0.2852 0.2856        100 
4 2  0  2 0.2576 0.2580 29 
5 3  1  0 0.2550 0.2554 21 
6 2  2  2 0.2171 0.2174 10 
7 4  0  0 0.2017 0.2019 10 
8 3  3  0 0.1902 0.1904   8 
9 4  1  1 0.1879 0.1880   8 

10 4  2  0 0.1803 0.1806 33 
11 4  0  2 0.1726 0.1730 13 
12 3  3  2 0.1653 0.1655   7 
13 4  2  2 0.1589 0.1590          10 
14 4  4  0 0.1426 0.1428 19 
15 - 0.1379 - 10 
16 6  0  0 0.1344 0.1346 11 
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Figure 4.3. The result of EDSA experiment on Tl4In3GaSe8 crystal. 

 

 

4.2.3 Results of Transmission Experiments 

 

For Tl4In3GaSe8 single crystals, the transmittance (T ) spectra were recorded in the 

photon energy range of 1.05-1.40 eV.  For these measurements, it was difficult to 

prepare thin platelets, because the samples have easy cleavage along two mutually 

perpendicular directions, which results in thin needles. Therefore, we had to carry out 

the transmission experiments on thick samples having thickness about 470 µm. From 

these spectral data, the absorption coefficient, α, was calculated using equation 2.19, 

defined previously in chapter 2 as 

� � �1 � �	� exp����	 .                                              �2.19	 
The calculated room temperature data are illustrated in figure 4.4. It is clear from the 

figure that the absorption coefficient of Tl4In3GaSe8 crystals increases with 

increasing photon energy in the region of 1.10-1.35 eV. The value of α  increased 

from 45 to 160 cm-1 in that region. Analysis of the experimental data showed that the 
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absorption coefficient and the photon energy of Tl4In3GaSe8 can be related by 

equation 2.15 as 

����	 �   !�� � "#$%                                           �2.15	 
 with p = 2. Inset of figure 4.4 displays the dependence of (αhv)1/2 on photon energy. 

The circles are the experimental data and the solid line is fitted to a linear equation 

for finding the band gap. A linear dependence for the relation of (αhv)1/2 versus hν is 

found. As previously mentioned in chapter 2, this proportionality suggests the 

realization of an indirect allowed transition for the crystal studied. The extrapolation 

of straight line down to (αhv)1/2 = 0 gives the value of indirect band gap for 

Tl4In3GaSe8 crystal.  The energy of indirect band gap deduced from this dependence 

is evaluated to be 0.94  eV. 

 

Figure 4.4. Dependence of absorption coefficient on photon energy for Tl4In3GaSe8 crystal. 

Inset: Plot of (αhν)1/2  versus hν. 
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4.2.4 Results of Photoluminescence Experiments 

 

In the PL spectra of Tl4In3GaSe8, we observed two bands (labeled as A and B), 

dominating in the spectra at different excitation intensities. For the analysis, we 

plotted two different figures to trace the behavior of the PL bands with respect to 

laser excitation intensity variations. Figure 4.5a shows the PL spectra of the 

Tl4In3GaSe8 crystal measured in the 550-725 nm wavelength and 0.0003-0.0873 

Wcm-2 laser excitation intensity range at a constant temperature T = 30 K for B-band 

centered at 649 nm (1.91 eV). Likewise, figure 4.5b shows the PL spectra measured 

in the 550-725 nm wavelength and 0.0873-1.1777 Wcm-2 laser excitation intensity 

range at a constant temperature value T = 30 K for A-band centered at 599 nm (2.07 

eV). From figure 4.5a, it is seen that the B-band intensity at peak maximum increases 

with increasing laser excitation intensity values from 0.0003 up to 0.0873 Wcm-2. 

However, when laser excitation intensity exceeds the value 0.0873 Wcm-2, this 

behavior drastically changes. In figure 4.5b, we see that while A-band arises and 

starts to dominate the spectra, the intensity of B-band decreases in the magnitude 

rapidly. In addition to the previous discussion, from the figures 4.5a and 4.5b, we 

also see that B-band emission peak shifts slightly towards higher energies with 

increasing excitation laser intensity, whereas A-band emission peak does not show 

significant change. 

To follow the behavior of both bands more clearly, we plotted the PL 

emission band maximum intensity versus excitation laser intensity in logarithmic 

scale (figure 4.6). The common behavior of both bands with respect to excitation 

laser intensity is clearly demonstrated by this graph. For the analysis, the 

experimental data for each band in the spectra (the linear part of the curves) were 

fitted by the power law of the form of equation 2.33, defined in chapter 2, as 

 

' ∝ L) .                                                                         �2.33	 
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                    (a) 

 

                    (b) 

 

Figure 4.5. PL spectra of Tl4In3GaSe8 crystal as a function of excitation laser intensity at T = 30 K:   

     (a) B-band, 0.0003-0.0873 W cm-2 excitation intensity range; (b) A- and B-bands, 0.0873-1.1777 

W cm-2 excitation intensity range. 
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Figure 4.6. Dependences of PL intensities at the emission band maxima versus excitation laser 

intensity at T = 30 K. The solid lines show the theoretical fits using equation 2.33. 

 

 

We find that PL intensity for both bands increases sublinearly with increasing 

excitation laser intensity. By fitting the experimental data, we found γ values as 0.84 

and 0.80 for A- and B-bands respectively. As mentioned in chapter 2, the exponent γ 

is generally 1 < γ < 2 for the free- and bound-exciton emission, and γ ≤ 1 for  

free-to-bound and donor-acceptor pair recombination.  

The dependence of the PL spectra on temperature provides a very important 

understanding of the nature and analysis of luminescence spectra. In order to be able 

to follow the temperature dependent behaviors of both bands in the PL spectra of 

Tl4GaIn3Se8 crystals more clearly, we chose special excitation intensity values where 

each band is heavily dominant in the spectra, namely 0.0557 W cm-2 for B-band and 

1.1777 W cm-2 for A-band.  The PL spectra of Tl4GaIn3Se8 crystals in the 600-700 

nm range at constant laser excitation intensity 0.0557 W cm-2 for temperature range 

from 16 up to 46 K are shown in figure 4.7a and the PL spectra in the 535-750 nm 

range at constant laser excitation intensity 1.1777 W cm-2 for temperature range from 

16 up to 300 K are shown in figure 4.7b. In figure 4.7a, we observed B-band 
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centered at 633 nm (1.96 eV) and in figure 4.7b, we observed A-band centered at 589 

nm (2.10 eV). As seen from the figures 4.7a and 4.7b, both bands change their 

intensities and peak positions as the temperature changes: the peak intensities 

decrease as the temperature is increased and the peak positions show several degrees 

of red shift with increasing temperature (about 5 and 1 nm for B- and A-bands, 

respectively). The emission bands have asymmetrical Gaussian line shapes with 

short- and long-wavelength side FWHM values of 0.172 and 0.261 eV (A-band) and 

0.055 and 0.062 eV (B-band), respectively. The observed behavior of the peak 

energy positions for the A- and B-bands satisfies the temperature dependence 

expected for free-to-bound recombination [89, 90]. 

The activation energies for both bands have been obtained by fitting the 

equation 2.40, defined in chapter 2, to our experimental data as   

 

' � '+
1 , � exp -� "./0�1

 .                                                              �2.40	 

 

The emission band maximum intensities with respect to reciprocal temperature are 

drawn in figure 4.8 in 16-46 K (B-band) and in 16-300 K (A-band) temperature 

ranges. After a nonlinear least squares fit, the activation energies for A- and B-bands 

are found to be 0.03 and 0.01 eV, respectively. These shallow levels can be 

considered as originating from uncontrolled impurities or from point defects due to 

deviations in stoichiometry. The former may be attributed to the presence of Si 

impurities introduced into Tl4In3GaSe8 during the crystal growth process in 

ungraphatized ampoules (see figure 4.3). 
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Figure 4.7. Temperature dependence of PL spectra from Tl4In3GaSe8 crystals: (a) B-band, excitation 

laser intensity L = 0.0557 W cm-2; (b) A-band, excitation laser intensity L = 1.1777 W cm−2. 
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Figure 4.8. Temperature dependence of PL band intensity for A- and B-bands. Circles and triangles 

are the experimental data and solid curves show the theoretical fit using equation 2.43. 

 

 

Figure 4.9 shows the energy-level diagram for the PL emission bands of 

Tl4In3GaSe8 crystal. Using the activation energies determined from the temperature 

dependence of the PL intensity for p-type Tl4In3GaSe8 crystal, we placed acceptor 

levels a1 and a2 at 0.03 and 0.01 eV above the valence band. Taking into account the 

peak energy values of the observed transitions (2.10 and 1.96 eV for A- and B-bands, 

respectively), the related two initial energy states were then placed at 2.13 and 1.97 

eV above the valence band. 
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Figure 4.9. Proposed energy-level diagram of Tl4In3GaSe8 at T = 16 K. 

 

The pseudo-potential method and tight binding model calculations of TlInSe2 

crystal band structure revealed the existence of several conduction bands [16, 91]. 

The top of the valence band and the bottoms of three lowest conduction bands (DCB 

I, DCB II, DCB III) are situated on the Brillouin-zone edge and belong to the 

irreducible representation T3. In addition, the first conduction band has the second 

minimum (ICB) at the Brillouin-zone edge, which belongs to the irreducible 

representation D1. Thus, the indirect band gap in TlInSe2 crystal (1.28 eV) is formed 

by T3 → D1 transitions. Three direct band gaps (0.60, 1.82 and 1.94 eV) correspond 

to T3 → T4, T3 → T10 and T3 → T6 transitions, respectively [91]. According to [13], 
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the direct transitions to the first conduction band (DCB I) in TlInSe2 crystal is 

forbidden in the dipole approximation. 

Taking into account the results of X-ray, transmission and photoluminescence 

measurements, we suppose, by analogy with the band structure calculation of TlInSe2 

[70], the existence in Tl4In3GaSe8 crystal of an indirect band gap at 0.94 eV, and the 

second and third direct band gaps at 1.97 and 2.13 eV, respectively (figure 4.9). As 

for the first direct band gap, we could not observe this transition experimentally, 

since it is forbidden. Therefore, the assumed lowest conduction band (DCB I) is 

shown by a dotted curve in figure 4.9. The values of γ = 0.84 and 0.80, obtained from 

the dependence of the A- and B-band maximum intensities on excitation intensity, 

are in agreement with our assignment of the observed emission bands in Tl4In3GaSe8 

spectra to the free-to-bound recombination [76]. The assumption that the transitions 

from the minima of the third and second conduction bands to the acceptor levels a1 

and a2, respectively, are responsible for the A- and B-emission bands is confirmed by 

the absence of these emission bands in the PL spectra of Tl4In3GaSe8 crystal with 

excitation by the red line of the He-Ne laser (Eexc = 1.96 eV). The presence of the 

emission bands in the PL spectra at higher energies than the fundamental band gap 

energy has also been reported for CuGaTe2 ternary crystals [82]. It was proposed that 

the transitions from a higher conduction band minimum to defect states are 

responsible for the observed PL bands. 

At low excitation intensity ( L < 0.0873 W cm-2) sufficient to observe the B-

band emission (figure 4.5a), the quasi-Fermi level for electrons is located above only 

the minimum of the second conduction band (figure 4.9). With increasing excitation 

intensity ( L ≥ 0.0873 W cm-2 ), the quasi-Fermi level for electrons is shifted and the 

number of excited electrons is large enough to fill the third conduction band as well, 

responsible for the observed A-band emission. Therefore, in the PL spectra we 

observe A-band emission along with the B-band (figure 4.5b). If the transition 

probability for electrons from the third conduction band to acceptor level a1 is much 

greater than that for electrons from the second conduction band to acceptor level a2, 

then, with increasing excitation intensity ( L > 0.4527 W cm-2 ), the dominant 

radiative recombination will occur from the third conduction band (figures 4.5b and 

4.9). The decrease in the B-band intensity with increasing excitation intensity may 

probably be attributed to the activation of a non-radiative recombination channel. 
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4.3 Results of the Structural and Optical Characterization  
      Experiments for Tl4InGa3Se8 crystal 
 

The quaternary Tl4InGa3Se8 crystal is a member of the group of layered 

semiconductors. This compound has a structural similarity to TlGaSe2 crystal with a 

difference that a quarter of gallium ions are replaced by indium ions [87, 92]. The 

lattice structure of Tl4In3GaSe8 is composed of rigorously periodic two-dimensional 

layers arranged parallel to the (001) plane (figure 4.10), and each such consecutive 

layer is rotated by a right angle with respect to the previous one. The bonding 

between Tl and Se atoms is of an interlayer type whereas the bonding between 

(In)Ga and Se is of an intralayer type. The basic structural units of a layer are the 

Ga4(In4)Se6 adamantane-like units connected together by bridging Se atoms. The Tl 

atoms are in trigonal prismatic voids resulting from the combination of the 

Ga4(In4)Se6 polyhedra into a layer. The Tl atoms form nearly planar chains along the 

[110] and [1140] directions. 

