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Preface 

II-VI compound semiconductors have been the subject of extensive research both 

in fundamental studies and for potential applications in devices. The broad range of band 

gaps and lattice constants available from these materials, and the unique fundamental 

phenomena they exhibit, make them attractive for a wide range of applications such as 

infrared lasers and detectors, blue green lasers and light emitting diodes (LEDs), 

nonlinear optical materials, magneto-optical devices, radiation detectors, photovoltaic 

devices, etc. 

CdSe and ZnSe are among II-VI compounds, which are of interest to scientific 

researchers over the past several decades due to their promising properties for potential 

applications in thin film solar cells, optical coatings, light emitting diodes, sensors, etc. 

These compounds have properties such as (a) direct band gap (              and 

             at room temperature), (b) high absorption coefficient, and (c) high 

thermal stability, which are suitable for most optoelectronic applications. In addition, 

they can be easily synthesized in the form of nanostructures and thin films using most of 

the low cost preparation techniques available today. Both CdSe and ZnSe nanostructures 

have an interior structure and bonding identical to that of their respective bulk materials. 

However, in nanocrystals, the reduced dimensions result in an increase in specific 

surface area and bandgap widening due to quantum confinement effect. Because of 

these, nanomaterials not only have enhanced photosensitivity but also open the door for 

material engineers to alter the properties of these materials by controlling the dimensions 

of the nanomaterials. These properties that come with nanodimensional effect make 

these compounds attractive candidate for various optoelectronic applications with 

possibly enhanced efficiency in comparision to their bulk counterparts.  

Another interesting feature of II-VI compounds is the ease to form ternary and 

quaternary alloys, which offers huge advantage due to the fact that the structural, optical 

and electrical properties are easily altered with compositional changes. A number of 

devices based on applications of II-VI ternary alloy semiconductors are currently in use. 

Among II-VI ternary alloy semiconductors, ZnSxSe1-x and CdSxSe1-x are the prime 
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attention of current researchers mostly due to their ideal tunable range of bandgap in the 

visible spectrum and the dual phonon mode properties. By controlling their composition 

optical bandgap of ZnSxSe1-x and CdSxSe1-x compounds can be tuned between   2.7 - 

3.68 eV and   1.68 - 2.42 eV respectively. The compositional change is also 

accompanied by corresponding changes in structural properties, which is also essential in 

material designing to achieve most suitable material for heterojunction devices.  

ZnSxSe1-x and CdSxSe1-x are among few mixed crystal systems exhibiting two-

mode behavior of the phonons. In these alloys, vibrational characteristic of both end 

binary compounds appear in the first order Raman spectra. Theoretical calculations have 

also shown that these compounds would have interesting phonon vibrations such as local 

mode and gap mode when the composition of either one of the anion is reduced to a 

small fraction. 

Spin orbit (SO) coupling is a very important phenomenon, which affect the band 

structure in some of the II-VI compound semiconductors. This effect splits the valence 

band at the zone center into   
  and   

  resulting in two direct optical transitions (  
  

  
 ) and (  

    
 ) between valence and conduction bands. The extent of this splitting 

depends on the size of the anion constituting the compounds. Since, ZnSxSe1-x and 

CdSxSe1-x consist of sulfur (small size anion) and selenium (larger anion); the alloys are 

expected to exhibit SO splitting of the valence band depending on the composition.  

In this thesis work, we prepare CdSe and ZnSe nanostructures by solvothermal 

process. Ternary alloy thin films, CdSxSe1-x and ZnSxSe1-x are prepared by thermal 

evaporation of solvothermally synthesized composite powders, viz., CdS-CdSe and ZnS-

ZnSe.  These samples are characterized by using X-ray diffraction (XRD), transmission 

electron microscopy (TEM), scanning electron microscopy (SEM), field emission 

scanning electron microscopy (FESEM) and energy dispersive X-ray analysis (EDAX). 

Thermal stability study of these materials is carried out by performing thermogravimetric 

analysis (TGA) measurement. Optical properties are investigated using UV-Vis-NIR 

spectroscopy and photoluminescence spectroscopy. Phonon modes in the materials are 

studied using room temperature Raman spectroscopy. 

The thesis is organized into six chapters. Chapter 1, which is the introduction, 

gives the overall perspective of both the binary compound (CdSe and ZnSe ) 

nanocrystals and ternary alloy (CdSxSe1-x and ZnSxSe1-x) films material properties, 
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growth technique, applications in devices, the motivation of the present work and an 

outline of the work contained in the present thesis. Chapter 2 gives a description of the 

details of sample preparation and different characterization techniques used for analysis 

of structural, optical and thermal properties of the materials in the present work. Chapter 

3 contains studies on the structural, optical and thermal properties of CdSe and ZnSe 

nanocrystals. In this chapter, evolution of structural and morphology with solvothermal 

reaction time and the corresponding changes in the physical properties are discussed. 

Chapter 4 presents systematic studies on the growth, the structural and optical properties 

of CdSxSe1-x ternary alloy thin films deposited by thermal evaporation of solvothermally 

synthesized CdS-CdSe composite powders. Chapter 5 also presents similar studies on 

ZnSxSe1-x ternary alloy thin films prepared by the same deposition process as in Chapter 

4. Finally, Chapter 6 summarizes the results and presents the future scope of the work. 
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Chapter 1 

 

Introduction 

 

II-VI semiconductors are in the forefront of materials being studied for their 

potential applications in blue and green light emitting devices (LEDs), solar cells, optical 

coatings, etc. These semiconductors are formed by the combination of IIB metal (e.g., 

Zn, Cd, or Hg, in periods 3, 4, and 5 respectively) with a group VIA cation (usually O, S, 

Se and Te). These materials exhibit various electrical and optical properties similar to the 

commonly known group IV elemental semiconductors. The electrical conductivity of 

these materials lies between metal conductors and dielectrics as in the case of their 

counterparts in group IV elements of the periodic table. However, due to possibilities of 

forming large number of different compounds, the band gap and other properties of these 

materials can be extended over a wide range [1]. While some of the compounds are 

having a very narrow band gap and behaving almost like metals, other materials with 

wide bandgap are having properties close to dielectrics. Since many optoelectronic 

devices are now mostly designed using thin film technology, II-VI compound thin films 

have also been developed with the help of various preparation processes such as atomic 

layer epitaxy [2, 3], metalorganic chemical vapour deposition (CVD) [4, 5], plasma 

enhanced CVD [6], rf magnetron sputtering [7], pulse laser deposition [8], chemical 

spray [9], etc., with properties that are dependent on the preparation conditions. 

Nowadays, researchers are also exploring nanoparticle based devices of these 

compounds, which for certain applications are giving better performance. By designing 

the size and shape through various nanoparticle synthesis processes, properties of II-VI 

nanostructure compounds are engineered to optimize device performances and to 

enhance its viability in many optoelectronic applications [10, 11]. Another interesting 

feature of II-VI compounds is the ease to form ternary and quaternary alloys, which 

offers huge advantage due to the fact that the structural, optical and electrical properties 

are easily altered with compositional changes [12-16]. In this introductory chapter, we 

will discuss the material properties, potential applications, methods of preparation of 
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some of the II-VI binary and ternary semiconductors, which are investigated in the 

present work. The chapter will be concluded with motivations behind the present work 

and the outline of the thesis. 

 

1.1 II-VI binary compound semiconductors: CdSe and ZnSe 

1.1.1 Structure of CdSe and ZnSe binary compounds 

In these compounds each atom of a given element is surrounded tetrahedrally by 

four atoms of the other constituent element. The bonds in these compounds much 

resemble those of the Group IV elements, where the atoms undergo sp3 hybridization 

resulting in equivalent four covalent bonding between each atom and its four 

neighbouring atoms. The atoms also undergo sp3 hybridization but the difference in the 

electronegativities of the participating atoms from different groups in the periodic table 

causes the actual bond type to differ from pure covalent bonding. In these 

semiconductors, the “charge clouds” of the covalent bonds is distorted from true covalent 

symmetry to give a greater mean electron density in the neighbourhood of the more 

electronegative atoms. Because of this, the bonds in these compounds lie between ionic 

and covalent type. Here, the ionic character has the effect of binding the valence 

electrons rather tightly to the lattice atoms, which results in larger bandgap than those of 

the covalent semiconductors of comparable atomic weights. 

As a consequence of the sp3 hybridization, CdSe and ZnSe crystallize in such a 

manner that each atom of one element is located at the center of a regular tetrahedron, 

the apices of which are occupied by atoms of other elements. Two possible structures can 

be formed from such tetrahedron. 

(i) The sphalerite or zinc blende (cubic) type 

The sphalerite structure as shown in figure 1.1 (a) is made up of two 

interpenetrating FCC sublattice, in which the sublattice are made up of each of the two 

individual atom types. If the red spheres in figure 1.1(a) are atoms of Group VI element, 

the green spheres will be atoms of the corresponding Group II element. The space group 

is     (  ). The coordination is 4 for atoms of both elements 
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(ii) The wurtzite (hexagonal) type 

Similar to zinc blende structure, wurtzite structure shown in figure 1.1 (b) is 

made up of two HCP sublattices, in which each of the two individual atom types forms 

the sublattice. Its space group is       (   
 ). The coordination number in this case is 

also 4 for atoms of both elements.  

     

Figure 1.1: (a) Zinc blende structure showing two interpenetrating FCC lattice [17], (b) Wurtzite 

structure showing two interpenetrating HCP lattice. 

Table 1.1: Structural parameters of CdSe and ZnSe binary compounds [1]. 

Compounds Structure Lattice 

parameter ( ) 

Cation – 

anion distance 

( ) 

Phillips’s 

ionicity 

   

Bohr 

radius 

(nm) a c 

CdSe Zinc blende 6.077   2.63 0.699 5.6 

Wurtzite 4.299  7.010 2.63 0.699 

ZnSe Zinc blende 5.618  2.45 0.630 3.8 

Wurtzite 3.974 6.506 2.45  

 

Table 1.1 shows the structural parameters of both CdSe and ZnSe [1]. The values 

shown in the table are the reported values for bulk material of the compounds. The 

structural form and the parameters largely determine other properties as discussed in the 

next section.  
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1.1.2 Properties of CdSe and ZnSe binary compounds 

CdSe and ZnSe are among II-VI wide band gap semiconductors, which possess 

intrinsic n-type conductivity [18-20]. Table 1.2 shows some of the reported 

semiconducting properties of the two binary compounds investigated in this thesis work. 

The values given in the table corresponds to the properties of bulk substance of these 

compounds. Most optical properties of semiconductors are related to the nature of their 

electronic band structures. Their electronic band structures are in turn related to the type 

of crystallographic structure, the particular atoms, and their bonding. In II-VI 

compounds, the outermost s orbitals from the group II element and p orbitals from the 

group VI element are understood to form the bottom of the conduction band and upper 

valence bands states respectively [21, 22]. The upper valence band states are constructed 

out of appropriate linear combinations of products of px, py, pz hydrogen like orbitals 

with spin functions. In the absence of both spin-orbit and crystalline field effects, these 

states are degenerate. The crystalline field partially removes this degeneracy, separating 

pz from the px and py orbitals. This then put pz band below the px, py band in the valence 

band structure. Both in CdSe and ZnSe compounds and other selenide and telluride II-VI 

semiconductors [1, 22-24], px and py bands are further split by spin-orbit coupling as 

shown in figure 1.2. This property influences the optical properties of the resulting 

material. 

Table 1.2: Semiconducting properties of bulk CdSe and ZnSe binary compounds [1, 25]. 

Compounds Band gap 

(eV) 

Mobility 

(cm
2
V

-1
s

-1
) 

Dielectric 

constant 

    ⁄  

Refracti-

ve index 

SO splitoff 

energy (eV) 

CdSe  

(n-type) 

Zinc blende 1.68 650 9.6/6.2  0.41 

Wurtzite 1.75 9.5/6.2 2.5 0.41 

ZnSe  

(n-type) 

Zinc blende 2.67 200 9.2/5.8 2.5 0.42 
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Figure 1.2: Representative figure of the band structure of II-VI compounds showing SO splitting 

in the valence band; hh – heavy hole band, lh – light hole band, SO – split off band,    - spin 

orbit splitting energy. 

The reported SO split off energy for bulk CdSe and ZnSe are given in the table, 

reported value in thin films, however, varies from 0.17 to 0.4 eV [1, 23]. Table 1.3 shows 

the melting point, elastic stiffness constants and zone center phonon modes of bulk CdSe 

and ZnSe compounds. These properties enable these two compounds to be suitable for 

many optoelectronic applications, where high thermal stability and rigidity is required. 

Table 1.3: Thermal, elastic and vibrational properties of bulk CdSe and ZnSe binary compounds 

[1]. 

Compounds Melting 

point  

(K) 

Elastic stiffness constants 

(10
11

 dyne/cm
2
) 

Zone center phonon 

frequency 

(cm-1) 

C11 C12 C44 TO LO 

CdSe  

 

Zinc blende 1512 6.67 4.63 2.23 169 211 

Wurtzite 1512 7.41 4.52 1.34 166 (A1), 

172 (E1)  

211 

(A1), 

210 (E1) 

ZnSe  Zinc blende 1793 8.57 5.07 4.05 205 250 

 

In nanostructured material, the reduced dimensions result in interesting size and 

morphology dependent physical properties. Some of the main features of the 

nanomaterial properties are summarized as follows. 
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(i) Quantum confinement effect: When dimension of a material is reduced to such 

an extent that it is comparable with the bulk exciton Bohr radius of the material, the 

following regime of quantum confinement occurs, which modifies the electronic band 

structure and raises the energy bandgap [26, 27].  

(a) Weak confinement regime: The radius of a crystallite is greater than the bulk 

exciton Bohr radius. The dominant energy is the Coulomb term and exciton 

energy states are shifted to higher energies by confinement. 

(b) Moderate confinement regime:  This regime occurs when crystallite radius 

    , bulk exciton Bohr radius and        , where,    and    are the 

hole and electron Bohr radii, respectively.  

(c) Strong confinement regime: In this regime, the size of a particle is less than 

  . In this region, the band structure is very sensitive to size of the particle 

and the bandgap value is significantly altered. 

Due to the quantum confinement effect, the optical properties vis., absorbance, 

refractive index, photoluminescence, etc., of CdSe and ZnSe nanoparticles are 

significantly different from the bulk values given in table 1.2.  

(ii) Phonon confinement: When dimension of a material is reduced, at certain point 

the     selection rule of infinite periodicity in the case of Raman scattering is no 

longer valid. As a result, the phonons away from the zone center also take part in the 

scattering. This confinement along with the increased strain in nanostructured materials, 

compressive and tensile strains, results in shifting and broadening of a Raman peak [28-

30].  

(iii) Reduced thermal stability: Thermal stability is another important aspect in 

material designing, when dealing with nanoparticles. Both CdSe and ZnSe in bulk form 

are known to have high thermal stability with a melting point of about 1512 and 1793 K 

respectively [1]. However, in nanomaterials, the reduced dimension results in increase in 

specific surface area, which causes an increase in the sample’s heat absorption ability. 

This factor along with increase in dislocations, cracks, and other discontinuities in the 

crystal structure results in increase in the number of active sites on the surface favourable 

for nucleation (decomposition reaction) [31-33], which reduces thermal stability. 
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1.1.3 Applications of CdSe and ZnSe binary compounds 

II-VI compounds were one of the earliest semiconductors used in industry. These 

were extensively used in cathode-ray tube displays [34]. Owing to their direct bandgap 

nature, these have high probability of radiative recombination of non-equilibrium 

carriers. This results in strong emission in the visible region due to their large bandgaps. 

On the other hand, carrier mobilities are small and so are the diffusion lengths of 

minority carriers, typically 0.1 µm for holes and 0.5 µm for electrons [34]. Nevertheless, 

they have been found useful in photodetectors [35-41], solar cells [42-46], light emitting 

devices [47-50], sensors [51-53], etc. CdSe with a bandgap that divides the solar 

spectrum into the thermal part with radiation energy less than the bandgap and the 

optical part with radiation energy larger than the bandgap also finds applications in solar 

coatings [54]. 

1.1.4 Methods of preparation of CdSe and ZnSe nanostructure 

Preparation and characterization of II-VI nanoscale semiconductor compounds 

have attracted much attention from as early as the later part of 1980s. First attempt to 

synthesize the ZnSe quantum dots was made in 1986 by Chestnoy et al. [55]. They 

obtained ZnSe quantum dots with zinc blende structure, which were stable only at 

cryogenic temperatures. CdSe nanocrystals on the other hand were first reported by M. 

L. Steigerwald and his co-workers at AT& T Bell laboratories in 1987 [56], in which 

they developed the method using organometallic reagents in inverse micellar solution 

and chemical modification of the surface. The early reports on nanocrystals of these 

compounds have lots of issues related to the high toxicity of the precursors, stability at 

room temperature, etc. Later, through the development of chemical routes and other 

techniques these issues were addressed. At present, researchers focus mainly on control 

of dimension and morphology of these nanocrystals and the corresponding properties by 

adjusting the synthesis parameters. Among various nanoparticle synthesis routes that are 

now widely used today, solvothermal method has been proven to be the most convenient 

route to fabricate CdSe and ZnSe nanostructures due to easy control of phase, size and 

morphology [57]. In the solvothermal process, various solvents such as a mixture of de-

ionzed water and chemical solutions such as diethylamine [58], ethylendiamine [59], 

triethylenetetramine (TETA) [60], ammonia solution [61], oleic acid [62], etc., are used. 
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By adjusting composition of the mixed solution, CdSe and ZnSe nanostructures such as 

microspheres [57], nanorods [61], hollow nanospheres [62], nanoneedles [63], 

nanoflowers [64], etc., are now being synthesized using solvothermal method. 

1.2 II-VI ternary alloy semiconductors: CdSxSe1-x and ZnSxSe1-x  

ZnSxSe1-x and CdSxSe1-x are one of the most technologically relevant II-VI 

ternary alloy semiconductors due to the possibility of controlling structural, optical and 

electrical properties over a wide range. By controlling the fraction of sulfur (x) in the 

alloy, properties of these compounds can be tuned between the respective properties of 

the two end binary compounds. In the case of ZnSxSe1-x, the end binary compounds ZnSe 

and ZnS possess wide direct bandgap of 2.67 and 3.68eV respectively, which are suitable 

for many optoelectronic applications including solar cell [42, 46, 65, 66], blue-green 

laser diodes [67-69], photodetectors [39, 41, 70], etc. It is possible to design new ternary 

alloy materials by alloying ZnSe and ZnS with desired composition that can have optical 

bandgap between 2.67 and 3.68 eV. Similarly, by controlling CdSxSe1-x compositions 

one can also design new materials having bandgap between 1.68 and 2.42 eV (bulk 

bandgap values of CdSe and CdS respectively) [25]. In designing heterojunction devices, 

lattice matching between the layers is essential for optimum performance of the device. 

This can also be achieved in the alloying process by tuning the structural property with 

compositional variation. 

Spin orbit (SO) coupling is a very important phenomenon, which affect the band 

structure in some of the II-VI compound semiconductors. This effect splits the valence 

band at the zone center into   
  and   

  resulting in two direct optical transitions (  
  

  
 ) and (  

    
 ) between valence and conduction bands. The extent of this splitting 

depends on the size of the anion constituting the compounds [71, 72].  As given in table 

1.2, the selenide compounds have significantly large SO split-off energy of about 0.4 eV. 

