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Abstract

Transparent conducting tin oxade {SnQ,) thin films are of great interest due to their
vanety of applications 1n devices as window lavers, heat reflectors wm solar celis, Light
emithng diodes (LELDS), liquid erystal displays, various gas sensors etc. Pure SnQ; and
copper doped Sn(); thm hilms have been deposited onto glass substrate by spray pyrolysis
method. Deposition parameters: subsirate femperature, deposition tune and flow mte of
solution, amount of base matenal, distance between the substrate and spray gun tip was
kept constant Tif chlonde and copper mitrate were used as source of tin (Sn) and copper
(Cu). The doping concentration of Cu was waned from 1-8 wt 2%. The surface
marphelogical, structural, electrical and optical properhes of the as-deposiled tin oxide
films have been investigated as a function of Cu-doping level, The as-deposited films are
found bemogenecus. The thickness of the films was estimated by Fizeau fringes

mterference method. The films thicknesses were varied from 190 w 210 nm.

The scanming electron microscopy (SEM) micrographs of as-deposited film show
uniform surface and deposition covers the substrale well. Energy Dispersive Analysis of
X-ray (EDAX) results clearly showed (hat the grains were typrcally compnsed of boith Sn
and O for pure and 8n, exygen (O} and Cu for Cu doped flms. From EDAX (EDX) dala
it was found thal atomic weight % of Cr 15 increased with the ingrease of Cu

concentration in Cu doped SnO; films.

X-ray diffraction studies show the polycrystalline natre of the films with preferential
onentation alo;lg the (110), (101), {200}, (210), and {211) planes and an average grain
size of 7.244579 A, The peaks were found to shift from their standard positions in the
presence of the Cu dopant. There is a deviatton in the lattice parameters and 1t may he

happened due to the positioning of dopant atoms into the intersiitial lattice sites.

The transmittance and absorbance spectra for the as-deposited [ilms were reconled in the
wavelength range of 190 to 1100 nm. The optical transmission of the films was found to
increase from 71 % to 79 % {af nibal) wath the additon of Cu up to 4% and then
decreases for higher percentage of copper doping Optical constans such as band gap and
refractive wdex were calculated fiom the uira-violet transmitisnce and absorption graphs.

v



The optical band gap for pure tm oxide film is found to be 3.75 V. Due 10 Cu doping,
the band gap is shifted w lower cnergies and then increases further with increasing
concentratton of the dopants. The refractive index of the flms 1s found 1.63 and the
vanation of refractive index 15 observed due to Cu concenirations and the lowest value of

refractive index 15 found to be 1.54 {or 4% Cu doped SnQ: thin films,

The high electrical conductivity has been found for 4 wi. % CuNQOs + 96 wit % Sn(.,
The films deposited at optimized depositions show elecincal resistivity, p =
51065 % 107 Q-m, conductivity, o =1.9582x10° (€-m)"' and sheet resistance of
2.5532 x10" /o at room lemperature 305 K obtained for 200 nm thick Sn0- thin film,
The resistivity of Sn(; films is found to decrease from 4.5095%107% Qm to 1.1395x% 107
fim as the Cu dopmg is vaned [rom 1% o 4%, and above 4% Cu doping 1t 15 again
increased. Activation energy of the samples varies frem 0.022896 1o 0.05888% eV It is
evident from the prescnt study that the Cu doping promoted the film morphology and also

15 structuml, optical and efectrical properties of the films
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CHAPTER-I

GENERAL INTRODUCTION

1.1 Introduction

‘Thin Solid Film’ is the mew branch of science has become a great demand of
microelectronics in science and technology has preatly stimulated due to the development
of thin film and the expansion. Experimental work on thin (ilms has been continued in
different parts of the world for successful applications of their properties in scientific,
engineering and industrial purposes. The increasing demands for microelectronics and
micro structural components in different branches of science and technology have greatly
expanded he sphere of thin film research [1-2]. Transparent and conducting oxides
(TCOs) have attracted the researchers becanse of their wide applications in both industry
and research, These oxides are extensively used for a variety of applications including
architectural windows, flat-panel displays, thin film photovoltaic, smart windows, and
polymer-based electronics, Among the available TCOs, pure and doped 5nO; thin (ilms
on glass substrales are used extensively on glass windows for energy conservation and es
glectrodes in thin film photovoltaic solar cells, