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PREFACE

Wide band gap polycrystalline CdsS CEg=8.42eV3 thin
films are extensively used as a window material in
heterojunction solar cells together with several narrow band
gap semiconductors ( CUaS. CdTe, CuInSe2 etc.3. Recently very
thin CdS films, prepared by chemical technique are found to be
extremely useful as the window material in thin film solar
cells with efficiency >12%. In the present work the analysis
of chemically prepared single layer CdS as well as CdS based
bilayer films are done using different techniques. The major
tool used for this work 1is a home made Variable Angle
Spectroscopic Ellipsometer (VASED.

Ellipsometry is a non destructive optical technique
for the surface analysis of thin films and crystals. It
bel ongs to a class of optical instruments in which
polarization represents the fundamental property of the light.
Ellipsometry is the optical characterization technique 1in
which the change in polarization state of 1light that occurs
due to reflection from the surface of a sample is measured and
interpreted to determine the physical properties of +the
sample. In spectroscopic ellipsometry the measurement and
analysis are done as a function of wavelength. Since
ellipsometry is highly sensitive to the surface imperfections,
inter diffusion, interlayer formation in multilayer thin film
system, etc.; this technique gives the information about the
surface roughness, structural changes and layer structure of
the thin films under investigation. Here Bruggeman's effective
medium theory is used for the volume fraction analysis of
mixed layers with the help of ellipsometry. Photometric
ellipsometer calculate the parameters y and A using the
measured values of intensity of reflected 1light from the
sample surface. The values of these two parameters are used

for the calculation of optical parameters of thin film system.



In the VASE system fabricated for the present work the azimuth
of analyser and polariser can be measured with an accuracy of
1 minute while the angle of incidence can be measured at an
accuracy of 20 secs. The accuracy of intensity measurement is
+0.5% of full scale reading of 4 12 DMM. The possible wave
length range is 400-750 nm. The angle of incidence can vary
from 20 to 80°

In this thesis we describe the details of the
construction of VASE C(photometric typed and the methods and
application of this sensitive equipment to study surface,
interlayer structure and material properties of thin films. We
have also used the other characterization techniques 1like
X-ray Photoelectron Spectroscopy (XPS), X-ray Diffractometer
CXRD>, Scanning Electron Microscope C(SEM), Spectro Photometer
and in some cases electrical conductivity measurement for
corroborating the results. The materials selegqted for these
studies are CdS, SnO2 and CuInSe2 which find large application
in thin film solar cells. The single and bilayer thin film
systems used for the study are CdS, CdS-Cu, CdS/SnC; and
CdS/CuInSez. These films are prepared by different techniques
like spray pyrolysis, vacuum evaporation and chemical bath
deposition CCBDD.

The chapter 1 gives an introduction to the works
presented in this thesis with emphasis on thin films. A brief
description of different preparation techniques of thin films
and methods of thickness measurements are given. The bilayer
structure of thin films is also discussed in this section
which has applications in thin film solar cells. A detailed
account of optical reflection and transmission by an
ambient-film-substrate system is given along with a brief
introduction to ellipsometer. Towards the end of this chapter,
a brief description of the techniques used for the optical
studies of thin films is added. The other experimental

techniques used in the present study for the characterization
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of the samples like XRD, XPS, SEM are also described in this
chapter after dealing with the optical techniques.

The chapter 2 contains the detailed description of
theory of ellipsometry and the variation of polarization due
to different optical components used in ellipsometry. Jones
matrix is used for this analysis. It also contains an account
of photometric ellipsometer and a brief description of other
ellipsometric systems. Next part of this chapter describes
the VASE set up (Polarizer-System-Analyzer) fabricated as a
part of this work and different components used for this such
as light source, polarizing elements, monochromator, 1light
detection and signal processing etc. It also describes the
measurement of y and A spectra of glass surface.

The chapter 3 contains the calculation techniques of
photometric ellipsometer. This chapter also includes the
computer programming techniques used in the forward and
reverse problems. Ellipsometer measures only the parameters y
and A and not the material parameter. These material
parameters Clike thickness, refractive indices
surfacesinterface roughness etc) have to be inferred from the
ellipsometric parameters by selecting the correct optical
model . The parameter values of the best fit model is
attributed to the film system. This section describes the
techniques for selecting the best model by minimizing the
error values. In order to get the best results using VASE, the
angle of incidence and wavelength should be in the most
sensitive region of the system. Here the sensitive regions of
w and A of the CdS single layer film, and two CdS based
bilayer films C(viz. CdS/SnO2 s CdS/CuInSea) which are studied
in the present work are given. The analysis of rough
surfacesinterface wusing the Bruggeman’s effective medium
theory CEMID> is also included in this chapter. This chapter
comes to an end with the flow chart of the FORTRAN computer

programme used for the analysis of various parameters of the
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multilayer thin film systems analysed in the present work.

Chapter 4 describes the details of spray pyrolysis
technique and the setup of spray coating. The CdS thin films
are widely used as a window material in several thin film
solar cells. The ellipsometric analysis of CdS film prepared
at different temperatures are gi ven. The results of
ellipsometric analysis of variation of surface and structural
properties of these films with preparation temperature are
given along with the supporting results using SEM and XRD
spectrum. The variation of surface roughness of the film is
explained using the growth rate at different substrate
temperature. The refractive index spectra Cin, the visible
regiond of CdS film (both real and imaginary> is calculated
taking into account of surface roughness. The effect of
annealing on surface roughness of the CdS films prepared by
spray pyrolysis technique is also included in this chapter.

Chapter 5 describes the variation taking place on
the CdS-/Cu bilayer thin film systems due to annealing. The CdS
film is prepared by spray pyrolysis and Cu is coated over this
CdS film by vacuum evaporation. The ellipsometer is used for
the studies of diffusion of Cu into CdS due to annealing.
Bruggeman’s EMT is used for the analysis of mixture layers
(CdS: Cu>d. It is observed that the doping of Cu into cas
changes CdS at first into intrinsic,and on increasing the
percentage of Cu in CdS, the latter is converted into p-type.
It has wide application in thin film solar cells because these
films can form CdS homojunctions. The results of the analysis
of CdS:Cu film using XRD., XPS and optical absorption studies
are also given in this chapter along with the electrical
properties of the films.

SnO2 and CuInSe2 are widely used in thin film solar
cells. SnO film is often used as transparent conducting

2

electrode material for thin film solar cell. SnO2 films with

very low resistivity and high percentage transmission are
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prepared by spray pyrolysis technique as a part of the present
work . CuInSe2 is p-type material and it is widely used with
CdS film to form p-n junctions. In the present study we have

prepared Sn0O.-CdS bilayer thin film by spray coating technique

2

and the interface of SnO8 and CdS 1is analyzed using

ellipsometry and the results are given in chapter 6. CuInSe2
film are prepared by CBD technique. The main attraction of CBD
is that it can reduce cost of preparation of thin film and is
very much important in developing low cost photovoltaic
devices. Optical constants of CuInSe2 film are also calculated
in wavelength range 470 to 880 nm and this result is much
useful for solar cell fabrication work. CdS/CuInSe2 films are
prepared by CBD technique. The interface of these layers are
also studied using ellipsometer after annealing at different
temperatures.

The last chapter contains the conclusion of all the
results given in the previous sections and also the scope of
this type of work for the single and multilayer semiconductor
analysis.
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Chapter 1
GENERAL INTRODUCTION TO BILAYER THIN FILMS.

1.1 Introduction.

Today, thin film pervades over every day life as
transparent conductors in LCD, watches and computer displays,
as antireflection coating for cameras, on planar waveguides
for communication, as coating to improve both the colour and
energy efficiency of glass, as highly reflecting mirror
coating, on solar cells and on most of other electronic,
optical and optoelectronic devices. Thin films of metals,
semiconductors and dielectrics have become of increasing
importance for fundamental studies in many fields of physics,
electronics and chemistry. Many workers use such films to
obtain information about the properties of solids in general,
since certain measurements can be made more conveniently using
thin films. Others are more interested in fundamental
properties in thin film form, since they may differ
considerably from those of the bulk materials.

Recently thin films got very high application in the
field of thin film solar cells. The 1970’s have brought the
end of the thought of unlimited source of conventional cheap
energy. The major problem facing the technologists now is thus
how can one use the solar energy to provide preferably high
grade energy in a useful form which is also economically
competitive. In spite of the other major constraints in this
research work the materials one use must also be readily
available and abundant. Tﬁe direct conversion of solar energy
into electricity by photovoltaic is more efficient than other
indirect techniques like photothermal, photochemical etc.

If we analyse the structure of a simple device like
thin film solar cell it can be seen that intensive research is

required for solving the different problems coming up even in



this case. In the case of solar cells, one should prepare
multilayer structure for forming pn junction and also to have
upper and lower electrodes. A large number of materials that
form homo or heterojunctions are used for the fabrication of
photoveoltaic devices. Generally the thin film heterojunction
solar cells fabricated using materials having good photon
absorption capacity will have thickness in the range 3-10 um,
while the bulk devices are about 200-400um thick. The lower
thickness of thin film devices reduces the production coast of
the cell as well as the quantity of the required materials. A
large variety of semiconducting materials are used for the
fabrication of such cells. The impqrtant materials are CdsS,
Cuzs. CdTe, FeS;. InP, CuInSéz. CUZSe. aSi:H etc. and detailed
review of the materials are given by Chopra et al [{i]. Now in
the depletion region of the Junction there can be
interdiffusion of different layers and cause the formation of
an interlayer and these process will be more predominant in
the case of heterojunction.

In solar cells also just 1like in any other
electronic device there should be electrodes. But this should
be transparent and conducting and hence the use of metals as
electrode materials is restricted because they are opaque to
light. Chopra et al, 2] have reviewed about
non-stoichiometric and doped thin films of oxides of metals
like Sn, In, Cd., Zn, and other various alloys that exhibit
simul taneous optical transparency and electrical conductivity
are used as electrode material in solar cells. In some other
design of the thin film cells other layers are required. The
best examples are metallic and dielectric films. Metal films
provide barrier electrodes for Schottky barrier solar cells
and also widely used as the base electrodes for various types
of solar cells. The dielectric films like MgOz. SiOz...etc.
are used as protective layer as well as antireflection coating

over the thin film solar cells.



Thus the cell contain different layers of different
types of materials and these layers can be prepared using
entirely different techniques. The preparation technique used
for one layer should not affect the other layers which are
already deposited. Again as the cell has to function in a high
temperature ambients, there are several other important
problems (Clike interdiffusion between junctions layers,
between semiconductor and electrode layers, corrosion of the
electrode layer etcd which is to be solved through intensive
research. So the studies leading to the characterization of
multilayer films are of great practical importance.

In the present study we analyse a few bilayer thin
films which find great applicatioh in the fabrication of
terrestrial solar «cells. Here we mainly use an optical
technique viz., ellipsometry. The experimental setup required
for this has been fabricated. The necessary theory as well as
the experimental details are included in the following
chapters.

L In the next section we give a brief review of
different techniques for the fabrication of thin films with
due importance to chemical deposition. In the subsegquent
section a review of different techniques used for the analysis
of multilayer thin film is included.

1.2 Techniques for Preparation of Thin Films -
a brief description.

Two dimensional materials of thickness ranging from
few angstroms to few microns can be prepared by various
techniques. Several aspects are to be considered before
selecting a particular technique for thin film preparation and
this mainly depends upon application of the film. For example
.large area thin films are to be deposited by using some low
cost process for the fabrication terrestrial solar cells while

microelectronics requires multilayers over an area of few



square microns. In some cases like heterojunction lasers thin
films of high crystalline quality are required and these are
deposited using techniques like molecular beam epitaxy (MBED.
The different processes used for the deposition of thin films
have been extensively reviewed in many publications [1,3-8].
Generally thin film deposition process involves the following
steps.

1. Creation of atomic/molecular/ionic species.

2. Transport of these species through a medium.

3. Nucleation of these species on a substrate.

Depending upon the nature of creation of these

species the deposition process <can be classified into

different groups mainly physical methods and chemical methods.

1.21 Physical methods.
i.211 YVacuum evaporation.

Deposition of thin films by evaporation is very
simple, convenient and most widely used technique. One merely
has to produce a vacuum environment Cusually of the order of
10™° Torrd in which sufficient amount of heat is given to the
evaporant to attain the vapour pressure necessary for
evaporation. The evaporated material is allowed to condense on
a substrate kept at suitable temperature and at convenient
distance from the evaporant. Different techniques are employed
to supply heat of vaporization of materials and the important

ones are the following.

1.211Ca) Resistive heating.

Resistive heating is the technique in which the
material 1is evaporated by electrical resistive heating.
Details of this is given in section 5.21. This technique is
used for the preparation of metallic films [4-68] and also
semiconducting films 1like CdS [8,10], CdSe ([11,1i2], CdTe
[13,14]) CuSe [15,186] CUZS {17,18], InP (18] etc.



1.211Cb) Flash evaporation

Flash evaporation is used for the preparation of
thin film of multicomponent alloys or compounds containing
constituents having a low melting point and high vapour
pressure. Here a small quantity of material to be evaporated
is dropped on a flat heater that results in instantaneous
evaporation of the material. CuInSe2 fe20,21] films can be
prepared by this technique.

1.211Cc) Electron beam evaporation.

In this technique a stream of electron is
accelerated through field of typically 5-10 kV and focused
onto the surface of material for evaporation. Dielectric films

like Mng. SiOz [22], etec., are prepared by this technique.

1.211Cd> Laser evaporation.

In laser evaporation laser is used as the thermal
source to vaporize the evaporant material and preparation of
thin film. Smith et al (23] have made preliminary studies and
showed that many materials can be vaporized in a vacuum by
direct laser beam. High power COz laser [(24]) and pulsed Nd: YAG

laser [25] are commonly used for evaporation.

1.212 Sputtering.

It has long been known that when a surface is
bombarded with high velocity positive ions, - ;5 results in
the ejection to the surface atoms. This process of ejection of
atoms from the surface by the bombardment of positive ions of
CusuallyYd inert gases is commonly known as sputtering. The
ejected atoms can be made to condense on a substrate to form a
thin film. Sputtering is used for the preparation of different
films CdSe [26]), CdTe [27]1, CdS [28,29], CuInSe2 (301, SiOz
{311, ZnOz [32,33], SnO2 (34)] etc. Several systems have been



employed for the deposition of the thin films by this
technique. The names of important types of sputtering are
menticoned below. (1). CGlow discharge arc sputtering. (2).
Triode sputtering. (3). Getter sputtering (4). Radio frequency
sputtering. (5). Magnetron sputtering. ((86). Facing target
sputtering. (7). Ion beam sputtering. (8). AC sputtering.

1.213 Ion assisted deposition.

Jon related technique of thin film preparation have
been in use for more than two decades. In ion deposition the
desired film material is ionized, and the slightly accelerated
ions of film material are directed to a high vacuum region and
then decelerated before striking the substrate for direct
deposition at low energy. An lIon Assisted Deposition C(IADD
process is a cross between evaporation and sputtering. The
details of film deposition using IAD are given by George [3].
IAD is categorized as follows: (1). Ion plating. (2) Cathode
arc plasma deposition. (3). Hot hollow cathode gun evaporation
(4>. Concurrent ion bombardment deposition. (5). Ion Beam

deposition.

1.22 Chemical Methods.

Chemical deposition techni ques are the most
important methods for the growth of films useful for thin film
solar cells. Generally these techniques do not require
complicated and costly technology or equipment. The wvarious

deposition processes are described in the following section.

1.221 Chemical Vapour deposition.

A simple definition of Chemical Vapour deposition
(CVD) is the condensation of a compound or compounds from the
gas phase onto a substrate where reaction occurs to produce a
solid deposit. The gaseous compound, bearing the deposit

material, if not already in the vapour state, is formed by



volatilization from either a liquid or a solid feed. This is
then made to flow either by gas pressure differenté: or by
the action of a carrier gas, to the substrates. The chemical
reaction is initiated at or near the substrate surface which
produces the desired material in the form of a deposit on the
substrate. This is activated by the application of an external
agency such as heating, rf field, light or X-rays, an electric
arc or glow discharge, electron bombardment etc. a:SiH [35, 361
InP [37], CdTe [38], CdSs [39,401, SiO2 [41,42]1, Sn [43]1 etc.,

are some of the films prepared using this technique.

1.222 Electrodeposition.

Electrodeposition is a process of depositing a
substance upon an electrode by electrolysis. The phenomenon of
electrolysis is governed by Faraday’s law. Various metals,
alloys and semiconducting materials have been deposited by
this technique. For example metals like Cu, Ag, Au, Cr etc.,
[44] and semiconducting materials 1like CdS [45,461, CdSe
[47,48B], CuInSe2 {48,501, CdTe [5B1,52], etc. , are also
deposited by this technique.

1.223 Spray Pyrolysis.

Spray Pyrolysis is essentially a thermally
stimulated reaction between clusters of liquid/vapour atoms of
different chemical species. The main attractions of this
technique are the low cost and easiness to operation. The
detailed description of spray pyrolysis is given in section
4.21. It is widely used for the preparation of thin films used
in thin film solar cells. CdS [83-85], CuInSe2 [86,87), F'eS2
(58,591, SnO2 [60,511, In203 [62,63)], 2ZnO [64)] etec are
prepared by this technique.

'1.224 Chemical Bath deposition.

Film can be grown on either metallic or nonmetallic



substrates by dipping them in appropriate solutions containing
the required ions without the application of any electric
field. The details of chemical bath deposition C(CBDY is
included in section B6.6. Recently this technique has gained
importance in the fabrication of large area and low cost thin
film solar cells. This is used for the fabrication of ¢thin
film Cd8 ([(65-687), 2n0O ([68], CuInSe2 [69-711, InZOB t721,
ShCE [73) etc.

1.225 Screen Printing.

Screen Printing is essentially a thick film process
in which pastes containing the desired material are screen
printed onto a suitable substrate and subsequently the
substrate is fixed under appropriate conditions of time and
temperature to yield components bonded to the substrate. This
technique is used for the preparation of active semiconductor

layers and devices [74,75].

1.3 Measurement of film thickness.

Film thickness is an important parameter and in many
case this has to be measured with an accuracy of few
angstroms. Several techniques are devised for the measurement
of thin film thickness. This may be measured either by insitu
monitoring of the rate of the deposition or after the film
deposition is completed. In the present investigation the
thickness of the films was measured using multiple beam
interferometer, microbalance, ellipsometer and quartz crystal
monitor. Among thise first three techniques are used after the
completion of the film deposition. A brief description of

these technique is included in the following section.

1.31 Multiple Beam Interferometry.
The basic principle involved in this technique is

the interference of light reflected from two surfaces which



are slightly inclined to each other, thus forming an air wedge
{7681. These fringes are known as Fizeau fringes of equal
thickness. During the film deposition, part of the substrate
is masked. After the film deposition the mask is remov:d and a
good reflecting film is deposited onto the film surface
resulting in a step. A parallel monochromatic beam illuminates
the wedge shaped air film formed between the top Fizeau plate
and the step film, giving rise to a fringe pattern. By
measuring the fringe shift (1> and fringe spacing (L)>, the
thickness of the film (t3 can be calculated using the

equation.
1
t = T A €1.15

where A is the wavelength of the light used.

1.32 Microbalance.

The technique is empl oyed for thickness
determination of films with thickness (Ct> t> 2850nm. The
substrate was weighed after film deposition, Then the film was
carefully removed using dilute acid and again weighed. The
difference between the two weights give the weight of the
film. By knowing the dimension of the film and assuming the
bulk density, the film thickness can be estimated. But this is
not an accurate techniques for the determination of very thin

film samples.

1.33 Ellipsometry.

Ellipsometry is a non—-destructive téchnique for thin
film studies. It is widely used for the thickness measurements
for thin films [77]. The details of theory and experimental
technique of ellipsometry is given in chapter 2 and 3. This is
a very sensitive and accurate technique and can be used for

the measurement of thickness of few tens angstroms.



1.34 Quartz thickness monitor.

Quartz crystal thickness monitor is used for insitu
monitoring of thickness of the film as well as for the
determination of deposition rate. The principle involved in
this technique is that the natural frequency of quartz crystal
changes when the material gets deposited on the crystal
surface. So the crystal 1is kept aleong with the substrate
during the film deposition process. The change in frequency of
the crystal which depends on the thickness of film deposited

on the crystal is measured.

1.4 Bilayer Thin Films.

Bilayer or mnmultilayer structures are required in
many different areas of science and technology. Computer
disks, reflectors, antireflection coatings, optical filters,
active electronic devices, solar cells etc., are some of the
important examples where we find the multilayerfilms
essential. These films form different types of interfaces
like, insul ator —semiconductor, semi conductor-metal,
semi conductor —~semi conductor, etc. The two types of interfaces
that are commonly required in active devices are
metal ~semi conductor and semi conductor -semi conductor
interfaces. These multilayer thin films are deposited using
the techniques for thin film deposition described earlier.
Here the second layer is deposited over the first one using
the same technique or a different one. For example we have
fabricated Cu-CdS bilayer system by using two different
techniques. The CdS layer is deposited over glass substrate by
spray pyrolysis technique and the next Cu layer by vacuum
evaporation inside a high vacuum coating unit. In the case of
CdS/SnO2 bilayer film systems same technique is used for the
preparation of both the 1layers. At first SnC; layer is
deposited over glass substrate by spray pyrolysis at 450°C and
then CdS film is deposited by the same technique over SnOz

10



layer at 300°C. Similarly CdS/CuInSe2 bilayer films are
prepared by using the CBD technigque for both the layers. At
first CuInSe2 films are deposited on glass and then the CdS
films are deposited on the CuInSe2 film. The following
sections give a brief discussion on metal -semiconducteor and

semi conductor ~semiconductor interfaces.

1.41 Metal-Semiconductor Interfaces.
Four different types of interfaces between
metals and semiconductors can be delineated.

1. A metal is only physisorbed on the surface of a
semi conductor without making any chemical bond.

2. A non-reactive metal forms a week chemical bond with a
highly polarizable semiconductor but does not form any
compound with it.

3 A highly polarizable semiconductor reacts with a metal
to form one or more chemical compounds.

4. A thin insulating film of native oxide prevents
intimate contact between the metal and semiconductor

Type 1 interface represents an ideal Schottky barrier,
while type 2 interface approximates to the Bardeen barrier. 1..
The following section contains small description of two types
metal ~semiconductor interfaces that forming ohmic contact and
Schottky barrier.

The Schottky  barrier is a metal -semiconductor
(m-sdcontact that possesses rectifying properties. The
rectification of metal-semiconductor was first observed in
1874 by Braun [{78]. Schottky effect is the image force induced
lowering of the potential energy for charge carrier emission,
when an electric field is applied. The detailed treatment of
the barrier is given in several text books {79-84])]. Here a
small description of m-s barrier formation theory is given.
The work function ¢m of the metal is assumed to be larger than

that of the semiconductor work function ¢mu Cas shown in
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Figs. 1.1Cad and 1.1Cb>>. The semiconductor is assumed to be n
type. X, is the electron affinity of the semiconductor. When
the metal is bought into contact with the semiconductor,
electrons from the semiconductor conduction band flow into
metal till the Fermi level in the two substances are aligned.
The band bending in the semiconductor is equal to the
difference between the work functions. The barrier height is
given by Schottky [85)] and Mott [88) independently. A metallic
contact on the n-type semiconductor is rectifying when ¢m >
¢>=c1 and is non rectifying when ¢>m < ¢>=c1. The opposite is
true for a metal p-type semiconductor contact [79].

Bardeen [87)] pointed out the deviation of m-s
contact due to the surface states in a covalently bonded
crystal. The surface states are characterized by a neutral
level of ¢°. If a metal is now brought into contact with the
semiconductor the exchange of electrons takes place largely
between the metal and semiconductor surface states and the
depletion region charge remains practically unaffected.

A metal —semiconductor contact is defined as ohmic if
its resistance 1is negligibly small compared with the
resistance of the semiconductor specimen to which the contact
is applied. A satisfactory ohmic contact should not
significantly perturb the device performance, and it can
supply the required current with a voltage drop across the
active region of the device. It should be possible to create
an ohmic contact by choosing a metal within the case of n type
semiconductor and for p type. A low resistance contact to a
semiconductor is obtained when the depletion region of the
contact barrier is reduced in thickness by heavy doping of the
semiconductor. The contact barrier is wvery +thin and |is
essentially transparent to electrons in both directions. The
specific contact resistance Rc is an important figure of merit
for ohmic contact [88]. A good ohmic contact should have a

specific contact resistance less than 107* 0 em [79].
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Fig.1.1 Energy band diagram of the metal and semiconductor.
Cad Metal with work function ¢m. Cb> n-type semiconductor with
band gap Eg1' work function ¢sc1 and electron affinity X, and
C(c) p-type semiconductor with band gap Egz' work function ¢sc2
and electron affinity x,
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1.42 Semiconductor-Semiconductor interface.

One of the most important interface between the
materials is semiconductor-semiconductor contact. The pn
junctions are formed by these interfaces and are of great
importance both in modern electronics applications and in the
understanding of other semiconductor devices. It is the
metallurgical bonding between the n and p regions of a
semiconductor. These junctions can be classified into two
groups homojunctions and heterojunctions. Interface between
the same semiconductor materials with different types of
conductivity is known as homojunction and that of different
types of materials is known as heterojunction. Details of s-s
Junctions are given elsewhere [79-84].

The basic theory of pn homojunction was established
by Shockley [89]. This theory was extended by Schokley et al
[90] and Moll [{S1]. When the initially separated n and p-type
semiconductors are brought into contact, majority carriers
flow across the Junction down the concentration gradients
until the Fermi levels on the two sides are aligned. At
thermal equilibrium condition, <C(that is, with no applied
voltage> the current flow is zero.

The energy  band model of an ideal abrupt
heterojunction without traps was proposed by Anderson [82]. We
will consider an ideal heterojunction that has no interfacial
layer of any kind between the two semiconductors as well as no
interface states. The semiconductors are assumed to have
different band gap Egt1 and Eg2, different permittivities €,
and £, different work functions ¢9c1 and ¢sc2 and different
electron affinities x, and X, Cas shown in Figs. 1.1(b> and
1.1C¢cd>. When these two materials are brought into intimate
contact, electron hole flow occurs across the junction until

thermal equilibrium is reached.
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1.43 Necessity of bilayer thin film in solar cells.