The electrical conductivity of the studied sample was n-type as established by 

the hot probe method. Crystals suitable for PL measurements had typical sample 

dimensions of 9 × 2 × 1 mm3. After cleaving, the resulting ingot appeared red in 

color and the freshly cleaved surfaces were mirror-like. 
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(a) 

 

(b) 

 

Figure 4.10. Projection of structure of Tl4InGa3Se8 and TlGaS2-TlInS2 crystals on (a) ac-plane and  

(b) ab-plane. 
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4.3.1 Results of X-Ray Experiments 

 

The X-ray powder diffraction experiments were used to define the structure of 

Tl4InGa3Se8 crystals. Figure 4.11 shows X-ray diffractogram of Tl4InGa3Se8. As a 

result of the analysis, the obtained Miller indices (hkl), the observed and calculated 

interplanar spacings (d) and the relative intensities (I/I0) of the diffraction lines are 

listed in table 4.2. 

4.11. X-ray diffraction pattern of Tl4InGa3Se8 powder sample. 

 

 

From the table, it was seen that the calculated (using equation 2.12) and 

observed interplanar spacings were in good agreement with each other. The lattice 

parameters of the monoclinic unit cell were found to be a = 0.7659, b = 0.7698 and  

c = 1.0308 nm, and β = 94.25°.  
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4.3.2 Results of EDSA Experiments 

 

EDSA experiments were employed to determine the chemical composition of 

Tl4InGa3Se8 crystals. Figure 4.12 displays the result of the experiment in 0-10 keV 

energy range. The composition of the studied samples (Tl:In:Ga:Se) was found to be 

25.6:6.4:19.3:48.7, respectively. Moreover, the presence of silicon impurities in the 

crystal was indicated by EDSA. 

Table 4.2.  X-ray powder diffraction data for Tl4InGa3Se8 crystal 

     
No. h  k  l dobs (nm)  dcalc (nm) I /I0 

     1 0  0  1 0.7644 0.7644  5 
2 0  2  0 0.3852 0.3850 83 
3 2  1  1 0.3637 0.3637          12   
4 1  0  2 0.3494 0.3498 14 
5 1  2 -1 0.3295 0.3294 25 
6 2  2 -1 0.2902 0.2903        100   
7 0  2  2 0.2713 0.2712 19 
8 3  2  0 0.2561 0.2560 22 
9 0  1  3 0.2418 0.2418 11 

10 3  3  0 0.2053 0.2054 13 
11 5  0  1 0.1950 0.1949 29 
12 5  2 -1 0.1791 0.1791  6 
13 0  2  4 0.1711 0.1711          23 
14 2  4  2 0.1614 0.1614 15 
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Figure 4.12. Energy dispersive spectroscopic analysis of Tl4InGa3Se8 crystal. 

 

 

4.3.3 Results of Transmission and Reflection Experiments 

 

The transmittance (T ) and reflectance (R ) spectra of Tl4InGa3Se8 single crystals 

were recorded in the wavelength range of 500-1100 nm (figure 4.13). The reflectivity 

of the material is given by equation 2.16 as 

� � �5 � 1	� , /�
�5 , 1	� , /�  ,                                               �2.16	 

The transmittance is represented by equation 2.18 as 

� � �1 � �	� exp����	
 1 � �� exp��2��	  .                                             �2.18	 

By the help of these relations, n, k and α can be determined from the reflectivity and 

transmittance measurements. The reflectivity measurements were done using 

specimens with natural cleavage planes and a thickness such that αx >> 1. The 

sample thickness was then reduced by repeated cleaving using transparent adhesive 

tape until it was useful for transmission measurements. The determination of  
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Figure 4.13. The spectral dependence of transmittance and reflectivity for Tl4InGa3Se8 crystal at T = 300 K.  

 

 

thickness of the sample was done using transmission interference fringes at 

wavelengths slightly longer than the intrinsic absorption edge, where the sample has 

relatively high transmission values (figure 4.13) by the help of equation 2.21. The 

long-wavelength value of the refractive index n = 2.67, found from reflection 

measurements, was used to determine the thickness of the sample, which turned out 

to be about 10 µm for room temperature transmission measurements in most of the 

cases. 

 The analysis of the dependence of absorption coefficient on photon energy in 

the high absorption regions is carried out to obtain the detailed information about the 

energy band gaps. As previously mentioned, the relation between the absorption 

coefficient α and photon energy can be expressed by equation 2.15. As a result of 

calculations, it was revealed that the room temperature absorption coefficient α for 

Tl4InGa3Se8 crystal changes from 50 to 3930 cm-1 with increasing photon energy 

from 1.90 to 2.40 eV. The analysis of the experimental data showed that the 

absorption coefficient is proportional to (hν - Eg)
p with p = 2 in the energy range  
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Figure 4.14. The variation of absorption coefficient as a function of photon energy at T = 300 K: the 

dependence of (a) (αhν)1/2 and (b) (αhν)2 on photon energy. 

 

 

2.00-2.24 eV and p = 1/2 in the energy range 2.26-2.40 eV. Figures 4.14a and 4.14b 

display the dependences of (αhν)1/2 and (αhν)2 on photon energy hν, respectively. 

The circles are the experimental data that were fitted to a linear equation (the solid 

lines) for finding the band gaps. The linear dependencies were observed for the 

relations (αhν)1/2 and (αhν)2 versus hν. This suggests the realization of indirect and 

direct allowed transitions for Tl4InGa3Se8 crystal over the ranges 2.00-2.24 and 2.26-

2.40 eV, respectively. The values of indirect and direct band gap energies were found 

by using the extrapolations of the straight lines down to (αhν)1/2 = 0 and (αhν)2 = 0 as 

Egi = 1.94 ± 0.02 eV and Egd = 2.20 ± 0.02 eV, respectively. 

Figure 4.15 shows the transmission spectra for Tl4InGa3Se8 crystal registered 

in the temperature range of 10-300 K. Since the thin layered samples broke into 

pieces at low temperatures due to their excessive fragility, the low temperature  

 

  



64 
 

 

Figure 4.15. The spectral dependence of transmission for Tl4InGa3Se8 crystal in the temperature range 

of 10-300 K. Inset: the indirect band gap energy as a function of temperature. The solid line represents 

the fit using equation 2.10. 

 

 

measurements could only be carried out on thick samples having thickness about 300 

µm. For this reason, we were only able to analyze the temperature dependence of 

indirect energy band gap (Egi). Technical reasons did not allow a direct measurement 

of the reflection at low temperatures. Therefore, for the calculation of absorption 

coefficient α, the spectral dependence of room temperature reflectivity was 

uniformly shifted in energy according to the blue shift of the absorption edge. 

The value of indirect transition energy gap obtained by the analysis decreases 

from 2.03 to 1.94 eV with increasing temperature from 10 to 300 K, as illustrated in 

the inset of figure 4.15. The temperature dependence of the energy band gap can be 

represented by equation 2.10 as 

"#��	 � "#�0	 , 9��
�� , :	 .                                                     �2.10	 

The experimental data for the dependence of ";< � � on temperature were fitted 

using equation 2.10 as shown in the inset of figure 4.15 (solid line corresponds to 

theoretical fit) and the fitting parameters were found to be Egi(0) = 2.03 eV,  

γ = - 4.1×10-4 eV/K and β = 125 K. It should be noted that the Debye temperature for 
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Tl4InGa3Se8 crystal was found to be β = 130 K, estimated by Lindemann’s melting 

rule [93] using X-ray results and melting temperature Tm = 1075 K. 

 Figure 4.16 shows the change of refractive index n calculated using equations 

2.14, 2.16 and 2.18 as a function of wavelength. It is clear from this figure that the 

refractive index gradually decreases from 2.87 to 2.67 in the energy region of hν < Eg 

with increasing wavelength in the range 675-1100 nm. The long wavelength value of 

refractive index is consistent with the values 2.6 (λ = 1100nm) and 2.9 (λ = 1500nm) 

reported for TlGaS2 [67] and TlGaSe2 [68] layered single crystals, respectively. 

Figure 4.16. The dependence of refractive index on the wavelength for Tl4InGa3Se8 crystal. Inset: plot 

of (n2-1)-1 versus (hv)2. The solid line represents the fit using equation 2.22. 

 

 

 The dispersive refractive index data in hν < Eg range were analyzed according 

to the single-effective-oscillator model proposed by Wemple and DiDomenico [60, 

61]. In this model, the refractive index is related to photon energy through the 

equation 2.22 as 

5����	 � 1 , "=>"?
"=>� � ���	�  .                                             �2.22	 
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The oscillator parameters were calculated by fitting a linear function to the lower 

energy range (1.13-1.96 eV) of (n2-1)-1 versus (hv)2 graph. The result of the fitting 

process of the above function is presented in the inset of figure 4.16. The  

zero-frequency refractive index n0 is estimated according to the equation 2.23. By 

using the slope and the intersection with y-axis of the straight line (inset of figure 

4.16), the values of the parameters Eso and Ed were calculated to be 4.10 and 23.17 

eV, respectively. In addition to these, the values of zero-frequency dielectric constant 

ε0 = n0
2 = 6.65 and refractive index n0 = 2.58 were evaluated from equation 2.22. As 

mentioned in chapter 2, the oscillator energy Eso is an ‘‘average’’ energy gap and, to 

a fair approximation, it is associated empirically with the lowest direct band gap Egd 

by the relationship "=> � 2.0 "#?. The ratio of Eso/Egd for Tl4InGa3Se8 crystal was 

calculated as 1.86, in this study. 

 To determine the oscillator strength Sso for Tl4InGa3Se8 crystal, the analysis 

of refractive index n can be used. The refractive index is represented by a single 

Sellmeier oscillator at low energies by equation 2.25 as 

�5� � 1	
� � 1
@=>A=>� � 1

@=>A�  ,                                     �2.25	 
 The values of Sso and λso calculated from (n2-1)-1 versus λ-2 plot were found to be 

6.21×10-13 m-2 (95.48 eV2) and 3.02×10-7 m, respectively. Here, it should be noted 

that the obtained value of oscillator strength is of the same order as those obtained 

for ZnS, ZnSe, Ag2S, GeSe2 and TlGaS2 crystals [61, 65, 67, 94]. 

 

4.3.4 Results of Photoluminescence Experiments 

 

The dependence of the PL spectra on temperature provides a very important 

understanding of the nature and analysis of luminescence spectra. Figure 4.17 

presents the PL spectra of Tl4InGa3Se8 crystals in 17-68 K temperature range at 

constant laser excitation intensity L = 55.73 mW cm-2. The observed emission band 

has asymmetrical Gaussian line shape and centered at 652 nm (1.90 eV) at T = 17 K. 

As seen from figure 4.17, emission band changes its peak position, FWHM and 

intensity as a function of the sample temperature: the peak position shows several 

degrees of red shift with increasing temperature; the FWHM increases and the peak 

intensity decreases as temperature is increased. The FWHM rises from 0.09 to 0.12 

eV with increasing temperature in the range of 17-68 K.  
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The experimental data for the temperature dependence of PL band intensity 

can be fitted by the equation 2.40. Figure 4.18 shows the temperature dependence of 

the emission band maximum intensity as a function of the reciprocal temperature in 

the 17-68 K range. The best fit using equation 2.40, demonstrated by the solid curve 

in figure 4.18, has been achieved with the parameter Et = 0.03 eV. Since Tl4InGa3Se8 

crystal is a p-type semiconductor, as determined by the hot probe technique, we 

believe that this level is shallow acceptor level located at 0.03 eV above the top of 

the valence band. This shallow level can be considered as originating from point 

defects due to deviations in stoichiometry or from uncontrolled impurities. The latter 

may be attributed to the presence of Si impurities introduced into Tl4InGa3Se8 during 

the crystal growth process in ungraphatized ampoules. Inset of figure 4.18 illustrates 

the shift of the peak energy to lower energies with increasing temperature. It is well 

known that the donor-acceptor pair transition energy decreases along with the band 

gap energy when the temperature is increased [70]. 

 

 

 

Figure 4.17. Temperature dependence of PL spectra from Tl4InGa3Se8 crystals at excitation laser 

intensity of L = 55.73 mW cm-2. 

 



68 
 

 

Figure 4.18. Temperature dependencies of PL band intensity for Tl4InGa3Se8 crystal. Circles are the 
experimental data. Solid curve shows the theoretical fit using equation 2.40. Inset: temperature 

dependence of emission band peak energy. 
  

