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ABSTRACT

INVESTIGATION OF STRUCTURAL AND OPTICAL
PROPERTIES OF SPRAYED CuS FILMS

TEKIN, Mahmud
M.Sc. in Engineering Physics
Supervisor: Assoc. Prof. Dr. Metin BER
June 2011, 92 pages

In this study, semiconducting CuS films were depetb under different
CuCl ratios by using spraying pyrolysis method and rtleeystal structure and
optical properties were widely investigated by ggilifferent techniques.

The crystal structure of the CuS samples were ohted from x-ray
diffraction peaks and the thickness of the spragarb thin film samples were
calculated by using weighing method. The opticalrties of semiconducting CuS
thin films were investigated from optical absorpticoefficient data using double
beam visible spectrofotometer. By using these dmad gap energies of the
semiconducting CuS thin films were determined. Aaiglo the variations of the

properties of the samples as a function of the aimgeconditions were investigated.

Key Words: spray pyrolysis method, CuS thin film, structuratiaptical properties,

annealing.



OZET

PUSKURTME YONTEM IYLE ELDE ED iLEN CuS FILMLER iN
YAPISAL ve OPTIKSEL OZELL iKLER iNiN INCELENMESI

TEKIN, Mahmud
Yuksek Lisans Tezi, Fizik Muhendigii
Dansman: Dog. Dr. Metin BEIR
Haziran 2011, 92 Sayfa

Bu calsmada puskirtme yontemiyle cam alt tabanlar Gzefankli CuCh
oranlarinda CusS ince filmler bayuttlip, onlarin b ve optiksel 6zellikleri farkli
teknikler kullanilarak derinlemesine atialmistir.

CuS film numunelerinin kristal yapilari xtnimi difraktometresinden elde
edilen pikler kullanilarak incelengive ince film numunelerinin kalinhklarigelik
yontemiyle hesaplangtir. Yari iletken CuS ince filmlerin optiksel 6ziéleri cift
Isikli olup goérunur bolgede calin spekrometreden elde edilen optiksetusma
katsayilarl analiziyle asairiimistir. Bu veriler kullanilarak yari iletken CuS ince
filmlerin enerji band dgerleri hesaplanngtir. Bunun yani sira, CuS numunelerinin

Ozelliklerinin tavlama ile d&@simi aragtiriimistir.

Anahtar Kelimeler: puskirtme yontemi, CuS ince film, yapisal ve omlks

ozellikler, tavlama.
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CHAPTER 1
LITERATURE SURVEY

1.1 Introduction

Due to their structural, electrical and optical gedies, copper sulfides
(Cw»S, x=0-1) thin films are widely used as semiconducand/or absorber
materials with application in electronics, photdaa cells, and tubular solar
collectors. Among these, CuS (covellite) thin filmie known to exhibit metalikle
electrical conductivity and to posses near-ideldrsmontrol characteristics. All these
make of CuS thin films deposited onto different |udtes (glass, polymers)
promising materials for either electric and elecitodevices or radiation control

coatings (filters) [1].

1.2 Historical Survey

Different techniques have been used for the Cu$ ftlms deposition, such
as chemical bath deposition, [4], photochemical odémn, [5], metal organic
chemical vapor deposition, [6], doctor Blade, [Aflaspray pyrolysis deposition [8].
Spray pyrolysis is a simple and low-cost technigised to deposit thin films at
nanoscale, mesoscale or microscale. The presedy $deuses on the formation
(nucleation/growth) of CusS thin films by SPD, cdateng the crystalline structure
(crystallite size) with the surface morphology (age grain size). These depend on
the precursor solution composition and depositarameters.

Covellite, the stoichiometric copper-poor phase468 Cu), is a green-black
crystalline solid with a special hexagonal crystallstructure, consisting of layers of
planar Cu$ triangles, containing Gtiand $ ions, surrounded (above and below)
by CuS tetrahedral arrangements of ‘Cand $ ions. The Cu-S distances in
tricoordinated Cyi are 2.19 A, while in tetrahedral Care 2.31 A. Two-third of the
sulfur species are,$ anions and one-third aré Sons [2]. The lattice parameters of
various crystalline types of covellite age= 3.768-3.796 A and = 16.27-16.382 A
[3]. The crystalline structure correlated with theface morphology gives important

information on the ratio of the nucleation and gitoweactions. These strongly
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depend on the deposition technique and paramé&édfsrent techniques have been
used for the CuS thin films deposition, such asnubal bath deposition,

photochemical deposition, metal organic chemicglovadeposition, doctor Blade,
and spray pyrolysis deposition. Spray pyrolysis isimple and low-cost technique

used to deposit thin films at nano-, meso- or nscate [4].

CdS/CuS and CuS/CdS thin films were deposited assgsubstrates at room
temperature by chemical bath deposition technidie. structural characterization
was done using Philips PW 1800 X-ray diffractomgdRD) while the absorption
coefficient (1) together with the band gap were determined usiagabsorbance and
transmission measurement from a Unico uv-2102 R&tegphotometer, at normal
incidence of light in the wavelength range of 2@WAnm. The results of the optical
characterization of CdS/CuS heterojunction thimélwere compared with optical
properties of binary thin films of CdS and CusS. Tasults show a clear deviation in
the optical properties of the stacks of CdS/Cu8 fitms from the individual binary
films that make up the stacks. The plot ahy)? against (h) showed that the
materials have direct band gap values 1.70, 2.000 2nd 2.30 eV for CusS,
CuS/CdS, CdS/CuS and CdS respectively [9].

Nanocrystalline C6 (x=1,2) thin films were deposited by asynchronous
pulse ultrasonic spray pyrolysis (APUSP) techniqure glass from CuGland
thiourea at relatively low temperature without amomplexing agent. The deposited
films chemically close to CuS were found to be pojgtalline phases, while the
Cw,S films were a mixture of amorphous and polycrystalas well. The crystalline
phase of particles was highly depended on the matar of thiourea to Cugland
the pyrolysis temperature. The growth of,Suhin films was controlled successfully
by the improved APUSP method. Characterizatiorheffims has been carried out
using X-ray diffraction (XRD), scanning electron amscopy (SEM), X-ray
photoelectron spectroscopy (XPS) and Raman speopgs XRD and XPS analysis
showed stoichiometric G8 (covellite CuS and chalcolite €3). Raman shifts of the
films were measured at 474 ¢riCuS) and 472 cth(CwS) [10].

Spray pyrolysis deposition of CuS thin films usimgueous solutions
containing CuCGl2H,O, thiourea and cationic surfactant, is presentétde
transmission and reflexion spectra in the VIS-N#gion of such films are recorded.



The electrical resistances and photosensitiviagsyell as optical energy band gap
(2.2 eV) are also determined. The spray pyrolyzadS dilms show p-type
conductivity [11].

CuS (x = ,2) thin films have recently received calesable attention due to
numerous technological applications in achievementsolar cells [12-19], in
photothermal conversion of solar energy (as sddapiber coatings) [17,20-23], as
selective radiation filters on architectural windo\for solar control in the warm
climates) [1,13-17], as electroconductive coatingposited on organic polymers
[18-26]. At room temperature, 3l in the bulk form is known to exist in five stable
phases: chalcocite (orthorhombic SY djurleite (CugsS), digenite (CugS), anilite
(Cu75S) and covellite, (CuS) [12,27]. Mixed phases also &known in the
intermediate compositions [32]. Various technighese been employed to prepare
CwS thin films such as vacuum evaporation, chemicath bdeposition, spray

pyrolysis (for x higher than 1), sputtering etc.

The spray pyrolysis method has been used widelyefmsit other sulfides
films (predominantly CdS, but also PbS,,S# SnS) because it is relatively cheap
and simple. The work reports, possibly for thetfitme to our knowledge, spray
pyrolysis deposition of CuS thin films. It also peats the basic optical, electrical

and photoelectrical properties of these films.

CuS (hcp) with different morphologies was produasthg a transient solid-
state reaction by the direct flow of electricitydbgh solids, containing 1:1 molar
ratio of Cu:S powders, in a high vacuum systemditierent lengths of time. X-ray
diffraction (XRD), selected area electron diffracti (SAED), and scanning and
transmission electron microscopies (SEM and TEMEH@d that the products were
nanostructured CuS flowers, and nanostructured @uposing of nanoparticles
with different orientations, controlled by the I¢hgf time. Raman vibrations were
detected at 474.5 ¢mand photoluminescent (PL) emissions at 347.5nath Bhe
XRD and SAED patterns are in accordance with tloddained by the corresponding

simulations [38].

Copper sulfides are the IB-VIA compounds havindeddnt phases, such as
covellite (CuS), anilite (Ciss), digenite (CugS), djurleite (Cy1S16) and chalcocite

(CwS) [39]. CusS is one of semiconducting materialsictvihave a wide variety of

3



applications: solar radiation absorbers [40], @btfdters [41] and cathode materials
in lithium rechargeable batteries [40]. It has ssnducting or metallic conducting

property, and transforms into a superconductor.@tKl [42]. There are different

methods used to produce this compound: hydrotheamalsolvothermal synthesis
[40-43], microwave radiation [44], a polyol routedasolid-state reaction [45]. To the
best of our knowledge, there have been no reparthe production of CuS by a
transient solid-state method. Thus, it is veryregéng to produce nanostructured
Cus flowers, and nanostructured CuS of nanopastisi¢h different orientations by

direct flowing of electricity through a copper-awifsolid mixture in vacuum. This

method is novel, efficient and rapid.

The structural changes in (% films have been monitored by X-ray
diffraction and correlated to the chemical chanigésng place othe CyS surface,
the latter monitored by XPS. The resudtsow: evaporated G8 films contained
chalcocite, free copper phases, gnobably a third phase (of sulfur); resistivity is
related tothe amounts of free Cu and S in the filam, heat treatments converted
chalcocite to Cu deficient phases aeslulted in the disappearance of the sulfide and
predominance d€uSQ;-nH,O and CuO; argon heat treatment tended to reaanGu
S to form CyS; Cd is detected on tlsairface of Cy«S deposited onto CdS and is
significantly increasedth amount by heat treatments. These results caelagdto
chemical processes occurring onSACdS and Cib/(Zn,Cd)S solar cellgzor the
CdS cell, oxides and sulfates of Cu &l are found on the G8 surface and the
sulfatesare enhanced by the heat treatment in moist ai@ &w CuSQ are formed
in the absence of Cd, addminate the Ci& surface [46].

The controlled synthesis of copper sulfide (CuS)nopdate-based
architectures in different solvents has been redlat low cost by simply reaction of
Cu(NGs)2.3H, O and S under solvothermal conditions without thee wf any
template. X-ray diffraction (XRD), scanning electromicroscopy (SEM),
transmission electron microscopy (TEM), UV/VIS spemeter and fluorescence
measurement were used to characterize the prodiibts.products were all in
hexagonal phase with high crystallinity and the photogy was significantly
influenced by the solvents. The CuS products swiekd in dimethylformamide
(DMF) were nanoplates and the samples preparedthanel were flower-like
morphology composed of large numbers of nanopldias,those synthesized in

4



ethylene glycol (EG) were CuS architectures witgthrsymmetry made up of several
nanoplates arranged in a certain mode. The opiicglerties were investigated and

the growth mechanisms of these CuS crystals weoepabposed [47].

In the field of materials science and synthesisnmibiy, semiconductor-
related optical materials with controlled crystélustures, shapes and sizes have
drawn extensive attention owing to their structyraind dimensionally dependent
physical properties and potential applications.aAamily of optical and electrical
materials, copper-sulfur system has received pdatiattention since the discovery
of its photovoltaic properties [48,49]. In this s8y®, there are a number of Su
compounds such as chalcocite £§6)) djurleite (Cug3755), anilite (Cu7sS), and
covellite (CuS), among which, €8l is of great interes due to its small band gagh hi

ionic conduction, and photovoltaic capabilit[g8].

The assembly of one-dimensional (1D) materials risimaportant goal of
contemporary materials science [51].,8unanorods have also successfully been
fabricated using the vapor-solid reaction methd?],[@hich provides a mild way to
obtain high quality 1D nanostructure materials with undergoing the tedious
catalytic synthesis processes at high temperaft855]. In order to understand the
electric and chemical properties as well as the siegpendence of the electronic
structure of CpS nanorods, we have performed polarization depénderay
absorption spectroscopy (XAS) measurements at Giedgeé of nanorods with
different diameters. The studies of the molecutartals have greatly benefited from
XAS. XAS can be used to determine the geometriagctires of molecules and

clusters under different sample preparation anfhsearstructures [56].

Recently, the fabrication of uniform hollow sphemggh dimensions from
nanometer to micrometer has become a focus in nemeze and nanotechnology
because of their broad range of applications ingfio crystals, catalysts, coatings,
composites, fillers and the protection of lightsiéiie components, especially in
delivery vehicle systems for the controlled releafsdrugs, cosmetics, inks, and dyes
[57]. A variety of chemical and physicochemical hoats have been employed to
produce hollow spheres composed of metal, polynoarbon and inorganic
materials. However, there has been only little pgeg in the template-free technique
for fabrication of hollow spheres. Sulfides of cep@re a particularly interesting



class of metal sulfides because of their abilityféom various stoichiometrical
products. Many methods have been developed forpthparation of sulfides of
copper nanoparticles. However, no hollow sulfidesapper spheres are reported in
the literature. Herein, we reported a novel tengpfede route to fabricate hollow

CuwS micron spheres at the ambient conditions [58].

Flexible electronics has already found a varietycainmercial and defence
applications such as in wearable computers, elestites [59], large area sensors,
and displays on flexible substrates [60,61]. Onetle key challenges to the
successful development of such applications is diegelopment of electrical
conductors, which can be fabricated on flexible,addally, stretchable, substrates
and sustain large mechanical strain. Recently, wported on depositing
semiconductor materials, such as CdS, CdSe, PbSsamiconducting metallic
CwS, films on large flexible substrates and threadseatperatures close to room
temperature [62,63]. We also reported on the pluitaic effect in polycrystalline
semiconductor CdS cells deposited on view foilg [@dd threads [65]. Such solar
cells could provide a renewable energy source (gniearvesting) for electrotextiles
and for “sensitive skin”. In this Letter, we repam the structural and electrical
properties of C5, films deposited on viewfoil. G&, thin flms were deposited by
the chemical bath technique described in [66]. Bjysting the concentrations of Cu
ions and NgSn poly sulphide and using multiple deposition eg¢clwe obtained
Cw, S, films with the resistivity as low as 100% per seual he deposited thin films
exhibited excellent adhesion to the polymeric sabst The films were deposited at
temperatures 60-70. Because of low deposition temperatures, we ats@ able to
use a variety of flexible materials, including vieis, cloths, and threads. We
covered the areas up to several tens of squareesnchhe layer thickness was
measured as 2.5 mm using both the “AlphaStep” loroter on the selectively
etched CuS, layer and by the Atomic Force Microscope (AFM)tbe cross-section

of the structures.

CusS, CueZnosS and ZnS thin films were grown by successive idayer
adsorption and reaction(SILAR) method on glass tsates at room temperature.
The annealing temperature effect on the crystalkgire, optical band gap and the
light effect on the electrical properties of theflens have been investigated.

Scanning electron microscope (SEM) and X-ray diticm (XRD) techniques were

6



used for the investigation of structural properted#sfiims. The SEM and XRD
studies showed that the films are covered well wglfiss substrates and exhibit
polycrystalline characterization. Using the absorptmeasurements, the band gap
energies for CuS, GWZny+S and ZnS thin films were found as 2.03, 2.14 as@ 3
eV at room temperature, respectively. The two-ppmobe method was used for the
investigation of electrical properties of films anmdwas found that the current
increase with increasing light intensity and insieg rate in illuminated 500W ¢
films was greater than in others. There is an irgmtrincreasing in the current
values of the CuS and &n,4S films which have annealed at 400 But the
annealed ZnS thin film has less current values thanas-grown film. This is the
first study which led to deposition of the CuzZnSntfilms by using the SILAR
method [67].

CuS thin films with a wide range of sheet resistan(@®}$ and optical
transmittance (T%), indicating different compositig, have been obtained from
chemical baths constituted from copper(ll) chloyiteethanolamine and thiourea at
appropriate pH (10-12). Depending on the depositparameters, a range of
combination of R=3Q to 1 MQ and T% (500 nmJ to 65 and a range of colour of
reflected daylight (golden yellow, purple, blueggn, etc) can be obtained. The films
have been found to be stable with respect to @attand optical properties on
storage under ambient. Various possible large applications such as in

architectural glazing, photothermal and photovoltainversions are discussed [68].



CHAPTER 2
CRYSTAL STRUCTURE

2.1 Introduction

Since interatomic distances are in the region 0d-300 pm or 1-3 A,
microscopy using visible light (wavelengthca.300-700 nm) is not applicable. In
1912, Max von Laue showed that crystal are based three dimensional lattice
which scatters radiation with a wavelength in thamty of interatomic distances,
i.e. X-rays withA=50-300 pm. The process by which this radiationtheaut changing
its wavelength, is converted through interferengeaHhe lattice to a vast number of
observable “reflections” with characteristic diieats in space is X-ray diffraction.
The method by which the directions and the int@siof these reflections are
measured, and the ordering of the atoms in thdalrgeduced from them, is called

X-ray structure analysis [69].

To solve a crystal structure means to determine phecise spatial
arrangements of all of the atoms in a chemical @amd in the crystal state. This
knowledge gives a chemist access to a large rarigmfarmation, including
connectivity, conformation, and accurate bond lesgind angles. In addition, it
implies the stoichiometry, the density, the symmednd the three dimensional

packing of the atoms in the solid.

2.1.1 Crystals

The economically most important semiconductorsehawvrelatively simple
atomic arrangement and are highly symmetric. Thennsgtry of the atomic
arrangement is the basis for the classificatiothefvarious crystal structures. Using
group theory, basic and important conclusions candtawn about the physical
properties of the crystal, such as its elasticerdtronic properties. The presence of
highly symmetric planes is obvious from the crysiaape of the minerals and their

cleavage behavior [70]. In crystalline solids sashsemiconductors, the individual



atoms form a periodic array of sites called thestalylattice. The world crystal

originates from the Greek word kristallos, whicharst for ice. For a solid such as Si,
the equilibrium state is reached, when the enviremrwiewed from each atom looks
exactly the same. The resulting periodocity is vemportant in describing some
basic properties of semiconductors. In amorphoumicgmductors such as
amorphous Si, the long range periodicity does Rt @nymore.

Polycrystalline semiconductors consist of grairfs finite size that are
structurally perfect. The grain boundaries are #icka defect. Amorphous

semiconductors are disordered on the atomic scale [

2.1.2 Crystal Lattice

The crystal lattice is typically described by ansktion or Bravais lattice.
The French natural scientist A. Bravais was thst fio classify all possible three-
dimensional lattices according to their symmetry BAavais lattice consist of an

array of points, which can be generated by thestation vector R given by

Nl-ai (21)

Here, N denotes integer numbers andtlze three primitive vector of the lattice,
which are three vectors not all in the same pl&azh lattice point represents an
atom or group of atoms. The arrangement of theliedapoints acquires a well-

defined symmetry. The lattice point can be locatthe center of an atom or of a
group of atoms, but this is not required. The vautefined by the three vectors ai is
called the primitive unit cell. By translating thusit cell through all the vector in a

Bravais lattice, all of space is fulled without amyerlap between this unit cell or any
voids between them.

There is no unique way of choosing a primitivel del a given Bravais
lattice. An important primitive unit cell is the gher-Seitz cell, which exhibits the
full symmetry of the Bravais lattice. It is defindy the region around the lattice
point, which is closer to that point than to anyest lattice point. It is usually
constructed by (i) drawing lines connecting thédatpoint to all others in the lattice,
(i) bisecting each line with a plane, and (iiikitag the smallest polyhedron bounded
by these planes. An example of a Wigner-Seitz inetlvo dimensions is shown by
the shaded area in Fig. 2.1 [71].



Figure 2.1 The Wigner-Seitz cell (shaded area) for a two-dismmmal Bravais
lattice. In two dimensions the Wigner-Seitz cellalbvays a hexagon unless the

lattice is rectangular.

The atoms in a crystal are said to be locatedspage lattice. If each atom in
the lattice is replaced by a point, each such pdanteferred to as a (three
dimensional) lattice array. The properties of thestal as a whole can be considered
in terms of identical unit cells of which it is cpsed. The three sides of a unit cell,
which are called the crystallographic axes, aresehao have directions such that
they pass regularly through the lattice points assed with like atoms; each unit

cell encloses one lattice point [72].

The simple hexagonal lattice is obtained by stagkiwo-dimensional
triangular nets shown in the left panel of Fig.,2which are spanned by two
primitive vectors of equal length making an andlé@, directly above each other.
The direction of stacking defines the c-axis. Tingt two primitive vectors generate
the triangular lattice in the x-y plane, while tterd stacks the planes a distance ¢
above one another. The number of nearest neightitinsdistance a is six, while
there are only two nearest neighbors at distancéhe. Wigner-Seitz cell of the
simple hexagonal lattice shown in two dimensionsth®y shaded area in the right
panel of Fig. 2.2 is a prism with regular hexagsriee base [71].
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Figure 2.2 The simple hexagonal lattice (left) and its Wigseitz cell (right)

indicated by the shaded area in two dimensions.

2.1.2.1 Periodic Structures of Solids

Classification of solids can be based on atonrargement, binding energy,
physical and chemical properties, energy bandshergeometrical aspects of the
crystalline structure. A solid substance with itenas held apart at equilibrium
spacing, but with no long-range periodicity in atémeation in its structure is an
amorphous solid. Examples of amorphous solids lass@nd same types of plastic.
They are sometimes described as supercooled lidnedause their molecules are
arranged in a random manner somewhat as in thil Igjate. For example, glass is
commonly made from silicon dioxide or quartz samdhich has a crystalline
structure. When the sand is melted and the ligslidobled rapidly enough to avoid
crystallization, an amorphous solid called a glagermed. Amorphous solids do not
show a sharp phase change from solid to liquiddsfimite melting point, but rather

soften gradually when they are heated.

In another class, the atoms or group of atom$eénsblid are arranged in a
regular order. These solids are referred to asctstalline solids. The crystalline
solids can be further divided into two categori¢se single-crystalline and
polycrystalline solids. In a single-crystalline islplthe regular order extends over the
entire crystal. In a polycrystalline solid, howevigre regular order exists only over a
small region of the crystal, with grain size rargginom a few hundred angstroms to
a few centimeters. A polycrystalline solid contaimany of these small single-

crystalline regions surrounded by the grain bouedarDistinction between these
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two classes of solidamorphous and crystallinean be made through the use -
ray or electron diffraction techniques [7

2.1.2.2 CubicLattice

The crystal structure of a material or the arrang@nof atoms within a give
type of crystal structure can be described in teaingis unit cell The cubic (or
isometric) crystal system iscrystal system where the unit c&lin the shape of
cube This is one of the most common and simplest shdpend incrystals and

minerals.

There are three main varieties of thesestals, called simple cubic (st
body-centered cubic (bcc), and fi-centered cubic (fcc), plus a number of ot
variants listed below. The simple cubic structuas Bn atom located at each cot
of the unit cell. The boc-centered cubic lattice has additional atom at the cent
of the cube, and the fe-centered cubic unit cell has atoms at eight corners and
centered on the six faces. Note that although thi¢ cell in these crystals
conventionally taken to be a cube, primitive unit celloften is not. This is relate
to the fact that in most cubic crystal systemstehe more than one atom per cu

unit cell.

Figure 2.3 Simple cubic lattice, boc-centered cubic lattice, fa-centered cubic
lattice.

2.1.2.3 Diamond Structurt

Group IV elementar semiconductors such as Si and Ge crystallize ir
same structure as diamond. All these materialsbéxtatrahedral bondingorm by
sp-hybridization so that each atom is surrounded by fearest neighbors locatec
the four corners of a regular tetrahedron. Thisfiganation of neighboricannot be

represented by any of the basic cubic latticesart, however, bfulfilled by two fcc
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lattices with a basis as shown in figure. The nundbaearest neighbors is four and
the number of atoms per primitive cell two [71].

Figure 2.4 The diamond crystal structure. If two fcc latticemtain different atoms
(black and gray circles), the zincblende structargenerated. One tetrahedral group

Is indicated by the thick lines.

2.2 Energy Bands for Solids

An important parameter in the band theory is theridevel, the top of the
available electron energy levels at low temperatufée position of the Fermi level
with the relation to the conduction band is a al&ctor in determining electrical

properties.

A useful way to visualize the difference betweendigtors, insulators and
semiconductors is to plot the available energielectrons in the materials. Instead
of having discrete energies as in the case ofdtems, the available energy states
form bands. Crucial to the conduction process istivr or not there are electrons in
the conduction band. In insulators the electronthévalence band are separated by
a large gap from the conduction band, in condudikes metals the valence band
overlaps the conduction band, and in semicondudtese is a small enough gap
between the valence and conduction bands that #heomother excitations can
bridge the gap as shown in Fig. 2.5.
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Figure 2.5Energy band diagrams of the conductors, insulaondssemiconductors.

The difference in energy between the top of thena band and the bottom
of the conduction band is called the energy gafh@band gap of the semiconductor
as shown in Fig. 2.5. This is perhaps the most mapo single parameter describing

semiconductor behavior and it tells us a great dbalt the semiconductor. Silicon

has a band gap of about 1.1 eV at room-tempergsemiconductor band gaps

usually vary just a little with temperature) soedectron must gain 1.1 eV of energy

to cross the band gap [74].
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CHAPTER 3
SEMICONDUCTOR

3.1 Introduction

Semiconductors are an important class of mateatd for industrial use and
for scientific study. Over the last two decadesjisenductors have come to be used
in a wide range of electronic devices, such assistwrs, switching devices, voltage
regulators, photocells, and photodetectors. Thel rgpwth of the semiconductor
industry has stimulated the demands for better ma&tenderstanding and material
qguality. The technology of crystal growth develomhding this period has made it
possible to produce crystals of exceedingly hightp@and crystal perfection. In the
meantime, the list of semiconductor materials hgemeded steadily. The availability
of new and good-quality materials and the demamdafdetter understanding of
material properties have prompted scientists to emesncerted efforts in many
directions. The interplay between technology andnae in this area has been one of

the most fruitful and rewarding experiences in hareadeavor [75].

However, there is a much larger number of semicotws available today,
and more and more IlI-V and II-VI compound semiaactdrs find their application.
Within the last decade we have seen GaAs highrelechobility transistors used in
satellite dishes as well as cellular phones and $BE{Ga «As laser diodes in
compact disc players. A blue laser based on ZnSer@alized some years ago. Very
recently a blue light-emitting laser diode basedzaN was developed. Finally, solar
cells are fabricated from semiconducting materidlbeir use in houses and
consumer products is steadily increasing [71].

3.1.1 Theory

Materials that combine some of the electrical ctiaréstics of conductors
with those of insulators are known as semicondscta@ommon types of
semiconductor material are silicon, germanium,rsefa and gallium. In the pure

state, these materials may have relatively few &leetrons to permit the flow of
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electric current. However, it is possible to adcefgn atoms (called impurity atoms)
to the semiconductor material in order to modify groperties of the semiconductor

and allow it to conduct electricity.

It should be recalled that an atom contains batbative charge carriers
(electrons) and positive charge carriers (protoBctrons each carry a single unit
of negative electric charge while protons eachlakhisingle unit of positive electric
charge. Since atoms normally contain an equal numwibelectrons and protons, the
net charge present will be zero. For example, i&@mm has eleven electrons, it will
also contain eleven protons. The end result isttiehegative charge of the electrons

will be exactly balanced by the positive charggmitons.

Electrons are in constant motion as they orbitiadothe nucleus of the atom.
Electron orbits are organized into shells. The mmaxn number of electrons present
in the first shell is two, in the second shell ¢jgdnd in the third, fourth and fifth
shells it is 18, 32 and 50, respectively. In elauics, only the shell furthermost from
the nucleus of an atom is important. It is imparten note that the movement of

electrons between atoms only involves those prasdghe outer valence shell.

Shared
electrons

Figure 3.1 Regular lattice structure of a pure semiconductaterial.
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If the valence shell contains the maximum numbeglectrons possible the
electrons are rigidly bonded together and the natdéras the properties of an
insulator. If, however, the valence shell does have its full complement of
electrons, the electrons can be easily detachad fteir orbital bonds, and the

material has the properties associated with arrelakcconductor.

In its pure state, silicon is an insulator becathgecovalent bonding rigidly
holds all of the electrons leaving no free (eakitysened) electrons conduct current.
If, however, an atom of a different element (i.e.i@purity) is introduced that has
five electrons in its valence shell, a surplus tetec will be present (see Fig. 3.2).
These free electrons become available for use aggehcarriers and they can be
made to move through the lattice by applying aremdl potential difference to the

material.

Pentavalent
impurity atom

Free
negative
charge
carrier

Figure 3.2 Effect of introducing a pentavalent impurity.

Similarly, if the impurity element introduced intbe pure silicon lattice has
three electrons in its valence shell, the abseriddeo fourth electron needed for
proper covalent bonding will produce a number @&fcgs into which electrons can fit
(see Fig. 3.3). These gaps are referred to as.hOlese again, current will flow

when an external potential difference is appliethtomaterial.
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Regardless of whether the impurity element prodwsteplus electrons or
holes, the material will no longer behave as amlater; neither will it have the
properties that it normally associate with a matabnductor. Instead, it is called the
material a semiconductor that the term simply iatis that the substance is no
longer a good insulator nor a good conductor bt thea properties of something
between the two. Examples of semiconductors inclygfenanium (Ge) and silicon

(Si). |

AV NN /N N\ /N N\
N s NN s \
N / N s NN /s
\ / AN /7 NN /7

/ /
\ /
N - _ / N - _ / /
‘ . Trivalent
impurity atom
\ \

Figure 3.3 Effect of introducing a trivalent impurity.

The process of introducing an atom of another @nty) element into the
lattice of an otherwise pure material is called idgp When the pure material is
doped with an impurity with five electrons in italence shell (i.e. a pentavalent
impurity) it will become an n-type (i.e. negatiwgée) material. If, however, the pure
material is doped with an impurity having threectlens in its valence shell (i.e. a
trivalent impurity) it will become p-type materigi.e. positive type). N-type
semiconductor material contains an excess of negatiarge carriers, and p-type

semiconductor material contains an excess of pesitiarge carriers [76].