Since the present wor k mainly deals with
semiconductor materials and multilayer thin film structures
which finds extensive application in the area of solar cells,
we will give due importance to these devices in our
descriptions. Optoelectronic devices convert optical energy
into electrical energy and vice-versa. The mechanism of
converting optical radiation into electrical energy is known
as the photovoltaic effect. In a solar cell, electron hole
pairs are produced by absorption of 1light. The essential
electric field inside the cell is produced due to the presence
of the junction or contact between two different layers. If it
is between a p-type and n—-type layer then it is called a pn
junction and if it is between a semiconductor and a metal then
it is called a Schottky barrier. But the important aspect to
be noticed here is that in both these cases a bilayer film
structure is essential for the formation of a solar cell.
Generally in thin film pn junction solar cells, the active
semiconductor layers are polycrystalline or amorphous films
and these are deposited on electrically active or passive
substrate, such as glasses, plastics, ceramics, metals etc.
This is true for both homojunction and heterojunction.

The solar cells require another contact other than
the junction which creates the build-in-field, and that is the
contact between the electrode and the semiconductor layer
itself. In fact there are two electrodes— the upper electrode
and the lower electrode. In this the lower electrode will be
usually a thick metal layer (if the front side of the cell is
exposed to 1lightd> or a layer of transparent conducting
material Cif the back side of the cell is exposed to light)
like tin oxide, indium tin oxide, zinc oxide etc. But the top
electrode will be a thin film of good metallic conductor and
this will have a either a grid or a comb structure, so as to

allow the maximum light to fall on the semiconductor.
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This structure of solar cell described gives the
picture of a very conventional and old one. At present the
same has much complicated structure containing more layers
[93,94]. However this description makes it clear that a solar
cell will contain at least one semiconductor-semiconductor
contact and two metal -semiconductor contacts; in other words,
one rectifying contact and two ohmic contacts. So it is clear
that the material study as well as the design aspects of solar
cells will be mainly based on the preparation and the
characterization of multilayer films which can form these

necessary junctions/ contacts.

1.44 Problems and characterization of bilayer thin films.

In earlier sections we have seen the fabrication
techniques and applications of bilayer thin films. We have
also seen that the different types of interfaces in thin film
solar cells are semiconductor-electrode Coptically transparent
and electrically conducting materiald, semiconductor-metal and
semi conductor -semiconductor. The quality of these thin film
interfaces affect the efficiency of the cells. One of the main
resons for the degradation of thin film solar cells is due to
the interface phenomenon between the layers, like diffusion,
chemical reaction etc. These processes usually cause the
formation of an interlayer between the thin films that form
the devices. Details of interface diffusion and reaction are
given in several text boocks {1,85-87]. In the world of bulk or
large-scale structures, interdiffusion or reaction taking
place on a ~10 nm scale can generally be ignored. This is not
the case of thin film structures, whose total thickness is of
the order of few hundred nm and the reaction on an interface
leading to the formation of interlayer of thickness of the
order of few ten nm can be totally detrimenental to the thin
film devices.

In the present study we have analysed the interlayer
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diffusion of different layers that are usually formed in thin
film solar cells. For example as described earlier usually
metals are used as back electrodes in thin film solar cell and
the stability of the interface has very important role in the
performance of the device. A small account of
metal ~semiconductor interface 1is given in section 1.41.
Similarly another important interface is the
semiconductor —semiconductor type and details of this is given
in section 1.42.

The polycrystalline nature of thin film increase the
interlayer diffusion of materials and the degradation of the
cell [98]. For example Chopra et al [1] have given a detailed
account of interlayer degradation of CUZS/CdS bilayer
structure due to the grain boundary diffusion of Cuzs into CdS
layer. In fact this results in the formation of a path, short
circuiting the junction and this leads to the total
destruction of Cuzs /CdS cell. Another case of the degradation
of this cell is the diffusion of Cu from Cuzs into CdS after
fabrication. This really leads to the formation of a
Cu-deficit phase. Similarly Kazmerski et al [{88] have studied
the degradation of CdS/CuInSe2 thin films junction. They
observed the diffusion of $§ and Se across the junction and
this results in the widening of the depletion layer. The high
temperature heat treatment causes the diffusion of Cd into
CuInSe2 and this results in the catastrophic degradation of
the cell.

All these results point out that the study of
interlayer formation and interface diffusion are very
important for the characterization of solar cell as well as to
increase it’s life time and efficiency. Different techniques
like Auger Electron Spectroscopy CAES), X-ray Photoelectron
Spectroscopy (XPS), Rutherford Back Scattering (RBS, X-ray
diffraction C(XRD), Secondary JIon Mass Spectroscopy (SIMSD,

Ellipsometry etc are used for the surface and interface
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analysis. But it should be noticed that any one of these
techniques alone is not sufficient to characterize the
multilayer film completely.

AES is one of the most powerful and widely used
technique for surface and interface analysis. In AES the
emitted Auger electron is analysed for the characterization of
the thin film [100]. The mass analysis of the secondary ions
by an ion mass analyser forms the basis of SIMS and it is used
for the depth profiling of samples {100]. In Rutherford Back
Scattering C(RBS) ions of different particles Cusually He ions)
in the range of 100 keV-5 MeV bombard the sample and the back
scattered ions are detected. RBS provides a nondestructive way
to distinguish the atomic masses of elements and their
distribution as a function of depth [{100]. In the present
study we have used XRD, SEM and XPS along with optical
technique to characterize the surface and interface of the
single and multilayer films prepared in our laboratory and a
brief description of these are given in section 1.8B.

Among these experimental techniques listed here the
optical techniques viz, optical absorption and spectroscopic
ellipsometry require special mentioning. Eventhough these are
simple techniques, these can reveal much about the superficial
as well as interior aspects of thin films. This has become
much relevant after the advent of high speed personal
computers as these can be used for theoretical modelling along
with the optical experiments. However in the case of
semiconductor thin films the selection of wavelengths is also
very important. This is because semiconductor materials will
absorb light waves having energy grater than the band gap of
the material. So one can not use such wavelength for probing
the interior of semiconducting thin films. If one really wants
to know about the interior details of semiconductors, 1light
wave having energy lower than that of the banvd' gap should be
selected for the study. In the next section the details of the
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theory dealing with the interaction of electromagnetic

radiation with multilayer thin films is given.

1.5 Optics of thin films.

The Optical constants and thickness of thin films
are important parameters for predicting the performance of an
the films. The optical constants are sensitive to the
microstructure which is affected by the deposition condition
[101-1041. A good knowledge of the film parameters |is
necessary for the design and manufacture of new optical
coatings and devices, such as multilayer coatings, filters,

optoelectronic devices like thin film solar cells etc.

1.51Cad Multilayer film

In order to interpret the data from an ellipsometer
or other optical techniques one has to derive the necessary
expressions governing the interaction of electromagnetic wave
with optical system C(thin film systemd>. A detailed description
of this is given in several publications [77,105-107). In this
section we will consider the reflection and transmission of
polarised light from a multilayer thin film system with an
example of single layer thin film system. In this analysis
equations for calculating the reflected as well as transmitted
amplitudes are derived and hence these are later used for a
detailed explanation of the theory behind ellipsometry din
chapter 2).

The propagation of a plane wave in an isotropic
absorbing medium is described by the complex refractive
index N.

N = n-ik c1.2>

where n 1is called index of refraction and k the
extinction coefficient of the medium. The expression for the
electric vector of an optical plane wave travelling in the

positive direction of the Z-axes in an isotropic absorbing
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medium such that the planes of constant phase and those of
constant amplitude of the wave are parallel is given by

E = E ei.th + 6)e—i.w Nz/c¢
o

1.3

where & is a constant phase angle, ¢ is the free space
velocity, and Eo, which is in general complex defines both the
amplitude and polarisation of the wave.

Consider a stratified structure Cshown in Fig. 1.2) that
consists of a stack of 1,2,...j...m parallel layers sandwiched
between two semi infinite ambient (0> and substrate (m+1iD
media. All the layers are linear homogeneous and isotropic.
Also the complex index of refraction of jth layer be N, and
its thickness is tj. No and Nm+1 be the complex indicejs of
refraction of the ambient and substrate media respectively.
The interface between j"h layer and Cj+1)th layer will be
denoted as JC(j+1>. An incident monochromatic plane wave in
medium ‘O’ generates a resultant reflected plane wave in the
same medium and a resultant transmitted plane wave in medium
(m+1). The total field inside the j"h layer, consist of two
plane waves; a forward travelling plane wave denoted by (+)
and a backward travelling plane wave denoted by (-). The wave
vectors of all plane waves lie on the same plane Cthe plane of
incidence) and the wave vectors of the two plane waves in the
_jth layer make equal angles with z-axis which is perpendicular
to the plane boundaries directed towards the substrate. When
the incident wave in the ambient is linearly polarised with
its electric vector vibrating parallel (p> or perpendicular(sd
to the plane of incidence, all plane waves excited by that
incident wave in the various layers of the stratified
structure will be similarly polarised, parallel or
perpendicular to the plane of incidence as the case may be. In
the following discussions it will be assumed that all waves

are either p or s polarised.

Let E'¢z> and E (z) denote the complex amplitudes of the
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Fig.1.2 Reflection and transmission of a plane wave by a
multilayer—film structure (Cfilms 1,2,...4s...m> sandwiched
between semi-infinite ambient (0) and substrate (m+1> media.
d)o is the angle of incidence, ¢j and ¢m+1 is the angle of

refraction in the jth film and substrate respectively.
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forward and backward travelling plane waves at an arbitrary
plane z. The total field at z can be described by a 2x1 column
vector.

+

Eczy = | B2 C1.4d

E (2D
The fields at two different plane 2z* and z*" Cie., ECz®D

and ECz'DD are related by a 2x2 matrix transformation

E'Ccz D S11 S12 E'cz >
ECz D 821 Szz ECz D

1.8

In a more simplified way the above equation can be

written as
ECz®*D> = S ECz'D 1.6>

Here +the matrix S characterizes that part of +the
stratified structure confined between the two parallel planes
at z’and z".

Let z* and z" lie immediately on opposite sides of the
€(j-1>j interface located at zj between the layers (j-1> and j.
Then Eqgq.1.6 becomes

ECzD> =1_. CECzD €1.7>
3 Ci-1D; i

where ICr4)j is a 2x2 matrix characteristic of the
€(j-1>J interface. If 2z’ and z" are selected inside the j”’

layer at its boundaries, then

ECz> = L ECz+t D 1.8
J J I3

where Ljis a 2x2 matrix characteristic of the j”’layer.
whose layer thickness |1is tj. Here the only measurable
quantities are the intensities Cand hence the amplitudes) of
the reflected wave to the ambient side and transmitted wave on
the substrate side. So it is necessary to relate their fields

to those of the incident wave. Let 2z* and z* are in the
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ambient and substrate media immediately adjacent to the 01 and
mCm+1) interfaces. Then

ECz D = 8 E(Cz b 1.9
1 m+i

where S is scattering matrix governing the overall
reflection and transmission properties of the stratified
structure. £ can be expressed as the product of the interface
and layer matrices, I and L which describe the effects of
individual interfaces and layer of the entire stratified

structure.

s=1I LI L..... I L..... LI 1.10
01 1 12 2 -1 ) m mim+1)

It is evident that the determination of the
scattering matrix S, is possible only if the individual
interface and layer matrices I and L are known.

The matrix I of an interface between two media ‘a’ and
‘b’ relates the field on its both sides as

Ea 111 I12 Ev’

1.11>
Ea Iz: Izz Eb

Consider Fig. 1.3Cad in which a plane wave is incident on

the *ab’ interface from medium ‘a’. The complex amplitude of

the transmitted and reflected plane waves in media ‘b’ and ‘'a’

can be expressed in terms of the complex amplitude of the

incident wave in the medium ‘a’ as
+ +
Eb = toon i.12Cadd
E =r E" C1.12CbdD
a ab a
and Eb— = 0,
where rcb and tab are the Fresnel reflection and
transmission coefficients of the interface ‘ab’. Eq. 1.11 can

be now modified as



f

o

8 1)

(a) (b)

Fig.1.3 Interaction of plane wave at an interface. (ad when
incident of the on the *ab’' interface from medium *‘a’ and (bd
when incident on the *ba’ interface from medium ‘b’ at an
angle of incidence equal to the angle of refraction in the

case Cad.
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+ I I +
Ea_ - 111 I12 Eb €1.13d
Ea 21 22 (0]

which can be expressed as

E = I E

M C1.14Cad>
11 b

- +

E- = I E C1.14CbdD
a 21 b

Comparing Egs.1.12Cad and 1.12Cb> with Egs.1.14Cad and
1.14Cbd,

I = 1/t C1.18Cad>
11 ab

I21 = rab/tab €1.15Cbd>>

Next let us consider that the beam is incident from
medium ‘b’ (Fig. 1.3C(bd> at an angle of incidence equal toc the
angle of refraction in the above case depicted in Fig.1.3Ca)d.
Now the path of the light beam is to be exactly reversed on
comparison with that in Fig.1.3Cad. The fields immediately

adjacent to the ba interface are

Eb =T e Eb i.16Cad>
Ea =t Eb C1.16Cbd>
and E; = 0,
Where rba and tba are the Fresnel reflection and

transmission coefficient of the ba interface respectively. In

this case Eq. 1.11 can be written as
I I +
9 i - I11 I12 Eb- c1.17>
Ea 21 22 Eb
0=1 E + I E ci.18Cad>

E-=I_E +1I_E~ C1.18CbdD

Substituting the value of I“and I21 from Egs.1.15Cad and
1.185C(b> into Egs.1.18Cad and 1.18(b> one gets
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E = -1 t E i.18Cad>

b 12 ab b
- r brb -

E- = |--22_22_ 4, 1 E (i1.19Cbd>
a tab 22 b

Comparing Egs.1.18Cad and 1.18(b> and Egs. 1.19Ca> and
1.19C(bd, we get

I12 = " Ta 4 tab €1.20Cad>

I
22

( tab tba T Tea ) / tab C1.20CbdD

Using the following relations between the Fresnel'’s

coefficients
o = Tab (i1.21Cad>
- -
the = (1 -r ) 7t €1.21CbD>

one can rewrite the interface matrix as

1t r st
a a

I - b ab b
ab rab/tab l/tab
1 1 r
b
I = . c1.22
ab tab rab i
Using Snell's law one can write
N051n¢° = Nisln¢1 = ..., = stinqu = .... = Nm+151n¢m1
1.23

The effect of propagation through a homogeneous
layer of index of refraction N and thickness t can be found
out by getting the relationship between the fields inside the
layer at both ends. As the only change occurring to the wave
due to such a travel 1is the phase shift C(Cignoring the
amplitude attenuationd one can denote the change by the

following equation.
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E' i O E’
°l=1° t Ci.24
E:o 0 e—lﬁ Et

The subscript 0 and d identify the beginning and end

of the j'"

Ctj is the thickness of the jth layer)> layer along
the direction of the forward travelling wave, and phase shift
3 is given by
2 1 tjN
B3 = - cosg c1.25>
where ¢ is the angle between the direction of propagation
in the layer and the perpendicular to the boundaries (z-axisd
(see Fig. 1.2>. The layer matrix L can be therefore written as
eiﬁ o)
L = ) ¢1.26>
o e tf
Thus from the interface and layer matrices I and L
(ie., from Egs.1.22 and 1.263, the overall scattering matrix S
of the structure substrate is obtai ned by direct

multiplication. Now Eq. 1.9 becomes

Ea" Sxx sz Es”’

= €1.27>
Ea~ Sz1 Szz o)

where the subscripts a and s refer to the ambient
and substrate media respeétively and E; = O. From Eq. 1.27 the
overall reflection and transmission coefficients of the

stratified structures can be written as:

E S
a 21
R = = ¢1.28>
E; Si E §
+
Es 1
T = . (1.29>
Ea SZ!
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In the case of ellipsometry the scattering matrix S
has to be calculated for both the 1linear polarizations,
parallel Cp> and perpendicular (sJ to the plane of incidence.
Let the subscripts *‘p®' and ‘s’ represent the scattering
matrices for the p and s polarisations. Then,

21p

R = ?'—— C1.30Cad>
11p

21S

R =" C1.30Cbd>
11S

T = Q=" €(1.31Cad>

T =~ €1.31Cbd>

Considering the case of reflection ellipsometry, the

ellipsometric parameter p is given by

R s s
P 21p 118

p="fF =3 X —5 C1.32>
] 11p 21s

The importance as well as the method of calculation
of p are included in section 1.852 which descriebs the theory

of ellipsometry.

1.51(b) Single layer film

Consider the case of a single layer film over a
substrate as shown in Fig. 1.4. The thickness of the film is
given by t1. No ,N1 and Ns are the complex refractive indices
of air, film and substrate respectively. Let ¢° is the angle
of incidence and ¢1and ¢2 are angles of refraction in the film

and substrate respectively. The scattering matrix is given by
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Fig.1.4 Oblique reflection and transmission of a plane wave by
an ambient CO3-film (13- substrate (2 system with parallel
plane boundaries. ‘t' is the thickness of the film. ¢° is the
angle of incidence in the ambient and ¢ and ¢ are the angle

of refraction in the film and substrate respectively.
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sSs=1 LI €1.33>
o1 1 12

Substituting from Egs.1.22 and 1.26, the above equation

becomes
S N CR LGS B G
S = t -i2{3 -i2f3
o1 12 (ro1 PP ) (ro1roz T Tz e )
C1.34>

where T os and T is the Fresnel reflection coefficient
of interface 01 and 12 respectively. Similarly t’o1 and t’iz are
the Fresnel transmission coefficient at 01 and 12 interface
respectively. Then the above equation gives
ei[3

—-i2f3
b rura +r e ) C1.35Cad>
01 12

[}
-

S

i3
< -i2f3
e ) C1.38Cb>>

S = -0 r +r
12 t t ( o1 01 12
o1 12

Using these Egs.1.28 and 1.28 the complex reflection and
transmission coefficients are written in terms of Fresnel
coefficients as follows

r +r e—izf3
o1 12
R = izp3 C1.36Cad>
1 +r

r
o1 12

t t e —i2f3
o1 12
T = (1.36Cbd>

-12
r + r e B
o1 12

Reflection/ transmission coefficients corresponding
to the perpendicular (s) and parallel (pd> components of
polarisation are obtained from Egs.1.36Cad and 1.36(bd as

follows. Here also the subscripts p and s denote the
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respective polarisation under consideration.

r +r e 28
o1is 125
R = Y (1.37Cad>
€ 1 +r r e '
ois 12s
r +r e 128
otip 12p
R = Y- (1.37Cad>
p 1 +r r e '
oip 12p
_i,f?
Oi1is 12s
T = - C1.38Cadd
s 1 +r r -i2f3
O1is 12s
t ~if
oip 12p
T = Ci2p3 (1.38Cb>
P 1 +r r e '

Ooip 12p

Where the phase angle {3 (film phase thickness D is

given by
2 n t
1
= ———x————— Nicos¢;
en t
1 2 2 2 1,2
Or, # = —H (N1-— N_sin ¢°) C1.39D

The Fresnel'’s reflection/ transmission coefficients for

the air-film-substrate system is given by [77]

N1 cos¢o - No cos¢1
r = C1.40Cad>
o1p N1 cos¢b + No cos¢1

Ns cos¢1 - N1 cos¢2
r = C1.40Cb>>
12p Ns cos¢1 + N1 cosrp2
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No cos¢>0 - N1 cosqb1

Tots = N cosgp + N cosg¢ C1.40CedD
o o 1 1
N1 cos¢>1 - N‘a c'::'s¢>2
Ts2¢ = N cos¢p + N cosg¢ C1.40Cd>>
1 i s 2
2N°cos¢°
Yotp = C1.41Cad>
o1p )~11cms¢>o + Nocos¢>1
8N1cos¢>1
= C1.41CbdD
12p Nﬁcoscﬁ1 + N"cc’s¢>2
2N°cos¢°
Yoss = "N cosg_ + N _cosp C1.41Cedd
o o 1 1
2N1cos¢>1
= C1.41CddD
12p Nlcos¢>1 + Nscc’s¢>2

With the help of above theory almost all the optical
experiments performed on thin films can be explained. For
example in the case of spectrophotometry one measures the
reflection as well as transmission of the film at different
wavelengths. These data can be the theoretically calculated
using Egs.1.36Cad and 1.36(Cb), provided one has the values of
Fresnel's coefficients. As these coefficients are functions of
refractive indices Cas shown by Egs. 1.40Cad>-1.41Cdd>) one can
compute the unknown refractive index from a curve fitting
method. This type of analysis can be extended further to see
whether the given film contains any surface layer C(like
oxides, nitrides etc.D> or has surface roughness [77].
Similarly this set of analysis can give information about the
presence of any interlayer or to some extend the percentage
composition of the film. The details of the analysis is not
given here as it is not directly related to the present work.

This sort of analysis can be done using ellipsometry
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with better accuracy and its description is included in the
following chapter. In the next section we give a very brief
review of different optical techniques used for thin film
analysis. Even though this description just indicates the
measurement of refractive index of the material of thin film
using these technique one can clearly go deeper into the

material analysis also.

1.52 Different optical techniques for thin film
characterization.
1.521 Spectrophotometric Technique.
. A Spectrophotometer is defined as a spectrometer
with associated equipment so that it furnishes the ratio or a
function of the ratio of the radiant power of the two beams as
a function of spectral wavelength. These two beams may be
separated in time, space or both [100]. Spectrophotometer can
operate both in reflection mode and transmission mode. The

total intensity C(ID> of light is given by [100]
I =R+T+ A C1.42>

where R, T and A are reflection, transmission and
absorption respectively. There are different techniques for

the determination of optical constants of thin films using

spectrophotometer reflectance and transmission data. One
usually assumes, when calculating the transmittance and
reflectance of a film, that the distribution of n is

homogeneous throughout the volume of the film. More detailed
studies indicate that there may be random spatial variations
of n with a significant index gradient normal to the surface
of the film. In such a case layered structure may be assumed

for the film to do the theoretical calculation.

‘1.521Cad) Transmission.

Many researchers obtain the optical constants of



dielectric thin films from the transmittance measurements of a
light beam which penetrates through the film and supporting
substrate [108-110).In this section we describe the method
suggested by Farabugh ‘et al [110]. They have used a
multiparameter curve fitting method to determine the optical
constants (refractive index n and extinction coefficient kD
and thickness (tD of thin film from transmittance spectra. In
this method, the transm@ttance of a weakly absorbing film can
be expressed by the following equations.
i6 n, n? n_ A
T = > C1.43>

c2 +c2 A2 +2ccCcaA cos (4nnt )
1 2 1 2

where c1 = ( n +n ) ( n_+n ) C1.44cCad
c, = ( n - n ) ( n_-n ) C1i.44Cbd>
A = exp [ -4nkt ) = expC-atd C1.45

and a is the absorption coefficient of the film.

Here n_ and n,6 are the refractive indices of the
substrate and ambient respectively. The form of n is given by
Cauchy’s formula

n = a + Cas 25H o+ Caa/x‘a C1.48)

The form for o is given by
a = a exp C—asl) + a_ 1.47

The thickness is taken as t = a_. The transmittance curve
of each spectrum is fitted to Eq. 1.43 with the parameters
given above Ca1 to a?) and hence the optical constants are

calculated.

1.521(b) Transmittance envelope method.

In this method refractive index is calculated from
the envelope of the interference pattern of transmission
spectrum as suggested by Manifacier et al [1111. This

technique is widely used for the determination of n, k and
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thickness t [111,112]. According to the Manifacier T and
™m

ax
'l'm,m of the interference pattern of the transmission spectrum
is a function of A is given by
12
C:l [1 - (Tmax/rmi.n) ]
o = €1.48>

172
Cz [1 M (Tmax/rmin) ]

Then n is, n = [N +( NZ- n? n2)1/2]1/2 C1.49
o] s
n2 + n2 T - T .
[0} s max mwn
where N = —m + anon: T T 1.50>
2 max min

This shows that n is explicitly determined from T .
m

ax
T n_ and n, at the same wavelength CAD.

mn
Knowing n one can determine t C(thickness of the film
using the equation that relate two maxima and minima

mA A
1 2

2 ( nCx Dx_- nCA_OX ) €1.51>

where m is the number of oscillation between two extrema.
)\1. nC7\1) and )\2. nCXZD are the wavelengths and corresponding
refractive indices of the film. Knowing t and a it is now
possible to calculate the extinction coefficient k using
Eq.1.45

1.821(c) Reflection spectra.

Films which are highly absorbing (k >1.5) in some
part of spectral range may transmit so little light that only
the reflectance can be measured in this case. Hence the
reflectivity measurement is used for the determination of
optical constants of such films [113-115]. Tomlin [115] has
.suggested a technique, in which the reflectance from the
specimen itself and from the specimen coated with a

transparent film are measured. If the specimen does not
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transmit, its reflection is given by

Cn --n)2+)<2
2 2

R = C1.52>

where n, is the refractive index of air and N=Cn2-—ik2) is
the complex refractive index of the film.
The reflectance R1 from the transparent film of
refractive 1index n1 deposited on the specimen film, d<{now
assuming that +the film as substrate since it does not

transmit> is given by

1 +R 1
1 2 2 2 2 2 2 2
= + + + + -
1 - R 2[ (no nx) (n1 n2 kz) (no nx)
1 4 7 nnn
o 21
2 2 2 ,
[n - n° -k )coscay D + 2nk_sinC2y D (1.853>
1 2 2 1 1 2 1

where r,= Enniti/A. t,1 is the thickness of the transparent
film and X is the wavelength.
Using this equation n, and kz of the film can be

calculated.

1.521(d) Reflectance and Transmittance at normal incidence.

If t is the thickness of a film and its reflectance
R as well as and transmittance T measured at normal incidence
are known, it is possible, in principle, to derive the
components n and k of the complex refractive index C(n-ikD.
Tomlin’s expression given below [116] is wused for the
determination of n and k [117-118]. The expression given here
for a single layer film coated over a substrate.

1+R 1

2, 2,2 2,2 .2 .2
T B 4 2, 2 [(no+n1+k1){(n,"'na"'kl"'ks)COSChZa‘)
"os (ni 1)

a(nins + kiks)sinChaaR} + (nz—n:—kf) X
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2 2 2 2
{(n1—nn+k1—ks)cosCh2y1) + .=3(n‘1<s - nski)sinChayib}] C1.54D

1-R 1
= n (nz+n2+k2+k2)sinChaaD +
T 2 2 1 1 8 1 s 1
2n (n + k )
s 1 1

2(n,n_ + k_ k_)cosCh2o )} + X {(nz—n2+kz—k2)sinCh2y >
1 s 1 s 1 1 1 s 1 s 1

- B(n‘ks - nski)cosChayib} C1.55)

where ¥y = 2an t /A and a = 2rk t /A
1 114 1 1 114 1

These expressions are simpler than the expression for R
and T separately [108]. Where Cni-ikib is complex refractive
index of the film and Cns-—iks) is that of substrate. Using the
given experimental values for C1%R3.T, t, n,e n_ and k8 these
equations can be readily solved using a computer after
rearranging the Egs. 1.54 and 1.85 in the form f1Cn1.k1)=O and
f2Cns.ksD=O respectively.