Sulfide and oxide compounds of cadmium and zinc, on the other hand, do not show 

observable SO split-off energy [1]. Since, ZnSxSe1-x and CdSxSe1-x consist of sulfur 

(small size anion) and selenium (larger anion); the alloys are expected to exhibit SO 

splitting of the valence band, which could be reflected in the transmission spectra. The 

extent of the splitting is also expected to vary with compositional variation. 
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Another interesting feature of these ternary compounds is the two-mode behavior 

of the phonons, where vibrational characteristic of both end binary compounds appear in 

the first order Raman spectra. Theoretical calculations have also shown that these 

compounds would have interesting phonon vibrations such as local mode and gap mode 

when the composition of either one of the anion is reduced to a small fraction [73]. 

Preparation of ternary alloy ZnSxSe1-x was first reported by Larachet et. al. [74], 

in 1957 where they used the method of dry ball milling of phosphor-grade zinc 

chalcogenides (zinc sulphide and zinc selenide) and subsequent crystallization by 

heating. Results on measurements of diffuse reflection as a function of wavelength 

showed a linear relationship between energy band gap and composition without any 

bowing. Cutter et al. [75], in 1967 reported the first successful vapour phase growth of 

homogeneous ZnSxSe1-x ternary alloy. The resulting alloy, however, has mixed phase 

with random stacking faults for larger fraction of sulfur. The vapour phase growth of 

CdSxSe1-x was first reported in 1965 by S. Asano and N. Yamashita [76]. The prepared 

films had nearly constant hexagonality of about 80 % and the band gap was observed to 

decrease with CdSe proportion. With the advancement in thin film technology, a number 

of preparation routes involving vapour phase as well as liquid phase growth, which 

results in uniform thin films with homogeneous composition and crystal phase, have 

been reported over the past two decades. Investigations on the properties of these ternary 

alloys prepared using laser ablation [12], chemical bath deposition [13], pyrolitic spray 

deposition [15], close-spaced sublimation [77], metal organic vapour phase epitaxy 

(MOVPE) [14], etc., have all shown good tunable structural and optical properties. Most 

of the results reported in recent papers show the composition dependent band gap with 

bowing parameter of 0.45 to 0.68 eV for ZnSxSe1-x and of about 0.54 eV for CdSxSe1-x 

[25]. 

1.3 Motivations 

As discussed in the previous sections, the II-VI binary compounds and ternary 

alloys possess interesting physical properties that are suitable for applications in various 

optoelectronic devices. These properties invite the interest of scientific community to 

investigate these materials for applied sciences as well as for contributing basic scientific 

knowledge in the subject that concerns with the material property. However, from 
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thorough literature survey on the nanostructured binary ZnSe and CdSe compounds, and 

ternary ZnSxSe1-x and CdSxSe1-x alloys, the following points were observed which 

motivated the present work.  

1) Although there are some published research papers dealing with CdSe and 

ZnSe nanoparticle synthesis, there are very few reports that deal with the 

study of the influence of reaction time on the nanocrystals. In any 

solvothermal reaction leading to nanoparticle synthesis, it is important to 

understand how the properties of the nanocrystals evolve with reaction time. 

2) Thermal stability is another important property, which needs to be addressed 

in designing nanoparticle based optoelectronic devices. It will be interesting 

to find out the thermal stability of the nanocrystals synthesized for different 

reaction time and also to understand the kinetics of the thermal 

decomposition. To our knowledge there are no reports on the study of thermal 

decomposition kinetics of CdSe and ZnSe nanocrystals. 

3) ZnSxSe1-x and CdSxSe1-x ternary alloy thin films are understood to show 

composition dependent properties. There are some reports on the preparation 

and study of these films implemented using various deposition techniques 

mentioned in the previous section. However, to our knowledge, there is no 

systematic investigation into the optical properties in order to understand the 

SO coupling effect in these ternary systems. 

4) Dual phonon mode behaviour in CdSxSe1-x and ZnSxSe1-x alloys is one of the 

most interesting features of these alloys. Investigation on the phonon modes 

behaviour would add further understanding of these alloys.  

In view of the above mentioned points, the following objectives and work plans 

were proposed for the thesis. 

1) To synthesis CdSe and ZnSe nanomaterials using solvothermal method for 

different reaction time.  

2) To investigate the structural and optical properties and thermal stability of the 

synthesized materials using various characterization techniques. 

3) To synthesis ZnS-ZnSe and CdS-CdSe composite powders by using 

solvothermal technique and to deposit ZnSxSe1-x and CdSxSe1-x thin films 

using thermal evaporation of the composite powders. 
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4) To investigate the changes in structural and optical properties of the ternary 

alloy films with compositional changes. 

5) To study the dual phonon mode and SO splitting effect in these alloys and 

understand the interesting physics.    

1.4 Contents of thesis chapters 

The present thesis consists of six (06) chapters. Chapter 1 is the Introduction 

chapter. Following this introductory chapter is Chapter 2, which gives a description of 

the details of sample preparation and different characterization techniques used for 

analysis of structural, optical and thermal properties of the materials in the present work. 

Chapter 3 contains studies on the structural, optical and thermal properties of CdSe and 

ZnSe nanocrystals. In this chapter, evolution of structural and morphology with 

solvothermal reaction time and the corresponding changes in the physical properties are 

discussed. Thermal stability studies to understand the kinetics of thermal decomposition 

are also presented in this chapter. 

Chapter 4 presents systematic studies on the growth, structural and optical properties of 

CdSxSe1-x ternary alloy thin films as deposited by thermal evaporation of solvothermally 

synthesized CdS-CdSe composite powders. Studies on dependence of SO splitting 

energy and dual phonon mode vibration on the composition of the alloys are also 

presented. 

Chapter 5 presents systematic studies on the growth, structural and optical properties of 

ZnSxSe1-x ternary alloy thin films as deposited by thermal evaporation of solvothermally 

synthesized ZnS-ZnSe composite powders. This chapter also contains studies on SO 

splitting energy and dual phonon mode behavior of the ternary alloys.  

Chapter 6 is the final chapter of the thesis, which summarizes the contents of each 

chapter and gives the final conclusion based on the work reported in this thesis. The 

thesis work is concluded with the scope for future work from the present investigation. 
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Chapter 2 

 

Experimental Details 

 

In the course of the thesis work, several experimental techniques have been used 

for processing and characterizing the powder and thin film samples. This chapter 

describes the details of synthesis, preparation and characterization techniques used to 

study semiconductor nanocrystals and thin films.  

2.1 Sample Preparations 

2.1.1 Synthesis of nanostructured semiconductors 

Nanotructured semiconducting materials are mostly prepared by various wet 

chemical routes like solvothermal [1-3], hydrothermal [4, 5], sonochemical method [6-

9], reverse micelle process [10-12], sol-gel processing [13-15], etc. There are also 

physical processes like evaporation-condensation [16-19] and laser ablation [20-22] 

approaches. The nanoparticles prepared from these physical approaches have better 

uniformity in particle size and lower impurity in comparison to the wet chemical routes. 

However, these methods involve high vacuum and high temperature that require high 

cost bulky equipment. Because of this wet chemical routes are preferred as they are more 

cost effective. Among the wet chemical routes, solvothermal process is one of the most 

efficient in terms of size and morphology control of the nanoparticles. It is, therefore, 

chosen for synthesis of CdSe and ZnSe nanostructured binary compounds and CdS-CdSe 

and ZnS-ZnSe composite powders in this thesis work. Details of the synthesis process 

are given below. 

2.1.1.1 Description of solvothermal process 

A solvothermal process is a process in which a chemical reaction takes place in a 

closed system in the presence of a solvent, where the temperature of the system is kept 
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higher than that of the boiling point of the solvent. It is a slight modification of the 

hydrothermal route, where the chemical reaction leading to formation of nanoparticles is 

conducted in a stainless steel autoclave. The only difference between the two processes 

is the use of the precursor solution other than water in solvothermal synthesis.  

At the beginning of the 1990s, after the oxides era and the beginning of non-

oxide ceramics and in particular the synthesis of nitrides, for example, chemical 

synthesis route involving non-aqueous solvents were developed out of necessity [23]. 

Demazeau and coworkers [24] were the first to propose the word “solvothermal” as a 

generic appellation including all solvents. Since, then the solvothermal reactions 

involving various solvents have been developed and are mainly used for preparing micro 

or nanoparticles with different morphology. These reactions are mainly characterized by 

different chemical parameters (nature of the reagents and of the solvent) and 

thermodynamical parameters (in particular temperature, pressure and reaction time). 

a) Chemical Parameters 

Two different parameters can be taken into account: the nature of the reagents 

and the nature of the solvent. The chemical composition of the reagents must be 

appropriate to that of the target materials. In addition, concentration of the reagents 

seems to play a role on control of the shape of nanocrystallites. Wang et al. [25], 

achieved control of the crystallite shape with concentration of the reagents in 

solvothermal preparation of CdSe and CdTe nanocrystals. Recently, V. Zarghami et al. 

[26], have also reported similar result on CdSe nanocrystals in which the morphology 

changes from nanorods to spherical nanoparticles with an increase in the amount of 

precursors. Thus, the interactions between reagents and solvent play important role in the 

solvothermal reaction. 

 The selection of solvent plays a key role through the control of the reaction 

mechanism leading to the target material. For example, Li et al. [27], in their preparation 

of Cu7Te4 using CdCl2. H2O and tellurium as reagents, observed that while the use of 

ethylenediamine {C2H4(NH2)2} results in chemical reaction between the two reagents 

leading to the formation of the target compound, the use of diethylamine (C4H11N), on 

the other hand, didn‟t result in any chemical reaction. Besides controlling the reaction, 

liganding property of the solvents is also known to play very important role in 
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determining the shape of the nanocrystals. H. Wang et al. [28], in their study on the 

effect of ligands on CdSe nanoparticle growth, have shown that the morphology changes 

from spherical to rod-shape when diethanolamine (C4H11NO2) is used instead of 

ethonolamine (C2H7NO) or triethanolamine (C6H15NO3) as a solvent. 

b) Thermodynamical Parameters 

In solvothermal process, thermodynamic parameters are temperature, pressure 

and reaction time. The solvothermal reactions are mainly performed in mild temperature 

conditions (T < 400 
o
C). The main impact of temperature in solvothermal processes is to 

differentiate two different domains where the physico-chemical properties of the solvent 

are modified; the subcritical and the supercritical domains [23, 29].  It can be adjusted to: 

(i) stabilize a specific structural form of the final material, such as in the case 

of the solvothermal synthesis of hybrid vanadium oxyfluorides [30]. 

(ii) optimize the size and shape of nanoparticles by increasing the temperature 

or reaction time. For example, the size and the crystallinity of the 

resulting CdS nanorods are improved [31]. 

In most solvothermal reactions, pressure is autogeneous and closely dependent on 

the percentage of filling for the reaction vessel and on temperature. Due to this, the role 

of pressure in solvothermal processes has not yet been extensively investigated. 

However, pressure can play a role on the density of the reaction medium and 

consequently the average distance between chemical species, which determines the 

chemical reactivity. For example, in the preparation of Fe3O4 [32, 33], pressure was 

observed to determine the crystal growth by controlling the concentration of solvated 

species in the reaction medium. 

In this thesis work, solvothermal reaction is performed in 110 mL capacity 

autoclave, which is a teflon-lined stainless steel closed cylindrical chamber. Appropriate 

amount of cation salt is first dissolved in 10 mL of de-ionized water and then mixed with 

8 mL of ammonia solution (NH3. H2O) under constant stirring. Anion salt is also 

similarly mixed with 10 mL of hydrazine hydrate (N2H4. H2O). The two solutions are 

poured in the autoclave, which is then filled with deionized water up to 80% of its 

volume. After 10 minutes of stirring, the closed chamber is placed inside a muffle 

furnace at a preset temperature of 180 
o
C for different reaction time. The reaction is 
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performed for the given reaction time, after which precipitate obtained in the autoclave is 

filtered off and washed several time in distilled water and ethanol. The final product is 

then dried at room temperature for several hours to get the nanopowders. All chemicals 

used in the synthesis are of analytical grade and are used without any further purification. 

2.1.1.2 Synthesis of CdSe nanorods 

In this synthesis, cadmium acetate [(CH3COO)2 Cd: 2H2O]  and sodium selenite 

[Na2SeO3] are respectively used as cation and anion precursor salts. The amount of 

cation and anion salts used in the synthesis is chosen so as to maintain their molar ratio at 

1:1 [0.005 mol each]. To study the evolution of nanostructure with time, samples are 

prepared for three different reaction time, viz., 1, 3 and 5h respectively while keeping all 

other solvothermal chemical and thermodynamical parameters fixed.  

In this solvothermal reaction, ammonia in the solvent acts as liganding agent for 

cadmium ions [34]. The mixing of cadmium salt with ammonia and deionized water 

results in the formation of cadmium complex, [Cd(NH3)4]
2+

, which prevents uncontrolled 

release of Cd
2+

 ions in the solution. Hydrazine hydrate helps in generating Se
2-

 ions from 

sodium selenite by reducing Se to form Se
2-

 ions [35]. Ions are slowly generated such 

that the solubility product of CdSe exceeds the critical constant (KspCdSe = 10
-33

) 

resulting in nucleation and growth of nanoparticles. In the process, concentration of 

reactants also gets depleted and unless sufficient Cd
2+

 and Se
2-

 ions are generated 

instantly, the nanocrystal growth will be inhibited. The controlled release of ions due to 

the presence of liganding agent and reducing agent, thus, results in evolution of size and 

morphology with reaction time. The possible reactions in the solvothermal solution can 

be formulated as follows. 

Formation of ammonia complex, 

                                        
      

                                
                

Reduction of sodium selenite, 

                 
   

TH-1506_09612131



Experimental Details 

25 
 

     
  

                 
                          

2.1.1.3 Synthesis of ZnSe nanocrystals 

In this synthesis, zinc acetate [(CH3COO)2 Zn. 2H2O]  and sodium selenite 

[Na2SeO3]  are respectively used as cation and anion precursor salts. Similar to CdSe 

nanorods, ZnSe samples are also prepared at three different reaction times 1, 3 and 5h 

respectively while keeping all other solvothermal chemical and thermodynamical 

parameters fixed. 

In the synthesis of ZnSe nanocrystals (NCs), the growth mechanism is similar to 

that is described for CdSe nanorods. Here, ammonia in the solvent serves the same 

purpose and act as liganding agent for zinc ions [34]. Hydrazine hydrate helps in 

generating Se
2-

 ions from sodium selenite [35]. Similar to CdSe nanorods, the critical 

core growth is also inhibited, which results in evolution of size and morphology with 

reaction time. The possible reactions in the solvothermal solution can be formulated as 

the following; 

Formation of ammonia complex, 

                                        
      

                                
                

Reduction of sodium selenite, 

                 
   

     
  

                 
                          

2.1.1.4 Synthesis of CdS and ZnS powders 

In the synthesis of these two sulfide compounds, cadmium acetate [(CH3COO)2 

Cd: 2H2O]  and zinc acetate [(CH3COO)2 Zn. 2H2O]  are used as cadmium and zinc 

precursor respectively. Sodium sulfite (Na2SO3) is used as sulfur precursor. The solvent 

and all other solvothermal chemical and thermodynamical parameters are identical to the 

synthesis route for selenide compounds. The sulfide formation reaction along with the 

XRD, Raman and EDAX results for CdS and ZnS powders have been included as 

appendix I. 
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2.1.1.5 Synthesis of CdS-CdSe composite powders 

CdS-CdSe composite powders are solvothermally synthesized using different 

molar ratio of the anion salts i.e., sodium selenite (Na2SeO3) and sodium sulfite 

(Na2SO3) so as to obtain composite powders with varying fraction of S and Se. Molar 

ratio of cationic salt to anionic salt is, however, maintained at 1:1 for all the synthesis. 

For the synthesis of each of the composite powders, cadmium acetate [(CH3COO)2Cd. 

2H2O] is used as a precursor for cadmium. Composite powder samples are prepared from 

three different molar ratio of anion salts at 180 
o
C for 5h reaction time. Solution 

composition for the synthesis is given in appendix II.  

2.1.1.6 Synthesis of ZnS-ZnSe composite powders 

ZnS-ZnSe composite powders are similarly prepared by solvothermally process 

using different molar ratio of the anion salts i.e., sodium selenite (Na2SeO3) and sodium 

sulfite (Na2SO3). Molar ratio of cationic salt to anionic salt is also maintained at 1:1 for 

all the synthesis. Zinc acetate [(CH3COO)2 Zn. 2H2O] is used as a precursor for zinc ion. 

Samples are prepared from three different molar ratio of anion salts at 180 
o
C for 5h 

reaction time. Solution composition for the synthesis is given in appendix II. 

2.1.2 Thin film preparation 

Thin films of II-VI semiconducting compounds, both binary and ternary alloys 

can be prepared through most of the thin film deposition techniques including sol gel 

[36], thermal evaporation [37], e-beam evaporation [38, 39], sputtering [40, 41], atomic 

layer deposition [42, 43], electrodeposition [44, 45], molecular beam epitaxy [46, 47], 

spray pyrolysis [48, 49], chemical bath deposition [50, 51], etc. Each of the above 

methods has its own merits and demerits and we shall restrict our discussion only to the 

thermal evaporation technique, which we have employed in the present work. 

2.1.2.1 Description of thermal evaporation technique 

 Thermal evaporation technique is one of the most widely used techniques for 

preparation of thin films. It consists mainly of vacuum chamber, vacuum pumps, 

filament and substrate holder. The physical stages of film formation consists of several 

steps, such as (i) sublimation of the material to be deposited to the vapour phase, (ii) 

transfer of vapors from the evaporant to the substrate, (iii) condensation of vapors upon 
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arrival on the substrate and (iv) their arrangement or modifications of their binding on 

the substrate surface.  

 The evaporation rate and hence condensation have wide limits, depending upon 

the type of source and the material used. We have used molybdenum boat as the 

evaporation source. The characteristics of the films are influenced by rate of evaporation, 

pressure during deposition, thickness of the film, angle of evaporation, temperature of 

the substrate and residual atmosphere. All these parameters can be controlled in the 

thermal evaporation technique. Another advantage of this method is that evaporation 

yields a large area of films of more or less uniform thickness. The factors, which 

influence the nature and properties of evaporated films, are discussed below [52, 53]. 

(i) Effect of residual gases 

Because of the collisions with ambient gas molecules, a fraction of the vapour, 

proportional to exp(-d/s), is scattered and hence randomized in direction within a 

distance „d‟ during their transfer through the gas. Here „s‟ is the mean free path between 

collisions, and is dependent on the pressure at fixed temperature. To ensure a straight 

line path for most of the evaporated atoms, a pressure of 10
-4

 Torr and source to substrate 

distance of 10 to 15 cm are necessary. 

(ii) Effect of vapour beam intensity 

The rate of evaporation and hence condensation can vary over wide limits 

depending upon the type of material and evaporation source being used. There exists a 

critical vapour beam density below that no condensation occurs and also a critical 

substrate temperature above that no film could be formed except at very high beam 

intensities. 