3.1.2 Semiconductor Fundamentals
An intrinsic semiconductor also called an undoperhisonductor or i-type

semiconductor is a pure semiconductor without amyificant dopant species
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present. The properties of the material deterntieenumber of charge carriers itself
instead of the amount of impurities. In intrinsiengconductors the number of
electrons and the number of holes are equal. Bitrisemiconductors are essentially
pure semiconductor material. The semiconductor madtstructure should contain
no impurity atoms. Elemental and compound semicotmis can be intrinsic

semiconductors.

An extrinsic semiconductor can be formed from iaiminsic semiconductor
by added impurity atoms to the crystal in a pro¢essvn as doping. By taking as an
example Silicon; since Silicon belongs to groupdi/the periodic table, it has for
valence electrons. In the crystal form, each atbares an electron with neighboring
atom. In this state it is an intrinsic semiconduct®, Al, In, Ga all has three

electrons in the valence band.

3.1.3 Semiconductor Materials

Semiconductor materials have physical charactesisthat are totally
different from those of metals. Whereas metals oonhdelectricity at all
temperatures, semiconductors conduct well at scengperatures and poorly at
others.

Semiconductors are covalent solids, that is thet nmysortant being silicon
and germanium in Group IV of the periodic tableh€@s may form semiconductor
compounds where two or more elements form covatemids, such as gallium

(Group IIl) and arsenic (Group V), which combindgdom gallium arsenide.

* Elemental semiconductors
- Silicon
- Germanium

- Selenium

* Semiconducting compounds
- Gallium arsenide (GaAs)
- Gallium arsenide-phosphide (FaAsP)
- Indium phosphide (InP)
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Germanium is an elemental semiconductor that wed tesfabricate the first
transistors and solid state devices. But, becausedifficult to process and inhibits

device performance, it is rarely used now.

The other elemental semiconductor, silicon, is usedpproximately 90
percent of the chips fabricated. Silicon’s popujacan be attributed to its abundance
in nature and retention of good electrical progsttieven at high temperatures. In
addition, its silicon dioxide (Si§) has many properties ideally suited to IC

(integrated circuits) manufacturing.

Gallium arsenide is classified as a semiconductioghpound. Some of its
properties, such as faster operating frequencies (o three times faster than
silicon), low heat dissipation, resistance to radig and minimal leakage between
adjacent components, makes GaAs an important sadhictor for use in high-

performance applications. [77].

The modern age of crystal electronics is based upaterials which are
neither metals nor insulators. Such materials atked semiconductors, and their
electrical properties are intermediate betweenelaisnetals and insulators. This is
because of a rather special arrangement of theggniewels of electrons in

semiconductors [78].

There are several ways of defining a semiconducidstorically, the term
semiconductor has been used to denote materiahsamhuch higher conductivity
than insulators, but a much lower conductivity thaetals measured at room
temperature. Today there are two more types of uctods: superconductors and
semimetals. Typical conductivities of supercondigtometals, semimetals,
semiconductors and insulators are listed in Table 8/hile metals (except for
superconductors) and semimetals retain their netathnductivity even at low
temperatures, semiconductors are transformed imsulators at very low
temperatures. In this sense semiconductors andatossi are actually one class of
materials, which differs from metals and semimetatsich form another class. This
classification is directly connected to the exisewf a gap between occupied and
empty states, i.e., an energy gap, in semicondsetod insulators. In Table 3.2 the

classification according to the energy gap) (E summarized.
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Table 3.1 Typical conductivities ¢=I/RA, where | denotes the length, R the

resistance, and A the cross sectional area of tmeluctor) of superconductors,

metals, semimetals, semiconductors, and insulataxsom temperature.

Type of solid o(Q ' cm?) Example

fow temperature) | 10° Pb, YBaCLO;

Metal 10 - 10° Au, Cu, Pb, Ag

Semimetal 10- 10° graphite (C), HgTe
Semiconductor 18- 10 Si, Ge, GaAs, InSb, Zn, Se
Insulator <10 quartz (SiQ), Cak

Table 3.2 Classification of solids according to their enemggp (E) and carrier

density n at room temperature.

Type of solid E (eV) n (cni°)
Metal no energy gap 10
Semimetal E<O 107 - 107
Semiconductor 0<f4 < 10’
Insulator E>0 <<1

The border line between semiconductors and insulasorather arbitrary. In
particular, the value of the energy gap separatiegsemiconducting materials from
the insulating ones is not well-defined. For exampiamond (C) was considered tor
a long time an insulator, but today it is posstol@repare it in such a way that it has
semiconducting properties even at room temperatline important distinction
between these two systems originates historicadignftheir different conductivities
at room temperature. However, an insulator at raemperature can become a
semiconductor at higher temperatures. Thereforeevanergy gap materials are

currently under investigation for high temperatekectronics.

Another possibility of defining a semiconductor, ieth is related to the
energy gap, is through the free carrier concewinaai room temperature. Metals and

semimetals have a rather large carrier density;ics@mductors exhibit a moderate
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carrier density at room temperature, while insuktbave a negligible carrier
density. Typical carrier densities for these dfartypes of solids are compiled in
Table 3.2. The listed densities are intrinsic vajuee., for pure materials. However,
real semiconductors always contain some impuritksich can act as dopants

leading to larger values for the carrier densities the intrinsic ones.

Due to the existence of the energy gap, semicontiueire transparent for
energies below the gap, i.e., in the far- to nafrared region depending on the value
of the energy gap. However, they strongly absaht lfor energies above the energy
gap, typically in the near-infrared to visible neg. This behavior again is in strong
contrast to metals, which are usually opaque from far-infrared to the visible
regime. In the absorptive region, the conductieitysemiconductors increases, when
they are irradiated [71].

A semiconductor is determined by its chemical cositpmn and atomic
structure, which give it technically interestinginable electronic properties. A
semiconductor is a solid with an electrical conduitgt between that of a metal and
an insulator. This conductivity is caused by elmuir particles, such as electrons,
holes, and polarans which are set free by ionimatwch ionization can be produced
thermally by light, other particles, or an elecfrald [79].

Elementary semiconductors are semiconductors wiach atom is of the
same type such as Ge, Si. These atoms are bougithéodpy covalent bonds, so that
each atom shares an electron with its nearest lb@igforming strong bonds [80].
These are elementary semiconductors such as Sar@egray tin ¢-Sn), which all
belong to group IV in the periodic table. Therefothese systems are usually
referred to as group IV semiconductors as showkign 3.4. Another group IV
element is carbon, which solidifies into two stwres, diamond and graphite.
Diamond is an insulator and has the same crystattste as Si, Ge, an@Sn.
Graphite is a semimetal and exhibits a hexagomattsire. Sn also exists in two
phases, white tinp¢Sn), which is metallic, and semiconductingSn. The last

element of the group 1V is lead, which is metallic.
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Figure 3.4 Elements found in elemental and compound semicdasicGroup 1V
are elemental senonductors. Compound semiconductors can be forme:

combining Groups Il and V or Il and VI or lll and.

Group IV elements are exceptional in the periodldd in the sense that t
outer shell of the individual atoms is exactly hidled. By sharingone of the four
electrons of the outer shell with another Si atamthre-dimensional cryste

structure with no preferential direction (exceptdoaphite) can be realiz¢

Compound semiconductors are made of two or moreegies. Elements froi
group Il (I1) can be combined with group V (VI) elements.oGp | elements i
conjunctionwith group VIl elements lead to wide energy gapulasgrs, since thes
materials are formed by ionics bonds and not cowdlends as I-V and most 1I-VI
semiconductors. Msi of the 11-V semiconductors exist in the-called zincblende
structure, which is a cubic lattice. Some existthe wurtzite structure, whic
corresponds to a hexagonal lattice. GaAs is thd-known l1lI-V compound
semiconductor, while GaN, althougnown for a loig time, has only recent
become very important stimulating a lot of reseasnhthis material [71]. Commc
examples are CdS or ZnS. These compound semicamdugelong to the -VI
semiconductors so called because first and sedenteatscan be found in group
and group VI of the periodic table respectivelyn compound semiconductors, |
difference in electramegativity leads to a combination of covalent amdd bonding
[80].
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Variations of compound semiconductors

Elemental Si, Ge

[I-VI compound CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe
[1I-V compound GaP, GaAs, GaSh, InP, InAs, InSb
IV-VI compound PbS, PbSe, PbTe

IV-IV compound SiC

V-VI compound BiTes

[1I-VI compound AIN, GaN, InN, AIP, AlAs, InSenb

Compound semiconductor materials can be predicteml imple rule. When
the total numbers of valence electrons of constitidements are divided by the
number of elements comprising the compound and whisnratio gives four, the

compound has a tendency to be semiconducting.

IA A NIA IVA VA VIA
2 N
3 Al Si P S
4 Cu Zn Ga Ge As Se
5 Ag Cd In Sn Sb Te
6 Au Hg \ -V //
II-V1

\ I-1I-VI,

Figure 3.5 Periodic tables for compound semiconductors.

Materials which show semiconducting properties havebey the following

laws.

() In the case of elemental semiconductors, thestitment atom has eight electrons
including electrons which form covalent bonds ahdse electrons produce s, p

orbital closed shells.
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(i) For compound semiconductors, the conditionigiapplied to each constituent

atom.

Elements from IV group to VII group satisfy thesticondition (i) and following the

second condition (ii), compound semiconductorsudelthese elements.

3.1.4 Band Gap of Semiconductors

The simple energy diagram for a semiconductor\attemperature is shown
in Fig. 3.6. At very low temperature the valencadmis full, and the conduction
band is empty. Recall that a full band cannot cohduad neither can an empty band.
At low temperatures, therefore, semiconductors db aonduct, they behave like

insulators.

band

Full
valance
band

Figure 3.6 Semiconductor energy bands at low temperature.
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If energy is supplied to take an electron from Yadance bad, across the
forbidden energy gap, up into the conduction bémeh the electron that has made it
to the conduction band is now available for condunctin addition there is now a
vacant electron energy state left in the valaneglb&@his vacant state is called a hole
and it behaves like a positive charge carrier ththsame magnitude of charge as the
electron, but of opposite sign. The band diagrantHis situation is shown Fig. 3.7,
where the conduction band is populated by electteaging a similar number of
vacant state (holes) in the valence band. This isngortant property of intrinsic, or
undoped, semiconductors. The number of electronthenconduction band must
equal the number of holes in the valence band lseceach electron has given rise to
one hole. For extrinsic, or doped, semiconductdnere it can be put an excess of
either electrons or holes into the material, tlgslanger true. The hole in the
conduction band, except that the hole has postherge. The hole is not a free
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particle, it can only exist within a solid whereeth is an electron state, some say a

missing electron.

Conduction
band

Filled

T states

Band gap

l Empty

states

Electron energ

Valence
band

Figure 3.7 Semiconductor energy bands at room-temperature.

Consider Fig. 3.8, which shows just the valenaedbaf a semiconductor in
more detail. The semiconductor is at a finite terappge so that some electrons have
been thermally excited to the conduction band leawehind empty states, holes, at
the top of the valence band. Since the valence mm@dw no longer full, it may
conduct electric current, and this is just whattbke do.

A Empty
states

Valence
band

Electron energ

v

Figure 3.8 Valence band of a semiconductor.

3.2 The Types of Semiconductors
Semiconductors can be also divided into two grageerding to their purity:
intrinsic and extrinsic semiconductor. Electricaberties can also be changed by

doping (adding impurities to the semiconductor male
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3.2.1 Intrinsic Semiconductors

Intrinsic conduction is defined as a semiconducpoocess that results from
the band structure of a pure element or compoumdomtrast, extrinsic conduction is
a semiconduction process that is facilitated by pnesence of impurities, and
therefore involves elements or compounds that reveady been “doped” with
impurity atoms. A semiconductor that is pure isré¢fiere referred to as an intrinsic

semiconductor.

The electrical conduction activation energy E dejseon the energy needed
to break a chemical bond, and may be linked testardard heat of formation of the
crystal from its atoms. It may vary from about Ol eV. As the thermal activation
energy KT increases, a statistically larger fracod the valency electrons is released
and can move under the influence of an electrild.fiSimultaneously, the empty
places they leave behind them can also move. Téresealled holes, and the same
thing happens as if they were particles bearing@ural and opposite charge to that
of the electron. This applies to a pure crystalhait defects, in which charge
carriers consist in equal numbers of electrons hoblks. This is an intrinsic

semiconductor [81].

In an intrinsic semiconductor, the charge carrignrs solely the holes and
electrons created in pairs by thermal energy. Edestin the valence band gain
thermal energy and are promoted into the condudigond as temperature increases,
leaving behind corresponding holes in the valeraselb

Each electron generated in this manner therefaelteein an electron-hole
pair, i.e., an electron in the conduction band amdle in the valence band. As such,
there is a one-to-one correspondence between dloerais in the conduction band
and the holes in the valence band in an intrinsmisonductor [82]. This is why in
an intrinsic semiconductor, n = p, where n andegthe intrinsic concentrations of

the electrons and holes, respectively.

The general symbol for conductivity of an intrinsiemiconductor is. The
plot of Inc versus I/T is a straight line whose slope ig/2E, which means that the
band gap of an intrinsic semiconductor may be detexd experimentally by

observing how its conductivity varies with temparat
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The mobility of both electrons and holes decredisesrly with an increase
in temperature, but the number of mobile chargeiarar increases exponentially
with an increase in temperature. With increasingperature, the exponential
increase in the number of carriers is a more dotimgafactor than the linear
decrease in carrier mobility, so the conductivityan intrinsic semiconductor always

increases as temperature increases.

Intrinsic semiconductors or semiconductors thataiomo impurities, exhibit
conductivities that increases with temperature ivegy predictable manner. More
specifically, the plot of In o of an intrinsic sesonductor versus I/T is a straight line

whose slope is 2k.

The addition of impurity atoms to intrinsic semidoictors turns them into
“doped” or extrinsic semiconductors, which exhilmbnductivities that behave
differently with temperature variation [83]. Furth®re, the conductivity behavior
of an extrinsic semiconductor depends on the typmpurity atoms that it has been

doped with.

3.2.2 Extrinsic Semiconductors

Extrinsic semiconductors or semiconductors thatehéeen doped with
impurity atoms, exhibit conductivities that behaliferently from intrinsic or pure
semiconductors. Recall that in an intrinsic sematartor, the plot of la versus 1/T

is a straight line whose slope isk.

Recall as well that in a solid, energy bands dgvétocomply with Pauli’s
Exclusion Principle, such that the electrons in sloéid’s atoms can only occupy
discrete energy levels within the permissible epdygnds. If an impurity atom is
introduced into a solid, however, its electrons| wibt be restricted to the energy
levels allowed for the host atoms. The electronshefimpurity atom can, in fact,

reside in energy levels forbidden to the electminthie host atoms.

In effect, adding impurity atoms to an intrinsiarseonductor to form an
extrinsic semiconductor basically creates new gnérgels within the band gap of
the semiconductor [84]. Depending on the type opurties added, these new
energy levels in the band gap can be occupied trg electrons or extra holes from
the impurity atoms.
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For instance, recall that adding a donor impurtgna(Group V atom) to Si
or Ge would result in an “extra” electron that'stjloosely bonded to the donor atom.
This “donated” electron will reside on an energyelewithin the upper half of the
forbidden band of Si. This energy level occupiedliy donated electron is referred

to as a “donor level”(g.