1.53 Ellipsometry.

Ellipsometry deals with the measurement and
interpretation of changes in the polarization state of light
upon reflection from the surface. Depending upon the mecde of
operation it <can be <classified into two groups viz.,
reflection and transmission ellipsometer. Theory of reflection
ellipsometry is given here. The ellipsometric parameter p, the

ratio of complex amplitude of reflection Rs and RP is given by
p =R/R C1.565
P s

The complex amplitude reflection CRP. RBD can be written
in terms of their absolute values and phase angles
iA

R, = IR |e i €1.57Cadd



iA
R_= IR Je ™ (1.57¢bd>

where |Rp| and Arp represent the amplitude attenuation
and phase shift respectively as p-polarised light is reflected
by the film covering the substrate. ]Rsl and A _ have the

similar meaning in the case of s polarisation. Here incident

wave is assumed of wunit amplitude. Thus one can define
Eq.1.586 as
R IR ia -
P _ P el (Arp Ars)
p - R —
s ‘Rst
. i
ie., p = tany e 1.588>

Now the ellipsometric parameter y and A can be defined as

IR,
tan y = C1.89Cad>
IR, |
A=A - A C1.88Cbd>
rp rs

The w and A are the differential chanrges in
amplitude and phase respectively, due to the reflection by the
components of electric vector parallel and perpendicular to
the plane of incidence.

Using Egs.1.37Cad and 1.37Cb) one gets
r +r e 2 1+ e~ 20

r r
Oo1ip 12p O1is 12s

i
tany e = , X — C1.60
1 +r r e-lz(3 r +r e i2f3
o1p 12p o1s 129

Or the functional dependence of yw and A on the system

parameters is given by
tany e = p(N_ NN .t .6.\) C1.61)
o’ 1! 2. 1! 1 -

These parameters y and A are used for the ellipsometric

calculation by relating it to the experimentally calculated y
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and A by ellipsometer as described in chapter 2.

1.6 Other thin film characterization techniques used.

The other properties of thin films like structural,
surface and chemical composition were characterized using the
techniques X-ray Diffractometer C(XRD3>, X-ray Photoelectron
Spectroscopy C(XPS) and Scanning Electron Microscope (SEMD.

1.61 X-ray Diffractometer.

X~-ray diffraction is one of the most precise method
for determining the crystal structure and identification of
the samples C(thin filmd. It requires no elaborate sample
preparation and is essentially non-destructive. It gives a
whole range of information like lattice constants, crystalline
size, composition Cwith the help of standard data files),
defects, and stresses in thin films. Analysis of the
diffraction patterns obtained and comparison with standard
JCPDS data cards can reveal the existence of different
crystallographic phases in the film, their relative at:ndance
and preferred orientations. From the width of the diffractic:.
line, the average grain size in the film can also be
estimated.

The interplanar spacing (& was calculated from the X-ray
diffraction profiles using the formula [100]

2 dsinG =n X c1.62>

where 6 is the Bragg’s angle, n the order of diffraction,
X the wavelength of X-rays. Using the d wvalue, the set of
lattice planes [hkll are identified from the standard data
cards.

If the sample contains a mixture, each component has to
be identified individually. This is done by treating the list
of d values as if they belong to a single component. After a
suitable match for one component is obtéined. all the lines of

the identified components are avoided from further analysis.
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The intensities of the remaining lines are rescaled by setting
the strongest intensity equal to 100 and the entire process of

identification is repeated.

1.62 X-ray Photoelectron Spectroscopy.

When a molecule or atom is bombarded with high
energy X-ray, the emission of inner electrons from atoms takes
place. The kinetic energies of these photoelectrons CEk) are
then measured by an energy analyser. The core electron binding
energy CEb) relative to Fermi level can be computed from the
relation [100)

Eb = hv —EIk —¢v 1.63>
where hy 1s the energy of exciting photon. ¢v is the
spectrophotometer work function ¢ a constantd. Most XPS
measurements of solid generates useful information from only
the surface layer of thickness 2 nm.

The binding energies of core electrons are affected
by the valence electrons and therefore by the chemical
environment of the atom. When the atomic ar-angement
surrounding the atom ejecting a photoelectron changes, it
alters the local charge environment at that atomic site. This
change, in turn, reflects itself as a variation in the binding
energy of all the electrons of that atom. Thus, not only the
valence electrons, but also the binding energies of the core
electrons experience a characteristic shift. Such a shift is
inherent to the chemical species producing the results and
thus provides the capability of chemical analysis. Hence one
can use this technique to find out whether an element is
present in a sample in pure form or in the form of a compound.
In a simple sense, the shifts of the photoelectron line in an
XPS spectra reflects the variation in binding energy as the
~oxidation state of the atom changes. The magnitudes of
chemical shifts will wvary from element to element, and the

sensitivity for a particular element will wvary with the

4
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photoelectron cross-section.

1.63 Scanning Electron Microscope.

The scanning electron microscope is the most widely
used instrument for obtaining microstructural and surface
features of the film. A finely focused electron beam is
scanned over the surface of the specimen and the secondary
electrons emanating from the specimen are used for the imaging
of the surface. Since these electrons emanate only from
surface layer of thickness about 1nm the picture obtained is a
faithful reproduction of the surface features. To avoid
charging problem a thin layer of gold is deposited over the

specimen surface without altering the surface features.
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Chapter 2

ELLIPSOMETRY: THEORY AND INSTRUMENTATION.

2.1 Introduction.

Ellipsometry is a highly sensitive and
non-destructive technique that deals with the measurement and
interpretation of changes in the polarisation state of 1light
upon reflection from a surface [1]. The theory that connects
the changes in polarisation state and material properties,
layer thickness etc., was first formulated by Drude in 1887
[2]. In 1833 Tronstad demonstrated the application of this
technique as a serious diagnostic tool, which is non
destructive and surface sensitive that c¢ould be used on
samples in any transparent ambient [3). Earlier instruments
were null type which had serious technical limitations {[4].
Based on the photometric ellipsometer demonstrated by Budde
[3), Cahan and Spanier [B] developed Rotating Analyser
Ellipsometer CRAED. The extensive development of
instrumentation and method of data analysis in 1870’s resulted
in the application of ellipsometry to a wide variety of
material and structural problem analysis. Earlier this
technique was not widely used as a diagnostic tool due to the
tedious computational work involved. Recently microcomputers
could be used not only for the intensive computational task of
analysing ellipsometric data, but also to collect, average and
store these data in digital form for later analysis [7,8].
Very recently high speed ellipsometers are used for the insitu
analysis of changes over sample surfaces and interfaces
[8,10].

Ellipsometry can be def i ned as the optical
characterization technique in which the changes in
"polarisation state of light that occurs upon

non-normal -reflection from a specular surface of the sample is
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measured and interpreted to determine the physical properties
of the sample [1,11]). The changes in polarisation is described
by two ellipsometric parameters y and A, (these are defined by
Egs. 1.88Cad> and 1.88Cb> in chapter 13 which correspond to
relative amplitude attenuation and phase difference of the
electric field vectors perpendicular and parallel to the plane
of incidence. These ellipsometric parameters depend on surface
and interface phenomena and other physical properties of the
material under investigation. Using these parameters, angle of
incidence ¢ and wavelength A it is possible to calculate the
various physical properties of the film like real refractive
index C(nd, extinction coefficient C(kD, thickness (t>, inter
layer thickness CtkD, volume fraction (x0 of added material in
a layer, surface roughness, crystallinety etc. The advantage
of ellipsometry over other optical techniques is that these
two parameters Camplitude and phase) are available from a
single measurement. More over yw and A are independent of
absolute intensity of light but depend only on the relative
intensity.

Changes in surface layer thickness of the order of
0.01 nm can be measured using this technique. But accurate
determination of Lo requires correspondingly accurate
determination of C(nd or vice versa [11]. A major advantage is
that the spectral dependence allows microscopic surface
roughness, surface contamination and crystalline damage to be
distinguished from each other. Even though electron
spectroscopy has better sensitivity, this can not be used for
the analysis of surface in reactive ambient or buried
interfaces. While Raman and IR spectroscopies have been
applied to surface analysis, these techniques require layer
thickness to be of the order of 5 nm thick to get adequate
signals [11].

Another important application of ellipsometry is its

capability to be used as a setup for insttu studies of
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different reactions and thin film growth mechanism. It has
application where other techniques fails, for eg., the study
of reaction taking place in a solid-liquid interface, which
can not be studied using an electron microscope, since the
surface to be analysed should be kept in high vacuum. The area
under investigation .can be wvery small in the case of
ellipsometry. More than that it is a non—-destructive technique

and requires no sample conditioning.

2.11 Brief report of works done using ellipsometry.

Film thickness measurement was the traditional
application of ellipsometry. The fast development in the field
of ellipsometry gave this technique wide application in the
determination of composition, morphologies, grain sizes,
surface roughness, interface thickness etc. If the film is
sufficiently transparent to permit back reflection from the
substrate (film-/substrate interfaced, then the Spectroscopic
Ellipsometry (SE> can be used to determine its thickness to an
accuracy comparable to that achieved with cross—-section
transmission electron microscope (XTEM) and Rutherford Back
Scattering C(RBSD [12-14]. Ellipsometry 1is widely used for
non-destructive characterization of the single and multilayer
semi conducting material structure [14-20]. Vedam et al showed
that under certain circumstances SE can provide more detailed
microscopic information than that is provided by XTEM [12]. It
is used for the accurate determination of dielectric function
of intrinsic materials at room temperature [21-24], as a
function of temperature [25-28] and doping concentration
[20-31]1. Composition of semiconductor alloys can be determined
to an accuracy of 1 or 2 % [23,32], some what less than
photol umi nesence or modulation spectroscopy capabilities but
acceptable for nearly all applications.

It is sensitive to the changes on surface atomic

structure on a scale less than a monolayer. Thus it is
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extremely surface sensitive and, this property is used for the
study of the effect of atomic oxidation of materials [33,34].
Bertran et al performed real time ellipsometric analysis over
the surface of Zna}"’2 thin film in air at room temperature
after etching to study the formation of oxide layer [35].
Ellipsometry is extensively used in plasma processing, since
it is capable of reaching the reaction layer, analysing the
microscopic surface roughness, subsurface damage etc. Various
research groups have studied the effect of oxygen and hydrogen
plasma on various semiconducting materials [11, 36-40].
Ellipsometry is highly useful for the determination of
microscopic surface roughness of thin"film and other samples
using effective medium theory. Using this method the rms value
of microscopic surface roughness is calculated. In this case
roughness is taken as microscopic with an average size much
smaller than the wavelength of light used and does not scatter
light £41, 42]. Elli psometry is also used for the
determination of macroscopic surface roughness, where
irregularities are large compared with wavelength and scatter
light [43-48].

Interface thickness is the most important parameter
which is analysed using SE in the case of semiconducting
materials [48]. Erman and Frijlink investigated the
AlGaAs-/GaAs heterojunction [80]. Vi jayakumar used ellipsometry
to investigate CUZS/CdS heterojunction [18). Ion implantation
can affect the surface properties of thin films. Snyder et al
have studied the smoothness of ion implanted copper [S1]1 and
mol ybdenum [52] laser mirrors. Optical coating are another
ideal application of ellipsometry since these films are often
deposited on flat smooth surfaces. Woollam et al have
investigated different optical coatings, for example Diamond
Like Carbon C(DLC), 2ZnOr/Ag-2nO-/glass, Tioz/Ag/TiCE/glass etc.,
[53-55]. Vi jayakumar et al have studied the effect of

temperature on the structural and surface properties of
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metallic thin films [S56-58]

Pioneering insitu ellipsometric studies were
performed by Theeten, Hottier and co-workers on plasma
deposition of Si and MOCVD of GaAs ané related materials
[59,60). Application of SE for the study of crystal growth by
MBE has also been reported [60). Kawagoe et al has conducted
insitu studies of the growth process of copper film at various
condition using ellipsometry [B62] and the oxidation on the
surface of 2h3P2 film was monitored [35]. In compound
semiconductors the optical penetration depth is limited to few
tens of nm, meaning that only outer ﬁost layers and interface
can be analysed. Such structures have yielded important
information of surface and top layers. Under these condition
the advantage of varying the angle of incidence and wavelength
to enhance the sensitivity in the measurement of layer
thickness, composition etc., have been recently stressed by
Woollam and co-workers [14,15,63,64] and for the other types
of ellipsometer [64,685). Woollam et al have also introduced
the ‘sensitivity plots’ to determine the experimental

conditions in which the sensitivity is maximized [63].

2.2 Theory of Ellipsometry.

In this section we will consider the changes taking
place in the state of polarisation of a beam of plane
polarised light due to the interaction with optical components
which constitute a polarising optical system. The following
assumptions are made for this analysis [1]

1> Light beam is monochromatic and plane polarised.

2> The interaction between the 1light beam and optical
system must be linear and frequency conserving.

3> The optical system must not be photo sensitive.

Here we will consider the theoretical aspects of the
measurements of ellipsometric parameters y and A and hence the

computation of the p. We will also consider the collection of
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information regarding the properties of the surface under
investigation, from these parameters. For this the most
general ellipsometric setup consisting of polariser,
compensator, optical system and analyser (PCSA> is taken into
account and is shown in Fig.2.1. The monochromatic and well
collimated light from the source is made plane polarised by a
liner polariser (P)>, after which it passes through the
compensator CC>. The emergent beam from C is reflected by the
optical system S, which is under investigation. This beam is
analysed using a linear analyser (A> and is detected by
Photomul tiplier tube C(PMID> (D).

"The orientation of polariser, compensator and
anal yser around the beam axis are specified by azimuth angles
P, € and A respectively in Fig.2.1. For the polariser and
analyser the azimuth P and A define the orientation of their
transmission axis (Cie., the direction of transmitted linear
eigen polarizations) while for the compensator the azimuth C
defines orientation of its fast axis Cie., the direction of
the fast linear eigen polarisationd. All these azimuths P,C
and A are measured from the plane of incidence which forms one
of the two linear eigen polarisations of the optical system S.
The angles are taken to be positive in anti clockwise
direction when loocking into the beam. In the description that
follows the light beam is described by its Jones vector and
the optical elements by the respective Jones matrices [11].
This is accepted because by this method one can easily follow
the state of polarisation of 1light beam as it progresses
through the components of the ellipsometer.

The notations used in the following treatment can be
explained in a simple way as follows. The superscripts denote
the coordinate system with respect to which the Jones vector
or matrix is referenced. In the subscript the first letter
denotes the components while the second shows whether the beam

is its input or output. For example Ei: is the Jones vector
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Fig.2.1 The PCSA ellipsometric arrangement that consists of a
linear polariser P, compensator C, sample S, linear analyser A

and the light detector D.
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(electric fieldd of the 1light beam at the output of
compensator, in its fast-slow principle frame of reference.
(The frame of reference of an optical component is the
coordinate system in which Jones matrix of the optical
component is diagonall. Another important matter to be
considered is the switching between two coordinate systems,
which is necessary when light beam travels from one system to
another. This can be implemented by using rotation matrix RCed
and counter rotation matrix R(-ad and is given as
cosCad sinCad

RCad = c2.1>
—sinCad cosCad

A. Polariser.
Let us first consider the effect of polariser. The
output of this system will be plane polarised light which can

be represented as

1
E'® = A ca. 2
po o
Here Ac contains the information regarding the intensity
and absclute phase of the wave emergent from the polariser.
The superscript *‘te’ denotes the ‘transmission-extinction’

principal frame of reference.

B. Compensator.

Before examining the effect of the compensator one
has to change the reference coordinate system, from
transmission-extinction principal frame of polariser to the
fast-slow principal frame of the compensator. This is achieved

by the rotation matrix RCP-CO

gf®* = rep-o E!° 2.3
po

cL
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cos(P-CO sinCP-CO 1

= A
€l -sinCP-C cosC(P-O o

: cos(P-CD>

E® = A c2. 4

et sinCP-C

The compensator is having a slow-to-fast complex

amplitude transmittance given by

p =T e 2.8

This shows that the component of the electric wvector
incident on the compensator parallel to its slow axis is
retarded in phase by 6c and is attenuated in amplitude by T

<
relative to the orthogonal component parallel to its fast
axis. The Jones matrix of the compensator is given by
‘ i O
T® =K 2.8
c c o p
o4

Vhere KC accounts for the equal attenuation and phase

shift along fast and slow axes. The Jones vector of the out

put of the compensator is

gfs = 1f® gf® 2.7
co c cL
¢ cos(P-CO
E'° =K A 2.8
ce €l p sinCP-O

c

C. Optical system.

Since the system under investigation is a reflecting
surface its principal frame of reference is the X-Y coordinate
system; but the X-axis coincides with the plane of incidence.
-In order to bring the Jones matrix to X-Y principal frame of

the optical system S, one has to perform a coordinate counter
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rotation by an angle C and the output is given as

EXY = RC-OE'® 2.
cO

cO
cosC—-Cd) sinC-C 7

RC-CO> =
—sin(-C)> cosC(-CO

cosCCY -sinCco T

= 2.10
sinCCO cosCO

-

cosCCOcosC(P-C —pcsi nCCOsinCP-CO
EY =K A (2.11>
sinCCcosCP-C +pccosC CocosCP-CD
Now one czan note the modification of the polarisation

caused by the reflection at the optical system (S3. The out
put of the compensator is taken as the input of the system S.

EY = TY g c2.12

80 s st
In the above equation the Jones matrix of the system
T;y is diagonal since it is assumed to have orthogonal liner
eig:en polarisations, parallel to X-Y coordinate axes and the
matrix can be written as
v O
T:y = o c2.13
O Vey
where VGx and Voy represent the eigen values of X and Y
liner eigen polarisations ie., these two parameters represent
the changes taking place in the amplitude and phase of
electric vector component. Substituting the values of E:\: and
T:y in Eq.2.12 we get,
v x[ cosCCOcosCP-CD —,ocsi nCCOsinCP-CD1]

Exy =K AC i 2.14>
se ¢ veyr sinCCcosCP-C) +p cosCCIsinCP-C) )

D. Analyser.
To study the effect of the analyser on the
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polarisation of the beam, one has to make a coordinate
rotation from the optical system's X-Y principal frame to the
analyser’s t-e principal frame as

E'® = rcaAd EYY 2.15
SO

atuv

Taking E:’: = E:: and substituting for RCAY in the above

equation, one can have,

E . [cosCADE | + sinCAE | 1
aiv, t al s X av

= Y c2.18)
E . [—sinCADEaix + cosCADE .

ai, e ai,yl

The third term in the subscript denotes the corresponding
coordinate axis. The Jones matrix of the analyser is given by

. 1 0
e - k €2.17>

a a O O
where Ka represent the amplitude and phase changes
experienced by the transmitted linear eigen polarisations.
Then the electric vector at the output of the

analyser is obtained as

te tete

E'® = T'°E"" c2.18d
ao a alv
t E 1,i
ie., E'® =K are 2.1
ao a o

E. Detector.
Now the intensity of the detected light signal Ip is
gl ven by

=
[

+
=3 Kd( E:<:|.o an)

» » 2 2
Kd (KGKG) (Eai..tEai.,t) = Kd 'Kol lEoi.,t ' (2.20

where Kd is the real factor which depends on the

intensity profile of the light beam and nature of the photo
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detector. From Eq.2.18 it can be easily written as

E = cosCAE . + sinCADE | 2.21>
ai,t ai,x ai,y
substituting the value of E. and E .
al,Xx av,y
E. = KA {v cosCAd [coscc>coscP—c> - psinCC)sinCP—C)]
ai,t c C (=24 <

+ VeysinCA) [sinCC)cosCP—C) + P cosccnsin'cp—cn]} c2.22

1, = o’ = ¢L|® c2.23

2 2 2
where G = IACI IKCI IKOI Kd 2. 24>

and L = { VexcosCA) [cosCCDcosCP—CD - pcsinCC)sinCP—C) ]

+ V sinCAD [sinCC)cosCP—C) + p;cosCC)sinCP—C)]} c2.25>
ey

The above results has been obtained by analysing the state
of polarisation at different points along path of the beam.
The Eq.2.22 shows that

I, = fCP.C.A.pC.Vex'VOyD 2.26

which means that the detected 1light intensity is a

function of

1. Azimuth angle of polariser, anal yser and
compensator.
2. Slow to fast relative complex ampl i tude

transmittance of the compensator.
3. Complex eigen value Vm‘ and Ve of the optical

Y
system to be analysed.

2.21 Different types of ellipsometer.

The principle of ellipsometer is based on the fact
that the reflected light contain the information about the Vox
and V;y and can be extracted by proper use of Eqg.2.22. The

ellipsometer parameter p is defined as
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o = c2.27D
Vey

The information regarding Vex and Vey can be obtained
from different type of experimental setup. Now we can classify
ellipsometer into two main groups

1. Null Ellipsometer.

2. Photometric Ellipsometer.

2.211 Null Ellipsometer.

The principle of this setup is that by adjusting the
azimuth angles of polariser, compensator and analyser (P,C,AD
the 1light flux falling on the photodetector can be

extinguished. This condition can be represented as

Id = 0 z2.28
for which the necessary condition is
L =o 2.29

Using this condition in Eg.2.22 one gets

0 = {VexcosCAD [cosCC)cosCP—C) - p_sinCOsin(P-0 ]

+ V ysinCAD [sin(C)cosCP-C) + P cosCC)sinCP—C)]}
(=4

substituting Eq.2.27 in the above equation one can get,

-tanCA> [tanClO + pctanCP—CD ]

p = 2. 30>
1—pctanCCD tanCP-CO

using the ellipsometric relation given in Egq. 1.88 of

section 1.52 we can write

LA
p=tanye

From this equation one can calculate the
ellipsometric parameters y and A of the optical system under
.investigation from the measured azimuth angles P, C and A and
the slow to fast relative complex amplitude transmittance p
(=4

of the compensator. Using this y and A one can calculate the
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physical properties of the system and details of this

calculation is discussed in chapter 3.

2.212 Photometric Ellipsometer.

In this type of ellipsometer the detected 1light
intensity is never zero. Here the output light flux Id is
measured as a function of azimuth angles P, C, and A and phase
retardation of compensator P, and angle of incidence ¢.

Id = GlVeylzltanyE}ACOSCA) [cosCCdcosC(P-CO - pcsinCCDsinCP—CD]

+sinCAYIsinCCOcosC(P-CO + p;cos(C)sinCP—C)]lz a.31>
Corresponding to different intensity or azimuth angles
one can write different equation as above and three such
equations can be solved to give the ellipsometric parameters y
and A. Hence the physical properties of the system can be
calcul ated.
There are two types of photometric ellipsometers,
1. Dynamic ellipsometer
2. Static Ellipsometer.
In dynamic ellipsometer some of the parameters (P,
C, A and pz) are periodically varied as a function of time and
detected light intensity is analysed using fourier analysis.
In static ellipsometer intensity is measured at different

predetermined values of P, C, A, and P,

A. Static photometric ellipsometer.

In present study we have fabricated this type of

ellipsometer. A static photometric ellipsometer does not
require a compensator and this type is known as
Polariser—-System—Anal yser CPSAD type ellipsometer. The

detected light intensity is a function of P and A. The
required relation can be obtained from the Eq.2.31 by setting
C=0 and pc=1.

ie.,
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I, =6V 1" |tany e'® cosCAdcosCPY + sinCAdsinCP> |2 2.3

On further simplification the above equation simplifies to,

1,=F [1—cosC2vD (coscaa> + cosCBP)) + cos(2A>cos(2PD

+ sinCBchosCADsinCBADSinCBPD] 2.33

where F 1is constant.

Let Id;’ Idz and Id; represent the detected 1light
intensities at three different sets CP1A13’ CP2A23 and CP3A3)
of the polariser and analyser. These three intensities give
three different equations of the type of (Eq.2.33) with three
unknown quantities CF". w and Ad. By solving these equations
the required unknown gquantities w and A can be obtained. Hence
for determining the parameters yw and A at least three sets of
data are required. Even though additional measurements are
redundant, for practical reasons a large number of
measurements are required for the accurate determination of y
and A.

The choice of setting azimuths P1 and A1 of the
polariser and analyser is 1left arbitrary. Consider the

following three sets of azimuths, to make the computations

7

easier. One can select = as the azimuth of polariser and
+7 -

1 0 and 2 to be the three setting of the analyser giving

the three different intensities Id.t' Idz and Ids' From Eg.2. 33

one gets

Ich = Ian/4,—n/43 = F (1-sin2y cosAd (2. 34Cad>
Ic12 = Ian/4.03 = F C(l-cos2y > (2. 34CbdD
Ida = Ian/4.+n/4D = F C(l+sina2y cosA> C2.34CcDD

From the above equation y and A are obtained as
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i cos_l di dz da
w = = 2.35
= Id1 * Id3
F S
COS_1 231nC8w3CId3 Icu
A= I T I 2. 36>
d1 d3

Knowing the value of y and A, the value of p and hence
values of wvarious physical properties of the optical system

can be calculated.

B. Dynamic photometric ellipsometer.

Only a very  brief report of this type of
ellipsometer is 1included here. In this type one or more
optical parameters are modulated and detected signal is
fourier analysed. Depending upon the parameter or combination
of parameters selected for modulation there are large number
of possibilities and here the few important systems are
considered.

The first one 1is Rotating Analyser Ellipsometer
(RAE>. This has either PCSA or PSA arrangement. Keeping the
polariser and compensator at a fixed azimuth (P, €3 the
analyser alone is rotated at constant angular velocity w and
the intensity of detected signal is fourier analysed. The
detailed description of the working, theory and computational
techniques are given in several publications [1, &, 67-701].