 

 

The laser excitation intensity dependence of PL spectra also provides 

valuable information about the recombination mechanism responsible for the 

observed luminescence. Figure 4.19 presents the PL spectra for 22 different laser 

intensities at T = 20 K. From analysis of the spectra, we obtained the information 

about the peak energy position and intensity for emission band at different laser 

excitation intensities. Our analysis reveals that the peak energy position changes with 

laser excitation intensity (blue shift). The behavior of the emission band is in 

agreement with the idea of inhomogenously distributed donor-acceptor pairs for 

which increasing laser excitation intensity leads to blue shift of the band by exciting 

more pairs that are closely spaced [49, 95]. A careful inspection of the data shows 

that the emission band maximum slightly shifts towards higher energies (∆Ep = 36 

meV) with increasing excitation laser intensities from 0.13 to 55.73 mW cm-2 (i.e., 

14 meV per decade of exciting radiation intensity). The magnitude of the observed 

blue shift is typical of ternary and quaternary chalcogenide compounds such as 

TlInS2 [44], Tl2InGaS4 [96], HgInGaS4 [97], CuIn1-xGaxSe2 [98], which are 40, 20, 

20, 15 meV per decade of intensity of exciting radiation, respectively. 
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Figure 4.19. PL spectra of Tl4InGa3Se8 crystal as a function of excitation laser intensity at T = 20 K. 

 

 

At low excitation laser intensities only a small fraction of the donor and 

acceptor levels trap carriers. This leads to recombination from distant pairs only. At 

high enough excitation laser intensities all donors and acceptors are excited, which 

leads to a contribution from closer pairs as well. The energy of the emitted photon 
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during a donor-acceptor pair transition has a positive contribution from a Coulombic 

interaction between ionized impurities. This contribution increases as the separation 

between the pairs decreases [70]. Furthermore, radiative transition probabilities for 

different pair separations are different and decrease exponentially as a function of the 

pair distance [70]. Distant pair recombination (contributing to the low part energy 

part of a donor-acceptor pair emission band) saturates at high excitation laser 

intensities, whereas close pairs have larger transition probability and can 

accommodate more carriers. We, therefore, observe a shift of the emission band peak 

energy to higher energy as the excitation laser intensity increases. 

 The dependence of the emission band peak energy (Ep) at T = 20 K as a 

function of excitation laser intensity (L) is given in figure 4.20. The experimental 

data in figure 4.20 are then fitted by equation 2.36, defined in chapter 2, as 

B � C ���D � ��∞	�
��B , ��∞ � 2��D F�G H�

2���B � ��∞	
��D � ��∞ I .                      �2.36	 

 

Figure 4.20. Excitation laser intensity versus emission band peak energy at T = 20 K. The dashed 
curve represents the theoretical fit using equation 2.36. Inset: dependence of PL intensity at the 
emission band maxima versus excitation laser intensity at T = 20 K. The solid line shows the 

theoretical fit using equation 2.33. 
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From a nonlinear least square fit to the experimental data, the photon energy values 

for an infinitely distant donor-acceptor pair and a close donor-acceptor pair separated 

by RB are found to be E∞ = 1.83 eV and EB = 1.99 eV, respectively. These limiting 

photon energy values are in good agreement with the band gap energy  

( Egd = 2.29 eV ) and the observed values of the peak energy position  

( i.e., E∞ < 1.86 eV < Ep < 1.90 eV < EB < Egd ) at T = 20 K. 

 In PL spectra of Tl4InGa3Se8 crystal, the increase in the peak intensities of 

emission band with the increase in the laser excitation intensity was also observed. 

The logarithmic plot of PL intensity versus laser excitation intensity is given in inset 

of figure 4.20. Experimental data can be fitted by a simple power law of the form of 

equation 2.33. We found that PL intensity at the emission band maximum increases 

sublinearly with increase of excitation laser intensity with the value of γ = 0.96. As 

mentioned in chapter 2, the exponent γ is generally 1 < γ < 2 for free- and bound-

exciton emission, whereas 0 < γ ≤ 1 is typical for free-to-bound and donor-acceptor 

pair recombination. 

 The analysis of the PL spectra as a function of temperature and excitation 

laser intensity allows one to obtain a possible scheme for the states located in the 

forbidden energy gap of the Tl4InGa3Se8 crystal (figure 4.9). In the proposed scheme, 

shallow acceptor level a is located at 0.03 eV above the top of the valence band. On 

the basis of equation 2.31 for the emission energy of donor-acceptor pair  and taking 

Egd and E∞ into account, the sum of the activation energies of the donor (Ed) and 

acceptor (Ea) levels, involved in the emission band, has been estimated as Ed + Ea = 

Egd − E∞ = 2.29 eV − 1.83 eV = 0.46 eV. Considering that the acceptor level a is 

located at 0.03 eV above the top of the valence band, this result suggests that the 

donor level d involved in the emission band is located at 0.43 eV below the bottom 

of the conduction band. Taking the above considerations into account, the observed 

emission band in the PL spectra has been attributed to the radiative transitions from 

the donor level d to the acceptor level a. 
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Figure 4.21. Proposed energy-level diagram of Tl4InGa3Se8 at T = 20 K. 

 

 

4.4 Results of the Structural and Optical Characterization  
      Experiments for Tl4In3GaS8 crystal 
 

The quaternary Tl4In3GaS8 crystal belongs to the group of layered semiconductors. 

This compound is a structural analog of TlInS2, in which a quarter of indium ions are 

replaced by gallium ions [92]. The lattice of Tl4In3GaS8 consists of strictly periodic 

two-dimensional layers arranged parallel to the (001) plane (figure 4.10).  Each 

successive layer is rotated by a right angle with respect to the previous one. Interlayer 

bonding is formed between Tl and S atoms while the bonding between Ga(In) and S 

atoms is an intralayer type. The fundamental structural unit of a layer is the Ga4(In4)S6 

adamantane-like units linked together by bridging S atoms. 

The electrical conductivity of the studied sample was determined as n-type by 

the hot probe method. Crystals suitable for PL measurements had typical sample 

dimensions of 6 × 4 × 1 mm3. After cleaving, the resulting ingot appears yellow-

green in color and the freshly cleaved surfaces were mirror-like. 
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4.4.1 Results of X-Ray Experiments 

 

The structure of Tl4In3GaS8 crystals was defined by the X-ray powder diffraction 

experiments. X-ray diffractogram of Tl4In3GaS8 is shown in figure 4.22. As a result 

of the analysis, the obtained Miller indices (hkl), the observed and calculated 

interplanar spacings (d) and the relative intensities (I/I0) of the diffraction lines are 

listed in table 4.3. 

Figure 4.22. X-ray diffraction pattern of Tl4In3GaS8 powder sample. 
 

 

 

The calculated (using equation 2.12) and observed interplanar spacings were 

found to be in good agreement with each other. The lattice parameters of the 

monoclinic unit cell were found to be a = 0.7376, b = 0.4178, c = 1.1487 nm, and  

β = 101.61°. 
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4.4.2 Results of EDSA Experiments 

 

EDSA experiments were used to establish the chemical composition of Tl4In3GaS8 

crystals. Figure 4.23 shows the result of the EDSA experiment in 0-10 keV energy 

range. The composition of the studied samples (Tl:In:Ga:S) was estimated as 

25.8:19.2:6.6:48.4, respectively. Furthermore, EDSA indicated that silicon impurities 

were present in the crystal. 

 

 

Table 4.3.  X-ray powder diffraction data for Tl4In3GaS8 crystal 

     
No. h  k  l dobs (nm)  dcalc (nm) I /I0 

     1 0  0  1 0.7232 0.7241   4 
2 3  0 -1 0.3645 0.3646        100 
3 2  1  0 0.3360 0.3358            3 
4 4  0  0 0.2816 0.2815 13 
5 4  0 -2 0.2478 0.2476  2 
6 3  1 -2 0.2391 0.2390            2 
7 5  0 -2 0.2110 0.2111  2 
8 1  2  1 0.1958 0.1958  2 
9 6  0 -1 0.1912 0.1912  6 

10 2  2  1 0.1858 0.1859 18 
11 1  0  4 0.1732 0.1731   4 
12 6  1  0 0.1711 0.1712   3 
13 4  2 -1 0.1680 0.1679            4 
14 3  2  2 0.1569 0.1569   2 
15 4  1  4 0.1326 0.1326   2 
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Figure 4.23. Energy dispersive spectroscopic analysis of Tl4In3GaS8 crystal. 

 

 

4.4.3 Results of Transmission and Reflection Experiments 

 

The results of the transmission and reflection experiments for Tl4In3GaS8 single 

crystals in 450-1100 nm wavelength range were presented in figure 4.24. As 

mentioned in section 2, n, k and α can be determined from the reflectivity and 

transmittance measurements by using equations 2.16 and 2.18. The reflectivity is 

measured using samples with natural cleavage planes and a thickness such that  

αx >> 1. The sample was then cleaved repeatedly using transparent adhesive tape to 

reduce its thickness until it was convenient for transmission measurements. The 

thickness was determined using transmission interference fringes at wavelengths 

slightly longer than the intrinsic absorption edge, i.e., in a region with relatively high 

transmission (figure 4.24) by the help of equation 2.21.  For this purpose, the long 

wavelength value of the refractive index n = 2.62, obtained from the reflection 

measurements was used. In most cases the sample thickness was about 10 µm for 

room temperature transmission measurements. 

 



76 
 

Figure 4.24. The spectral dependence of transmittance and reflectivity for Tl4In3GaS8 crystal at T = 300 K. 

 

 

 The dependence of absorption coefficient on photon energy is analyzed in the 

high absorption regions to obtain the detailed information about the energy band 

gaps. As mentioned in chapter 2, the absorption coefficient α and photon energy can 

be related by equation 2.15. Figure 4.25 shows the calculated room temperature 

absorption coefficient α for Tl4In3GaS8 crystal in the photon energy range 2.30-2.80 

eV. It was revealed that α changes from 100 to 5060 cm-1 with increasing photon 

energy from 2.30 to 2.80 eV. Analysis of the experimental data shows that the 

absorption coefficient is proportional to !�� � "#$% with p = 2 and 1/2 for ranges 

2.35-2.44eV and 2.58-2.76 eV, respectively. The dependencies of (αhv)1/2 and (αhv)2 

on photon energy hv are shown in the insets 1 and 2 of figure 4.25, respectively. The 

circles show the experimental data fitted to a linear equation (the solid lines) for 

finding the band gaps. The linear dependencies for the relations (αhv)1/2 and (αhv)2 

versus hν suggests the realization of indirect and direct allowed transitions for  
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Figure 4.25. The variation of absorption coefficient of Tl4In3GaS8 crystal as a function of photon 

energy at T = 300 K. Insets 1 and 2 represent the dependencies of (αhv)1/2 and (αhv)2 on photon 

energy, respectively. 

 

 

Tl4In3GaS8 crystal over the ranges 2.35-2.44eV and 2.58-2.76 eV, respectively.  The 

extrapolations of the straight lines down to (αhv)1/2 = 0 and (αhv)2 = 0 give the values 

of indirect and direct band gap energies Egi = 2.32 ± 0.02 eV and Egd = 2.52 ± 0.02 

eV, respectively. 

 The transmission spectra for Tl4In3GaS8 crystal registered in the temperature 

range of 10-300 K is shown in Figure 4.26. Since the thin layered samples were very 
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fragile, they broke into pieces at low temperatures. Therefore, the low-temperature 

measurements were carried out on thick samples (about 300 µm). Hence, the 

temperature dependence of only the indirect energy band gap (Egi) could be 

analyzed. Technical reasons did not allow a direct measurement of the reflection at 

low temperatures. Hence, for the calculation of absorption coefficient α, the spectral 

dependence of room temperature reflectivity was uniformly shifted in energy 

according to the blue shift of the absorption edge. 

 

Figure 4.26. The spectral dependence of transmission for Tl4In3GaS8 crystal in the temperature range 
of 10-300 K. Inset: the indirect band gap energy as a function of temperature. The solid line represents 

the fit using equation 2.10. 
 

 

The inset of figure 4.26 shows the decrease in the obtained value of indirect 

transition energy gap with increasing temperature. Namely, it shifts from 2.44 to 2.32 

eV as temperature increases from 10 to 300 K. The data of the ";< � � dependence 

(inset of figure 4.26) were fitted using equation 2.10, as done before. The fitting is 

represented by the solid line that revealed the fitting parameters as )0(giE =  2.44 eV, 

γ = − 6.0× 10−4 eV/K and β = 180 K. As a result of calculations with Lindemann’s 
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melting rule [93], the Debye temperature for Tl4In3GaS8 crystal was estimated to be 

β = 173 K, using X-ray results and the melting temperature Tm = 1075 K. 

 The refractive index n calculated using equations 2.14, 2.16 and 2.18 as a 

function of wavelength is shown in figure 4.27. The refractive index in the energy 

region of hv < Eg gradually decreases from 2.86 to 2.62 with increasing wavelength 

in the range 538-1100 nm. The long wavelength value of refractive index is 

consistent with the values 2.7 (λ = 800 nm), 2.6 (λ = 1100 nm) and 2.6 (λ = 1100 

nm) reported for TlInS2 [99], TlGaS2 [67] and Tl2InGaS4 [100] single crystals, 

respectively. 

 

Figure 4.27. The dependence of refractive index on the wavelength for Tl4In3GaS8 crystal. Inset:  plot 

of (n2-1)-1 versus (hv)2. The solid line represents the fit using equation 2.22. 