Adding an Group V atom (such as a P atom) to eosilor germanium crystal
would cause four of its five valence electrons twnf covalent bonds with
neighboring silicon atoms, while the fifth one wdubecome an “extra” electron
that’s just loosely bonded to the P atom. For 8i @Ge, Group V elements such as P,
As, and Sb are therefore known as “donor” impuwsijt&nce they “donate” electrons
to form materials with excess negative charge. Suaterials are referred to as n-

type materials.

Similarly, adding a Group Ill atom (such as a Bnafoto a silicon or
germanium crystal would cause its three valencetreles to form covalent bonds
with three of its four neighboring silicon atom#ig leaves the fourth neighboring Si
atom of the B atom missing an “electron”, whiclbasically an “extra” hole. For Si
and Ge, Group lll elements such as B, Al, and Ga larown as *“acceptor”
impurities, since they create holes that can “acagpctrons from the valence band.

Acceptor impurities form materials with excess pesicharge, or p-type materials.

3.2.3 Donors and Acceptors

Semiconductors without any other different atomsdeal] conduction
occurred via electrons in the conduction band aoléshin the valence band. For
intrinsic material the electrons and holes cameequal numbers, since one
conduction electron gave rise to one valence bané, land we had bipolar (two-
carrier) conduction, with the total current beingrried by equal numbers of

electrons and holes (intrinsic conduction).
Hence, for intrinsic semiconductors:
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where n is concentration of electrons per unit r@up is concentration of holes per
unit volume, nis the intrinsic carrier concentration of the sesniductor under

consideration.

The intrinsic carrier concentration depends on the semiconductor material
and the temperature. For silicon at %00n; has a value of 1.4x1bcm?. Clearly,

EqQ. 3.1 can also be written as

n-p=n? (3.2)

The importance of this equation is that it is vait extrinsic as well as

intrinsic material.
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Figure 3.9Bonding in intrinsic silicon.

The intrinsic silicon case is seen in Fig. 3.9s I8 fiat two-dimensional
representation. Silicon, like its neighbors in grdy of the periodic table (carbon
and germanium) is a covalently (electron sharingdded solid and shows all the
characteristic physical properties of covalentdsolit is in a position to see the effect
of introducing group lll acceptor centre and grodmlonor centre atoms into the
silicon lattice. Fig. 3.10 shows the effect of adgda group Il atom (boron in this
case) to the silicon lattice. The boron has gorie arsilicon site but it only has three
valence electrons, one short for completing thel fauter-shell, rare-gas
configuration. This deficiency of one electron prapurity atom is in fact the same
thing as introducing one hole per impurity atom.isThiacant electron state can

accept a nearby valence electron (hence the tecoefor”) and in this manner the
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vacant electron state appears to move, see Fify. Bhkre are therefore two ways of
introducing holes into semiconductors. One wayigromote an electron from the
valence band to the conduction band (by thermalextromagnetic energy), which
leaves a hole in the valence band. This procestupes equal numbers of electrons
and holes. The other way is to introduce electreircent (with regard to the silicon
bonding requirements) atoms into the silicon lattiddding these acceptors to the
silicon lattice also introduces holes into the wake band. Very little energy is
required to move a nearby valence electron intovétoant state. It is represented this
situation as shown in the energy diagram of Fifj2 3Here the vacant state (acceptor
level) lies just above the valence band, therefos¢ a little energy can move a
valence electron into the vacant state, as requilediever, having lost the electron
from the valence band to the acceptor level wenare left with a hole in the valence
band which is available for conduction. The accef#eel is so close to the valence
band edge that very little energy is required tdpce the holes; it's very much less
than the band-gap energy. Acceptors that introdemergy-levels nearer to the
middle of the band gap are called deep acceptargeep levels. This partial
occupancy of the deep-level acceptors means thatvewy acceptor gives rise to a

conduction hole in the valence band.
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Figure 3.10Boron bonding in silicon.

It only remains to look at the case of adding etewd to semiconductors

without adding additional holes to make n-type mate
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Figure 3.11Hole movement due to an electric field.

Fig. 3.13 shows the bonding configuration that tsswhen a group V
impurity atom is added to the silicon lattice aitd sn a lattice site. It is mentioning
the impurity atom sitting on a silicon site becaiiss possible for impurities to go
into silicon without sitting on a silicon site. Tdee interstitial impurities are more
difficult to analyze and introduce different eneilgyels into the semiconductor’'s
band gap. From Fig. 3.10. it can be seen in tlysré, one electron too many to
satisfy the covalent bonding requirements and éxsa electron is in fact very
weakly bound to the impurity, which is phosphomghis case. In a manner exactly
analogous to the p-type case it can be shown abseiienergy-level diagram, as seen
in Fig. 3.14. Here the impurity atoms form a leuedt below the conduction band
edge; an electron therefore needs very little gnegrgnove from the impurity centre
up into the conduction band where it is availabledonduction. The impurity centre
IS said to donate an electron to the conductiondbamd these are called donor
centers. Note that the loss of an electron fromditv@or centre does not leave a hole
at the donor. The donor, together with its neigifgprsilicon atoms has its full

complement of electrons without the extra electiidre extra electron was surplus to
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bonding requirements; it has been readily giventaiphe conduction band and is

now available for conduction.

Adding donors or acceptors clearly adds a numbealeftrons (or holes) in
proportion to the number of centers added and s@xirinsic (or doped) silicon can

be made quite conducting and, therefore, more Liafincorporation in electronic

devices.
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Figure 3.12Shallow acceptor in silicon.
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Figure 3.13Phosphorus bonding in silicon.

1- The donors (and acceptors) have introduced eliownergy-levels in the

forbidden energy-gap. The energy gap is forbiddaty dor pure material, i.e.

intrinsic silicon. Once impurity atoms are addedthe silicon the perfect crystal

lattice is disrupted by these additions (the paddrenergies change) and it is no
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longer forbidden to have allowed states (energgi®vin the once forbidden energy
gap.

2- P-type or n-type silicon is electrically neutralneutral atom has gone into neutral
silicon. Conduction may be altered by the addedikiyebound electrons or holes,
but overall there is charge neutrality. Locally rinenay not be charge neutrality;
when the donor centre loses its electron (becomazad) it no longer has its full

complement of electrons for charge neutrality. Tomor centre when ionized is
positively charged. When it has its carrier onnibr{-ionized) the donor is neutral
[85].
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Figure 3.14Shallow donor in silicon.

3.2.3.1 N-Type Semiconductors

N-type semiconductors are a type of extrinsic semdactor where the
dopant atoms are capable of providing extra conolu&lectrons to the host material
(e.g. phosphorus in silicon). This creates an exa#snegative (n-type) electron
charge carriersWhen a pentavalent (donor) impurity, like arseng,added to
germanium, it will form covalent bonds with the gemium atoms. Notice the
arsenic atom in the center of the lattice. It has ¥alence electrons in its outer shell
but uses only four of them to form covalent bondghwhe germanium atoms,
leaving one electron relatively free in the crystlicture. Pure germanium may be
converted into an n-type semiconductor by “dopimtgWith any donor impurity

having five valence electrons in its outer sheihc8 this type of semiconductor (n-
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type) has a surplus of electrons, the electrons@nsidered majority carriers, while

the holes, being few in number, are the minorityiees.

The arsenic atoms diffuse uniformly throughout thelten silicon. Most of
the atoms in the crystal are still silicon, butagionally we may find an arsenic atom
surrounded by four silicon atoms as shown in Fij5@). Each pentavalent arsenic
atom forms covalent bonds with four adjacent siicoms. Four of the arsenic
atom’s valence electrons are thus used to formleovdonds, leaving one extra
electron. The extra electron becomes a free ele¢tmnduction electron) because it
is not attracted to any atom. The number of thessdaction electrons can be
controlled by the amount of impurity added to silic Since the valence orbit cannot
hold more than eight electrons, and the arsenim atloeady has them due to sharing
of electrons with the four neighboring silicon agnone of arsenic atom’s original
valence electron becomes extra and behaves aseaeleetron travelling in a
conduction band orbit. In effect, the pentavalerd@nor atom has produced one free
electron. Fig. 3.15(b) shows the energy bands oh sudoped crystal. Since each
arsenic atom contributes one free electron, thelwcion band now has many free
electrons; a few thermally produced holes may bispresent in the valence band as
shown in Fig. 3.15(b).
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Figure 3.15Pentavalent doping: (a) an arsenic atom produdessealectron, (b) the
conduction band of Si crystal has many free elastiand the valence band has only

a few holes.
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3.2.3.2 P-Type Semiconductors

The number of holes in a pure silicon crystal t@nincreased by adding
trivalent impurities like boron, aluminum, and gath. Suppose aluminum has been
used to dope pure silicon. After the molten Si basled and formed a crystal, we
would find that an Al atom is surrounded by foura®ms as shown in Fig. 3.16(a).
Since the Al atom originally had only three valeradectrons and each neighbor
shares one electron, only seven electrons areeiwvdlence orbit. This means that it
is still capable of accepting one electron or imeotwords, a hole appears in each of
the Al atoms valence orbits. A trivalent atom iscaknown as an acceptor atom

because each hole it contributes may accept atr@teduring recombination.

Fig. 3.16(b) shows the energy bands. A directlteduhe trivalent doping is
the presence of extra holes in the valence baneteTdre only a few free electrons in
the conduction band owing to the thermally produekstttron-hole pairs. This type
of doped Si is known as a p-type semiconductor dip dositive). In a p-type
semiconductor, the holes are the majority carreerd electrons are the minority

carriers [86].
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Figure 3.16Trivalent doping; (a) an aluminum atom producesle h(b) the valence
band of the Si crystal has many holes and the adiwtuband has only a few

electrons.
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3.3 Valence Band and Conduction Band

Chemical reactions originate from the exchangel@tteons from the outer
electronic shell of atoms. Electrons from the moser shells do not participate in
chemical reactions because of the high electrastatiraction to the nucleus.
Likewise, the bonds between atoms in a crystal,wa#l as electric transport
phenomena, are due to electrons from the outershest In terms of energy bands,
the electrons responsible for forming bonds betwatms are found in the last
occupied band, where electrons have the highesggmevels for the ground-state
atoms. However, there are an infinite number ofrgndands. The first (lowest)
bands contain core electrons such as the Is etectabich are tightly bound to the
atoms. The highest bands contain no electrons. |d$teground-state band which
contains electrons is called the valence band,uUsecé contains the electrons that

form the -often covalent- bonds between atoms.

The permitted energy band directly above the vaeband is called the
conduction band. In a semiconductor this band iptgnof electrons at low
temperature (T=K). At higher temperatures, some electrons haveiginghermal
energy to quit their function of forming a bond weén atoms and circulate in the
crystal. These electrons “jump” from the valenc&danto the conduction band,
where they are free to move. The energy differelbesveen the bottom of the
conduction band and the top of the valence bandalked “forbidden gap” or

“pandgap” and is notedyE

In a more general sense, the following situaticars @ccur depending on the

location of the atom in the periodic table (FidlA:

A: The last (valence) energy band is only partidilied with electrons, even at
T=0K.

B: The last (valence) energy band is completelgdilwith electrons at TZ&, but
the next (empty) energy band overlaps with it (ia&n empty energy band shares a

range of common energy valueg<B).

C: The last (valence) energy band is completelgdilwith electrons and no empty
band overlaps with it &0).
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In cases ‘a’ and ‘b’, electrons with the highestérmgres can easily acquire an
infinitesimal amount of energy and jump to a sligltigher permitted energy level,
and move through the crystal. In other words, ebest can leave the atom and move
in the crystal without receiving any energy. A matewith such a property is a
metal. In case ‘c’, a significant amount of enefggual to k or higher) has to be
transferred to an electron in order for it to “juiMfpom the valence band into a
permitted energy level of the conduction band. Thisans that an electron must
receive a significant amount of energy before legr\an atom and moving “freely”
in the crystal. A material with such properties egher an insulator or a

semiconductor.
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Figure 3.17Valence band (bottom) and conduction band in ahfatand b) and in

a semiconductor or an insulator(c).

The distinction between an insulator and a semigotwd is purely
quantitative and is based on the value of the gngap. In a semiconductory ks
typically smaller than 2 eV and room-temperatuseriial energy or excitation from
visible-light photons can give electrons enoughrgnefor “jumping” from the
valence into the conduction band. The energy gapsthe most common
semiconductors are: 1.12 eV (silicon), 0.67 eV rfggarium), and 1.42 eV (gallium
arsenide). Insulators have significantly wider gyebandgaps: 9.0 eV (Si) 5.47
eV (diamond), and 5.0 eV (l4). In these materials room-temperature thermal
energy is not large enough to place electronsarctmduction band.

Beside elemental semiconductors such as siliconganghanium, compound
semiconductors can be synthesized by combiningezi&srfrom column IV of the
periodic table (SiC and SiGe) or by combining eletaerom columns Il and V
(GaAs, GaN, InP, AlGaAs, AISb, GaP, AIP and AlABkements from other columns
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can sometimes be used as well (HgCdTe, CdS,.ambmd exhibits semiconducting
properties at high temperature, and tin (right Wweggermanium in column IV of the
periodic table) becomes a semiconductor at low &atpres. About 98% of all
semiconductor devices are fabricated from singystaf silicon, such as integrated
circuits, microprocessors and memory chips. Theameimg 2% make use of 1lI-V
compounds, such as light-emitting diodes, lasedaeboand some microwave-

frequency components.
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Figure 3.18 Main elements used in semiconductor technology niefgal

semiconductors such as Si, and compound semicandigtich as GaAs).

It is worthwhile mentioning that it is possible foon-crystalline materials to
exhibit semiconducting properties. Some materialsgch as amorphous silicon,
where the distance between atoms varies in a ran@simon, can behave as
semiconductors. The mechanisms for the transporelectric charges in these

materials are, however, quite different from thimserystalline semiconductors.

It is convenient to represent energy bands ingpate instead of k-space. By
doing so one obtains a diagram such as that of3Fl§, where the x-axis defines a
physical distance in the crystal. The maximum eperfgthe valence band is noted
Ev, the minimum energy of the conduction band is cidtg, and the width of the
energy bandgap is4Elt is also appropriate to introduce the concé Bermi level.
The Fermi level, E represents the maximum energy of an electrohemtaterial at
zero degree Kelvin f&). At that temperature, all the allowed energyelevbelow
the Fermi level are occupied, and all the energselte above it are empty.
Alternatively, the Fermi level is defined as anrgydevel that has a 50% probability
of being filled with electrons, even though it megside in the bandgap. In an
insulator or a semiconductor, we know that the madeband is full of electrons, and

the conduction band is empty &K0 Therefore, the Fermi level lies somewhere in
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the bandgap, between, Bnd E. In a metal, the Fermi level lies within an energy
band [87].
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Figure 3.19Valence anatonduction band in real space.