The next one is the Polarisation Modul ated
Ellipsometer C(PME2. In this the state of polarisation of light
beam in its path is modulated at a suitable point in the
prescribed fashion so that information of the optical system
under investigation is retrievable from the harmonic analysis
of the detected intensity. Here also several possibilities are
available depending upon the position and method of

modulation. A convenient arrangement is proposed by Jasperson

64



[71,72) in which the sequence of optical components are
polariser P>, modul ator (M, optical system under
investigation () and analyser CA3. The PMSA arrangement is
considered to be the same as conventional PCSA arrangement, in
which compensator’s relative retardation CpcD is periodically
modul ated as a function of time. The main advantage of PMSA is
that all optical components remain stationary and it allows

the measurements at vary high speed.

2.3 Experimental setup of the ellipsometer fabricated.

In this section we discuss the basic instrumentation
and optical techniques of ellipsometer with due importance to
the system fabricated for the present work. The basic theory
of ellipsometry has already been covered in the previous
section. In the present study we fabricated a static
photometric type ellipsometer with facility to change both
wavelength CAD and angle of incidence (¢>. This instrument is
known as Variable Angle Spectroscopic Ellipsometer (VASED. The
computation techniques using this technique is described in
the next chapter. The ellipsometer is basically an optical
instrument that consist of two arms, whose axes lie in one
plane. One arm is usually stationary known as polarising arm
and the other arm known as analyser arm which can rotate
around a central axis that passes through the point of
intersection of the two arms’ axes. The angle between the two
arms is measured on a graduated circular scale concentric with
the central axis and having diametrically opposite verniers.
The sample holder is mounted on a shaft that passes through
the central axis of the instrument The sample holder is
arranged over a sample table with leveling arrangements. Using
these leveling screws the sample is arranged in such a way
that the surface of the sample is perpendicular to the beam
axis, so that the light reflected from the sample surface is

in the same plane defined by the incident beam and arm axes.
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The sample holder is attached to an electric heater capable of
heating the thin film sample in a controlled manner up to
350°C. A chromel-alumel thermocouple is used for measuring the
temperature of the sample. The Fig.z2.&(ad shows the photograph
of the experimental setup for ellipsometric measurement.
Fig.2.2(b> shows the schematic diagram of the various elements
arranged in the VASE fabricated. The various components in the
setup are light source, lens system, optical beam chopper,
monochromator, polariser, sample holder with heating and
temperature measuring arrangement, analyser, light detector,
tuned amplifier for signal processing and digital multimeter
for read out. The following section contain the detailed

description of important parts and alignment of ellipsometer.

A. Light source and monochromator.

The inset of Fig.2.2(b) shows the schematic diagram
of the light source used in this setup. This contains a
concave reflector at 1its back side and a plano concave
condenéer lens at the front side to increase the optical
collection and for getting collimated beam output. In order to
get continuous white spectrum, with more high frequency
component a tungsten halogen source with 250 W power is used.
Highly stabilized constant current source (18 A is used as
the power supply for the source. The collimated unpolarised
light from the source S is used in ellipsometer. In earlier
section it was described that for ellipsometric measurement
the light should be monochromatic as far as possible. For this
purpose a 0.20 Meter McPherson monochromator with a grating of
1200 g/mm is used. The entrance and exit slit widths are
arranged to get narrow band light output. The dynamic range of
this grating is 200-800 nm. In the present setup practical
range of wavelength is limited by the spectrum of the light

source and sensitivity of PMT used and it is ~400-750 nm.

sls}



Fig.2.2. C(a) Photograph of the VASE experimental setup
fabricated.
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Fig.2.2. (b)) Schematic diagram of VASE experimental setup
fabricated. i1.light source, 2.lens system, 3. chopper,
4. monochromator, 5.long focal length lens, 6.liner polariser,
7.sample holder with heating and temperature measurement
arrangement, 8. linear analyser, 8.1light detector CPMTD,
10.tuned amplifier and 11.digital multimeter. Inset of the
figure shows the light source used in VASE. M.concave mirror,

S.tungsten halogen lamp, L.condenser lens and F.cooling fan.
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B. Polarising elements (Polariser and Analyser).

These are the most important optical elements in an
ellipsometer. An ideal 1linear polariser 1is a device that
transforms any state of polarisation of light at its input to
a linear state of polarisation at its output. A real linear
polariser has orthogonal linear eigen polarisations, say X and
Y, with associated eigen values Vex and Vey. one of which is
zero. If the Y eigen polarisation is almost extinguished ie.,
lveyl <<1. The extinction ratio of the polariser is defined as

v, 1
ey
x = —————— c2.37>
r lv lz
ex
In the present setup a Glan-Thomson prism is used as

10™%. Two

4

linear polariser with extinction ratio X
polarisers are coaxialy mounted on the two arms of the
ellipsometer in such a way that the light beam passes through
the centers of the polarising elements. The first one is known
as polariser which converts the incident natural light into a
linearly polarised one. The polarised 1light falls on the
sample resulting in a change in polarisation state of the
light due to reflection from the sample surface. The second
element is known as analyser which is used to measure the
change in polarisation of reflected light from the sample
surface. These two optical elements are capable of rotation
around an axis passing through their centers and the angle of

rotation can be measured using a circular scale.

C. Light detector and signal processing.

In static photometric ellipsometer the ellipsometric
parameters yw and A are calculated from the intensity of light
measured at different settings of the polariser and analyser.
Photomultiplier tube (PMID> (R446, Hamamatsu, Japand is used
for the measurement of light intensity. PMT gives an output

current which is independent of load. The ocutput of the PMT is
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fed into a current-to-voltage converter, that gives. an output
voltage which is propertional to the input current. This in
turn is proportional to the intensity of light flux falling on
the PMT. In order to avoid the ambient noise an electronic
circuit consisting of tuned amplifier and an optical beam
chopper (Stanford Instruments Ltd, USA> are used. The incident
light beam is chopped at a frequency 1869 Hz using an optical
beam chopper and PMT detects this chopped 1light beam. To
eliminate noise, only the AC component of the detected signal
with frequency 168 Hz is amplified and all other components
are filtered out using a band pass filter. The output of
current-to-voltage converter is then amplified and fed into a
band pass filter. The resonance frequency of the filter |is
arranged in such a way that it allows only the chopping

frequency of light. - e o RIS S o<

o -t mm=tinr ~0 The AC output of the tuned amplifier is

measured using a digital 44/2 CAplab) multimeter.

2.30 Alignment.

The source is arranged to give collimated beam
ocoutput. Using lenses it is further collimated to give parallel
beam. All optical components and the light source are arranged
along the axis that passes through tﬁe centre of the analyser
and polariser arm. In order to have fine adjustments, all
optical components are arranged on optical stands with two
degrees ¢ Z and Y axis) of movement. These optical stands are
then fixed on an optical bench in such a way that the X-axis
movement is also possible. Using fine pin holes, the diameter
of the beam illuminating the sample surface is adjusted to be
less than 2 mm in diameter. _

The azimuth angles of the polariser and analyser are
calibrated using the principle called ‘polarisation of 1light
by reflection’ from a dielectric surface at a particular angle

of incidence called Brewester angle C¢b). At Brewester angle
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the reflected light contains only s-component of polarisation
ie., the component perpendicular to plane of incidence. If n
is refractive index of glass, then the Brewster angle C¢b3 i:
defined as

tan¢b = ng 2. 38>

At first for the calibration of polariser, the
analyzer is removed from the analyser arm. The angle of
incidence of the beam on the glass plate mounted on the sample
holder is arranged to ¢b Cin the case of ordinary glass this
angle is B56°30’) and the reflected intensity is noted using
the PMT. Then the polariser is rotated in such a way that the
reflected light intensity at ¢b is zeroc or minimum. At this
point the azimuth angle of the peclariser is taken as zero and
in this position the polariser output contain only p component
of light. Then using the known polarisation state of polariser
the azimuth angle of the analyser is arranged to zero. In this
setup the polariser is arranged to fixed azimuth +45°, This is
made possible by rotating the polariser through 45° in
anticlockwise direction. The intensity of thin film sample is
measured for different Cat lest threed azimuth angle of the
analyser. In the present case the intensity is measured for
different azimuth angle of the analyser in the range 0-24°
with a step of 3°. This large number of measurements can aveid
any possible error in the measurement of ellipsometric
parameters y and A.

It is practically a tedious work to arrange a large
number of elements without any deviation from optical axis
unless the mechanical parts have very high precision. A small
error in this can cause large deviation in optical path. In
this setup it was observed that the rotation of polariser
causes a small deviation in optical beam, which may affect the
angle of incidence measurement. A long focal length lens was
placed before the polariser in order to correct the path

deviation due to the rotation of the polariser. Hence by the
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slight adjustment of the lens the beam can be brought back to
the original position and avoid the possible error in angle of
incidence measurement as well as ellipsometric parameters y
and A.

The dynamic range of angle of incidence of the
ellipsometer fabricated is 20-85°. The angle can be measured
with an accuracy cﬁ‘zo". The azimuth angle of polariser and
analyser can be measured with an accuracy of 11. The accuracy
of DMM is *0.05% of full division. The monochromator gives a

very narrow band optical output.

2.31 Standardization of the Ellipsometer-
Measurements on glass slides.

As a standardisation process the surface of the
ordinary type of glass slides were analysed using our
ellipsometer. The Figs.2.3 to 2.6 shows the variation of y and
A with angle of incidence in the case of the glass substrates
{(without any additional polishing). One side of the slide was
grounded and blackned with carbon in order to avoid the back
reflection from the glass/air interface. The glass slides were
cleaned using socap solution and hot concentrated chromic acid.
Then these slides were washed in double distilled water.
Finally ultrasonic cleaning was given and the cleaned slides
were dried inside a hot oven. The ellipsometric readings were
taken at the wavelength 883 nm in this case. The glass slides
were carefully mounted on the sample holder so that the
surface was along the central axis of the ellipsometer and
also perpendicular to the incident beam. The polariser azimuth
was kept at constant wvalue of 48°. The angle of incidence
could be calculated from the readings on circular scale of
ellipsometer. The intensities of reflected light corresponding
"to the different azimuth angles of the analyser were measured.
The azimuth angle of the analyser was varied in the range

0-21° with a step of 3°. This gave eight measurements of light
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intensity and using these eight values 56 yw and A could be
calculated by taking different possible combinations of CP,A).
The average of these values were taken as the y and A
corresponding to that particular angle of incidence and
wavelength. The experiment was performed for angle of
incidences in the range range 20-82.5° with a step value of
2.5° and with a still smaller step near the Brewester angle
region 52. 5-62. 8°. Figs.2.3Cad and 2. 4Cad show the
experimental yw and A of glass surface. The theoretically
calculated vy and A values of glass surface is shown in the
same figure (Figs.2.3Cb) and 2.4Cbd). It is assumed that the
deviation between the two graph may be due to the surface
imperfections like surface roughness, or any contamination of
these glass slides. The rough surface is considered as an
imaginary surface layer having mixture of air and glass
materials and this new layer is analysed (detailed analysis of
these types of treatment is given in section 3 of chapter 3
using Bruggeman’s effective medium approximation [73). Very
recently Jellison et al have reported such an analysis on
different types of glass substrates [74]. In that analysis
they have assumed that the surface layer contains 80% air and
50% material. But in the present study we have estimated the
actual compositioen of the imaginary rough surface layer.
Assuming that there is such an imaginary rough layer over the
glass substrate, we calculated the ellipsometric parameters y
and A for substrate at different angle of incidence. The
calculated yw and A of new optical model is shown in
Figs.2.8Cb> and 2.86C(b) along with the experimental y and A
plot. These figures shows that the new optical model agrees
very well with experimental system except for a slight
deviation at 1large angle of incidence region. This result
~suggest that the glass surface has a roughness C(of average
height ~35 nmd and the total veolume fraction of air embedded

in between these irregularities is about 0.30. (3020.

73



4571

w
o
T

psi (degree)

(85}
T

O Il ] L 1 N 1 4 ]
10 30 50 70 S0

Angle of incidence (degree)

Fig.2.3 Ellipsometric parameter yw as a function of the angle
of incidence from a glass plate. (ad experimental yw and (bd

theoretical yw from air/glass interface.

180

1

(7]
w
1

T

45

1 L 1 L 1, ] 3
9% 30 50 70 50
Angle of incidence (degree)

Fig.2.4 Ellipsometric pérameter A as a function of the angle

of incidence from a glass plate. Cad experimental A and Cbd

theoretical A from air glass interface.

74



45

N
© 30+
O
[ -
o b
O
E i b
G 15k
O— —
1 { 1 | 1 1 1 |
96 30 50 70 30

Angle of incidence (degree)

Fig.2.8 Ellipsometric parameter yw as a function of the angle
of incidence from a glass plate. (ad experimental y and (bD

theoretical y for a model air/rough surfacers/glass interface.

180 b
| T
135+
PamS -
[1)]
Q
o |
i
o 90
p—
5 F
=
s L
©
a5}k
L 1 1 L 1
96 30 50 70 30

Angle of incidence (degree)

Fig.2.6 Ellipsometric parameter A as a function of the angle
of incidence from a glass plate. (ad experimental A and (bd

theoretical A for a model air/rough surfaces/glass interface.



2.4 Conclusion.

This chapte} gave a detailed description of theory
and the instrumentation of ellipsometer. An experimental setup
for ellipsometric measurements C(VASE> was fabricated with
facility to vary the wavelength and angle of incidence. An
ordinary spectrometer is used for this purpose. The collimator
and telescope arms were converted into polariser and analyser
arms respectively. The accuracy of the measurement of azimuth
angles of the polariser and the analyser is 1’ while that of
angle of incidence is 30". The range of variation of angle of

incidence is 20° - 80°.

20 cm monochromator was used for
wavelength selection and it can scan between 400nm and 750
nm. High power tungsten halogen lamp was used as the light
source and this enabled measurement even on surfaces with very
low reflectivity. A photomultiplier tube was used for the
detection of the reflected light signals. Sine the signal was
usually weak and it was further amplified. The chopper and
tuned amplifier arrangement could eliminate noise from the
system. The use of long focalength lens could avoid the path
deviation due to the rotation of polariser.

A clean glass plate was used for the standardization
of the system. The calculated y and A values were used for the
determination of Brewster angle of glass plate and it was
found to be in agreement with the standard values. This
analysis also revealed that the glass surface had a roughness

of the order of 40 nm.
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Chapter 3
ELLIPSOMETRIC CALCULATION TECHNIQUE AND APPLICATIONS

3.1 Introduction.

In general when a linearly polarised light is
incident on a flat surface it becomes elliptically polarised
upon reflection. Ellipsometry involves the measurement of the
induced changes in polarisation [1]. The fundamental problem
is then to understand those properties which characterize the
material medium and are able to induce measurable changes in
the polarisation. For this analysis, the system is considered
as a non magnetic sample, exhibiting depth dependent optical
properties, such as one with a layered structure over a
substrate with uniform thickness and flat boundaries. The
dielectric constant of each layer 1is considered as isotropic
and homogeneous [2]1. Each layer is characterized by at least
two parameters ie., thickness and dielectric constant. If the
medium is not homogeneous the dielectric constant of the mixed
layer is expressed in terms of effective medium theory {[3-8].
The effective medium theory helps us to analysis the nature
of surfaces and interfaces of multilayer thin film systems. It
can be used for the accurate determination of optical
constants of thin film systems [8-11]1. For the study of
surface roughness usually, the rough layer is considered as a
mixture of ambient and the medium and then analysed with the
help of Bruggeman’'s Effective Medium Approximation CEMA3 ([8].
In the case of diffusion of one layer into another causing the
formation of a mixed interface layer EMA can be used for the
analysis of the inter layer [10,12]. In order to determine
optical <constants of thin film accuratly, the surface
roughness of the film should also be taken into account; and
which is possible with the help of EMA in ellipsometry [111].
But the correct estimate of the optical parameters and

thickness of the structure depends on the number of the
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independently obtained data from ellipsometer. The number of
experimental data should be equal to or greater than the
number of unknown parameters to be determined [13]. So the
measurements should be made in such a way as to enhance the
number of experimental data and hence the sensitivity of the
measurement [14].

Ellipsometric measurement at one angle of incidence
and wavelength yields two independent parameters, viz; the
real and imaginary part of complex reflectance ratio C(y and
». It has been observed that a reliable result can bhe
obtained from the large number of data. There are different
techniques for increasing the number of observations [18].

(i) by making measurements at multiple angle of
incidence [16-1B].

" €ii) by making measurements at fixed angle of incidence
and through a scan of wavelength (Spectroscopic Ellipsometry-
SE-> [19].

€Ciiid by making measurements at multiple angle of
incidence and multiple wavelengths CVariable Angle
Spectroscopic Ellipsometry -VASE-D [20,211].

Among these techniques, the last one, VASE, is most
important because it has all the advantages of the first two
techniques like spectroscopic and variable angle ellipsometer.
In the present work an ellipsometer with VASE facility is
fabricated and used for the measurements.

In the ellipsometric technique the correlation
between the calculated parameters is a major problem and may
result in incorrect values. In the case of VASE this problem
can be reduced by taking measurements at different angles of
incidence and different wavelengths [15] and also by taking
measurements at sensitive region of ¢ and A. The sensitivity
of ellipsometric parameters y and A of the thin film system
varies with different regions of wavelength A and angle of
incidence ¢ region [14,22,23]. Using a VASE it is possible to

take measurements at a particular X and ¢ region, where the y
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and A have more sensitivity to the thin film system under
investigation and hence the accuracy of the calculated value

will be better [23].

3.2 Ellipsometric data analysis.
3.21 Reverse and forward problems.

In the previous section we have seen the theory,
instrumentation and data acquisition of ellipsometry. A
FORTRAN programme is used for the analysis of the
ellipsometric data and calculation of physical properties of
the thin film. Section (2.2) contains the theory of
ellipsometry and section 1.5 describes the theory of 1light
reflected from the film atop a substrate. The Eqgq.2.33 gives
the relation between the ellipsometric parameters (y and A to
the measured intensity of light reflected from the sample and
Eq.1.80 relates the same parameters C(y and AD to the optical
properties of film system under (single layer) study using the
Fresnel's coefficient of reflection. Using these two equations
it is possible to calculate the physical parameters of the
sample. In this case the calculation of a parameter like
reflection coefficient for a given thin film structure of
known optical properties is known as *“forward problem" and is
readily programmable [1]. But the ellipsometrically measured
parameters Cy and A) can alsoc be used to determine the unknown
physical properties (for example, refractive indices of the
layer, thickness of the layer etc.) of the material, and this

part of the calculation is known as ‘'reverse problem" [1,2].
In order to characterize the layered structure of the sample
it is necessary to invert the Eqg.1.60. Because of the
nonlinear nature of the Fresnel's equation that relates yw and
A to the physical properties of the system, usually it defies
the analytical inversion except in few simple special cases.
But with the help of a computer the numerical inversion of

such nonlinear equations is possible. A numerical inversion

computer programme inverts a set of equations that represent
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an optical model of the system. Here one consider a sequence
of forward problems, where each increment of the sequence
involves different distinct steps. The steps include starting
with a good estimate of values of the model parameters,
determining the deviation (Cerror factor Q defined in Eq.3.1)>
of experimental system from the optical model and updating the
model parameters with the better values [2]. This is repeated
until the magnitude of correction between the experimental and
theoretical model becomes zero or very small.

For the ellipsometric analysis we have developed
different FORTRAN programmes. Flow charts for different
ellipsometric calculations are given in charts 3.1 to 3.3. The
flow chart 3.1 is that of a general ellipsometric calculation
for the determination of experimental values of y and A (y
and AeD using the measured values of intensity of lighz
cbtained from the ellipsometric measurements. These values of
v, and Ae are used in the reverse calculation for determining
the unknown parameters of the thin film systems. The flow
charts 3.2 and 3.3 show two types of calculations used in this
work ie., multiple angle incidence (MAI> and variable angle
spectroscopic ellipsometer (VASED. Flow chart 3.2 shows the
calculation of refractive index spectrum (both real (nd and
imaginary (kD parts of complex refractive index, N=n—-ik) of a
single layer thin film system. Using this programme the n and
k calculation over the entire wavelength is possible. For each
wavelength the measurement is performed at MAI. The n and k
values are scanned over the given ranges and the error of the
model is determined using least square error analysis. The
best model is determined from the lowest wvalue of unbiased
estimator (&> wvalue (defined in Eq.3.2) obtained from the
model fitting procedure. The flow chart 3.3 shows the
.calculation technigque used in a VASE. It shows the calculation
of thickness (tO> and volume fraction (x> of additional
material in a given layer. Bruggeman’s effective medium

approximation is used for this calculation. This technique is
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also used for the surface and interface analysis of a thin
film system. The detailed description of various techniques
involved in these calculations are given in the following
sections. These are extended to multilayer thin films for the
determination of physical properties of various layers
together or independently and also for the analysis of

interlayers between different layers.

3.22 Optical modelling.

A major drawback of optical analysis is that optical
instruments measure only the variartion in the optical
properties like reflectivity, transmission or polarisation;
not the film thickness, relative volume fraction, grain size,
or the dielectric function etc which the user really wants.
These properties must be inferred from the optical data. A
model is required for doing this. In other words a set of
mathamatical equation based on a model is required to
calculate theoretically the optically measured parameters. The
values of unknown parameters (like dielectric constant, film
thickness or grain sized will be just assumed for doing this
theoretical calculation. When the computed value of the
optically measured parameter exactly coinsides with its
measured value, the model is correct and hence the value of
the unknown parameter is- just the assumed value itself. This
is to be done in the case of ellipsometry also in which the
measured parameter is pP- This parameter has to be
theoretically calculated using a optical model of the thin
film system and this model is the computer simulation of the
actual physical system using the known optical properties of
the system [24]. A set of equations given in Eq.1.860 represent
a simple system having structure Cair-film-substrate systemd
and these equations can be used for calculating the measured
ellipsometric parameters p theoretically. Fig.3.1 show how an
optical model might be considered. In these Figs.3.1Ca> and
3.1(b) show the actual structure of the system and the
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Fig.3.1 Ca) Schematic diagram of a thin film sample with top
oxide layer with roughness deposited over the glass substrate.
3.1CbY) One possible approximate optical model of the thin film
system shown in Cad.

3.1Cc) Another optical model of the thin film system shown in
(ad that contains the fine details like surface roughness and

mixed layer.
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approximate optical model of the physical system respectively.
This system can be represented by a set of Fresnel's equations
using complex refractive index of different layers Ns. Nf.
Nox, and No and thickness of the film ’t.1 and tz. The objective

is to determine t, ¢t and N . Here N, N N , and N are
1 2 ox s ox o

the complex refractive indices of substratet. film, top oxide
layer and ambient Caird while 't.1 and 'c,2 are the thicknesses of
the film and the oxide layer formed. Once an optical model has
been selected the approximate material parameters are then
determined by the numerical inversion of the Fresnel’s
equations. An assumed set of optical parameters 1is used to
calculate the "calculated" results. This set is then changed
by an iterative procedure until an optimum set of values is
found by minimizing the least square difference between the
experimental and calculated ellipsometric parameters, thus
making the discrepancy between the calculated and measured
spectra a minimum. The error function for calculating the
discrepancy between the two e, calculated val ue and

experimental value is given by [11,251.

Q = 2 { [tanw‘b()\i¢k) - tanwcC)\i¢k) ]2 +
ik

2
[cosAeCAi¢k) - cosACC)&i¢k) ] } c3.1>

where the subscript ¢ and e stand for the ‘calculated’
(using the Fresnel'’s equationsd and ‘experimental’ C(using
ellipsometric technique) respectively. The subscript i and k
stand for the different experimental condition that are wvaried
during the measurements such as wavelength (A3 and angle of
incidence (¢d.

If finer details are required, (for example surface
roughness, or interface formationd the model must be extended
as shown in Fig.3.1C¢> to include these phases also, provided
there should be adequate data to deal with the more
complicated models. If the data is independent to the added
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parameters the uncertainty become very large. Experience and
some basic knowledge of the structure of the sample are needed
for choosing the correct models.

When comparing the suitability of the different
optical models used in an experiment, the unbiased estimator
(8 value derived from the ellipsometric calculation is highly

useful, and this is given by [11,25]

1
& = = - p 1 Q. (3.2
where s is the number of independent readings
corresponding to different experimental conditions ie., at

different wavelengths and angle of incidence <( in our
experiment this (s) is in the range 40-8503 at which the VASE
measurements have been made and p is the number of unknown
model parameters to be determined (for example if n, k and t
are the parameters to be determined then p is 3, in the
present experiments it varies from 1 to 4 depending on the
systemd. The least value of & corresponds to the best suitable
model. The parameters corresponding to this model can be
assumed to be the physical constants of the system under
investigation. A more stringent test for the wvalidity of an
optical model is to use the optical data obtained from the
model to determine any other parameters as a function of an
experimental wvariable. For example in a three phase C(eqg.,
air/filr;\/substrat,e) model the film thickness can be determined
at different wavelengths. But if it turns out to be wavelength
dependent, then it is clear that something is wrong with the
data or the model used.

Another crucial problem coming up in the inversion
procedure is that of correlation between the parameters of the
system. The correlation between the parameters can be
significantly reduced by taking reading in multiple angle and
multiple wavelength mode [14].
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3.3 Surface and Interface analysis.
3.31 Bruggeman’s effective medium approximation.

All materials are inhomogeneous in the atomic scale.
But macroscopically homogeneous materials can also consist of
separate regions which possess their own dielectric identities
but have dimensions that are small compared to the wavelength
of light. The dielectric function of these materials can be
described in terms of dielectric function of its constituents
and its microstructure by effective medium theory. That is, if
a medium is not perfectly filled with atoms of the same
material, but has for example voids, or inclusion of some
different materials, the optical properties of the medium can
no longer be described by theories dealing with the ideal bulk
materials [3-8]. Bruggeman’'s effective medium approximation
theory CEMAD [8] and Maxwells-Garnett theory C(MGID> [8] are the
most widely used mean field theories for the calculation of
dielectric constant of such composite media. Both these
theories are derived on the assumption that the composite
materials consist of grains which are much smaller than the
wavelength of probing 1light. However they differ in the
treatment of the two components in a composite system. In the
EMA the two components are treated with equal importance. But
in the MGT the grains of one component are taken to be
embedded in the matrix of the other component [3,8)] and this
theory is valid only for small filling factors of inclusions.
In the case of Bruggeman’s EMA theory the two components with
filling factors x and (1-x) are taken into account on an equal
footing, and hence it 1is valid for all filling factors.
Through out the present work for the analysis we have used
Bruggeman's EMA.

In Bruggeman's EMA, the average dielectric function
£, of a mixture A B of two reference materials A and B

X (1-%)

with known dielectric function a:u and t;b and volume fraction x

and 1-x can be calculated using the relation given below.
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b% + Ci—xD'j;——————' =0 3.3
a c b c
The dielectric constant (&£> of a material is related to
complex refractive index (ND by the equation

e = N? €3. 4D

3.32 Interface analysis.

Ellipsometry is commonly used for the interface
analysis of semiconducting materials [10,286,27]. The
characterization of the interdiffusion of different layers in
the multilayer thin film system is done by measuring the
volume fraction of one layer in the other and EMA is used for
this this. In other words this is done by measuring the
thickness and volume fraction (x> and (1-x3 of the constituent
materials in the hypothetical interlayer at the interface of
two layers as shown in Fig.3.2. The figure shows the interface
between the two layers A and B with dielectric constant £, and
£- If the interface is not perfect a small amount of matefial
(A) diffuse into (BD) and vice versa. This new layer which
contain both material A and B is considered as the new
interlayer. Thus for the ellipsometric analysis the bilayer
system is now considered as a three-layer system with an
interlayer in between the two having a volume fraction (x> for
A and (1->5 for B. The thickness of the mixture layer gives a
measure of the diffusion of material into each other. The
dielectric constant of the mixed media is given by Eq.3.3. By
incorporating EMA in the optical model of ellipsometric
analysis it is possible to calculate the thickness, volume
fraction of material A and B and the effective dielectric
constant of the interlayer formed, if any between the layers A
and B.

In the present work we have used the EMA in the
ellipsometric analysis and applied the same iteration

technique for minimising the error value between actual and
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assumed models to get the actual model of the system and hence

the physical parameters of the same.

3.33 Surface analysis.

It is observed that ellipsometry is highly sensitive
to the variation on the surface, and this property is used to
characterize the surface roughness of the film. This technique
is used not only for measuring the thickness of surface
roughness but also for the accurate determination of the
refractive index of thin film samples. The surface roughness
of the sample affects the measurement of the refractive index
of the film [28,28]. Unlike the other technique ellipsometry
can be used for the determination of accurate refractive index
of thin films taking into account of surface roughness
[30,311. The surface is said to be macroscopically rough and
scatter light if the average size of the irregularities is of
the order of or exceeds the wavelength of 1light used.
Ellipsometry is also used for the analysis of macroscopic
surface roughness. The present study deals with microscopic
surface roughness which has a dimension less than that of
wavelength used and does not scatter light [8]. EMA is used
for this microscopic surface roughness analysis of film [8].
In this technique surface roughness is treated as a
combination of ambient Cusualiy air) and thin film material. A
simplified approach to study the surface roughness is to
replace the top roughed layer by an equivalent film with plane
parallel boundaries, whose effective thickness is equal to the
rms value of roughness and optical constants are determined by
EMA [1,113. The Fig.3.3 shows the schematic representation of
surface roughness and 1its optical model used in the
ellipsometric calculations. Here the single layered rough film
.is considered as a smooth double layer film, where the
imaginary top smooth layer contains the rough layer. The
ellipsometer calculates the thickness of the top layer which

is taken as the rms value of surface roughness of the film and
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Fig.3.2 (a) Schematic representation of double layer thin film
system with complex refractive index N and Nb and thickness
a

t,a and t’b deposited over glass surface with refractive

index Ns.
3.2 (b) Optical model of the bilayer thin film that shows the

interlayer formed Cthickness ti1 and effective refractive index

NiD in between the layer A and B.
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f‘ig.3.3 Cad Schematic diagram of thin film with surface
roughness deposited on glass substrate.

3.3 (b) The optical model of the film; in this case the rough
layer is replaced by a thin top layer with thickness C(t1
equal to the rms value of the roughness height and having an

effective refractive index.
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also determine the volume fraction of ambient Caird in this
layer using EMA. The computer programming and optical
modelling technique are same as that of interlayer analysis

given in section 3. 32.

3.4 sensitivity analysis.

Multilayer thin film structures are used in many
different areas of science and technology. Thin film solar
cell is an example. In the designing process, an accurate
knowledge about the structure of different layers and
interlayers are very important. Ellipsometry is widely used to
obtain this type of information. But the major limitation of
the accuracy of ellipsometric characterization of material is
the decrease in sensitivity as one probes into greater depths
below the surface. Another difficulty is caused by correlation
between the model parameters in the data fitting procedure. In
general, correlation tends to become more and more severe as
the number of unknown parameﬂers increases, number of
experimental point decreases and as the parameter sensitivity
decreases. Thus in studying a multilayer structure it is of
crucial importance to maximize the sensitivity of
ellipsometric measurements to the model parameters of
interest. Several works were done to enhance the sensitivity
of the ellipsometric measurements [22,23). Alterovitz et al
had studied the technique to increase the sensitivity of null

ellipsometer and they reported that the suppression of either

‘p’ or ‘s’ wave for a particular angle of incidence ¢i results
in an increase in the sensitivity [32]. Snyder et al have
plotted a 3 dimensional (3D> graph of yw and A against
wavelength A and angle of incidence ¢, by slightly changing
the model parameters [14]3. They have qualitatively estimated
the error by mixing the simulated data with corresponding
experimental errors and thus analyzed as if it were like the
experimental data [(14].

In the present study we have used the model
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suggested by Woollam et al [23]. In this 3D or contour
sensitivity plots are drawn and ellipsometric measurements of
the multilayer thin film system are taken in the most
sensitive region of wavelength A and angle of incidence ¢
which are obtained from these plots. In the present work we
have studied the following thin film systems using
ellipsometry. It may be noted that these bilayer films are of
practical importance in soclar cell fabrication.

i. CdS-/Class.

2. CdS/SnCE/Glass.

3. CdS/CuInSez/Glass.

For sensitivity analysis the 3D plots are to be
drawn showing the variation of both &y and A with wavelength
A and angle of incidence ¢ based on the model of the system.
The 8y and &A are calculated in the following way.

Sy = y' - y“ (3.5Cad>>
SA = A° - A" (3.5Cb>>

First y* and A®* for a structure given above, (eg.
CdS/ShCE/Glass. with CdS Cthickness t1—400 nm3 and SnOz
Cthickness tz— 450 nmd) are calculated in the wavelength range
400-740 nm and angle of incidence range 40-80° using a FORTRAN
programme. Next a second set of yp* and A" values of the same
medel is calculated after giving a small perturbation to one
of the model parameters to be determined. For example in the
above model a change equal to 10% is given to the value of t,1
Cie., t1 changes from 400 to 440 nmd> and y and A are again
calculated as yp" and A'". The computer then subtract the new
values Cy" and A"D> from the corresponding values of earlier
calculation Cy’ and A’) and difference is denoted as &y and
S8A. The 3D graph is plotted with Z-axis representing the
values of either &y or &A, ie., the changes in y and A due to
applied perturbation of the model parameter. The sensitivity
calculation can be repeated for any parameter and these help
in choosing the ranges of A and ¢ to be used in the

experiment. Ellipsometric measurements at few wavelengths and
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angles of incidence near the most sensitive region are

sufficient to make reliable and accurate analysis [23].

3.41 CdS/Glass system.

CdS films have application in the field of thin film
solar cells as a window material. It is prepared by different
techniques. In chapter 4 a brief review of the properties of
this film as well as preparation techniques are included. In
the present studies we have used the film prepared over glass
substrate by the spray pyrolysis technique. These films aré
treated as having a two layer structure, ie., on the top
surface there is a microscopic¢c rough surface layer and at the
bottom a good quality film. In the sensitivity analysis we
have used CdS film with thickness in the range 400-450 nm. The
preliminary studies using VASE and SEM indicate the presence
of surface rough layer and the thickness of this surface
roughness is of the order of 25-80 nm. Therefore the simulated
model of the film has a thickness t2—400 nm, surface layer has
a thickness t’: - 30 nm and the volume fraction of air in the
top rough layer is ~0.80. The different perturbation given are

1. Change in thickness of top layer by 10% ie., t!
changes from 30 nm to 33 nm.

2. Change in thickness of bottom layer by 10% ie., tz
changes from 400 nm to 440 nm.

3. Change in volume fraction (30 of air in top rough
layer from 0.850 to O.54.

The sensitivity plots correspondi ng to these
perturbations are shown in Figs. 3.4 to 3.9. The Table 3.1
shows the sensitivity regions of A and ¢ of these systems
obtained from the sensitivity plots shown in Figs. 3.4 to 3.8.
Table 3.1 shows the list of sensitive ¢ and A region of y and
A of CdsS-rgl ass system corresponding to different

perturbations.
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Sensitivity
parameter
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¢ range for

¢ range for A

A range for

A range for

~ 400 nm,
480-540 nm

S500-800 nm &
& ~ 700 nm.

680-720 nm.

~400 nm,

480-540 nm

490-550 nm %

& B680-740 nm.

680-720 nm.

470-540 nm &
~ 700 nm.

490-550 nm &

~700 nm.

Table 3.1 Summary of the most sensitive regions of ¢ and XA

corresponding

to various

perturbations

CdS-CdS/glass thin film system.
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3.42 CdS/SnOZ/GIass system.

This bilayer structure is also widely used in thin
film solar cells. SnOz film is commonly used as transparent
conducting electrodes in a large number of optoelectronic
devices. A brief review of SnOz and its preparation techniques
using spray pyrolysis are given in part I of chapter 6. The
CdS/SnOz/Glass structure is simulated with a CdS thickness t,‘
- 400 nm and Sn02 with a thickness tz — 4850 nm. In this case

also 10% perturbation has given to t,‘ and t,2 and corresponding

3D plots are shown in Figs. 3.10 : .§¥3.13 ! St 2t . Table
3.2 shows the list of sensitive region of ¢ and A for the
CdS/SnOz/gl ass system corresponding to different
perturbations.
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Sensitivity t +10%t L +10%t

1 1 2 2
parameter
¢ range for y 52-72° s52-74°
¢ range for A s58-72° 59-70°
A range for y 400-740 nm 470-740 nm
X range for A 400-740 nm 470-740 nm

—— —— —— —— ———— Y ————— —— ——— ———————— —— — —— ———— — {— . — —————————— s

Table 3.2 Summary of the most sensitive regions of ¢ and A
corresponding to various perturbations in air/CdS/SnOz/glass

thin film system.



3.43 CdS/CuInSéz/Glass structure.

In a heterojunction solar c¢cell pn junction is the
most important and the studies of this junction is very much
needed in the development of thin film solar cells C(TFSCD.
CdS/CuInSe2 is of current importance in TFSC. The p-type
CuInSe2 C(CISD acts as absorber layer and forms a junction with
n-type CdS. This CCdS-CIS bilayer was prepared on glass
substrate by chemical bath deposition C(CBD). The detailed
preparation techniques of CBD for CdS and CIS are included in
part IX of chapter B. The. sensitivity analysis of
CdS/CIS- Glass prepared by CBD technique is also conducted.
Glass substrate was excluded from the optical model of the
CdS/CIS/Glass system because CIS film has very high optical
absorption and the light never reaches the glass substrate.
The sensitivity analysis of CdS-CIS structure is performed by
taking CdS thickness Ctib equal to 850 nm. The 3D plots of this
analysis are shown in Figs. 3.14 and 3.15. Table 3.3 gives
the list of sensitive region of ¢ and A of CdSVCuInSefﬁﬂass
system corresponding to the c¢hange in top layer CCdS

thickness.
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Sensitivity t +10%t

parameter ' 1

¢ range for 65-80°

¢ range for A 45-55° &
68-75°

X range for y 400-740 nm

A range for A 480-580 nm

Table 3.3 Summary of the most sensitive regions of ¢ and A
corresponding to various perturbations in

air/CdS/CuInSez/glass thin film system.
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3.5 Conclusion.
The ellipsometer is used in the two different modes,
1. Multiple Angle Incidence (MAID ellipsometer.
2. Variable Angle Spectroscopic Ellipsometer (VASED.

The MAI mode was used for the calculation of
refractive index of the film while in all other calculations
VASE mode was used. In both the the techniques measurements
were taken for different azimuth angles of the analyser. The
mi nimum number of azimuth angles required for the
determination of ¥ and A was three. The details of computation
technique C(reverse and forward problems, optical modelling
etc.D) for ellipsometric calculation is included in this
chapter. Different FORTRAN computer programmes were used for
the MAI and VASE calculations. FORTRAN programmes were used
for the optical modelling of thin film systems under
investigation. The most suitable optical model was selected by
minimizing the error function corresponding to the model and
the parameters of the best fit optical model was taken as
physical parameters of the thin film system. Along with
refractive index and thickness calculations ellipsometry is
used for the surface and interface analysis of single and
multilayer thin film systems. The surface roughness and
interface thickness are determined using present setup.
Bruggeman’s effective medium theory was used for the
determination of volume fraction of inclusion in a mixed
medi um.

In the study of multilayer structures, sensitivity
of the ellipsometric measurement is wvery important. In the
present study the sensitivity of the multilayer system is
enhanced by the technique suggested by Woollam. The
sensitivity analysis of three thin film systems were done by
this technique they are (CdSrglass, CdS/SnC;/glass and
CdS/CuInsz/glass. The further ellipsometric measurements were
taken at the sensitive regions of angle of incidence ¢ and

wavelength A.
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Chapter 4

ANALYSIS OF SPRAY PYROLYSED €4S THIN FILMS

4,1 Introduction.

In the last three decades large amount of work has
been devoted to the study of CdS thin films in view of its
potential application in the field of optoelectronics devices.
¥ide band gap (Eg = 2.4 eV) CdS has been used as a window
material in heterojunction solar cells with several narrow
band gap semiconductors like CuxS CEg = 1.2 eV> [1-4]1, InP CEg
=1.35 V> [5,86], CuInSe2 CEg = 1.01 eV> [7-10]1, CdTe (Eg =
1.45 eVD [11-141, Si CEg = 1.1 eVD [185] etc. CdS material also
forms homojunction with i-CdS [18) and p-CdS [17]. Other
optoelectronic applications of CdS have been discussed in
detail by Bube [18]. These include photocells, vidicons,
phosphors and electroluminesent devices, electron beam pumped
lasers etc. It is also used as an optoelectronic transducer
{18). Very recently high efficient (= 142 single junction
solar cells fabricated using this material along with CuInSe2
{8 and CdTe [12] were also reported. Again in another recent
publication Basol et al have reported that the chemically
prepared CdS films are more ideal window material in thin film
solar cells [§3] They have used very thin (~ S0 nmd films of
CdS as the window in CdS/CuInSe2 solar cell and have reported
that this structure of solar cell leads to high efficiency
[20)]. Niles et a2l have reported that junction can be formed on
CdS/CdTe thin film system with a CdS film of thickness ~ 80 nm
[11]. CuInSe2 and CdTe are recently gaining importance in the
fabrication of low cost and high efficient thin film solar
cells with CdS film due to the high absorption coefficient and
optimum band gap of these materials.

The main objective of the present study of CdS film

is to identify the conditions for the preparation of
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polycrystalline CdS film wusing chemical method -spray
pyrolysis— with better electrical and optical properties in
order to increase the efficiency of sciar cells prepared using
these films. The optical proverties of CdsS films are
determined to a large extend by the microstructure of the
films [211. The evaporated and chemically grown CdS layers
deposited on glass substrates are evaluated in terms of the
optical properties of the film structure. These optical
properties are the major factors which affect the efficiency
of thin film solar cells. Therefore the information about the
refractive index (nd, extinction coefficient (k> and surface
roughness are very useful for the analysis of the functioning
of the cells as well as the characterization. This gains
importance when we consider the fact that efficiency of the
solar cells based on thin film is limited mainly by the
surface roughness and grain boundaries [22].

Khawaja and Tomlin have determined the optical
constants (n and k> of the evaporated CdS film [23]. But there
are not much works reported in the case of the CdS film
prepared using the spray technique even though these films
find more use in solar cell fabrication. The major difficulty
faced in the optical measurements of spray coated film is the
surface roughness and this can affect the measured properties
of the samples. In the present case the optical
characterizatio‘n of the CdS films are done using ellipsometry.
This technique is used for the characterization of
semiconducting materials [24-27)] and detailed accounts are
given in chapter 2 and 3. A good number of reports are
available on the electrical and structural properties of the
films prepared by spray pyrolysis [28-34].

CdS films were prepared by different techniques like
vacuum evaporation [385-37], sputtering [38-411, MBE [42]), CVD
.[43. 44], screen printing [45, 48], CBD [47-80) and spray
pyrolysis [51-58)]. In the present study, spray pyrolysis
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technique is used for the preparation of these films. The main
attraction of this technique is that, like any other chemical
techniques, it is very simple and is a low coast technique.
Again, this technique can be easily adopted by industries for
the large scale production of films having large surface area
mainly for the fabrication of thin film solar cells. Another
feature of the films prepared using this technique is the
strong adhesion to the substrate and coherence of the film at
low thickness [21].

4.2 Experiment.
4.21 Sample preparation by spray pyrolysis.

The spray pyrolysis method was first described by
Chemberlin and Sakarman in 1968 for the preparation of CdS and
certain other sulfide and selinide films [B1]. Spray pyrolysis
has been extensively used for the preparation of thin films of
several compound semiconductors and it is reviewed in detail
by several authors [21,58].

Spray pyreolysis involves thermally stimul ated
chemical reaction between the constituent ions to form the
required compounds. In this technique of film preparation,
solution Cusually aqueous) containing the soluble salts of the
constituent atoms of the compound is sprayed onto a heated
substrate, in the form of fine droplets by a sprayer with the
help of compressed carrier gas. Upon reaching the hot surface,
these droplets undergo pyrolytic decomposition to form the
film over the substrate surface. The hot substrate provides
heat energy for the decomposition and subsequent
recombination. The other volatile by-products and excess
solvent escape in the vapor phase and are removed from the
site of chemical reaction usually by using an exhaust fan. The
‘carrier gas may or may not play an active role in the
pyrolytic reaction process. (eg., carrier gas may affect the

preparation of ShO2 film and not in the case of CdS>. Doping
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can be easily accomplished by simply dissolving the dopant in
the required quantity in the spray solution. The different
factors which affect the properties o the films prepared
using this technique are the nature of the substrate and its
temperature, the solution composition, the gas and solution
spray rate, the size of droplets, the distance of spray head
to substrate, the angle of incidence of solution droplets on
substrate etc. A detailed description of the growth mechanism
of this type of films is given by Chopra et al [57], along
with the advantages of this technique.

Fig. 4.1 shows the setup of spray pyrolysis technique
fabricated in our laboratory. The spray head and substrate
with heater are kept inside of a closed chamber provided with
an exhaust for removing the gaseous by-products and other
gases. The geometry of the carrier gas and liquid nozzle
mainly determines the spray pattern, size and the distribution
of droplets, spray rate etc., and hence the quality of the
film prepared by this technique. For this, we have tried
different spray heads. A very fine capillary tube is used for
carrying the solution and another tube with comparatively
larger diameter is used for carrying the carrier gas. Both the
tubes were intercepted at an angle around 80° which gives
better results. This avoids the formation of large size
droplets in the spray. In the present case a number of trials
wvere done to optimize the spray parameters. The glass plates
(substratesd which have undergone thorough cleaning with
detergent, chromic acid, distilled water and finally
ultrasoni ¢ cleaning were placed on a hot plate made of thick
iron block, which can be heated to the required temperature
with the help of a controlled heater. The temperature over the
glass substrate was measured using a digital thermometer CJUMO
TDAL 70, W.GermanyD. During the spraying procedure the
temperature of the hot substrate is kept constant with an

accuracy of +2°¢C.
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Fig.4.1 Schematic diagram of experimental setup for spray
pyrolysis coating. 1.air compressor, 2.gas flow control valve,
3. manometer, 4.solution reservoir, S.solution flow control
valve, B.spray head, 7.substrate, 8.thermometer, 9. substrate

heater, 10. heater controller and 11. exhaust fan.
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The starting solution for CdS preparation was O0.01M
thiourea ¢ E. Merk, Darmstadt> and O.01M CdcCl 2 ¢ Merk,
Schuchardt> prepared using doubly distilled water. CdS is

formed by the following chemical r=action

CdCl_ + CNHO> CS + 2HO — CdS + 2NH C1 + CO
2 2" 2 2 < 2

The thickness of the prepared films were measured by
gravimetric method wusing a microbalance and also by
ellipsometry for thin CdS films. The film thickness can be
controlled by the amount of solution sprayed. In the present
case ~400 ml solution was used for getting ~800 nm thick fiim.
The rate of flow of solution for the spray was ~12 ml/min and
it was controlled with a valve. The size of the droplet was
controlled by adjusting the pressure and gas flow rate. This
was done with the help of a gas flow valve. The pressure of
the air was kept around 130*icm of Hg which was measured using
a manometer connected to the gas line. The angle of incidence
of the solution over the hot substrate was ~70° and the
distance between the spray head and substrate was ~30 cm. The
sprayed film had very good uniformity in thickness over the
entire region of the sample (1X3 cm, & Nos. at a timed. This
thickness uniformity was obtained by the high scanning rate of
spray head over the substrate during the deposition process.
In the present case the scanning rate was ~100/min. The spray
time for getting a film of thickness ~B00 nm was ~35 min. CdS
films were prepared at different substrate temperature in the
range 200-360°C. The cooling of the samples was done in a very

slow rate ie. , 2°C/min.

4.22 Annealing.
Annealing of the samples was done in air, in the
temperature range 1 00-300°C, k eeping the samples at the

annealing temperature for 45 min in all the cases. The
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annealing chamber was made of glass which can be evacuated to
rotary vacuum and the pressure was measured using a pirani
gauge attached to the glass tube. The resistance wire was
wound uniformly over the entire length of the chamber, inside
which the thin film samples were kept for annealing. The
temperature is controlled by contrelling the current through
the heater coil. A chromel-alumel thermocouple was used for
measuring the temperature inside the glass chamber. The
heating and cooling rate of all annealing were kept at the

rate of 2°C/min.

4.23 Measurements.

VASE is used for the characterization of these CdS
thin films prepared at different substrate temperatures and
annealed at different temperatures. Detailed description of
VASE as well as the experimental techniques are given in
chapter 2 and the procedure for the calculation of the
required film parameters usm& VASE is given in chapter 3. In
order to avoid the back reflection from the glass-air
interface during the ellipsometric measurements the samples
were prepared on glass substrates with grounded back side,
which is also blackened using carbon black. The ellipsometric
readings of the films were taken in the angle of incidence
range B0-75° with a step value 2. 5° in the wavelength range
500-620 nm. These are the most sensitive regions of angle of
incidence and wavelength for this thin film. The sensitivity
analysis of these films are given in section 3. 41 of chapter 3
and sensitivity plots are given in figures 3.4 to 3.8. In
order to calculate the refractive index spectrum throughout
the visible range, the ellipsometric measurements were taken
in the wavelength range 400-750 nm.

Optical measurements like absorption as well as
transmission were done wusing a double beam UV-Vis-NIR

spectrophotometer CHitachi U3410, Japanl. The details of
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teasurements using a spectrophotometer 1is given in section
..B21. Structural characterization of these films were done on
1 X-ray diffractometer as described in section 1.8i1. A Philips
automated X-ray diffractometer {model PWw 1710>, using
monochromated CuKa €1.812 A® radiation was employed to obtain
diffraction pattern from the films deposited on glass
substrates. Composition analysis of these films was performed
using X-Ray photoelectron spectroscopy (C VG Scientific,
England> which uses MgKa (1235.4 eV X-ray sourced as described
in section 1.62. The preliminary surface testing of these
films were done on a metallurgical optical mi croscope
(Versamat-2, Union, Japan) and detailed morphological analysis
of these films were carried out by using a scanning electron
microscope C(JSM JEOL, Japand as described in section 1.63.
Sheet resistance of these films were measured using
two probe technique. Aluminum electrodes were used for
obtaining electrical contacts. Two thick aluminum electrodes
wvere deposited on CdS film by vacuum evaporation as described
in section 5.21. An electrometer CECIL EA815, Indiad is used
for the resistance measurement of the film. Using the measured
sheet resistance value and known thickness of the film the

resistivity of the CdS films was calculated.

4.3 Results and discussion .

4,31 Composition analysis.

The composition of the film is expected to depend on
the kinetics of spray pyrolysis and the thermodynamics of the
pyrolytic process. The stoichiometry of the sulfide films does
not vary appreciably with metal-to-sulfur ion ratio in the
spray solution [57]. At low temperature, if the pyrolytic
reaction is not completed, some by-product or intermediate
compound will be traped as impurities in the film. At high
ﬂemperature, due to the cooling effect at the growing surface,

a higher concentration of impurities are observed at the
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Fig. 4.2 XPS spectrum of CdS film prepared at 300°C by spray
pyrolysis technique. This indicates the presence of impurities
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Fig.4.4 Absorption spectrum of CdS film prepared at 280°C by
spray pyrolysis technique. The figure shows that the

absorption starts at 515 nm.
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surface [57). The XPS spectrum of CdS film prepared at 300°C
is shown in Fig. 4.2, indicating the presence of impurities
like €1, O and C, over the surface of CdS thin film. These
impurities are present in the starting soclution ie., from
CdClz and thiourea. The structural and compound identification
of the sprayed CdS is done by XRD. The XRD pattern shows that
the films have hexagonal crystalline structure with highest
peak for [002] reflection. The XRD pattern is shown in
Fig.4.3. The calculated d values of the spectrum is compared
with JCPDS data cards for the structural and compound
identification and is found to be in good agreement .wit,h the
reported values. The band gap of the CdS film is calculated
from the absorption spectrum C(shown in Fig. 4.4. zand it is

equal to 2.4 eV.

4,32 Surface roughness of sprayed thin film.

Different optical models were used in ellipsometric
calculation of CdS thin film. The Table 4.1 gives the unbiased
estimator céd values obtained from ellipsometric model
analysis of the films with thickness >800 nm and prepared at
300°C. The preliminary optical microscopic analysis shows that
this is the optimum substrate temperature for good surface CdS
films. Figs. 4.85Cad to 4.5Ccd show the optical micrograph of
these CdS films prepared at different substrate temperatures.
The different optical models selected for the ellipsometric
analysis of thin film is listed below.

Model a. air./CdS-glass.
Model b. air/rough layer of CdS-/CdS-/glass -
Cair/rough CdS-/CdS-/glass).
Model c¢. air/rough layer of CdS/CdS
Cair/rough CdS/CdsD.

The & values tabulated in Table 4.1 shows that the

mo&el Cad has the least fitting, ie., it has the maximum

deviation from the physical system. This indicates that the
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optical models estimator value &

model a 1.870
model b 0.185
model c¢ 0. 026

Table 4.1 Unbiased estimator value (&) of as-prepared CdS thin

film for different optical models. The table shows that the
model Ce¢d air/rough CdS/CdS '~ - = has lowest & value.

Correlation of yw for model (c) is 0.990

Correlation of A for model (c) is 0.995
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Fig.4.4a Shows the graphical fitting of y of air/rough
CdS/CdS model (c) for the best fit value. + shows
the experimental curve of y and s shows the
theoretical curve of y. This graph is plotted using
the y value corresponding to wavelength 650 nm.
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Fig.4.4b Shows the graphical fitting of A of air/rough
CdS/CdS model (c) for the best fit value. u© shows
the experimental curve of A and % shows the
theoretical curve of A. This graph is plotted using
the A value corresponding to wavelength 650 nm.
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(b)

Fig.4.5 Optical micrograph (2000XD of spray pyrol ysed CdS thin
film surface prepared at different temperature. Cad 200°C, Cbd
300°C and Ced 360°C.
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CdS film is not homogeneous with plane parallel boundaries and
this may be due to the surface roughness of the film. Hence a
different optical model is tried. Here one can consider the
surface roughness as a hypothetical 1layer over the CdS
surface. This layer can be considered as a mixture of air and
CdS material as shown in Fig. 3.3 of chapter 3. Bruggeman's EMA
is used for the analysis of this layer [58,58). In EMA the
surface roughness is considered as an ambient-film mixture and
the rough layer is treated as an equivalent top layer with
thickness equal to the rms value of roughness and the optical
constants of this layer is determined by EMA [860]l. The
roughness over CdS is considered as microscopic and does not
scatter light. Details of this analysis is included in section
3 of chapter 3.

As the model (ad is not fitting, another model is
selected. In the second model C(model bl the film is considered
to be having two layers. Taking into account of the surface
roughness on the top of CdS layer, it is now necessary to
calculate the optical constants of this layer (as shown in
Fig.3.3> and this is determined by EMA using the refractive
index of air and CdS material which are the constituents of
this imaginary layer. The ellipsometric analysis shows that
the model (b> has comparatively good accuracy than model Cad.
This confirms the presence of surface roughness over spray
pyrolysed CdS film. After this another optical model |is
selected, (model c¢d Table 4.1 shows that this model is better
compared to other two models. In this analysis, the wavelength
used is in the range S500-800 nm which is found the sensitive
wavelength region of <CdS film structure. Relatively high
optical absorption of CdS in this wavelength range may be the
reason for the good accuracy of the model without glass. Due
to the absorption of the light by CdS layer the reflected
>light from the CdS-/glass interface may not be coming out and

hence glass is not taken into account. The surface roughness
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calculated from this analysis over different samples are in
the range 25-30 (27.5*2.5> nm and the volume fraction of air
in this rough 1layer is 0.30-0.40 (CO. 351. 05>. All these
experiments confirm the presence of rough CdS layer over the
sprayed CdS film and surface roughness is taken into account

of refractive index calculation.

4.321 Effect of annealing.

The Fig. 4.6 shows the variation of thickness of the
rough surface layer with annealing in air in the range
100-300°C. The inset of the figure shows the volume fraction
of air in the top rough layer. Here also the calculations were
done in the most sensitive regions of wavelength and angle of
incidence. It is observed that the film annealed at 300°C has
very thin surface layer while annealed at 200°C has the
largest thickness. We have done annealing to increase the
surface quality of the film, but it is observed that the
initially it is disturbed and getting corrected only at around
its preparation temperature. In this analysis also all the
three optical models used for the surface analysis were
employed. viz.,

model a Cair./CdS/glass),
model b Cair/rough CdS/CdS-/glassD.
model c. Cair-rough Cd4dS/CdsD.

In all these calculations the refractive index of
unannealed CdS film is used. The Table 4.2 shows the unbiased
estimator (&) value for different optical models for different
annealing temperatures. It is very clear from the table that
in the case of annealed film also this model Cad is not
suitable while model (cd is found to be most suitable. This

hints that the roughness continue to exit over annealed films.

4,33 Refractive index spectrum of CdS.

It is known that the optical properties of thin film
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Temperature estimator value &

°c air/CdS-/glass air/rough CdS/CdS/glasS air/rough CdS/CdS
model Cad model Cbd model Ccd
as-—-prep- 1.97 .185 . 026
ared
100 1.08 .197 .018
200 1.13 .172 . 021
300 1.11 . 208 . 024

Table 4.2 Unbiased estimator value (&) of different optical
models of CdS thin film annealed at different temperatures The
table shows that the model Cc2 air/rough CdS/CdS. " + has the

lowest & value.
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usually differs from those of bulk material [26]. The grain
boundaries, voids, disordered regions, surface roughness and
other inhomogeneities on the microstructural length scale
1-1000 nm significantly affect the UV-visible optical
properties of thin films even if the films are macroscopically
uniform. The role of surface roughness is also very important
while doing the optical analysis of ¢thin films [60]. The
refractive index of CdS obtained in the wavelength range
400-740 nm using ellipsometer is given in Fig. 4.7 and Fig. 4. 8.
Ellipsometry is widely used for the accurate determination of
refractive index of thin films because in this technique it is
possible to avoid the effect of surface roughness by selecting
suitable optical models. For the refractive index calculation,
CdS film is considered as a double layer structure ie., the
top layer as a mixture of air and bulk material Cas shown in
Fig.3.3>. The ‘effective’ value of n for this layer is smaller
than the bulk material due to the factors cited above. Now the
refractive index spectrum of bottom CdS layer is determined,
which is considered as more or less perfect. EMA is used for
this analysis. Details of the EMA and refractive index
calculation is given in section 3.3 The variation of n with
wavelength for the sprayed CdS is shown in Fig. 4.7 and this
indicates that the value of n is slightly less than that of
CdS film prepared by vacuum evaporation as reported by Khawaja
and Tomlin [23). This may be due to the comparatively smaller
grain size of the film prepared by this technique. Basol et al
have reported that chemically prepared (-CBD-> CdS thin film
has low n-value in the range 1.8-2.0 [20], which 1is much
smaller than the present values of spray coated thin films. It
is also reported that the n-value of spray coated CdS film
vary from one sample to another in the range 2.4-2.7 at 500 nm
[61). But in the present case we are getting repeatable
n-value for a particular preparation condition. The real part

of the refractive index changes considerably when the
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preparation condition changes. For example n-value changes
with substrate temperature as described in section 4.34. The
optical properties of CdS films are determined to a large
extent by the microstructural aspects of the film and hence by
the deposition conditions. The k-value of sprayed CdS is
depicted in Fig.4.8 and this observed to be slightly higher
than that of the vacuum coated CdS film reported earlier [23).
In bulk material, the extinction coefficient (k3 of light can
be considered as the result of the absorption of light by
atoms alone. In the case of thin films it is modified by other
factors such as surface roughness, boundaries between grains
etc. Near the absorption edge k value increases rapidly due to

the high optical absorption as shown in Fig. 4. 4.

4.34 Optical, structural and electrical studies.

In Fig. 4.8 the variation of real part (nd of complex
refractive index with substrate temperature is shown for
different wave lengths in the range S30-620 nm. In Fig.4.10
the variation of imaginary part (k3 of complex refractive
index of the same film in the same wavelength range and
substrate temperature is depicted. In this case also the same
technique mentioned earlier is used for the refractive index
calculation. From the Fig. 4.8 it is clear that the real part
of refractive index of.polycrystallihe is lower than the bulk
material. As suggested earlier this may be due to the
non-perfect C(grain boundaries) structure of thin films
prepared by this technique. The ratio of solid volume to the
total volume of the film has been termed as the packing
density (p>. Refractive index data is used to determine the
packing density of the film using the relation [(82])

n. = np + Cl—p)nv C4.10

where nf is the refractive index of the film, nb is the
refractive index of the bulk material and nv is that of

ambient material present in surface roughness and between the
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grains in the boundaries, which is generally air. The packing
densities of these films prepared at different substrate
temperatures are given in Table 4.3. In the present studies,
the calculated packing density has a higher value for the film
prepared at high temperature C360°CY) than that of the film
prepared at low temperature C200°C> by an amount 12% It is
clear that the polycrystalline growth of the film reduces the
packing density due the presence of grain boundaries. From the
Fig. 4.9 it can be seen that the preparation of film at
comparatively lower substrate temperature leads to lower value
of n and the value of n readily increases with the substrate
temperature. This is due to the better crystalline quality of
the film prepared at high temperature as already indicated by
the packing density variation.

The Fig.4.10 depicts the variation of the imaginary
part (kD> of complex refractive index of these films with
substrate temperature and wavelength. This shows that the k
value of the film increases with substrate temperature for
wavelengths near the absorption edge.

XRD spectra of these films are shown in
Figs.11iCa>—-Ced corresponding to different substrate
temperature 200, 240, 300, 320 and 360°C respectively. The XRD
pattern makes it clear that the peak height corresponding to
the reflection from [002) plane alone increases with substrate
temperature while the height of all other peaks decreases
with increase in temperature. It is to be specifically noted
here that almost all other peaks other than [002] plane become
very small at the preparation temperature 360°C. From the XRD
spectra it can be seen that the film prepared at low
temperatures have hexagonal phases and there is no
preferential orientation for crystalline growth of film. Gupta
et al, (B3] have reported that the peak height of [002]
reflection increases as the substrate temperature is increased

from 300 to 500 °C. At high temperature also (380°C) the film
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Temperature Packing
°c density
200 0.7207
240 0. 7635
280 0. 72283
300 0.7432
320 0.8108
360 0.8108

Table 4.3 Packing density of CdS film prepared at different

substrate temperatures.

This parameter has high value for

films prepared at high substrate temperature.
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Fig.4.11 XRD spectra of CdS film prepared by spray pyrolysis
technique at different substrate temperature. Cad 200°¢, Cbd
240°C, Ced 300°C, <Cdd 320°C and Ced 3B0°C. The spectra show
that the crystalline quality of the film becomes better with

increase in preparation temperature.
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Preparstion Grain size of

temperature CdS in
°c (micromn)
200 1.24
240 2.02
300 2.95
32 3.10
360 3.10

Table 4.3(a). Variation of grasin size of CdS film with

preparation temperature.

Scherrer’'s formala [66] was used for the calculation of
grain size from the XRD psttern given in Fig.4.11.
L = k\/fFecosp

where k is constant approximately equal to unity, A is the

avelength of X-ray used, g is the angle snd /3 is the width
easured in  radisns at  an intensity equal to half maximum
ntensity of the penk.
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has mainly hexagonal structure and it has [002] preferential
growth. CdS can exist in a hexagonal (wurtzited structure or
in zinc blend or rocksalt cubic structure. Ma and Bube
recorded the XRD pattern of CdS film prepared in the
temperature range 322-500°C [64]. They have reported that
below 400°C the cubic structure is stable. However Baner jee et
al [52]) have reported that crystallographic structure of spray
pyrolysed film does not depend upon deposition temperature in
contrast to evaporated films where it is sensitive to the
deposition temperature. In our studies also it is observed
that films prepared in the temperature range 200-360°C have
hexagonal structure and there is no indication of the presence
of cubic structure.

The XRD pattern also shows that the grain size of
the polycrystalline film increases with substrate temperature
and above 300°C the film has comparatively large grain size.
These results are supporting the VASE analysis on packing
density, which is also indicating that the grain size is
increasing with substrate temperature.

The Fig.4.12 shows the variation of resistivity of
the CdS film prepared at different temperatures. The
electrical resistivity of the film is calculated Cusing Egq.
5.1) as described in section S.35.This study indicates that
the resistivity reduces considerably for the films prepared
above 300°C. C(The variation of resistivity is from 10* 0 em to
10° @ emd. It has been observed that above 300°C the
crystalline quality of the film increases. The better
crystalline gquality may be the reason for the high
conductivity of the film measured at low ambient light. The
fundamental advantage of polycrystalline thin films over
others is its high mobility-life time product [47]. The better
crystalline quality of CdS film prepared at high temperature
may cause an increase in the mobility of charge carriers and

this in turns may result in the low resistivity of the film

146



2-cm

Resistivity

JA
3IX10

4
2X10

1

4
1X10

|

180 230 280

Temperature © C

330

380

Flg. 4.12 Variation of resistivity of spray pyrolysed CdS film

at different substrate temperature.

resistivity at high temperature.

147

The film has

very low



prepared at high temperature.

4.35 Deposition rate and surface topography.

The Fig.4.13 gives the variation of thickness of the
rough surface layer over the CdS film prepared at different
temperatures. Figs.4.14Cad>-(f3> show the SEM photographs of the
surface of CdS film prepared at different temperature in the
range 200-360°C. VASE is used for the surface roughness
calculation of these CdS films. The details of the analysis is
given in sections 3.3 and 4.32. From the Fig.4.13 it |is
observed that the film prepared at low temperature has high

surface roughness and this roughness decreases with the

increase in substrate temperature. The surface roughness
reaches a minimum for films prepared at 280-300°C and
thereafter it increases slowly with temperature. The SEM

photographs are also supporting the VASE measurements. The
variation of surface roughness can be explained from the
deposition mechanism of the spray coated CdS thin films.

In spray pyrolysis, the 1liquid droplets tend to
flatten out into a disk on impact with substrate surface. The
disk geometry depends on the momentum and volume of this
droplets, substrate temperature and the balance of the
dynamical surface energy and thermal process. The deposition
process 1is the result of pyrolytic reaction between the
decomposed reactants and evaporation of solvents. The random
disk-by-disk growth, exposed to a continuous flow of
pressurized liquid droplets eliminates microscopic and
macroscopic voids as well as pin holes in the growing film,
provided the substrate temperature is high enough to cause the
complete pyrolytic reaction [84]. Fig.4.18 shows the
deposition rate of cds film at different substrate
temperatures in the range 200-360°C. This figure makes it
.clear that the deposition rate decreases with increase in

substrate temperature. At first, this occurs in a very slow
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(d)

)

(f)

Fig.4.14 SEM photograph of CdS film prepared at different
substrate temperature. Ca) film prepared at 200°¢c, (b 240°C,
(c) 280°C, (dd 300°C, Ced 320°C and C(£1360°C.
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manner and as the substrate temperature goes above 300°C the
rate of deposition decreases rapidly. In spray process,
usually the generation of droplets of uniform size cannot be
attained and in fact the thermal behaviour of droplets (ie.,
variation of size, evaporation of solvent after reaction
etc.) depends on their mass and the temperature of the
substrate. So one can see that the substrate temperature will
readily affect the film formation process depending on the
droplet size [68].

At low temperature the growth rate is very high
because the size of the droplet reaching the substrate surface
may be quite large. This 1is because of the fact that the
temperature may not be sufficient to vaporize the droplets
before reaching the substrate surface. Because of the
vaporization of the large size of droplets over the substrate
there can be considerable decrease in temperature on the
substrate surface. This affects adversely the kinetics of the
reaction, leading to the formation of a rough film. This is
verified by VASE analysis, which shows that the surface
roughness is very high at low temperature (Fig.4.13>. These
results are confirmed by the SEM photograph shown in
Figs.4.14Cad> and (bd corresponding to low temperatures 200 and
240°C respectively. As the substrate temperature is low the
reaction leading to the formation of CdS may not be perfect
and this may affect the grain size also. It is also inferred
from the refractive index calculation as well as XRD spectrum
that the grain size of these films are very small. Probably
this may be the reason for the low transmission exhibited by
these films (Figs.4.16Cad and (b3). This is again supported by
the electrical resistivity measurements (Fig.4.12). The
samples prepared at low temperature have very high resistivity
(~10* @ cmd while those prepared at high temperature above
280°C shows low resistivity (~ 102 Q cmd.

At moderately high temperature the size of the
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droplets reaching the substrate may be getting further reduced
due to the vaporization of solvent resulting from the higher
temperature of the substrate. 1In this temperature range
smaller droplets vaporize just over the substrate leading to
the chemical reaction taking place over the substrate in a
well ordered manner. Probably this is the reason for the
smoothness of the film prepared at this temperature range
280-300°C as shown by SEM photographs Figs.4.14Cc> and (42> and
VASE analysis (Fig.4.13). These films also have good optical
transmission as shown in Fig.4.16 and are possessing larger
grain size as indicated by XRD spectrum and VASE analysis. As
the droplet size is smaller in this case the growth rate is
found to be lower and this is indicated in Fig. 4.18.

At very high temperature (ie., above 300°CY> smaller
droplets may be vaporized to a very large extend away from
substrate itself chemical reaction may occur before reaching
the substrate surface resulting the formation of the compound
in powder form and this does not contribute much to the growth
of film. Thus the growth rate of film at very high temperature
is very small as shown in Fig.4.15. More over the CdS formed
above the substrate surface in powder form may just adhere to
the film surface causing an increase in surface
irregularities. This is indicated in SEM photograph
Fig.4.14Ce> and (f>. The VASE also shows an increase in
surface roughness of film deposited above 300°C. The XRD and
VASE show that these films have large grain size. The optical
spectrum shows good transmission while these exhibit very low
resistivity. Hence from these studies, it 1is clear that
critical temperature required for the film formation in spray
pyrolysis is not merely linked with the chemical reaction and
has connection with growth rate as well as surface nature of

the film.

4.4 Conclusion.
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In this chapter we have reported single layer CdS
thin film preparation by spray pyrolysis techni"que. Spray
pyrolysed CdS films were prepared from aqueocus solution of
0.01M CdCl2 and O0.01M thiourea. The geometry of gas and liquid
nozzle largely determined the quality of the film prepared by
this technique. A fine capillary tube was used for carrying
the solution and another tube with comparatively large
diameter was used for carrying the carrier gas and both tubes
were intercepted at an angle of 80° which gave better
results. The other conditions for the film preparation were
(1) the substrate to spray head distance was ~30 cm, (2> angle
of incidence of solution on glass substrate is ~78°%, (3 spray
rate of solution was ~12ml/min, (4> pressure of carrier gas
was ~130 Cm of Hg and (5> the best substrate temperature for
the film preparation was 280 -300°C.

Composition analysis of the CdS samples prepared by
spray pyrolysis at temperature 300°C, was performed using XPS.
It showed that the film contained impurities like Cl,C, and
02. The calculated band gap of CdS is 2.4 eV. The preparation
temperature had influence on the film structure. Ellipsometry
was used for optimising the preparation temperature of the CdS
film and it was verified using other techniques like XRD and
SEM. The ellipsometric studies indicated that the film
prepared by this techniques had rough surface. The roughness
had very high value ((685nm> for films prepared at low
temperature and was having a minimum value (27nm> for films
prepared at 280-300°C. Above this temperature surface
roughness is also high. This VASE results were verified using
SEM. The annealing of these films (prepared at 300°C) at first
casuse an increase of the surface roughness with annealing
temperatures and then decrease with temperature. Annealing at
the preparation temperature lead to a very 1low surface
roughness. The XRD and VASE analysis showed that the
crystalline quality of the film increased with the substrate
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temperature. It is observed that at low substrate temperature,
the deposition rate of the CdS film is very high and this
slowly decreased with increase in substrate temperature. When
substrate temperature is above 300°C the growth rate again
decreased drastically. Electrical and optical transmission
studies showed that film prepared above 280-300°C  had
comparatively low resistivity and good optical transmission.
All these studies indicated that the film prepared at 300°C
had good quality and can be used for the fabrication of thin
film solar cells. Using ellipsometer the real Cnd> and
imaginary (k> part of complex refractive index of CdS film in
the visible region (400-740nm> was also calculated by
eliminating the effect of surface roughness of these film by

appropriate optical modelling.
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Chapter 5

ANALYSIS OF Cus/CdS BILAYER THIN FILMS
AND PREPARATION OF p-TYPE CdS FILMS

5.1 Introduction.

Thin film photovoltaic solar cells based on CdS have
received considerable attention for the economical reasons, as
well as due to the feasibility of fabricating large area
devices. CdS thin film is widely used as a window material in
several thin film solar cells [1). It forms heterojunction
with several p-type materials such as Ckas [2)l, InP [3) CdTe
{4,581, CuInSe2 [6,7), Si [8) etc. It can also form
homojunctions with intrinsiec CdS [8] and p-type CdS [10].
Reynolds et al first observed the photoveoltaic effect in CdS
with several metal electrodes {11) while Hussain could observe
the rectifying effect of CurCdS [12). Reynolds et al [13]
considered the device to be a metal-semiconductor junction
wvhose response was that of CdS, modified by impurities. Woods
and Champion [14]) suspected an unspecified p-layer that gave
rise to the pn junction. Williames et al compared the
electroplated junctions of several metals on n-type CdS
crystals and found that copper gave the highest response and
suggested that a metal semiconductor junction was formed [15].
They assumed a model of photoemission from the copper metal
into the CdS for the photovoltaic effect. Grimmeiss et ai {186)
showed that, for copper diffused CdS crystal, the'photovoltaic
phenomena can be interpreted by pn photovoltaic effect in CdS
crystal. They also assumed that a p-type CdS was formed by
high copper concentration and argued that a pn homojunction
was formed [18). Cusano suggested the formation of Cqu and
the possibility of a heterojunction [17). They produced
OﬁS/CdS heterojunction by the chemical reaction of CdS with

copper ion solution CCuClz). This reaction 1is known as
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chemiplating. Spakowski et al considered the copper sulfide
over CdS to be entirely degenerate, giving the equivalent of a
metal —semi conductor junction [18].

It has been generally concluded that the formation
of p-type CdS is very difficult because of the self
compensation effect due to the sulfur vacancies [18]. But few
authors has reported the formation of p-type CdS c¢rystals by
compensation of donors with copper accepters [12,16,20] and
the ion implantation of various accepters ([21-23]1. These
authors prepared pn junction and obser ved rectifying
characteristics and photovoltaic effects. Again Hall and
Seebeek coefficients measurements gave a direct evidence for
p-type conduction [20,14]. Preparation of p-type CdS thin
films was reported by few authors by vapor deposition of
copper over pre deposited CdS film followed by heat treatment
{24). p-CdS crystalline films were prepared by rf sputtering
in argon atmosphere containing small amount of phosphine [25]
and very recently by deposition of CdS film over predeposited
copper film at high temperature followed by high temperature
annealing [10]. Kashiwaba et al demonstrated thin film
photovoltaic cell using copper diffused CdS layers [9,10]. The
measurements of conductivity, the Hall and Seebeek
coefficients confirm the possibiltity of p-type CdS due to the
copper doping [{10]. However so far nobody has reported p-type
conduction in spray pyrolysed CdS film. This chapter gives a
detailed description of the conversion of spray pyrolysed CdS
films into p-type and the experiments performed for the
analysis of the p-type film.

5.2 Experiment.
5.21 Cu film preparation.

Vacuum evaporation is a widely used technigque for
the preparation of thin films [(26-28]. The home made vacuum

evaporation unit consist of a bell jar (diameter 12
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evacuated using a four inch oil diffusion pump via, a baffle
and diaphragm valve. The diffusion pump is backed by a rotary
vacuum pump of capacity 200 Liters/minute. The diffusion pump
is connected to the chamber through a liquid nitrogen trap.
For the copper evaporation molybdenum boat is used as the
source. The evaporation rate is controlled by adjusting the
high current through the source and it is monitored using a
quartz digital thickness monitor C(QTC 101, Vacuum Technigues,
Indiad. High pure copper (89.898%, Koch-Light Laboratories
Ltd, England) is used for the sample preparation of Cu film,
which is deposited on a clean glass substrates and the

thickness of the film was ~30nm.

S.22 Cu/CdS bilayer sample preparation.

CdS thin films were prepared by spray pyrolysis
technique by spraying an aqueous solution of CdCl2 (0.01M> and
thiourea C(0.01M on a clean glass substrate kept at a high
temperature of 300°C. The glass substrates were given usual
cleaning procedure as described earlier using strong
detergent solution, hot concentrated chromic acid and washing
in doubly distilled water and finally ultrasonic cleaning. Air
is used as the carrier gas and the thickness of the film is
controlled by the amount of solution used. Petailed
description of spray pyrolysis is given in chapter 4.

The Cus/CdS thin film systems were prepared by vacuum
deposition of copper film over the spray pyrolysed CdS film at
room temperature in a high vacuum coating unit at a pressure
less than 1X10 > Torr. The source to substrate distance was
kept at 23 cm. The thickness of copper films was controlled
using a quartz thickness monitor kept along the side of glass
substrate. The rate of deposition was about 7 A°/sec, and this
was achieved by keeping the current through the molybdenum
source at ~120 A. The copper films were coated on unannealed

(as-prepared) CdS samples and these bilayer films were later
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annealed at different temperatures in the range 100-300°C. 1In
all these experiments the thickness of CdS film was in the
range 52525 nm. The thickness of Cu film deposited over CdS
samples was in the range 5 to 50 nm. These samples were
labeled according to the thickness of Cu over CdS as CS005,
¢sS010, C€S011, CS018, C€S020, CSO027, CSO030 and CS050. These
represent the CursCdS system with as-prepared CdS of thickness
~550 nm and Cu with thickness 5, 10, 11, 18, 20, 27, 30 and 50
nm respectively.

Another set of CusCdS bilayer films were also
prepared in which the CdS films were annealed prior to the
deposition of Cu film (pre—annealingd. The pre-annealing were
done at different temperature in the range 100, 200 and 300°C
and was done in air for 45 min. These Cus/CdS samples were
labeled according to the pre-annealing temperature of CdS
film. cs111, cse11 and CS311 represent Curs/CdS system
fabricated on CdS film pre—annealed at 100, 200 and 300°C.

In the case of electrical measurements Al electrodes
were used [30} for making electrical contacts. It is also
prepared by vacuum evaporation and usually the thickness of
these electrodes was kept above 300 nm. The CursCdS samples
were also prepared by all evaporation technique. For this, at
first CdS films of thickness ~500 nm were prepared on a clean
glass substrate by vacuum evaporation of high pure CdS powder
(Koch-Light Ltd, Englandd. Later copper films were deposited
at room temperature over this film by the same technique at

room temperature as described earlier.

5.23 Annealing

Annealing of the samples were done both in air and
vacuum. The details of the annealing chamber and method is
.described in chapter 4. Annealing in air was done at different
temperatures in the range 1 00-300°C. Vacuum anneali ng of the

samples was done at a pressure of ~10™* Torr inside a high
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vacuum chamber at the temperature 350°C. In all the cases the
annealing time was 45min while heating and cooling rates were

~2°C/min.

5.24 Ellipsometric measurements.

VASE measurements were done at room temperature as
described in early chapters. Angle of incidence was in the
range 57.5-75.0° with an interval of 2.5° while the wavelength
was in the range 500-620 nm. These ranges were selected from
the sensitivity analysis of CdS film system and its details
are included in section 4 of chapter 3. For each angle of
incidence full wavelength range was scanned and the total
number of experimental points (s> was greater than 42. A
FORTRAN programme was used for the optical modelling of the
thin film system and the ellipsometric data analysis. Detailed
description of ellipsometric technique and calculations are

given in chapters 2 and 3.

5.25 Other techniques used for the characterization
of the film.

The structural, electrical and optical behaviour of
a film is very sensitive to the film composition. In the
present investigation, for the characterization of the copper
diffused CdS films we have used different techniques 1like
X-ray diffractometer ¢ Philips automated PW 17103, X-ray
photoelectron spectrometer (VG Scientific England> and
UV-VIS-NIR double beam spectrophotometer C Hitachi U3410)
along with VASE which is used for the determination the nature
and profile of copper diffusion in CdS. Hot probe and Hall
effect measurements were performed for determining the type of
conductivity of the doped films and the carrier concentration
of heavily doped films. Electrical resistivity measurements of
the samples were also conducted at room temperature in air at

low ambient 1light. Detailed description of XRD, XPS and
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spectrophotometer analysis is given in chapter 1.

5.3 Results

The Fig.5.1 gives the results of ellipsometric
studies and it depicts the penetration of copper into CdS film
due to annealing of Cus/CdS system in air at different
annealing temperature. The ellipsometric analysis was done
mainly to study about the nature of diffusion of copper into
CdS. This is also used to measure the thickness of copper
diffused CdS and the results are given in the Tables 5.1 to
5.4. It can be seen that the depth of penetration increases
with 1lncrease in annealing temperature. In this case the
thickness of copper film is 11 nm and that of CdS is 500 nm.
The results of the other studies like XRD, XPS, absorption
spectra and electrical studies are shown in Figs.5.2 to 5.10

and these readily support the results from VASE studies.

5.31 Ellipsometric analysis.
5.311 Diffusion of Cu into unannealed CdS.

Different optical models of the Cus/CdS system were
used for the study of the nature of copper diffusion into CdS
due to annealing at different temperature. Sample CS0O11 is
used for this analysis. The different optical models selected
for this analysis are given below. (In all the cases glass
substrate is not taken into account due to the high absorption
of CusCdS bilayer thin film system in the wavelength range
used for the VASE studyd.

a. CursCds

b. CusCCdsS+Cud/CdS

c. CCdAdS+Cud /CdsS

d CCdS+Cu)1/CCdS+Cu)2

e. CCdS+CuDi/CCdS+Cu)2/CdS

The Table 5.1 & 5.2 show the variation of the
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Annealing & values of different Optical models

Temperat -

ure = 00— e e e
°c cad Cbd Ced cdd Ced

Un ann- 0. 0944

ealed

100 0.1064 0. 0486 0.0160 0. 0680 0. 0880

150 0.3720 0. 099 0. 0830 0. 04058 0.0183

200 0.2380 0.100 0. 0820 0. 0259 0.0166

250 0. 48500 0. 200 0. 0680 0. 0227 0. 0080

300 0. 79S8 0. 380 0.0107 0. 0199 0. 0046

Table.B5.1 The variation of unbiased estimator value & with
annealing temperature for different optical models.

(a) CursCds Cb) Cu/CCdS+Cud /CdS Ccd CCdS+Cud /CdS

(dd. (CAdS+Cud ‘/C CdS+CdsO 2 and (ed. CCAdS+Cud ‘/C CdS+Cud 2/CdS.

Mcdel Ced is the most suitable.
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unbiased estimator (&3 wvalue of different optical models of
the Cu/CdS system with annealing in air at different
temperatures in the range 100-300°C. At first a simple optical
model is selected having CursCdS structure over the glass
substrate. In order to select the best fit model the unbiased
estimator & derived from the ellipsometric analysis [31] is
used. The low value of the unbiased estimator & is an
indication of best fit model. This model Cad is tried on
as-prepared and annealed bilayer film systems so as to know
the suitability of the model and to have an idea about the
variation of Cu/CdS bilayer thin film systems due to the
penetration of copper into CdS. From the unbiased estimator
value, it is clear that this model is valid only for the
as-prepared (unannealed) samples, which probably have a sharp
Cu/CdS interface. As annealing temperature increases this
model becomes unsuitable, which indicates that CurCds
interface is no longer well defined ie., copper diffuses into
CdS. The next model selected for this analysis is (bd
Cu/CCdS+Cud /CdS. It is selected on the assumption that copper
film is not fully diffused into CdS. Hence under this model
the CurCdS system forms a three layer structure like
Cu/CCAS+Cud/CdS. The value of the estimator & shows that this
model is also not suitable for films annealed at high
temperature and is comparatively suitable for films annealed
at temperature upto 1850°C. This result rules out the presence
of copper layer over Cus/CdS bilayer system annealed at
temperature above 200°C.

The next model applied is (¢l C(CAS+Cud/CdS. The
variations in the value of the estimator & shows that this
model gives good results especially for films annealed at
temperature in the range 100-200°C, indicating that in this
temperature range a thin mixed layer is formed over CdS film
due to copper diffusion. Comparing the & value of model b and

c at 100°C shows that even at 100°C itself Cu diffuses into
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CdS and a very thin diffused layer (Cu+CdS> is formed on the
top of CdS film. Due to annealing, copper diffuses more and
more into CdS with varying percentage of copper at different
levels. Hence after high temperature annealing the diffused
layer cannot be treated as single homogeneous layer. This is
the reason of the high & wvalue for model Cc¢d at high
temperature. On this experience we have selected a new optical
model Cdd CCdS+Cu)1/CCdS+Cu)2 such that the diffused layer is
treated as two layers with different amount of copper in each
layer. The & values of ellipsometric calculation shows that
comparatively better accuracy and the suitability of the model
becomes better as the annealing temperature increases. The
high value of & for this model at low temperature may be due
to the very thin copper layer at the top or may be due to the
homogeneous distribution of copper in the mixed layer. The
last model selected for this analysis Cmodel ed is
CCdS+CuD1/CCdS+Cu32/CdS. This is on the assumption that copper
does not penetrate completely into C45 film and so, there will
be a thin CdS layer without any copper, at the bottom of the
film near to the glass surface. The unbiased estimator value
of this model shows that this model has very good accuracy
especially for the film annealed at high temperature and this
makes it clear that the copper has completely diffused into
CdS leaving no copper layer on the top.

The volume fraction of copper in each layer is
calculated using the Bruggeman’s effective medium theory [32].
The section 3.3 contains the detailed aspects of +the
calculation of interlayer diffusion of two 1layers using
Bruggeman's EMA. Table 5.3 gives the depth of copper diffusion
into CdS and the volume fraction of copper present in the top
layer of CdS. In this analysis the volume fraction of 1. the
‘top layer ie., CCdS+Cu)l is calculated. This has been done in
in order to reduce the number of unknown parameters in the

ellipsometric analysis. Now the volume fraction of bottom
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layer ie., CCdS-*CuDz is calculated and for computing this the
values of thickness of the Cu layer, thickness of top layer
CCdS+CuDi. its volume fraction and thickness of the second
layer CCdS+Cu)z are taken to be known parameters. From the
Table 5.3 it can be understood that the volume fraction of
copper in the top diffused layer decreases with increase in
annealing temperature. The thickness of the top layer also
decreases with increase in annealing temperature. These
results give an indication that more and more copper diffuse
into CdS and the mixing is becoming more and mere uniform at

high temperature.

5.312 Effect of pre-annealing of CdS on copper diffusion.

The diffusion of Cu deposited on preannealed
CdS samples was also analysed wusing ellipsometry. The
different samples CS111, CS211 and CS311 were annealed at
different temperatures in the range 100-300°C. The same
analysis described in 5.311 was done in this case also. The
Table 5.4 gives the results of the best optical model (ed
CCdS+Cu)1/CCdS+Cu)2/CdS of the present study and it is found
that here copper diffuses to a smaller depth compared to that
of unannealed CdS. Again diffusion decreases with increase in
pre—annealing temperature of CdS film. This may be due to the
better crystalline quality of the film annealed at high
temperature. Lepley et al has reported that Cu diffusion into
crystalline Cd4S is very slow while faster for polycrystalline
and thin films [33]. In thin films grain boundaries and

intergranular cracks enhance diffusion.

5.313 Effect of annealing in vacuum.

For this analysis Cu/CdS systems were prepared, as
mentioned earlier, on unannealed CdS films. The Cus/CdS system
with different copper thicknesses (in the range 5-50 nm) were

prepared at room temperature in a high vacuum coating unit
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Annealing Cu Diffusion Cu diffusion Vol ume

temperature Ctotal > Ctop layer> fraction of
T nm t nm Cu in top layer
r:'C
100 130 20 0. 40
180 1850 25 0.10
200 220 20 0.10
250 240 17 0.05
300 280 18 0. 04

Table.5.3 Variation in the thickness (1D of Cu diffused layer
of [CCdS+CuDi/CCdS+CuDZJ of CdS due to annealing calculated
using the mode. Ced CCdS+Cu)1/CCdS+Cu32/CdS. It also shows the
thickness Ct3 of the top layer CCdS+CuD1 and volume fraction
of Cu in this layer.
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Annealing é value of Cu diffusion

Temperature optical model Ctotald
DC (Cds+CypCds+CuyCds T nm
Unannealed 0. 0046 280
100 0.0180 2850
200 0. 00BO 200
300 0. 0230 200

Table.5. 4 The unbiased estimator value & calculated using
model C(ed for Cus/CdS system prepared on preannealed Cat
different temperatured CdS film. This bilayer films are
annealed at 300°C. T is the copper diffusion depth of into

these samples.
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over the spray coated CdS film Cthickness ~ 500 nmd. All these
bilayer thin film systems were annealed at 350°C for 45
minutes in a vacuum of 10 * Torr. In this case also different
optical models were applied as described in earlier sections.
From this analysis it is observed that Cu diffuses completely
into CdS and uniform mixing occurs at 350°C. By doping
different amount of Cu, Cthis was achieved by depositing Cu
films of different thickness in the range 5-80 nmd it is
possible to control the properties of Cus/CdS film system. The
electrical and optical studies of these samples were done to

study the variation of properties of CdSs.

5.32 XRD analysis.

XRD is widely used as characterization technique for
materials. Analysis of diffraction patterns obtained and
comparison with standard JCPDS powder diffraction data can
reveal the existence of different crystallographic phases in
the film, their relative abundance etc. The details of XRD
analysis are given in section 1.61. The Fig. 5.2 give the XRD
pattern of copper film <Cthickness 30 nmd and CdS film
Cthickness 800 nmd deposited on a glass substrate
respectively. In the case of CdS the main peak correspends to
that of the [002] reflection of hexagonal structure and the
other peaks also correspond to the hexagonal structure of CdS.
The XRD pattern of the sample CS0O27 annealed at 300°C is gi ven
in Fig.5.3. The CursCdS film having a larger thickness for
copper layer is specifically selected for XRD analysis because
the chance for any compound formation is wvery high in this
case. Again it is easy to notice the formation of any compound
when the layer over which the compound is formed is quite
thick. The XRD pattern of annealed film shows that [002] peak
‘is quite high in the case of annealed Cus/CdS bilayer film
also. All the peaks correspond to the CdS film only Cas shown

in Fig.5.2(b>>. The main observation in this case 1is that
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there are no peaks corresponding to either copper or new
compounds like Cuzs formed by the chemical reaction between
copper and sulfur.

The same XRD analysis was repeated on annealed
bilayer thin film samples prepared on pre-annealed CdS samples
(mentioned in section 5.3123 (spectrum is not shownd and we
could get the same results as in the case of copper film
deposited over unannealed CdS films described just above. We
have repeated the same experiments on all-evaporated Cu/CdS
bilayer thin film system, annealed at 300°C. In this case also
annealed bilayer thin film systems show the same XRD pattern
of undoped CdS film Cspectrum is not shown in the text). All
these studies indicate that copper completely diffuses into

CdS and also no chemical bonding is formed.

5.33 Optical Analysis.

Optical measurement is the most important method for
determining the band structure of semi conductors.
Photon—-induced electronic transitions can occur bet ween
different bands, which leads to the determination of band gap
energy, or electron C or hole) transitions within a band from
one single-particle state to another such as free carrier
absorption. Fig.5.4 shows the absorption spectra of copper
film Cof thickness 30 nm, vacuum evaporationd and that of CdS
film Cof thickness S00 nm prepared by spray pyrolysis at the
temperature 300°CY respectively. Fig.5.5 shows the absorption
spectra of CursCdS samples CS005, CsS010, CsS018, CsS020, CS030
and CSOS0 without any heat treatment. The Fig.5.6 shows the
absorption spectra of Cus/CdS system shown in Fig.5. 5 after
annealing at 350°C at a pressure 107* Torr. The Fig. 5.7 shows
the absorption spectra of the sample CSO50 before and after
annealing at 350°C in a vacuum 10™* Torr. The absorption of
as-prepared Cus/CdS film (Fig.5.5 is wvery high and has the
characteristics of copper film (Fig.5.4Ca>>. Due to annealing
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Fig.5.7 Absorption spectra of Cu (50 nmd~/CdS (500 nmd> bilayer

thin film before and after

annealing it has the characteristics of CdS film shown
'Fig. 5. 4Cb>.

183

annealing Cat 350°C). After

in



the absorption of CusCdS film system decreases and all
characteristic features of copper film disappears. This
suggests that copper atoms diffuse into CdS film during the
post-deposition annealing at 350°C. The absor ption spectrum
has the same characteristics as that of CdS film except for
film which has very high copper thickness. In this case (with
very thick copper film> an enhanced absorption starting at
about 1eV possibly due to some mid-band gap defects created by
heavy doping of Cu 1is observed. Again it has +to be
specifically noted that no traces of CUZS Cwhich has a band

gap ~1.2eV (3413 is revealed from optical absorption studies.

5.34 XPS Analysis.

The VASE, XRD and the absorption studies show that
copper completely diffuses into CdS film due to annealing and
those studies could not detect any trace of new compound
formed between CdS and Cu. The utility of XPS for the chemical
analysis results from the chemical shift that is observed in
electron binding energies after the formation of compounds.
The binding energy of the core electrons are affected by the
valence elecirons and therefore by the chemical environment of
the atom. Or in a simple sense, the shift of the photoelectron
lines in a XPS spectrum reflect the change in binding energy
as the oxidation state of the atom changes.

The XPS spectrum of annealed Cat a temperature
300°CY sample CSO11 Cshown in Fig.5.8) taken in the binding
energy range 0-1000 eV shows the peaks of Cd and S along with
copper and this also confirms the results of VASE analysis
(given in section 5.311) ie., the formation of a diffused
layer (CdS+Cud> due to the diffusion of copper into CdS layer.
This also confirms the assumption that the copper fully

‘diffused into CdS and in fact one reaches at this conclusion
from the presence of Cd and S on the surface of Cu/CdS sample

along with copper. The Fig.5.9 shows the XPS spectrum of
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copper in CursCdS thin film system . It can be easily seen from
the Fig.5.89 that the two peaks (832.8 eV and 853.5 eV) are
corresponding to the binding energy of pure copper alone. The
XPS spectrum does no hints at any shift in binding energy
peaks, which indicates that no changes in oxidation state of
copper. This also confirms that no additional compounds like
CuxS were formed due to the annealing of CusCdS th;n film

system.

5.35 Electrical measurements.

Sheet resistance CRSD of the films were calculated
by two probe method using an electrometer (CECIL EA8185) for the
highly resistive samples and a 41,2 Digital Multimeter C(DMMD
for other samples. Aluminum electrodes were used for giving
electrical contacts. The electrical resistivity (o> of the
films was calculated using the relation

p=RstCQ-cm) 4.1

where t is the thickness of the film. Carrier
concentration of the heavily doped CdS:Cu system was
calculated by the Hall effect technique for which a magnetic
field of 0.6 Tesla, was applied and corresponding voltage was
measured [35]. The type of conductivity of the films was
determined using hot probe technique {36]. For this one probe
of a DMM is kept at room temperature and the other is heated
to high temperature ~80° which was kept in touch with the film
surface. All these electrical measurements were done in air at
room temperature.
The Fig.B5.10 shows the variation of resistivity of
CdS film with the amount of copper diffused in it.Cie., the
resistivity of the CusCdS system annealed at 350°C in a vacuum
10™ Torrd>. The quantity of copper diffused into CdS was
varied by depositing Cu films of different thicknesses (in the
range 5 - 80 nmd over CdS and annealing it. From the graph it

can be seen that the diffusion of small quantity of copper
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results in a drastic increase of the resistivity of the film.
This may be due to the intrinsic nature of the CdS film caused
by the compensation of donors with Cu accepters. The hot probe
technique indicates that the CdS film doped with Cu has p-type
conductivity when the thickness of Cu film is >10 nm. The CdS
film having the over layer of thickness 5 nm shows intrinsic
character. The Hall effect measurements on Cu (S0 nm>~/CdS (600
nm thin film system shows a carrier density of 2x10'® cm®
and also positive Hall coefficient, as obtained from hot probe

technique.

5.4 Discussion.

In the introduction part of this chapter it was
mentioned that a small number of groups reported the p-type
conductivity for CdS films prepared by various methods
[9,10,24,288). Very recently Kashiwaba et al I[7,[0) have
reported the conversion of vacuum evaporated CdS into p-type
for the first time. In this work we have converted the spray
pyrolysed CdS into p-type. In this study the samples were
prepared with different atomic percentage of copper in the
range 3.8 to 31%. From the results of VASE analysis it is
clear that copper completely diffused into CdS due to
annealing and there is no copper layer existing over the CdS
film. If copper atoms combine with sulfur atoms, a new p-type
compound such as CuxS may be formed. Some workers have
reported that the CursCdS (in the case of crystald interface
cause the formation of CuxS layer on CdS crystal. [37,38).
Lepley et al [33)] have reported the possibility of CUZS
formation at Cu-CdS interface. They have also reported the
possibility of deep level trap acting as acceptor in the CdS
due to the Cu diffusion [33). In an earlier paper Brillson
}eported the possibility of CuxS formation at the interface of
CusCdS Cerystald [39,40). Later they have reported that the Cu

impurity level cannot be ruled out in explaining the features
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produced by copper deposition and annealing on CdS crystal.
{41). The results of our studies rules out the formation of
any new compound due to copper diffusion into CdS layer. The
VASE analysis confirms that there is no copper diffusion into
CdS at room temperature (Table 5.12. Zurawasky et al [42] have
reported almost a similar observation on CdS crystal in which
it is stated that copper diffuses into CdS at wvery small rate
for unheated system. Their ESCA analysis rules out the chance
for the formation of any new compound. Kashiwaba et al also do
not find any trace of a new p-type compound {8,10)] and they
have also reported the conversion of vacuum deposited CdS film
into p-type. Our studies on spray coated CdS confirms their
results. We have observed that at first n-type spray coated
CdS is converted into intrinsic by the addition of -.-._. * -7
copper (~2.3 CusCd atomic’ as observed by the resistivity
measurements. This is due to compensation of donors by the
copper accepter. Further addition of copper (>4.5 Cu/Cd atomic
% results in the conversion of this intrinsic CdS film into
p-type CdS. Kashiwaba et al have reported the same type
changes in vacuum coated CdS film deposited over pre-deposited
copper film at elevated temperature C200°CY> [10). Szeto et al
have merely reported an increase in resistivity of n-type CdS
crystal due to copper diffusion [43].

The absorption spectra of Cu/CdS system also confirm
the absence of any new compounds like CUQS and an enhanced
absorption is observed at the mid band gap region. Copper is
known to form deep levels in CdS. The main role of copper
levels is to cause a longer wavelength response (red shiftd
due to the photo excitation of electrons from these levels
lying in the forbidden gap of the host CdS to the conduction
band [44].

The XRD and XPS studies also confirm the absence of
any new chemical compounds. The resistivity studies as well as

hot probe method show that the addition of copper changes the
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type of conductivity of CdS ie., from n-type to p-type.
5.5 Conclusion.

Cur/CdS bilayer thin films were prepared by vacuum
evaporation of copper films on spray pyrolysed CdS thin films.
The copper deposition was done on CdS samples kept at room
temperature. n-type CdS films which were prepared by spray
pyrolysis were converted into p-type for the first time by
doping with copper. Ellipsometer is used for the study of
CusCdS bilayer thin films and this study shows that the copper
easily diffuses into as-prepared CdS films and the diffusion
depth increases with annealing temperatures. Copper diffusion
into pre—annealed CdS film is less than that into as-prepared
Cds and it decreases with increase in pre—-annealing
temperature. The VASE analysis alsoc indicates that the copper
diffuses into CdS layer fully due to the annealing of Cu/CdS
bilayer films at 350°C in vacuum.

It is observed that the CdS films have very high
resistivity at low copper concentration and resistivity
decreases with increase in copper concentration. The hot probe
and other electrical measurements give the hints that the
addition of low amount of copper causes the formation of
intrinsic CdS and further addition results in the formation of
p-type CdS. The XRD, XPS and absorption studies confirm the
absence of any p-type compounds formed due to the chemical
reaction bet ween copper and sulfur. The Hall effect
measurements on CdS film containing maximum amount of copper
in the present work, has shown that the hole concentration in
that film is 2X10%cm’. The XRD, XPS and absorption studies
confirm that the p type conductivity is due to the presence of
copper acceptor in CdS film. All these studies rule out the

chance for the formation of p-type CuxS film.
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Chapter 6

STUDIES ON BILAYER FILMS IMPORTANT
IN SOLAR CELL APPLICATION

Part I.
CdS/SnO2 bilayer thin films

6.1 Introduction.

Transparent conducting film of metallic oxides such
as SnCE or InZO3 etc have been studied for many years because
of their practical applications [1-3}. An intrinsic and
stoichiometric material does not show simultaneous high
optical transparency and high electrical conductivity. Partial
transparency and fairly good conductivity may be obtained in
thin films of a variety of materials. But non—-stoichiometric
and doped films of oxides of Sn, In, Cd, Zn etc deposited by
various techniques exhibit high optical transparency in the
visible region, high optical reflectivity in the IR region and
nearly metallic conductivity. The most prominent oxide
materials are those mentioned at the beginig. The oxide films,
which exhibit high conductivity along with high transparency
in the visible region are widely used in making optoelectronic
devices such as displays and solar cells [2,4,85] because of
their high stability, hardness and adherence to many type of
substrates. More than that, film of SnC; and other oxides find
a number of applications such as transparent heating elements
for air crafts and automobile windows, anti-static coating for
instruments windows, heat mirrors for glass windows,
anti-reflection coatings, gas sensors etc [2].

ShCE film can be produced by various deposition
methods [B-10) including spray pyrolysis technique [11-143}.
Spray pyrolysis involves spraying of a solution, Cusually

alcoholicraqueocus) containing soluble salt of the constituent
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atoms of the desired compound onto a heated substrate. This is
a very simple technique and more details are included in
section 4.2. SnOz films prepared at low temperature are
amorphous and while film prepared at high temperature are
ploycrystalline in nature [15,2). It has also been noted that
the grain size increases with substrate temperature. In order
to increase the conductivity of the film various dopents are
added like Sb (16,171 F 12,18} and In [11,18].

As satated in earlier chapters CdS thin film is
widely used as a window material in several ¢thin film
heterojunction solar cells using the p-type materials 1like
Cuzs. CuInSez. CdTe etc. The most common problems in these
cells are those occuring at interface in the pn junction and
in the semiconductor—-metal electrode contact region. The
interface probleums occuring 1in the pn junctions and
semi condutor-metal electrode contact region are reviewed by
many others [20-23]. But there are not much studies aimed at
the analysis of probleums occuring at the interface between
SnO2 and other semiconducting materials egq., CSnOz/CdS
interface). There gave only few reports about this interface
[241.

The drive for solar cells of high efficiency and
long life has necessitated a more detailed understanding of
CdS/SnOz interface. Very recently Niles et al reported the
results of CdS/S.hOz interface [(24]. For high efficiency the
CdS window layer nmust be very thin to allow maximum
transmission into the absorber layer [{25,26]. In these present
work we have studied the interlayer diffusion of CdS and SnO2

due to high temperature treatment.

6.2 Experiment.
6.21 Sample preparation.

The spraying technigque is used for the preparation
of CdS/Sr:O2 samples. In the case of SnO2 this technique
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involves decomposition of alcocholic solution of stannic
chloride at high temperature €450°CY in the presence of an

oxidizing agent [27]. This endothermic reaction is given below
SnCl_ + 2H O —SnO_ 4HCl1
2 2 2

Detailed description of experimental setup and
theory of spray pyrolysis is given in section 4.2. The
solution used for this contains SnClz. SHZO at a molarity of
0.8M. The distance from the spray head to substrate is kept at
~30 ¢m and the angle of incidence of solution droplets on the
substrate is ~75°. The flow rate of the liquid is controlled
to ~10 ml/mts. 20 ml of, the solution is sprayed for getting
480 nm thick SnO2 film. Air is used as carrier gas. High
scanning rate of spray head (100/mts> ensure a uniform film
thickness. For optimizing the condition for good quality SnOz
films, the films were prepared over glass substrates at
different substarte temperature in the range 350-500°C.

Optical transmission and electrical resistivity show
that the film prepared at 4850°C has optimum results and this
film is used for the bilayer CCdS/SnOZD preparation. For this
purpose SnO2 Cthickness ~450 nmd film was prepared at 450°C on
glass substrate and above this CdS film C(thickness ~400 nm
was deposited at 300°C. The CdS films were also prepared by
spray pyrolysis technique using a solution of thiourea C0.01M
and CdCl2 CO.01M. The details of CdS film preparation by
spray pyrolysis is given in section 4.2. and also given
elsewhere [28B].

The CdS/SnO2 film system was annealed at different
temperatures in the range 100-300°C in air. The heating and
cooling rates were 2°C/mts for all cases. The details of

annealing is described in section 4.2.

6.22 Measurements.

Spectrophotometer is used for transmission studies
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of the films prepared at different substrate temperature. VASE
is also used for the optical studies of the films. Electrical
resistivity of the film is determined as described in section
5.35. VASE is used for the analysis of inter—-diffusion taking
place in the CdS/SnO2 bilayer structure due to annealing. All
VASE measurements were done at room temperature and in air.
The sensitivity analysis of CdS/SnO2 bilayer structure is
given in section 3.4 and plots are given in Fig.3.10 to 3.13.
These studies show that this system has high sensitivity over
a wide range of wavelength and wide range of angle of
incidence. The VASE measurements were done in the angle of
incidence range 80-75° and the wavelength range S500-620 nm as
suggested by sensitivity analysis.

