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ABSTRACT 

 

Full Name : Tanvir Hussain 

Thesis Title : Angular Deposition of II-VI Compounds by Thermal Evaporation 

Major Field : Physics 

Date of Degree : April 2018 

 

In this work, II-VI compound thin films were deposited at different angles by thermal 

evaporation to investigate the factors that are responsible for the change of stoichiometry 

of the films from the source material and the effect of angular deposition on the 

structural, morphological, electrical, optical, and photocurrent properties of the films. The 

stoichiometry of the II-VI compound films prepared by evaporation varied from that of 

the source material. The II-VI compounds dissociate into molecules of II and VI elements 

during evaporation. The vapor pressure of dissociative elements or collision between 

them during transport could be responsible for the change of stoichiometry. Energy 

dispersive spectroscopy and x-ray photoelectron spectroscopy analyses of angular-

deposited II-VI compound films revealed that the stoichiometry of the film changed from 

the source material due to a collision between the molecules of II and VI elements during 

transport. X-ray diffraction analysis showed that angular-deposited CdSe and CdS films 

were single crystal while angular-deposited CdTe, ZnTe, ZnSe, and ZnS films were 

polycrystalline. Atomic force microscopy revealed that the surface morphology of 

angular deposited II-VI compound films was dependent on deposition angle. It was 

observed that optical, electrical, and photocurrent properties of II-VI compound films 

were highly dependent on the stoichiometry of the films. 
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 ملخص الرسالة

 
 

 تنوير حسين   :االسم الكامل

 

         بواسطة التبخير الحراري II-VIالترسيب الزاوي لمركبات    عنوان الرسالة:

 

 فيزياء   التخصص:

 

 م٢٠١٨ أبريل  :تاريخ الدرجة العلمية

  

في هذه الدراسة، تم ترسيب أغشية رقيقة من مركبات المجموعة الثانية والسادسة عند زوايا ترسيب مختلفة بواسطة 

الحراري، ومن ثم فحص العوامل المسؤولة عن تغير الخصائص الكيميائية )النسب الذرية للعناصر الكيميائية التبخير 

في المركب( لهذه األغشية الرقيقة مقارنة بالمصادر األولية )العناصر الكيميائية في المركبات التي تم تبخيرها 

ئص البنيوية، والشكلية، والكهربائية، والبصرية لتحضير األغشية الرقيقة( وتأثير الترسيب الزاوي على الخصا

وخواص التيار الكهروضوئي لهذه األغشية الرقيقة. لقد لوحظ أن النسب الذرية للعناصر الكيميائية في األغشية 

الرقيقة تختلف عن تلك النسب الموجودة في المواد األولية التي استخدمت كمصدر لتحضير األغشية الرقيقة، وأن 

مجموعة الثانية والسادسة التي تم تبخيرها للحصول على األغشية الرقيقة قد تفككت إلى جزيئات من مركبات ال

عناصر المجموعة الثانية وعناصر المجموعة السادسة أثناء التبخير. كذللك يمكن أن يكون ضغط البخار للعناصر 

لى شكل غشاء رقيق بفعل التبخير مسؤوالً عن المتفككة أو التصادم بينهم أثناء االنتقال من المصدر األولي للترسب ع

تغيير الخصائص الكيميائية.   إن التحاليل الكيميائي لألغشية الرقيقة المصنعة والتي تم إجراؤها باستخدام جهاز 

مطياف األشعة السينية االلكتروضوئي وجهاز مطياف تشتت الطاقة باألشعة السينية أثبتت أن تغير الخصائص 

غشية الرقيقة مقارنة بالمركبات األولية يُعزى للتصادم بين جزيئات عناصر المجموعة الثانية وعناصر الكيميائية لأل

المجموعة السادسة أثناء التبخير. من ناحية أخرى أظهرت تحاليل جهاز حيود األشعة السينية أن األغشية الرقيقة 

األغشية الرقيقة  بأنها ذات بنية أحادي البلورة بينماالمصنعة من مركبات سيلينيد الكادميوم وكبريتيد الكادميوم تتسم 

المصنعة من مركبات تيلوريد كادميوم وتيلوريد الزنك وسيلينيد الزنك وكبريتيد الزنك كانت ذات شكل متعدد 

البلورات. أما الخصائص الشكلية ألسطح األغشية الرقيقة المصنعة فقد تم فحصها باستخدام جهاز مجهر القوة الذرية 

ث أوضحت الدراسة ان الخصائص الشكلية ألسطح األغشية الرقيقة يعتمد على الترسيب الزاوي. وقد لوحظ أيضا حي
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أن الخصائص البصرية والكهربائية وخواص التيار الكهروضوئي لألغشية الرقيقة المصنعة من مركبات المجموعة 
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1. CHAPTER 1 

Introduction 

Semiconductors are materials which play an important role in the development of 

science and technology [1-4]. One of the most important characteristics of a 

semiconductor, which differentiates it from insulators and metals, is its energy band gap 

[1-4]. Germanium (Ge) and silicon (Si) are the first semiconductors to be used for the 

fabrication of microelectronic devices. Germanium was widely used in the early days of 

semiconductor development for the fabrication of diodes and transistors [5-8]. Silicon has 

been used to fabricate rectifiers, transistors, integrated circuits and solar cells [9-11]. Si 

and Ge have some inherent limitations, like narrow and indirect band gap [12, 13]. Si has 

been widely used in solar cells, but crystalline Si is expansive. In the last four decades, a 

various group of semiconductors like II-VI compounds, III-V compounds, and their 

alloys has come up to play a role in optoelectronic and microelectronic applications    

[12-16]. As a result of this, a wide range of lasers, and light emitting diodes can be made 

with a wide range of the visible and infrared portions of the EM spectrum using 

compound semiconductors [16-23]. Compound semiconductors are extensively used in 

high-speed devices and devices requiring the absorption or emission of light, where Si 

and Ge semiconductors cannot work efficiently. The concentration of impurities, defects, 

and doping in compound semiconductors also play an important role to control the 

electronic and optical properties of the semiconductors [24-27]. II-VI compounds such as 

ZnS, ZnSe, ZnTe, CdS, CdSe and CdTe have direct band gaps and can, in principle, yield 
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proficient optoelectronic devices [28, 29]. These materials are extensively used in 

optoelectronic devices, and the efficiency of these devices is hampered due to their poor 

electronic and optical properties. During the past decades, many scientists have been 

trying to fabricate the p-n junctions using II-VI compounds by the introduction of 

shallow donors and acceptors by different deposition techniques as well as control of 

elemental composition [30, 31]. II-VI compounds show poor electrical properties because 

of the inability to incorporate suitable dopants that can provide a high concentration of 

free charge carriers. The difficulty in doping II-VI compounds is due to (i) a lack of 

control of stoichiometry and its relation with intrinsic and extrinsic defects, and (ii) the 

presence of unwanted background impurities like Li, Cl, Cu, Na etc. [32, 33]. The 

incorporation of background impurities in II-VI compounds is much easier as compared 

to in III-V compounds and VI semiconductors. In recent years, scientists have been trying 

to prepare II-VI compounds under stoichiometric conditions for getting both p- and n-

type conductivities in the same material [33]. The increasing success in fabricating high 

quality and pure crystals, epilayers and quantum wells out of different II-VI compounds 

has raised huge interest for their use in device applications in the visible region, which 

cannot be covered by III-V based compounds. CdS, CdSe, CdTe,  ZnS, ZnSe and ZnTe 

and their multilayer alloys are the best candidates for application in the visible region [34, 

35]. 

1.1 Crystal Structures 

II-VI compounds have the form MX, where M donates the metal and X denotes 

the chalcogen, typically characterized by the presence of four elongated electron clouds 

around each other [36]. Metals of group II have two electrons (s2) in the outermost shell; 
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while chalcogens of group VI have six electrons (s2p4) in the outermost shell. The s and p 

orbitals overlap and form sp3 orbitals by hybridization [36]. This leads to a crystal where 

M and X atoms are tetrahedrally coordinated in such a way that each atom is surrounded 

symmetrically by four atoms of the other element. Two possible structures are possible 

by such arrangements of atoms; zincblende (cubic) and wurtzite crystal structures [37]. 

The ground state electronic configuration of some group II and Group VI elements are 

shown in Table 1.1.  

Table 1.1 Ground state electronic configuration (GSEC) of some group II and group VI elements 

Group II metals GSEC Group IV Chalcogen GSEC 

Cd [Kr].4d10.5s2 Te [Kr].4d10.5s2.5p4 

Zn [Ar].3d10.4s2 Se [Ar].3d10.4s2.4p4 

---  S [Ne].3s2.3p4 

 

Similar to the diamond structure, the zinc blende structure may be viewed as two 

fcc structures displaced from each other by one-quarter of a body diagonal [38]. 

However, in the zinc blende structure, one of the fcc sub-lattices is formed by cations 

(group II metals), while the other sub-lattice is formed by anions (group VI chalcogens). 

Therefore, unlike the diamond structure, the zinc blende structure does not have inversion 

symmetry. The stacking sequence along the tetrahedral bonds is repeated every three 

anion-cation bilayers (ABCABC…..). The dimensions of the unit cell are defined in 

terms of the lattice constant “a”. The coordination number of II and VI elements is 4. The 

space group is F43m [39]. The zincblende structure is shown in fig. 1.1 (a). 
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Figure 1.1 (a) Zinc blend and (b) wurtzite structures illustrating their respective tetrahedral sites 
 

 

Figure 1.1(b) shows the wurtzite structure. It consists of two interpenetrating 

hexagonal close-packed lattices of lattice constants “a” and “c”. These lattices are 

relatively displaced along the hexagonal axis c by the nearest neighbor distance (3/8)*c 

[40]. Ideally, the ratio of (c/a) should be 1.633 [40]. However, most of the wurtzite 

compounds have slightly different (c/a) ratios [41]. The crystal structure and lattice 

parameters of II-VI compounds are shown in Table 1.2. 
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Table 1.2 Crystal structure, lattice parameters a, c, (c/a), and bond length l of II-VI semiconductors 

(all dimensions in Å) 

Group II-VI 

compounds 

 

Znic blend Wurtzite  

    a   l    a c c/a   l 

CdTe 6.48 2.80 4.57 7.48 1.64 2.80 

CdSe 6.05 2.62 4.30 7.01 1.63 2.63 

ZnTe 6.10 2.64 4.31 7.09 1.65 2.65 

ZnSe 5.67 2.45 4.00 6.54 1.63 2.45 

ZnS 5.41 2.34 3.81 6.23 1.64 2.33 

 

1.2 Chemical bonding 

II-VI semiconductor compounds with the tetrahedral coordination of zinc blende 

or wurtzite structure are formed when group II metals have sufficiently high ionization 

potentials and do not give up their electrons, but rather share them with neighboring 

chalcogens [36]. The stronger electronegativity of group VI chalcogens causes the 

electron clouds to shift from group II metals to group VI chalcogens. As a result, the 

binding is partly ionic and partly covalent. This would be better understood by 

considering the effective charge of group II metals in pure ionic and covalent bonds. Pure 

ionic bonds are formed when the valence electrons are detached from the metal M and 

transferred to the chalcogen X. In this case, the group II metal is fully ionized, with an 

effective charge of +2. However, pure covalent bonds are formed upon an equal 

distribution of valence electrons between the metal M and the chalcogen X, with the 

center of the electron cloud located at the center of the interatomic distance dMX [36]. 

Consequently, the effective charge of the group II metal is −2. If this center is located at a 

distance 1/4 dMX, the distribution of valence electrons may be described as 2e− around the 

metal M and 6e− around the chalcogen X. The effective charges of the component atoms 
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of the resultant compound M0X0 equal zero. This is the effective covalent bond between 

neutral atoms [37]. Table 1.3 indicates that the effective charge of the metal atoms is 

always positive but less than unity, which confirms that the chemical binding is partly 

ionic and partly covalent. It is worth noting that as the atomic number increases, the inter-

atomic distance dMX increases. Consequently, the bond strength decreases, which results 

in a decrease in the heat of atomization, the optical bandgap, and the melting point. 

Figure 1.2 shows the melting point (TM) of some II-VI semiconductor compounds as a 

function of the lattice constant a. The solid line represents the least-squares fit with the 

relation [42]: 

7159 957MT a= −                                                                                                           (1.1) 

where TM  was measured in K and a was measured in Å. Table 1.3 shows that such 

dependence on the atomic number is noticeable when the aforementioned properties are 

compared for different anions (S2
-, Se2

-, and Te2
-) within group II-VI compounds that 

have the same cation. The same is true when comparing compounds with the same anion 

and different cations (Zn2
+, and Cd2

+). Meanwhile, considering compounds with common 

cation, the effective charge of the metal telluride is less than that of the metal selenide, 

which is less than that of the metal sulfide, indicating a decrease in the ionicity of bonds 

within each group when the atomic number of the chalcogen is increased [42]. 
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Table 1.3 Some physical properties of II-VI compounds 

Group II-VI 

compounds 

  dMX 

  (Å) 

Heat of 

atomization 

(Kcal/g-atom) 

Eg 

(eV) 

Melting 

point 

 (˚C) 

Difference of 

electronegativity 

between II and 

VI atoms 

 

Effective charge 

of metal atoms 

CdTe 2.79 48.0 1.51 1371 0.4 0.08 

CdSe 2.62 52.0 1.75 1531 0.7 0.55 

CdS 2.52 57.0 2.42 2023 0.8 0.77 

ZnTe 2.64 63.0 2.27 1568 0.5 0.066 

ZnSe 2.45 66.0 2.72 1788 0.8 0.099 

ZnS 2.36 73.0 3.75 2103 0.9 0.268 

 

 

  

Table 1.4 Bulk modulus B (1011 dyn/cm2), shear modulus Cs (1011 dyn/cm2), linear compressibility    

Co (10-13 cm2/dyn), and microhardness H (GPa) for II-VI semiconductors at 300 K 

* Along a direction ⊥ c-axis, ** Along a direction // c-axis 

Group II-VI 

compounds 

Zinc blend Wurzite 

B Cs Co H B *Co ⊥ **Co// H 

CdTe 4.24 0.830 7.86 0.45- 0.60 - - - - 

CdSe 5.31 1.020 6.28 - 5.31 6.50 5.90 0.90 

CdS 6.16 1.160 5.41 - 6.27 5.40 5.20 1.21-

2.30 

ZnTe 5.10 1.540 6.53 0.60 - 0.90 - - - - 

ZnSe 6.24 1.750 5.34 1.37 - 1.83 - - - - 

ZnS 7.71 1.870 4.33 1.78 7.40 4.50 4.60 1.78 
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Figure 1.2 Melting point (TM) versus lattice constant a for some II-VI semiconductor compounds 

 

1.3  Elastic Properties 

Table 1.4 shows bulk modulus B, shear modulus Cs, linear compressibility Co, and 

microhardness H for some group II-VI semiconductor compounds at T = 300 K [42]. 

1.4  Thermal Properties 

The understanding of the thermal properties of semiconductors over the wide 

range of temperature are very important for practical uses [42]. Table 1.5 gives the values 

of some of the essential thermal properties of II-VI semiconductors, such as the specific 

heat at constant pressure Cp, Debye temperature θD, thermal expansion coefficient αth, 

and thermal conductivity ξ. 
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Table 1.5 Specific heat Cp, Debye temperature θD, thermal expansion coefficient αth, and thermal 

conductivity ξ of II-VI semiconductors at 300 K 

 

1.5 Optical Properties 

The band gap (Eg) dependence on temperature is mainly due to the thermal 

dilation of the lattice and the temperature dependent electron-phonon interaction [43]. 

The band gap Eg  of semiconductor depends on the temperature T and can be described 

by the formula: 

                                             
2

( ) (0) c
g g

c

T
E T E

T




= −

+
                                   (1.2) 

where T is in K, and αc and βc are constants. At high temperatures (T >> βc), equation 

(1.2) reads: 

                       ( ) (0)g g cE T E T= −  and  
g

c

dE

dT
= −                                                 (1.3) 

Table 1.6 shows the temperature coefficient of band gap energy αc for some II-VI 

semiconductors. It also lists the free exciton binding energy (E1) and the 

photoluminescence (PL) transition energies. Table 1.7, however, lists the refractive 

index, the static and high-frequency dielectric constants, εS and ε∞, for some cubic as well 

as hexagonal II-VI semiconductors. 

 

II-VI compounds Cp (J/g.K) θD 

(K) 

αth 

(10-6 K-1) 

  ξ 

(W/cm-K) 

CdTe 0.211 44 4.67 0.075 

CdSe 0.281 135 2.76 0.090 

CdS 0.328 310 2.77 0.200 

ZnTe 0.258 260 8.33 0.180 

ZnSe 0.360 340 6.71 0.190 

ZnS 0.486 351 2.49 0.270 



10 

 

Table 1.6 Temperature coefficient of band gap energy αc, free exciton binding energy (E1) and 

photoluminescence (PL) transition energies for group II-VI semiconductors 

 

Table 1.7 Refractive indices, static and high-frequency dielectric constants, εS and ε∞, of group II-VI 

semiconductors 

1.6 Electrical Properties 

Table 1.8 gives the electron (e) and hole (h) mobility at 300 K as well as the 

electron and hole effective mass (m*/mo) for II-VI semiconductors [44]. 