 

 

As before, the dispersive refractive index data in hv < Eg range were analyzed 

according to the single-effective-oscillator model proposed by Wemple and 

DiDomenico [60, 61], in which the refractive index is related to photon energy 

through the equation 2.22. Plotting (n2-1)-1 versus (hv)2 allows the determination of 
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the oscillator parameters by fitting a linear function to the lower energy data range 

(1.13-2.32 eV). The fitting of the above reported function is presented in inset of 

figure 4.27. The zero-frequency refractive index n0 is estimated by using equation 

2.23. The values of the parameters Eso and Ed were calculated from the slope and the 

intersection with y-axis of the straight line (inset of figure 4.27) as 4.87 eV and 26.76 

eV, respectively. Moreover, the values of zero-frequency dielectric constant  

ε0 = n0
2 = 6.50 and refractive index n0 = 2.55 were evaluated by means of equation 

2.22. As mentioned before, the oscillator energy Eso is related empirically with the 

lowest direct band gap Egd by the relationship "=> � 2.0 "#?. The ratio Eso /Egd for 

Tl4In3GaS8 crystal, determined in this study, was found to be 1.93. 

The refractive index n can be analyzed to determine the oscillator strength Sso 

for Tl4In3GaS8 crystal. The refractive index can be represented by a single Sellmeier 

oscillator at low energies by using equation 2.25. The values of Sso and λso were 

calculated from (n2-1)-1 versus λ-2 plot as 8.48 × 1013 m−2
 ( 130.37 eV2 ) and  

2.55 × 10−7 m, respectively. As before, it is noticed that the obtained value of 

oscillator strength is of the same order as those obtained for ZnS, ZnSe, Ag2S, GeSe2 

and TlGaS2 crystals [61, 65, 67, 94]. 

 

4.4.4 Results of Photoluminescence Experiments 

 

PL measurements in Tl4In3GaS8 crystal were carried out by using two different 

excitation sources. Since our sample has a direct band gap of Egd = 2.64 eV at T = 26 

K , 406 nm (3.05 eV) line of Hg-Xe arc lamp and a YAG:Nd3+ laser having a 

wavelength of λexc = 532 nm (2.33 eV) were used as the intrinsic and extrinsic 

excitation sources, respectively. The results of PL measurements done at T = 26 K 

with the excitation power of 17.7 mW cm-2 for intrinsic and 183.0 mW cm-2 for 

extrinsic excitation processes are presented in figure 4.28 for comparison. The figure 

reveals the presence of three PL bands centered at 514 nm (2.41 eV, A-band), 588 

nm (2.11 eV, B-band) and 686 nm (1.81 eV, C-band) for extrinsic excitation. On the 

other hand, from the figure, we see that C-band is absent from the spectra of intrinsic 

excitation, although both A- and B-bands appear in it. Due to its more informative 

feature, we continued our experiments and analysis with the extrinsic excitation 

source only. 
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Figure 4.28. PL spectra of Tl4In3GaS8 crystal under excitation of 532 nm line of a continuous 

frequency-doubled YAG:Nd3+ laser (solid curve) and 406 nm line of Hg-Xe arc lamp (dashed curve). 

Note that for dashed curve, intensities have been multiplied by a factor of 35. 

 

 

The dependence of the PL spectra on temperature provides important 

understanding of the nature and analysis of luminescence spectra. Therefore, 

temperature-dependent measurements were done in 500-780 nm wavelength range at 

a constant laser excitation intensity of L = 183.0 mW cm-2. The temperature-

dependent spectra are separated into two parts as figure 4.29a, corresponding to 26-

43 K temperature range, and figure 4.29b, corresponding to 36-130 K temperature 

range, in order to trace the behaviors of all bands clearly. In figures 4.29a and 4.29b, 

as previously mentioned, we observe three emission bands labeled as A-, B- and C-

band having the full-width at half maximum (FWHM) values of 0.08, 0.18 and 0.28 

eV, respectively. The figures show that the increasing temperature results in the 

variations of both peak energies and intensities for all bands. The peak energy 

variations of all bands are shown in figure 4.30.  It is possible to observe that the 

peak intensities of A- and C-bands show a decreasing behavior and the peak energies  
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Figure 4.29. Temperature dependence of PL spectra from Tl4GaIn3S8 crystals at excitation laser 

intensity L = 183.0 mW cm-2: (a) A- , B- and C-bands in the 26-43 K temperature range and 500-780 

nm wavelength region; (b) B-band in the 36-130 K temperature range and 555-620 nm wavelength 

region. 
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Figure 4.30. Temperature dependencies of emission A- , B- and C-band peak energies of Tl4In3GaS8  

crystal. 

 

shift to lower energies with increasing temperature. However, the temperature 

behavior of the B-band is somewhat different from that of the other bands; its 

 intensity decreases with increasing temperature, whereas its peak energy increases 

up to a maximum value at T = 84 K and then starts to decrease. The experimental 

data for the temperature dependence of PL band intensity can be fitted by the 

equation 2.41. Figure 4.31 shows the temperature dependence of the emission band 

maximum intensities of all bands as a function of the reciprocal temperature in the 

26-130 K range. After a nonlinear least squares fit, the quenching activation energies 

for emission bands are found to be 0.03, 0.02 and 0.01 eV for A-, B- and C-bands, 

respectively. Since Tl4In3GaS8 crystal is an n-type semiconductor, we consider that 

the activation energies of 0.03 and 0.01 eV belonging to A- and C-bands are 

associated with donor levels located below the bottom of the conduction band. 

The most striking feature of the emission spectra is the temperature dependence of B-

band peak energy (figure 4.30). In contrast with the peak energy behavior of the A-  
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Figure 4.31. Temperature dependencies of PL band intensities for Tl4In3GaS8 crystal. Triangles, stars 

and circles are the experimental data. Solid curves show the theoretical fits using equation 2.40. 

 

and C-bands, the peak energy of the B-band blue shifts by almost 42 meV until 84 K. 

Such behavior is typically understood in terms of a configurational coordinate (CC) 

model of defects [54]. As will be shown later on, the activation energy corresponding 

to B-band is actually associated with the difference between the minimum of the 

excited state and the intersection point of the excited and ground state CC curves 

rather than the difference between the minimum of conduction band and a shallow 

donor level.   

The laser excitation intensity dependence of PL spectra also provides 

valuable information about the recombination mechanism responsible for the 

observed luminescence. Excitation intensity-dependent PL measurements were done 

at two different temperatures, namely 26 K (A- and C-bands) and 50 K (B-band). For 

the analysis, we plotted two different figures to trace the behaviors of the PL bands 

with respect to excitation laser intensity variations clearly. Figures 4.32a and 4.32b 

show the PL spectra of the Tl4In3GaS8 crystal measured in the 0.9-183.0 and 4.4-  
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Figure 4.32. PL spectra of Tl4In3GaS8 crystal as a function of excitation intensity: (a) A- and C-bands 

at T = 26 K;  (b) B-band at T = 50 K. 
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183.0 mW cm-2 laser excitation intensity ranges, respectively. From these spectra, we 

obtained the information about the peak energy and intensity for emission bands at 

different laser excitation intensities. A detailed analysis of emission bands as a 

function of the laser excitation intensity did not yield any variation of the peak 

energies. We, therefore, concentrated on the analysis of the band intensities as a 

function of the excitation laser intensity. It is seen that the band intensities of all 

bands at peak maximum increases with increasing laser excitation intensity values. 

To follow the behavior of emission bands more thoroughly, we plotted the PL 

emission band maximum intensity versus excitation laser intensity graphs in 

logarithmic scale (figure 4.33). The common behaviors of the emission bands with 

respect to excitation laser intensity are clearly demonstrated by this graph. For the 

analysis, the experimental data for emission bands in the spectra were fitted by the 

power law of the form of equation 2.33. We found that PL intensity for all bands 

increase sublinearly with increasing excitation intensity. From the fit of the 

experimental data, we obtained γ values as 0.95, 0.94 and 0.95 for A-, B- and C-

bands, respectively. As mentioned in chapter 2, the exponent γ is generally 1 < γ < 2 

for free- and bound-exciton emission, whereas 0 < γ ≤ 1 is typical for free-to-bound 

and donor-acceptor pair recombination. 

 

Figure 4.33. Dependencies of PL intensities at the emission band maxima on the excitation intensities 

for Tl4In3GaS8 crystal. The solid lines show the theoretical fits using equation 2.33. 
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The analysis of the PL spectra as a function of temperature and excitation intensity 

allows one to obtain a possible scheme for the donor-acceptor levels involved in the 

radiative recombination processes observed in this study. Figure 4.34 shows this 

proposed model. As seen from the figure, two shallow donor levels responsible for 

the appearance of the A- and C-bands are placed at Ed1 = 0.03 eV and Ed3 = 0.01 eV 

below the bottom of the conduction band. For the emission energy of the donor-

acceptor pair, we recall equation 2.7, defined in chapter 2, as 

" � "# � "J � "K , F�
LM  .                                          �2.7	 

The fourth term in the expression is a correction for Coulomb interaction between 

pairs and may be effective only at short distances and so can be neglected. 

Neglecting this term, we revealed the acceptor levels located above the top of the 

valence band at Ea1 = 0.20 eV and Ea3 = 0.82 eV. The high resistivity of our samples 

indicates that the concentration of acceptors is high enough to efficiently compensate 

the donors. Taking the above considerations into account, the observed A- and C-

bands in the emission spectra has been attributed to the radiative recombination of 

electrons occupying the donor levels Ed1 = 0.03 eV and Ed3 = 0.01 eV with the holes 

occupying the acceptor levels Ea1 = 0.20 eV and Ea3 = 0.82 eV, respectively. It is 

well-known that for donor-acceptor pair transitions, the emission energy decreases 

along with the band gap energy when the temperature is increased [70]. At low 

temperatures, photoexcited charge carriers are bound to donors and acceptors and 

recombine with closest neighbors. Due to thermal emission of carriers bound to 

acceptor and donor levels, an increase in the pair separation R with increasing 

temperature is expected. As a result of this increase, the pairs that are apart also play 

role in the recombination process. As equation 2.7 makes it clear, contributions from 

the distant pairs result in red shift of the peak energy of the bands (figure 4.30). 
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Figure 4.34 Band model (a) and configurational coordinate (CC) model (b) for  Tl4In3GaS8 

crystal. 

 

 

 In addition to temperature-dependent analysis, sublinear variation of PL 

intensity with excitation laser intensity is also consistent with donor-acceptor 

recombination. Our analysis shows that the peak energy positions of the observed 

bands do not shift with increasing laser excitation intensity in line with the fact that 

the states involved in the recombination are indeed close pairs. If the donor-acceptor 

pair distances were heterogeneous in nature, then according to equation 2.7, 

increasing the excitation laser intensity would result in blue shift of the peak energies 

of the observed PL bands, which clearly was not observed. 

In figure 4.34, we also present CC model for the B-band in PL spectra. In this 

model, it was assumed that the ground state of localized center is derived from an 

acceptor level a2, while the excited state originates from a sulfur vacancy donor level 

d2, and zero point of both states lies within the band gap. Since AIIIBVI-type layered 

crystals are more polar than covalent [101], the displacement of the excited state 

minimum is expected to be reasonably large. Therefore, the observed quenching of 

the B-band with increasing temperature is due to an increased electron population of 

the excited state at higher displacement coordinates. The electrons involved in this 

process return to the ground state through a nonradiative process. Thus, the 
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activation energy of 0.02 eV, obtained from thermal quenching of the B-band, is the 

difference between the minimum of the excited state and the intersection point of the 

excited and ground state CC curves. Generally, in compound semiconductors a 

deviation from stoichiometry generates donors in the case of anion vacancies. The 

acceptor level a2 above the top of valence band may be linked, as in the case of GaSe 

crystals [102], to the uncontrolled impurities, point defects, and stacking faults, 

which are due to the weak interlayer interactions in studied crystals. Electron 

transitions from the excited states of the donor level to the ground states of the 

acceptor level give rise to the PL with photon energy Eems . 

Another striking feature of the PL spectra of the Tl4In3GaS8 crystal is the 

absence of the C-band in the case of intrinsic excitation process, as seen in figure 

4.28. For intrinsic excitation case (λexc = 406 nm) with low laser excitation intensity 

of L = 17.7 mW cm-2, it is probable that the quasi-Fermi level for electrons is located 

above only the donor states d1 and d2 (figure 4.34), which is sufficient to observe A- 

and B-bands in the PL spectra (figure 4.28). On the other hand, for extrinsic 

excitation (λexc = 532 nm) with high laser excitation intensity of L = 183.0 mWcm-2, 

the quasi-Fermi level for electrons is shifted, and the number of excited electrons is 

large enough to fill in the donor level d3 as well, responsible for the observed C-band 

emission (figure 4.33). Therefore, we could observe C-band emission along with the 

A- and B-bands in the PL spectra (figure 4.28).      