(iii) Effect of substrate surface 

The quality of the surface is the most important property of a substrate, since it is 

here where the film-substrate interaction occurs. The nature of the condensed film 

depends on the structure of the substrate, its temperature and cleanliness. Condensing 

atoms align according to the structure of the underlying surface, forming amorphous or 

polycrystalline layers on amorphous substrate and a single crystal substrate respectively 
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in most cases. The adhesion of a film to the substrate is strongly dependent on the 

cleanliness and microscopic topography of the substrate surface [54]. Presence of 

contaminants on the substrate surface may increase or decrease the adhesion depending 

on whether absorption energy is increased or decreased. 

(iv) Effect of evaporation rate 

The evaporation of a material requires that it be heated to a sufficiently high 

temperature to produce the desired vapor pressure. The rate of evaporation of vapor 

atoms from a clean surface of unit area in vacuum is given by Langmuir-Dushman 

kinetic theory equation [52] 

           
    (  )

  ⁄⁄  [molecules cm
-2

 s
-1

] ------------------- (2.1) 

 

where Pe is the equilibrium vapor pressure (in torr) of the evaporant under saturated-

vapor conditions at a temperature T, and M is the molecular weight of the vapor species. 

The rate of deposition depends not only on the evaporation rate but also on the source 

geometry, its position relative to the substrate and condensation coefficient. An increase 

in the source temperature increases the kinetic energy of the incident vapor atoms, and 

grain size [55]. 

 In addition to the factors discussed above, the choice of the material of evaporant 

(filament boat), and purity of the evaporating materials also determine the quality of the 

films prepared. 

2.1.2.2 Preparation of CdSxSe1-x (     )thin films 

CdSxSe1-x (     ) thin films are prepared on corning 1737 glass by thermal 

evaporation of solvothermally synthesized CdS-CdSe composite powders. It is 

performed using molybdenum boat in a vacuum chamber with a base pressure of about 

10
-5

 mbar at a fixed substrate temperature of 200 
o
C on corning 1737 glass substrates. 

Source to substrate distance is fixed at 10 cm. 
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2.1.2.3 Preparation of ZnSxSe1-x (     )thin films 

ZnSxSe1-x (     ) thin films are also prepared on corning 1737 glass by 

thermal evaporation of solvothermally synthesized ZnS-ZnSe composite powders. The 

thermal evaporation parameters and the substrate used for the deposition are identical to 

that in CdSxSe1-x (     ) thin films preparation. 

2.2 Characterizations and models used 

In the following section, we briefly review the various techniques used for 

characterizing the properties of the nanostructure compounds and the prepared thin films. 

2.2.1 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive characterization technique based on the 

principle of diffraction (scattering) of x-ray radiation by the crystal planes. This 

technique is used to analyze a material for determination of: 

 Microstructural nature of samples (amorphous or crystalline) and their phase  

identification (cubic, hexagonal etc.). 

 Mean crystallite size and unit cell parameters 

 Strain and dislocation density analysis 

 Phase transitions, phase diagrams, defects etc. 

In the present thesis, XRD measurements are performed using Seifert 3000 TT or 

Rigaku TTRAX-III diffractometer with CuKα (λ= 1.5406 Å) radiation in 2θ range ~ 20-

65° depending upon the availability of the instruments. XRD measurements of the 

powder and thin film samples are taken in powder and thin film mode respectively. 

The mean crystallite size (D) are calculated using Scherrer‟s formula as follows 

  
    

     
                                                                                     ------------------- (2.2) 

where, λ is the wavelength of x-ray, β is the broadening (Full Width at Half Maximum 

(FWHM)) of the peak and θ is the Bragg‟s angle. 
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 The dislocation density (δ) defined as the length of dislocation lines per unit 

volume, is estimated using the relation, 

   
 

  
                                                                           ------------------- (2.3) 

It is a measure of the number density of defects in a crystal. 

 The lattice strain is determined using the relation, 

   
     

 
                                                                           ------------------- (2.4) 

2.2.2 Transmission electron microscopy 

Transmission electron microscope (TEM, JEOL JEM 2100) has been used to 

study the microstructure of the powders. For TEM observation, the sample in the form of 

powder is dispersed in ethanol solvent followed by ultrasonication for at least 1h. A drop 

of the colloidal solution is placed on a carbon coated copper TEM grid (Mesh 400) and 

allowed to dry in a clean environment. The grid with the dried powder particles is used 

for the TEM observation. In the measurement, electron beams are accelerated with 

voltage of 200 kV and 100 μA current.  

2.2.3 Scanning electron microscopy 

Compositional analysis of the powders and thin films are done using energy 

dispersive X-ray spectroscopy (EDAX) attached to scanning electron microscope (SEM), 

LEO 1430 VP. Morphology of the powders is also analyzed using the instrument.   

The electrons are accelerated in a potential difference typically of the order of 10 

– 20 keV and focused on a spot in the sample area, resulting in the transfer of energy to 

the spot. For analysis of the powder samples, very thin layer of the powder are spread on 

carbon coated tape and then gold coated to yield an electrically conducting surface for 

SEM and EDAX measurements. The analysis of thin film samples is however, 

performed by cutting a small piece of the sample along with the glass substrate and then 

mounting on the specimen stub using carbon tape. Conducting channel between the top 

surface of the sample and the metal specimen stub is made by putting a small strap of 

carbon tape and then coating with gold as in powder sample measurement. 
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2.2.4 Field emission scanning electron microscopy 

Field emission scanning electron microscope (FESEM) is a type of electron 

microscope that images the sample surface by scanning it with a high energy beam of 

electrons in a raster scan pattern. Electron emitter from field emission gun is used. These 

types of electron emitters can produce up to 1000x the emission of a tungsten filament. 

However, they require much higher vacuum conditions. After the electrons beam exit the 

electron gun, they are then confined and focused into a small spot using metal apertures 

and magnetic lenses. Finally, detectors of each type of electrons are placed in the 

microscopes that collect signals to produce an image of the specimen. In this thesis work, 

the morphology of powder samples and thin film surface are obtained using Field 

emission Scanning Electron Microscope (FESEM), ΣIGMA ZEISS.  

2.2.5 Raman spectroscopy 

In material science, Raman spectroscopy is a very powerful tool to study the 

vibrational modes in the material for understanding the crystal structure, composition 

and many other fundamental properties. It is based on inelastic scattering of photons by a 

molecule or an atom, known as Raman Effect. The processes involve in the effect is 

shown in figure 2.1. Most of the molecules are initially in the ground state (labeled 0 in 

the figure) but because of thermal agitation some molecules will be in an excited state 

(labeled 1). When an incoming photon raises the molecule to an excited state, the 

molecule cannot remain in this virtual level, it must immediately fall back down to a 

lower level with the emission of a photon. If the molecule falls into the same level as it 

started from, there is no frequency shift in the emitted photon and the process is the well-

known Rayleigh scattering. If, on the other hand, the molecule falls into a different level, 

the energy of the emitted photon differs from that of the incoming photon in order to 

conserve total energy. In this case, the emitted photon has a different frequency from that 

of the initial photon. The frequency can decrease or increase, depending on whether the 

molecule starts in the ground state or an excited state. The scattering in which the photon 

frequency decreases is known as Stokes scattering. Whereas the scattering process for 

which the photon frequency increases is called anti-Stokes scattering. Since the initial 

population of the excited states is usually very small, the anti-Stokes lines are much 

weaker than the Stokes lines and sometimes cannot be observed. 
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Figure 2.1: Energy level diagram showing transitions involve in Raman Effect. 

In the present thesis work Horiba JY LabRam HR800 micro-Raman system is 

used for recording Raman scattering spectra in backscattering geometry and only Stoke 

shifted photons are recorded. The monochromatic argon laser excitation source with 

either 488 or 514.53 nm is used to record the spectra. The resolution and the recorded 

spectral range of Raman shifts are 1 and 100-700 cm
-1

 respectively. While recording the 

Raman shifts, the excitation laser radiations are tightly focused on the surface of the 

sample to a spot size of ≤ 1μm. These studies are performed on the powder samples and 

thin films deposited on corning 1737 glass. 

2.2.6 Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is a contactless, nondestructive method to 

probe the electronic structure of materials. The intensity and spectral content of the 

emitted photoluminescence is a direct measure of various important material properties, 

including bandgap, impurity levels and defects and recombination mechanisms. It is the 

phenomenon in which a substance absorbs photon energy and re-emits a fraction of it as 

visible or near-visible radiation. It is one of many forms of luminescence (light emission) 

and is distinguished by photoexcitation (excitation by photons). Quantum mechanically, 

this can be described as an excitation to a higher energy state by absorption of energy 

from light and then a return to a lower energy state accompanied by the emission of a 

photon. When a semiconductor is excited with a light source that provides photons with 

energy larger than the bandgap energy, the excited electron and hole will not remain in 

their excited states for very long; instead, they will relax very rapidly (10
-13

 s) to the 

lowest energy states within their respective bands by emitting phonons. When the 

electron (hole) finally arrives at the bottom (top) of the conduction (valence) band, the 
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electron-hole pair recombines radiatively with the emission of a photon (luminescence), 

or non-radiatively by transferring the electron’s energy to impurities or defects in the 

material or dangling bonds at the surface. In the present work, PL measurements on 

powder samples are carried out using either Aminco Bowman Series 2 Luminescence 

Spectrophotometer or Horiba JY LabRam HR800 micro-Raman system. For PL 

measurements using Aminco Bowman Series 2 Luminescence Spectrophotometer, 

powders are ultrasonically dispersed in ethanol for 3h and then placed in a quartz 

cuvette. However, for measurements where Raman instrument is used, the powder 

samples are pressed on a glass slab to have uniform flat sample surface and then placed 

on the sample holder in the Raman instrument. 

2.2.7 UV-Vis-NIR Spectroscopy 

Transmittance spectrum of thin film samples are recorded using Shimadzu UV 

3101PC spectrophotometer in the range 250-2500 nm. The recorded spectrum indicates 

the fraction of light transmitted by the films and the absorption due to electronic 

transitions from the ground state to an excited state. Interference fringes are observed in 

medium to transparent absorbing range due to multiple reflections from different layers 

of the film. Using Swanepoel’s method [56], thickness and optical constants including 

refractive index, absorption coefficient (α), etc of the films are deduced from the 

interference fringes. 

For a semiconductor material, the absorption coefficient, α, due to interband 

transition near the bandgap is described by the Tauc’s relation [57]. 

𝛼ℎ𝜈 = 𝐶(ℎ𝜈 − 𝐸𝑔)
𝑝                                                                          ------------------- (2.5) 

where hν is the energy of incident light photon, Eg is energy bandgap and C is a constant 

independent of ν. The values of exponent p are 1/2 and 2 for a direct gap and an indirect 

gap transition respectively. Using equation (2.5), the optical band gap Eg of the films are 

calculated from (αhν)1/2 vs hν plot. 

Absorbance spectra of powder samples are recorded in both transmission mode 

and reflection mode. While the transmission mode is recorded using Shimadzu UV 

3101PC spectrophotometer, Perkin Elmer Lambda 900 UV/VIS/NIR Spectrometer with 

Integrating Sphere is used to record the spectra in reflection mode. In the transmission 
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mode measurement, the powder samples are uniformly dispersed in ethanol solution and 

the transmission is measured using the instrument by keeping the solution in a quartz 

cuvette. In the reflection mode measurement, the powder samples are kept in a sample 

holder and the measurement is performed on it with the help of integrating sphere.  

2.2.8 Thermogravimetric analysis (TGA) 

Thermal stability studies are carried out by thermogravimetric analysis (TGA, 

Hitachi, STA 7200). It is a technique which measures the mass change of a sample as a 

function of temperature in the scanning mode or as a function of time in the isothermal 

mode. Both thermal events that do not bring about mass change, such as melting, 

crystallization, and glass transition as well as those that accompany mass change, such as 

decomposition, sublimation, reduction, desorption, adsorption and vaporization, can be 

measured by TGA. In this thesis work, thermal stability of the nanostructured compound 

semiconductors, CdSe and ZnSe are studied by TGA instrument under inert atmosphere 

of N2 in the temperature range of room temperature to 800 
o
C with heating rate of 10 

o
C/min. 

Kinetic parameters of thermal decomposition can be measured by different kinetic 

models like Ozawa method [58], Kissinger method [59], Coats-Redfern model [60], 

Freeman-Carrol method [61], etc. Among these methods, Coats-Redfern model and 

Freeman-Carrol methods are simple and requires only one heating rate whereas other 

methods require at least four heating rates. Out of the two methods that require only one 

heating rate, Coats-Redfern model is chosen for kinetic analysis of our samples as most 

of the thermodynamic parameters like activation energy, Arrhenius parameter, entropy 

change, enthalpy change and Gibbs free energy can be deduced. 

In thermal decomposition, the rate of disappearance of the original substance is 

described by the reaction kinetic equation, 

  

  
    (   ⁄ )(   )                                                 ------------------- (2.6) 

where α is the fraction of the original substance decomposed at time t, n is the order of 

reaction, A is the preexponential factor and E is the activation energy of the reaction. In 

nonisothermal mode, for a linear heating rate   
  

  
 the following Coats-Redfern 
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equation can be obtained by integrating and rearranging the above reaction kinetic 

equation. 

  *
 ( )

  
+    *

  

  
(  

   

 
)+  

 

  
                 ------------------- (2.7) 

where  ( ) is the kinetic model function. 

In this thesis work, all TGA data are analyzed using the nine mechanistic 

equations (Table 2.1) proposed by Satava [62]. Results of the analysis are used to derive 

the best fit curves with the highest correlation coefficients. We observe that the best fits 

are obtained for geometrical contraction models, (contracting sphere and contracting 

cylinder). This model assumes that nucleation occurs rapidly on the surface of the crystal 

and the rate of degradation is controlled by the resulting reaction interface progressing 

towards the center of the crystal [63]. 

The slope of the plot of   *
 ( )

  
+ against 1/T is a straight line, from which the 

thermal activation energy (E) is calculated. The pre-exponential factor, Arrhenius 

parameter (A) is also calculated from intercept of curve on Y-axis which is equal 

to   *
  

  
+. The kinetic parameters such as the entropy of activation (∆S), the enthalpy of 

activation (∆H) and the free energy of activation (∆G) are calculated using the following 

equations [64] 

   (       )        (   
  

    
)                             ------------------- (2.8) 

   (       )                                     ------------------- (2.9) 

   (       )                                   ----------------- (2.10) 

where h is the Planck‟s constants and Tp is the peak temperature of DTG.   
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 Table 2.1: Nine mechanistic equations as proposed by Satava. 

Model Equation 

1-D diffusion       

2-D diffusion, cylindrical symmetry [(   )   (   )]       

3-D diffusion, Jander equation [  (   )  ⁄ ]
 
    

3-D diffusion, Ginstling-Brounshtein 
  (

 

 
)  (   )  ⁄     

First order random nucleation    (   )     

Random nucleation, Avrami-Erofeyev I [   (   )]  ⁄     

Random nucleation, Avrami-Erofeyev II [   (   )]  ⁄     

Geometrical contraction, contracting cylinder   (   )  ⁄     

Geometrical contraction, contracting sphere   (   )  ⁄     

 

 

 

 

 

 

 

 

.   
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Chapter 3 

 

Synthesis and studies of II – VI nanostructured 

semiconductors: CdSe and ZnSe binary compounds 

 

In this chapter, we report the solvothermal synthesis of CdSe nanorods and ZnSe 

nanocrystals using mixed solvent of hydrazine hydrate, ammonia solution and de-ionzed 

water. CdSe and ZnSe with direct bandgap of 1.68 and 2.7 eV [1] respectively in cubic 

phase, are important II-VI compound semiconductors with a large range of potential 

applications in solar cells [2-4], solar coatings [5], optical windows [6], LEDs [7-9], 

sensors [10, 11], etc. Like other nanostructured materials, nanodimensional CdSe and 

ZnSe also exhibits interesting size and morphology dependent physical properties, which 

are different from the bulk properties. Due to both higher surface-to-volume ratio and an 

increase in band gap energy as a result of quantum size effect, nanostructured material of 

these compounds possess enhanced photosensitivity, thus, making these materials strong 

candidates for photovoltaic cells [2, 3, 12], sensors [10, 13], etc. But, at the same time, 

thermal stability is another important aspect that needs to be considered when dealing with 

nanodimensional materials. CdSe and ZnSe in bulk form have high thermal stability with a 

melting point of about 1512 and 1793 K respectively [14]. However, in nanomaterials, the 

reduced dimensions results in increase in dislocation density, cracks, and other 

discontinuities in the crystal structure, which reduces thermal stability. For these reasons, 

synthesis of high quality CdSe and ZnSe nanocrystals with a control over their size and 

morphology is necessary. It is also necessary to investigate thermal stability of the 

nanostructures to understand their usability in devices. With these motivations, CdSe and 

ZnSe nanocrystals are prepared at fixed composition of the solvent, the precursors, 

temperature for different reaction time and evolution of nanostructure with the reaction 

time is studied. Thermal stability of the nanoparticles is also studied using 

thermogravimetric analysis (TGA) and the mechanism of thermal decomposition is 

reported. 
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3.1 Results and discussion 

3.1.1 Studies on CdSe nanorods 

3.1.1.1 Structural properties 

Figure 3.1 shows XRD patterns of the CdSe nanorods. For convenience in 

discussion, the samples prepared at 1, 3 and 5 h reaction time are labelled as CdSe_1h, 

CdSe_3h, and CdSe_5h respectively. The spectra of all the samples show 9 (nine) 

characteristic peaks, which are all identified as peaks corresponding to planes of wurtzite 

phase of CdSe. It is observed that (002) plane is most prominent in all the samples and 

thus, indicates preferential growth along this direction. Lattice parameters ‘a’ and ‘c’ are 

calculated from all the diffraction peaks. The values as given in table 1 are comparable to 

the standard lattice parameters, i.e., 4.299 and 7.010 Å respectively [PDF # 772307]. 

Average crystallite size and lattice strains are calculated using Williamson Hall method 

[15], which  employs an equation relating the crystallite size (D) and the lattice strain (ε) 

with full width at half maxima (FWHM), i.e., 
           

 
 
 

 
 
         

 
, where      is the 

peak position corresponding to the (hkl) plane,      is the FWHM,   is the shape factor, 

and   is the wavelength of CuKα radiation used for the XRD. In this method, the average 

crystallite size and the lattice strain are respectively obtained from the Y-intercept and the 

slope of the  
           

 
 vs  

       

 
 plot.  

The Williamson Hall plots for the three samples are given in fig. 3.2 (a) - (c). The 

data points in these plots correspond to planes of only the prominent peaks in XRD. The 

deduced average crystallite size, dislocation density and lattice strain are given in table 3.1. 

The crystallite size increases with increase in reaction duration and is largest for CdSe_5h 

sample. The change in dislocation density also follows the size variation with smallest 

value for CdSe_5h. However, the lattice strain is lowest for CdSe_3h sample as shown in 

figure 3.2 (d). 
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Figure 3.1: XRD patterns of CdSe nanorods. 

 

 

Figure 3.2: Williamson Hall plot of CdSe nanorods (a) CdSe_1h, (b) CdSe_3h and (c) CdSe_5h. 

(d) Plot of average crystallite size and lattice strain against reaction time with error bar. 
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Table 3.1: Structural parameters of CdSe nanorods. 

Sample Lattice constant (Å) Lattice strain Dislocation 

density 

(lines/m
2
) 

Average 

crystallite 

size (nm) 
‘a’ ‘c’ 

CdSe_1h 4.275 0.003 6.981 0.003 0.0099 0.0010 2.19 x 10
15

 21.36   

CdSe_3h 4.289 0.002 7.003 0.003 0.0074 0.0010 1.43 x 10
15

 26.47   

CdSe_5h 4.278 0.003 6.986 0.004 0.0082 0.0010 5.73 x 10
14

 41.77    

 

3.1.1.2 Composition and morphology studies 

 

 

Figure 3.3: EDX spectra of CdSe nanorods; (a) CdSe_1h, (b) CdSe_3h and (c) CdSe_5h. 

Figure 3.3 (a) - (c) show EDX spectra of the CdSe nanorods. The atomic 

percentage composition as given along with the EDX spectra are an average taken over 3 - 

4 measurements. Synthesized nanorods are chemically pure and slightly cadmium rich. 

The CdSe_1h sample, in particular is highly rich in cadmium and the stoichiometry 

improves with increase in reaction time. 
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Figure 3.4: FESEM images of CdSe nanorods; (a) CdSe_1h, (b) CdSe_3h and (c) CdSe_5h. 

Figure 3.4 (a) - (c) show FESEM images of the CdSe nanorods. Though particle 

size and morphology in each of the sample are broadly distributed, there is a change in 

morphology and average size of the particles in the samples with reaction time. While 

particles in CdSe_1h sample are mostly spherical and oval shaped, the particles for longer 

reaction time samples are mostly elongated rod-shaped. Diameter of the nanorods also 

improves with reaction time as indicated in the figures. 

The observed changes in structural parameters, compositional stoichiometry and 

the particle size are a result of the growth process of the nanorods as discussed in chapter 2 

section 2.1.1.2. Since the nanocrystal growth is inhibited and takes place in a controlled 

process, the crystallite size and the dimension of the nanorods are expected to improve 

with reaction time. Longer reaction time is also believed to provide sufficient time for 

atoms to occupy its lattice position resulting in improved crystallinity. The relatively slow 

rate of generation of Se
2-

 ions in comparison to Cd
2+

 ions is probably responsible for poor 

stoichiometry in sample prepared at lower reaction time, i.e., CdSe_1h. 
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Figure 3.5: (a) TEM, (b) HRTEM, and (c) IFFT HRTEM images of CdSe_5h nanorods. (d) and 

(e) are SAED pattern images taken on large and small nanorods of CdSe_5h sample. 

Figure 3.5 (a) shows the TEM image of CdSe_5h. The particles are mostly rod 

shaped but with broad distribution in size. Inverse fast Fourier transform (IFFT) is 

performed on the atomic planes shown in HRTEM image as in fig. 3.5 (b). Interplanar 

distances of atomic planes are measured on the IFFT HRTEM image. The crystal planes 

shown in the image corresponds to (101) plane of wurtzite CdSe with a d-spacing of 0.321 

nm. Figure 3.5 (d) and (e) show the SAED pattern taken on larger and smaller nanorods 

respectively. Larger nanorods are found to have well defined diffraction pattern while the 
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diffraction pattern on smaller particles is less defined and diffused, thus indicating broad 

distribution in crystallinity in the sample.   

 

3.1.1.3 Thermal stability studies 

Figure 3.6 (a) - (c) show thermogravimetric analysis (TGA), differential thermal 

analysis (DTA) and derivative thermogravimetry (DTG) curves of the CdSe nanoparticles. 

The TGA curves of all the three samples show similar change in weight as the samples are 

heated from room temperature to 800 
o
C. With the increase in temperature, both CdSe_3h 

and CdSe_5h samples show gradual weight loss (approx. 1 %) till 412 and 492 
o
C 

respectively. CdSe_1h sample also show similar gradual weight loss till about 340 
o
C, 

where a sudden change in weight occurs resulting in weight loss of about 2 %. As the 

temperature is increased further, interestingly all the samples show a small amount of 

weight gain until thermal decomposition takes place. The decomposition in all the three 

samples results in weight loss of about 35%. However, as is evident from the TGA curves 

and the DTG peaks, the onset temperature and the rate of weight loss slightly differ from 

one sample to another. The onset temperature for CdSe_1h is highest and is at about 600 

o
C, whereas for CdSe_3h and CdSe_5h samples decomposition takes place at 585 

o
C and 

590 
o
C respectively. The DTG curve for CdSe_1h sample shows three peaks indicating 

three sets of TGA slopes corresponding to three steps of decomposition. The first peak 

being the most prominent among the three indicates maximum rate of weight loss in the 

decomposition process and is associated with a weight loss of about 16 %. The DTG 

curves of both CdSe_3h and CdSe_5h samples show two peaks corresponding to two steps 

of decomposition. In both the samples, the DTG peak at higher temperature is more 

prominent and relates to the faster decomposition process with more weight loss. In these 

samples, only about 10 % of the weight is lost in the first decomposition step. The possible 

chemical and physical transformations that cause the observed decomposition steps are 

discussed later.  
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Figure 3.6: TGA, DTG and DTA curve of CdSe nanorods: (a) CdSe_1h, (b) CdSe_3h and (c) 

CdSe_5h. 
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DTA curves show endothermic and exothermic processes that take place during 

heating of the samples. In all the samples, the small gradual weight loss at lower 

temperature is associated with a broad endothermic peak. The first step of thermal 

decomposition in all the samples is associated with an endothermic process. The DTG 

peak for this step (at      –       ) coincides with the dip in DTA. The second step of 

decomposition is associated with what appears to be exothermic peak at       . The 

CdSe_1h sample shows an additional peak in DTG at        , which is again 

accompanied by an exothermic peak in DTA. 

 The observed small amount of weight loss at lower temperature before the thermal 

decomposition is often reported in TGA of nanoparticles [16-18]. It is due to the 

evaporation of impurities such as absorbed water and the residual traces of solvents and 

reagents contained in the nanoparticles. The temperature at which the evaporation of these 

impurities takes place depends on the nature of impurities and the nanoparticles. Other 

than a small fraction of weight loss due to impurities, the CdSe nanorods are quite stable 

up to significantly high temperature. As indicated by the weight loss in TGA, the 

impurities amount to about 1 % of the total weight in CdSe_3h and CdSe_5h. On the other 

hand, the total content of the impurities is about 2 % of the total weight of the material in 

CdSe_1h. This implies that the sample with shorter reaction time, i.e., CdSe_1h has more 

impurities due to high surface to volume ratio. The slight increase in weight while heating 

above 500 
o
C as observed in TGA curves has also been reported for ZnSe polycrystal [19] 

and on the same lines, it has been assigned to the diffusion of the purging gas N2 in the 

porous nanoparticles.  

To deduce the thermodynamic parameters that are associated with the thermal 

decomposition, the decomposition kinetics are analyzed using Coats Redfern method [20] 

as discussed in chapter 2 section 2.2.8. Attempts are made to fit our experimental data with 

all nine mechanistic equations for g(α) [21]. It is found that our results are best fitted with 

the contracting cylinder model, which defines g(α) as according to the relation 

   (   )  ⁄    , where k is the Boltzmann constant and t is the time. In this model, 

nucleation is assumed to occur rapidly on the surface of the cylindrical nanoparticles and 

the rate of degradation is controlled by the resulting reaction interface progressing toward 

the center of the crystal [22]. 
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Figure 3.7 (a) - (c) show the plot of   [
 ( )

  
] against 10

3
/T for contracting cylinder 

model. The kinetic parameters such as the entropy of activation (∆S), the enthalpy of 

activation (∆H) and the free energy of activation (∆G) are calculated using the equations  

 

 

Figure 3.7: Coats Redfern plot of thermal decomposition of CdSe nanorods using contracting 

cylinder model. The Model function is given by  ( )    (   )  ⁄ . 

Table 3.2: Thermodynamic parameters in thermal decomposition of CdSe nanorods. 
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CdSe_1h Step 1 325 4.6 x10
16

 667 65 317 256 

Step 2 129 2.6 x10
5
 702 -151 121 268 

Step 3 127 1.1 x 10
5
 735 -159 114 274 

CdSe_3h Step 1 216 3.6 x10
10

 654 -52 208 258 

Step 2 158 1.4 x 10
7
 702 -118 150 265 

CdSe_5h Step 1 288 4.0 x 0
14

 656 25 280 257 

Step 2 192 9.5 x 10
8
 708 - 83 184 265 
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given in chapter 2 section 2.2.8. All the calculated thermodynamic parameters are given in 

table 3.2. For the first step of decomposition, the activation energy and the corresponding 

Arrhenius parameter of CdSe_1h is larger than the other two samples. However, for the 

second step of decomposition, the activation energy and the associated Arrhenius 

parameter increase as we go from one sample to another with longer reaction time. The 

change in thermal activation energy for the formation of activated complex as observed in 

the second step of decomposition is in agreement with that reported in literature in which 

the activation energy is lowered with the reduction in dimension [23-25]. Since, the 

reduction of particle size increases the surface to volume ratio of particles, density of 

dislocations, cracks and other discontinuities; increase in the number of active sites on the 

surface favourable for nucleation is anticipated for short duration samples. The 

unexpectedly large activation energy in the first step of decomposition of CdSe_1h sample 

could be related to larger amount of nitrogen already diffused in the nanorods. As 

mentioned before, the amount of weight loss due to impurities in this sample is larger than 

the weight lost in the other two samples. When comparing the TGA curves in the three 

samples, it can be seen that the CdSe_1h sample still gains weight even at the onset of 

dissociation temperature of the other two samples. Around this onset of dissociation 

temperature, it is possible that the diffusion of inert N2 gas into the porous CdSe_1h 

nanorods and weight loss due to decomposition from the surface occur simultaneously. 

Because of larger porosity and specific surface area in CdSe_1h sample, N2 diffusion is 

dominant and results in the apparent delay in thermal decomposition. However, once the 

decomposition is initiated in CdSe_1h sample, the rate as well as the amount of weight 

loss is larger than the other two samples. 

 

Figure 3.8: EDX spectra of the residue of TGA measurement of CdSe_5h nanorods. 
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Table 3.3: Elemental weight changes due to decomposition in CdSe_5h. 
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Cd 51.98 60.9 4036 4390 Cd 74.6 3275 18.9 

Se 48.02 39.1 2590 Se 0.4 18 99.3 

    O 25.0 1097  

  

To understand the actual chemical and physical transformation in the 

decomposition, EDX measurement is performed on the residue of CdSe_5h sample. The 

spectrum is shown in figure 3.8. The spectrum shows that the resulting compound after 

thermal decomposition contains large fraction of cadmium atoms, significantly large 

amount of oxygen atoms and very small traces of selenium atoms. The CdSe nanorods 

after passing through thermal decomposition are almost completely oxidized. Table 3.3 

shows the elemental weight changes in the decomposition of CdSe_5h sample. At the end 

of the decomposition, about 18.9 weight % of Cd and 99.3 weight % of Se are lost. And 

about 25 weight % of O is gained in the process. This observation implies that the 

decomposition of the nanorods must have involved dissociation of the CdSe bonds and 

subsequent evaporation of some portion of Cd and most of the Se, which is accompanied 

by oxidation of residual Cd. It is also possible that small fraction of residual Se and other 

elements in the end product recrystallize to form CdSexO1-x.  

 As given in table 3.2, the changes in activation enthalpy associated with all the 

steps of decomposition are positive implying that these steps are all associated with 

absorption of heat (endothermic). The positive value of ∆H associated with the first step of 

decomposition is thus, in agreement with the endothermic peak in the DTA curves. In this 

step, it is likely that heat absorbed by the nanorods results in removal of excess cadmium 

and dissociation of Cd-Se chemical bonds from the surface and subsequent evaporation of 

Se atoms. Since, the boiling point of bulk Se (  685 
o
C) is lower than the value for bulk 

Cd, which is 767 
o
C (approx.); in the temperature range of the first decomposition step, it 

is possible that evaporation of Se takes place while evaporation of Cd is unlikely to occur. 

The dissociation of Cd-Se chemical bonds in this step is expected to increase the disorder 

and the entropy change is thus likely to be positive in agreement with the calculated 
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values. Since CdSe_1h nanorods are smaller and possess larger specific surface area, the 

weight loss in this decomposition step for the CdSe_1h sample is larger than the other two 

samples. Meanwhile, the enthalpy change associated with the second and the third 

decomposition steps appears to contradict the DTA curves. But it is likely that the apparent 

exothermic peak in DTA curves is partly due to the relatively large increase in sample 

temperature because of the significant weight loss in the decomposition. In this step, the 

thermal energy supplied is expected to dissociate most of the Cd-Se chemical bonds in the 

sample and evaporate almost all of the Se atoms. In the TGA measurement, amount of heat 

given to the reference sample and the CdSe nanorods in the sample compartment being 

equal, the significant weight loss in the decomposition step can result in positive DTA 

peak, which may not necessarily be associated with exothermic process. However, since, 

the entropy change in the second step is negative in all the samples and as we also observe 

the presence of O in the residue of CdSe_5h sample, it is possible that the second 

decomposition step also undergoes exothermic process resulting into recrystallization to 

form CdO and CdSexO1-x structures. As a result, the material is in the more ordered state 

than that after first step of decomposition. The Gibbs free energy of activation (∆G) as 

given in table 3.2 is positive for all the steps of decomposition in all the samples. It shows 

that the decomposition steps are not spontaneous and have to be thermally activated. 

 

3.1.1.4 Optical properties 

Figure 3.9 (a) and (b) show the absorbance spectra of CdSe nanorods measured in 

transmission and reflection mode respectively. These measurements are performed as per 

the experimental details described in chapter 2 section 2.2.7. The concentration of solution 

used in transmission mode measurements is fixed at 0.26 mM for all the samples. All the 

samples in both measurements show broad absorption with an absorption edge having its 

onset at about 685 nm in CdSe_5h sample, which shifts to lower wavelength for samples 

prepared at shorter reaction time. The absorption onset wavelength of 685 nm in CdSe_5h 

corresponds to an energy gap of 1.81 eV, which is assigned to the direct transition in the 

bandgap of the sample and is larger than the reported bulk value of about 1.68eV [1]. 
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Figure 3.9: Absorbance spectra of CdSe nanorods taken in (a) transmission mode and  

(b) reflection mode. 

The observed shift in absorption edge and the corresponding changes in the energy 

gap correspond to the reduction in particle size as is evident from the FESEM images. It is, 

therefore, apparent that the observed change in bandgap energy could be due to size 

dependent quantum confinement effect. However, since the nanorods diameter of the 

samples, which vary from 31 nm in CdSe_1h to 62 nm in CdSe_5h is much larger than the 

excitonic Bohr radius of bulk CdSe (only about 5.6 nm) [26], strong confinement effect 

that may significantly alter the bandgap is not possible. By employing Brus equation, 

Chukwuocha et al. [27], have shown that strong confinement limit for CdSe is at size 3.84 

nm, which corresponds to confinement energy of about 1.015 eV. It has been shown that 

moderate confinement energy of about 0.13 eV, as observed in CdSe_5h sample, is 

possible only at particle size of about 8 nm. Therefore, only weak confinement effect due 

to change in electron-hole interaction energy, i.e., shifting of exciton energy states to 

higher energies is expected [28]. Thus, the observed phenomenon cannot be explained 

merely from the quantum size effect in nanoparticles.  

Another factor that may cause change in bandgap energy is lattice strain. Thean et 

al. [29], theoretically calculated the bandgap widening of Si nanocrystals as a function of 

strain and showed that the coupling between the Si nanocrystal geometry and the 

symmetry generated by the strain potential can enhance confinement in the quantum dot. 

Experimental reports on several nanocrystals are found to be in agreement with this 

calculation [30-32]. Hence, strain induced enhancement of confinement is believed to be 

contributing for the bandgap widening as observed in our samples. As deduced from XRD, 

the lattice strain in these nanorods is quite large. And as also is evident from HRTEM 

image, the nanorods are characterized by the presence of number of dislocations. Thus, it 

TH-1506_09612131



Synthesis and studies of II-VI nanostructured semiconductors: CdSe and ZnSe binary compounds 

57 
 

is likely that the band structure in these samples would be altered by the lattice strain and 

results in enhanced confinement effect as observed.  

The observed broad absorption edge in all the samples could be due to the large 

distribution in particle size as seen in FESEM and TEM images. Since large distribution in 

size is inherently associated with broad distribution in strain, both the size and strain 

induced confinement effects are believed to be responsible for the absence of sharp 

absorption edge. 

 

Figure 3.10: Room temperature photoluminescence (PL) spectra of CdSe nanorods taken with Ar 

ion laser excitation of 514.5 nm wavelength and 0.8 mW power. 

 Fig. 3.10 gives room temperature PL spectra of CdSe nanorods recorded using Ar 

ion laser source with 514.5 nm wavelength and 0.8 mW power. In the measurement range, 

only a single broad PL peak centered at around 725 nm is observed in all the samples. 

Under the same set of experimental condition, the PL peak of CdSe_1h sample is weakest 

and the peak for CdSe_3h sample is strongest.  

It is expected that a PL peak corresponding to exciton emission from a single 

nanocrystal to be narrow. The observed broad emission band in our samples suggests the 

presence of large distribution in particle size in the nanorods. This is in agreement with 

XRD data, FESEM and TEM images of the CdSe nanorods. The strain and particle size 

induced confinement effect in the band edge emission of different size nanoparticles in 

each sample could result in the broad emission peak.    
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 Surface of nanocrystals prepared by most of the prevailing synthesis route is 

usually characterized by the presence of large density of dangling bonds which can induce 

defects and adatoms, which in turn result in surface levels [33-36]. Since, nanocrystals 

have large specific surface area, the surface levels formed by defects and adatoms 

significantly influence the luminescent property of the material. The surface levels give 

rise to electronic states within the bandgap. These mid-gap states fill up to the Fermi level 

with electrons that originate in the bulk of the material and typically quench the PL 

intensity [34]. Since, the number of defects and the specific surface area in nanocrystals 

increase as the size of the nanocrystals decreases, the PL intensity quenching by the 

surface states will be more effective for smaller particles. This could be the reason for 

lower PL peak intensity as observed in CdSe_1h.  

 Another factor that could influence PL intensity is the high density of dislocations 

associated with high lattice strain. Dislocations in nanocrystals could form extended defect 

states, which usually act as a non-radiative recombination centers in semiconductor 

nanocrystals [37, 38]. Since, CdSe_3h sample has lowest lattice strain among the three 

samples prepared in this work, it is possible that the sample may have lowest non-radiative 

recombination centers that diminishes the PL intensity. This could explain the observed 

variation in PL intensity in the three samples.  

3.1.1.5 Raman scattering studies 

Fig. 3.11 shows room temperature Raman spectra of CdSe nanorods recorded using 

Ar ion laser with excitation wavelength of 514.5 nm. The spectra of both CdSe_3h and 

CdSe_5h exhibit a broad LO phonon mode with peak center at 204 cm-1, which is slightly 

shifted towards lower wave number at 200 cm
-1

 in CdSe_1h. In comparison to the reported 

bulk LO phonon mode peak position at 210 cm
-1

, the observed LO phonon mode in all the 

samples are red shifted. Extent of the red-shifting is even more pronounced for CdSe_1h 

sample. This size dependent red-shifting is quite common in Raman spectra of 

nanoparticles and is attributed to the result of the relaxation of the momentum conservation 

(   ) [39, 40]. Due to the negative phonon dispersion curve [41], the LO phonon mode 

is red-shifted once the phonon modes away from the zone center are activated. 
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Figure 3.11: Room temperature Raman spectra of CdSe nanorods. 