Table 1.8 Electrical properties of II-VI compounds 

Group II-VI 

compounds 

     αc 

(meV/K) 

E1 

(meV) 

PL 

(eV) 

CdTe     0.460   11.0   1.595 - 1.597 

CdSe     0.370   15.0   1.824 - 1.827 

CdS     0.386   29.0   2.551 - 2.553 

ZnTe     0.630   12.8   2.380 - 2.381 

ZnSe     0.670   20.0   2.800 - 2.804 

ZnS     0.880   38.0   3.800 - 3.820 

II-VI compounds nb at λ = 1000 nm εS ε∞ 

CdTe 2.84 10.4 7.10 

CdSe 2.55 9.6 6.20 

CdS 2.34 9.8 5.40 

ZnTe 2.79 9.4 6.90 

ZnSe 2.47 8.9 5.90 

ZnS 2.29 8.3 5.10 

Group II-VI 

compounds 

Mobility (cm2/V-s) Effective Mass (m*/mo) 

e h e h 

CdTe 1050 5 0.39 0.72 

CdSe 720 75 0.17 1.09 

CdS 350 40 0.15 0.79 

ZnTe 3.56 50 0.21 0.80 

ZnSe 540 28 0.13 0.45 

ZnS 165 100 0.11 0.35 
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1.7 Defects in Solids 

The suitability of semiconductor materials for device applications depends largely 

on crystal perfection and its control. In general, Imperfections and defects are the major 

limiting factors of any device performance and its reliability. Therefore, the defects in 

solids become an important area of study. When a defect state is introduced into the band 

gap of a semiconductor, it can behave in many ways, for example, as a hole or electron 

trap, a recombination center, or a luminescent center. Definitely, it is well known that 

defect levels can affect the optical and electrical properties of a material [45]. 

1.7.1 Defect states in semiconductors 

Defect levels are localized electronic states in the solid due to a variety of causes 

but all leading to a loss of translational symmetry of the crystal lattice. Examples of these 

are substitutional or interstitial impurities, native defects, dislocations or termination of 

the lattice at the surface. Weakly bound (shallow) defect states can be predicted using a 

simple hydrogenic model using the Schrodinger equation [45, 46]: 

lH E =                                                                                                          (1.4) 

0H H V= +                                                                                                         (1.5) 

where H is the Hamiltonian of crystal, H0 is the perfect crystal Hamiltonian, V is the 

effective impurity potential centered at the site of the defect, ѱ defines the wave functions 

associated with the defect states in the potential, and El gives the energies of these states. 

Reducing the Schrodinger equation to its hydrogenic form, by assuming the amount of 

localized charge remaining in the region of the short-range potential is small, leads to the 
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effective mass theory. The energies Ev of defect levels near the bond edges are given by 

[45-47]: 

*

2 2

y

v

m R
E

n 
=                                                                                                                 (1.6)     

where Ry is the Rydberg energy unit defined in term of ground-state of an electron in the 

for a hydrogen atom, m* is the electron effective mass, ε is the host’s dielectric constant 

and n is the principal quantum number of the state. This resembles the solution for a 

hydrogen atom immersed in a uniform dielectric medium. The spatial extent of the defect 

is given by Bohr radius which is related to the hydrogenic radius ar(0) by [45-47]: 

2

*

(0)rn a
a

m


=                                                                                                      (1.7) 

The hydrogenic model has been successful in calculating the properties of shallow donors 

and acceptors, where the impurity potential is dominated by its long-range Coulomb 

term. However, for deep levels, strong, short-range interactions become increasingly 

important. The resultant contraction of the defect wave function and the resulting 

deviation from the hydrogenic model makes theoretical predictions more difficult [45, 

46]. The main significant difference in calculating the properties for deep levels is: unlike 

shallow defects, it is crucial to know the precise atomic locations; one is often concerned 

with a change in the charge state such as photoionization or carrier capture, or there may 

be a geometrical change in the defect. A change in the charge state of the deep level 

involves a redistribution of localized charge. So, defect calculations are based on self-

consistent methods [45-47]. There are two types of self-consistent methods: (a) the 

molecular cluster method, which uses standard molecular techniques to examine cluster 

sizes of two order of 5-100 atoms. This has been used in the case of transition metal 

impurity calculation in II-VI compounds (b) Green’s function method, which defines an 
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operator for the perfect crystal
1

(0)
[ (0)]

G
E H

=
−

. The Schrödinger equation then 

becomes [46, 47]: 

[1 ( ) ] 0G E V − =                                                                                                 (1.8) 

This can be solved by expressing the operator G(E) and V in a particular representation, 

reducing to a simple set of algebraic expressions. Both techniques have been used 

successfully, and rather than taking competing roles, they have been complimentary. 

Green’s function methods avoid possible problems with cluster surfaces although these 

may be eliminated for the cluster method by a choosing sufficiently large cluster [47-49]. 

1.7.2  Properties of shallow levels 

Shallow and deep levels terms are used for defect states based on the positions of the 

energy levels within the band gap. Shallow levels have ionization energies comparable to 

kT, and so are generally ≤ 0.25 eV. They can be classified as either donor (positivity 

charged when ionized), or acceptors (negatively charged when ionized). Since shallow 

levels are ionized at room temperature, they play the dominant role in the determination 

of the semiconductor conductivity (n or p). It has been mentioned that the hydrogenic 

model can be used to describe the shallow levels produced by a defect; therefore, such 

levels can be spectroscopically resolved. Low-temperature luminescence has been a 

widely used experimental technique for the study of shallow levels. The distinction 

between deep and shallow levels is somewhat arbitrary often corresponding to the 

experimental method used for their analysis. In the case of trapping effects, they are 

referred to as deep levels [45]. 
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1.7.3 Properties of deep levels 

Deep level defects can enhance the recombination of the excess pairs of electrons and 

holes, thus the free carrier lifetimes can be drastically reduced by these centers depending 

on the application [45]. This may or may not be useful: (a) long minority carrier lifetimes 

are required particularly in electro-optic devices in which photons are generated in, say, a 

light emitting diode (LED) or in photovoltaic devices. In solar cells, deep levels 

impurities will influence current collection in three ways: by reducing the minority carrier 

lifetime; by recombination losses in the deep depletion region; and by modification of the 

junction electric field under illumination [46, 47]. In general, all these effects may apply 

and so the deep levels will result in poor solar cell efficiency. (b) Fast switching devices 

require short but controlled minority carrier lifetimes. Si has long minority carrier 

lifetimes due to its indirect bandgap structure. To suppress carrier storage, in other words, 

reduce carrier lifetime, impurities are introduced which give states in the band gap that 

are sufficiently deep to not contribute carriers in competition with shallow dopants but 

have large capture cross-section to curtail the lifetime [46-49]. 

1.8 Literature Review 

Vogt et al. [50] deposited CdTe films by molecular beam epitaxy. They co-evaporated 

CdTe with Te to enhance the Te content in the film. The purpose of the deposition was to 

reduce the work function between CdTe and back contact for the enhancement of solar 

cell efficiency. It was observed that the work function was decreased by 0.62 eV by 

incorporation of Te in CdTe films [50]. 
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Reese et al. [51] prepared cadmium telluride (CdTe) films by a closed 

sublimation method. The surface of the films was passivated intrinsically with different 

methods. It was observed that a Cd-rich surface had much less surface recombination 

velocity as compared to a Te-rich surface [51]. 

Heisler et al. [52] deposited a layer of CdTe by sublimating CdTe, Cd and Te 

materials. They prepared Cd-rich, stoichiometric, and Te-rich CdTe layers by controlling 

the sublimation process of the materials during deposition, and substrate temperature. 

After that, CdTe-based solar cells were fabricated to observe the effect of concentration 

on the efficiency of the solar cells. It was noticed that at low substrate temperature, Te-

rich CdTe layer had very small efficiency, while Cd-rich CdTe layer showed better 

efficiency comparable to a CdTe film grown at 300 ˚C [52]. 

Ueng et al. [53] fabricated a p-i-n thin film multilayer CdTe solar cell by 

electrodeposition. The composition of the prepared films was controlled by adjusting the 

electrodeposition potential. It was observed that, at different electrodeposition potentials, 

the deposited films had different elemental composition [53].  

Raulo et al. [54] prepared CdTe ingots to fabricate x-ray and gamma-ray detectors 

by traveling heat method. They prepared CdTe ingots of different stoichiometry and 

observed that a Te-rich detector showed better performance [54].  

Dawar et al. [55] fabricated CdTe, Cd-rich CdTe, and Te-rich CdTe thin films by 

thermal evaporation by mixing appropriate amounts of Cd and Te powders as a source 

material. They observed that the stoichiometric films were highly resistive (resistivity 

=109 Ω.cm). It was also observed that the Cd-rich CdTe and Te-rich CdTe films were less 

resistive and the purpose of this research was to fabricate CdTe solar cell without back 
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contact. They also annealed the samples in hydrogen, and it was observed that the 

conductivity was decreased by increasing the gas pressure [55]. 

Olusola et al. [56] had grown n-type and p-type zinc telluride (ZnTe) thin films 

by intrinsic doping using potentiostat electrodeposition. Cyclic voltammogram had been 

used to obtain the range of growth voltages to obtain the ZnTe film. At high voltage, Zn-

rich ZnTe thin films were formed, and at low growth voltages, Te-rich ZnTe thin films 

were formed. After that, they fabricated a p-n junction diode, with a device fabrication 

structure of glass/FTO/n-ZnTe-p-ZnTe/Au. For p-n diode fabrication, glass/FTO used as 

a back contact, n-ZnTe-p-ZnTe used as a p-n junction and Au used as an upper contact. 

The fabricated diode had shown a reverse saturation current of 10.0 nA, rectification of 

102, and barrier height of more than 0.77 eV [56].  

Kumar et al. [57] fabricated non-stoichiometric cadmium sulfide (CdS) thin films 

by chemical bath deposition. It was observed that those films which were fabricated 

under rich sulfur environments showed high photoconductivity. Photoluminescence of 

the prepared films confirmed that there was a large number of sulfur vacancies present in 

the films [57].  

 Ouchtari et al. [58] synthesized CdS films on a glass substrate by chemical vapor 

deposition. They observed the effect on the structural, morphological and optical 

properties of CdS thin film by controlling the bath temperature (Tb), deposition time (to), 

and [sulfur]/[cadimum] ratio in the solution. Those films which were deposited under 

optimum conditions (Tb = 75 °C, to = 60 min, and [sulfur]/[cadimum] ratio = 2.5) were 

relatively well crystallized. It was also observed that those films which were sulfur-rich 

showed 80% transmittance in the visible and in the near infrared regions [58]. 
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Hernandez-como et al. [59] fabricated CdS films by pulsed laser deposition at 

different pressures during deposition. They prepared the CdS films of different 

stoichiometry by controlling the vapor pressure of the gas during deposition to modify 

the optical and electrical properties. It was observed that at low deposition pressure, the 

prepared CdS films were Cd-rich. It was noticed that by increasing the deposition 

pressure, the [S]/[Cd] ratio approached 1. It was also observed that Cd-rich films showed 

less transmittance and higher carrier concentration [59].  

Ayd et al. [60] fabricated quantum dots of cadmium selenide (CdSe) via colloidal 

chemistry. They observed that the optical and photoluminescence properties of CdSe 

quantum dots can be successfully controlled by changing the Cd:Se atomic concentration 

ratio and the temperature of the bath. It was observed that the optical absorption peaks 

were red shifted by increasing the Cd:Se molar ratio in the solution [60]. 

Ayele et al. [61] synthesized stoichiometric quantum dots of CdSe by using a 

microwave system. After that, the prepared quantum dots were dissolved into a cadmium 

acetate dehydrate and Na2SeSO3 solutions to grow the Cd-rich CdSe and Se-rich CdSe 

quantum dots, respectively. In this process, the surface composition of quantum dots of 

CdSe was changed and the band gap of CdSe quantum dots was engineered by 

controlling the composition. It was observed that the band gap of quantum dots of CdSe 

was decreased with a redshift of UV-vis absorption edge and photoluminescence peaks 

[61].  

Philipose et al. synthesized nanowires of zinc selenide (ZnSe) [62]. They 

investigated the effect of band edge transition and deep defects transition peaks by 

fabricating Zn-rich and Se-rich ZnSe nanowires. It was noticed that the band edge 
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transition peak was enhanced in Zn-rich ZnSe, nanowires and deep defects peak was 

enhanced in Se-rich ZnSe nanowires [62]. 

Morimoto [63] fabricated ZnSe films by metalorganic chemical vapor deposition. 

They controlled the elemental compositions of Zn and Se elements in the films by 

adjusting the temperature of the substrate. It was noticed that the electrical properties 

were highly dependent on the stoichiometry of the film. It was also observed that the 

stoichiometric film was more resistive compared to the non-stoichiometric films [63].  

Dong et al. [64] synthesized nanoparticles of zinc sulfide (ZnS) by the 

hydrothermal method using different Zn/S ratio. They measured the ferromagnetic 

properties of ZnS nanoparticles which had different stoichiometry. They observed that Zn 

vacancies were responsible for high magnetization in ZnS nanoparticles. They also 

observed that S vacancies had non-magnetic behavior, as calculated by a theoretical 

model [64]. 

Tsai et al. [65] prepared ZnS films by two-stage chemical bath deposition. ZnS is 

the best candidate for window layer for Cu(In, Ga)Se2 solar cells. For better performance, 

the stoichiometry of ZnS film is very important. They observed that the ZnS film 

prepared by two-stage chemical bath deposition was better stoichiometric compared to 

single-stage chemical bath deposition [65]. 

Wang et al. [66] synthesized ZnS nanospheres by the hydrothermal method. They 

mixed the Zn and S powders in NaOH solution and then they added NaBH4 as a reducing 

agent. It was observed that the S vacancies enhanced the absorption in the visible region. 

NaBH4 is a reducing agent, so it controls the concentration S vacancies in the ZnS 
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nanospheres. It was observed that those ZnS films, which had S vacancies, showed better 

photocatalytic activity [66]. 

1.9 Thermal Evaporation 

Thermal evaporation is a physical vapor deposition technique (PVD) that is used 

for the preparation of thin films. Thermal evaporation is a very simple technique where 

the source material is evaporated by resistive heating [67]. For resistive heating of the 

material, an electrically conductive boat made of tungsten or molybdenum is used. The 

source material is placed in a deposition chamber, which is evacuated to high vacuum 

before evaporation is started. Each material has a finite vapor pressure, which increases 

with increasing temperature. Depending upon their properties, some materials are 

evaporated before they melt and some evaporate after they melt. Usually, a 

semiconductor sublimates on heating; however, a metal melts first and then evaporates. If 

no collisions take place, the molecules of the evaporated material move in straight 

trajectories from the source to the substrate surface [67]. The evaporated molecules are 

condensed on the surrounding walls of the chamber and on the substrate surface. High 

vacuum increases the mean free path of evaporated molecules and decreases the 

impurities in the films that could be incorporated from the residual gas.  For film growth, 

the temperature of the substrate can be kept at room temperature, however, for getting a 

better quality of the film, the temperature of the substrate may be increased. The rate of 

evaporation and substrate temperature play a crucial role in the morphology of the film. 

A schematic diagram of thermal evaporation is shown in fig. 1.3 [67]. 
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Figure 1.3 Schematic diagram of thermal evaporation 

 

 

1.10 Dissociation of II-VI compounds 

The II-VI compounds dissociate into their constituents during thermal 

evaporation. The equation of dissociation of II-VI compounds is given as [68, 69]: 

2

1
( ) ( ) ( )

2

II VI II VIA B S A g B g→ +                                      (1.9) 

( )II VIA B S , ( )IIA g , and 
2 ( )VIB g  represent the molecule of II-VI compound in the solid 

phase, an atom of II element in the vapor phase, and a molecule of VI element in the 

vapor phase, respectively. The existence of molecular species AIIBVI (g) in the vapor state 

is not completely ruled out, but the evidence strongly favors the elemental species [68–
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70]. From mass spectroscopic investigations of the vapor species of II and VI elements 

over II-VI compounds, it appeared that the dominant vapor species of II and VI elements 

are in the monoatomic and diatomic molecules, respectively [33]. The total pressure (P) 

over the solid II-VI compound is equal to the sum of the partial pressures of dissociative 

elements [68]. 

2

II VI II e IIP P P P K P−= + = +                                            (1.10) 

 

where PII and PVI are the partial pressures of II and VI elements, respectively, and            

Ke (= PII
2.PVI) is the equilibrium constant. At any temperature, there will be a minimum 

pressure (Pmin), which corresponds to the condition [70]: 

  1/3 1/32 2 .II VI eP P K= =                                                      (1.11) 

1.11 Motivation 

Thermal evaporation is one of simplest techniques to fabricate high-quality thin 

films because the evaporation temperature of material and impurity is different. For better 

performance for photovoltaic devices, the control of defects within the semiconductor is 

an important factor. For solar cell applications, a preferable semiconductor is one which 

possesses long carrier lifetime and direct band gap. On the other hand, for fast switching 

devices, a material is needed which has a short carrier lifetime. To suppress carrier 

storage, in other words, reduce carrier lifetime, defects levels are introduced within the 

band gap of the semiconductor that are sufficiently deep and have large capture cross-

section to curtail the lifetime of carriers. The II-VI compounds dissociate during 

evaporation and the elemental composition of II-VI compounds films grown by thermal 
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evaporation differ from the source material. It is very important to understand the 

evaporation phenomenon of II-VI compounds and to investigate the factors which are 

responsible for the change of the stoichiometry of the films from that of the source 

material. For this purpose, the II-VI compounds films will be deposited at different 

angles by thermal evaporation to investigate the factors that are responsible for the 

change of stoichiometry of the films during film growth.  

1.12 Problem Statement 

The stoichiometry of II-VI compound films prepared by thermal evaporation varies from 

the source material. The performance of optoelectronic devices fabricated from II-VI 

compound films or nanostructures depends on their stoichiometry. There is a need to 

investigate the factors that are responsible for the change of stoichiometry of the II-VI 

compound films prepared by thermal evaporation.  

1.13 Solution 

 The II-VI compounds dissociate into atoms of II element and molecules of VI element 

during evaporation. The factors that can effect the stoichiometry will be the vapor 

pressure or collision during evaporation. We deposited the II-VI compound thin films 

angularly by thermal evaporation to investigate the factors that will be responsible for the 

change of stoichiometry.  
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1.14 Objectives 

1. The fabrication of II-VI semiconductors thin films at different angles by thermal 

evaporation. 