3.4 Direct and Indirect Gap Transitions

In semiconductor physics, a direct bandgap meaatstitie minimum of the
conduction band lies directly above the maximunthefvalence band in momentum
space. In a direct bandgap semiconductor, elecabtie conduction band minimum
can combine directly with holes at the valence barakimum, while conserving
momentum. The energy of the recombination acrossé#mndgap will be emitted in
the form of a photon of light. This is radiative combination, also called
spontaneous emission. In indirect bandgap semiabodu such as crystalline
silicon, the momentum of the conduction band mimm@and valence band
maximum are not the same, so a direct transitimsacthe bandgap does not
conserve momentum and is forbidden. Recombinatonrs with the mediation of a
third body, such as a phonon or a crystallograpieéect, which allows for
conservation of momentum. These recombination wfiién release the bandgap
energy as phonons, instead of photons, and thusotd@mit light. As such, light

emission from indirect semiconductors is very igéht and weak [88].
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Figure 3.20 Examples of energy band extreme (minimum of thedaotion band
and maximum of the valence band in two crystatscristal (a), Eis the bandgap
energy. There is no bandgap in crystal (b) bec#useonduction and the valence
bands overlap.

It is impossible to represent the energy bandsfaaaion of k = k (k, ky, k)
for a three-dimensional crystal in a drawing madeaotwo-dimensional sheet of
paper. One can, however, represent E(k) along orgstal directions in k-space and
place them on a single graph. For example, Fid) 8presents the maximum of the
valence band and the minimum of the conduction lzmtlinction of k in the [100]
and the [111] directions for two crystals. Cryst@) is an insulator or a
semiconductor (§0); crystal (b) is a metal (EO).

The energy band diagrams, plotted along the masstadrdirections, allow us
to analyze some properties of semiconductors. Rstamce, in Fig. 3.21.(b) the
minimum energy in the conduction band and the mawrinenergy in the valence
band occur at the same k-values (k=0). A semicaidwexhibiting this property is
called a direct-band semiconductor. Examples oéatibandgap semiconductors
include most compound elements such as galliumnalse(GaAs). In such a
semiconductor, an electron can “fall” from the coaiibn band into the valence band
without violating the conservation of momentum law, an electron can fall from
the conduction band to the valence band withouhange in momentum. This
process has a high probability of occurrence aedetirergy lost in that “jump” can
be emitted in the form of a photon with an energyH,. In Fig. 3.21.(a), the
minimum energy in the conduction band and the mawrinenergy in the valence
band occur at different k-values. A semiconductdrilgting this property is called

an indirect bandgap semiconductor. Silicon and geirom are indirect-bandgap
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semiconductors. In such a semiconductor, an electannot “fall” from the
conduction band into the valence band without angbhain momentum. This
tremendously reduces the probability of a direall™fof an electron from the

conduction band into the valence band [87].

d
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k [100]
Figure 3.21(a):Indirect bandgap semiconductor, (b):Direct lgpdsemiconductor.

3.5 Fundamentals of Absorption

The fundamental absorption refers to band-to-b@ntb exciton transitions,
l.e., to the excitation of an electron from theevale band to the conduction band.
The fundamental absorption, which manifests itegla rapid rise in absorption, can

be used to determine the energy gap of the semictod

The absorption coefficient(hv) for a given photon energy s proportional
to the probability Pfor the transition from the initial state to thaedl state and to the
density of electrons in the initial state, &nd also to the density of available (empty)
final states, ) and this process must be summed for all possibhesitions between

states separated by an energy difference equal to h
Pifnl-nf (33)
3.5.1 Allowed Direct Transitions
It is considered between two direct valleys whetke the momentum

conserving transitions are allowed Fig. 3.22, i#he transition probability is

independent of photon energy.
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Figure 3.22Two direct valleys where all the momentum consey\mansitions are

allowed.

Every initial state at Hs associated with a final state atsdch that

But in parabolic bands,
h%k?
Er —E; = 5
f g 8n2m2 (3 )
and
h?k?
Therefore,
v — E _hzk2 1 N 1
VTR T g g T, S

Since, in general, the valleys are rotationalpstiids instead of spherical
surfaces, the effective mass is not isotropic; tremaverage density of state effective
mass is used:

m* = (m;‘mg‘lmg‘z)lk (3.8)
wherem; is the longitudinal effective mass ang; andm;, are the two transverse

masses. Hence the absorption coefficient whichadunction of , a is

a(hv) = A"(hv — Eg)l/z (3.9)

whereA* is given by:
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2= q (2 my, + m;) (3.10)
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3.5.2 Forbidden Direct Transitions
In some materials, quantum selection rules fodudct transitions at model

of Fig. 3.23 this means that the transition prolitgbincreases proportionately to

1
(hv — E,) /2, the absorption coefficient has the following dpsladependence:

1 3.11
a(hv) = A(hv — E;) "2 (3.11)
where A is given by
2 ( myme )5/ 2 (3.12)
2 = 4 1 my, +mg '
3 nch?fmimjhv
™S o
S
(@
AN, © =
hv > E l
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Figure 3.23 Optical absorption of a photon withv¥E,: (a) an EHP(electron-hole
production) is created during photon absorption;tfie excited electron gives up
energy to the lattice by scattering events; (c)dleetron recombines with a hole in

the valence band.

3.6 Optical Absorption

An important technique for measuring the band gapergy of a
semiconductor is the absorption of incident photoynshe material. In this process,
photons selected wavelengths are directed at thpleaand the relative transmission

of the various photons is observed. Since photatisemergies greater than the band
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gap energy are absorbed while photons with enerlgiss than band gap are

transmitted, this process gives an accurate measétine band gap energy.
3.6.1 Absorption Constant and Band Gap

If a beam of photons withvhE, falls on a semiconductor, there will be some
predictable amount of absorption, determined by graperties of the material. It
would be expected the ratio of transmitted to ianidight intensity to depend on the
photon wavelength and the thickness of the samflecalculate this dependence, it
is assumed that a photon beam of intensjtyphotons/crfrsec) is directed at a

sample of thickness | (Fig. 3.24).
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Figure 3.240ptical absorption experiment.

The beam contains only photons of wavelendgth selected by a
monochromator. As the beam passes through the eaitgpintensity at a distance x
from the surface can be calculated by considerirey grobability of absorption
within any increment dx. Since a photon which hawigsed to x without absorption

in any dx is constant [89].

Assume that a semiconductor is illuminated frontight source with
greater than g£and a photon flux of,l As the photon flux travels through the
semiconductor, the fraction of the photons absorbg@doportional to the intensity of
the flux. Therefore the number of photons absonvihin an incremental distance

Ax (Fig. 3.25a) is given
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Figure 3.25 Optical absorption (a) Semiconductor under illuation (b)

Exponential decay of photon flux.

alo,AX, where is a proportionality constant definedresabsorption coefficient. From

continuity of photon flux as shown in Fig.3.25a, @#ain

I(x + Ax) — I(x) = —al(x)Ax (3.13)
or
dI(x)
o = ™) (3.14)
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The negative sign indicates decreasing intensith@fphoton flux due to absorption.
The solution of Eq. 3.14 with the boundary conditi(0)=I, at x=0 is

I[(x) = e~ (3.15)

The fraction of photon flux that exists from thé&et end of the semiconductor at x=I
(Fig. 3.25b) is
(1) =I,e™¥ (3.16)

As an alternative to a transmission experimens possible to monitor the
resistance of the sample and observe the photamg\e¢ which absorption takes
place. Since absorbed photons create EHP’s and taggers are able to participate
in conduction, the conductivity of the sample witicrease when photons are
absorbed. This change in the conductivity with @gdti absorption called

photoconductivity.

Fig. 3.26 indicates the band gap energies of samhethe common
semiconductors relative to the visible infrared amlttaviolet portions of the
spectrum. It is observed that GaAs, Si, Ge, and IiSoutside the visible region so
that if the eye is to be used as detector in tAestnission experiment, an infrared
converter tube must be used. Other semicondudocs, as GaP and CdS, have band
gaps wide enough to pass photons in the visiblgerah is important to note here
that a semiconductor absorbs photons with eneggjaal to the band gap, or larger
[89].

Infrared Visible Ultraviolet
GaA
InSb Ge Si Cds GaP SiC ZnS
‘ ~ ‘ Cds ‘
| EfeV)
I I I I I ([ ey [ [ s O A | >
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Figure 3.26 Band gaps of some common semiconductors relativéhe optical

spectrum.
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CHAPTER 4
EXPERIMENTAL STUDIES

4.1 Thin Film Production Techniques
4.1.1 Spray Pyrolysis Method

The spray pyrolysis technique (or solution sprayifigr the growth of
semiconducting films is a method of spraying aahlé solution mixture onto a
heated substrate. It is a convenient and economiettiod for the deposition of such
materials. This technique is simply consisting faying a finely atomized solution

onto a suitable hot substrate.

Spray pyrolysis is a process in which a thin fisndeposited by spraying a
solution on a heated surface, where the constduesdct to form a chemical
compound. The chemical reactants are selectedthatlthe products other than the
desired compound are volatile at the temperaturdepiosition. There have been
many studies in this area since the pioneering phpeChamberlin&Skarman on
CdS films for solar cells in 1966, among them aeewof transparent conductors and

a bibliography Pamplin presented at a conferencepoaly pyrolsis.

Spray pyrolysis is a powerful technique to synthes wide variety of high
purity, chemically homogenous ceramic powders. eargantities of oxide powders
with homogeneous particle sizes and crystallitesiess than 100 nanometers may
be produced by this method, which is both simple afows for continuous
operation. Due to the small crystallites, the pawdgffer the opportunity to tailor

materials on a nano-scale.

4.1.1.1 Deposition Apparatus

The apparatus used to carry out the chemical gn@gess consists basically
of a device to atomize the spray solution and ssoneof substrate heater. A typical
experimental setup presented by Chamberlin&Skanvesused. Our setugonsists
of a reaction chamber of Pyrex glass joined tdowger part with a plate heated by

electrical resistance. On the plate is placed thestsate, whose temperature is
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measured with ehermocouple, located under the substrate. Abovan astablishe
distance, is fixed a glass spraying nozzle, throwtich the adequate solution
sprayed (from a receiver) by means of the carres. ghe gases are exhaus

through a hole, situated the lower part of the chamber.

Timer

Spray Nozzle ” air

|| [Spraying
Solution

Exhaust

Th ermostat Substrat

Su bstrate
Thermocouple Heater

Figure 4.1 Schematic diagram of the spray pyrolysis sys

Spraying system This is used to produce the bubbles from the spce
solution. In this study, air was be used as cagasrand the flow rate of the spray

solution was be regulated by ¢

Heater: This is used to heat the substrates. It is combista steel plie with
a resistance coil lying under it. The power of ligater is 2500 watts and it opere
at 220 volts and 50 Hz (AC

Temperature control system A thermostais used to keep the substrate
required temperatures. One of the most importartbfawhich play a vital role for
producing high quality thin film samples is to ke#me substrates at requir
temperatures. The substrate temperature is cardradl within an accuracy +5°C

by thermostat syste!
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4.2 Growth Mechanism of CuS Thin Filmsby the Spraying Pyrolysis Methoc

4.2.1 Substrate Preparatiol

The physical properties of substrates on which fitims is deposited, play
vital role in the growth of good quality thin fillmamples. The film properties &
very strongly dependent on thrystal structure of substrate. The crystalline &
can be deposited on a noncrystalline material siscglass, ceramic and mica. |
example, a highly crystalline film from the CuS wans can be developed on
amorphous substrat

In this study, cass is used as substrate because of its cheepless
compared to other types of substrate. The preparafiglass substrate is as follo\
Firstly, the glass substrates are cut into 0. in size. A cleaning process of t

glass substrate is carriout in four steps as seen in following Fig.

I —>sdied — = died —__ ™ dried ~ > . dried
[
substrate
[ e
Distilled Methly Isopropil Distilled
Water Alchole Alchole Water

Figure 4.2The cleaning process of the glass subs

4.2.2 Cleaning Process of the Glass Substr
The cleaning process is as follo

1. The glass substrate is immersed into the distiWader to clan the dust on its
surface for 15 minutes. Then it is taken out frowa distilled water and drie

2. The substrate which is taken from the first cup dnéd, is immersed into tf
methyl alcohol and left there for 15 minutes tcadlé¢he oil substancon the surface

of the substrate, and then it is taken out fror liiquid and dried in ail

3. The dried substrate is immersed into the thirdfdlgal with isopropy alcohol and
it is treated again for 15 minutes to obtain a stmsarface
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4. Finally, the substrate is treated with the distillwater as in the first step to clean
all the residues remaining on the surface of satestturing the other processes.

4.2.3 Spraying Solution Preparation

The films of CuS were obtained by spray pyrolysisair atmosphere. The
films were prepared using the aqueous solutionsagtng copper chloride (Cugl
Merck, purity 98%) and thiourea (SC(Mk Merck, purity 98%). The spraying
solution is prepared for the production of CuS tfilm as follow; firstly, the
required amounts of CufLland SC(NH), salts are weighted by high sensible
electronic balance and stirred together into aaargaining the distilled water of 100
cm® to form the solution. Different spraying solutiowere used for the production
of semiconducting CusS thin films with different cpasitions.

The CusS thin films were prepared by spraying areags solution of Cugl
and SC(NH). on the high cleaned glass substrate. The subdtatperature was
kept constant at 250, 350 and 45Qsing electronic temperature controller with an
accuracy of 5 °C. The atomization of the chemmalution into a spray of fine
droplets is effected by the spray nozzle, with lleép of compressed air by the air
pump as carrier gas. The solution was sprayed gfraunozzle onto glass substrates
(0.5 cnf) using air as carrier gas with a pressure of hS.bTotally, 100 crhof
solution was used and sprayed for 45 minutes. Thkmratio of the copper and
sulphur sources of Cu:S; 1:1, 1:2 and 2:1 werel,ustaereas the concentration of
CuCk was kept constant at 0.05 M in stock solution #omal films were prepared in
the normal atmospheric conditions. During the sipayprocess the substrates were
heated by an electrical heater. The flow rate & $olution was kept at about
5cntmin™. During the preparation of deposits, the solutioil air flow rates were
kept constant at 2 cttmin and 45 criimin™, respectively. Commercial high cleaned
glass (0.5 crin size) was used as substrates for all the déposiThe distance

between the nozzle and the substrate was maintatrégsicm.

4.2.4 Development of CuS Thin Films

To develop polycrystalline CuS thin film samples,180 cni spraying
solution of copper chloride Cugand thiourea SC(NpL with different ratios were
used. The CusS thin films were prepared by spragimgqueous solution of CuCl

and SC(NH), on glass substrate kept at different temperaire.atomization of the
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chemical solution into a spray of fine dropleteftected by the spray nozzle, with
the help of compressed air as carrier gas.

During the spraying process the substrates weredhéy an electrical heater.
The spraying solutions were sprayed onto the gtadstrate which was kept at
different temperature. When the solution dropletch to the heated glass substrate

surface, the following chemical reaction occurs,
CuCh + SC(NH)2+ 2H,O ——>  CuBCO, + 2NH,CI

As seen from this reaction, CuS thin film is formewl the glass substrate
surface, the other chemicals (€&hd NHCI) release as gas and vapor. All spraying

processes were carried out in air.

4.3 Measurement Techniques
4.3.1 The Thickness Determination of CuS Thin Films

The thicknesses of the samples were obtained Img Wise weighing method.
This method is explained by the following expressio

(my, —my)
t= A (4.1)

wherep is the density of the Cu$S thin filmp=4,68 g/cni), my is the weight of the
glass substrate before the film growth and i the weight of the same glass

substrate after the CuS sample growth on it, aigltAe area of the glass substrate.