 

4.5 Results of the Structural and Optical Characterization  
      Experiments for Tl2InGaS4 crystal 
 

The compound Tl2InGaS4 belongs to the layered semiconductors group. This crystal 

is a structural analogue of TlInS2 and TlGaS2, in which half of the indium (gallium) 

atoms are replaced by gallium (indium) atoms [5, 92]. The crystal lattice consists of 

alternating two-dimensional layers arranged parallel to the (001) plane. Interlayer 

bonding in Tl2InGaS4 is formed between Tl and S atoms while the bonding between 

In(Ga) and S atoms is of the intralayer type. The projections of the crystal structure 

on the ac- and ab-planes are presented in figure 4.10. The fundamental structural unit 

of a layer is the In4(Ga4)S10 polyhedron representing a combination of four 

elementary tetrahedral In(Ga)S4 linked together by bridging S atoms. The thallium 
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atoms are located in trigonal prismatic voids resulting from the combination of the 

In4(Ga4)S10 polyhedra into a layer. 

The electrical conductivity of the studied sample was n-type as established by 

the hot probe method. Crystals suitable for PL measurements had typical sample 

dimensions of 4 × 3 × 0.7 mm3. After cleaving, the resulting ingot appears yellow-

green in color and the freshly cleaved surfaces were mirror-like. 

 

4.5.1 Results of X-Ray Experiments 

 

The structure of Tl2InGaS4 crystals was defined by the X-ray powder diffraction 

experiments. X-ray diffractogram of Tl2InGaS4 is shown in figure 4.35. As a result of 

the analysis, the obtained Miller indices (hkl), the observed and calculated interplanar 

spacings (d) and the relative intensities (I/I0) of the diffraction lines are listed in  

table 4.4.  

Figure 4.35. X-ray diffraction pattern of a Tl2InGaS4 powder sample. 

 

 



91 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The calculated (using equation 2.12) and observed interplanar spacings were 

found to be in good agreement with each other. The lattice parameters of the 

monoclinic unit cell were found to be a = 0.9133, b = 0.3603, c = 1.1604 nm, and β 

= 95.20°. Small amounts of the detected impurities are expected to reside at the 

interstitial positions. We assume that they do not change the calculated lattice 

parameters within our cited accuracy. 

 

4.5.2 Results of EDSA Experiments 

 

The chemical composition of Tl2InGaS4 crystals was established by EDSA 

experiments. The result of the EDSA experiment in 0-10 keV energy range is 

displayed in figure 4.36. The composition of the studied samples (Tl:In:Ga:S) was 

found as 25.9:13.0:13.1:48.0 , respectively.  Moreover, the presence of silicon 

impurities in the crystal was indicated by EDSA. 

Table 4.4. X-ray powder diffraction data for  Tl2InGaS4 crystals.

     
No. h   k   l dobs (nm) dcalc (nm) I /I0 

     1 1  0  −1 0.7468 0.7460           3 
2 2  0  −2 0.3735 0.3736       100 
3 0  1    1 0.3346 0.3345           4 
4 1  1    1 0.3182 0.3185           2 
5 0  1    2 0.2820 0.2821         15 
6 3  0  −3 0.2493 0.2492           4 
7 3  1  −2 0.2338 0.2339           2 
8 4  1  −2 0.2078 0.2077           2 
9 5  0    2 0.1989 0.1987           5 

10 4  0  −4 0.1870 0.1870         16 
11 5  0    3 0.1762 0.1761           4 
12 0  2    2 0.1674 0.1674           3 
13 1  2  −2 0.1664 0.1664           4 
14 6  0    3 0.1561 0.1562           2 
15 2  1    6 0.1332 0.1332      2 
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Figure 4.36. Energy dispersive spectroscopic analysis of Tl2InGaS4 crystal. 

 

 

4.5.3 Results of Transmission and Reflection Experiments 

 

Figure 4.37 shows the transmittance (T ) and reflectivity (R ) spectra recorded in the 

400-1100 nm wavelength range for Tl2InGaS4 single crystals. As mentioned in 

section 2, the determination of n, k and α can be done from the reflectivity and 

transmittance measurements by using equations 2.16 and 2.18. The reflectivity is 

measured using specimens with natural cleavage planes and a thickness such that  

αx >> 1. The sample is then reduced in thickness until it is convenient for 

transmission measurements by repeated cleaving using transparent adhesive tape. 

The sample thickness was determined using transmission interference fringes at a 

wavelength slightly longer than the intrinsic absorption edge where the sample has 

relatively high transmission values (figure 4.37) by the help of equation 2.21. The 

long-wavelength value of the refractive index n = 2.60, found from reflection  
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Figure 4.37. The spectral dependence of transmittance and reflectivity for Tl2InGaS4 crystal at 

T = 300 K. 

 

 

measurements, was used to determine the thickness of the sample, which turned out 

to be about 10 µm for room temperature transmission measurements in most of the 

cases. 

 The analysis of the dependence of absorption coefficient on photon energy in 

the high absorption regions is carried out to obtain the detailed information about the 

energy band gaps. As mentioned, the absorption coefficient α and photon energy can 

be related by equation 2.15. Figure 4.38 shows the calculated room temperature 

absorption coefficient α for Tl2InGaS4 crystal in the photon energy range 2.30-2.70 

eV. It was found that α changes from 70 to 3800 cm−1 with increasing photon energy 

from 2.30 to 2.70 eV. The analysis of the experimental data showed that the 

absorption coefficient is proportional to (hν - Eg)
p with p = 2 in the energy range 

2.20-2.54 eV and p = 1/2 in the energy range 2.56-2.70 eV. Insets 1 and 2 of figure 

4.38 display the dependences of (αhv)1/2  and (αhv)2 on photon energy hv, 
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respectively. The circles are the experimental data that were fitted to a linear 

equation (the solid lines) for finding the band gaps. Linear dependences were  

 

Figure 4.38. The variation of absorption coefficient as a function of photon energy at T = 300 K. 

Insets 1 and 2 represent the dependences of (αhv)1/2 and (αhv)2, respectively, on photon energy. 
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observed for the relations (αhv)1/2 and (αhv)2 versus hν. This suggests the realization 

of indirect and direct allowed transitions for Tl2InGaS4 crystal over the ranges  

2.20-2.54 and 2.56-2.70 eV, respectively. The extrapolations of the straight lines 

down to (αhv)1/2 = 0 and (αhv)2 = 0 give the values of indirect and direct band gap 

energies Egi = 2.35 ± 0.02 and Egd = 2.54 ± 0.02 eV, respectively. 

 Figure 4.39 shows the transmission spectra for Tl2InGaS4 crystal registered in 

the temperature range of 10-300 K. Since the thin layered samples broke into pieces 

at low temperatures due to their excessive fragility, the low temperature 

measurements could only be carried out on thick samples (about 200 µm). As a 

consequence, the analysis of the temperature dependence could be done for only the 

indirect energy band gap (Egi). For technical reasons, we were unable to measure the 

reflection at low temperatures directly. Therefore, for the calculation of the 

absorption coefficient α, the spectral dependence of room temperature reflectivity 

was uniformly shifted in energy according to the blue shift of the absorption edge.  

Figure 4.39. The spectral dependence of transmittance for Tl2InGaS4 crystal in the temperature range  
10-300 K. Inset: the indirect band gap energy as a function of temperature. The solid line represents 

the fit using equation 2.10. Experimental data (solid triangles) were taken from Ref. [103]. 
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The decrease of the obtained value of the indirect transition energy gap from 

2.45 to 2.35 eV with increasing temperature from 10 to 300 K is illustrated in the 

inset of figure 4.39. The experimental data for the indirect energy band gap of 

Tl2InGaS4 crystal in the high temperature range of 300-500 K were taken from [103]. 

The data of the "#O � � dependence (inset of figure 4.39) were fitted using equation 

2.10. The fitting of equation 2.10 is represented by the solid line in the figure. The 

fitting parameters were found to be Egi(0) = 2.45 eV, γ  = - 4.70 × 10−4 eV/K and  

β = 169 K. The Debye temperature for Tl2InGaS4 crystal was found to be β = 173 K, 

estimated by Lindemann’s melting [93] rule using X-ray results and a melting 

temperature Tm = 1103 K. 

 Figure 4.40 shows the change of refractive index n calculated using equations 

2.14, 2.16 and 2.18 as a function of wavelength. As seen from this figure, the 

refractive index in the energy region of hν < Eg gradually decreases from 2.72 to 

2.60 with increasing wavelength in the range 543-1100 nm. The long wavelength 

value of refractive index is consistent with the values 2.7 (λ = 800 nm) and 2.6  

(λ = 1100 nm) reported for TlInS2 [99] and TlGaS2 [67] single crystals, respectively.  

Figure 4.40. The dependence of refractive index on the wavelength for Tl2InGaS4 crystal. Inset: plot 
of (n2 - 1)-1 versus (hv)2. The solid line represents the fit using equation 2.22. 
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The dispersive refractive index data in hv < Eg range were analyzed according 

to the single-effective-oscillator model proposed by Wemple and DiDomenico [60, 

61]. According to this model, the refractive index is related to photon energy through 

the equation 2.22 and plotting (n2 - 1)-1 versus (hv)2 allows the determination of the 

oscillator parameters by fitting a linear function to the lower energy data range 

(1.13-2.25 eV). The fitting of the above reported function is presented in the inset of 

figure 4.40. The zero-frequency refractive index n0 is estimated with the help of 

equation 2.23. By using the slope and the intersection with y-axis of the straight line 

(inset of figure 4.40), the values of the parameters Eso and Ed were calculated to be 

5.73 and 31.46 eV, respectively. Furthermore, the values of the zero-frequency 

dielectric constant 49.62
00 == nε  and refractive index 55.20 =n were calculated 

equation 2.22. As mentioned before, the oscillator energy Eso is associated 

empirically with the lowest direct band gap Egd through the relationship 

"=> � 2.0 "#?. The ratio Eso/Egd for Tl2InGaS4 crystal was determined to be 2.25 in 

this study. 

 To determine the oscillator strength Sso for Tl2InGaS4 crystal, the analysis of 

refractive index n can be used. The refractive index is represented by a single 

Sellmeier oscillator at low energies by equation 2.25. The values of Sso and λso were 

found from (n2-1)-1 versus λ-2 plot to be 11.72 × 1013 m−2
 (180.27 eV2) and  

2.16 × 10−7 m, respectively. As before, it is seen that the value obtained for the 

oscillator strength is of the same order as those obtained for ZnS, ZnSe, Ag2S, GeSe2 

and TlGaS2 crystals [61, 65, 67, 94]. 

 

4.5.4 Results of Photoluminescence Experiments 

 

In the PL experiment, we observed three bands (labeled as A, B and C), dominating 

in the spectra at different excitation intensities. For the analysis, we plotted two 

different figures to observe the behaviors of the PL bands with respect to temperature 

variations. Figure 4.41 shows the PL spectra of the Tl2InGaS4 crystal measured in the 

500-750 nm wavelength and the 15-55 K temperature ranges at constant laser 

excitation intensity of L = 0.11 Wcm−2 for the B-band centered at 607 nm (2.04 eV). 

Likewise, figure 4.42 shows the PL spectra measured in the 475-800 nm wavelength 

and the 15-150 K temperature ranges at a constant laser excitation intensity of L = 
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56.36 Wcm−2 for the A- and the C-bands centered at 542 nm (2.29 eV) and 707 nm 

(1.75 eV), respectively. For clarity, the 475-600 nm region of the spectra is 

multiplied by a factor of four in figure 4.42. From figure 4.42, the C-band is seen to 

be the same band observed in previous PL studies of the Tl2InGaS4 crystal [96], so 

we do not analyze the behavior of the C-band in detail any further. We note that PL 

peak energies and intensities change as increasing functions of the sample 

temperature for all three bands. Figure 4.43 illustrates the shifts of the peaks to lower 

energies for the A- and the B-bands with increasing temperature. It is well known 

that the donor-acceptor pair transition energy decreases along with the band gap 

energy when the temperature is increased. As the figure shows, the decrease in the 

peak energy of the B-band with increasing temperature is larger than  

 

 

Figure 4.41. Temperature dependence of the PL spectra (B-band) from Tl2InGaS4 crystals in the  
500-750 nm range.The excitation laser intensity is L = 0.11 Wcm−2. 
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Figure 4.42. Temperature dependence of PL spectra (A- and C-bands) from Tl2InGaS4 crystals in the 
475-800 nm range. The excitation laser intensity is L = 56.36 Wcm−2. 

 

 

Figure 4.43. Temperature dependencies of the A- B- and the C-emission band peak energies. The 
dotted lines are only guides for the eyes. Experimental data for C-band (solid triangles) were taken 

from Ref. [96]. 
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that of the A-band. This difference in peak energy shifts of the bands suggests that 

the centers responsible for the observed recombination may be similar, but 

not necessarily the same. Furthermore, the temperature dependence expected for the 

donor-acceptor pair recombination is the same as the observed red shift of both 

bands. Figures 4.41 and 4.42 show that the PL intensities of the B- and the A-bands 

decrease as the temperature of the sample is increased. The variations in the 

maximum intensities for both PL emission bands with temperature are plotted in 

figure 4.44. We notice, that the PL intensity of the A-band decreases insignificantly 

in the 15-55 K range, followed by thermal quenching above 55 K. The basic 

behavior of B-band is the same; the PL intensity decreases gradually at low 

temperatures, followed by thermal quenching of the PL emission for temperatures 

above 20 K.  

 

Figure 4.44. Temperature dependencies of the PL intensities at the A- and B-emission bands maxima. 
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The activation energies for both bands have been obtained by fitting the 

experimental data to the equation 2.40. After a nonlinear least squares fit, the 

activation energies for the A- and the B-bands are found to be 0.03 and 0.02 eV, 

respectively. Since Tl2InGaS4 is an n-type semiconductor, we believe that these 

levels are shallow donor levels located at 0.03 and 0.02 eV below the bottom of the 

conduction band. These shallow levels can be considered as originating from either 

uncontrolled impurities or from point defects. The former may be attributed to the 

presence of Si impurities introduced into Tl2InGaS4 during the crystal growth process 

in ungraphatized ampoules. 

 The dependence of the PL spectra on the excitation laser intensity provides 

invaluable insight into the nature and analysis of the luminescence spectra. For this 

purpose, we plot four different graphs, which allow the reader to follow the changes 

in the spectra with respect to the excitation laser intensity at T = 15 K (Figures 4.45a-

4.45d). The C-band emission peak shifts slightly towards higher energies with 

increasing excitation laser intensity. The observed blue shift is a fundamental 

characteristic of donor-acceptor pair recombination [70] and is due to the spatial 

inhomogeneity of the donor-acceptor pairs [96]. The highest energies agree with 

transitions between closest pairs while the lowest energies correspond to pairs with 

larger separations. A detailed analysis of the peak positions of the A- and the B-

bands as functions of the excitation laser intensity did not yield any variation of the 

peak energies. We, therefore, concentrated on the analysis of the PL intensity as a 

function of the excitation laser intensity. In figure 4.45a, we present the PL spectra of 

the Tl2InGaS4 crystal in the 0.01-5.15 W cm−2 excitation laser intensity range. In this 

range, we see that the PL intensities for both the B- and the C-bands increase with 

increasing excitation intensity. In figure 4.45b, the spectra are plotted in the 5.15-

14.70 W cm−2 excitation laser intensity range. Here, we observe a decrease in the 

intensity of the B-band and an increase in the intensity of the C-band until finally the 

B-band vanishes for laser excitation intensities of L > 10.29 W cm−2. The PL spectra 

in the 14.70-32.21 W cm−2 excitation laser intensity range are plotted in figure 4.45c. 

This graph shows that after the B-band vanishes completely, the intensity of the C-

band continues to increase, reaching its maximum value at L = 32.21 W cm−2. The 

last spectra, representing the PL intensity versus laser intensity, are shown in  
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Figure 4.45. PL spectra from Tl2InGaS4 crystals at T = 15 K versus excitation intensity: 
 (a) 0.01 - 5.15 Wcm−2, (b) 5.15 - 14.70 Wcm−2, (c) 14.70 - 32.21 Wcm−2, and (d) 32.21 - 100.34 

Wcm−2. 

 

 

figure 4.45d. In this figure, the intensities in the 475-600 nm wavelength region are 

multiplied by a factor of four and in the 600-800 nm wavelength region by a factor of 

two for clarity of the PL spectra. As figures 4.45c and 4.45d show, a new A-band 

arises in the spectra when the laser excitation intensity reaches the value of 18.37 

Wcm−2. We see that while the PL intensity of the A-band increases with increasing 

laser excitation intensity, the PL intensity of the C-band decreases significantly. To 

follow the behaviors of all the bands mentioned above more clearly, we plot, on a 

logarithmic scale, the PL emission band maximum intensity versus excitation laser 

intensity (figure 4.46). The common behavior of the three bands with respect to the 

excitation laser intensity is clearly demonstrated by this graph. For the analysis, the 

experimental data for each band in the spectra (the linear part of the curves) were 

fitted by the power law of the form of equation 2.33. We found that PL intensity for  
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Figure 4.46. Dependencies of PL intensities at the emission band maxima versus excitation laser 
intensity at T = 15 K. 

 

all bands increases sublinearly with increasing excitation laser intensity. By fitting 

the experimental data, we found γ values of 0.92, 0.78, and 0.98 for the A-, B-, and 

C-bands, respectively. As mentioned in chapter 2, the exponent γ is generally 1 < γ < 

2 for free- and bound-exciton emission, whereas 0 < γ ≤ 1 is typical for free-to-bound 

and donor-acceptor pair recombination. Thus, the obtained values of γ = 0.92, 0.78, 

and 0.98 confirm our assignment of the observed emission bands in the Tl2InGaS4 

spectra to the donor-acceptor pair recombination. The sublinear dependence of the 

PL intensity on the excitation laser intensity is consistent with a donor-acceptor pair 

recombination process because simultaneous solution of the rate equations involving 

all possible radiative transitions gives a sublinear dependence for free-to-bound and 

donor-acceptor pair recombination [76]. 

 Figure 4.47 shows the band and the configuration coordinate models for the 

A-, B-, and C-emission bands. The optical transitions causing the A- and the B-bands 

are summarized in this figure. Using the activation energies obtained from the 

temperature dependence of the PL intensity for n-type Tl2InGaS4, we place the donor  
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Figure 4.47. (a) Band model and (b) configurational coordinate (CC) model of a Tl2InGaS4 crystal at  
T = 15 K. 

 

 

levels d1 and d2 at 0.03 and 0.02 eV, respectively, below the conduction band. From 

equation 2.31 and the peak energy values of the observed transitions (2.29 and 2.04 

for A- and B-bands, respectively), the related acceptor energy levels a1 and a2 are 

then placed at 0.32 and 0.58 eV, respectively, above the valence band. Thus, the 

donor-acceptor pairs responsible for the A- and the B-bands are composed of 

moderately shallow donor and deep acceptor states. 

The most striking feature of the C-band is the temperature dependence of its 

peak energy, which blue shifts by almost 120 meV until 150 in contrast with the A- 

and the B-bands displaying red shifts (figure 4.43). Such a behavior is typically 

understood in terms of a CC model of defects. In figure 4.47, we also present a CC 

model for the C-band in the PL spectra. This model assumes that the ground state of 

localized center is derived from an acceptor level a3 while the excited state originates 

from a sulphur vacancy donor level d3 and that the zero point of both states lies 

within the band gap. Since AIIIBVI-type layered crystals are more polar than covalent 
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[101], the displacement of the excited-state minimum is expected to be reasonably 

large. Generally, in compound semiconductors, a deviation from stoichiometry 

generates donors in the case of anion vacancies. The acceptor level a3 above the top 

of the valence band may be linked, as in the case of GaSe [102], to uncontrolled 

impurities, point defects, or stacking faults, which can easily form due to the weak 

interlayer interactions in the studied crystals. Electron transitions from the excited 

states of the donor level to the ground states of the acceptor level give rise to PL with 

photon energy Eems. 

 At low excitation intensities (L < 0.96 W cm−2) sufficient to observe the B-

band emission, the quasi-Fermi level for holes is located below only the acceptor 

states a2 (figure 4.47). With increasing excitation intensity (L > 0.67 W cm−2), the 

quasi-Fermi level for holes is shifted, and the number of excited holes is large 

enough to fill in the acceptor level a3 as well, which is responsible for the observed 

C-band emission. Therefore, in the PL spectra, we observe C-band emission along 

with B-band emission (figure 4.45a). If the transition probability for holes from the 

ground state of the acceptor level a3 to the excited state of the donor level d3 is 

greater than that for holes from acceptor level a2 to donor level d2, then the dominant 

radiative recombination will occur from the former levels with increasing excitation 

intensity (L > 7.35 Wcm−2) (figures 4.45b and 4.45c). A further increase in the 

excitation intensity (L > 32.21 Wcm−2) leads to an increased electron population in 

the excited state at higher displacement coordinates (figure 4.47). These electrons 

then return to the ground state through nonradiative recombination. The activation 

energy ∆E = 0.06 eV, obtained in the previous work [96], is the difference between 

the energies of the lowest excited state and of the intersection point of the excited 

and the ground-state CC curves (figure 4.47). Thus, any further increase in the 

excitation intensity should not lead to an increase in the PL intensity. It is worth 

noting that, for L > 32.21 Wcm−2, we observe a decrease in the C-band intensity with 

increasing excitation intensity. Finally, for excitation intensities of L > 18.37 Wcm−2, 

the quasi-Fermi level for holes is shifted closer to the valence band and is located 

below the acceptor level a1. Therefore, at high excitation intensities, we observe a 

new A-band in the PL spectra along with the C-band due to the hole transition from 

the acceptor level a1 to the donor level d1 (figure 4.45d). This suggests that the 

transition probability for holes from the acceptor level a1 to the donor level d1 is 

higher than that for holes from the ground state of the acceptor level a3 to the excited 
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state of the donor level d3. This fact may account for the dominant radiative 

recombination from the acceptor level a1 to the donor level d1 rather than that from 

the acceptor level a3 to the donor level d3 at L > 56.36 Wcm−2 (figure 4.45d). 

 

4.6 Results of the Structural and Optical Characterization  
      Experiments for Tl4InGa3S8 crystal 
 

The quaternary Tl4InGa3S8 crystal belongs to the group of layered semiconductors. 

This compound is a structural analog of TlGaS2, with a difference that a quarter of 

gallium ions are replaced by indium ions [5, 92]. The lattice of Tl4InGa3S8 consists 

of rigorously periodic two-dimensional layers arranged parallel to the (001) plane 

(figure 4.10). Each consecutive layer is rotated by a right angle with respect to the 

previous one. The bonding between Tl and S atoms is of an interlayer type whereas 

the bonding between (In)Ga and S is of an intralayer type. The fundamental 

structural unit of a layer is the Ga4(In4)S6 adamantane-like units linked together by 

bridging S atoms. 

 The electrical conductivity of the studied sample was determined to be n-type 

by the hot probe method. Crystals suitable for PL measurements had typical sample 

dimensions of 6 × 4 × 1 mm3. After cleaving, the resulting ingot appears green in 

color and the freshly cleaved surfaces were mirror-like. 

 

4.6.1 Results of X-Ray Experiments 

 

The structure of Tl4InGa3S8 crystals was defined by the X-ray powder diffraction 

experiments. X-ray diffractograms of Tl4InGa3S8 were indexed as seen in figure 4.48. 

As a result of the analysis, the obtained Miller indices (hkl), the observed and 

calculated interplanar spacings (d) and the relative intensities (I/I0) of the diffraction 

lines are listed in table 4.5.  
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Figure 4.48. X-ray diffraction pattern of Tl4InGa3S8 powder sample. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.5. X-ray powder diffraction data for Tl4InGa3S8 crystals.

     
No. h   k   l dobs (nm) dcalc (nm) I /I0 

     1 1  0  −1 0.7456 0.7460           3 
2 2  0  −2 0.3739 0.3737       100 
3 1  1  −1 0.3648 0.3651           6 
4 2  1  −1 0.3285 0.3284           3 
5 1  1    1 0.3134 0.3133           2 
6 2  1  −2 0.2789 0.2789         15 
7 3  0  −3 0.2494 0.2493           8 
8 0  0    3 0.2304 0.2305           3 
9 4  0  −4 0.1870 0.1871         12 

10 1  2  −2 0.1841 0.1841           3 
11 2  1  −4 0.1753 0.1753           4 
12 2  1    3 0.1650 0.1650           6 
13 7  1    0 0.1330 0.1330           3 
14 8  0    0 0.1227 0.1227           2 
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The calculated (using equation 2.12) and observed interplanar spacings were 

found to be in good agreement with each other. The lattice parameters of the 

monoclinic unit cell were found to be a = 0.7777, b = 0.4192, c = 1.0198 nm, and 

 β = 105.63°. 

 

4.6.2 Results of EDSA Experiments 

 

The determination of the chemical composition of Tl4InGa3S8 crystals was done by 

EDSA experiments. The result of the EDSA experiment in 0-10 keV energy range is 

shown in figure 4.49. The composition of the studied samples (Tl:In:Ga:S) was 

estimated as 26.1:6.1:19.0:48.8, respectively. Furthermore, EDSA indicated that 

silicon impurities were present in the crystal. 

Figure 4.49. Energy dispersive spectroscopic analysis of Tl4InGa3S8 crystal. 
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4.6.3 Results of Transmission and Reflection Experiments 

 

 

Figure 4.50. The spectral dependence of transmittance and reflectivity for Tl4InGa3S8  

crystal at T = 300 K. 

 

 

Figure 4.50 presents the results of the transmission and reflection experiments for 

Tl4InGa3S8 single crystals in 450-1100 nm wavelength range. As mentioned in 

chapter 2, the reflectivity and transmittance of the material is governed by the 

equations 2.16 and 2.18, respectively. The determination of n, k and α can be done 

from the reflectivity and transmittance measurements by the help of these relations. 

The reflectivity is measured using samples with natural cleavage planes and a 

thickness such that αx >> 1. The sample is then reduced in thickness (by repeated 

cleaving using transparent adhesive tape) until it is convenient for transmission 

measurements. The thickness was determined using transmission interference fringes 

at the wavelengths slightly longer than the intrinsic absorption edge, i.e., in a region 

with relatively high transmission (figure 4.50) by the help of equation 2.21. For this 

purpose, the long wavelength value of the refractive index n = 2.52, obtained from 
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the reflection measurements was used. In most cases the sample thickness was about 

10 µm for room temperature transmission measurements. 

 The dependence of absorption coefficient on photon energy is analyzed in the 

high absorption regions to obtain the detailed information about the energy band

 

Figure 4.51. The variation of absorption coefficient as a function of photon energy at T = 300 K. 
Insets 1 and 2 represent the dependences of (αhv)1/2 and (αhv)2on photon energy, respectively. 

 

 

gaps. As mentioned in chapter 2, the relation between the absorption coefficient α 

and photon energy can be expressed by equation 2.15. Figure 4.51 shows the 
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calculated room temperature absorption coefficient α for Tl4InGa3S8 crystal in the 

photon energy range 2.40-2.85 eV. It was revealed that α changes from 200 to  

4230 cm-1 with increasing photon energy from 2.40 to 2.85 eV. Analysis of the 

experimental data shows that the absorption coefficient is proportional to !�� � "#$% 

with p = 2 and 1/2 for ranges 2.50-2.65 eV and 2.68-2.85 eV, respectively. Insets 1 

and 2 of figure 4.51 display the dependences of the dependencies of (αhv)1/2  and 

(αhv)2 on photon energy hv, respectively. The circles are the experimental data that 

were fitted to a linear equation (the solid lines) for finding the band gaps. The linear 

dependencies for the relations (αhv)1/2 and (αhv)2 versus hν suggests the realization 

of indirect and direct allowed transitions for Tl4InGa3S8 crystal over the ranges  

2.50-2.65eV and 2.68-2.85 eV, respectively. The extrapolations of the straight lines 

down to (αhv)1/2 = 0 and (αhv)2 = 0 give the values of indirect and direct band gap 

energies Egi = 2.40 ± 0.02 eV and Egd = 2.61 ± 0.02 eV, respectively. 

The transmission spectra for Tl4In3GaS8 crystal registered in the temperature 

range of 10-300 K is shown in Figure 4.52. Since the thin layered samples were very 

fragile, they broke into pieces at low temperatures. Therefore, the low-temperature 

measurements were carried out on thick samples (about 350 µm). For this reason, we 

were able to analyze the temperature dependence of indirect energy band gap (Egi) 

only. Technical reasons did not allow a direct measurement of the reflection at low 

temperatures. Hence, for the calculation of absorption coefficient α, the spectral 

dependence of room temperature reflectivity was uniformly shifted in energy 

according to the blue shift of the absorption edge. 

The obtained value of indirect transition energy gap decreases from 2.51 to 

2.41 eV with increasing temperature from 10 to 300 K, as illustrated in the inset of 

figure 4.52. As mentioned before, the data of the ";< � � dependence (inset of figure 

4.52) were fitted using equation 2.10. The fitting is represented by the solid line that 

revealed the fitting parameters as )0(giE =  2.52 eV, γ  = - 6.0× 10−4 eV/K and  

β = 180 K. As a result of calculations with Lindemann’s melting rule [93], the Debye 

temperature for Tl4InGa3S8 crystal was estimated to be β = 183 K. 

The refractive index n calculated using equations 2.14, 2.16 and 2.18 as a 

function of wavelength is shown in figure 4.53. The figure shows that The refractive 

index in the energy region of hv < Eg gradually decreases from 2.73 to 2.52 with  
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Figure 4.52. The spectral dependence of transmittance for Tl4InGa3S8 crystal in the temperature range 
of 10-300 K. Inset: the indirect band gap energy as a function of temperature. The solid line represents 

the fit using equation 2.10. 

 

Figure 4.53. The dependence of refractive index on the wavelength for Tl4InGa3S8 crystal. Inset: Plot 
of (n2-1)-1 versus (hv)2. The solid line represents the fit using equation 2.22. 
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increasing wavelength in the range 555-1100 nm. The long wavelength value of 

refractive index is consistent with the values 2.7 (λ = 800 nm), 2.6 (λ = 1100 nm), 

and 2.6 (λ = 1100 nm) reported for TlInS2 [99], TlGaS2 [67] and Tl2InGaS4 [100] 

single crystals, respectively. 

The dispersive refractive index data in hv < Eg range were analyzed according 

to the single-effective-oscillator model proposed by Wemple and DiDomenico [60, 

61]. As mentioned in chapter 2, the refractive index is related to photon energy 

through the equation 2.22, according to which plotting (n2-1)-1 versus (hv)2 allows 

the determination of the oscillator parameters by fitting a linear function to the lower 

energy data range (1.15-2.24 eV). The fitting of the above reported function is 

presented in inset of figure 4.53. The zero-frequency refractive index n0 is estimated 

according to the equation 2.23. The values of the parameters Eso and Ed were 

calculated from the slope and the intersection with y-axis of the straight line (inset of 

figure 4.53) as 5.07 eV and 26.67 eV, respectively. In addition, the values of zero-

frequency dielectric constant ε0 = n0
2 = 6.26 and refractive index n0 = 2.50 were 

calculated by means of equation 2.22. As mentioned before, the oscillator energy Eso 

is related empirically with the lowest direct band gap Egd by the relationship 

"=> � 2.0 "#?. The ratio Eso/Egd for Tl4InGa3S8 crystal, determined in this study, was 

calculated as 1.94. 

 The refractive index n can be analyzed to determine the oscillator strength Sso 

for Tl4InGa3S8 crystal. The refractive index can be represented by a single Sellmeier 

oscillator at low energies by equation 2.25. The values of Sso and λso were calculated 

from (n2-1)-1 versus λ-2 plot to be 8.82 × 1013 m−2 ( 135.67 eV2 ) and 

2.44 × 10−7 m, respectively. As before, it is recognized that the obtained value of 

oscillator strength is of the same order as those obtained for ZnS, ZnSe, Ag2S, GeSe2 

and TlGaS2 crystals [61, 65, 67, 94]. 

 

4.6.4 Results of Photoluminescence Experiments 

 

Temperature-dependent PL measurements in Tl4InGa3S8 crystal were carried out by 

using two different excitation sources. Since our sample has a direct band gap of 

Egd = 2.71 eV at T = 30 K, the source (He-Cd laser) with λexc = 325 nm (3.82 eV) is 

referred to as the above bandgap excitation source and the other one (YAG:Nd3+ 
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laser) with λexc = 532 nm (2.33 eV) is referred to as the below band gap excitation 

source, for this study. Figure 4.54 shows PL spectra of a Tl4InGa3S8 crystal 

corresponding to the above band gap excitation process in the 420-600 nm 

wavelength region and the 30-300 K temperature range at a constant excitation laser 

intensity of 2476.4 mW cm−2. Figure 4.55 demonstrates PL spectra of the sample 

corresponding to the below band gap excitation process in the 550-710 nm 

wavelength region and 80-300 K temperature range at a constant excitation laser 

intensity of 429.7 mW cm−2. In figure 4.54, a broad emission band having a full-

width at half maximum (FWHM) of 0.53 eV at T = 30 K centered at 496 nm (2.49 

eV, A-band) was observed, while in figure 4.55 another broad emission band with 

FWHM of 0.25 eV at T = 80 K centered at 580 nm (2.14 eV, B-band) was revealed. 

These large FWHM values of A- and B-bands are typical properties of emissions 

originating from donor-acceptor pair transitions [104]. From figures 4.54 and 4.55, it 

is also clear that both band peak energies show a red shift of different degrees. The 

change in the peak energy of the A-band with increasing temperature from 30 to 300 

K is about 80 meV, whereas that of the B-band in the temperature interval of 80-300 

K is about 6 meV. 

 

Figure 4.54. Temperature dependence of PL spectra of Tl4InGa3S8 crystal for above bandgap 
excitation with λexc = 325 nm at an excitation laser intensity of L = 2476.4 mW cm−2. 
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Figure 4.55. Temperature dependence of PL spectra of Tl4InGa3S8 crystal for below bandgap 
excitation with λexc = 532 nm at an excitation laser intensity of L = 429.7 mW cm−2. 

 

 

 The temperature dependence of the peak intensity of the PL spectra can be 

used to obtain valuable information about the electronic energy levels in the 

forbidden energy gap. From figures 4.54 and 4.55, it is seen that the peak intensities 

of both A- and B-bands change as a function of sample temperature. To analyze the 

intensity behavior of both bands, the Arrhenius plots of peak intensity dependence on 

temperature are plotted in figure 4.56. From the figure it is clear that as the 

temperature is increased both bands significantly decrease in intensity. It is well-

known that the decrease in intensity can be explained by the activation of 

nonradiative processes in the crystal structure. From the figure, it is also seen that 

neither band has completely vanished at 300 K, therefore, before doing any 

calculations, we supposed that the activation energies for both bands should have 

been large enough to completely overcome quenching at room temperature, which 

can also be interpreted to show that we are dealing with deep defect levels. The  
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Figure 4.56. Temperature dependences of PL intensities at emission band maxima for A- and B-bands. 

 

 

thermal quenching behavior of PL peak intensity can be defined best by the equation 

2.42 with two activation energies as 

' � '+
1 , �� exp -� ".�/B�1 , �� exp -� ".�/B�1

 .                                      �2.42	 

The activation energies for both bands have been obtained by fitting experimental 

data to the equation 2.42. The results of the fits are shown in figure 4.56. After a 

successful fitting process, it was found that the A-band quenches with two activation 

energies as E1A = 0.02 eV at low temperatures and E2A = 0.20 eV at higher 

temperatures, while the B-band also quenches with two activation energies as E1B = 
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0.03 eV at low temperatures and E2B = 0.20 eV at higher temperatures. From the 

results, it is clear that the activation energies E2A and E2B belong to the same energy 

level, therefore, we can say that the origin of both emission processes is the same 

energy level having an activation energy of 0.20 eV, which also confirms our 

previous remark that a deep defect level plays a role in both emissions processes.  

Recalling equation 2.7, a simple calculation for A-band emission by using the 

values of Eg = 2.71 eV, hνA = 2.49 eV and Ea(E2A) = 0.20 eV gives us the energy of 

the donor level Ed(E1A) as 0.02 eV. Moreover, since Tl4InGa3S8 crystal has n-type 

conductivity, it is very reasonable to believe that the A-band low-temperature 

activation energy E1A relates to the shallow donor level d1 located below the 

conduction band at 0.02 eV, which also confirms our previous calculation result. On 

the other hand, we notice that the B-band low temperature activation energy E1B does 

not simply belong to a shallow donor level. The reason for this proposition is that the 

thermal quenching process of the B-band cannot be described by the existence of a 

0.03 eV shallow donor level, since equation 2.7 is not satisfied with obtained values 

of Eg = 2.71 eV, hνB = 2.14 eV, Ed (E1B) = 0.03 eV and Ea (E2B) = 0.20 eV. 

Therefore, we suppose the presence of two deep donor levels d2 and d3 with energies 

0.34 and 0.37 eV, respectively, in the band gap (figure 4.58). In this case, the 

activation energy E1B = 0.03 eV actually corresponds to the thermal release of 

electrons from the deep donor state d3 to the relatively shallow state d2. A similar 

proposal for two close deep acceptor levels in CdTe crystal has been made by Cotal 

et al. [105], where the low-temperature activation energy (0.02 eV) was directly 

related to the thermal quenching process between these deep acceptor levels. 

 Excitation laser intensity dependence of the PL spectra is an important 

consideration when studying the nature of deep level luminescence from 

semiconductors. For this reason, to study excitation laser intensity-dependent 

variations of the B-band, the PL measurements were done at T = 80 K in the 10.3-

429.7 mW cm−2 excitation laser intensity range and the 540-710 nm wavelength 

region with only below band gap excitation using a YAG:Nd3+ laser. The excitation 

laser intensity dependence of the A-band with above band gap excitation could not 

be studied due to a lack of neutral density filters that can be used at λexc = 325 nm. 