2. The elemental analysis of angular-deposited films will be carried out by x-ray 

energy dispersive spectroscopy and x-ray photoelectron spectroscopy to 

investigate the factors that are responsible for the change in the stoichiometry of 

films. 

3. The structural and morphological analysis of the films will be carried out by x-ray 

diffraction and atomic force microscopy, respectively. 

4. The electrical properties will be measured by Hall effect and two-probe method. 

5. The optical properties of the films will be carried out by spectrophotometry. 

6. The photocurrent of the films will be measured.  

7. The effect of angular deposition on the properties of the II-VI compound films 

will be analyzed. 
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2. CHAPTER 2 

Theoretical Background 

2.1 Thermodynamics of Evaporation 

The evaporation of a material and then its deposition on any surface to grow a 

thin film is one of the oldest techniques to fabricate thin films. Here, we begin with a 

discussion of the simplest one-component system and consider the equilibrium condition 

for a condensed phase to coexist with a vapor phase. During thin film deposition, two-

phase (solid/liquid and vapor) of a material coexist [70-74].  

2.1.1 Equilibrium condition for phase transformation in the one-

component system 

According to Gibbs phase rule, a single component system can exist 

simultaneously in two phases α and β in equilibrium at a particular temperature and 

pressure. We shall probe the situation when one phase is in condense (solid/liquid) form 

with which it is contacted with another phase that exists in vapor form. At equilibrium 

condition, the temperature (T) and pressure (P) of the system and the surroundings are the 

same. At equilibrium, the atoms of one phase can transfer to another phase across the 

boundaries. The equilibrium condition of the transformation of atoms from one phase to 

another can be determined by the following procedure [73, 74]. The total Gibbs energy is 

[74]: 

G n G n G
  = +                                                        (2.1) 
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where nα and nβ are the number of moles of the α and β phases, respectively, and Gα and 

Gβ are the Gibbs free energy per mole of the α and β phases, respectively. The total 

number of moles of an isolated system remains constant. 

    constantn n + =                                                           (2.2) 

Therefore, 

  0dn dn + =                                                                (2.3) 

The change in the number of moles of the α phase must be equal to the change in the 

number of moles of the β phase. The change in Gibbs free energy due to the transfer of a 

small amount of α phase to β phase at constant pressure and temperature is obtained by 

taking the differential of equation (2.1) [74-77]: 

a adG dn G dn G n dG n dG     = + + +                              (2.4) 

Gibbs energy is an extensive quantity of the system, so according to Gibbs-Duhem 

relation [78-80]: 

0an dG n dG  + =                                                      (2.5) 

Therefore, equation (2.4) can be written as: 

           adG dn G dn G  = −                                                      (2.6) 

( )adG G G dn = −  

Under equilibrium condition, the Gibbs energy is stationary, so [81-84]: 

 

                0dG =                                                             (2.7) 

Here, dn  is arbitrary so we can write equation (2.6) in the following form: 

  ( ) 0aG G− =                                                                (2.8) 

Or, 
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     aG G=  

Consequentially, when two phases are in equilibrium, the temperature of the system does 

not vary at a particular pressure. In two-phase one component system, the change in 

temperature can be possible when one of the phases disappears [80-84]. 

2.1.2 Clausius-Clapeyron relation 

According to the Gibbs phase rule, a one-component system existing in two 

phases has one degree of freedom. To maintain the equilibrium, the temperature and 

pressure of the system are changed in a very specific way. The Clausius- Clapyron 

relation explains the relation between temperature and pressure changes to maintain the 

equilibrium between the two phases in a one-component system [85-88]. Gibbs free 

energy depends on the pressure (P) and temperature (T), so the equilibrium condition can 

be written in the form [85]:  

       ( , ) ( , )aG T P G T P=                                                (2.8) 

If a plot was drawn between pressure and temperature, the above relation represents a 

curve as shown in fig. 2.1. 
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Figure 2.1 Illustration of a relation between temperature versus pressure for a two-phase one-

component system at equilibrium  

 

 

It is clear from fig. 2.1, the α phase is thermodynamically stable above the curve 

( ( , ) ( , )aG T P G T P  and β phase is stable below the curve ( ( , ) ( , ) aG T P G T P . The α 

and β phases are at equilibrium and their Gibbs free energies are equal to each other on 

the curve. Figure 2.1 also shows that the α phase is stable at low temperature, and the β 

phase is stable at high temperature. Consider two points along the curve, A, and B, 

denoting the equilibrium coexistence of α and β phases. Point A corresponds to 

temperature T and pressure P, and point B corresponds to temperature (T+dT) and 

pressure (P+dP). At equilibrium, the Gibbs free energy of α phase is related to that of β 

phase as [74, 85]: 

( , ) ( , )aG T dT P dP G T dT P dP+ + = + +                                 (2.9) 
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Subtracting equation (2.9) from equation (2.8), we obtain: 

                                                         dG dG =                                                           (2.10) 

Using the following thermodynamic relation [91-94]: 

                 dG V dP S dT dG V dP S dT     = − = = −                                              (2.11) 

where V is the volume and S is entropy of the system, equation (2.10) can be written in 

the form: 

                                            
dP S S

dT V V

 

 

−
=

−
                                                                 (2.12) 

                                              
/

/

dP S

dT V

 

 


=


                                                                   (2.13) 

The above equation is known as Clapeyron relation. The enthalpy (H) of a system is 

related to the change in entropy by the following equation:  

                  
/( ) ( , ) ( , )T S S H H T P H T P     − =  = −                                             (2.14) 

A change in enthalpy  /H    means the system absorbs ( / 0H   ) or ejects                                 

( / 0H   ) heat when α and β phases interact with each other. The transformation of α 

phase to β phase is due to the change of two distinct properties, namely volume and 

enthalpy. The equation of Clausius-Clapeyron equation is written as [85]: 

                                                                    
/

/

dP H

dT T V

 

 


=


                                          (2.15) 

 

We can simplify equation (2.14) for α phase: 

( )0,( , ) , 1atm 0H H T P H T P   = − =   

0,( , ) ( , 1atm) 0S S T P S T P   = − =   
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0,( , ) ( , 1atm) 0V V T P V T P   = − =   

The superscript zero denotes thermodynamics quantities of the substance in the standard 

state. The β phase, which is in the vapor phase, obeys the ideal gas law. The enthalpy of β 

phase depends on the temperature of the gas, and equation (2.14) can be written for β 

phase as: 

                                         0,( , ) ( , 1atm) 0H H T P H T P   = − =                         (2.16)                    

The entropy of the system in the vapor phase depends on pressure. Therefore, we can 

write the change in entropy of β phase as [89, 90]:  

                                        
0,( , ) ( , 1atm) 0S S T P S T P   = − =                                (2.17)                 

Using the Maxwell relations [91],  

(lnP)
T p

S V R
dS dP dP dP Rd

P T P

    
= = − = − = −   

    
               (2.18) 

where R is the gas constant, the change in entropy for β phase can be written as [91]:  

                                      

,

, 1 1

(lnP) ln( )

T P P P

T P atm P atm

S dS Rd R P

=

= =

 = = − − = −                       (2.19) 

The change in volume for β phase can be written in the form:  

                  
/ 0,( , ) ( , ) ( , 1atm) ( , )V V T P V T P V T P V T P      = −  =                    (2.20) 

The volume of the solid/liquid phase compared to the volume of the vapor phase is 

negligible. By substituting the values of entropy change and volume change in equation 

(2.15), we get the following relation: 

                                                                
/

2

dP H
P

dT RT

 
=                                              (2.21) 

                                                               
/

2

(ln )d P H

dT RT

 
=   
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Thus, equation (2.14) can be written as: 

/ 0, 0, 0, /( , ) ( , ) ( , 1atm) ( , 1atm)H H T P H T P H T P H T P H        = −  = − = =   

The pressure dependence of change in enthalpy ( /H   ) is negligible relative to 

atmospheric pressure. Integrating equation (2.21) shows the dependence of enthalpy 

difference on temperature. In the simplest approximation, it is assumed that the enthalpy 

difference is independent of temperature. 

                                            
/

ln(P) constant
H

RT

 
= − +                                               (2.22) 

A plot of equation (2.22) will yield a straight line between ln(P) and 1/T. The slope of 

that equation is equal to
/H

R

  
− 

 
, from which, one can determine the enthalpy change 

of transformation of α and β phases by vapor pressure measurements. For example, the 

dependence of vapor pressure on the temperature of mercury substance is shown in figure 

2.2 [85]. 
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Figure 2.2 Vapor pressure of mercury as a function of temperature at equilibrium 

 

 

Specific heat data of α and β phases enable us to evaluate the change in enthalpy 

of each phase with temperature. At fixed pressure, the relation between enthalpy (H) and 

specific heat (C) can be written according to Kirchhoff’s law [90]: 

                                           
/

P P P

H
d C C C

dT

 
 

=  = −                                                (2.23) 

Here, we consider the empirical equation of specific heat for each phase [74, 90]:  

                                               
2

1 1 1PC a b T c T − =  +  +                                             (2.24) 

where, 

                                       
1 1 1 1 1 1 1 1 1, ,a a a b b b c c c      = −  = −  = −  

In this empirical expression, a1, b1, and c1 are constants. The constant a1 reflects the value 

of specific heat at high temperature according to Dulong and Petit law [74, 90]. In the 
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second term, b1 is positive and reflects that the specific heat increases by increasing the 

temperature. The constant c1 is negative and it reflects the specific heat at low 

temperature. At low temperature, some vibrations of atoms are frozen out and the specific 

heat decreased. By inserting equation (2.24) in equation (2.23) and integrating the 

resultant equation, we get: 

                                         
/ 2 1

0 1 1

1

2

c
H H a T bT

T

  
 =  +  +  −                                  (2.25) 

Putting equation (2.25) into (2.21): 

/

2
(lnP)

H dT
d

RT

 
=  

2 1
0 1 1 2

1

2

c dT
H a T bT

T RT

 
=  +  +  − 

 
 

0 1 1 1

2 3

1

2

H a b c
dT

RT RT R RT

    
= + + − 

 
 

By integration, we get: 

                  0 1 1 1

2

1 1
ln(P) = lnT

2 2

H a bT c
I

RT R R RT

    
− + + + + 

 
                                     (2.26) 

Here I is a constant. The plot between In(P) and 1/T based on the above equation is 

shown in fig. 2.3. It is clear from fig. 2.3, the plot between In(P) and 1/T is not a straight 

line. The value of the change in enthalpy ( 0H ) can be measured by two ways: 

measuring the vapor pressure (P) at different temperatures (T), or can be taken from 

already published data [85, 90]. The phase diagram of the one-component system is 

constructed and is shown in figure 2.4. From the already published data, it was noticed 

that the enthalpy of sublimation of solids is greater than the enthalpy of evaporation of 

liquids, so the slope of the curve for solid-vapor equilibrium is greater than the slope of 
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the curve of liquid-vapor equilibrium. There is a small difference in molar volumes of 

solid and liquid, so the curve of pressure versus temperature is very steep. One-

component phase diagram can be divided into three regions. It is clear from the phase 

diagram, the solid phase is stable at low temperature and high pressure; liquid phase is 

stable at high temperature and high pressure, and vapor phase is stable at high 

temperature and low pressure. At each curve, two phases are in equilibrium. The 

liquid/vapor phase curve ends at a critical point, where the surface energy of the 

liquid/vapor phase boundary becomes zero and the boundary between liquid and vapor 

phase vanishes [85, 90]. 

 

 

Figure 2.3 Vapor pressure of water as a function of inverse temperature at equilibrium 

 



34 

 

 

Figure 2.4 One-component phase diagram 

 

At triple point, all the three phases are in equilibrium. It is clear from the one-component 

phase diagram that if the pressure of the system is below the triple point then the material 

will sublimate [90]. The one-phase diagram is very useful to know the triple point of a 

substance to know the vapor pressure of a particular material below that value at which 

the material is sublimated. The formation of a film by sublimation of a material 

necessitates avoiding the impurity in the film because the impurities have different vapor 

pressures. At high vacuum, the material will sublimate to avoid the contamination of 

material, and the collisions with the atoms of the gaseous phase will decrease, and 

particles move in a straight line [91-94]. 
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2.2 Mass transport rate and diffusion 

Maxwell and Stefan explained the theory of diffusion of multispecies in the gas 

phase. The Maxwell equation for diffusion of species A through species B was [69, 95]:  

                                                  ( )A B
A AB A B

A B

dP u u dy
M M

 
= −                                     (2.27) 

where PA is the particle pressure of A along a distance y, ρA, and ρB are the densities of 

species A and B, MA and MB are the molar weights, uA and uB are the velocities of the 

species A and B in the direction of net diffusion, and αAB is a proportionality constant. 

Commonly, the rate of diffusion or the mass flux of species A in moles per unit time per 

unit area is [69, 70, 95]: 

                                                              A A
A

A

u
J

M


=                                                       (2.28) 

For a multispecies system, the Maxwell equation can be written as [95]:  

                                                          
1

( )ij i j j i

j

dPi
r J P J P

dy =

− = −                                   (2.29) 

i= A, B, C………… 

where 
ijr /ij ijRT D P= =  

Here, Dij is the binary diffusion coefficient. Equation (2.29) holds only when the pressure 

P and temperature T remain constant throughout the volume of the system in which the 

diffusion takes place [68, 95]. II-VI compounds dissociate into their constituents on 

sublimation. Therefore, two Maxwell equations are needed to be solved. In II-VI 

compound case, the mass flux of II element and the mass flux of VI element were 

dependent on each other. Since one of the equations of flux is considered independent 

because the total pressure (P) remains same.  
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Obviously, 

                                                         2A BJ J J= =                                                   (2.30) 

                             
2

3 A
B B

AB

dPJ
J P

P r P dy
= −                                            (2.31) 

JA and JB are the diffusion components, PA and PB are the partial vapor pressures, of II 

and VI elements, respectively. PA and PB pressures are related according to the following 

equations [95]: 

   
2 2 3

( ) ( ) exp ( )
3 3 2

A A ABP y P P L P Jr L y
   

= + − −   
   

                              (2.32) 

            
1 1 3

( ) ( ) exp ( )
3 3 2

B B ABP y P P L P Jr L y
   

= + − −   
   

                                 (2.33) 

The total diffusion component J derived from the above equations can be written as: 

                                  

1
(0)

2 3ln
13

( )
3

A
AB

A

P P
D P

J
RTL

P L P

−

=

−

                                            (2.34) 

                                 

1
(0)

2 3ln
13

( )
3

B
AB

B

P P
D P

J
RTL

P L P

−

=

−

                                              (2.35) 

where L denotes the position of the source and 0 denotes the position of the substrate 

surface. Moreover, consider the flux is moving along y-axis and J is positive along the y-

axis. From Eq. (2.34), one can find that when PA = (2/3)P, or equivalently α (L)= 

PA(L)/PB(L) = 2, the flux J is infinite, in which case, the mass transport is no longer 

limited by diffusion or by stoichiometric excess. This condition is also quoted in 

literature as Pmin because it corresponds to a minimum in the total pressure [68]. For 
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example, in the case of ZnSe, the mass transport rate for different α values are shown in 

fig. 2.5. 

 

Figure 2.5 Calculated mass flux of ZnSe as a function of ΔT for source temperature (Ts) at 1080 °C 

and different values of α(L).  

 

It is clear from fig. 2.5 that the mass flux is maximum when the source material is 

stoichiometric (α (L) = PZn/PSe = 2), and thus material sublimates congruently. It is also 

clear from fig. 2.5 that the mass flux decreases as the value of α moves away from 2 [95]. 

When the source material is non-stoichiometric, then the composition of vapor phase will 

be different ( )2   from the source material until the source material becomes 

stoichiometric [95]. Therefore, it is practically impossible to grow a film with desired 

elemental composition by weighing the constituent elements. 
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2.3 Collisions during transport 

The molecules of a gas collide and exert forces on each other during collisions. In 

the simplest case, the collisions among the molecules are considered as elastic collisions. 

The volume of the molecules is negligible compared to the volume of the gas. The 

deposition of a film by transport of vapors is based on the kinetic theory of gases. The 

molecules of evaporating materials collide with each other during transport. The 

important factor of collision phenomena is the mean free path. Let us consider N1 

molecules that collide with each other as they travel. We are interested at any stage in the 

number of molecules that remain without collisions at any instant (nw). Consider a 

molecule that travels an additional distance dx along its path, a collision is likely to occur. 

It is rational to assume that the number of collisions that occur during additional dx is 

proportional to both nw and dx, so the number of molecules those face collision can be 

removed from nw: 

     ( )w b wdn P n dx= −                                                   (2.36) 

where the negative sign denotes that nw has decreased and Pb is a constant and represents 

the collision probability for a gas. 

Integrating equation (2.36) 

                                          ln constantw bn P x= − +                                            (2.37) 

Since nw=N1 at x=0 

1 exp( )w bn N P x= −                                                         (2.38) 

By putting the values of nw in equation (2.36), we obtain 

                                    1 exp( )w b bdn P N P x dx= −                                               (2.39)   

The number of molecules that suffer a collision nc are 
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                                        c 1n wN n= −                                                               (2.40) 

Therefore,  

                           c 1 1dn ( ) ( )w w b bd N n dn P N P x dx= − = − = −                              (2.41) 

The above equation (2.41) represents the number of molecules with free paths between x 

and x+dx. The average or mean free path is given by λf and it can be evaluated by the 

following expression. 

1

0 0

0 0

exp( )

N N

c b b

n n
f N N

c c

n n

xdn xP N P x dx

dn dn

 = =

= =

−

= =
 

 

                                     (2.42) 

1 0
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/ 1
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b
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− − − +   

= =  
 

                                                                          

Hence,  

                       1 expw

f

x
n N



 −
=   

 

 

This equation relates the number of molecules that move without collisions with the 

mean free path λf. In high vacuum, the mean free path of the evaporating molecules is 

increased [97]. 

2.4 Collision phenomenon between II and VI molecules during 

evaporation 

The II-VI compounds dissociate during thermal evaporation into monatomic II 

and diatomic VI2 molecules and transport from source to substrate surface [69]. 

According to the kinetic theory gases, the atoms of II and VI2 molecules will collide with 
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each other during transport. In high vacuum, the dissociative molecules will collide with 

each other and might deflect at different angles after collisions because of the difference 

in their masses. 
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3. CHAPTER 3 

Angular Deposition 

3.1 Background 

Nanowires and nanorods are the anisotropic nanostructures and have large aspect 

ratio compared to nanoparticles. The diameter of these nanostructures varies from 1 to 

200 nanometers, and length varies up to several micrometers [98-100]. The 

nanostructures are the building blocks of photonic, nanoelectronic, bioengineering, 

photovoltaic, and photocatalysis fields. The fabrication of different types of 

nanostructures with controlled geometry has stimulated research in these fields [98-102]. 

The nanostructures have unique and fascinating properties such as higher luminescence, 

superior mechanical properties, and high thermoelectric properties [103, 104]. 

Homogeneous and stoichiometric nanowires are successfully used as field effect 

transistors, gas sensors, light emitting diodes, photodetectors, and logic gates [103, 104]. 

Recently, researchers fabricated the nanostructures with controlled composition to 

enhance their properties. The controlled composition fabricated nanostructures are known 

as “superlattice” nanostructures. The superlattice nanostructures enhance the versatility 

and application of nanoelectronics, photonics, and bioengineering applications [103-105]. 

One important issue related to nanostructure growth is how to grow the 

nanostructures in the most effective and controlled way [106, 107]. Therefore, there are 

four general methods, which are used to grow the nanostructures. These are 

nanolithography-based method, solution-based method, vapor-based method, and 

template-based method [106, 107]. 
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The nanolithography-based method is extensively used to construct the sophisticated 

nanostructures. For the fabrication of different types of nanopatterns, the advanced 

lithography techniques like x-ray lithography, electron-beam lithography, or proximal 

lithography were used. Lithography is an expansive technique and the fabrication of 

nanostructures by lithography is a very slow process. The aspect ratio of nanostructures 

fabricated by lithography is also limited. Therefore, this technique is not appropriate for 

the fabrication of nanostructures at large scale [108-110].  

The solution-based process was also commonly used for the fabrication of 

nanostructures. In this process, a mixed solvent with a known metal precursor and a 

suitable crystal regulating agent were placed in an autoclave at a high pressure and 

temperature. This process is also complicated and needs a deep knowledge of chemical 

reactions. The prepared nanostructures from this process usually contain some unwanted 

elements like nitrogen and chlorine because of the use of different solvents and catalysts 

[111, 112].  

The vapor-based method is also used to grow the nanostructures of different 

materials. In this process, the material vapors react in the presence of a suitable catalyst 

to grow the nanostructures. For this method, a specific catalyst is required for a particular 

material, and relatively high growth temperature is required [113].  

Template-based method, in general, is used to grow the anisotropic nonporous 

materials. The templates of different types such as anodized alumina, block copolymer 

membranes, polycarbonate membranes etc., serve as host. The nano-templates are filled 

with sol-gel solution, or vapor, to make the desired nanopatterns. The products may be 

removed from the templates by moving the host matrix [114-116].  
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Various types of nanostructures can be fabricated based on the process mentioned 

above. However, there are still many challenges to fabricate the controlled geometry of 

nanostructures by a given method [106-117]. 

3.2 Fabrication of nanostructures by angular deposition 

Recently, different types of nanostructured films were fabricated by angular 

deposition. To grow nanostructures by angular deposition, the commonly used techniques 

like e-beam evaporation, sputtering, thermal evaporation, laser deposition were used. The 

simple modification of these techniques enables us to grow the different types of 

nanostructured films. In an angular deposition, the growth of the nanostructured films 

was due to shadowing effect that was raised by oblique angles [117, 118]. The angular 

deposition has several advantages in term of controlling the growth of the nanostructures: 

 1. Naturally columnar structures are formed.  

2. The density and porosity of the thin film can be controlled.  

3. There is no limit on materials selection because the growth process is physical 

vapor deposition. 

4. The alignment of nanostructures can be controlled due to the shadowing effect.  

5. It has an ability to grow the three-dimensional nanostructures.  

There are two types of angular deposition methods, which are used to grow 

nanostructures [118-121].  

(i) Oblique angle deposition 

(ii) Glancing angle deposition 
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3.2.1 Oblique angle deposition 

In oblique angle deposition, the flux of vapors arrives on the substrate surface at 

non-normal angle γ that produce an inclined columnar structure on the substrate surface. 

In oblique angle deposition, the substrate does not rotate during deposition. In this 

geometry, only columnar structures are formed. The schematic diagram of oblique angle 

deposition is shown in fig. 3.1 [122, 123]. 

 

Figure 3.1 Schematic diagram of oblique angle deposition 

 

Assume that the incoming flux has an angle γ with the normal to the surface and treat it as 

a vector quantity�⃗�. The quantity �⃗� can be resolved into two components as shown in fig. 

3.2. 



45 

 

 

Figure 3.2 The incoming flux F decompose into their components, F⊥ is perpendicular to the 

substrate surface, and F|| is flux parallel to the substrate 

 

 

The incoming flux has two components, a horizontal component ( cosF F = ) and a 

vertical component ( cosF F ⊥ = ). During the film deposition, initially, the incoming 

atoms will grow islands on the substrate surface as shown in in figure 3.3. 
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Figure 3.3 Schematic view of oblique angular deposition growth: (a) initial arrival of vapor flux at 

angle γ, creating a random distribution of nuclei; (b) nuclei growth casting shadows across the 

substrate; (c) columns growth, partially shadowing of small neighbors; (d) columns growth at 

oblique angle γ, completely shadowing of large columns and some columns become extinct 

 

 

As the deposition proceeds, the initially nucleated islands act as shadow centers. 

Therefore, all the tall islands will receive more atoms as compared to the shadowed ones. 

This process will lead a nanocolumnar structure. Clearly, the lateral component F  is the 

source of shadowing effect. At a particular incident angle of flux with respect to the 

normal of the substrate, the grown nanocolumns have a tilting angle Ω with respect to the 

normal of the substrate surface. The tilting angle Ω of nanocolumns depend on the 

incident angle of impinging flux. Figure 3.4 shows the cross-sectional SEM images of Si 

films, which were grown at different incident angles [124]. Cross-sectional SEM images 

showed that at 0˚, the deposited film was uniform and continuous; at 30˚, the small 

columns start to grow; at 60˚, the columns become prominent; and at 80˚, the columns 

structure was more obvious [124]. 
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Figure 3.4 Cross-sectional SEM images of silicon films deposited at different incident angles 

 

In general, the columns tilt angle Ω is less than the incident angle γ. The dependence of 

tilt angle Ω of columns on the incident angle can be written by Tait relation [124]: 

                                      
1 1 cos

sin ( )
2


 − −

 = −                                                           (3.1) 

3.2.2 Glancing Angle Deposition 

In oblique angle deposition, the nanocolumnar films were generated and can be 

treated as one kind of nanostructure. The preferred tilting angle Ω introduces the 

anisotropy in the film, which is not desirable in most of the cases [28]. For better control 

of structure and orientation of nanostructures, glancing angle deposition technique was 
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developed. The schematic diagram of glancing angle deposition is shown in fig. 3.5. The 

basic setup of glancing angle deposition is the same as that of oblique angle deposition. 

The main difference is the substrate is attached with tow motors, one controls the incident 

angle of the incoming flux and the other controls the azimuthal rotation of the substrate. 

In glancing angle deposition, the degree of freedom of deposition is increased, and hence, 

the deposition can be done by only changing the azimuthal rotation of substrate at a fixed 

incident angle or by changing both the azimuthal rotation and the incident angle [128]. 

 
Figure 3.5 Glancing angle deposition set up 

 

By the combination of the two rotations of the substrate as well as deposition rate, the 

nanostructures can be sculptured in S-shaped, C-shaped, matchsticks, zig zag shape, 

vertical, and helical columns [126, 127]. Cross-sectional SEM images of different types 

of microstructures of Si prepared by glancing angle deposition are shown in fig. 3.6 

[128].  
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Figure 3.6 Different type of microstructures of Si prepared by glancing angle deposition 

 

 

3.3 Requirements for angular deposition 

3.3.1 Pressure requirement 

For angular deposition, shadowing of incoming flux is a critical point. As a result, 

the evaporated molecules should have a large average free path compared to the 

dimensions of the chamber of the system. For a typical system, the distance between the 

source and substrate should by larger than 30 cm, and a vacuum pressure of the chamber 

≈ 10-3 mbar is required.   
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3.3.2 Vapor source 

Different vapor sources have been used for angular deposition, including pulsed 

laser deposition, thermal evaporation, electron-beam evaporation, sputtering, and co-

sputtering. Some materials, which were deposited by angular deposition using different 

vapor sources, are summarized in Table 3.1 [117].  

 
Table 3.1 summary of the materials and vapor sources used 

Material Deposition 

method 

Material Deposition 

method 

Aluminum Thermal, e-beam WO3 Sputter, thermal 

Chromium Thermal, sputter Y2O3: Eu e-beam 

Cobalt e-beam, thermal Zr65Al7.5Cu27.5 e-beam 

Germanium e-beam ZrO2 e-beam 

Tantalum e-beam, sputter Alq3 Thermal 

Al2O3 e-beam C60 Thermal 

CeO2 e-beam CuPc Thermal 

Carbon PLD Parylene C Nozzle 

ITO e-beam Pentacene Thermal 

MgF2 e-beam PPX Nozzle 

SiO e-beam Znq2 Thermal 

Nb2O5 e-beam Acrylates Spin-coating 

SiO2 e-beam Copper Electroplating 

TiO2 e-beam Nickel Electroplating 

 

e-beam: electron beam; PLD: pulsed-laser deposition 

 

3.3.3 Substrate Motion 

For angular deposition, the substrate should move to any orientation between (0, 

0) and (π/2, 0). This can be accomplished by attaching two motors to the substrate. One 



51 

 

motor can be used to control the incident angle of vapor flux and the second can be used 

to control the rotation of substrate about its axis of rotation [117, 128]. 

3.3.4 Monitoring requirements 

For the fabrication of high quality nanostructures by angular deposition, the 

control of the rate of vapor flux is very important. The deposition rate is defined as the 

increase of film thickness per unit time at (0, 0) orientation of the substrate. Crystal 

thickness monitor was used to monitor the deposition rate of vapor flux. In an angular 

deposition, the substrate does not have (0, 0) orientation. Therefore, the crystal thickness 

monitor should by aligned along the substrate surface before deposition to get the 

accurate deposition rate [117]. 

3.4 Density of Film 

As a result of angular deposition, the columnar-structured films were grown based 

on the shadowing effect. Because of the shadowing effect, the porosity of the films was 

increased that resulted in the decrease of film density. The density of the film depends on 

the angle of vapor flux with respect to the normal to the substrate surface. The 

dependence of density on the incident angle was described by the following equation 

[117]. 

                              0

2cos

1 cos


 


=

+
                                                                               (3.2) 

ρ is the density of film that was deposited at any angle, ρ0 is the density of film that was 

deposited at 0˚. It was clear from the above equation that the density of the film was 
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decreased by increasing the deposition angle because of the increase in porosity due to 

shadowing effect. 

3.5 Proposed equations of film density of the angular deposited II-VI 

compound 

Most of the materials, like metals and metal oxides, do not dissociate by 

evaporation. The film density of the angular deposited non-dissociative material is a 

function of incident angle. II-VI compounds dissociate during evaporation and the 

stoichiometry of the deposited films various from that of the source material. The 

deposited films will be II (metal) element rich or VI (chalcogen) element rich, which will 

effect the density of the film because the density of II or VI elements differs from the 

density of the II-VI compound.  The density of the angular deposited II-VI compound 

film will not only depend on the incident angle but also on the density and concentration 

of the rich element (II or VI).  The proposed equations for angular deposited II-VI film 

are given below:  

If the film is chalcogen-rich then the film density will be:                      

  
0

2cos
( ) *
1 cos

VI VI

II VI II


 

  −

 
=  

+  
                                                                     (3.3) 

If the film is metal-rich then film density will be: 

                
0

2cos
( ) *
1 cos

II II

II VI VI


 

  −

 
=  

+  
                                                                  (3.4) 

where φII, φVI and φII-VI are the densities of II element, VI element, and II-VI compound, 

respectively. ΧII and ΧVI are the concentrations of II and VI elements in the films, 

respectively. 



53 

 

4. CHAPTER 4 

Experimental Techniques and Experimental Procedure 

4.1 Energy Dispersive X-ray Spectroscopy 

X-ray spectroscopy is a technique that uses the characteristic x-rays of materials 

to identify the elements and determine their elemental compositions. In this technique, a 

high-energy electron beam irradiates the sample and the atoms of the sample emit the 

characteristic x-rays [129, 130]. The interaction of the electron beam with the sample is 

shown in fig. 4.1 

 

Figure 4.1 Schematic illustrations of the principal results of the interaction of an electron beam with 

a sample 

 

From the characteristic x-ray emitted from the sample atoms, chemical elements 

can be identified using two techniques: (i) energy dispersive x-ray spectroscopy (EDX), 

and (ii) wavelength dispersive x-ray spectroscopy (WDX). In EDX analysis, the energy 

and the intensity of the emitted x-ray are analyzed in a manner that identifies the 
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elements and their respective concentrations in the analyzed region of the specimen. The 

most commonly used instruments for this analysis are electron microscopes equipped 

with EDX detectors. In electron microscopes, the energetic electron beam generate the 

characteristic x-rays from the specimen atoms. EDX detector uses these characteristic x-

rays to examine the chemical composition on a microscopic scale [129, 130]. When a 

high energetic electron beam hits the atoms of the specimen, it ejects electrons from the 

core levels of the atoms and creates vacancies. To fill these vacancies, the electrons of the 

upper shell jump to lower shells and emit the characteristics x-rays. The illustration of 

this phenomenon is shown in fig. 4.2.  

 
Figure 4.2 X-ray and Auger electron emission through electron transition resulting from ejected k-

shell electrons 

 

Each element has unique orbital transition energies or atomic energy levels. Therefore, 

electron transitions between any two shells result in the release of x-ray photoemission 

with an energy unique to that element. The chemical composition can be found by 

integrating the area under the intensity peak.  EDX analysis provides a plot of intensity or 

x-ray counts vs. its energy [131].  



55 

 

4.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface and chemical analysis 

technique in which a sample is irradiated with an x-ray beam, and the energies of the 

resulting photoelectrons are measured. The working of XPS technique is based on the 

photoelectric effect. A high energetic x-ray beam is incident on a material and the 

electrons of the core levels of the atoms of the sample are ejected. The kinetic energies of 

the ejected electrons are measured by using an electron spectrometer [132, 133]. By using 

the law of conservation of energy, the binding energy of the ejected electrons is 

calculated: 

B k spech E E = + +                                                     (4.1) 

where hν is the energy of incident x-ray, EB represents the binding energy of the 

photoelectron, and it is characteristic of the orbitals from where the electrons are ejected, 

Ek is the kinetic energy of the ejected photoelectron, and ϕspec is the work function of the 

spectrometer. The photoelectric effect is illustrated schematically in fig. 4.3 [134]. 



56 

 

 

Figure 4.3 Illustration of the photoelectric effect 

 

 

The study of kinetic energies of the ejected photoelectrons provides a lot of 

knowledge about the material. XPS can identify all elements except hydrogen and 

helium. Elemental recognition can be accomplished by chemical oxidation state, 

chemical shift, and surrounding environment of a particular atom. XPS imaging and 

angle-resolved XPS provide information about spatial atomic distribution and variation in 

composition near the surface [132-135]. The graphical representation of XPS is shown in 

fig. 4.4. It is clear from the graphical representation that the kinetic energy (Ek) of the 

ejected electron is directly related to the binding energy (EB) of the orbitals of the 

specimen, and it is also noticed that the kinetic energy of the ejected electron does not 

depend on the work function (ϕsample) of the specimen. It depends on the work function 
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(ϕspec) of spectrometer that is a constant for a particular XPS setup and it acts as a 

reference point [136-139]. 

 

 

Figure 4.4 Graphical representation of XPS setup 

 

4.3 X-ray Diffraction 

X-ray diffraction (XRD) is a widely used technique for the characterization of the 

structure of a material. It can be used for both the liquid and the solid phase of a material. 

The basic principle of this technique lies on the interaction of x-rays with the atoms of a 

material. Each material has a different crystal structure due to the arrangement of atoms 

in it. When x-rays interact with these atoms, they diffract and create a unique diffraction 

pattern. This diffraction pattern can be used as a finger print to identify the material [140, 

141]. The diffraction phenomenon is governed by Bragg’s law. It states that constructive 

interference will occur if the path difference of two rays, interacting with the atoms of the 
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lattice planes, is an integral multiple of their wavelength. Constructive interference in a 

certain direction and the production of diffracted x-rays is governed by the Bragg’s 

equation:  

                   2 sini xd m =                                                                                            (4.2)  

where di is lattice spacing, λx is the wavelength of x-rays and m is the order of maxima. 

The basic diagram of diffraction in Bragg’s law is shown in fig. 4.5 [140, 141]. With the 

help of x-ray diffraction, several interesting properties of the material can be analyzed 

using the diffraction pattern. These include the phase of the sample (amorphous or 

crystalline), structure of the sample (how atoms are arranged in the sample), defects, 

strain, and dislocation.  

 

 
Figure 4.5 Schematic diagram of Bragg’s condition of x-ray diffraction 
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4.4 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a surface analysis technique which is used to 

investigate the surface morphology of a sample. The basic principle used in AFM is 

Hook’s law, which measures the force between the sample and a sharp tip fixed at the 

end of a cantilever. The cantilever, operating in the raster scan mode, moves over the 

surface of the sample and bends as a result of the attractive force between the surface and 

the tip. In order to monitor the bending of the cantilever, an optical lever technique is 

employed. The basic diagram of an atomic force microscope is shown in fig. 4.6 [142]. A 

laser light is continuously reflected from the cantilever and recorded by a position 

sensitive detector. As the cantilever bends, due to the force felt by the sharp tip, a change 

in the reflection of light occurs. This change in reflection is further analyzed to calculate 

the force between the sample and the tip, and in this way, the surface morphology of the 

sample is obtained. There are two modes associated with AFM. These include contact 

and tapping modes. In the contact mode, the tip remains continuously in contact with the 

surface of the sample. For the scanning of soft and rather mobilized materials, the tapping 

mode is preferred. Here, the tip remains oscillating with a certain resonant frequency and 

interacts with the sample during its oscillations. The information which can be extracted 

from a sample by employing AFM includes the lateral grain size, nature of the surface 

(granular, columnar or flat), and surface roughness [143, 144].  
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Figure 4.6 Working principle of atomic force microscopy 

 

4.5 Spectrophotometry 

Spectrophotometry is a method to measure the optical properties of a sample like 

transmittance, reflectance, and absorbance. The basic principle of a spectrophotometer 

lies in the fact that each material can absorb, transmit or reflect light up to a certain 

wavelength. When light passes through a sample, its intensity changes. The incident and 

emergent intensities are then related to each other to obtain the optical properties of the 

sample. There are two basic modes under which a spectrophotometer can be operated. 

These include transmittance/ absorbance mode and the reflectance mode [145, 146]. The 

transmittance (Ttrans) can be calculated by the ratio of the fraction of light which transmits 

through the sample (It) to the initial intensity 𝐼𝑜 incident on the sample:  

                                      
0

t
trans

I
T

I
=                                                                       (4.3) 
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Reflectance is defined as the ratio of the fraction of light 𝐼, which reflects from the 

surface of the sample to the initial intensity 𝐼𝑜 incident on the material. There are lots of 

information that can be extracted from the knowledge of transmittance, absorbance, and 

reflectance. Typical examples include the composition of the material that can be found 

from the Beer Lambart’s law once the absorbance is known, the thickness of the sample, 

and optical parameters like refractive index, extinction coefficient, dielectric function, 

and band gap [145-147]. A schematic diagram of a double beam spectrophotometer is 

shown in fig. 4.7. 

 
Figure 4.7 Schematic diagram of a double beam spectrophotometer 

 

4.6 Photocurrent Measurement 

The photocurrent of a semiconductor describes its conversion capability of optical 

light into electrical current. The photocurrent is an important property of a material that 

explains how efficient is it for the fabrication of photovoltaic devices.  The current-
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voltage curves of a material enable us to measure the photocurrent of a material. When 

excess electrons and holes are generated within the semiconductor, the conductivity of 

the semiconductor is increased. The generated electrons and holes within the 

semiconductor are separated by an external electric field (Ee) and a current will be 

produced [148]. For this purpose, ohmic contacts at each end of the semiconductor are 

deposited to collect the current. A schematic diagram of a photoconductor is shown in 

fig. 4.8. 

 

 

Figure 4.8 A schematic diagram of a photoconductor 

 

 

 

 

The conductivity σ0 of a semiconductor can be written as: 

                                     ( )0 0 0n pe n p  = +                                                 (4.4) 

where µn and µp are the mobilities of electrons and holes, n0 and p0 are the electron and 

hole concentrations, respectively. If excess carriers are generated under light, the 

conductivity becomes 
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                           0 0 0( ) ( p)n pe n n p     = + + +                                        (4.5) 

where, δn and δp are the excess electron and hole concentrations, respectively. Due to 

charge neutrality in the semiconductor, the excess number of holes is equal to the excess 

number of electrons. In steady state, the excess carrier concentration is given by δp = 

GLτp where GL is the generation rate of the excess carrier (cm-3s-1) and τp is the lifetime of 

minority carriers. Equation (4.5) can be rewritten as: 

( ) ( )( )0 0n p n pe n p e p     = + + +                         (4.6) 

The increase in conductivity due to optical excitation is known as photoconductivity.  

The photoconductivity can be written as 

                                                        ( )( )n pe p    = +                                            (4.7) 

An electric field is applied across the semiconductor which produces a current. The 

current density can be written as [148]: 

0 0( ) ( )c L eJ J J E = + = +                                          (4.8) 

where J0 is the current density of the semiconductor prior to optical excitation, JL is the 

photocurrent density, Jc is the total current density, Ee is the electric filed. If the electrons 

and holes are generated uniformly in the semiconductor, then the photocurrent can be 

written as 

( )( ). . . .photo L e L p n p eI J A A E e G A E   = =  = +                       (4.9) 

where A is the cross-sectional area of the device. It is clear from equation (4.9) that the 

photocurrent is directly proportional to the excess carrier generation rate, which depends 

on the incident photon flux [148. 149].  
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4.7 Experimental Procedure 

CdTe, CdSe, CdS, ZnTe, ZnSe, and ZnS thin films were deposited on unheated fused 

silica and tantalum substrates at angles of 0˚, 20˚, 40˚, 60˚ and 80˚ by thermal 

evaporation. The schematic diagram of angular deposition is shown in fig. 4.9.  

 
Figure 4.9 Schematic diagram of angular deposition of II-VI compound thin films 
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The angular deposited II-VI compounds thin films were labled according to their angles 

and are listed in table 4.1. 

Table 4.1 Labels of angular deposited CdTe, CdSe, CdS, ZnTe, ZnSe, and ZnS films 

Angle (θ)    CdTe   CdSe   CdS ZnTe ZnSe ZnS 

0˚ CdTe-0˚ CdSe-0˚ CdS-0˚ ZnTe-0˚ ZnSe-0˚ ZnS-0˚ 

20˚ CdTe-20˚ CdSe-20˚ CdS-20˚ ZnTe-20˚ ZnSe-20˚ ZnS-20˚ 

40˚ CdTe-40˚ CdSe-40˚ CdS-40˚ ZnTe-40˚ ZnSe-40˚ ZnS-40˚ 

60˚ CdTe-60˚ CdSe-60˚ CdS-60˚ ZnTe-60˚ ZnSe-60˚ ZnS-60˚ 

80˚ CdTe-80˚ CdSe-80˚ CdS-80˚ ZnTe-80˚ ZnSe-80˚ ZnS-80˚ 

 

The source materials were II-VI compound powder (Sigma-Aldrich 99.99% purity) and 

were evaporated from a molybdenum boat. The thermal evaporation was carried out in a 

Leybold L560 unit at a base pressure of 9×10-6 mbar. The radial distance between the 

substrate holder and the molybdenum boat was 35 cm. The evaporation rate was set to 7 

Å/s and the thickness of the film fixed to be 500 nm. Both the evaporation rate and the 

thickness of the films were monitored using a quartz crystal thickness monitor. The 

substrates were cleaned prior deposition by sonication using ethanol, followed by 

isopropanol and then dried in an oven for 30 minutes.  The chemical composition of the 

films was studied by x-ray energy dispersive spectroscopy (EDX) performed in a JEOL 

JSM-6610 scanning electron microscope (SEM) equipped with an EDX spectrometer,  

which has a Sapphire detecting unit. X-ray photoelectron spectroscopy (XPS) was done 

in a Thermo Scientific Escalab 250Xi spectrometer equipped with a monochromatic      

Al Kα (1486.6 eV) x-ray source, which has a resolution of 1 eV. XPS depth profiles were 

obtained by a sequence of 180-s ion etching followed by XPS measurement to measure 
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the relative atomic concentration along the thickness. Etching used a 2-keV Ar+ ion beam 

on a 1-mm2 area of the surface. During XPS analysis, the chamber pressure was               

5 × 10−9 mbar. To minimize the electrostatic charging of the samples, the films deposited 

on the tantalum substrates were used for the XPS analysis. The structural properties were 

studied by x-ray diffraction using a Rigaku Ultima IV diffractometer with                      

Cu Kα (1.5406 Å ) radiation. The surface morphology of the films was examined using 

an atomic force microscope (Veeco Innova diSPM) that was working in tapping mode 

and the surface of the films was probed with antimony-doped silicon tip that had a radius 

10 nm and oscillated at its resonant frequency of 300 kHz. The electrical properties were 

measured by a two-probe method and van der pauw geometry (Ecopia HMS 3000). In 

two-probe method, two gold contacts (100 nm) were deposited on the films to make 

Ohmic contacts with semiconductor films and then the known currents were passed 

through the films to measure their resistance using a Keithley 6517B electrometer. After 

that, the resistivities of the films were calculated using the resistance and the dimensions 

(length, width, and thickness) of the films. The optical properties were measured by a 

Jasco V-570 double beam spectrophotometer, which is capable of operating from ultra 

violet to near infrared regions. The photocurrent of all the films was determined by 

measuring their current-voltage characteristics under dark and light illumination using the 

two probe technique. A Keithley 238 source meter and a xenon lamp with a light 

illumination intensity of 150 W were used as the photoelectrical analysis system. 
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5. CHAPTER 5 

Chemical Analysis 

In this chapter, the chemical properties of II-VI compound films are presented. 

 

5.1 EDX Analysis 

Energy dispersive spectroscopy was used to measure the atomic concentration of II and 

VI elements in the films. Figure 5.1 represents the EDX spectra of the CdTe films. It is 

clear from fig. 5.1 that the peak intensity of Te peak relative to Cd decreased by 

increasing the angle from 0˚ to 80˚. 
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Figure 5.1 EDX spectra of CdTe films 

 

EDX results showed that at lower angles (0˚ and 20˚), the deposited films were Te-rich; 

at 40˚, the deposited film was nearly stoichiometric; and at higher angles (60˚ and 80˚), 

the deposited films were Cd-rich. The change in the elemental compositions of the films 

is due to the collisions between the atoms of Cd and molecules of Te2 during evaporation 

according to the kinetic theory of gases [70, 95]. The atomic mass of Cd is 112.41 u and 

the molecular mass of Te2 is 255.2 u. During the collision, the heavier molecules (Te2) 

deflect less and deposit more at lower angles (0˚ and 20˚); while Cd atoms are lighter 

than Te2 molecules, they deflect more during the collision and deposit more at higher 
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angles (60˚ and 80˚). The change in the atomic concentrations of Cd and Te elements in 

the films by changing the angle from 0˚ to 80˚ is shown in fig. 5.2. 
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Figure 5.2 Atomic concentration of Cd and Te elements in CdTe films 
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Figure 5.3 represents the EDX spectra of CdSe films. It was observed that at 

lower angles (0˚ and 20˚), the deposited CdSe films were Se-rich; at 40˚, the deposited 

film was nearly stoichiometric; and at higher angles (60˚ and 80˚), the deposited films 

were Cd-rich.  

 

                Figure 5.3 EDX analysis of CdSe films 

 

 

The change in the atomic concentrations of Cd and Se elements in the films by changing 

the angles from 0˚ to 80˚ is shown in fig. 5.4. Because of the high molecular mass of Se2 

(157.92 u) compared to that of Cd (112.41 u), the molecules of Se2 suffer less deflection 
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in collisions with Cd atoms during the transport. This causes lower angles (0˚ and 20˚) 

deposited films to be enriched with Se. On the other hand, the high deflection of Cd 

atoms during collisions results in an increase of the concentration of cadmium in the 

films deposited at higher angles (60˚ and 80˚). It was also noticed that the change in 

atomic concentration of CdSe by changing the deposition angle was small compared to 

that of CdTe. This is because of the fact that the difference between the atomic mass of 

Cd and molecular mass of Se2 is small as compared to the difference between the atomic 

mass of Cd and molecular mass of Te2. 
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Figure 5.4 Atomic concentration of Cd and Se in CdSe films 

 

Figure 5.5 represents the EDX spectra of CdS films. It was observed that at 0˚, 

20˚ and 40˚, the deposited films were Cd-rich; and at 60˚ and 80˚, the deposited films 
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were S-rich. It is clear from fig. 5.5 that the peak intensity of S relative to Cd increased 

by changing the deposition angle from 0˚ to 80˚. 

 

Figure 5.5 EDX analysis of CdS films 

 

The atomic concentrations of Cd and S in the films are shown in fig. 5.6. In CdTe and 

CdSe cases, the chalcogen (Te or Se) was deposited more at lower angles, and metallic 

Cd was deposited more at higher angles. However, in CdS, metallic Cd was deposited 

more at lower angles and chalcogen S was deposited more at higher angles. This was 

because Cd atoms (atomic mass = 112.41 u) are heavier than S2 molecules         
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(molecular mass = 64.13 u). Cd atoms were deposited more at lower angles because they 

deflect less during collisions with S2 molecules, while S2 molecules scattered more at 

higher angles because S2 molecules are lighter compared to Cd atoms. 
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Figure 5.6 Atomic concentration of Cd and S in CdS films 

 

Figure 5.7 represents the EDX spectra of ZnTe films deposited at different angles. 

It was observed that at lower angles (0˚ and 20˚), the deposited films were Te-rich; at 40˚, 

the deposited film was nearly stoichiometric, and at higher angles (60˚ and 80˚), the 

deposited films were Zn-rich. It is clear from fig. 5.7 that the peak intensity of Te relative 

to Zn decreased by increasing the angle from 0˚ to 80˚.  
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Figure 5.7 EDX spectra of ZnTe films deposited at different angles 

 

 

The change in the elemental compositions of Zn and Te in the films is shown in fig. 5.8. 

The change in elemental concentration of ZnTe films was due to the difference of masses 

of Te2 molecules and Zn atoms. The heavier Te2 molecules (molecular mass = 225.2 u) 

deflect less during the collision and deposited more at lower angles, while lighter Zn 

atoms (atomic mass = 65.38 u) deflect more during the collision and deposited more at 

higher angles. 
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Figure 5.8 Atomic concentrations of Zn and Te in ZnTe films 

 

 

Figure 5.9 represents the EDX analysis of ZnSe films. It is clear from fig. 5.9 that 

the peak intensity of Se relative to Zn was decreased by increasing deposition angle from 

0˚ to 80˚.  
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Figure 5.9 EDX analysis of ZnSe films 

 

 

EDX analysis showed that at lower angles (0 and 20˚), the deposited films were Se-rich; 

at 40˚, the deposited film was nearly stoichiometric; and at higher angles (60˚ and 80˚), 

the deposited films were Zn-rich. In ZnSe, like CdTe, CdSe, CdS, and ZnTe, the heavier 

Se2 molecules (molecular mass = 157.92 u) deposited more at lower angles and lighter Zn 
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atoms (atomic mass = 65.38 u) deposited more at higher angles. The atomic 

concentrations of Zn and Se in the films is illustrated in fig. 5.10. 
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Figure 5.10 Atomic concentrations of Se and Zn in ZnSe films 

 

Figure 5.11 represents the EDX analysis of ZnS films. It was observed that the 

peak intensity of Zn relative to the S was almost same.  
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Figure 5.11 EDX analysis of ZnS films 

 

EDX analysis showed that angular deposited ZnS films are nearly stoichiometric. This 

was because the molecular mass of S2 molecule (64.13 u) and the atomic mass of Zn 

atom (65.38 u) are almost same. Therefore, the probability of deflection of Zn atoms and 

S2 molecules after the collision is the same, which results in the stoichiometric films at 

different angles. The atomic concentrations of Zn and S in the ZnS films were shown in 

fig. 5.12. 
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Figure 5.12 Atomic concentration of Zn and S in ZnS films 

 

5.2 XPS Analysis 

The chemical states and spatial distribution of the II and VI elements throughout the 

thickness of the II-VI compound films were obtained by XPS. 

Figure 5.13 represents the XPS survey spectrum of a CdTe film deposited at 0˚. It 

was observed that all peaks were related to Cd and Te elements, and no impurity peak 

was observed in the spectrum. It was indicated that the fabricated films were highly pure 

by thermal evaporation. It was because the evaporation temperature of impurity and the 

evaporation temperature of source material are different. It is an advantage of thermal 

evaporation over other deposition techniques like chemical vapor deposition where the 

background impurities are incorporated into the fabricated films. 
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                 Figure 5.13 XPS survey of a CdTe film deposited at 0˚ 

 

Figure 5.14 shows high-resolution XPS spectra of Cd and Te peaks of a CdTe 

film deposited at 0˚. It was observed that the Cd 3d5/2 and the Cd 3d3/2 peaks lied at 

binding energies of 405.2 eV and 412.0 eV, respectively, and were similar to the values 

reported in the literature [150]. Similarly, XPS peaks of Te 3d5/2 and Te 3d3/2 lied at 

binding energies 572.6 eV and 583.2 eV, respectively, and were similar to the values 

reported in the literature  [151,152]. 
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Figure 5.14 XPS spectra Cd 3d and Te 3d peaks of a CdTe thin film deposited at 0˚ 

 

The areas of the Cd and Te peaks are directely propertional to the atomic 

concentrations of Cd and Te within the film. Therefore, the areas of Cd 3d5/2 and Te 3d5/2 

peaks were measured and normalized to measure the relative intensity of elements. For 

this purpose, the depth profile of the films was done to evaluate the relative intensity of 

elements throughout the thickness of the films. Depth profile shows that the relative 

intensity along the depth remains same as it was on the surface of the film. This indicates 

that the vapor compositions of Cd and Te throughout the film deposition remained the 

same. Figure 5.15 shows the relative intensity of the Cd 3d5/2 and Te 3d5/2 peaks 

throughout the film thickness. It was observed that the relative intensity of Cd increased 
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by increasing the deposition angle while the relative intensity of Te element decreased by 

increasing the deposition angle. These results are consistent with EDX results. 