6.3 Results and discussion.

The CdS/SnOz bilayer thin film gysten were Pprepared
over glass substrate by spray pyrolysis technique. The
summarised results of optical and electrical measurements of
these films are given in Table 6.11. From this table, it is
clear that the film prepared at 450°C has better properties.
At low temperature the thickness of SnO2 film is very low CIn
all cases same quantity of solution is used). Thickness of the
film increases rapidly at 400°C and remain more or less
constant. The electrical resistivity of the film at first
decreases with increase in substrate temperature and reaches a
minimum at 4850°C and thereafter it increases slowly.
Refractive index of the film measured using ellipsometer shows
that the real part of refractive index has high value for the
films prepared at 450°C. This may be due to the better
structure of the film. The Fig.8.11 depicts the variation of
optical transmission with wavelength for films prepared at
different temperatures. The Fig.6.12 shows the refractive
index spectrum of SnOz film prepared at 450°C determined using

ellipsometer. In this calculation imaginary part k of cdcomplex

[y
()]
4]



Preparation Thickness Resistivity Index of refraction Transmission

temperature Cnmd Q cmd 590 nm 620 nm (880 nm> %
c°c
350 195 12 x107* 1.88 1.85 g2
400 280 7.5X10°* 1.87 1.86 6€
450 300 7.0%X107* 2.09 2.05 7%
500 315 9. 0X107* 1.89 1.80 51

Table 6.11 Properties of Shcg film at different substrate
temperatures. Table shows that the film prepared at 450°C has

good optical and electrical properties.
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refractive index is taken as zero.

The Table 6.12 shows the results of CdS/ShO2
interlayer anlysis. Ellipsometrically calculated refractive
indices of CdS and ShO2 are used for the analysis. Different
optical models are used for the analysis of CdS/SnOz/glass
system. The most’ important models are given below.

Model Cal. air/CdS/SnOz/glass.
Model (b>. ai r/CdS/CCdS+Sn02)/Sn02/glass.

The ellipsometric data of the bilayer system is used
for the analysis of these optical models and best fit of these
models were determined us’ing the technique given in section
3.2. At first the model <Cad 1is selected. It 1is on the
assumption that the two layers have sharp boundaries and there
is no inter-diffusion. The other model (model (b33 is on the
assumption that CdS and SnO2 do not have sharp boundaries due
to the inter-diffusion of CdS into SnO2 or vice versa. The
values of unbiased estimator & [29] of different optical
models derived from VASE analysis are shown in Table 6.12.
From this & value it is clear that the first optical model has
the least value for & compared to the other model. This shows
that this model is best suited' - to the physical system, ie.,
as prepared CdS/SnO2 has sharp boundaries and CdS prepared
over SnO2 does not cause any inter-diffusion or chemical
reaction.

The thermal stability of the CdS/SnOz interface is
most important because the fabrication of thin film solar cell
invelves the thermal treatment ([24]1. The high temperature
annealing is an attempt to simulate a common fabrication
technique ie., heat treatment. We have annealed the CdS (400
nm t.hick)/SnO2 C 450 nm thickd at different temperatures in
the range 100- 300°C in air. The results of post annealing
VASE measurement are shown in Table 8.12. If CdS reacts with
or diffuse into SnOz. the structure of C',dS/SnOz bilayer
changes from model C(Cad to model ((bd. This will cause a



Annealing & Unbiased estimator value of

temperature optical models
c°e CdS/SnOi/glass CdS/CCdS+SnCE)/SnOE/glass
{ model Cad model Cbd
unanne-— 0. 880 2.61
aled
100 0. 850 2.72
150 0.810 2.68
200 0.920 2.71
250 0.830 2. 867
300 0. 980 2.69

Table 6.12 Results of VASE analysis of CdS/SnCE/glass bilayer
thin film system after annealing at different temperatures.

This shows that CdS/SnO2 interface is very stable.
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considerable change in & wvalue of the optical model. But the
unbiased estimator & of different optical models has no
considerable change due to annealing, as revealed by values in
Table 6.12. This lack of change in & value with temperature
suggests that the CdS/SnOz system is highly stable and
annealing does not cause any inter-diffusion that results in
the degradion of the bilayer thin film system and ultimate
failure of cell. Very recently Niles et al [24] have reported
almost the same observation wusing soft x-ray synchrotron
radiation photoemission technique. In this study we have used
a very simple setup C(VASED for the diffusion study of CdS and
ShC;. this technique can be extented to the insitu monitoring
of diffusion with temperature.

6.4 Conclusion

The spray pyrolysis technique is again used for the
preparations of SnO2 film. SnC; films are optically
transparent and good electrical conductors. They are widely
used as electrode material in several optoelectronic devices.
An alcoholic solution (0.89M of SnClz. SHZO is used for this
purpose. Very low resistivity (30 ohm-cm> films were obtained
at a substrate temperature 450°C. It has i -. very good
optical transmission.

The bilayer structure fabricated using the SnOz film
is CdS/SnOz. These bilayer films are prepared by spray
pyrolysis. At first ShC; film is prepared over glass substrate
at 450°C and then CdS film is prepared at 300°C over the SnOz
film. The ellipsometric studies of CdS SnO_ interface
?ggwatgggmggg”2€f3£€u;gﬁis very stable and has iery narrow
interface. Since this bilayer is widely used in thin film
solar cells the stability of CdS/SnOz interface is very
important. This interface 1is stable for thin film system
annealed at very high temperature C300°C). A detailed study

using correct optiecsl model is reguired Lo muke finsl conclusion
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Part II.
CdS/CuInSez bilayer thin films.

6.5 Introduction.

CuInS’e2 has proved to be a very effective absorber
material for thin film solar cell ([25,26]). Development of
highly efficient CuInSez based solar cells and modules
requires an understanding of the mechanism which controls the
photovoltaic performance. Analysis of interlayer diffusion
between the films that form the pn Jjunction 1is also an
important study for the characterization of solar cells.
Chemically prepared CdS and CuInSez films are becoming more
and more attractive due to its low cost of production and
simplicity of operation. It is important also due to the fact
that films having large area can be deposited. Chemical bath
deposition (CBD)> technique 1is used for the production of
semiconducting thin films 1like CdS, CuInSez etc. This
technique (CBD) was first used in 1846 to prepare PbS films
[30]. A large number of groups have reported the preparation
of CdS by CBD [(31-38]. The resistivity of these films is very
high [36,37). Basol et al have reported that this is due to
the near stoichiometric nature of the film prepared by CBD
[37)}. It is also reported that CdS film prepared by CBD
techniques is intrinsic in nature [36].

CthSe2 films is prepared by different techniques
[39-42]. Recently CBD is used for the CuInSez film preparation
[43-46]. Minimum lattice mismatch between CdS and CuInSe2
Conly 1.82% and favourable electron affinity difference
(0.1eVD> [23] are the attractive aspects of these materials.
The p-type CuInSe2 film forms pn junction with n-type CdS film
and latter acts as a window layer [25,281]. CuInSe2 based

single junction thin film solar cells have shown efficiency as
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high as 15% [28). In this work we have fabricated a bilayer
CdS/CuInSe2 structure over glass substrate by CBD and

interlayer diffusion taking place in the bilayer structure due
to heating is studied using VASE.

6.6 Chemical bath deposition.

CBD is growth from liquid by ion-by-ion condensation
of different ions of the compound on the substrate from an
aqueous basic medium. According to the solubility product C(SPD
principle, in a saturated solution of weakly soluble compound
the product of the molar concentration of its ions called
ionic product CIPD is a constant at a given temperature. If IP
exceeds SP precipitation occurs. Spontaneous precipitation is
to be eliminated to form a thin film by controlled ion-by-ion
reaction. This can be achieved by using a fairly stable
complex of the metal ions. The concentration of metal ions are

controlled by adding appropriate complexing agents in correct

concentration [{27].

6.61 CdS Thin Film.

CBD deposition of CdS films was initiated by
Mokrushin and Tkachev in 1861 [35]. In this technique
triethanolamine C(TEA) is used as the complexing agent as
reported by Mondel et al [3B]. Detailed description of present
technique is given in [31,33]. The attraction of work based on
TEA is that good quality film is obtained at room temperature.
The Cd?" ions are present in the form of a complex species
[CACTEAY1?" in solution, the dissociation of which causes the
release of Cd®’ ions and the formation of film by reaction
with S* ions from thiourea in a basic media with pH > 10
[33). The relevant chemical equation is

[CACTEA> 1% «+ SCCNHz)2 + 20H —+ CdS + TEA + OCCNH232+ H20

Measured quantity of CdCl2 solution CIND was mixed



with TEA, followed by the addition of ammonia solution. pH of
the solution is maintained above 10 and measured quantity of
thiourea is added to the mixture. Substrates were kept
vertically in the solution for CdS deposition. About 1500 nm
thick CdS film is deposited on glass substrate and SO0 nm thick
CdS is deposited over CuInSr-_'-2 film by CBD.

6.612 CuInSez Thin Film.

CuInSe2 thin film is prepared by CBD along with
various other techniques [38-42]. In the earlier CBD process
TEA was used for complexing copper ions [43-45]. In this case
the reaction mixture was maintained at elevated temperature
and the pH of the solution is ~10. In the present technique
citrate is used as the common complexing agent for Cu and In
ions and deposition is made possible at room temperature by
controlling the pH of the solution, as reported by Vidyadharan
et al [486].

Thin films of CuInSe-2 were prepared by CBD from a
deposition mixture containing aqueocus solutions of copper
sulfate, trisodium citrate, sodium selenosulphate and InCla.
Sodium selenosulphate was prepared by dissolving elemental
selenium in an aqueous solution of sodium sulfite maintained
at a temperature of 80°C and pH>8. The solution was then
cooled and filtered. A known quantity of copper sulfate
solution CO0.2M) mixed with trisodium citrate C(O0.1M) was added
to known quantity of selenosulphate C.1M. InCl3 was dissol ved
in citriec acid and this was added to the above mentioned
mi xture drop by drop. The solution was thoroughly mixed and
taken in a S0 ml beaker. The pH value of the solution was
adjusted to be ~B. Ion-by-ion condensation on the clean glass
substrate takes place slowly due to the homogeneous
ﬁrecipitation of ions. Uniform film of thickness 80 nm was
obtained in a single dipping. Films of any desired thickness
can be obtained by repeated dipping [48].
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6.7 Measurement.

The CdS/CuInSe2 bilayer thin films were annealed at
different temperatures in the range 100-300°C as described in
earlier sections. VASE is used for the measurement of CuInSe2
thin film and CdS/CuInSe2 bilayer thin films and also for the
study of effect of annealing (details of VASE analysis is
given in chapters 2 and 3). The ellipsometric calculation of
CuInSe2 films were done in the wavelength range 470-850 nm.
The VASE analysis of bilayer thin films was done in the
sensitive region wavelength and angle of incidence as given in

the section 3. 43.

6.8 Results and discussion.

The Figs.6.21 and 6.22 give the refractive index of
CuInSe2 films calculated using ellipsometry in the range of
wavelength 470 to 650 nm. The calculated values of n and k are
used for further analysis of CdS/CuInSe2 bilayer thin film.
The thickness of ‘thin’ CuInS’e2 film is measured by
ellipsometry and it is ~BS nm for single dip. A second dip of
this film into a fresh solution ma: kes the thickness ~180 nm.
Gravimetric technique using microbalance is also used for
verifying this thickness measurement.

CBD deposition of CdS on glass substrate gives a
very thick (~1.5u> film even at single dip. But the CdS film
deposited on CuInSe2 by the same technique has a thickness of
~ 50 nm. This shows that initial growth rate of CdS on CuInSe2
is very slow. In the present study a bilayer film system with
CuInS’e2 film of thickness ~250 nm and CdS film with thickness
~850 nm |is used. For the ellipsometric analysis of
CdS/CuInSéz/glass system different optical models were
applied. Glass is eliminated from all models, becouse the high
absorption of CuInSe2 hides glass from probe beam. Therefore

CuInS’e2 is treated as substrate material. The results of
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CdS/CuInS:e2 system is given in Table 6.21, which contain VASE
analysis of two optical medels viz.,

Model Cad. air/CdS/CuInSef

Model (bD. air/CdS/CCdS+CuInSeZD/CuInSez.

The VASE studies reveal that as prepared CdS/CuInSe2
system has sharp boundaries between the two layers.

The heat treatment of CdS/CuInSez solar cell |is
useful not only for the post fabrication device optimization
but also for the informationcﬂmurthe temperature stability of
the cell [23). The stability of this bilayer thin film, which
forms the pn junction, 1s studied in the present work by
annealing the CdS/CuInSe2 film system at different
temperatures in the range 100-300°C. The VASE studies show
that the annealing at low temperature C100°CY does not affect
the interface of CdS/CuInSez. But high temperature annealing
Cabove 200°C) causes the degradation of the interface.
Kazmerski et al also reported that the low temperature cB80°C)
annealing of CdS/CuInSe2 cell does not affect the performance
of the cell [23) as in the case of our studies.

In the case of high temperature annealed samples,
the model (b)) is found to be more suitable. This is due the
the diffusion of the materials from one layer into the other.
The thickness of the interlayer at 200°C is ~17 nm and the
volume fraction of CdS in this interlayer is 0.08 (8%20. The
annealing at 300°C causes further degradation of the bilayer
ie., the thickness of the interlayer increases to ~25 nm while
the volume fraction of CdS increased to 0.12 (12%. This shows
that the CdS/CuInSe2 layer that forms pn junction is degraded
due to high temperature treatment unless some precautionary
measures are taken before forming the pn junction. Kazmerski
et al have reported that the annealing of CdS/CuInSe2 cell at
220°C causes 38% degradation in its efficiency [23]. This is
due to the some physical changes in junction region. The AES

studies also confirm the degradation of the cell due to
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Annealing

& Unbiased estimator value of

Vol. fraction of

temperature optical models CdS in mixed

c°o CdS/CIS CdS/CCdS+CISOAACIS layer and its
model a model b thickness Cnmd

unanne- 0. 0780 0.1322. = —————-

aled

100 0. 0857 o.i12686 0 —————-

200 0.1080 0. 0874 0. 0B (15 nmd

300 0.1180 0.0818 0.1i2 (23 nm

Table 6.21

Results of VASE analysis of CdS/CuInSez/glass

bilayver thin film system after annealing at different

temperatures. The degradation of CdS/CuInSe2 bilayer starts at

200°C.
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annealing at 220°C and above. AES results also show that at
220°C S from CdS and Se from CuInSe2 diffuse into the other
layer and hence cause interlayer widening. Also at 400°Cc cd
diffuses into CuInSe2 layer and this results in fatal failure
of the cell [23]. These results are corroborating our
observations on CdS/CuInSe2 using a simple non-destructive

technique.

6.7 conclusion.

CBD is also used for the preparation of CdsS. CdC].z
and thiourea solution complexed with triethanolamine (TEAY is
used for the preparation of CdS film at room temperature.
Ammonia solution is used to adjust the pH value above 10.

CBD technique is used for the preparation of CuInSez
films. Thin films of CuInSe2 were prepared by CBD from a
deposition solution containing aqueocus solution of copper
sulfate, trisodium citrate, sodium selenosul phate and indium
chloride. The pH of the solution is adjusted to ~8 and the
deposition takes place at room temperature itself.

The CdS/CuInSe2 bilayer thin film is prepared by CBD
technique. CuInSe2 film is prepared over glass substrate by
CBD as mentioned earlier. Next this CuInSez/glass structure is
used for the preparation of CdS/CuInSez bilayer films by the
same technique CBD.

VASE results indicates that the as prepared samples
have no interlayer between CdS and CuInSez. Again the VASE
studies on annealed samples give a clue that annealing upto
100°C does not affect the . interface. Annealing at temperature
200°C causes the formation of a thin interlayer of CdS and
CuInSe2 and at high temperature more and more material mix

together and the thickness of interlayer is very high.
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Chapter 7
Conclusion of results

The present work is mainly concentrated on the
studies of semiconducting thin films useful for solar cell
fabrication. Variable Angle Spectroscopic Ellipsometer (VASED
was fabricated and this is wused for the analysis of
semiconductor thin films. The optical, surface and interface
properties of the films are studied in this work. Thin films
of materials like CdS, CuInSez and SnC; were selected for this
study. Other techniques like XRD, SEM, XPS, spectrophotometer
were also used for corroborating VASE results. The work
presented in this thesis can be divided into three parts as
shown below. .

1. Fabrication of VASE and development of computer
software for the analysis of ellipsometric data.

2. Preparation of single layer thin films (CdS, SnO2 and
CuInSeé) and bilayer thin films system (Cu/CdS, CdS/SnO2 and
CdS/CuInSez). Spray pyrolysis, Chemical Bath Deposition (CBD)
and vacuum evaporation techniques were employed for the
deposition of thin films.

3. Studies of these thin films using the fabricated VASE
and verification of ellipsometric results using other

techniques mentioned at the beginning.

Ellipsometric techniques.

An experimental setup for ellipsometric measurements
CVASE) was fabricated with facilities to wvary the wavelength
and angle of incidence. An ordinary spectrometer was modified
for this purpose. The collimator and telescope arms were
converted into polariser and analyser arms respectively. The
accuracy of measurement of azimuth angle of the polariser and

the analyser is 1® and that of angle of incidence is 30". The
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angle of incidence in this system can be varied between 20 and
(=]

BO™.

selection and it can scan between 400 nm and 750 nm. High

A 20 cm monochromator is wused for the wavelength

power tungsten halogen lamp is used as the light source and
this enables the measurement on surfaces with very 1low
reflectivity. A photomultiplier tube is used for the detection
of the reflected light signals. The chopper and tuned
amplifier arrangement eliminates noise from the system. The
use of long focal length lens eliminate the path deviation due
to the rotation of polariser. ’

The ellipsometer is used in the two different modes,

1. Multiple Angle Incidence CMAID> ellipsometer
2. Variable Angle Spectroscopic Ellipsometer CVASED

The MAI mode 1is wused for the calculation of
refractive index of thin films. In all other calculations the
VASE mode is used. In both the techniques measurements were
taken for different azimuth angles of the analyser. The
minimum number of azimuth angle reéuired for the determination
of w and A is three. Different FORTRAN computer programmes are
used for the MAI and VASE calculations. Using these
programmes, the most suitable optical model is selected by
minimizing the error function and the parameters of this
best~-fit optical model is taken as the physical parameters of
the thin film system. Along with refractive index and
thickness calculations ellipsometry 1is also used for the
surface and interface analysis of single and multilayer thin
film systems. The surface roughness and interface thickness
are determined using present setup. Bruggeman's effective
medium theory is also included for the determination of volume
fraction of inclusion in a mixed medium.

A clean glass plate is used for the standardization
‘of the system. The calculated y and A values are used for the
determination of Brewster angle of glass plate and it is found

to be in agreement with standard values. This analysis also
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reveals that the glass surface has a roughness of the order of
40 nm.

In the study of multilayer structures, the
sensitivity of the ellipsometric measurement is very
important. In the present study the sensitivity of the
multilayer system is enhanced by the technique suggested by
Woollam. The sensitivity analysis of three thin film systems
was done by this technique and they are CdS/glass,
CdS/SnCE/glass and CdS/CuInSez/glass. The further
ellipsometric measurements were taken at the sensitive region

of angle of incidence and wavelength.

Thin film preparation.

In this thesis we have reported single and bilayer
thin film preparation by various techniques 1like spray
pyrolysis, vacuum evaporation and chemical bath deposition. In
this the spray pyrolysed CdS films were prepared from aqueous
solution of O.01iM CdCl2 and 0.01M thiourea. The geometry of
the nozzle used for 1" spray largely determine the quality of
the film prepared by this technique. A fine capillary tube is
used for carrying the solution and another tube with
comparatively 1larger diameter 1is used for carrying the
‘carrier gas’' and both tubes were made to intercept at an
angle of 80° which gave better results. The best substrate
temperature for the film preparation was in the range 280
-300°C. CBD is also used for the preparation of CdS. CdCl2 and
thiourea solution complexed with triethanclamine CTEA) is used
for the preparation of CdS film at room temperature using CBD.
Ammonia solution is used to adjust the pH value above 10.

The spray pyrolysis technique was used for the
preparations of SnOz £ilm. This film |is optically
transparent and good electrical conductor. They are widely
used as electrode material in several optoelectronic devices.

An alcoholic solution (0.8MD> of ShClz.SHZO was used for this
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purpose. Film having very low resistivity (30 ohm-cmd> were
obtained at a substrate temperature 450°C.

CBD technique is used for the preparation of CuInSez
films. Thin films of CuInSez were prepared by CBD from a
deposition solution containing aqueous solution of copper
sulfate, trisodium citrate, sodium selenosulphate and indium
chloride. The pH of the solution is adjusted to be ~8 and the
deposition was obtained at room temperature.

Vacuum evaporation was also used for the deposition
of metallic copper film and CdS films.

Cus/CdS bilayer thin films were prepared by vacuum
evaporation of copper films on spray pyrolysed CdS thin films.
The copper deposition was done on CdS samples kept at room
temperature. The next bilayer structure fabricated was
CdS/SnOZ. This bilayer films were prepared by spray pyrolysis.
At first SnOz film was prepared over glass substrate at 450°¢C
and then CdS film was deposited at 300°C over the SnOzfilm.
The CdS;/CuInSea-‘2 bilayer thin film was prepared by CBD
technique. CuInSez film wiks prepared over glass substrate by
CBD as mentioned earlier. Next this CuInSez/glass structure is
used for the preparation of Cd.‘.;/CuInSe‘2 bilayer films by the
same technique CBD.

Ellipsometric and Other studies.

Composition analysis of CdS samples prepared .,
using spray pyrolysis at temperature 300°C was done using XPS
and this showed that the film contained impurities like Cl,C,
and Oz' The band gap of the CdS film was 2.4 eV. The
preparation temperature influenced the film structure and
morphology of the film. Ellipsometry was used for optimising
the preparation temperature of the CdS film and later it was
verified using other techniques 1like XRD and SEM. The
ellipsometric studies indicated that the film prepared by this
techniques had rough surface. The roughness had very high
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value (BS5nm) for films prepared at low temperature and become
minimum (27nm> for films prepared at 280-300°C. Above this
temperature, surface roughness again increased. These results
from VASE were verified using SEM. The annealing of the films
prepared at 300°C showed that the surface roughness increases
with annealing temperatures at first and then decreases.
Annealing at the preparation temperature, made the film
surface very smooth. The XRD and VASE analysis showed that the
crystalline quality of the film increased with increase in
substrate temperature. It was observed that at low
temperature, the deposition rate of the CdS film was very high
and this slowly decrease& with increase 1in substrate
temperature. When the substrate temperature was above 300°C it
decreased drastically. Electrical and optical transmission
studies showed that the films prepared above 280-300°C had
comparatively low resistivity and good optical transmission.
All these studies gave an indication that the films prepared
at 300°C had good quality and can be used for the fabrication
of thin film solar cells. Using ellipsometer the real (n> and
imaginary CkD> part of complex refractive index of CdS film in
the visible region $400-740nm> were also calculated after
eliminating the effect of surface roughness of these film by
appropriate optical modelling.

The n-type CdS film was converted into p-type by
doping with copper. VASE technique was used for the study of
CurCdS bilayer thin films; it showed that the copper easily
diffused into as-prepared CdS films and diffusion depth
increased with annealing temperatures. Copper diffusion into
pre—annealed CdS film was less than that of the as-prepared
CdS and the diffusion further decreases with increase in
pre-annealing temperature. The hot probe and other electrical
measurements made it clear that the “Cu-diffused-CdS" film
had p type conductivity when the quantity of copper was

larger. From the electrical resistivity measurements it could



be inferred that low CurCd atomic percentage caused intrinsic
cdS film. The XRD, XPS and absorption studies confirmed that
the p type conductivity was due to the presence of copper
acceptor in CdS film. All these studies ruled out Lhe chance

for the formation of p-type CuxS film.

The ellipsometric studies of CdS/Sn05 interface gave
the information that the structure was very stable and had
very sharp interface. Since this bilayer is widely used in
thin film solar cells the stability of CdS/SnOz interface is
very important. This interface was found to be stable for the
bilayer film even after annealing at very high
temperatureC300°C). Another bilayer system studied wusing
ellipsometer was CdS/CuInSez film. VASE results showed that as
prepared samples had no interlayer between CdS and CuInSe{
The low temperature annealing (Cie., upto 100°CY do not affect
the interface. But annealing at 200°C caused the formation of
a thin interlayer of CdS and CuInSe2 and at high temperature
more and more material mixed together and the thickness of

interlayer become very large.

Suggestions for further studies.

The measurements using a manual VASE is very tedious
and time consuming work. In this case for taking measurements,
one has to scan entire wavelength region for each angle of
incidence. The azimuth angle of analyser is also to be changed
for each wavelength and angle of incidence. In order to get
maximum output from VASE it should be easy to take
measurements and should not be time consuming, which means
that the system must be an automated one. For the automation
of the system the angle of incidence measurement must be
replaced with a reflectivity scanner using microprocessor
‘controlled stepper motor. The analyser and polariser can also
be attached to another stepper motor, controlled by the

microprocessor. The output of the PMI can be converted into



digital form by using an A to D converter so that the data
acquisition using a digital computer is possible. In addition
to this, the computer can be used to control all movements
like angle of incidence, wavelength scanning and azimuth angle
of analyser as well as to calculate ¥y and A from the light
intensity values. All these developments will make the system
very useful for the study of multilayer thin film systems.

One of the important outcome of the present work is
that the n-CdS can be converted into p-CdS by suitably doping
it with copper by a simple process. This process can be
extended into the fabrication of a pn homojunction thin film
solar cells. Of course the efficiency of this cell may not be
very high, but this process can be extended into the
fabrication of high efficient multi-junction Ctandemd solar
cells. The other important bilayer system studied which is
useful for the fabrication of heterojunction solar cell is
CdS/CuInSez. The studies on as-prepared CdS/C'IthSe-2 bilayer
thin film system shows that it is not stable with temperature.
Annealing of CdS/CuInSe2 cause the inter layer diffusion.
Hence further studies are required to optimise the process
which will ultimately lead to highly stable bilayer thin film

system useful for the fabrication of photoveltaic devices.
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