4.3.2 Optical Studies

An important technique used for the determinabbthe band gap energy of
a semiconductor is the absorption of incident phetay material. Optical absorption
studies of the sprayed CusS thin films on the gtadsstrate have been carried out in
the wavelength range of 300 nm to 900nm employitgV&/IS spectrophotometer
(Jasco 7800 model). The absorption coefficientaofhgle corresponding to different

wavelengths can be calculated from following edprati

I
T (transmission) = e~ % (4.2)

0

where t is the thickness of the thin film sample)/Ty is transmittance. {lis incident

light intensity and | is transmitted light intengit By using a values, the optical
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band gap of the thin film sample can be determibgdmeans of the following

equation:
_A Y
a = E(hv - Eg) (43)

where A is a constantgenergy band gap of thin film, h is Planck constaat/A, c
is light speed andl is wavelength of light. The dependencesadfy)? as a function
of photon energy \h indicates the direct nature of band-to-band tteors for the
studied samples. The values of optical bandgap,hBve been determined by

extrapolating the lineer portions of respectivevesrto ¢thv)® — 0.

4.4 The Crystal Structure of the Thin Film Samples
4.4.1 X-Ray Diffraction Study

Structural properties of the deposited thin finmsre studied by using X-ray
diffraction (XRD) technique. The X-ray measurementye performed using CyK
radiation §=1.542A) from a conventiond@-20 diffractometer (D 5000 Siemens).
The lattice constant ‘a’ for the cubic phase stritetvere determined by the relation

IAGE SRS
B 4sin?6

a’ (4.4)

4.4.2 Lattice Parameters

The lattice constant (or lattice parameter) ref@rsthe constant distance
between unit cells in a crystal lattice. Latticestihree dimensions generally have
three lattice constants, referred taaab, andc. However, in the special case of cubic
crystal structures, all of the constants are egudlit is only referred ta. Similarly,
in hexagonal crystal structures, thendb constants are equal, and it is referred to
the a and c constants. A group of lattice constants could dferred to as lattice
parameters. However, the full set of lattice partamseconsist of the three lattice
constants and the three angles between them.
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Figure 4.3 Unit cell definition using parallelepiped with lehg a, b, and angles

between the sides given hyp, v.

Lattice parameter measurements are used in maustisits to characteri:
materials. For examplknowledge of the lattice parameters can providermétion
on the thermal properties of a material, an indireeethod to determine tt
compositions in a solid solution, a measure ofdtnain state, or an analysis of |

defect structure.

Therefore, itis important to determine the lattice structurehwtiie highes
precision. Fortunately, -ray diffraction can provide such information toasturacy
of several significant figures if care is takenidgrthe experiment and subsequ
analysis. If the crstal structure of a material is known, then thédradtion patterr
can be indexed rather easily. However, in ordeude this indexing to compute
precise value of the lattice parameter, carefulyais of the data is required. F
example, in a cubisystem, thed spacing corresponding to each diffraction line
be related to the lattice parameter a thrc

2 dz

R VRN R

(4.5)

wherehkl are the Miller indices. If therare no systematic errcin the positions of
the diffraction peaks, then there would be onlyd@an errors i the individual
calculations of the lattice parameter. Howeverteystic errors occur for a numk

of reasons that require a sophisticated approacbrtgpensate fullyor such errors.

4.2.3 Grain Size
Grain growth refers to the increase in size ofrgg (crystallites) in a material.
This occurs whenecovenr and recrystallisatioare complete anfurther reduction in

the internal energy can only be achieved by redutie total area of grain bounda
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Grain growth occurs by the movement of grain bouedaand not by coalescence.
Boundary movement is discontinuous and the diracod motion may change
suddenly. When grain boundaries in a single phaset mt angles other than 120
degrees, the grain included by the more acute anjldoe consumed so that the

angles approach 120 degrees [88].

Grain boundary migration occurs when a shear stests on the grain
boundary plane and causes the grains to slide.riié@éns that fine-grained materials
actually have a poor resistance to creep relabveoarse grains, especially at high
temperatures, because smaller grains contain ntoresain grain boundary sites.
Grain boundaries also cause deformation in that #nie sources and sinks of point
defects. Voids in a material tend to gather inargboundary, and if this happens to

a critical extent, the material could fracture.

It is observed that the XRD patterns of all Cushthiims show a most
preferred orientation along (102) plane. The gsage of the CusS thin films were
estimated for the (102) plane by using the Schéorenula.

A
d= Dcos@ (4.6)

whered is the grain sizej} is the X-ray wavelength useD,is the angular line width

of the half-maximum intensity ardtlis the Bragg angle [90].

4.2.4 Microstrain

Misfit stresses occur in crystalline films due tee tgeometric mismatch at
interphase boundaries between crystalline latbééms and substrate. Therefore, a
stress is also developed in the film due to théckmisfit. However, the stress has
two components: thermal stress arising from th&eihice of expansion coefficient
of the film and substrate and internal stress a@uéhé accumulating effect of the
crystallographic flaws that are built into the filduring deposition. The average
stresses of the deposited films are found to bepcessional in nature. The
compressive stress is due to the grain boundascteffvhich is predominant in
polycrystalline film. Compressive stress is ald@ly to be due to the native defects
arising from the lattice misfit. Native imperfeat® probably migrate parallel to the
film substrate with their surface mobility modifibg the substrate temperatures. The

origin of the strain is also related to the lattmesfit which in turn depends upon the
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deposition conditions [89,90]. The microstradh developed in the sprayed CusS thin
films were calculated from the Eq. 4.7.

_ Dcos@
€= 4 (47)

where D is the full width at half maximum of theéd@) peak.

4.2.5 Dislocation Density

Dislocations are an imperfection in a crystal agged with the misregistry
of the lattice in one part of the crystal with respanother part. Unlike vacancies and
interstitial atoms, dislocations are not equililbnitmperfections, i.e., thermodynamic
considerations are insufficient to account for thekistence in the observed
densities. In fact, the growth mechanism involvidiglocation is a matter of
importance. In this study, the dislocation denstydetermined from Williamson’s
and Smallman’s method using the following relationcubic CuS thin films and the
variation of the dislocation density with substregmperature [90].

_ 15¢
p= aD (4.8)
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CHAPTER 5
RESULTS AND DISCUSSION

5.1. Introduction

The spray pyrolysis technique is basically a chahdeposition technique, in
which solutions of the desired material are spragatb a preheated substrate.
Continuous films are formed onto hot substrate lgrrhal decomposition of the
reactants. Films prepared by this technique arergéy polycrystalline in structure
and their properties are extremely influenced leydBposition process. In particular,
spray pyrolysis has proved well suited for prodgcsemiconductor films of the

desired stoichiometry on large and non-planar areas

5.2 The Determination of CuS Thin Film Thickness

The thickness of the films was determined using iarongravimetrical
method. The films were deposited on clean glaskda that mass was previously
determined. After the deposition the substratesais again weighted, determining
the quantity of deposited CuS. Measuring the serfaicthe deposited film, taking
account of CuS specific weight of the film, thicksewas determined using the

relation:

_ (m; —my)
t= oA (4.1)

where A is the surface of the film (&mmcusis the quantity of deposited cooper
sulfide, andp is the specific weight of CuS (density of CuS=4&@nT). The

thickness measurement results are given in Talle 5.

5.3 Effect of the Substrate Temperature on the Thirrilm Formation

The depositions were carried out at substrate teatyres between 250 and
45FC using spraying solution. Spraying the precursoluton at substrate
temperature 25 resulted whitish opaque coating and the coatger lavas less
adherent to the substrate surface. CuS films foomatlid not occur until the

57



substrate temperature 280due to insufficient thermal energy to decompdee t
precursor solution. It is observed that the lowebstrate temperatures (<360
result into a non-uniform and easily detachable fibrmation. The lower thermal
energy available for the molecules in the solutian this lower deposition
temperature can also cause incomplete reactionsebgnt the precursors on the
surface of the substrate. And also the temperatang be insufficient in this case, to
decompose the sprayed droplets of the mixed saolutibt higher substrate
temperatures (>38Q), also non-uniform and easily detachable filmsute This
may be due to higher rates of evaporation of initigredients from the surface of
the hot substrates. However, the films prepare856C substrate temperatures are
uniform and good adherent to the glass substréféh.the increases of the substrate
temperature, the quality of the formed films wagiaved. It is known that at high
substrate temperature, the mobility of the ad-at@nimggh and this fact promotes that
the ad-atoms be able to diffuse reaching a nucidi that desorption of product
molecules from the surface be carried out. The ex@ats were performed at
temperatures in the range 250 and °850Increase in crystallinity with substrate
temperature is due to the optimum rate of supply tieérmal energy for
recrystallization with substrate temperature. Tihisfound that the best results were
obtained at 35tC.

5.4 XRD Studies of CuS Thin Films

The intensity of the XRD peaks was enhanced with ithicrease of the
substrate temperature. Substrate temperature isobtlee most important factors
which affect the crystallization of films. The eggrand the mobility of atoms on the
surface of the substrate are dependent on theratédbsemperature directly. High
temperature means high energy and high atom mgbaiich are all beneficial to
crystallization. In order to study the effect obstrate temperature on the CuS phase
formation, all films were characterized by usinga¥ diffractometer. Fig. 5.1 and
Fig. 5.2 shows the XRD patterns of CuS films spdage 250, 350 and 480
substrate temperatures using the Cu:S molar ratidsl and 1:2, respectively. It has
been reported earlier that when thin films are dépd by spray pyrolysis the
material is crystallization occurs during the arimggfor temperatures and with the
substrate temperatures above the film depositimpéeature. From Fig. 5.1, 5.2, 5.3

and 5.4 it is clear that not only annealed filmg blso as deposited films were
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polycrystalline in nature. All peaks have been tdesd and indexed from the known
patterns of the standard data files. As seen fioenFig. 5.1, the intensity of CuS
(102) peak increases with increasing the substeat@erature and the peak becomes
narrower indicating an improvement of the crystéti. This means that the grain
size of the thin films increases with increasingositate temperature. Other
diffraction peaks, such as (101) and (103) are défected indicating that the films
are polycrystalline with a preferred orientatiororaj the (102) direction. This
suggests that crystallinity and the preferentialergation increases with the
increasing substrate temperatures. The results shatvCuS films crystallized in
hexagonal structure as all recorded diffractionkpeare characteristic for the
polycrystalline structure (Fig. 5.1). With the ireses of the substrate temperature,

the quality of the formed films was improved.

As seen in Fig. 5.1 and 5.2, the crstallinity of fiims prepared at 280
substrate temperature worse than other films wipigkpared at 38C substrate
temperature this behavior is due to the fact thdba substrate temperature the
starting materials (Cug@land undesired by-products B} thiourea, etc.) are present
in the films, suggesting that the substrate tentpegas not enough for completing
the chemical reaction, e.g. the droplet hit ontitbesubstrate removing a lot of heat
causing a partial decomposition of the startingemails. CuS thin films prepared at
and above 25T are polycrystalline materials and present a simjlase with a
hexagonal structure. The unique feature of alldiffeactograms is that they contain

the characteristic CuS orientations along the prede(102) plane.
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Cus: 1:1
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Figure 5.1X-ray diffractogram XRD patterns of sprayed film®rh the solution
with the molar ratio Cu:S;1:1 at growth substradéenperatures of 250, 350 and
450°C.

This preferred orientation remains predominantspeztive of the substrate
temperature. The presence of other peaks such(0d3 éhd (103) has also been
detected but with substantially lower intensitiggensity of (102) peak increases
progressively as the substrate temperature cha2§@€ to 350C and then it
decreases afterward for further increase in sulestemperature. The increase in
(102) peak intensity from 280 to 350C temperature may be attributes to the
continuous increase in film thickness from 64 nny4onm. Decrease in (10ppak
intensity after 35¢C might be ascribed to the fact that at these saflest
temperatures, there is complete thermal decompaosif sprayed droplets before
reaching hot substrate due to unsuitable thermatggn(higher) than required for
perfect decomposition and subsequent recrystatizatThis evolution can be

interpreted by the fact that increase in the sabesttemperature improve the
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crystallization of films of CuS. However, at higheamperatures, the temperature
effect yields to the formation of the defects i thim and can also lead to the
deterioration of the structural quality of film$.Has been reported that the preferred
orientation of CuS film on glass substrate is ddddy source compounds, growth
parameters such as solution concentration, soldéed rate, spraying gas pressure,
substrate temperature and solvents. The enhanceofhethte crystal structure at
temperature above of 3%D is due to growth of the films carried out by tloey
temperature spray pyrolysis process, the solvepbnzes near to the surface
substrate then the resulting solid melts and vaperand the vapor diffuses to the
substrate which undergoes a heterogeneous readtias. known that at high
substrate temperature, the mobility of the ad-at@nmggh and this fact promotes that
ad-atoms be able to diffuse reaching a nuclei drat tlesorption of product

molecules from the surface be carried out.

CuS: 1:2
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N 450"

[102]

[103)
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Intensity
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250

N 24 X X2 LD R M X OB O 42 M M 48 =
2 Theta

Figure 5.2 X-ray diffractogram patterns of sprayed films frahe solution with the
molar ratio of Cu:S;1:2 at growth substrate temipees of 250, 350 and 4%0.
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In Fig. 5.2, the most intense diffraction peak frone CuS reference was
observed at 29.2%nd can be attributed to either the hexagonal)(féfection. At a
substrate temperature of 280 the reflection at 31.80arise from the hexagonal
(103) plane. And the other reflection at 29.25possibly raised from the hexagonal
(102) plane. The peaks shape indicates that thes filave good crystallinity. At a
substrate temperature of 380 the XRD patterns show the hexagonal phase of the
plane (102). Finally, CuS films grown from 1:2 sidn at 250 and 35C substrate
temperatures crystallize in polycrystalline struetas proved by distinct appearance
of the (102)and (103) peaks of hexagonal crystal structure (Fig. 5.BusTit can be
seen that the crystallites in the film are (102)emtated. This means that the
preferential orientations of crystal growth areosgly dependent on the substrate

temperature.

CuS: 2:1

(102)

(200)

Cuo 350°C

Intensity (Arb. Units)

Figure 5.3 X-ray diffractogram patterns of sprayed films frahe solution with the
molar ratio of Cu:S;2:1 at growth substrate tempees 250 and 35C.

The films were also deposited from Cu-rich soluiarsing Cu:S molar ratio
of 2:1. The XRD pattern of the CuS films deposiee®50C substrate temperature
in Fig. 5.3 shows a mixed pattern of CuS and Cu@icating that there was a phase
transformation from CuS to CuO. This implies thamng sulfur sites are replaced by
oxygen in the films. As thedlis increased to 38G, CuO peaks are increased with
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substrate temperature and CuS diffraction peakgappear with a preferential (102)
orientation. This means that CuS film can be camepartially to the CuO phase.
These cause the deterioration of crystallinity led CuS films. Consequently both,
the deposition temperature and molar ratio of s have the effects on the
crystallization in sprayed CuS thin films. Therefor is shown that the intensity of
the XRD peaks was enhanced with the increase ofstiiestrate temperature.
Substrate temperature is one of the most imporfaotors which affect the

crystallization of films. The energy and the mdpilof atoms on the surface of the
substrate are dependent on the substrate temperdinactly. High temperature
means high energy and high atom mobility, whichadreeneficial to crystallization.

The polycrystalline structure of the CusS thin filimss been revealed from the
X-ray diffraction patterns confirms this properfyig. 5.1, 5.2 and 5.3 shows the
XRD images for three films deposited at differenbstrate temperatures 250, 350
and450C. The difference between the three images wasrappespecially those of
the lower substrate temperature, where the deosityains and the grain size were
larger at the higher substrate temperature whiclcassistent with the afore-
mentioned results of the X-ray diffraction patternEhe narrowing of the lines of
crystal grow that the higher substrate temperameans that the grain size had
increased. The difference in the grain size bec#se apparent at the higher
substrate temperature, which means that the ratecocéase in grain size becomes
slower. This result is consistent with the behawiothe crystallinity of the films, due
to this process, coherent growth with the undedygnains do well proceed and new
grains are nucleated on the top of the precedirgg.orincrease in crystallinity and
crystallite size with substrate temperature is tu¢he optimum rate of supply of
thermal energy for recrystallization with substraemperature. The values of

crystallite size for different substrate temperasuare shown in Table 5.1.
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Table 5.1 Structural parameters of spray deposited CuS s fwithin substrate

temperature and molar ratio.

Substrate Temperature

250°C 350°C 450°C
CuCh 1 1 2 1 1 2 1 1
Thiourea 1 2 1 1 2 1 1 2

Grain Size (A) g 519| 7196 6.279| 9.432| 8.099 7.478 7522 6.133
(102)-plane

Thickness(hm) 64 50 48 74 62 56 55 44

As seen in Table 5.1, the grain sizes of the sanjplereased and FWHM
decreased as substrate temperature increasingyimgpthat the crystallization
degree was improved with the rising substrate teatpee because the rising
substrate temperature improved the mobility ofdeposited atoms. We expect that
this increase in grain size could not continue vintreasing substrate temperature,
but it reaches a certain value after which no fnmtincrease occurs. Also the
crystallite size of all films increased initially ith the increase of substrate
temperature and reached a maximum value af@%thd became more or less
constant afterwards. The increase in grain sizk thié growth temperature could be
attributed to the enhanced reaction kinetics amtwegsprayed droplets as well as
improvement in the ad-atom mobility on the substsairface. The decreasing trend
of grain size with the increase of strain due te thtarded crystal growth as the
stretched lattice increases the lattice energydamihishes the driving force for the

grain growth in the sprayed CusS films.

5.5 Annealing of the CuS Thin Films

CusS film is known to exist in the hexagonal crylsigdaphic forms. Fig. 5.4
shows the XRD spectrum of sprayed CuS film on state heated at 3%D using
the Cu:S molar ratio of 1:1. This film is crystaéid as hexagonal type with a strong
peak corresponding to the (101), (102) and (103gctions, respectively. All
deposits show this preferential orientation. Therefthe as-deposited film showed a
main diffraction peak at@= 29.28, corresponding to the (102) diffraction of the

hexagonal CusS film.
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It is well-known that post-annealing is an impottanethod to improve
crystal quality. For the annealing process, théodaions and other defects arise in
the material and adsorption/decomposition occuig. -5 shows that the intensity
of (102) reflection increases with the annealinggerature. It is attributed that this
increase of peak intensity to the enhancement wdtels, rearrangement of atoms
and removal of residual stresses/defects formeunhgitine film deposition. It can be
seen that sprayed CusS films shows sharp XRD réfleqieak detected at 29%5
suggesting that the growth is along the c-axis @abiim the substrate. The intensity
of the peaks relative to the back ground demorestraigh purity of the hexagonal
CuS phase and good crystallinity of the sampleg XRD patterns from the as-
grown CuS film and annealed at 260 (Fig. 5.5) indicate a (102)-preferred
orientation, which suggests that the film is aligneith the c-axis oriented

perpendicularly to the substrate surface.
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Figure 5.4 X-ray diffractogram of CusS film sprayed at 380substrate temperature
and annealed for 90 min. at 280(Cu:S;1:1).
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Figure 5.5X-ray diffractogram of Cu$S film sprayed at ©°C substrate temperatu
and annealed for 9@in. at 25°C (Cu:S;2:1)

In Fig. 5.5, the strongest detected (hkl) peak wlaserved at 6 values of
29.28, corresponding to the lattice plane (102) in Cuflicating that a small
amount of sulfur had entered the lattice of CuS andstituted some oxygs
contents. The annealed samples show that as tetmgeracreases the intensity
dominant peaks increases and width decreases. #ither annealing proces
oxygenatoms obtained enough kinetic energy to leave tadice sites by therm
disturbance and sulfur atoms diffused into the CatSce to occupy the oxyge
vacancies. It is clear that the strong peak intgregiXRD patterns increases with t
annealingreatment, which means that this treatment leadstmprovement in th
crystallinity of the films. It can be concluded thlhe highest changes were obser
in the films with annealing. These results couldrelated to the decrease in -
defect densy due to the oxygen chemical desorption mechaniam grain
boundaries, which is more significant when the aling is performed at annealil
temperature (25(C). With the annealing temperature, the intensity(192) peak
increased while the intensityf other peaks unannealed films is very less, w
indicates that the layers annealed at’C showed better crystallinity than the lay
unannealed films. Initially, there were many crilges present in the -deposited

films that exhibited less intse peaks and when the layers were annealed
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particular temperature, the small crystallites grete larger ones with an improved
crystallinity. The observed structural changes waeatteibuted to the coalescence
induced grain growth during the annealing procelssrev smaller nuclei could easily
rotate compared to the larger nuclei in order tmimize the interfacial energy.

Therefore, it can be said that with annealing tenaipees, the atoms have sufficient
thermal energy to move into stable positions, st #tructural reorientation occurs,

leading to a significant increase in the intensity102) plane.

In general, the FWHM of @ values are related to the grain size of the film
that the FWHM of the (102) diffraction peak is imstely proportional to the grain
size of the film. Thus, smaller FWHM means largee grain size and better the
crystal quality of the film. From Fig. 5.5, it cdoe seen that the intensity as well as
full width-half-maximum (FWHM) of (102) peak is depdent on annealing
temperatures and the film remains highly orientath whe c-axis normal to the
substrate. Also the intensity of the (102) diffrantpeak becomes stronger and there
is decreasing full width at half maximum (FWHM), améng an improvement in the
crystallinity and larger crystallite size of thénis can be obtained. Thus it can said
that the FWHM of XRD depends on the crystalline Ifquaf each grain and the
distribution of grain orientation. The increasecoystallite size with the increase of
annealing temperature is mainly due to coalescefhsenaller nuclei or neighboring
grains resulting in the improvement of crystalynitAnd it may be due to the
removal of defect levels after heat treatment, Wwhecfrequently observed in films
prepared using spray pyrolysis methods. Major im@neent in the grain size was
observed by annealing the layers. The results médafrom XRD studies revealed
that the crystalline quality of the film grown a&@®C substrate temperature can be
greatly improved through annealing. And also isiwwn that crystallinity of the
film was found to increase with increase in sulteti@mperature and annealing

temperature.
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Figure 5.6 X-ray diffractogram of CuS film sprayed at °C substrate temperatu
and annealed for 9@in. at 25°C (Cu:S;1:2).

5.6 Optical Properties of the CuS Thin Film

The optical properties of the investigated samplese studied by the meth
of the spectral optical transmission. All the filresow the transparency and gc
adherence to the substrate. As the examinationorse dor the filn-substrate
combination, the transmission of the substratedsis measured and subtracted.
5.7 shows the transmittance of CuS films prepatedaous substrate temperatu
with theratio Cu:S;1:1. It can be seen that the opticalgmassion improves whe
the substrate temperature increases. This mayubetal the decreased opti
scattering caused by the decrease of grain bountansity owing to the increase
grain size. Theilm deposited at the substrate temperattT<=350C) shows an
optical transmittance above 74% in the visible sagwith a steeper optic
absorption curve, which indicates a relatively éettrystallinity and lower defe:
density near the band ed:
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Figure 5.7 Transmittance versus wavelength for CuS films megbaat various
substrate temperatures) {s=350°C; (b) Ts=250C.

From this spectrum an abrupt absorption edge an@@@an be seen, which
is characteristic of a material with a direct eryelb@and gap (g. It can be seen that,
the transmittance spectra for all samples has bestted into three special regions:
() the strong-absorption region (a lowering of ab40% in transmittance), wheke
is typically smaller than 600nm; (ii) the transpareegion, where\ is typically
higher than 2000 nm and (iii) the absorption redietween the two latter regions.
Also, the obtained spectra of the CuS films arerattarized by the typical
semiconductor material with good optical qualitixeTobserved higher transmittance
at the substrate temperature 35@ould be due to less scattering effects, improved
structural homogeneity and better crystallinity \hits decrease at low substrate
temperature 25C was due to the stoichiometric deviations. And ititerference
peaks present in each spectrum confirm that thesfdre uniform. The sudden fall of
transmission below 500 nm is most probably duehéoabsorption edge. The films
prepared at 25C substrate temperature show less transmittanceshatter
wavelengths, whereas film prepared at’858ubstrate temperature revealed higher
transmittance. The variation in absorption edge tmpsobably due to the
improvement in structural order, removal of resldisresses and quantum

confinement effects. This behavior is probably tuéhe increase in the crystallite
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size. It is known that intercrystallite boundaribsjng highly disordered and a sink
for impurities can have properties very differemanh those of the crystallites giving
a marked contribution to the optical transmittaatée thin films. Thus the increase
in transmittance with substrate temperature isibatied to the improvement of

crystallinity and stoichiometry as shown by XRD.

From the absorbance data, the absorption coeffi@@ras a function of the
photon energy was calculated and plotted for thectliallowed transition by using
formula:

(ahv)?ahv — E, (5.1)

whereE, is the transition energy gap ahdis the photon energy. It can be observed
that the absorption coefficient increases expoabytiwith increases of photon
energy. The variation af with hv can be attributed to the optical scattering at the
grain boundaries and the intrinsic absorption duéigh concentration of defect
states in the grain boundaries. The optical barus gaomputed from the above
relation are estimated to be 2.38, 2.10 and 2.3%0e\films obtained at substrate
temperature of 250, 350 and 460 respectively. It is found that the band gap gyer
is decreased from 2.38 eV to 2.10 eV as the depodiémperature was increased
from 250C to 350C. This behavior indicates that when the substieteperature
was increased, the band gap shifted to a lowerggneslue with the increase in
deposition temperature and transmittance. Theatbtjche decrease of optical band
gaps is related to the volume change with temperatand electron-phonon
interaction. As the films were deposited at higteenperature, the crystallites began
to move and tended to agglomerate easily. As dtredbe band gap of crystallites
decreases with increasing substrate temperatuiiehwidicates that crystallization,
would cause the gnarrowing. It could be explained by crystallinatetimprovement
with increasing the substrate temperature. Alse sthift observed at absorption edge
toward lower photon energies for thin films depedion heated substrates could be
attributed to the increase in crystallite size ahdnge in the stoichiometry due to
loss of oxygen, resulting in the formation of sballacceptor levels in the forbidden
band of CuS thin films. It is clearly seen thathwihcreasing substrate temperature
up to 356C, the E of the films is broadened and the grain size iases. This is
explained by the fact that the free electrons ragped at grain boundaries. When the
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grain size increases, the density of grain bourdailiecreases and as a result fewer
carriers are trapped in the space charge regiadjrig to a higher amount of free
carriers. It is observed that the substrate tenperamostly affects the band gap of
the films. Then the band gap energy is increase@.3% eV as the deposition
temperature was increased to %50lt is indicates that the energy band gaps, for
CusS films increase with increasing substrate teatpez while microstrain increases
and grain size decreases. Thus it can be saidht@ahicrostrain in the films causes
an increase of the bandgap. The compressed latieepected to provide a wider
band gap because of the increased repulsion betiheesulphur 2p and the copper
4s bands.

This results show that the variation of grain swigh energy band gap,
substrate temperature and microstrain. A dependaincand-gap energy shift on the
grain size is attributed to a electron confinenmedfect related with the grain size in
the films. It was observed that when the grain siss increased, the band-gap
shifted to a lower energy value and the decreaseostrain. Also, shift observed at
absorption edge toward lower photon energies fer fitms deposited on heated
substrates could be attributed to the increaserystallite size and change of the
stoichiometry of the films, resulting in the fornmat of shallow acceptor levels in the
forbidden band of CuS films. Therefore, the thieks can cause increase of the
grain size which decreases the apparent energylt@pdecrease of the energy gap
by the grain size will be due to diminishing of theantum size effect. This means
that the size of the cluster of grains composirgas-deposited film is small enough
to cause the quantum effects. From the resulttwétare analysis, it is apparent that
the optical band gap decreases with the decreadefeéts and with the increase of
grain size. Since microstrain is the manifestatbdislocation network in the films,
the decrease of microstrain indicates a decreastheofconcentration of lattice
imperfections and the formation of high qualityrfd with increasing grain size and
improvement in the crystallinity with less defecthe change of energy band gap
and lattice strain with grain size could infer thia lower the lattice strain, the lower
the energy band gap. This implies that latticeirstira the films restricts the growth
of grains. This may come from the retarded crygtalvth due to the stretched lattice
that can increase the lattice energy and diminighesriving force of the growth. As

a result, the crystallite size of CuS films canirifeienced by factors such as defects,
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impurities, microstrain, energy band gap and théden Also, it can be seen that the
band gap decreases as the film thickness increBisissdecrease of the band gap can
be due to the influence of various factors suclgras size, structural parameters,
presence of impurities, and deviation from stioaiétry of the film and lattice
strain. Therefore, it is observed that the graie sand the strain have a direct
dependence on the film thickness. As a result, dbserved decrease iny Bnd
microstrain with increasing grain size could beiladted to the improvement of the

crystallinity.

Fig. 5.8(a) and (b) shows theh{)? versushv plots of CuS film deposited at
35(0°C substrate temperature with the ratio 1:2, 2:1-fdinannealed and annealed,
respectively. The stoichiometry of the thin filngsimproved, i.e. , the defect number
decreases with annealing treatment and the ligist dtue to the scattering of defects
centers decreases resulting in the increase dfahemittance. Annealing treatment
can increase the homogeneity and crystallinity ke structure of the films and
decrease the defect density at the edge of enangy dpap. From Fig. 5.8 (a) and (b),
the plots of ¢hv)? versushv indicate that there is some tailing in the band lgelow
the absorption edge. This means that there istadogcentration of impurity states
in the thin films which can cause a perturbatiorth&f band structure with the result
that the parabolic distribution of the states Wil disturbed by a prolonged tail into
the energy gap. The tails in the optical spectrthefthin films could be due to the
broadening of the impurity levels and their spabtakrlap into a band. At high
concentrations, the impurity band merges with tbarest intrinsic band. Due to this,
the Fermi Level will lie inside the parabolic porti of the appropriate band. Thus,
less activation energy will be needed for the eters to move from the Fermi Level
into the conduction band. The tails could also be t ionized donors which could
exert an attractive force on the valence band. Tihims were deposited at 3%D
substrate temperature and annealed at@&®air for 90 min. The direct gap values
for different Cu:S ratios and annealed and unaede#hin films were listed in
Table 5.2. It was observed thaf i§ depended on the Cu:S ratios. The optical band
gap of CuS film decreased with the annealing teatpez, the minimum optical
band gap of CuS film reached to 1.95 eV at an dimgegemperature of 25C. The
temperature dependent parameters that affect td dp@p are reorganization of the

film, selenium evaporation and self oxidation oé fiim. The reorganization of the
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film should occur at all annealing temperatures.fiByg the voids in the film one
expects denser films and smaller energy gaps. €beedse in band gap after heat
treatment for CuS films may also be attributedhite guantum confinement of the
charge carriers in very fine nanocrystalline gralmgharacteristic of the film that is
affected from its crystallinity is the optical bagdp. It is obvious that the optical
bandgap decreases when the grain size increass, Gitystallization via nucleation
and growth becomes possible and depends on thalargéemperature. Also, the
crystallization of the CuS films increases with #renealing temperature. It may be
due to reduction in the grain boundary scatterimigen crystalline size increases,
which supports the XRD results. As the thicknesgeaases, the band gap energy
decreases, which may be attributed due to graiwthr@and increase of localized
grain boundary, which in turn increases the poiatedts. The most important
influence of the annealing process on the optidsdracteristics is related to
recrystallization of the CuS crystallites. Changasthe bandgap energy with
annealing temperature can be associated to chamgjes lattice parameter, induced
strains due to thermal expansion and to size groivthe crystallites. The bandgap
energy decreases when the lattice parameter desremben the size of the
crystallites increases. And also the decreased bapdafter annealing is due to the
improvement in the crystalline nature of the maitleihe authors reported two main
reasons for this behavior. The first reason ofdinect band gap shift was the effect
of the lattice changes, which relates to the chaofgelectron energies with the
volume. The second reason was the direct renoratigiz of the band energies due

to the temperature dependence of the electron-phimeractions.