 

Figure 5.15 Spatial distribution of the Cd and Te throughout the thicknesses of the 

films as obtained by XPS depth profiling 

 

Figure 5.16 shows high-resolution XPS spectra of Cd and Se peaks of a CdSe film 

that was deposited at 0˚. It was observed that the Cd 3d5/2 and Cd 3d3/2  peaks lied at 

binding energies of 405.2 eV and 411.8 eV, respectively, and were similar to the values 

reported in the literature [153]. Similarly, XPS peaks of Se 3d5/2 and Se 3d3/2 lied at 

binding energies 53.9 eV and 54.8 eV, respectively and were similar to the values 

reported in the literature  [153]. 



83 

 

 
Figure 5.16 XPS spectra Cd 3d and Se 3d peaks of a CdSe thin film deposited at 0˚ 

 

Figure 5.17 represents the spatial distribution of the Cd and Se elements 

throughout the thickness of the films as obtained by XPS depth profiling. It was observed 

that the relative intensity of Se was decreased and the relative intensity of Cd was 

increased by increasing the deposition angle from 0˚ to 80˚ because the atomic 

concentration of Se was decreased and the atomic concentration of Cd was increased by 

increasing the angle from 0˚ to 80˚. It was also noticed that the atomic concentrations of 

Cd and Se along the film depth almost remained the same as it was near the surface of the 

film. This indicates that the vapor composition of Cd and Se during film deposition also 

remained the same throughout the deposition. 

 



84 

 

 
Figure 5.17 Spatial distributions of the Cd and Se throughout the thicknesses of the CdSe films as 

obtained by XPS depth profiling 
 

Figure 5.18 shows high-resolution XPS spectra of Cd and S peaks of a CdS film that 

was deposited at 0˚.  It was observed that the Cd 3d5/2 and Cd 3d3/2 peaks lied at binding 

energies 405.2 eV and 411.8 eV, respectively, and XPS peaks of S 2p3/2 and S 2p1/2 lied 

at binding energies 162.0 eV and 163.1 eV, respectively and were similar to the values 

reported in the literature [154, 155]  
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Figure 5.18 XPS analysis of Cd 3d and S 2p peaks of a CdS film deposited at 0˚ 

 

Figure 5.19 represents the spatial distribution of the Cd and S elements 

throughout the thickness of the films as obtained by XPS depth profiling. It was observed 

that the relative intensity of Cd was decreased and the relative intensity of S was 

increased by increasing the deposition angle from 0˚ to 80˚. This indicates that atomic 

concentration of Cd was decreased and the atomic concentration of S was increased by 

increasing the deposition angle from 0˚ to 80˚.  It was also noticed that the concentrations 

of Cd and S elements throughout the film remained the same as it was on the surface, 

which indicates that the vapor composition during film growth remains same throughout 

the deposition.  The small variation in relative intensities of Cd and S along the film 

might be due to the change in density due to angular deposition.  
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Figure 5.19 Spatial distributions of the Cd and S throughout the thicknesses of the CdS films as 

obtained by XPS depth profiling 

 

Figure 5.20 shows high-resolution XPS spectra Zn and Te of a ZnTe thin film 

deposited at 0˚. It was observed that the Zn 2p3/2 and Zn 2p1/2  peaks lied at binding 

energies 1020.9 eV and 1045.1 eV, respectively and XPS spectra of Te 3p5/2 and Te 3p3/2 

lied at binding energies 570.8 eV and 581.6 eV, respectively. The binding energies of Zn 

and Te peaks were similar to the values reported in the literature [156, 157]. 
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Figure 5.20 XPS spectra Zn 2p and Te 3d peaks of a ZnTe thin film deposited at 0˚ 

 

Figure 5.21 represents the spatial distribution of Zn and Te elements throughout 

the thickness of the films as obtained by XPS depth profiling. It was observed that the 

relative intensity Te was decreased and the relative intensity of Zn was increased by 

increasing the deposition angle from 0˚ to 80˚. It was noticed that relative intensities of 

Zn and Te throughout the films did not remain the same. This reveals that initially, the 

vapor pressure of Zn was greater than that of Te, and the vapors were rich in Zn. 

Afterward, the vapor pressures of Zn and Te become PZn = 2PTe to hold the sublimation 

process based on the condition of sublimation of II-VI compounds [68]. 
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Figure 5.21 Spatial distribution of Zn and Te elements throughout the thickness of the ZnTe films as 

obtained by XPS depth profiling 

 

Figure 5.22 represents high-resolution XPS spectra of Zn and Se peaks of a ZnSe 

film deposited at 0˚. It was observed that the Zn 2p3/2 and Zn 2p1/2 peaks lied at binding 

energies of 1021.8 eV and 1045.1 eV, respectively, and were similar to the values 

reported in the literature [158]. Similarly, XPS peaks of Se 3d5/2 and Se 3d3/2 lied at 

binding energies of 53.9 eV and 55.8 eV, respectively and was similar to the values 

reported in the literature [158].  
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Figure 5.22 XPS spectra Zn 3d and Se 3d peaks of a ZnSe thin film deposited at 0˚ 

 

Figure 5.23 shows the spatial distribution of the elements throughout the thickness 

of the films as obtained by XPS depth profiling. It was observed that the relative intensity 

of Zn was increased and the relative intensity of Se was decreased by increasing the 

deposition angle from 0˚ to 80˚. The depth profiles indicate that the Zn and Se 

concentration almost remained the same as it was near the surface. This indicates that the 

vapor concentrations of Zn and Se remained the same throughout the film deposition. 
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           Figure 5.23 Spatial distribution of Zn and Se elements throughout the thickness of the ZnSe 

films as obtained by XPS depth profiling 
 

Figure 5.24 represents high-resolution of XPS spectra of Zn and S of a ZnS film 

deposited at 0˚.  It was observed that the Zn 2p3/2 and Zn 2p1/2 peaks lied at binding 

energies of 1021.8 eV and 1045.1 eV, respectively, and were similar to the values 

reported in the literature [159]. Similarly, S 2p3/2 and S 2p1/2 XPS peaks lied at binding 

energies of 162.5 eV and 163.8 eV respectively and were similar to the values reported in 

the literature [159].  
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                                  Figure 5.24 XPS spectra Zn 2p and S 2p peaks of a ZnS thin film deposited at 0˚ 

 

Figure 5.25 represents the spatial distribution of the Zn and S elements throughout 

the thickness of the films as obtained by XPS depth profiling. It was observed that the 

relative intensities of Zn and S almost remained the same by increasing the deposition 

angle from 0˚ to 80˚. This indicates that all angular deposited ZnS films had the same 

elemental composition and these results were consistent with EDX analysis. 



92 

 

 

Figure 5.25 Spatial distributions of the Zn and S elements throughout the thicknesses of the ZnS 

films as obtained by XPS depth profiling 
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6. CHAPTER 6 

Structural and Morphological Properties 

6.1 Structural Properties 

X-ray diffraction was used to investigate the structural properties of the angular-

deposited II-VI compound films  

Figure 6.1 depicts the XRD patterns of CdTe films. All CdTe films showed three 

peaks (111), (220) and (311) which were characteristic of polycrystalline cubic CdTe 

(JCPDS data card #15-0770) [160]. The dominant peak in all the XRD patterns was 

(111), signifies that the films had a preferred orientation in the (111) direction. It was 

observed that CdTe-0˚ and CdTe-20˚ films showed a (110) peak marked with an asterisk 

at 22.70˚ that belongs to Te element. This peak indicates that these films were Te-rich.  
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Figure 6.1 XRD patterns of CdTe films 
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It was noticed that the peak intensity was increased by increasing the metallic Cd content 

in the films. The peak intensity of CdTe-80˚ film was small because of its small thickness 

[25]. The values of the crystallite size of the films were calculated by Sherrer’s formula, 

given as [161, 62]: 

cos

x x
s

K
t

B




=           (6.1) 

where ts is the crystallite size, B is the full width at half maximum (FWHM) of the 

dominant peak,  Kx = 0.94 is the Sherrer constant, λx = 1.5406 Å is the wavelength of x-

rays, and θ represents the position of the dominant peak. The calculated values of 

crystallite size are listed in table 6.1.  

Figure 6.2 depicts the XRD patterns of CdSe films. All CdSe films showed a peak 

2θ = 26.4˚ corresponding to (002) plane, which was characteristic of a single crystal 

CdSe (JCPDS card no. 01-077-2307) [163]. It was observed that the (002) peak intensity 

was increased with the increase of metallic Cd content in the films. However, the peak 

intensity of the film deposited at 80˚ was less because of small thickness. The values of 

crystallite sizes of CdSe films were calculated using equation (6.1) and are listed in Table 

6.1. 
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Figure 6.2 XRD patterns of CdSe films 
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Figure 6.3 shows the XRD patterns of CdS films. All XRD patterns showed a 

(111) peak at 2θ = 26.63˚, which were characteristic of a single crystal CdS (JCPDS card 

No. 10-0454) [164]. The (111) peak signifies that the films had a preferred orientation 

along (111) plane. It was observed that the (111) peak intensity was decreased by 

decreasing the metallic Cd content in the films. The values of crystallite size of the films 

were calculated using equation (6.1) and are listed in Table 6.1. 
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Figure 6.3 XRD patterns of CdS films 
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Figure 6.4 shows the XRD patterns of the ZnTe films. All films showed three 

peaks at 2θ = 25.53˚, 41.93˚, and 49.68˚ corresponding to (111), (202), and (311) planes, 

which are characteristic of polycrystalline ZnTe (JCPDS data card #96-900-8859) [165]. 

The dominant peak in all the XRD patterns was (111), signifies that the films had a 

preferred orientation in the (111) direction. It was observed that ZnTe-0˚ and ZnTe-20˚ 

films showed a (310) peak marked with an asterisk at 2θ = 36.30˚ that belongs to Te 

element because these films were Te-rich (JCPDS data card #96-153-3531) [166]. The 

values of crystallite size of the films were calculated using equation (6.1) and are listed in 

Table 6.1.  
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Figure 6.4 XRD patterns of ZnTe films 
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Figure 6.5 showed the XRD patterns of ZnSe films. XRD pattern of ZnSe films 

showed that films are polycrystalline (JCPDS card No. 80-002) [167]. The dominant peak 

in all the XRD patterns was (111), signifying that the films had a preferred orientation in 

the (111) direction. It was observed that the intensity of (111) peak increased by 

increasing the metallic Zn content in the films. The values of crystallite size of ZnSe film 

were measured using equation (6.1) and are listed in Table 6.1.  
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Figure 6.5 XRD patterns of ZnSe films 
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Figure 6.6 shows the XRD patterns of ZnS films. All ZnS films showed two peaks 

at 2θ = 29.08˚ and 48.13˚ corresponding to (002) and (110) planes, which were 

characteristic of polycrystalline ZnS (JCPDS: 00-065-0309) [168]. The dominant peak in 

all the XRD patterns was (110), signifies that the films had a preferred orientation in the 

(110) direction. It was observed that the peak intensities decreased by increasing the 

deposition angle because the decrease of thickness. The crystallite sizes of all the films 

are calculated using equation (6.1) and are listed in Table 6.1 
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Figure 6.6 XRD patterns of ZnS films 
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XRD analysis of angular-deposited II-VI compound films shows that all films 

were polycrystalline because it is the property of II-VI compounds. It was also observed 

that the crystallite size is also dependent on the deposition angle. In thin film deposition, 

the lattice strain is induced during growth and affects the crystallite size. The change in 

crystallite size might be due to lattice strain that was induced during film growth [169]. 
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Table 6.1 Values of crystallite size (ts) of II-VI compound films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample ts 

(nm) 

CdTe-0˚ 

CdTe-20˚ 

CdTe-40˚ 

CdTe-60˚ 

CdTe-80˚ 

 

5.9 

10.2 

29.7 

41.0 

12.9 

CdSe-0˚ 

CdSe-20˚ 

CdSe-40˚ 

CdSe-60˚ 

CdSe-80˚ 

 

25.1 

31.7 

32.9 

34.0 

21.5 

CdS-0˚ 

CdS-20˚ 

CdS-40˚ 

CdS-60˚ 

CdS-80˚ 

 

38.1 

34.0 

21.9 

15.9 

13.9 

ZnTe-0˚ 

ZnTe-20˚ 

ZnTe-40˚ 

ZnTe-60˚ 

ZnTe-80˚ 

 

27.9 

32.8 

37.5 

38.5 

30.8 

ZnSe-0˚ 

ZnSe-20˚ 

ZnSe-40˚ 

ZnSe-60˚ 

ZnSe-80˚ 

 

9.4 

11.3 

28.7 

31.3 

21.2 

ZnS-0˚ 

ZnS-20˚ 

ZnS-40˚ 

ZnS-60˚ 

ZnS-80˚ 

8.3 

8.1 

7.8 

7.7 

7.3 
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6.2 Morphological Properties 

Atomic force microscopy (AFM) was used to study the surface morphology, film growth 

mode, and the statistical analysis of AFM images provided the root-mean-square surface 

roughness (Rrms). The surface scan area of 2×2 µm2 was taken to account for this purpose. 

Two-dimensional (2D) AFM images of CdTe, CdSe, CdS, ZnTe, ZnSe, and ZnS thin 

films are shown in figs. 6.7, 6.9, 6.11, 6.13, 6.15, and 6.17, respectively. Three-

dimensional (3D) AFM images of CdTe, CdSe, CdS, ZnTe, ZnSe, and ZnS thin films are 

shown in figs. 6.8, 6.10, 6.12, 6.14, and 6.18, respectively. Two-dimensional AFM 

images of CdTe, CdSe, CdS, ZnTe, and ZnSe films show well-defined grains on the 

surfaces and two-dimensional AFM images of ZnS films did not show grains on the 

surface. It is clear from the two-dimensional AFM images that the surfaces had some 

voids and it could be due to the fact that the substrates were not rotating during 

deposition. Three-dimensional images of II-VI compound films showed a columnar 

structure which became more well defined by increasing the deposition angle. It was also 

noticed that the surface roughness of II-VI compound films was increased by increasing 

the deposition angle from 0˚ to 80˚. The increase of surface roughness was due to 

shadowing effect raised by oblique angle [170, 171]. The values of surface roughness are 

listed in Table 6.2 
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Figure 6.7 2D AFM images of (a) CdTe-0˚, (b) CdTe-20˚, (c) CdTe-40˚, (d) CdTe-60˚, and (e) CdTe-

80˚ films 
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Figure 6.8 3D AFM images of (a) CdTe-0˚, (b) CdTe-20˚, (c) CdTe-40˚, (d) CdTe-60˚, and (e) CdTe-

80˚ films 



110 

 

 

Figure 6.9 2D AFM images of (a) CdSe-0˚, (b) CdSe-20˚, (c) CdSe-40˚, (d) CdSe-60˚, and (e) CdSe-80˚ 

films 
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Figure 6.10 3D AFM images of (a) CdSe-0˚, (b) CdSe-20˚, (c) CdSe-40˚, (d) CdSe-60˚, and (e) CdSe-

80˚ films 
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Figure 6.11 2D AFM images of (a) CdS-0˚, (b) CdS-20˚, (c) CdS-40˚, (d) CdS-60˚, and (e) CdS-80˚ 

films 
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Figure 6.12 3D AFM images of (a) CdS-0˚, (b) CdS-20˚, (c) CdS-40˚, (d) CdS-60˚, and (e) CdS-80˚ 

films 
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Figure 6.13 2D AFM images of (a) ZnTe-0˚, (b) ZnTe-20˚, (c) ZnTe-40˚, (d) ZnTe-60˚, and (e) ZnTe-

80˚ films 
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Figure 6.14 3D AFM images of (a) ZnTe-0˚, (b) ZnTe-20˚, (c) ZnTe-40˚, (d) ZnTe-60˚, and (e) ZnTe-

80˚ films 
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Figure 6.15 2D AFM images of (a) ZnSe-0˚, (b) ZnSe-20˚, (c) ZnSe-40˚, (d) ZnSe-60˚, and (e) ZnSe-

80˚ films 
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Figure 6.16 3D AFM images of (a) ZnSe-0˚, (b) ZnSe-20˚, (c) ZnSe-40˚, (d) ZnSe-60˚, and (e) ZnSe-

80˚ films 
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Figure 6.17 2D AFM images of (a) ZnS-0˚, (b) ZnS-20˚, (c) ZnS-40˚, (d) ZnS-60˚, and (e) ZnS-80˚ 

films 
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Figure 6.18 3D images of (a) ZnS-0˚, (b) ZnS-20˚, (c) ZnS-40˚, (d) ZnS-60˚, and (e) ZnS-80˚ films 
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Table 6.2 Values of surface roughness (Rrms) of II-VI compound films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Rrms 

(nm) 

CdTe-0˚ 

CdTe-20˚ 

CdTe-40˚ 

CdTe-60˚ 

CdTe-80˚ 

 

1.2 

1.3 

2.1 

2.5 

6.7 

CdSe-0˚ 

CdSe-20˚ 

CdSe-40˚ 

CdSe-60˚ 

CdSe-80˚ 

 

1.0 

1.2 

1.5 

1.6 

3.2 

CdS-0˚ 

CdS-20˚ 

CdS-40˚ 

CdS-60˚ 

CdS-80˚ 

 

1.2 

1.3 

1.7 

1.9 

3.1 

ZnTe-0˚ 

ZnTe-20˚ 

ZnTe-40˚ 

ZnTe-60˚ 

ZnTe-80˚ 

 

0.8 

0.9 

1.0  

1.4 

2.8 

ZnSe-0˚ 

ZnSe-20˚ 

ZnSe-40˚ 

ZnSe-60˚ 

ZnSe-80˚ 

 

1.0 

1.2 

1.7 

2.8 

5.6 

 

ZnS-0˚ 

ZnS-20˚ 

ZnS-40˚ 

ZnS-60˚ 

ZnS-80˚ 

8.4 

9.0 

12.5 

11.6 

15.1 
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7. CHAPTER 7 

Optical Properties 

In this chapter, the optical properties of angular deposited II-VI compound films are 

presented.  