The shape of the LO phonon band in all the samples is slightly asymmetric, with a 

more pronounced low-frequency wing. Again, this asymmetry is often observed in 

nanocrystals, and is attributed to scattering by surface phonons whose contribution 

increases with the surface to volume ratio. However, rather low signal to noise ratio 

encumbers correct separation of the contribution of the surface phonons and determination 

of the surface phonon and LO phonon band parameters. Nevertheless, by visual inspection, 

the FWHM of LO phonon mode can be seen to be much larger than reported bulk value in 

II-VI materials, which is usually of the order of 7 – 8 cm
-1

 [42]. The increased FWHM as 

often reported in other nanocrystals is due to the nano size effect. The wide distribution in 

particle size in each sample also contributes to the broadening.   

In addition to the LO phonon, very weak overtone 2LO phonon signature is also 

observed around 400 cm
-1

 in all the samples. Again, based on visual inspection, ratio of 

overtone to fundamental frequency (       ⁄ ) slightly increases with increase in particle 

size, i.e., from CdSe_1h to CdSe_5h. It is a measure of the strength of the electron-phonon 

interaction [43]. The observed result thus suggest an increase in electron-phonon 

interaction with particle size. It is in agreement with some of the previous reports on 

semiconductor nanoparticles [44], where similar observation is reported. Theoretical 

formalism of Schmidt-Rink et al. [45] has also indicated that the strength of electron-

phonon interaction should decrease for small nanoparticles. 
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3.1.2 Studies on ZnSe nanocrystals 

3.1.2.1 Structural properties 

Fig. 3.12 (a) shows XRD patterns of the samples prepared under different 

solvothermal reaction times. The spectra of all the samples have 3 (three) characteristic 

peaks, which are identified as peaks corresponding to (111), (220) and (311) planes of the 

cubic phase (zinc blende) of ZnSe. In addition to these characteristic peaks of ZnSe, peaks 

corresponding to (100), (002), (101) and (110) planes of ZnO are also observed in 

ZnSe_1h and ZnSe_3h samples. Lattice parameter ‘a’ is calculated from the characteristic 

diffraction peaks of ZnSe. The values as given in table 3.4 are comparable to the standard 

lattice parameter, i.e., 5.618 Å [PDF # 800021]. With the increase in reaction time, the 

diffraction peaks corresponding to the ZnSe planes become narrower, implying that the 

crystallinity of products is continuously improved. Average crystallite size and lattice 

strains are calculated using Debye Sherrer’s formula. The deduced average crystallite size, 

dislocation densities and lattice strains are given in table 3.4. The crystallite size is in the 

range of a few nanometers and is increased with increase in reaction time. The dependence 

of average crystallite size and lattice strain on the reaction time is shown in fig. 3.12 (b). 

 

Figure 3.12: (a) XRD pattern of ZnSe powders, (b) Plot of crystallite size and lattice strain against 

reaction time. 

TH-1506_09612131



Synthesis and studies of II-VI nanostructured semiconductors: CdSe and ZnSe binary compounds 

61 
 

Table 3.4: Structural parameters of ZnSe nanoparticles. 

Sample Lattice 

constant 

‘a’ 

(Å) 

Lattice strain 

‘ε’ 

Dislocation density 

(lines per m
2
) 

Crystallite size 

(nm) 

ZnSe_1h 5.67      5.99       × 10
-3

 2.74       × 10
16

 6.0      

ZnSe_3h 5.63      3.95       × 10
-3

 1.19      × 10
16

 9.2      

ZnSe_5h 5.67      3.60       × 10
-3

 9.91      × 10
15

 10.0      

 

3.1.2.2 Composition and morphology studies 

Figure 3.13 (a) - (c) show SEM images of ZnSe nanocrystals. The composition of 

the particles shown in the images is identified using EDX. As indicated in the figures, the 

ZnSe particles do not have regular shape. While some of the particles grow in spherical 

shape, there are rod shape formations as well. In agreement with ZnO peaks as observed in 

the XRD patterns, bulk rod shaped micron size ZnO formation is also found in ZnSe_1h 

and ZnSe_3h samples. A section of the SEM images of these two samples showing the 

formation of bulk ZnO is included as an inset to the respective SEM images. As seen from 

the SEM images, there is a large distribution in particle size in all the samples. While some 

of the particles have dimension in nanometres, large micron size spheres are also observed. 

Similar to CdSe nanorods synthesis, the ZnSe nanocrystal growth is also inhibited 

and occurs in a controlled manner, the crystallite size and the dimension of the 

nanocrystals are expected to improve with reaction time. The remarkable difference in this 

case is that the ZnSe nanocrystals grow mostly as spheres in contrast to rods formation as 

observed in CdSe. It has been reported that the type of ligands play an important role in the 

morphology of the nanocrystals [46, 47]. But in both the cases the solvothermal reactions 

leading to the nanocrystal synthesis take place under the same set of experimental 

conditions with same ligands. Though the reason for the difference in morphological 

change in the two nanocrystal synthesis is not clear and needs further investigation, it 

appears that rod formation is thermodynamically more favourable in wurtzite crystal 

structure while it is not in zinc blende structure. In case of shorter synthesis time, the 

relatively slow rate of generation of Se
2- 

ions in comparison to Zn
2+

 ions is probably 

responsible for the formation of ZnO from the excess amount of Zn ions released in the 

solution. The bulk rod shaped ZnO with wurtzite crystal planes as observed in 1 and 3h 

samples support the previous statement. 
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Figure 3.13: SEM images of ZnSe nanocrystals. 

 

3.1.2.3 Thermal stability studies 

Figure 3.14 (a) - (c) show thermogravimetric analysis (TGA), differential thermal 

analysis (DTA) and derivative thermogravimetry (DTG) curves of the ZnSe nanocrystals. 

The TGA curves of all the samples show similar weight loss as the samples are heated 

from room temperature to 800 
o
C. With the increase in temperature, the samples show 

gradual weight loss before thermal decomposition takes place. The weight loss before the 

onset of thermal decomposition in ZnSe_1h amount to about 4% of the original weight. In 

ZnSe_3h, the similar weight loss amount to about 3%, whereas in ZnSe_5h sample, only 

2% of the original weight is lost. Above 350 
o
C, thermal decomposition in ZnSe_1h takes 

place with DTG peak at 429 
o
C and involves weight loss of about 30 %. This 

decomposition step is then followed by gradual weight loss and finally results in about 43 

% weight loss at 800 
o
C. In ZnSe_3h and ZnSe_5h samples, the decomposition involves 

initial step involving small amount of weight loss with weak DTG peaks at 388 and 371 
o
C 

respectively, which is followed by abrupt weight loss (rapid decomposition) occurring  
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Figure 3.14: TGA, DTA and DTG of ZnSe nanocrystals. 
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almost instantaneously involving large fraction of the materials. Similar to ZnSe_1h, the 

decomposition in these samples is again subsequently followed by gradual weight loss. 

The DTG peak temperature associated with the thermal decomposition differs from one 

sample to another; increasing for samples prepared at longer synthesis time. 

 In all the samples, the gradual weight loss at lower temperature is accompanied 

with gradually changing DTA curve; slowly lowering the slope as it approaches an 

endothermic peak at the initial stage of thermal decomposition. Above this endothermic 

peak, the DTA curve in all the samples show a sharp positive peak at temperature close to 

the respective DTG peaks. Since, in all the samples the positive DTA peak is associated 

with sudden weight loss it may or may not relate to exothermic process as discussed 

already in the TGA measurement of CdSe. 

The observed small amount of weight loss at lower temperature before the thermal 

decomposition is most likely caused by the evaporation of impurities as also observed in 

CdSe nanorods. It is observed in ZnSe nanocrystals that the weight loss corresponding to 

these impurities is lower in samples prepared for longer reaction time. This is because of 

the larger specific surface area in smaller particles, which results in more adsorbed 

impurities. Lack of sufficient reaction time in samples prepared for shorter reaction time 

may also results in more unwanted impurities.  

The observed increase in DTG peak temperature for samples prepared at longer 

reaction time indicates an improvement in thermal stability in these samples. Since, 

particle size determines the thermal stability of nanoparticles as discussed in chapter 1 

section 1.1.2, this observation is probably due to an increase in particle size for samples 

prepared for longer reaction time [23-25]. However, it is not possible to clearly identify the 

changes in particle size with reaction time from SEM images because of the large 

distribution in particle size and shape. Nevertheless, longer reaction time samples are 

expected to have larger particles according to the growth mechanism as discussed in 

chapter 2 section 2.1.1.3. It is also evident from XRD that samples prepared for longer 

reaction time evolve into particles with larger average crystallite size with lower 

dislocation densities.  

To deduce the thermodynamic parameters that are associated with the thermal 

decomposition, the decomposition kinetics are analyzed using Coats Redfern method [20] 

as discussed in chapter 2 section 2.2.8. Since, the decomposition in 3 and 5h samples takes 
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place within a very small temperature range; we cannot perform analysis using Coats 

Redfern method in these samples. We attempt to fit ZnSe_1h sample using all nine 

mechanistic equations for g(α) [21], as described in  chapter 2 section 2.2.8. Fig. 3.15 (a) – 

(c) show the Coats-Redfern plots for three of the nine mechanistic equations, which are 

best matching with our experimental result. The range of the plot is chosen corresponding 

to the temperature range within which thermal decomposition takes place. 

 

 

Figure 3.15: Plot of   [
 ( )

  
] against 10

3
/T of ZnSe nanoparticles for various kinetic models (a) 

Contracting sphere, (b) Avrami-Erofeyev model (n = 2), (c) Mampel model. 

All these three models appear to fit very well with our result. But the morphology 

of the ZnSe nanocrystals and the nature of the observed decomposition, which takes place 

with high decomposition rate, best matches with the assumptions of contracting sphere 

model [22], which defines g(α) as according to the equation   (   )  ⁄    , where k 

is the Boltzmann constant and  t  is the time. The kinetic parameters such as the entropy of 

activation (∆S), the enthalpy of activation (∆H) and the free energy of activation (∆G) are 

calculated using the equations given in chapter 2 section 2.2.8. All calculated 
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thermodynamic parameters are given in table 3.5. The activation energy for thermal 

decomposition as deduced using contracting sphere model is 345 kJ/mol, which is 

comparable with the value obtained using Mample model (or first order nucleation model). 

Calculations using all the three models result in increase in entropy, enthalpy and Gibb’s 

free energy. The positive value of activation enthalpy implies that heat is gained in this 

process, i.e., endothermic and results in decomposition amounting to increase in disorder 

in the system (positive ∆S). 

Table 3.5: Thermodynamic parameters of thermal decomposition of ZnSe_1h nanocrystals. 
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Figure 3.16: Raman spectra of the residue of TGA measurement of ZnSe_1h nanocrystals. 

Figure 3.16 shows the Raman spectra of the residual sample, ZnSe_1h after TGA 

measurement. The peaks in the measurement range as identified in the figure correspond to 

phonon modes of ZnO. Since, the decomposition doesn’t end after this step and the 

process continued till almost up to 800 
o
C with weak DTG peaks at 482 and 544 

o
C, we 

believe that this step with a mass loss of 30 % is due to the dissociation of Zn-Se chemical 
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bond and subsequent evaporation of most of the Se atoms starting from the surface of the 

nanocrystals and progressing towards the center. The slow decomposition process, which 

follows this step and also accompanied by two DTG peaks (482 and 544 
o
C) and a weak 

DTA at 510 
o
C, is probably associated with evaporation of Se and some fraction of Zn 

from the bulk of the nanocrystals and exothermic reaction of residual zinc with oxygen to 

form ZnO. Gibbs free energy of activation (∆G) gives information about the stability of the 

system. The observed increase in Gibbs free energy (positive ∆G) as given in table 3.5, is 

an indication that the reaction is not spontaneous and has to be activated.  

3.1.2.4 Optical properties 

Figure 3.17 (a) - (c) show the photoluminescence (PL) spectra of ZnSe 

nanocrystals recorded using an excitation wavelength of 300 nm in the wavelength range 

of 390 to 550 nm. All the samples prepared for different reaction time exhibit a broad PL 

peak at around 467 nm. The shape and the appearance of shoulder on the longer and the 

shorter wavelength sides clearly indicates that the PL peak is a result of overlapping of 

number of emission lines. The PL peak in each sample is, thus, deconvoluted so as to 

obtain individual emission lines that are responsible for the observed broad peak. Blue 

emission at around 454 nm in ZnSe_5h, which is denoted as NBE in the deconvoluted 

spectra, is attributed to excitonic recombination corresponding to the near-band edge 

emission of ZnSe. This peak is blue shifted to a small extent relative to the bulk value of 

460 nm (corresponding to bulk bandgap of 2.7 eV [1]) due to the weak confinement effect 

in the nanocrystals. The corresponding NBE blue emission line in ZnSe_3h and ZnSe_1h 

are further shifted towards lower wavelength. The strongest emission line identified in the 

figure as D1 is probably due to superposition of emission lines involving shallow defects 

and band edge emission of few bigger particles. The presence of broad shoulder on the 

longer wavelength side of the PL peak is interpreted as transitions corresponding to deep 

level defects identified as D2, D3 and D4 in the deconvoluted spectra. These defect states 

are probably a result of dislocations, stacking faults, zinc vacancy and interstitial states in 

the nanocrystals. The green luminescence in particular, i.e., D4 can be attributed to the 

recombination of an electron and photogenerated hole caused by surface defects [48]. In 

ZnSe_1h sample, additional luminescence peak at 439 nm is observed. The origin of this 

peak is not clearly understood, but, it could be caused by transitions corresponding to 

defect states in ZnO, which is also present in this sample. 
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Figure 3.17: Room temperature photoluminescence (PL) spectra of (a) ZnSe_1h, (b) ZnSe_3h and 

(c) ZnSe_5h nanocrystals. 

It is interesting to observe in the PL spectra of our samples that the transition via 

defect states is more dominant than the NBE transition. This could be partly due to 

inhibition of the NBE emission by the non-radiative recombination centers that are 

associated with large dislocations and strains in our samples as observed in XRD. 

3.1.2.5 Raman scattering studies 

Figure 3.18 shows the Raman spectra of ZnSe nanocrystals. All the samples show 

asymmetrically broadened LO phonon mode at around 245 cm
-1

, which is red-shifted from 

the reported bulk value of 250 cm
-1 

[14]. In addition to this broad LO phonon, we have 

signature of 2-LO and other disorder induced phonons in the measurement range. The 

observed red-shifting and the asymmetric broadening of the LO phonon mode are often 

reported in Raman spectra of nanodimensional materials [49-51]. The phonon confinement 
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effect and the increased specific surface area in smaller dimensional materials are 

responsible for these observed changes. Due to the negative phonon dispersion curve, the 

LO phonon mode is red-shifted once the phonon modes away from the zone center are 

activated [52, 53]. The asymmetry in the LO line shape, however, cannot be explained 

from the relaxation of q = 0 selection rule due to the small dispersion of phonons as was 

reported from macroscopic continuum dielectric model analysis [54]. This is due to the 

increased number of surface phonon modes in small nanocrystals. 

 

Figure 3.18: Room temperature Raman spectra of ZnSe nanocrystals. 

To obtain the surface phonon and other phonon band parameters, the highly 

asymmetric LO phonon is deconvoluted using Gaussian line shape function in all the three 

samples. The deconvoluted spectra along with the cumulative fit and the raw data for each 

sample are shown in figure 3.19 (a) – (c). The deconvoluted spectra consist of three peaks, 

which are identified as TO, SP and LO phonon modes. Frequency, FWHM and intensity of 

the observed phonons are given in table 3.6. The observed TO phonon mode frequency 

matches with the reported bulk value [14, 55, 56]. FWHMs of the phonon modes are much 

larger than the FWHM of the bulk samples. This broadening of the phonon bands is a 

common characteristic for nanomaterials with small diameters [42]. The reduced 

dimension decreases the mean free path of phonons and the phonons confined in the 

nanocrystals frequently collide and relax at the interface, which results in shortening of the 

lifetime of phonons and contributes to the broadening. Lattice distortion and structural 

defects, which are common features of most nanocrystals also contributes to this 

shortening of phonon lifetime. 
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Figure 3.19: Deconvoluted Raman spectra of (a) ZnSe_1h, (b) ZnSe_3h and (c) ZnSe_5h 

nanocrystals.  

 

Table 3.6: Phonon modes of ZnSe nanocrystals. 
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3.2 Summary 

CdSe and ZnSe nanostructured compounds are successfully synthesized by 

solvothermal process. The samples are synthesized for three different reaction time, 1h, 3h 

and 5h. In the synthesis of both CdSe and ZnSe nanocrystals, the solvothermal reactions 

leading to the nanocrystal growth take place under the same set of experimental conditions 

with same solvents. But, the resulting CdSe nanocrystals are wurtzite structure with rod 

shaped morphology whereas ZnSe nanocrystals are zinc blende structure with spherical 

shaped morphology. The crystallinity, compositional stoichiometry and particle size 

improve with reaction time. Both the nanostructured compounds possess good thermal 

stability. The thermal decomposition kinetics in both the compounds follow geometrical 

contraction model, which describes a system in which thermal decomposition occurs 

rapidly from the surface and the rate at which decomposition takes place controlled by the 

resulting interface progress toward the center of the crystal. Absorbance and 

photoluminescence study show the evidence of confinement effect by the presence of 

lattice strain in these nanostructures. 
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Growth and studies of CdSxSe1-x ternary alloy thin films 

 

In this chapter, growth, structural and optical properties of CdSxSe1-x ternary 

alloy thin films as deposited by thermal evaporation of solvothermally synthesized CdS-

CdSe composite powders are discussed. CdSxSe1-x ternary alloy semiconductor is one of 

the most important II-VI semiconductors with promising applications in various 

optoelectronic devices including photoelectrochemical hydrogen generation [1], tunable 

laser [2, 3], optical waveguides [4-7], sensors [8], solar cells [9], etc., mainly due to its 

wide-ranged tunable direct band gap which spans from visible (         for CdS) to 

near IR (         for CdSe)[10, 11]. The tunable property in this material can be 

achieved by altering the relative concentration of the anions, S and Se in the alloy, which 

can be done by using most of the existing thin film preparation techniques such as laser 

ablation [12-15], mechanical alloying [16], chemical bath deposition [17], etc. Besides 

being technologically important, it also possesses interesting optical and vibrational 

behavior. Spin orbit (SO) coupling effect in the optical spectra and two-phonon mode 

vibrational behavior in these alloys are interesting properties of these compounds, which 

may have certain implications in the performance of the material when used in 

optoelectronic devices. However, very few reports are available on the investigation of 

these two phenomena in CdSxSe1-x. The reported experimental work is mostly limited to 

nanocrystallites of these compounds dispersed in glass matrix [18] and sometimes on 

nanocrystals having nearly equal concentration of S and Se atoms in CdSxSe1-x alloys 

[14]. With these motivations, we prepare CdSxSe1-x ternary alloy thin films by varying 

the relative composition of CdS and CdSe in the composite powders. The structural, 

optical and vibrational properties of the films were investigated by X-ray diffraction 

(XRD), UV-Vis-NIR transmission and Raman scattering spectroscopy. We will discuss 

the changes in structural, optical and vibrational properties of the films with 

compositional variation in the following sections.  
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4.1 Results and discussion 

4.1.1 EDX and XRD of the precursor CdS-CdSe composite powders` 

 

 

Figure 4.1: SEM images and EDX spectra of the synthesized binary and composite powders. 