The results of the experiments for different excitation laser intensities are shown in 

figure 4.57. From the figure, it is easily noticeable that the B-band peak intensity 

changes as a function of excitation laser intensity, whereas its energy does not show 
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any significant change at all. This kind of behavior can be explained by a closely 

spaced donor-acceptor pair model, which proposes that the donor-acceptor pairs 

responsible for the emission are located at only closely spaced sites and are 

distributed homogeneously, in contrast with inhomogeneously distributed donor-

acceptor pairs where increasing laser intensity excites more pairs that are closely 

spaced leading to a blue shift of the peak energy of the observed band [70]. We 

believe that these pairs are associated with some uncontrollable defects in the crystal 

structure due to stacking faults or unintentional impurities. Further analyses were 

carried out by fitting the experimental data to a power law of the form of equation 

2.33. It was revealed that the intensity of the B-band increases sublinearly with 

increasing excitation laser intensity. The value of γ was found to be 0.96 by a linear 

fit, as shown in the inset to figure 4.57. As mentioned in chapter 2, the exponent γ is 

generally 1 < γ < 2 for free- and bound-exciton emission, whereas 0 < γ ≤ 1 is typical 

for free-to-bound and donor-acceptor pair recombination. Thus, the obtained value of 

γ < 1 further confirms our assertion that the B-band originates from a donor-acceptor 

pair recombination. 

 

Figure 4.57. Excitation laser intensity dependence of PL spectra of Tl4InGa3S8 crystal for below 
bandgap excitation with λexc = 532 nm at T = 80 K. Inset: dependence of B-band PL intensity at 

the emission band maxima on the excitation laser intensity (λexc = 532 nm). 
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 As a result of the analysis, we propose a band structure model for Tl4InGa3S8 

crystal, presented in figure 4.58. In this model, one shallow donor level d1 and two 

deep donor levels d2 and d3 are located at 0.02 eV, 0.34 eV and 0.37 eV, 

respectively, below the conduction band. In addition to these donor levels, we also 

suppose that a deep acceptor level a is located at 0.20 eV above the valence band. 

Taking into account the high resistivity of our crystal, we believe that the 

concentration of acceptors is high enough to efficiently compensate the donors. At 

this point, it is inevitable that the below band gap excitation with photons from the 

YAG:Nd+3 laser having a wavelength of λexc = 532 nm (2.33 eV) does not have 

enough energy to overcome the band gap energy, so such an excitation can only 

  

 

Figure 4.58. Proposed band model for Tl4InGa3S8 crystal. 
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cause the electrons to be excited from the acceptor level a to levels above the deep 

donor levels. Then the excited electrons make a transition from the donor level d3 to 

the acceptor level a, giving rise to B-band emission. When we switch to above band 

gap excitation with photons from the He-Cd laser having a wavelength of λexc = 325 

nm (3.82 eV), it is seen that the photon energy is high enough to overcome the band 

gap energy this time. So, the electrons can easily be excited to the conduction band. 

If the transition probability between the shallow donor level and the deep acceptor 

level is greater than that of the deep donor level and deep acceptor level, the 

dominant radiative recombination will occur from the shallow donor level to the 

deep acceptor level. Therefore, transitions from the donor level d1 to the acceptor 

level a result in A-band emission. In such a condition, B-band emission is not 

observed in the spectra due to its relatively low probability, as expected. 
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CHAPTER 5 

 

 

CONCLUSION 

 

 

 

On account of the fact that the layered- and chain-structured TlInxGa1-xSe2  

and TlInxGa1-xS2 chalcogenide systems attract much interest for their possible 

applications in optoelectronic devices, the focus of the dissertation research was the 

study of optical properties of relatively unexplored system members, namely 

Tl4In3GaSe8, Tl4InGa3Se8, Tl4In3GaS8, Tl2InGaS4 and Tl4InGa3S8. In line with the 

reality that the optoelectronic properties of these materials are dominated by defects 

of various types and the interactions between them, it became essential to have 

detailed information on the defect levels for the fabrication of high-quality devices. 

Therefore, in the present study, photoluminescence (PL) and transmission-reflection 

experiments were employed to study the defect and band edge states, respectively. In 

addition, the completion of a comprehensive characterization was achieved by use of 

X-ray and energy dispersive spectral analysis (EDSA) experiments.    

 The determination of the structural parameters of TlInxGa1-xSe2 and  

TlInxGa1-xS2 systems were done by X-ray experiments. It was revealed that the 

variations of In and Ga contents in the crystals belonging to TlInxGa1-xSe2 selenide 

system resulted in the transformation of crystal structure from chained (Tl4In3GaSe8) 

to layered (Tl4InGa3Se8). Meanwhile, the unit cell type changes from tetragonal 

(Tl4In3GaSe8) to monoclinic (Tl4InGa3Se8). On the other hand, crystals belonging to 

TlInxGa1-xS2 sulfide system exhibited quite a different behavior: their crystal 

structures and unit cell types did not change with variations of In and Ga contents. 

To be more definite, it was found that all of the crystals had layered structures and 
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monoclinic unit cells. Furthermore, the determination of the compositional 

parameters of TlInxGa1-xSe2 and TlInxGa1-xS2 systems were done by EDSA 

experiments. It was revealed that the atomic composition ratio in all members of the 

TlInxGa1-xSe2 and TlInxGa1-xS2 systems were very close to the stoichiometric values.  

On the basis of the temperature- and excitation laser intensity-dependent PL 

experiments on Tl4In3GaSe8 crystals, two emission bands centered at 589 nm  

(2.10 eV, A-band) and 633 nm (1.96 eV, B-band) were observed in the spectra at  

T = 30 K. The variations of the spectra with temperature (16-300 K) that the 

transitions from two upper conduction bands (2.13 and 1.97 eV) to the acceptor 

levels with activation energies of 0.03 and 0.01 eV, respectively, could be 

responsible for the observed emissions. The sublinear increase of the emission 

bands’ intensities with excitation intensity (0.0003-1.1777 W cm-2) confirmed our 

assignment of these bands to free-to-bound recombination process. From the 

excitation intensity-dependent measurements, it was revealed that only B-band 

appeared in the spectra at low excitation intensities. However, as the excitation 

intensity was increased, A-band started to arise and became dominant in the spectra. 

This behavior was explained by shifting of quasi-Fermi level to higher energies with 

increasing excitation intensity.  

For Tl4InGa3Se8 crystals, the results of PL measurements showed the 

existence of a broad emission band centered at 652 nm (1.90 eV) at T = 17 K. The 

temperature-dependent measurements (17-68 K) supposed that the transitions 

between the donor level located at 0.43 eV below the bottom of the conduction band 

and the acceptor level located at 0.03 eV above the top of the valence band might be 

responsible for the observed emission band. The excitation intensity-dependent 

measurements (0.13-55.73 W cm-2) revealed the sublinear behavior of emission band 

intensities, which confirmed the attribution of the observed emission band to donor-

acceptor pair recombination.  

To study the behaviors of the defect levels in Tl4In3GaS8 crystals, PL 

measurements were carried out by using two different excitation sources: 406 nm  

(3.05 eV) line of a Hg-Xe arc lamp and 532 nm (2.33 eV) line of a YAG:Nd3+ laser 

as the intrinsic and extrinsic excitation sources, respectively. In the PL spectra, three 

emission bands centered at 514 nm (2.41 eV, A-band), 588 nm (2.11 eV, B-band), 

and 686 nm (1.81 eV, C-band) were observed with extrinsic excitation, whereas only 

A- and B-bands were observed with intrinsic excitation. The presence of the C-band 
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in the PL spectra excited by the former source, having higher excitation intensity 

than the latter source, was explained by the shift of quasi-Fermi level closer to the 

bottom of the conduction band. The results of the PL experiments as a function of 

temperature were analyzed under extrinsic excitation. As a consequence of the 

temperature-dependent measurements (26-130 K), A- and C-bands were attributed to 

the transitions from the donor levels located at 0.03 and 0.01 eV below the bottom of 

the conduction band to the acceptor levels located at 0.20 and 0.82 eV above the top 

of the valence band, respectively. Due to the blue shift of the B-band peak energy 

with increasing temperature, a CC model was proposed to account for this behavior. 

In accordance with this model, the activation energy of 0.02 eV obtained from 

thermal quenching for B-band was suggested to be the difference between the 

minimum of the excited state and the intersection point of the excited and ground 

state CC curves. The variations of the spectra with extrinsic excitation intensity (0.9-

183.0 mW cm-2) revealed the sublinear increase of the intensity of the emission 

bands with respect to the excitation intensity, which justified that the observed 

emission bands were caused by the recombination of charge carriers involving 

donor-acceptor pairs.  

The nature of defect levels in Tl2InGaS4 was studied by PL experiments. As a 

result of the measurements, three PL bands centered at 542 nm (2.29 eV, A-band), 

607 nm (2.04 eV, B-band), and 707 nm (1.75 eV, C-band) were observed at T = 15 

K. The temperature-dependent measurements (15-150 K) implied that the transitions 

from the donor levels located at 0.03 and 0.02 eV below the bottom of the 

conduction band to the acceptor levels located at 0.32 and 0.58 eV above the top of 

the valence band could be responsible for the observed A- and B-bands, respectively. 

Since the peak energy of the C-band with increasing temperature exhibits a blue 

shift, a CC model was proposed to explain this behavior. In line with this model, the 

activation energy of 0.06 eV obtained from thermal quenching for C-band was 

suggested to be the difference between the minimum of the excited state and the 

intersection point of the excited and ground state CC curves. By the excitation 

intensity-dependent measurements (0.01-100.34 W cm-2), the sublinear behavior of 

emission band intensities were revealed, affirming that the observed emission bands 

were due to donor-acceptor pair recombination. At low excitation intensities, it was 

also observed that B- and C-bands were present in the spectra; with the increasing of 

excitation intensity, the vanishing of B- and C-bands in the spectra was followed by 



124 
 

the emerging of A-band.  This behavior of the bands was accounted for the shift of 

the quasi-Fermi level closer to the top of the valence band.   

For Tl4InGa3S8 crystals, the PL measurements were carried out with two 

different excitation sources: He-Cd laser with λexc = 325 nm (3.82 eV) and 

YAG:Nd3+ laser with λexc = 532 nm (2.33 eV) for intrinsic and extrinsic excitations, 

respectively. Only one band centered at 496 nm (2.49 eV, A-band) was observed in 

the PL spectra with intrinsic excitation. The spectra comprised another band centered 

at 580 nm (2.14 eV, B-band) with extrinsic excitation. This observation might be 

accounted for the assumption that A-band was a consequence of band-to-band 

excitation, while B-band was a result of excitation from an acceptor level. The 

variations of the emission spectra with respect to temperature revealed that the 

centers responsible for the emissions were the donor levels located at 0.02 and 0.37 

eV below the bottom of the conduction band and the acceptor level located at 0.20 

eV above the top of the valence band. In the case of extrinsic excitation, the behavior 

of emission band intensity with respect to excitation intensity (10.3-429.7 mW cm-2) 

was found to be sublinear. This result confirmed the proposal that the observed 

emission band was due to donor-acceptor pair recombination. 

The above results of PL measurements suggested that the emission bands in 

the spectra obtained from the samples were mainly due to the transitions involving at 

least one localized state. As the studied crystals were not intentionally doped, the 

localized states present in the samples were thought to originate from stacking faults, 

which were due to weak interlayer bonding in studied crystals, and the uncontrolled 

impurities. 

The room temperature transmission and reflection measurements made it 

possible to analyze the absorption edge of the crystals studied. The results of 

transmission measurements carried out on thick samples of Tl4In3GaSe8 chain 

crystals in the near-infrared range revealed the indirect transitions with an energy of  

0.94 eV.  The analysis of transmission measurements done on thin samples (≈ 10 

µm) of Tl4InGa3Se8, Tl4In3GaS8, Tl2InGaS4, and Tl4InGa3S8 layered crystals in the 

visible range revealed the coexistence of indirect transitions with energies of 1.94, 

2.32, 2.35, and 2.40 eV and direct transitions with energies of 2.20, 2.52, 2.54 and 

2.61 eV, respectively. It should be noted that with replacing of In and Ga atoms in 

TlInxGa1-xS2 sulfide systems, the indirect and direct band gap energies were shifted 

to higher values, as expected. The transmission measurements in the temperature 
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range of 10-300 K were carried out on thick samples (≈ 300 µm) due to high fragility 

of thin samples at low temperatures. For this reason, it was possible to trace the 

temperature dependence of only indirect band gap energies. The rates of change of 

the indirect band gap energies with respect to temperature were determined to be (-

4.1, -6.0, -4.7 and -6.0)× 10-4 eV/K for Tl4InGa3Se8, Tl4In3GaS8, Tl2InGaS4 and 

Tl4InGa3S8 layered crystals, respectively. 

To complete the characterization of the samples, the refractive index 

dispersion data were analyzed using the Wemple–DiDomenico single-effective-

oscillator model. The oscillator and dispersion energies, and zero-frequency 

refractive indices were determined to be 4.10 eV, 23.17 eV, and 2.58 (Tl4InGa3Se8), 

4.87 eV, 26.76 eV and 2.55 for (Tl4In3GaS8), 5.73 eV, 31.46 eV and 2.55 for 

(Tl2InGaS4), and 5.07 eV, 26.67 eV and 2.50 for (Tl4InGa3S8), respectively. 
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