7.1 Transmittance and Reflectance 

The transmittance and reflectance spectra of II-VI compound films were measured by 

spectrophotometry. Figures 7.1 (a), 7.2 (a), 7.3 (a), 7.4 (a), 7.5 (a), and 7.6 (a) represent 

the transmittance spectra of CdTe, CdSe, CdS, ZnTe, ZnSe, and ZnS films, respectively. 

Figures 7.1 (b), 7.2 (b), 7.3 (b), 7.4 (b), 7.5 (b), and 7.6 (b) represent the reflectance 

spectra of CdTe, CdSe, CdS, ZnTe, ZnSe, and ZnS films, respectively. The transmittance 

and reflectance spectra of CdTe, CdSe, ZnTe, and ZnSe films showed that at higher 

angles (60˚ and 80˚) deposited films had less transmittance and high reflectance 

compared to lower angles (0˚, 20˚, and 40˚) deposited films. The transmittance and 

reflectance spectra of CdS films showed that at lower angles (0˚, 20˚, and 40˚) deposited 

films had less transmittance and high reflectance compared to higher angles (60˚ and 80˚) 

deposited films. The transmittance spectra of ZnS films showed that angular deposited 

ZnS films were transparent in the visible and the near infrared (NIR) regions. It was 

observed that the transmittances of angular deposited ZnS films were the same. 

Reflectance spectra of angular-deposited ZnS films showed that reflectance of all films 

was also the same. It was noticed that those films, which had less transmittance and high 

reflectance were metal (Cd or Zn) rich. Like other metals, Cd and Zn metals are also 
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reflective materials and high content of Cd or Zn in the film increased the reflectance of 

the film and hence decreased its transmittance [172, 173]. The transmittance and 

reflectance of angular deposited ZnS films were the same because these films were nearly 

stoichiometric. It was noticed that the transmittance and reflectance of II-VI compound 

films were dependent on the stoichiometry of the films. 
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Figure 7.1 (a) Transmittance and (b) Reflectance spectra of CdTe films 
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Figure 7.2 (a) Transmittance and (b) Reflectance spectra of CdSe films 

 



125 

 

0 500 1000 1500 2000 2500
0

20

40

60

80

100

T
ra

n
s

m
it

ta
n

c
e
 (

%
)

Wavelength (nm)

 CdS-0
o

 CdS-20
o

 CdS-40
o

 CdS-60
o

 CdS-80
o

(a)

600 900 1200 1500 1800
0

10

20

30

40

50

R
e

fl
e

c
ta

n
c
e

 (
%

)

Wavelength (nm)

 CdS-0
o

 CdS-20
o

 CdS-40
o

 CdS-60
o

 CdS-80
o

(b)

 
Figure 7.3 (a) Transmittance and (b) Reflectance spectra of CdS films 
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Figure 7.4 (a) Transmittance and (b) Reflectance spectra of ZnTe films 
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Figure 7.5 (a) Transmittance and (b) Reflectance spectra of ZnSe films 
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Figure 7.6 (a) Transmittance and (b) Reflectance spectra of ZnS films 
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7.2 Calculation of band gap 

The optical spectra of the II-VI compound films were used to determine the bandgaps 

(Eg). For band gap determination, the thickness of film was needed. The thicknesses of 

the films were calculated optically using the following relation: 

max min

max min4 f

d
n

 

 


=

−
                                                                                      (7.1) 

where λmax is the wavelength corresponding to a maximum in transmittance, λmin is the 

wavelength corresponding to the adjacent minimum, and nf is the refractive index of the 

film and it is estimated using the empirical relation: 

min4.22 2.94f trann T −= −                                                                                      (7.2) 

The optical absorption coefficient (αc) can be determined from measurements of 

transmittance  (Ttrans) and reflectance (Rref) using following relations [174, 175]: 

2(1 ) cd

trans refT R e
−

 −                                                                                                    (7.3a) 

2(1 )1
ln

ref

c

trans

R

d T


 −
=  

  
                                                                                               (7.4b) 

The optical band gap of the films was determined using the following equation [174]: 

1/z( ) ( )c c gE E E = −                                                                                                (7.5) 

where βc is a constant, E is the photon energy, and z is power factor of the transition 

mode, which depends on the nature of the material. II-VI compounds have direct band 

gaps, thus thus z = 2 [162, 175].  Figures 7.7-7.12 represent the plots of (αE)2 as a 

function of photon energy of CdTe, CdSe, CdS, ZnTe, ZnSe and ZnS films, respectively. 

The extrapolation of the linear portion gives the band gap values of the films, which are 
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listed in Table 7.1. It was observed that the band gap values were dependent on the 

stoichiometry of the films. In case of CdTe, CdSe, ZnTe, ZnSe, it was noticed that the 

band gaps of the non-stoichiometric films were small compared to the nearly 

stoichiometric films. The small band gaps of the non-stoichiometric films could be due to 

the presence of defect states within the band gaps. The deviation from stoichiometry 

creates interstitial and deep defect states within the band gaps [171-177]. It was reported 

that in Te-rich CdTe film and Te-rich ZnTe film, the favorable Cd (VCd) and Zn (VZn) 

vacancies defects were present within the band gap, respectively, and they lied above the 

valence band [178, 179]. It was also reported that in Cd-rich CdTe and Zn-rich ZnTe 

films, the Cd and Zn interstitial donor defects were present within the band gap, 

respectively, and they lied below the conduction band [178, 180]. The change in band 

gaps was due to the presence of donor interstitial defects (Cd or Zn) or vacancies defects 

(VCd or VZn). The estimated band gaps of nearly stoichiometric CdTe-40˚, CdSe-40˚, and 

ZnTe-40˚ films were 1.50 eV, 2.25 eV, and 2.36 eV, respectively, which were close to 

the values reported in the literature [181, 182]. The estimated band gaps of CdS-0˚, CdS-

20˚, and CdS-40˚ films are 1.85 eV, 2.00 eV, and 2.25 eV, respectively, which were less 

compared to the expected band gap (2.42 eV) of CdS. CdS-0˚, CdS-20˚, and CdS-40˚ 

films were Cd-rich films and Cd interstitial site defects could be responsible for small 

band gap [178]. The estimated values of the band gap of S-rich films (CdS-60˚ and CdS-

80˚) were 2.44 eV and 2.50 eV, which were greater than the expected value (2.42 eV). 

The increase in band gap values could be due to the large band gap values of the sulfur 

element (2.44 eV) compared to the band gap CdS. In case of ZnS, it was noticed that the 

band gap values varied from 3.39 eV to 3.46 eV by increasing the deposition angle from 
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0˚ to 80˚. The large deviation in the band gap of ZnS films was not observed because all 

angular-deposited ZnS films were nearly stoichiometric. The small increase in band gap 

was due to a decrease in the film thickness [183]. The calculated values of the band gap, 

along with the thickness of II-VI compound films are listed in Table 7.1. 
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Figure 7.7 Tauc Plots of CdTe films 
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Figure 7.8 Tauc Plots of CdSe films 
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Figure 7.9 Tauc Plots of CdS films 



135 

 

 
Figure 7.10 Tauc Plots of ZnTe films 
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Figure 7.11 Tauc Plots of ZnSe films 
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Figure 7.12 Tauc plots of ZnS films 
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Table 7.1 Values of film thickness (d) and band gaps (Eg) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample d 

(nm) 

Eg 

(eV) 

CdTe-0˚ 

CdTe-20˚ 

CdTe-40˚ 

CdTe-60˚ 

CdTe-80˚ 

 

850 

804 

703 

520 

337 

1.44 

1.48 

1.50 

1.36 

1.28 

CdSe-0˚ 

CdSe-20˚ 

CdSe-40˚ 

CdSe-60˚ 

CdSe-80˚ 

 

647 

644 

611 

420 

229 

2.12 

2.23 

2.24 

2.08 

2.00 

 

CdS-0˚ 

CdS-20˚ 

CdS-40˚ 

CdS-60˚ 

CdS-80˚ 

 

930 

780 

634 

430 

196 

1.85 

2.00 

2.25 

2.44 

2.50 

ZnTe-0˚ 

ZnTe-20˚ 

ZnTe-40˚ 

ZnTe-60˚ 

ZnTe-80˚ 

 

994 

986 

740 

442 

144 

 

1.85 

1.90 

2.36 

2.65 

2.15 

ZnSe-0˚ 

ZnSe-20˚ 

ZnSe-40˚ 

ZnSe-60˚ 

ZnSe-80˚ 

 

1073 

863 

736 

489 

270 

2.58 

2.61 

2.62 

2.70 

2.50 

ZnS-0˚ 

ZnS-20˚ 

ZnS-40˚ 

ZnS-60˚ 

ZnS-80˚ 

1011 

850 

688 

572 

495 

3.39 

3.38 

3.43 

3.44 

3.46 
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7.3 Relative density of angular-deposited II-VI compound films 

The relative density of a film can be estimated using the Lorentz-Lorenz relation [184, 

185] 

                                 
2 2

2 2

( 1)( 2)

( 2)( 1)

f f b

b f b

n n

n n





− +
=

+ −
                                                     (7.6) 

where ρf  and ρb represent the densities of the film and bulk material, respectively. nf, and 

nb represent the refractive indices of the film and bulk material, respectively. The film 

density of an angular deposited film relative to the film density that was deposited at 0˚ is 

given as [117]: 

                                                0

2cos

1 cos
f f


 


=

+
                                                    (7.7) 

ρf is the density of the film deposited at any angle (γ), ρf0 is the density of the film 

deposited at 0˚. It was clear from the equation that the density of the film was decreased 

by increasing the deposition angle because of the increase of porosity due to shadowing 

effect. II-VI compounds dissociate during evaporation and the stoichiometry of the film 

deviates from the source material. Therefore, the density of a II-VI compound film will 

be affected by the elemental composition of the film. The density of the angular 

deposited II-VI compound film will not only depend on incident angle but also on the 

density and concentration of the rich element. The proposed equations for angular 

deposited II-VI film are given below:  

If the film is chalcogen-rich, then the film density will be:                      

                            0

2cos
( ) *
1 cos

VI VI
f f

II VI II


 

  −

 
=  

+  
                                      (7.8) 

Where φVI, φII-VI, are the densities of II element and II-VI compound, respectively, ΧII, 

and ΧVI are the elemental concentrations of II and VI elements within the film. 
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If the film is metal-rich, then film density will be: 

                                0

2cos
( ) *
1 cos

II II
f f

II VI IV


 

  −

 
=  

+  
                                        (7.9) 

The relative densities of angular deposited II-VI compound films were calculated using 

equation (7.6). The values of refractive index of II-VI compound films were dependent 

on Ttran-min and calculated using equation (7.2). The Ttran-min values were measured from 

the absolute transmittance spectra of the II-VI compound films.  

The values of Ttran-min corresponding to their wavelengths, refractive index of 

CdTe thin film (nf), refractive index of bulk CdTe (nb) [186], and relative density (ρf/ρb) 

are listed in table 7.2. The refractive index values of bulk CdTe material is taken from 

reference 186. 

Table 7.2  Values of Ttrans-min corresponding to their wavelengths, refractive index of CdTe thin film 

(nf), refractive index of  bulk CdTe (nb), and relative density (ρf/ρb) 

Sample Wavelength 

(nm) 

Ttrans-min nf nb ρf/ρb 

CdTe-0˚ 1686 0.52 2.69 2.72 0.99 

CdTe-20˚ 1772 0.53 2.66 2.72 0.98 

CdTe-40˚ 1415 0.57 2.57 2.74 0.95 

CdTe-60˚ 1402 0.48 2.81 2.75 1.01 

CdTe-80˚ 1889 0.33 3.45 2.71 1.12 

 

It is clear from Table 7.2 that the relative density was not decreased by increasing the 

deposition angle as expected for angular deposition according to equation (7.6). This 

indicates that the relative density of CdTe also depends on the stoichiometry of the film. 

The densities of Te, CdTe, and Cd are 6.24 g/cm3, 5.85 g/cm3, and 8.69 g/cm3, 

respectively. It was observed that the relative densities of Te-rich (CdTe-0˚ and CdTe-

20˚) films were high compared to the relative density of nearly stoichiometric (CdTe-40˚) 

because the density of Te (density = 6.24 g/cm3) is higher than the CdTe compound 



141 

 

(density = 5.85 g/cm3). The high content of Te in CdTe-0˚ and CdTe-20˚ films increased 

the density of the films. It was also observed that the relative densities of Cd-rich (CdTe-

60˚ and CdTe-80˚) films were high compared to the relative densities of the nearly 

stoichiometric (CdTe-40˚) film and the Te-rich (CdTe-0˚ and CdTe-20˚) films because 

the density of Cd element is higher than the CdTe compound and Te element.  

The values of Ttran-min corresponding to their wavelengths, refractive index of 

CdSe thin film (nf), refractive index of bulk CdSe (nb) [187], and relative density (ρf/ρb) 

are listed in table 7.3. The refractive index values of bulk CdSe material is taken from 

reference 187. 

Table 7.3 Values of Ttrans-min corresponding to their wavelengths, refractive index of CdSe thin film 

(nf), refractive index of bulk CdSe (nb), and relative density (ρf/ρb) 

Sample Wavelength 

(nm) 

Ttrans-min nf nb ρf/ρb 

CdSe-0˚ 1194 0.59 2.49 2.53 0.98 

CdSe-20˚ 1169 0.56 2.58 2.54 1.01 

CdSe-40˚ 1322 0.55 2.60 2.52 1.02 

CdSe-60˚ 1082 0.39 3.07 2.55 1.13 

CdSe-80˚ 1092 0.32 3.27 2.55 1.18 

 

It is clear from Table 7.3 that the relative density of CdSe films was increased by 

increasing the deposition angle. According to equation (7.6), the relative density should 

be decreased as the disposition angle increased because of shadowing effect but it was 

increased by increasing the deposition angle. This indicates that the relative density of the 

film depends on the stoichiometry of the film. The densities of Se element, CdSe 

compound, and Cd element are 4.82 g/cm3, 5.82 g/cm3, and 8.69 g/cm3, respectively. 

EDX analysis of angular deposited CdSe films showed that CdSe-0˚ and CdSe-20˚ were 

Se-rich; CdSe-40˚ film was nearly stoichiometric, and CdSe-60˚ and CdSe-80˚ films were 
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Cd-rich. The increase in relative density by increasing the deposition angle was because 

the densities of CdSe compound and Cd element were greater than Se element.  

The values of Ttran-min corresponding to their wavelengths, refractive index of CdS 

thin film (nf), refractive index of bulk CdS (nb) [188], and relative density (ρf/ρb) are 

listed in table 7.4. The refractive index values of bulk CdS material is taken from 

reference 188. 

Table 7.4 Values of Ttrans-min corresponding to their wavelengths, refractive index of CdS thin film 

(nf), refractive index of bulk CdS (nb), and relative density (ρf/ρb) 

 

 

It is clear from Table 7.4 that the relativity density of CdS film decreased by increasing 

the deposition angle. It was noticed that the relative densities of CdS-0˚, CdS-20˚, and 

CdS-40˚ are 1.40, 1.40, and 1.31, respectively and these values were much greater than 

the maximum expected value of 1. This indicates that the relative density was highly 

dependent on the stoichiometry of the film. CdS-0˚, CdS-20˚, and CdS-40˚ films were 

rich in Cd and their relative densities were greater compared to the relative densities of 

CdS-80˚, CdS-80˚ films because the density of Cd element (density = 8.69 g/cm3) is 

greater than the CdS compound (density = 4.82 g/cm3) and S element (2.07 g/cm3). 

The values of Ttran-min corresponding to their wavelengths, refractive index of 

ZnTe thin film (nf), refractive index of bulk ZnTe (nb) [186], and relative density (ρf/ρb) 

Sample Wavelength 

(nm) 

Tmin nf nb ρf/ρb 

CdS-0˚ 1386 0.09 3.96 2.31 1.40 

CdS-20˚ 1386 0.10 3.93 2.31 1.40 

CdS-40˚ 1114 0.27 3.43 2.33 1.31 

CdS-60˚ 1205 0.66 2.28 2.32 0.98 

CdS-80˚ 1394 0.70 2.16 2.30 0.93 
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are listed in table 7.5. The refractive index values of bulk ZnTe material is taken from 

reference 186. 

Table 7.5 Values of Ttrans-min corresponding to their wavelengths, refractive index of ZnTe thin film 

(nf), refractive index of bulk ZnTe (nb), and relative density (ρf/ρb) 

Sample Wavelength 

(nm) 

Ttrans-min nf nb ρf/ρb 

ZnTe-0˚ 1663 0.44 2.93 2.73 1.05 

ZnTe-20˚ 1645 0.45 2.90 2.73 1.04 

ZnTe-40˚ 1577 0.51 2.72 2.73 0.99 

ZnTe-60˚ 1427 0.42 2.99 2.74 1.06 

ZnTe-80˚ 2261 0.26 3.46 2.71 1.15 

 

It was observed that the relative densities of Te-rich (ZnTe-0˚ and ZnTe-20˚) and Zn-rich 

(ZnTe-60˚ and ZmTe-80˚) films were greater compared to the relative density of nearly 

stoichiometric (ZnTe-40˚) film because the densities of Te (6.24 g/cm3)  and Zn (7.14 

g/cm3) elements are greater than ZnTe compound (5.90 g/cm3). It was also noticed that 

the relative densities of Zn-rich films were greater than the Te-rich films because the 

density of Zn element is greater than the density of Te element.  

The values of Ttran-min corresponding to their wavelengths, refractive index of 

ZnSe thin film (nf), refractive index of bulk ZnSe (nb) [186], and relative density (ρf/ρb) 

are listed in table 7.6. The refractive index values of bulk ZnSe material is taken from 

reference 186. 