Figure 4.1 (a) - (d) shows the SEM images and the corresponding EDX spectra of 

the synthesized CdS-CdSe composite powders. The composition, as shown in the 

figures, are an average of the measurements taken over 2-3 different positions in the 

SEM images. As indicated in the EDX spectra, the synthesized powders are without any 

significant impurity and consist only of cadmium, sulfur and selenium. The three 

composite powder samples contain different amount of sulfur and selenium, which are 

uniformly mixed over the entire samples. Figure 4.2 (a) and (b) show the XRD patterns 

of two of the synthesized composite powders. The observed peaks correspond to the 

hexagonal planes of both CdSe and CdS indicating the composite nature of the 

synthesized powders. 
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Figure 4.2: XRD pattern of two of the composite powders showing diffraction planes from both 

CdS and CdSe. 

 

4.1.2 Composition and surface morphology studies of CdSxSe1-x thin 

films  

Figure 4.3 (a) - (e) shows the EDX spectra of the films. The atomic percentage of 

different ions shown in this case are average over 3 - 4 measurements at different 

location on the films. All the films appear to be slightly Cd rich. The fraction of sulfur 

content (x) in the films is obtained by normalizing the total atomic percentage of anion 

content in the films. The standard deviation in composition is calculated for each of the 

ternary alloys. CdS0.17Se0.83 sample, in particular have relatively large standard error of 

about 0.05 in comparison to the errors of about 0.02 for the remaining ternary samples. It 

is observed here that the films do not maintain the same composition as that of the source 

nano-composite powders used for the preparation of the films. The S content in the films 

is slightly less than that in the source composite powders due to relatively low vapour 

pressure of CdS as compared to that of CdSe [19]. 
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Figure 4.3: EDX spectra of CdSxSe1-x (  0, 0.17, 0.35, 0.64, 1) thin films. 

Figure 4.4 show FESEM images of the films. The films are deposited uniformly 

throughout the surface. While the CdS film mostly consist of almost spherical shaped 

grains, the ternary alloy films containing selenium have bigger irregular shaped grains. 

With the exception of CdS0.35Se0.65 sample, the grain size increases with increase in 

selenium content and the pure CdSe film possess surface consisting mostly of 

nanodimensional flakes. Though the reason for reduced grain size in CdS0.35Se0.65 sample 
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is not very clear, this could be due to some variation in substrate temperature during 

deposition. 

 

 

 

Figure 4.4: FESEM images of (a) CdSe, (b) CdS0.17Se0.83, (c) CdS0.35Se0.65, (d) CdS0.64Se0.36 and 

(e) CdS thin films. 
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4.1.3 XRD studies 

Figure 4.5 (a) shows the XRD patterns of CdSxSe1-x thin films (  0, 0.17, 0.35, 

0.64, 1). XRD patterns of CdSxSe1-x thin film samples (   0, 0.17, 0.35, 0.64, 1) are 

shown in figure 5(a). All films show a sharp distinct peak with its 2θ value shifting from 

25.440
o
 in CdSe (x = 0) to 26.526

o
 in CdS (x = 1) as listed in table 4.1. Direction of the 

peak shifting follows compositional changes, i.e., 2θ increases as fraction of sulfur 

increases. According to standard JCPDS data, the observed 2θ values of the end binary 

compounds are very close to the respective values of both (111) plane of zinc-blende 

structure and (002) plane of wurtzite structure of the compounds. The 2θ values of (002) 

plane of bulk wurtzite CdSe and CdS are found at 25.391
o
 [PDF # 772307] and 26.660

o
 

[PDF # 800006] respectively. Whereas, the 2θ values of (111) plane of bulk zinc-blende 

CdSe and CdS are observed at 25.375
o
 [PDF #190191] and 26.547

o
 [PDF #800019] 

respectively. Therefore, the strong diffraction peak observed in our samples could 

correspond to any of the two crystal planes mentioned above. However, since the optical 

band gap of the end binary alloys, as obtained from UV-Vis-NIR transmission 

measurements (discussed later), are closer to the values for zinc blende structure [10], we 

believe that the films possess a zinc blende structure rather than the wurtzite structure of 

the source nano-composite powders.  In addition to this strong diffraction peak, very 

weak diffraction peak around 2θ value of 46
o
 is also observed which could be due to 

(103) plane of the wurtzite phase of the source compounds, traces of which is likely to be 

present in the films. 

Lattice constant, lattice strain, dislocation densities and average crystallite sizes 

estimated from the XRD are listed in table 4.1. The lattice constant a decreases from 

6.059Å to 5.816 Å as x increases from 0 to 1. This variation follows linear Vegard’s 

relation for ternary alloys, i.e.,             (   )            as shown in figure 

4.1 (b). The crystallite size of films varies from 24 nm to 39.7 nm. These may be slightly 

underestimated as it is not possible to isolate the size and strain broadening  of 

diffraction peaks for thin films where usually only single diffraction peak is observed 

[20]. 
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Figure 4.5: (a) XRD pattens of CdSxSe1-x thin films (x = 0, 0.17, 0.35, 0.64, 1), (b) Plot of lattice 

constant (a) vs sulfur content (x). 

Table 4.1: Structural parameters of CdSxSe1-x thin films. 

Sample 2θ 

(degree) 

β (FWHM) 

(degree) 

Lattice 

constant ‘a’ 

(Å) 

Lattice 

strain 

(× 10
-3

) 

Dislocation 

density 

(lines/m
2
) 

(× 10
15

) 

Average 

crystallite 

size(nm) 

CdSe 25.440 0.288 6.059       1.23  1.15  29.5     

CdS0.17Se0.83 25.823 0.215 5.972       0.91 0.64 39.6     

CdS0.35Se0.65 26.051 0.254 5.920       1.08 0.89 33.6     

CdS0.64Se0.36 26.379 0.215 5.848       0.91 0.64 39.7     

CdS 26.526 0.356 5.816       1.51 1.74 24.0     
 

4.1.4 UV-Vis-NIR studies 

Figure 4.6(a) shows the UV-Vis-NIR transmission spectra of the thin films in the 

wavelength range 220 - 2500 nm at normal incidence. All the films show good 

interference pattern in the NIR region with maximum transmittance of about 90 %. The 

optical absorption edge as indicated by sharp drop in the transmittance spectra shifted 

towards shorter wavelength with increasing x. 
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Figure 4.6: (a) UV-Vis-NIR transmission spectra of CdSxSe1-x thin films (x = 0, 0.17, 0.35, 0.64, 

1), (b) (αhν)
2 
vs hν plot.  

Refractive index (n), absorption coefficient (α) and thickness of the films are 

determined using the method described by Swanepoel [21]. These quantities are given in 

table 4. 2. The refractive index value at 550 nm depends on the fraction of sulfur in the 

films; decreasing as the sulfur content increases. The values obtained for the end binary 

compounds, i.e., CdS and CdSe are comparable with those reported in literature [22-24]. 
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Table 4.2: Band gap, refractive index and film thickness of CdSxSe1-x alloy thin films. 

Sample Film 

thickness

(nm) 

n  
(550nm) 

Eg1(eV) 

(  
    

 ) 

Eg2(eV) 

(  
    

 ) 

SO splitting 

(eV) 

CdSe 766 2.86 1.67      1.97      0.30      

CdS0.17Se0.83 980 2.77 1.82      2.03      0.21      

CdS0.35Se0.65 513 2.69 1.90      2.11      0.21      

CdS0.64Se0.36 530 2.66 2.15      2.24      0.09      

CdS 495 2.52 2.43      0 

 

The band gaps (  ) are obtained from (αhν)
2 

vs hν plot as shown in figure 4.6(b). 

The linear dependence of (αhν)
2
 on hν in the plot indicates the occurrence of direct 

optical transition as expected in these semiconductors. The bandgap corresponding to 

each direct optical transition is obtained by fitting a straight line as shown in the figures. 

The values obtained from these fittings are given in table 4.2. The two optical transitions 

as deduced from the plot in all the samples containing selenium atoms correspond to 

direct transitions (  
    

 )and (  
    

 ) as have been reported for zinc-blende 

structure of binary compounds including ZnSe and CdSe [25-29]. These transitions are 

due to SO splitting of the valence band caused by the large ionic radii of Se atoms.  For 

pure CdS films, only one direct optical transition is observed indicating the absence of 

any spin orbit splitting in the valence band of these films. The absence of SO splitting in 

CdS is due to the small ionic radii of S atoms. The magnetic field generated by orbiting 

electron in this case is too weak to induce any coupling with electron spin. The SO 

splitting energies in samples containing Se atom are calculated from the difference of the 

observed two band gaps. The observed SO splitting in CdSe is comparable with reported 

values [10, 30, 31]. The calculated SO splitting energy is a function of sulfur content in 

the samples, decreasing as the sulfur content increases as shown in figure 4.7 (a). 

Increase in sulfur (S) content in the alloy corresponds to decrease in selenium (Se) 

concentration in the lattice, the heavier atom which is responsible for SO splitting. The 

calculated band gap for the end binary compounds i.e., CdSe (1.67 eV) and CdS (2.43 

eV) are comparable to the reported band gaps for zinc blende structure of the 

corresponding compounds; 1.68 eV and 2.42 eV for CdSe and CdS respectively [10, 11].  
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Figure 4.7: (a) Plot of SO splitting energy vs fraction of sulfur (x), (b) Plot of energy bandgap vs 

fraction of sulfur (x). 

Figure 4.7 (b) shows the band gap variation with composition along with the 

second order polynomial fitting. This deviation from linear relation is a commonly 

observed phenomena in ternary alloy thin films and is mainly due to the difference in the 

lattice constants as atoms are substituted by another atoms in the alloying [32, 33]. The 

bowing parameters b in our samples are 0.079 and 0.101 eV respectively for Eg1 and Eg2, 

which are lower than the reported value of 0.53 eV [10, 11]. 

 

4.1.5 Raman scattering studies 

Room temperature Raman spectra of CdSxSe1-x (x = 0, 0.17, 0.35, 0.64, 1) thin 

films are shown in figure 4.8. CdSe thin film has distinct vibrational bands 

corresponding to TOCdSe, LOCdSe and 2LOCdSe phonons. The spectra of all the ternary 

samples exhibit prominent Raman bands corresponding to both CdSe and CdS-like 

phonons as predicted by modified random element isodisplacement model (MREI) [34]. 

With the increase in fraction of sulfur in the film, intensity of CdS-like phonon modes is 

observed to increase while intensity of CdSe like phonon modes decreases. Since, these 

phonon bands are close to the reported LO phonons of the respective binary compounds; 

these are identified as LOCdSe and LOCdS phonon modes. As clearly seen from the 

spectra, these phonon modes are highly asymmetric towards the lower wave number 

side. In addition to these first order Raman lines, higher order phonon modes identified 

as 2LOCdSe, 2LOCdS and LOCdSe + LOCdS phonons are also observed. The binary 

compound CdS thin film has two Raman lines; a strong LOCdS phonon mode with 
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asymmetric broadening towards the lower wave number side and a weak higher order 

2LOCdS phonon mode as indicated in the figure. The presence of only the characteristic 

phonon modes in the end binary compounds further supports the EDX measurements on 

these films. 

 

 

Figure 4.8: Raman spectra of CdSxSe1-x (x = 0, = 0, 0.17, 0.35, 0.64, 1) thin films. 

 

The Raman spectra are further analyzed by deconvoluting the recorded spectra as 

shown in figures 4.9 (a) - (e). Since, most phonon broadenings are homogeneous; all the 

observed peaks in Raman Spectra are fitted with Lorentzian distribution. The black 

coloured dotted lines in each figures corresponds to recorded raw data in Raman spectra.  
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Figure 4.9: Deconvoluted Raman spectra of CdSxSe1-x (x= 0, 0.17, 0.35, 0.64, 1) thin films. 
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Table 4.3: Phonon modes of CdSxSe1-x (x = 0, 0.17, 0.35, 0.64, 1) thin films. 
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The cumulative fit as indicated in the figures match very well with the raw data in 

all the spectra. Table 4.3 shows the band center position, the full-width at half maxima 

(FWHM) and the intensity of all the observed phonon modes. All the phonon modes 

including the zone center phonons have FWHM, which is comparatively much larger 

than the reported bulk values for the II-VI binary compounds [35]. The LO phonon 

modes of both CdSe and CdS are slightly red-shifted from the reported values (LOCdSe = 

211 cm
-1

 [10, 36], LOCdS = 305 cm
-1

 [10, 36, 37]). 

The observed asymmetric broadening of LOCdS mode of pure CdS was reported 

for CdS thin films prepared using chemical bath deposition technique [37] and was 

attributed to the presence of surface phonon (SP). The large asymmetric broadening in 

our CdS sample is best fitted with three Lorentzians as shown in figure 4.9 (e). In this 

fitting, small signature of TOCdS mode is observed at 230 cm
-1

, which is normally absent 

in most of the reported Raman measurements on CdS samples. This occurrence of small 

signature of TOCdS mode could be due to the TO resonant scattering in our sample. The 

energy of the excitation photon 2.41 eV (514.5 nm) is slightly smaller than the observed 

band gap 2.43 eV, which satisfies the necessary resonance condition of the TO mode of 

CdS films [38]. Since the crystallite size in CdS sample is small, the additional phonon 

mode with large FWHM observed in this three Lorentzians fitting is assigned to the SP 

vibration and other disorder activated phonons. The presence of non-uniform strain in the 

crystal may also add to the large FWHM of this mode. 

 The asymmetric broadening as observed in CdSxSe1-x ternary alloys have been 

discussed by several authors [14, 18, 39]. Since, this asymmetric broadening exists even 

in bulk samples, the surface phonon is ruled out as the sole cause of this broadening [39]. 

Various models such as Fano profile model [39], special correlation model [14, 39] and 

two-Lorentzians model [14, 39] have been used to explain the observed phenomenon. 

Ingale, et al. [39], in their investigation of these three models on CdSxSe1-xshowed that 

the two-Lorentzian model involving the disorder induced zone edge phonon best 

describe the asymmetry observed in these alloys. Pagliara et al. [14], also in their 

investigation on the effect of disorder on the Raman scattering of CdSxSe1-x films 

deduced that the disorder induced zone edge phonons are responsible for asymmetric 

broadening in CdS-like LOCdS phonon modes. In the light of the previous reports, the 

observed first order LO Raman lines in our samples are also fitted with two Lorentzians. 

The second Lorentzian on the lower wave number side of LOCdS mode is identified as the 
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zone edge (ZE) LOCdS phonon. The origin of this phonon can be understood from the 

dispersion curve of CdS [10]. In the dispersion curve of CdS, the LOCdS and TOCdS 

phonon modes are still separated at the zone boundaries forming distinct zone edge 

phonon vibrations, ZE-LOCdS and ZE-TOCdS respectively at frequencies which are 

slightly different from the respective zone center phonon modes. These phonon modes 

can become Raman active once we have significant disorder.  The ZE-LOCdS frequency 

being lower than the zone center LOCdS phonon mode, results in asymmetric broadening 

of LOCdS on the lower wave number side as observed in our samples. However, the 

Raman line on the lower wave number side of LOCdSe is assigned to TOCdSe phonon 

mode of CdSe. Although it is possible that the disorder activated phonons may also 

contribute to the observed asymmetric broadening in the LOCdSe phonon, it is more likely 

that TOCdSe will dominate as strong peak corresponding to this mode is also observed in 

the Raman spectra of pure binary CdSe films. 

 

 

Figure 4.10: (a) Plot of Raman shift vs fraction of sulfur (x), (b).Plot of intensity ratio of the two 

LO phonons  

 
ZnS

ZnSe

LO

LO

I
I

 
 
  

vs fraction of sulfur (x). 

 Figure 4.10 (a) shows, the Raman shift of the observed first order Raman modes 

plotted against the sulfur content (x). The gap between TOCdSe and LOCdSe phonon 

modes, which are widely separated for pure CdSe sample, gets narrower with the 

increase in sulfur content. These phonon modes appear to approach a single vibrational 

mode known as gap mode as the fraction of selenium in the ternary alloy reduces. This 
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observation is in agreement with the calculated concentration dependence of TOCdSe and 

LOCdSe phonon modes for CdSxSe1-x [39]. Brafman et al. [40], also reported similar 

observation for ZnSe-like TO and LO phonons in ZnSxSe1-x ternary alloy thin films. 

From the figure, the observed LOCdS phonon mode frequency can also be seen to 

increase gradually with increase in sulfur content (x) in agreement with earlier reports 

[41]. The ZE LOCdS phonon mode frequency, however, does not show much dependence 

on compositional variation. Since, the ZE phonons are activated due to lattice disorder, 

the FWHMs and the intensities of the phonon modes are a measure of disorder in the 

lattice. In the intermediate ternary alloys, the FWHM and the intensity of the ZE LOCdS 

phonon decrease with the increase in a fraction of S atom in the alloy as shown in table 

4.3. This may be due to smaller lattice disorder in our ternary systems when heavier Se is 

substituted with S atom. The heavier Se atom, if it forms point defects, may cause larger 

lattice distortion. The EDX measurements also show that the samples with more Se 

atoms have larger non-uniformity in composition (larger standard error) and hence larger 

compositional disorder. However, the seemingly large zone edge phonon observed in the 

pure CdS sample could be due to the presence of surface phonon (SP) contribution, 

which may arise due to the smaller dimension of the prepared sample.  

The plot of intensity ratio of the two LO phonons [
 (     )

 (      )
] against the 

fraction of sulfur (x) are given in figure 4.10 (b). The plot shows that the relative strength 

of the zone center phonons is dependent on the fraction of sulfur as has been reported for 

other mixed crystals exhibiting two-mode behavior [33]. The increased intensity 

ratio[
 (     )

 (      )
]corresponds to the increasing number of Cd-S bond (decreasing 

number of Cd-Se bond) in the mixed crystal as more number of anion sites in the crystal 

is occupied by S atom. 
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4.2 Summary 

Though, the preparation technique of CdSxSe1-x (0 ≤ 𝑥 ≤ 1) thin films developed 

in this work is a bit lengthy as it involves two step processes, it, however, does not 

require sophisticated instruments and the starting compound is prepared using already 

well-established low cost processes. The thin films have uniform deposition with good 

crystallinity and tunable structural and optical properties. Valence band splitting due to 

spin orbit coupling, as reported for binary CdSe compound has also been observed in the 

ternary CdSxSe1-x (0 ≤ 𝑥 ≤ 1) thin films. Further, we are able to show that the SO 

splitting is a function of Se content in the ternary alloy films, decreasing as the 

concentration of Se decreases. The dual phonon modes observed in our CdSxSe1-x 

samples follow the reports on nanocrystal doped glasses and thin films prepared using 

more sophisticated processes. The FWHM and the intensity of the disorder ZE phonon 

observed in our samples are found to decrease with Se content due to lower 

compositional disorder and smaller lattice distortion.  
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Chapter 5 

 

Growth and studies of ZnSxSe1-x ternary alloy thin films 

 

In this chapter, growth, structual and optical properties of ZnSxSe1-x ternary alloy 

thin films as deposited by thermal evaporation of solvothermally synthesized ZnS-ZnSe 

composite powders are discussed. Since ternary alloying can be easily achieved by most 

deposition techniques in II-VI compounds [1-5], it is a very useful tool to control the 

structural and optical properties in order to design a material that may possess desired 

properties for a specific application. This  possibility enhances the applicability of the II-

VI compounds in various fields such as blue-green LEDs [6, 7], blue-green lasers [8], 

photodetectors [9], and as a buffer layer in thin film solar cells [10]. The material, in 

addition to being very promising for many electronic applications, also possess 

interesting optical and vibrational behavior. Spin orbit (SO) coupling effect in the optical 

spectra and two-phonon mode vibrational behavior in these alloys are interesting 

properties of these compounds, which may have certain implications in the performance 

of the material when used in optoelectronic devices. Though a few reports are available 

in literature, these two phenomena have not been clearly understood and to our 

knowledge there have not been proper experimental reports on the gap mode vibration of 

selenium in ZnS crystal as predicted theoretically [11]. With these motivation, we 

prepare ZnSxSe1-x (x = 0, 0.41, 0.51, 0.91, 1) ternary alloy thin films by varying the 

relative composition of ZnS and ZnSe in the composite powders. The structural, optical 

and vibrational properties of the films were investigated by X-ray diffraction (XRD), 

UV-Vis-NIR transmission and Raman scattering spectroscopy. We will discuss the 

changes in structural, optical and vibrational properties of the films with compositional 

variation in the following sections.  
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5.1 Results and discussion 

5.1.1 EDX and XRD of the precursor ZnS-ZnSe composite powders 

 

 

                                  

Figure 5.1: SEM images and EDX spectra of the synthesized binary and composite powders. 

Figure 5.1 (a) - (e) show the SEM images and the corresponding EDX spectra of 

the synthesized ZnS-ZnSe composite powders. The composition, as shown in the figures, 

are an average of the measurements taken over 2-3 different positions in the SEM 

images. In addition to zinc, sulfur and selenium, traces of oxygen are also present in the 

composite powders. The three composite powder samples contain differerent amount of 

sulfur and selenium, which are uniformly mixed over the entire samples. Figure 5.2 (a) 

and (b) show the XRD patterns of two of the synthesized composite powders. The 
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observed peaks correspond to the cubic planes of both ZnSe and ZnS indicating the 

composite nature of the synthesized powders. 

 

Figure 5.2: XRD pattern of two of the composite powders showing diffraction planes from both 

ZnS and ZnSe. 

5.1.2 Composition and surface morphology studies of ZnSxSe1-x thin 

films  

Figure 5.3 (a) - (e) show the EDX spectra of the films. The atomic percentage of 

different ions shown in this case are average over 2-3 measurements at different location 

on the films. Except for ZnSe, all the remaining films appear to be slightly Zn rich. The 

fraction of sulfur content (x) in the films is obtained by normalizing the total atomic 

percentage of anion content in the films. It is observed here that the films do not maintain 

the same composition as the source material. This may be understood by looking at the 

phenomena involve in our sample preparation process. Although the mechanism 

involved in the thermal evaporation process is quite simple and well understood, our 

preparation process, however, involves evaporation of composite powders consisting of 

two different binary compounds with different vapour pressure. The crystal growth in 

thermal evaporation process is largely determined by the rate of solid transport. The 

number of molecules (n) striking a surface of the substrate per unit area per unit time is 

related to the vapour pressure (p) as   (     ) 
 
 ⁄   , where m is the molecular 

mass, and T is the absolute temperature [12]. Since the vapour pressure of ZnSe is higher 

than the vapour pressure of ZnS [13], it, therefore, results in unequal amount of ZnS and 

ZnSe molecules striking the surface of the substrate even for the same amount of the two 

materials. Hence, the formation of Zn-Se bonding in the resulting alloy is more 
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favourable than Zn-S and thus, the composition of the resulting alloys do not match with 

the source composite powders. 

  

 

                                  

Figure 5.3: EDX spectra of ZnSxSe1-x (   0, 0.41, 0.51, 0.91, and 1) thin films. 

FESEM images of the films are shown in figure 5.4. The films are deposited 

uniformly throughout the surface and consist of densely packed small grains without any 

pinhole. ZnS0.41Se0.59, ZnS0.91Se0.09 and ZnS samples consist of small and spherical 

shaped grains with an average diameter of around 50 nm. ZnSe and ZnS0.51Se0.49 

samples, on the other hand, have much bigger irregular shaped grains with almost 100 

nm diameter. Thus, the dimension of the grains and hence, the quality of the film surface 

is not monotonically varying with composition. Though the reason for this is not very 

clear, this could be due to some variation in substrate temperature during deposition. 
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Figure 5.4: FESEM images of ZnSxSe1-x (   0, 0.41, 0.51, 0.91, and 1) thin films. 

5.1.3 XRD studies 

Figure 5. 5(a) show the XRD patterns of ZnSxSe1-x thin films (   0, 0.41, 0.51, 

0.91, and 1). Contrary to the powder samples, where we observed peaks corresponding to 

the crystal planes of both ZnS and ZnSe, only one distinct characteristic peak 

corresponding to (111) plane of zinc blende structure [PDF #800021, PDF #772100] of 

the compound is observed. With the changing composition, the 2θ value of the 

diffraction peak shifts from 27.26
o 

in ZnSe (x = 0) film to 28.62
o 
in ZnS (x = 1) film. 
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Figure 5.5: (a) XRD pattens of ZnSxSe1-x thin films (x = 0, 0.41, 0.51, 0.91, 1). (b) Plot of lattice 

constant (a) vs sulfur content (x). 

Table 5.1: Structural parameters of ZnSxSe1-x thin films. 

Sample 2θ 

(degree) 

β 

(FWHM) 

(degree) 

Lattice 

constant 

‘a’ (Å) 

Lattice 

strain 

(× 10
-3

) 

Dislocation 

density 

(lines/m
2
) 

(× 10
15

) 

Average 

crystallite 
size(nm) 

ZnSe 27.260 0.316 5.662 1.34  1.37  27 

ZnS0.41Se0.59 27.880 0.395 5.539 1.67  2.13  22 

ZnS0.51Se0.49 28.150 0.309 5.487 1.30  1.30  28 

ZnS0.91Se0.09 28.500 0.386 5.421 1.63  2.03  22 

ZnS 28.625 0.376 5.398 1.59  1.93  23 

Structural parameters of the alloys calculated from the (111) plane using Debye-

Sherrer formula are given in table 5.1. Lattice constant ‘a’of the films decreases from 

5.662 Å to 5.398 Å as x increases from 0 to 1. As shown in figure 5.5(b), this variation of 

lattice constant with composition nearly follows linear Vegard’s relation, but with small 

deviations. Although, most mixed crystals have been assumed to follow the empirical 

Vegard’s relation, deviation from the linear relation has been observed  both 

experimentally and theoretically [14-17]. This could be due to large lattice parameter 

difference of the constituting binary compounds and non-linear variation of cell volume 
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with compositional changes. The observed lattice parameter variation given in figure 5.5 

(b), follows second order polynomial relation,            (   )            

 (   ) , with a bowing parameter b equal to 0.12 Å.  

The calculated lattice strain and dislocation density of the films are given in table 

5.1. These parameters correlate with the grain size of the particles. Samples with larger 

grains such as ZnSe and ZnS0.51Se0.49 have lower lattice strain and dislocation densities 

in comparision to the other three samples. The average crystallite size vary from 20 to 27 

nm, which is much smaller than the grain sizes as observed in FESEM images. Since, it 

is not possible to isolate the size and strain broadening from a single diffraction peak 

[18], the average crystallite size as obtained from Debye-Sherrer formula is likely to be 

underestimated, whereas the strain and dislocation density may be slightly  

overestimated. 

5.1.4 UV-Vis-NIR studies 

Figure 5.6 (a) show the UV-Vis-NIR transmission spectra of the thin films at 

normal incidence. All the films show good interference pattern in the NIR region with 

maximum transmittance of about 90 % indicating that the films are uniformly deposited 

on the substrate. Optical absorption edge, as indicated by a sharp drop in the 

transmittance spectra, moves towards shorter wavelength with increasing  x. 

Optical parameters such as refractive index (n), absorption coefficient (α) and 

thickness of the films are determined from the transmission spectra using the method 

described by Swanepoel [19]. From these parameters, we obtain (αhν)
2 

vs hν plot as 

given in figures 5.6 (b) - (f). The linear dependence of (αhν)
2
 on hν in the plot indicates 

the occurrence of direct optical transition as expected in these semiconductors. The 

bandgap corresponding to each direct optical transitions are obtained by fitting a straight 

line as shown in the figures. The values obtained from these fittings are given in table 

5.2. The binary sample ZnSe and the ternary samples with significant fraction of 

selenium atoms, ZnS0.41Se0.59, and ZnS0.51Se0.49 posses two bandgaps Eg1 and Eg2 

corresponding to two direct optical transitions, (  
    

 )and (  
    

 ). However, the 

remaining two samples with very little amount of Se, ZnS0.91Se0.09 and ZnS posses only 

one bandgap. The bandgap values for the binary compounds, ZnSe and ZnS are 

comparable to the respective values as reported in literature [20-23]. 
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Figure 5.6: (a) UV-Vis-NIR transmission spectra of ZnSxSe1-x thin films (x = 0, 0.41, 0.51, 0.91, 

1), (b) – (f) (αhν)
2
 vs hν plot. 
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Table 5.2: Band gap, refractive index and film thickness of ZnSxSe1-x alloy thin films. 

Sample Film thickness 

(nm) 

n  

(550nm) 

Eg1 

(  
    

 ) 
eV 

Eg2 

(  
    

 ) 
eV 

S-O 

splitting 

eV UV data Profilometer 

ZnSe 640 670 2.61 2.62 2.79 0.17 

ZnS0.41Se0.59 432 500 2.48 2.86 3.02 0.16 

ZnS0.51Se0.49 590 550 2.45 2.93 3.07 0.14 

ZnS0.91Se0.09 200 200 2.43 3.38 0 

ZnS  152  3.77 0 

 

The observed two direct optical transitions in ZnSe has been reported both 

theoretically and experimentally [24, 25]. However, for ternary compounds, the 

occurrence of two direct optical transitions is not reported to the best of our knowledge. 

The reported ZnSe band structure calculations [24] have shown that the valence band 

splits at the zone center into   
  and   

  resulting in two direct optical transitions as 

reported in this work. This splitting is, however, absent in the band structure of ZnS [26]. 

This splitting is due to the spin orbit (SO) coupling effect in the valence band, often 

observed in compounds consisting of anions with large ionic radii such as CdSe, CdTe, 

etc. [24, 27, 28]. In these materials, the nearly relativistic electronic velocities lead to 

sufficiently large magnetic fields so that the magnetic moments of orbital motion and the 

spin motion interact, which result in spin-orbit coupling. However, in the materials 

consisting of only light anions such as ZnS, CdS, etc, the magnetic field generated  by 

orbiting electron is too weak to induce any coupling with electron spin.  

SO splitting energy of all the samples is calculated from the difference in the 

energies of the two bandgap, Eg1 and Eg2. It is plotted against the fraction of sulfur (x) in 

figure 5.7 (a). The plot shows that, in addition to the well known SO splitting in ZnSe, 

significant SO splitting is observed even in ternary samples with large fraction of Se. 

Figure 5.7 (b) shows the bandgap energy vs sulfur content (x) plot. Dependence of the 

bandgap on composition of the alloy is non linear as predicted by Vegard’s law. The 

second order polynomial fitting of Eg1and Eg2, both shown in the figure, results in 

bowing parameter of 0.98 and 0.72 eV respectively. This bowing is mainly due to the 

difference in bond lengths of the ZnS and ZnSe bonds. In ternary alloys, this difference 

alters the bond angles in order to preserve the bond lengths. This perturbs the atomic 

potentials, which results in non linear variation of bandgap energy even with uniform 

substitution of the constituent elements. 
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Figure 5.7: (a) Plot of SO splitting energy vs fraction of sulfur (x), (b) Plot of energy bandgap vs 

fraction of sulfur (x). 

5.1.5 Raman scattering studies 

The vibrational properties of the films are studied using Raman scattering 

measurements. Since, all our films have zinc blende structure with (111) orientation, 

scattering from  both transverse optical (TO) and longitudinal optical (LO) phonons are 

permitted in these measurements. The room temperature Raman spectra are shown in 

figure 5.8. The ZnSe thin film has distinct vibrational bands corresponding to TOZnSe, 

LOZnSe and 2LOZnSe phonons. The spectra of all the ternary samples exhibit prominent 

Raman bands corresponding to both ZnSe and ZnS-like phonons as predicted by 

modified random element isodisplacement model (MREI) [11]. However, with the 

increase in  fraction of sulfur in the film, not only that the intensity of ZnS-like phonon 

mode increases, we also observe increase in the intensity of disorder induced phonons 

(2TA and zone edge LO phonon modes for ZnS) and the scattering from the substrate. 

This substrate scattering largely dominates the Raman spectra of the ZnS thin film, 

which are relatively thin as shown in the figure. Nevertheless, weak TOZnS and 

asymmetric LOZnS can still be identified from the spectra as indicated in the figure. 

For detailed investigation of different vibrational modes, all the Raman spectra 

are deconvoluted into the individual phonon modes of ZnS and ZnSe. Figures 5.9 (a) - 

(e) show the deconvoluted spectra. Except for the ZnS sample, the zone center (k = 0) 

phonons are fitted with Lorentzian peak and the disorder activated phonons with 

Gaussian peak. Since, the ZnS film is highly nanocrystalline, all the three phonon modes 
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in ZnS are best fitted with Gaussian peak. In all the fittings, the cumulative fits and the 

raw data match very well as shown in the figures. The FWHM of all the phonon modes 

including the zone center phonons is comparatively much larger than the bulk values of 

about 7 - 8 cm
-1

 as reported for the II-VI binary compounds [29]. The LO and TO 

phonon modes of both ZnSe and ZnS are slightly red-shifted from the reported values 

(reported values are at TOZnSe= 205 cm
-1

 [23, 30, 31], LOZnSe = 250 cm
-1

 [23], TOZnS = 

277 cm
-1

 [23, 32], LOZnS = 350 cm
-1

 [23, 32, 33]). 

 

Figure 5.8: Raman spectra of ZnSxSe1-x (x = 0, 0.41, 0.51, 0.91, 1) thin films. 

Strong first order zone center phonons such as TOZnSe, LOZnSe and LOZnS are 

observed in the deconvoluted spectra of two of the ternary alloys with large fraction of 

Se (ZnS0.41Se0.59 and ZnS0.51Se0.49). But the third ternary sample, i.e., ZnS0.91Se0.09 

exhibits  phonon mode, LOZnS and only one ZnSe-like phonon mode at 221 cm
-1

. The 

LOZnS in all these ternary alloy samples have asymmetric broadening towards the lower 

wave number side. It is fitted with additional Lorentzian peak, which is identified as 

zone edge LO phonon (ZE LOZnS). Similar asymmetric broadening is also observed in 
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zone center LOZnSe and LOZnS phonons in the binary compounds (ZnSe and ZnS). The 

asymmetric broadening in both of these binary samples fits well with an additional  

 

 

 

Figure 5.9: Deconvoluted Raman spectra of (a) ZnSe, (b) ZnS0.41Se0.59, (c) ZnS0.51Se0.49,            

(d) ZnS0.91Se0.09 and (e) ZnS thin films. 
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Table 5.3: Phonon modes of ZnSxSe1-x (x = 0, 0.41, 0.51, 0.91, 1) thin films.  
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Gaussian peak as shown in the deconvoluted spectra. These are identified as SPZnSe and 

SPZnS + ZE LOZnS as indicated in the figures.  In addition to these optical phonons, 

disorder induced acoustic phonons such as 2TAZnSe (transverse acoustic mode of ZnSe) 

and 2TAZnS (transverse acoustic mode of ZnS) are also observed. The strength of 2TAZnS 

phonon increases as the sulfur content increases. The strength of 2TAZnSe phonon, 

however, appears to remain constant due to the increased scattering from the substrate at 

around 135 cm
-1

. This occur because of the decrease in thickness and absorption 

coefficient in the samples with larger fraction of sulfur. 

The plot of intensity ratio of the two LO phonons 
 

 
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LO

LO

I
I

 
 
  

 against the 

fraction of sulfur (x) is given in figure 5.10 (a). The plot shows that the relative strength 

of the zone center phonons is dependent on the fraction of sulfur as has been reported for 

other mixed crystals exhibiting two-mode behavior [34]. The intensity ratio
 

 
ZnS

ZnSe

LO

LO

I
I

 
 
  

increases from 0.76 in ZnS0.41Se0.59 to 1.82 in ZnS0.91Se0.09. This corresponds to the 

increasing number of Zn-S bond (decreasing number of Zn-Se bond) in the mixed crystal 

as more number of anion sites in the crystal are occupied by S atom. 

 

 

Figure 5.10: (a) Plot of intensity ratio of the two LO phonons  

 
ZnS

ZnSe

LO

LO
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 
 
  

 vs fraction of sulfur 

(x), (b) Plot of Raman shift vs fraction of sulfur (x). 
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Figure 5.10 (b) shows the Raman shift of the first order Raman modes plotted 

against the sulfur content (x). The TOZnSe and LOZnSe phonon mode frequencies, which 

are widely separated in pure ZnSe sample, gets narrower with the increase in sulfur 

content. In ZnS0.91Se0.09 sample, the TOZnSe and LOZnSe merge together resulting in a 

weak phonon at 221 cm
-1

, which is the gap mode of Se in ZnS lattice as theoretically 

predicted [11, 35]. In this sample, the small fraction of Se in the ZnS lattice vibrates at a 

frequency lower than the optical phonons of ZnS, thereby resulting in a phonon mode at 

the forbidden gap. 

Observation of asymmetric broadening in LOZnS phonon mode is a very 

interesting feature of ZnSxSe1-x ternary alloys, which, to our knowledge is not yet 

reported. Similar broadening in LOCdS phonon modes in the Raman spectra of CdSxSe1-x 

thin films, however, has been reported [36, 37]. In nanocrystalline materials, the surface 

phonon modes could result in this asymmetric broadening, whereas in case of thin films 

and single crystals, the contribution from zone edge LO phonon vibrations are believed 

to be responsible for the observed asymmetry.   

In our analysis of asymmetrically broadened LOZnS, we used the two-Lorentzian 

functions as proposed by both Pagliara et. al [36] and Ingale et. al [37]. We observe that 

the frequency of additional Lorentzian peak shifts in the same manner as the zone center 

phonon mode as shown in figure 5.9 (b). For each of the ternary alloys, the Raman shift 

of the additional Lorentzian peak is about 20 cm
-1

 below the zone center LO phonon 

mode and both increasing with the sulfur atomic concentration. This additional 

Lorentzian peak is, thus, assigned to ZE LOZnS and its origin can be understood from the 

dispersion curve of the binary compounds (ZnS and ZnSe) [23, 38, 39]. In the dispersion 

curve of ZnS [39], the LOZnS and TOZnS phonon modes are still widely separated at the 

zone boundaries forming distinct zone edge phonon vibrations, ZE LOZnS and ZE TOZnS 

respectively at frequencies which are slightly different from the respective zone center 

phonon modes. These phonon modes can become Raman active once we have significant 

disorder.  The ZE LOZnS frequency being lower than the zone center LOZnS phonon for 

about 20 cm
-1

, results in asymmetric broadening of LOZnS on the lower wave number side 

as observed in our samples. However, in the dispersion curve of ZnSe [38], the LOZnSe 

phonon mode frequency falls down and merges with TOZnSe phonon mode at the zone 

boundaries and results in a zone edge vibrational mode close to the zone center TOZnSe 
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phonon mode, which can not be distinguished. Thus, the zone edge phonon in ZnSe can 

not be distinctly observed as in the case of ZE LOZnS and if it becomes Raman active, it 

would contribute to the TOZnSe. 