Generally in polycrystalline semiconductors, theergy band gap can be
affected by the stoichiometric deviations, quantsize effect, change in preferred
orientation of the films, dislocation density andatder at the grain boundaries. The
decrease of energy band gap with annealing tempegtcould be due to the
formation of localized states in the band gap negihese states might be induced in
the band gap because of the structural disordetadtiee sulfur deficiency. This high
concentration of impurity states cause the banacstres to perturb, resulting in a
prolonged tail extending in to the energy band géme width of the band tails,
known as Urbach tails, was evaluated to quantié/dtructural disorder. Moreover,

the energy band gap could also be influenced bwé#nation of particle size with
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annealing temperature as it is in the nanometeyerafherefore in the present study,
both the stoichiometric deviations and improvementthe particle size could
contribute to the decrease of energy band gap enfitms with the annealing

temperature.
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Figure 5.8(a) The @hv)? versushv plot of unannealed CusS film with the 1:2, 2:1

and 1:1 ratio at substrate temperature’@50
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Figure 5.8 (b) The @hv)? versushv plot of annealed for 90 min. at 28D CusS film
with the 1:2, 2:1 and 1:1 ratio at substrate temipee 356C.
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Table 5.2estimated band gapgEand activation energy for different Cu:S
ratios in CuS films deposited at 380 substrate temperature with annealing for
90 min. at 250C.

Table 5.2 The bandgap energy values of CuS thin films withanobealed and

annealed.
Sample Without annealed Annealed thin
Number Cu:S Ratio thin films ‘E ¢ (eV) films ‘E4’ (eV)
1 1:2 2.28 2.20
2 2:1 2.41 2.35
3 11 2.10 1.95

It is observed from these results, the optical giigtn measurements indicate
that the absorption mechanism is due to directsitians for the as-deposited and
annealed films. The corresponding values of opte@rgy gapE, are found to
decrease with the annealing treatment due to th@owed crystallization of the
films, can be attributed to an increase in thehefmally induced crystalline phase.
Therefore, there are two possibilities to improlie trystallinity of the films; the
increase of the grain size to decrease the nunflggam boundaries; the decrease of

the barrier height at the grain boundaries.

The XRD data are also used for the calculationhef lattice constant, the
crstallite size, the microstrain and the disloaatidensity. Table 5.3 shows the
crystallite size, the microstrain, the dislocataemnsity and lattice constant associated
to the (101), (102), (103 and (200) peaks. Fronse¢hesults, we can see that the
fundamental effect of the substrate temperatures solution concentrations is
related to an increase in the size of the crystalland a decrease in the lattice
parameter, dislocation density and the microstrdims behavior shows that the
strain and dislocation density decreases, wheream gize increases with the
increase of substrate temperature, which indidghgmprovement in crystallinity of
the films. And data shows that the lattice constaihthe films deviates which
indicates that crystallites of films are under isied that may be due to the change in
nature and concentration of the native defectsoAhe decrease in the value of the
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lattice constant as substrate temperature andi@olobncentration is raised may be
attributed to the re-orientation of the crystaflita the preferable direction.

From the datas, it can be understood that miciastnathe film is tensile. It
decreases with variation of solution concentratiandicating existence of more
relaxed films for the ratio of Cu:S;1:1. This meahat the crystallinity becomes
better in the the ratio of Cu:S;1:1 films. The graize increases with substrate
temperature increases. As deposition temperataredres up to 380, amount of
solute (i.e. Copper chloride) reaching on the s@rfaf the substrate increases to
form film and therefore the electrostatic interaotbetween solute particles becomes
larger thereby increasing the probability of momdute particles to be gathered
together forming a grain. Thus as the thicknesseases, grain size also increases,

which also indicates the improvement in crystatiraf the films.
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Table 5.3 Some crystal structure parameters of the samplés mespect to the

substrate temperature.

Substrate Temperature (T=456C)
Lattice Grain Dislocation
CuS (1:1) | (hkl) | Constant (A) Size (A) Microstrain Density
102 5.713 7.522 8.769 7.971
CusS (1:2)
102 5.013 6.133 8.973 8.191
Substrate Temperature (T=356C)
Lattice Grain Dislocation
CuS (1:1) | (hkl) | Constant (A) Size (A) Microstrain Density
101 4.567 8.126 0.0421 0.7972
102 5.825 5.132 0.0627 0.5312
103 6.730 6.167 0.0579 0.4027
CusS (1:2)
102 6.763 5.499 0.07463 0.53158
103 8.883 7.697 0.08654 0.4974
CusS (2:1)
102 6.825 7.973 0.0387 0.5317
CuO 200 4.665 6.173 0.0519 0.758
Substrate Temperature (T=256C)
Lattice Grain Dislocation
CuS (1:1) | (hkl) | Constant (A) Size (A) Microstrain Density
101 4.926 9.238 0.0586 0.8321
102 6.823 7.119 0.06129 0.4427
103 8.781 8.017 0.08910 0.5763
CuS (1:2)
102 6.192 6.096 0.11251 0.7123
CusS (2:1)
102 7.129 8.279 0.1064 0.6174
CuO 200 5.917 7.917 0.0889 0.7691
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It is observed from Table 5.3 that the microstmiinthe the ratio of CuS;1:1
exhibits a slow increasing trend up to the valuéhef(101) and (103) peaks from the
data of the (102) peaks with the substrate tempest This type of change in
microstrain may be due to the predominant recryzsstion process in the
polycrystalline thin films and due to the movementinterstitial Cu atoms from
inside the crystallities to its grain boundary whdissipate and lead to a reduction in
the concentration of lattice imperfections. Dislii@a density is defined as the length
of dislocation lines per unit volume of the crystalso it can be seen that the
dislocation density similarly gradually decreasathwhe peaks of the XRD results at
the ratio of CuS;1:1 as like the above resultssitevident that a good thermal
treatment can largely decrease the film dislocataensity and improve its
crystallization. It is observed that the variatmfrdislocation density and microstrain
generated in films with solution concentration. i# seen that, as solution
concentration of the Cu increases or decreasedigtueation density and microstrain
generated in the films increases. Due to the fedefects in the lattice, the
microstrain in the films gets released and minimeatue of microstrain is obtained
for films prepared the solution concentration of & S is the same thin films with
lower strain and dislocation density improve th@dtiometry of the films which in
turn causes volumetric expansion of films. Therfibican be said that the variation
of crystallite size, microstrain and dislocationnsi¢éy with respect to solution
concentration of the Cughnd thiourea is the same, represents that theostiiain

and dislocation density decreases whereas theallitgssize increases.

Table 5.3 shows that the lattice constant, micaostand dislocation density
of the samples decreases with the increasing suwbstemperature, which is the
indication of typical semiconductor characteristitse decreasing may be due to the
increasing the crystallite size of the samplessHa@havior may also be attributed to
the nanocrystalline nature of the thin films criig@ boundary discontinuities,
presence of surface states, thickness of the fillneschange in structural parameters
and removed of some impurities. Also, the presearic number of defects such as
structural dislocations, disorders and surface nfigpgons play a role in decreasing

lattice constant, microstrain and dislocation dignsi

The results observed that the microstrain in time iintroduced by impurities,
defects and lattice distortions in the crystal, Agdhe lattice mismatch between the

78



film and substrate. It shows that the measured fillorostrain is mainly caused by
the growth process itself. It suggests that theresicain is generated during
deposition due to the freezing of structural defexttlow substrate temperature. The
increase in substrate temperature increases thmeicatmobility and reduces the
structural defects, and thus a relaxation of Clisfis observed. The films deposited
at lower substrate temperature exhibits strong astcain. But for a CuS thin film
grown at higher substrate temperature, the miawstjuickly relaxed due to the
high kinetic energy of growing CuS. From Table SAe can see that microstrain
decreases with increase in substrate temperatunera\as the samples prepared at
35C show a small increase in microstrain. This mayaltebuted to the film

thickness variation or crystallite size of the figmd improvement of the films.

Table 5.4 Some crystal structure parameters of the sampleshvare annealed at
Ta=250C.

ANNEALED (T .,=250°C)
Substrate Temperature (T=358C)
CuS Lattice Grain Dislocation
(1:2) (hkl) Constant (A) Size (A) Microstrain| Density
101 4.012 9.396 0.0221 0.4852
102 4.537 8.317 0.0627 0.3936
103 5.463 7.963 0.0579 0.3287
CuS
(1:2)
102 5.243 7.338 0.06124 0.41478
103 6.371 7.982 0.05321 0.4071
CuS
(2:2) 102 3.515 9.104 0.0387 0.4532

Table 5.4 shows the crystallite size, the micrasiretne dislocation density
and lattice constant associated to the (101), (E0®) (103) peaks. From these
results, it is seen that the fundamental effecttltsd annealing and solution

concentrations is related to an increase in thee@lizhe crystallites and a decrease in
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the lattice parameter, dislocation density andrtherostrain. This behavior shows
that the strain and dislocation density decreasegreas grain size increases with
annealing, which indicates the improvement in @alisity of the films. And data

shows that the lattice constant of the films degawhich indicates that crystallites
of films are under strained that may be due tocti@nge in nature and concentration
of the native defects. Also the decrease in thHeevaf the lattice constant as
annealing and solution concentration is raised begttributed to the re-orientation

of the crystallites in the preferable direction.

From the datas, it can be understood that micriosimathe film is tensile. It
decreases with variation of solution concentratiandicating existence of more
relaxed films for the ratio of Cu:S;1:1. This meahat the crystallinity becomes

better in the the ratio of Cu:S;1:1 films. The graize increases with annealing.
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CHAPTER 6
CONCLUSION

The purpose of this study is to prepare CuS filnmslewm the different
conditions using the spray methddrstly, a non-uniform and easily detachable film
formation was observed at lower substrate tempesitTs<350C) and at higher
substrate temperatures (Ts>35Q The lower thermal energy available for the
molecules in the solution at this lower depositimmperature can also cause
incomplete reactions between the precursors on stéace of the substrate.
However, the films prepared at 38Dsubstrate temperatures are uniform and good
adherent to the glass substrates and the qualibhedbrmed films are improved. It is

found that the best results of the film formatioere/obtained at 35G.

The intensity of the XRD peaks was enhanced with iticrease of the
substrate temperature. Substrate temperature isobtlee most important factors
which affect the crystallization of films. The int&ty of CuS (102) peak increases
with increasing the substrate temperature and ¢laé& pecomes narrower indicating
an improvement of the crystallinity. This meanst ttee grain size of the thin films
increases with increasing substrate temperaturBerdiffraction peaks, such as
(101) and (103) are also detected indicating thatfilms are polycrystalline with a
preferred orientation along the (102) directionisTeuggests that crystallinity and
the preferential orientation increased with the@asing substrate temperatures. The
results show that CuS films crystallised in hexajostructure as all recorded
diffraction peaks are characteristic for the pojgtalline structure. With the
increases of the substrate temperature, the quulttye formed films was improved.

It can be seen that the crystallites in the film @02) orientated. This means
that the preferential orientations of crystal grovere strongly dependent on the
substrate temperature. The grain sizes of the smmpicreased and FWHM

decreased as substrate temperature increasingyimgpthat the crystallization
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degree was improved with the rising substrate teatpee because the rising
substrate temperature improved the mobility ofdbposited atoms.

It is well-known that post-annealing is an impottanethod to improve
crystal quality. The annealed samples show thatteagperature increases the
intensity of dominant peaks increases and widthiedses. It is clear that the strong
peak intensity of XRD patterns increases with theealing treatment, which means
that this treatment leads to an improvement inctlystallinity of the films. It can be
concluded that the highest changes were observir ifilms with annealing. These
results could be related to the decrease in thectlefensity due to the oxygen
chemical desorption mechanism at grain boundanbih is more significant when
the annealing is performed at annealing temperg@86’C). With the annealing
temperature, the intensity of (102) peak increagkile the intensity of other peaks
unannealed films is very less, which indicates that layers annealed at 260

showed better crystallinity than the layers unateteiims.

The optical properties of the investigated samplere studied by the method
of the spectral optical transmission. All the filresow the transparency and good
adherence to the substrate. The film deposited hat gubstrate temperature
(Ts=350C) shows an optical transmittance above 74% invibible region with a
steeper optical absorption curve, which indicateslatively better crystallinity and

lower defect density near the band edge.

The optical band gaps computed from the aboveioalare estimated to be
2.38, 2.10 and 2.35 eV for films obtained at su#tettemperature of 250, 350 and
45@C, respectively. It is found that the band gap gnés decreased from 2.38 eV
to 2.10 eV as the deposition temperature was iseteérom 256C to 350C. This
behavior indicates that when the substrate temyreratas increased, the band gap
shifted to a lower energy value with the increasedéeposition temperature and
transmittance. As a result, the band gap of ciyt&tsldecreases with increasing
substrate temperature, which indicates that ctiagibn, would cause the 4E
narrowing. It could be explained by crystallinetstamprovement with increasing the

substrate temperature.

The crystallization of the CuS films increases wita annealing temperature.
It may be due to reduction in the grain boundargttecing, when crystalline size
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increases, which supports the XRD results. As liekhess increases, the band gap
energy decreases, which may be attributed due @m ggrowth and increase of
localized grain boundary, which in turn increasbe point defects. The most
important influence of the annealing process onapigcal characteristics is related
to recrystallization of the CuS crystallites. Chasign the bandgap energy with
annealing temperature can be associated to chamgjes lattice parameter, induced
strains due to thermal expansion and to size groivthe crystallites. The bandgap
energy decreases when the lattice parameter desreamben the size of the
crystallites increases. And also the decreased bapdafter annealing is due to the
improvement in the crystalline nature of the maieri

The corresponding values of optical energy ggpre found to decrease with
the annealing treatment due to the improved ciyzdibn of the films, can be
attributed to an increase in the of thermally iretlicrystalline phase. Therefore,
there are two possibilities to improve the crystél of the films; the increase of the
grain size to decrease the number of grain bouesiathe decrease of the barrier
height at the grain boundaries.
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