Table 7.6 Values of Ttrans-min corresponding to their wavelengths, refractive index of ZnSe thin film 

(nf), refractive index of bulk ZnSe (nb), and relative density (ρf/ρb) 

Sample Wavelength 

(nm) 

Ttrans-min nf nb ρf/ρb 

ZnSe-0˚ 1016 0.61 2.42 2.48 0.98 

ZnSe-20˚ 1087 0.62 2.39 2.47 0.97 

ZnSe-40˚ 1264 0.64 2.34 2.45 0.95 

ZnSe-60˚ 1405 0.60 2.45 2.45 0.99 

ZnSe-80˚ 2239 0.58 3.51 2.43 1.03 
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It was observed that the relative densities of Zn-rich (ZnSe-60˚ and Zn80˚) films were 

high compared to Se rich (ZnSe-0˚ and ZnSe-20˚) and the nearly stoichiometric (ZnSe-

40˚) films because the density of Zn element (density = 7.14 g/cm3) is higher than the Se 

element (density = 4.82 g/cm3) and ZnSe compound (5.27 g/cm3). It was also noticed that 

the relative density of the nearly stoichiometric ZnSe-40˚ film is less compared to the 

relative densities of ZnSe-0˚ and ZnSe-20˚ but the density of ZnSe compound (5.27 

g/cm3) is greater than the Se element (density = 4.82 g/cm3). The change in elemental 

composition of ZnSe films was small. The effect of Se content was small compared to the 

effect of deposition angle (γ). Therefore, the films deposited at lower angles (0˚ and 20˚) 

showed high relative density compared to a film that was deposited at 40˚ because the 

porosity of the film increased at higher angle due to shadowing effect.  

The values of Ttran-min corresponding to their wavelengths, refractive index of ZnS 

thin film (nf), refractive index of bulk ZnS (nb) [187], and relative density (ρf/ρb) are listed 

in table 7.7. The refractive index values of bulk ZnS material is taken from reference 187. 

Table 7.7 Values of Ttrans-min corresponding to their wavelengths, refractive index of ZnS thin film (nf), 

refractive index of bulk ZnS (nb), and relative density (ρf/ρb) 

Sample Wavelength 

(nm) 

Ttrans-min nf nb ρf/ρb 

ZnS-0˚ 1144 0.66 2.28 2.28 0.99 

ZnS-20˚ 1335 0.67 2.25 2.28 0.98 

ZnS-40˚ 1761 0.70 2.16 2.27 0.95 

ZnS-60˚ 1504 0.71 2.13 2.27 0.93 

ZnS-80˚ 1325 0.74 2.05 2.78 0.89 

 

It was observed that the relative density of ZnS film decreased by increasing the angle 

from 0˚ to 80˚. Angular deposited ZnS films were nearly stoichiometric so, the relative 

density of ZnS films only depends on the deposition angle (γ). The density of ZnS film 

was decreased by increasing the deposition angle because the porosity of the film was 
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increased due to shadowing effect raised by angular deposition and hence the density of 

the film was decreased.  
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8. CHAPTER 8 

Electrical and Photocurrent Properties 

In this chapter, the electrical and photocurrent properties of angular-deposited II-VI 

compound films are discussed. 

8.1 Electrical Properties 

The electrical properties of angular deposited II-VI compound films were determined by 

Hall effect measurements and two-probe method. CdTe-60˚, CdTe-80˚, CdSe-60˚, CdSe-

80˚, CdS-0˚, CdS-20˚, CdS-40˚, ZnTe-60˚, and ZnTe-80˚ films were less resistive, and 

their electrical properties were determined by Hall effect measurements. CdTeTe-0˚, 

CdTe-20˚, CdTe-40˚, CdSe-0˚, CdSe-20˚, CdSe-40˚, CdS-60˚, and CdS-80˚, ZnTe-40˚, 

ZnSe-0˚, ZnSe-20˚, ZnSe-40˚, ZnSe-60˚, ZnSe-80˚, ZnS-0˚, ZnS-20˚, ZnS-40˚, ZnS-60˚, 

and ZnS-80˚ were highly resistive and their electrical properties cannot be measured by 

Hall effect. Therefore, the resistivities of these films were measured by the two-probe 

method. CdTe-60˚, CdTe-80˚, CdSe-60˚, CdSe-80˚, CdS-0˚, CdS-40˚, and CdS-60˚ films 

showed less resistivity because these films were metal Cd rich. It was reported in the 

literature that in Cd rich CdTe, CdSe, CdS films, the interstitial Cd defects are present 

within the band gap. These defects are shallow donor defects that lie just below the 

conduction band [178, 179]. The decrease in resistivity of Cd-rich films is due to the 

presence of these defects. Similarly, in Zn-rich ZnTe films, the presence of Zn shallow 

donor defects within the band gap is responsible for the decrease in resistivity. It was 

noticed that the nearly stoichiometric films (CdTe-40˚, CdSe-40˚, ZnTe-40˚, and ZnSe-
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40˚) were more resistive compared to metal rich or chalcogen (S, Se, or Te) rich films. It 

was due to the presence of less defects in the nearly stoichiometric films. In chalcogen  

(S, Se, or Te) rich films, the Cd or Zn vacancies are the most favorable defects and these 

defects lie above the valence band [180, 189]. These defects make the films p-type 

semiconductor and are responsible for the decrease in resistivity [189, 190]. It was also 

noticed that chalcongen (S, Se, or Te) rich films were more resistive compared to metal 

(Cd or Zn) rich film because Cd or Zn vacancies are deep level defects while Cd or Zn 

interstitial defects are shallow donors [189, 191]. It was observed that angular deposited 

ZnS films were highly resistive and no significant change in resistivity was observed 

because all ZnS films were nearly stoichiometric. A small increase in resistivity was 

observed by increasing the deposition angle and it could be due to decreased crystallinity. 

The measured values of resistivity (ρe) and carrier concentration (N) of II-VI compound 

films are listed in Table 8. 
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Table 8.1 Values of resistivity (ρe) and carrier concentration (N) of II-VI compound films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample     ρe 

(Ω.cm) 

      N 

   (cm-3) 

CdTe-0˚ 

CdTe-20˚ 

CdTe-40˚ 

CdTe-60˚ 

CdTe-80˚ 

 

4.2×107 

5.1×107 

3.1×108 

1.6×104 

4.8×102 

---------- 

---------- 

---------- 

2.2×1013 

4.8×1016 

CdSe-0˚ 

CdSe-20˚ 

CdSe-40˚ 

CdSe-60˚ 

CdSe-80˚ 

 

3.6×105 

7.1×105 

2.1×106 

5.6×10-2 

3.6×10-2 

 

---------- 

---------- 

---------- 

2.7×1018 

5.1×1018 

 

CdS-0˚ 

CdS-20˚ 

CdS-40˚ 

CdS-60˚ 

CdS-80˚ 

 

2.7×10-1 

3.6×10-1 

8.1 

3.7×103 

7.2×105 

3.9×1018 

1.4×1018 

2.6×1016 

---------- 

---------- 

ZnTe-0˚ 

ZnTe-20˚ 

ZnTe-40˚ 

ZnTe-60˚ 

ZnTe-80˚ 

 

3.2×105 

6.3×105 

6.0×106 

4.4×103 

3.84 

---------- 

---------- 

---------- 

7.1×1013 

1.9×1019 

 

ZnSe-0˚ 

ZnSe-20˚ 

ZnSe-40˚ 

ZnSe-60˚ 

ZnSe-80˚ 

 

1.9×103 

4.1×103 

3.1×104 

3.9×103 

9.6×102 

 

---------- 

---------- 

---------- 

---------- 

---------- 

 

ZnS-0˚ 

ZnS-20˚ 

ZnS-40˚ 

ZnS-60˚ 

ZnS-80˚ 

1.6×108 

1.7×108 

2.8×108 

5.4×108 

7.1×108 

---------- 

---------- 

---------- 

---------- 

---------- 
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8.2 Photocurrent properties  

The photocurrent of II-VI compound films was measured by plotting their current-

voltage curves under dark and undar light conditions. For this purpose, two Au contacts 

(100 nm) were deposited on the films to make ohmic contact with semiconductors for the 

collection of charge carriers. Figure 8.1-8.6 represent the current-voltage characteristics 

of the films under dark and under light conditions, respectively. It was observed that 

CdTe, CdSe, CdS, ZnTe, and ZnSe films showed linear current-voltage curves. It was 

observed that Cd-rich and Zn-rich films (CdTe-60˚, CdTe-80˚, CdSe-60˚, CdSe-80˚, CdS-

0˚, CdS-20˚, and CdS-40˚, ZnTe-0˚, and ZnTe-40˚) showed high dark current because of 

the high conductivity of these films. The high conductivity was due to high metallic Cd 

or Zn contents in these films. It was observed that the photocurrent response was highly 

dependent on the elemental composition of the films. Current-voltage curves showed that 

nearly stoichiometric films had better photocurrent response compared to non-

stoichiometric films. The doping and defects in the semiconductor decreased the mobility 

and carrier lifetime of charge carriers in the semiconductor [148, 149]. The photocurrent 

response of a semiconductor is dependent on the mobility and carrier lifetime of the 

charge carrier in the semiconductor [148, 175]. In metal (Cd or Zn) rich or chalcogen (Te, 

Se, or S) rich films, the additional metal (Cd or Zn) or chalcogen (Te, Se, or S) atoms in 

the films reside at interstitial sites within the crystal. These interstitial defects deteriorate 

the mobility and carrier lifetime of the charge carriers, and thus the photocurrent of the 

non-stoichiometric films was less compared to the nearly stoichiometric films. It was also 

observed that the current-voltage curves of ZnS films were not linear, which indicates 

that the junction between Au and ZnS is non-ohmic. It was because the band gap of ZnS 
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is large. It was also noticed that photocurrent of metal (Cd or Zn) rich films was less 

compared chalcogen (S, Se, or Te) rich films because metal (Cd or Zn) content in the film 

increased the reflectance of the film and it decreased the light absorption within the films. 

The photocurrent responses (Pr) of CdTe, CdSe, CdS, ZnTe, and ZnSe films were 

measured at 5 V using the following relation [192].  

photo dark

r

dark

I I
P

I

−
=                                                   (8.1) 

where Idark and Iphoto represent the current under dark and under light conditions and Pr 

represents the photocurrent response. Figures 8-7-8.11 represent the photocurrent 

response of CdTe, CdSe, CdS, ZnTe, and ZnSe films. It was observed that light response 

of CdTe-40˚ film was greater than other films because of its high absorption coefficient                        

(~ 106 cm-1) [193].   
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Figure 8.1 Current-voltage curves of CdTe films measured under dark and under light 
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Figure 8.2 Current-voltage curves of CdSe films measured under dark and under light 
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Figure 8.3 Current-voltage curves of CdS films measured under dark and under light 
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Figure 8.4 Current-voltage curves of ZnTe films measured under dark and under light 
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Figure 8.5 Current-voltage curves of ZnSe films measured under dark and under light 
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Figure 8.6 Current-voltage curves of ZnS films measured under dark and under light 
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Figure 8.7 Photocurrent response of CdTe films measured at 5 V 
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Figure 8.8 Photocurrent response of CdSe films measured at 3.5 V 
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Figure 8.9 Photocurrent response of CdS films measured at 5 V 
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Figure 8.10 Photocurrent response of ZnTe films measured at 5 V 
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Figure 8.11 Photocurrent response of ZnSe films measured at 5 V 
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9. CHAPTER 9 

Conclusion 

CdTe, CdSe, CdS, ZnTe, ZnSe, and ZnS compound films were deposited at 0˚, 20˚, 40˚, 

60˚, and 80˚ by thermal evaporation. The elemental composition of the films was 

analyzed by EDX and XPS. EDX analysis of CdTe films showed that at lower angles (0˚ 

and 20˚), the deposited films were Te-rich; at 40˚, the deposited film was nearly 

stoichiometric; and at higher angles (60˚ and 80˚), the deposited films were Cd-rich. XPS 

analysis of CdTe films also showed that the relative intensity of Te was decreased and the 

relative intensity of Cd was increased by increasing the deposition angle from 0˚ to 80˚. 

EDX analysis of CdSe films showed that at lower angles (0˚ and 20˚), the deposited films 

were Se-rich; at 40˚, the deposited film was nearly stoichiometric; and at higher angles 

(60˚ and 80˚), the deposited films were Se-rich. XPS analysis of CdSe films showed that 

the relative intensity of Se element was decreased and the relative intensity of Cd element 

was increased by increasing the deposition angle from 0˚ to 80˚. In case of CdS, EDX 

analysis showed that at lower angles (0˚, 20˚, and 40˚), the deposited films were Cd-rich; 

and at higher angles (60˚, and 80˚), the deposited films were S-rich. XPS analysis of CdS 

films showed that the relative intensity of Cd decreased and the relative intensity of S 

increased by increasing the deposition angle from 0˚ to 80˚. EDX analysis of ZnTe films 

showed that at lower angles (0˚ and 20˚), the deposited films were Te-rich; at 40˚, the 

deposited film was nearly stoichiometric; at higher angles (60˚, and 80˚), the deposited 

films were Zn-rich. XPS analysis of ZnTe films showed that the relative intensity of Te 

was decreased and the relative intensity of Zn was increased by increasing the deposition 
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angle from 0˚ to 80˚. EDX analysis of ZnSe films showed that at lower angles (0˚ and 

20˚), the deposited films were Se rich; at 40˚, the deposited film was nearly 

stoichiometric film; and at higher angles (60˚ and 80˚), the deposited films were Zn rich. 

XPS analysis of ZnSe films showed that relative intensity of Se was decreased and the 

relative intensity of Zn was increased by increasing the deposition angle from 0˚ to 80˚. 

EDX analysis of ZnS films showed that all angular deposited films were nearly 

stoichiometric. XPS analysis of ZnS films showed that the relative intensity of S and the 

relative intensity of Zn were the same by increasing the deposition angle from 0˚ to 80˚. 

XPS depth profiles showed that the spatial distribution of II and VI elements in the II-VI 

compound films throughout the thickness. XPS depth profile analysis showed that the 

spatial distributions of Cd and Te elements in CdTe films, Cd and Se elements in CdSe 

films, Cd and S elements in CdS films, Zn and Se elements in ZnSe films, and Zn and S 

elements in ZnS films throughout the thickness of the films were the same as they were 

near the surfaces of the films. This indicates that the vapor composition of elements 

throughout the film deposition remained same. XPS depth profile of ZnTe films showed 

that the spatial distribution of Zn and Te elements throughout the thickness of the films 

were not the same as it was near the surface of the films. It was noticed that the relative 

intensity of Zn is greater than Te near the surface of the substrate and it indicates that 

vapor composition was rich with Zn content when the evaporation was started.  Based on 

EDX and XPS results, it was noticed that the heavier molecules were deposited more at 

lower angles and lighter molecules deposited more at higher angles. This indicates that 

collision is the major factor that is responsible for the change of stoichiometry of the 

films from the source material. The heavier molecules deflect less during collisions and 
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deposited more at lower angles and lighter molecules deflect more during collisions and 

deposited more at higher angles. The effect of angular deposition on the structural, 

morphological, electrical, optical, and photocurrent properties was also investigated. 

XRD analysis showed that angular-deposited CdSe and CdS films were single crystal 

while angular-deposited CdTe, ZnTe, ZnSe, and ZnS films were polycrystalline. XRD 

patterns of lower angle deposited CdTe and ZnTe films showed at extra peaks 2θ = 

22.70˚ and 2θ = 36.30˚, respectively that belong to Te element because these films were 

Te rich. XRD analysis also showed that crystallite size of angular deposited films was 

varied by the change the deposition angle. It could be due to the change in lattice strain 

that was induced during film deposition.  AFM images revealed that the surface 

roughness of the films was increased by increasing the deposition angle from 0˚ to 80˚ 

because shadowing effect raised due to an oblique angle. Hall effect and two-probe 

method showed that nearly stoichiometric II-VI compound films were more resistive 

compared to non-stoichiometric films. It was noticed that metal (Cd, or Zn) rich films 

were less resistive compared to chalcogen (S, Se, Te) rich films because of the presence 

of shallow donor defects in metal rich films but in chalcogen rich films, Cd vacancies or 

Zn vacancies were the favorable deep level defects above the valence band. It was 

observed that the optical properties of angular deposited II-VI compounds were highly 

dependent on the stoichiometry of the films. It was observed that the transmittance of the 

metallic (Cd, or Zn) rich films was less compared to nearly stoichiometric and chalcogen 

(Te, Se, or S) rich films while reflectance of the metallic (Cd, or Zn) rich films was more 

compared to the nearly stoichiometric and the chalcogen (Te, Se, or S) rich films. It was 

due to the reflective nature of Cd and Zn. It was observed that the band gap of II-VI 
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compound films was dependent on the stoichiometry of the films. The band gap of non-

stoichiometric films was less compared to nearly stoichiometric films because of the 

presence of defect states within the band gap. It was noticed that the density of angular-

deposited II-VI compound films is not only a function of deposition angle but also 

depends on the stoichiometry of the films. Current-voltage curves showed that the 

photocurrent response of the stoichiometric films was better than the non-stoichiometric 

films because the stoichiometric films possessed less defects and had better mobility and 

carrier lifetime compared to non-stoichiometric films. It was also observed that the metal-

rich films had large dark current because of the high conductivity of these samples. The 

photocurrent response of CdTe films was high because CdTe has a large absorption 

coefficient. The properties of the II-VI compounds can be controlled successfully by 

depositing them at different angles. 

Future Recommendations 

The elemental composition of II-VI compound films prepared by thermal 

evaporation was dependent on the deposition angle. Since, the change in elemental 

composition creates the interstitial and vacancy defects within the film, and it was also 

observed that the electrical and optical properties of II-VI compound films were highly 

dependent on the stoichiometry of the films. Therefore, the deep understanding of these 

defects is needed to investigate the mechanism of the change in the electrical and optical 

properties of  II-VI compound films. For this purpose, II-VI compound films should be 

characterized future using the scanning tunneling microscopy to study the location of the 
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defects and low temperature photoluminescence and electroluminescence spectroscopies 

should be used to investigate the optical transitions related to these defects.  
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