The assigned Gaussian peaks in asymmetrically broadened binary compounds 

(ZnSe and ZnS) can also be explained from the above discussion. Since, the asymmetric 

Gaussian peak in LOZnS is very large, it could be due to the contributions from both ZE 

LOZnS and the surface phonon (SPZnS) mode. However, since zone edge contribution does 

not occur in ZnSe, a weak Gaussian peak as observed in the present case could be solely 

due to the surface phonon (SPZnSe) mode.  

5.2 Summary 

ZnSxSe1-x (                     ) ternary alloy thin films with variable 

structural, optical and vibrational properties are successfully prepared by employing a 

simple thermal evaporation route using ZnS-ZnSe composite powders as the precursor 

for evaporation. The uniformly mixed ZnS and ZnSe in the form of composite powder 

results in uniform deposition of the alloy films. All the films possess cubic zinc blende 

structure with a single characteristic diffraction peak corresponding to (111) plane, 

which shifts according to compositional variation. The lattice parameter as deduced from 

the XRD changes almost linearly with compositional change but with a bowing of 0.12 

Å. The optical studies indicate the occurence of SO splitting in ZnSxSe1-x ternary 

compounds having significant amount of Se. Even though the band structure of this 

ternary alloy has not been well understood, we are able to show that the relative fraction 

of anions in the alloy not only affect the bandgap but also determines the extent of SO 

splitting in the valence band. The vibrational property of the ternary alloys exhibit two 

phonon mode behavior as predicted by modified random element iso-displacement 

(MREI) model. The changes in Raman shift with fraction of sulfur content follows the 

theoretically predicted pattern. The LOZnSe and TOZnSe phonon frequencies merge at 221 

cm
-1

 in ZnS0.91Se0.09, forming the gap mode of Se in ZnS lattice. To our knowledge, we 

are the first to experimentally report Se gap mode in ZnSxSe1-x ternary system. 
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Conclusions and Future Scope 

 

This thesis presents the growth and studies of nanostructured II-VI binary 

compounds; CdSe and ZnSe and the preparation and studies of CdSxSe1-x and ZnSxSe1-x 

ternary alloy thin films. The investigation on the nanostructured binary compounds is 

focused mainly on the control of structural, morphological, optical and thermal stability 

with variation in reaction time in the solvothermal synthesis. In this study, samples of 

nanostructured CdSe and ZnSe binary compounds are prepared for 1, 3 and 5h reaction 

time. The investigation on the ternary alloys is focused on the study of structural, 

vibrational and optical properties with compositional changes. In order to obtain ternary 

alloy thin films of various compositions, composite powder samples with varying 

fraction of sulfur and selenium are synthesized using solvothermal process. The thin film 

samples are obtained by thermal evaporation of these powders. In this study, five thin 

film samples including the end binary compounds are prepared in both CdSxSe1-x and 

ZnSxSe1-x. These investigations are performed in order to understand the material 

properties due to their vast potential in number of optoelectronic applications. Our 

investigation and studies result in the following conclusions. 

6.1 Conclusions 

 CdSe nanorods and ZnSe nanocystalline powders are synthesized by 

solvothermal method using a mixed solvent consisting of ammonia, hydrazine 

hydrate and deionized water. Our results show that the structural, optical and 

thermal stability of the nanorods can be controlled significantly by changing the 

reaction time in the solvothermal reaction. 

 The solvothermal reaction route used in the thesis work results in chemically pure 

CdSe nanorods with high thermal stability. The thermal decomposition occurs 

rapidly and is best described by the contracting cylinder model. 
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 The investigations on ZnSe nanocrystals reveal that the chemical purity improves 

with reaction time. Thermal stability study shows that ZnSe nanocrystals 

decomposed at relatively lower temperature than the CdSe nanorods. The 

decomposition of the ZnSe nanocrystals also occurs rapidly and is best described 

by the contracting sphere model. 

 Absorbance and photoluminescence study on both the nanostructures show the 

evidence of enhanced confinement by the presence of lattice strain. 

 CdSxSe1-x and ZnSxSe1-x ternary alloys are prepared by using simple thermal 

evaporation process. Structural and optical properties are tuned by controlling 

composition of the thin films.  

 Optical transitions corresponding to spin orbit splitting of valence band is 

observed in binary and ternary alloys with large fraction of selenium. The SO 

splitting energy is observed to be dependent on the fraction of selenium in the 

alloys. 

 The observed changes in dual phonon mode behavior in the alloys with 

compositional variation match with the theoretical prediction according to 

modified random element isodisplacement model (MREI). 

 Gap mode vibration of a small fraction of Se in the ZnS lattice is observed in 

ZnSxSe1-x ternary alloy thin films as theoretically predicted. 

 

6.2 Future Scope 

Some of the future research scopes based on the present thesis work are as follows. 

 In the solvothermal synthesis route as implemented in this work, investigation on 

the changes in nanostructure properties is performed only by varying one of the 

synthesis parameters. Further improvement on the nanostructure properties may 

be achieved by optimizing other synthesis parameters such as relative 

concentration of solvents, precursor salts and reaction temperature. 

 In the study on decomposition kinetics of nanostructured CdSe and ZnSe binary 

compounds, experiment is performed only for a single heating rate (10 
o
C/min) 

for each sample due to limited availability of the TGA measurement instrument. 

Because of this, analysis is performed only using Coats-Redfern Method, which 

relies only on a single heating rate. Though, this method provides information on 
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the thermal parameters that accompany the decomposition of nanoparticles, 

experiment using different heating rates will enable the use of other methods such 

as Ozawa and Kissinger methods. This study will give better estimate of the 

decomposition kinetics and thermodynamic parameters. 

 All optical studies including photoluminescence (PL) and Raman spectroscopy 

on nanostructured CdSe and ZnSe binary compounds are performed at room 

temperature. The results shown in the thesis work indicates low signal to noise 

ratio. This encumbers correct separation of the contribution of the surface 

phonons and determination of the phonon band parameters in Raman 

spectroscopy. If measurements are performed at low temperature, the PL and 

Raman spectroscopy will provide new dimensions to the investigation of these 

nanoparticle properties. 

 Using a very simple technique for ternary alloy thin film preparation as discussed 

in the present thesis work, we have been able to observe gap mode vibration in 

ZnSxSe1-x alloy thin films with x = 0.91. It may also be possible to obtain both the 

gap and local phonon modes vibrations in CdSxSe1-x alloy films, if alloys with 

small fraction of Se and S are prepared. 

 Electrical characterization is not performed in the present thesis work. By 

preparing proper electrical contact that would make ohmic contact with the 

nanostructured binary compounds and the ternary alloys, electrical 

characterization may be performed. This will be useful investigation for 

optoelectronic applications. 

 Heterojunction devices can be made using both the synthesized nanostructures 

and ternary alloy thin films. These devices may be tested for various 

optoelectronic applications including photovoltaic cells, LEDs, etc.   
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Appendix I 

 
 

DETAILS OF SOLVOTHERMAL SYNTHESIS OF BINARY SULFIDE 

COMPOUNDS AND SOME RESULTS  

This appendix presents detail experimental steps in the synthesis of sulfide precursors 

used in the thermal evaporation technique employed in this thesis. It contains complete 

experimental steps consisting of chemical solution composition and some results on ZnS 

and CdS powders.  

Solvothermal synthesis of ZnS powders 

In this synthesis, zinc acetate [(CH3COO)2 Zn: 2H2O]  and sodium sulfite 

(Na2SO3) were respectively used as cation and anion precursor salts. Zinc acetate (0.01 

mol i.e., 2.1949 gm) was first dissolved in 10 mL of de-ionized water and then slowly 

mixed with 8 mL of ammonia solution (NH3. H2O) under constant stirring. Same molar 

amount of anion salt i.e., 0.01 mol of sodium sulfite (1.2604 gm) was also similarly 

mixed with 10 mL of hydrazine hydrate (N2H4. H2O). The two solutions were poured in 

110 mL capacity autoclave, which was then filled with de-ionized water up to 80% of its 

volume. After 10 minutes of stirring, the closed chamber was placed inside a muffle 

furnace at a preset temperature of 180 
o
C for 5 hrs. Once, the set time in the muffle 

furnace elapsed, the autoclave was allowed to slowly cool down to room temperature. 

The precipitates obtained in the autoclave was filtered off and washed several times in 

distilled water and ethanol. The final product was then dried at room temperature for 

several hours to get the powders. All chemicals used in the synthesis were purchased 

from Merck and were used without any further purification.  

In this solvothermal reaction, the solvents such as ammonia and hydrazine 

hydrate are believed to perform the same function as described in the chemical reactions 

involved in the synthesis of CdSe and ZnSe [Chapter 2 Section 2.1.1.2 and 2.1.1.3].. 

Similar to hydrazine, the sulfur precursor used in this solvothermal reaction, i.e., Na2SO3 

is also commonly used as oxygen scavenger and can react with oxygen even at mild 

temperatures and pressures [1]. In its reaction with oxygen, sodium sulfite produces 

sodium sulfate i.e., 2 Na2SO3 + O2 → 2 Na2SO4. However, at pressure above 41 bars 

sulfite breaks down resulting in the formation of sulfur dioxide or hydrogen sulfide, by 

either of two routes [1, 2]: 

Na2SO3 + H2O → SO2 + 2 NaOH 
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4Na2SO3 + 2 H2O → H2S + 2 NaOH + 3 Na2SO4 

In the solvothermal reaction performed in this thesis work, the synthesis chemical 

reactions take place inside a sealed autoclave. The pressure inside the autoclave is 

autogenous and depends on the extent in which the autoclave is filled and the 

temperature. The pressure vs temperature dependence of water for different degrees of 

filling is shown in figure 1. Higher filling at higher temperature i.e., 80 % filling and at 

245 
o
C leads to extremely high pressure that may damage the autoclave and may cause 

explosion [3]. Typical pressure reported in literature for the solvothermal synthesis of 

nanoquartz at 300 
o
C is between 78 - 90 bar [4]. Though the autoclave used in the 

synthesis does not have pressure gauge, with the amount of filling and the temperature it 

is likely possible that autogenous pressure inside the autoclave is sufficient to induce the 

sulfite break down in the presence of other solvents such as hydrazine hydrate and 

ammonia. Once the H2S formation takes place, the following reactions may occur 

resulting in the release of S in the solution.  

2H2S + SO2 → 2H2O + 3S 

4 Na2SO3 + 3 H2S → 3 H2SO4 + 4 Na2S 

 

Fig. 1. Pressure inside autoclave as a function of percentage of fill with water and temperature 

[3, 5]. 

Solvothermal synthesis of CdS powders 

In this synthesis, 0.01 mol (i.e., 2.6652 gm) of cadmium acetate [(CH3COO)2 Cd: 

2H2O] was used as cation precursor salt. Sodium sulfite (0.01 mol i.e., 1.2604 gm) was 

again used as anion precursor salt. The experimental steps performed in the synthesis 
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were same as ZnS nanocrystal synthesis. Here, cadmium and sulfur ions released in the 

reaction solution results in the formation of CdS nanocrystals.  

Figure 2 (a) – (c) show the reaction chamber (autoclave) used in this thesis work 

and the extracted ZnS and CdS powders. About 0.6 gm of ZnS was obtained as white 

precipitate. CdS synthesis reaction resulted in higher yield than ZnS synthesis reaction. 

Yellow CdS powder of about 1.1 gm was collected. 

 

 

Fig. 2. (a) ZnS and (b) CdS powders being extracted from autoclave, (c) ZnS and CdS powders 

as synthesized using the solvothermal process. 

XRD studies on CdS and ZnS powders 

 

Fig. 3. XRD pattern of (a) ZnS and (b) CdS powders. 

XRD measurement was performed on the synthesized CdS and ZnS powders 

using Rigaku TTRAX – III diffractometer with CuKα (λ = 1.5406  ) radiation in 2θ 
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range of 20 – 65
o
. Figure 3. (a) and (b) show the XRD patterns of CdS and ZnS powders 

respectively. The peaks are identified by comparing with standard JCPDS data as given 

in table 1 and 2. The observed peaks in CdS powders correspond to wurtzite CdS. The 

three main peaks in XRD pattern of ZnS correspond to cubic ZnS. In both these 

compounds, the observed 2θ values closely match with the standard data. In addition to 

the peaks identified as wurtzite planes of CdS, weak impurity peaks some of which 

correspond to CdO are also observed in CdS sample. In ZnS powder XRD, smaller peaks 

are also similarly observed. These are also identified in the figure by comparing with 

standard JCPDS data for wurtzite phase of ZnS (PDF # 751534) and ZnO (PDF # 

800075). The observed XRD peaks corresponding to CdS and ZnS crystal planes are an 

indication that the synthesis routes used in this work result in the formation of CdS and 

ZnS compounds. 

Table 1. 2θ values and relative intensities of observed peaks in CdS nanocrystals. 

(hkl) 

plane 

Observed 

2θ value 

Standard JCPDS 

2θ value (#772306) 

Relative Intensities I101/Ihkl 

Observed Standard (#772306) 

100 24.87 24.84 1.39 1.57 

002 26.52 26.53 1.58 2.21 

101 28.23 28.22 1 1 

102 36.69 36.66 6.89 3.95 

110 43.80 43.74 1.78 2.35 

103 47.88 47.89 3.15 2.46 

112 51.90 51.89 2.53 3.25 

201 52.96 52.87 6.38 7.51 

Table 2. 2θ values and relative intensities of observed peaks in ZnS nanocrystals. 

(hkl) 

Plane 

Observed 

2θ value 

Standard JCPDS 

2θ value (#800020) 

Relative Intensities I111/Ihkl 

Observed Standard (#800020) 

111 28.83 28.91 1 1 

220 47.99 48.11 2.85 2.01 

311 56.67 57.10 2.83 3.47 

 

Raman studies on CdS and ZnS powders 

Raman scattering was performed on the synthesized CdS and ZnS powders using 

Horiba JY LabRam HR800 micro - Raman system in back scattering geometry. 

Monochromatic argon laser excitation source with 488 nm was used. Figure 4 (a) and (b) 

show the Raman spectra of CdS and ZnS powders respectively. The CdS Raman spectra 

show only one distinct phonon mode at around 304 cm
-1

, which is the LO phonon mode 

vibration of the CdS wurtzite crystal as reported in literature [6, 7]. In the ZnS Raman 
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spectra, the most prominent peak observed at around 350 cm
-1

 corresponds to the LO 

phonon mode vibration of ZnS zincblende crystal [8 - 10]. In addition to this phonon 

mode, there are weaker phonon modes corresponding to TO of ZnO [11, 12] and other 

residual impurities. The observed phonon modes in the Raman spectra of these two 

compounds support the XRD findings. These spectra show that the sulfide compounds 

are indeed formed in the solvothermal reaction used in this thesis work. 

 

Fig. 4. Raman spectra of (a) CdS and (b) ZnS powders. 

EDX studies on CdS and ZnS powders 

 

 

Fig. 5. FESEM images of the synthesized (a) CdS and (b) ZnS powders showing the area where 

EDX spectra are recorded. EDX spectra of (c) CdS and (d) ZnS powders.  
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EDX spectra on the synthesized CdS and ZnS powders were performed using 

Field emission scanning electron microscope,  IGMA ZEISS with an EDX 

spectrometer. Figure 5 (a) – (d) show the EDX spectra and the corresponding FESEM 

images where the analysis were performed. The images show that while the CdS 

particles possess elongated rod shaped morphology, the ZnS particles are mostly 

spherical in shape. The EDX spectra in both the cases show the presence of oxygen and 

carbon in addition to the respective elements in the compounds. The oxygen signature in 

the spectra is likely due to small amount of oxides formation in the synthesis. The 

presence of carbon is due to the carbon tape used in the analysis. The presence of sodium 

in small fraction of weight percent in ZnS powder sample is likely due to the residual 

impurities that can be removed with thorough washing of the extracted precipitates.   

  These measurements show that the sulfide compounds can be formed by the 

solvothermal chemical route as conducted in this thesis work. Even though the findings 

indicate the formation of residual and oxide impurities, further optimization may lead to 

improvement in terms of chemical purity and crystallinity. However, since these 

compounds are just used as precursor for thin film preparation using thermal evaporation 

technique, optimization study is not performed.   
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SOLUTION COMPOSITION FOR THE SYNTHESIS OF CdSSe AND ZnSSe 

COMPOSITE POWDERS  

Table 1: Solution composition for the synthesis of the CdSSe composite powders discussed in chapter 

4 sections 4.1.1. 

Composite powder 

composition in at. % 

Cd:S:Se 

Precursor molar ratio 

Cadmium acetate: sodium 

sulfite: sodium selenite 

Solvent 

51.98: 0 : 48.02 (CdSe) 0.005: 0 :0.005 Ammonia – 8 mL, Hydrazine hydrate 

– 10 mL and deionized water to fill the 

autoclave up to 80% of its volume 

55.05:15.38:29.55 0.01:0.005:0.005 Ammonia – 8 mL, Hydrazine hydrate 

– 10 mL and deionized water to fill the 

autoclave up to 80% of its volume 

56.84:16.30:26.85 0.01: 0.006: 0.004 Ammonia – 8 mL, Hydrazine hydrate 

– 10 mL and deionized water to fill the 

autoclave up to 80% of its volume 

56.65:31.34:12.01 0.01: 0.008: 0.002 Ammonia – 8 mL, Hydrazine hydrate 

– 10 mL and deionized water to fill the 

autoclave up to 80% of its volume 

40.28: 38.01: 0 (CdS) 0.01: 0.01: 0 Ammonia – 8 mL, Hydrazine hydrate 

– 10 mL and deionized water to fill the 

autoclave up to 80% of its volume 

 

Table 2: Solution composition for the synthesis of the ZnSSe composite powders discussed in 

chapter 5 sections 5.1.1. 

Composite powder 

composition in at. % 

Zn:S:Se 

Precursor molar ratio 

Zinc acetate: sodium 

sulfite: sodium selenite 

Solvent 

49.09: 0: 50.91 (ZnSe) 0.005: 0 : 0.005 Ammonia – 8 mL, Hydrazine hydrate 

– 10 mL and deionized water to fill 

the autoclave up to 80% of its volume 

42.56:24.40:15.88 0.01: 0.007: 0.003 Ammonia – 8 mL, Hydrazine hydrate 

– 10 mL and deionized water to fill 

the autoclave up to 80% of its volume 

53.00:41.28:5.72 0.01: 0.008: 0.002 Ammonia – 8 mL, Hydrazine hydrate 

– 10 mL and deionized water to fill 

the autoclave up to 80% of its volume 

53.45:46.32:0.23 0.01: 0.0095: 0.0005 Ammonia – 8 mL, Hydrazine hydrate 

– 10 mL and deionized water to fill 

the autoclave up to 80% of its volume 

56.24: 43.76: 0 (ZnS) 0.01: 0.01: 0 Ammonia – 8 mL, Hydrazine hydrate 

– 10 mL and deionized water to fill 

the autoclave up to 80% of its volume 
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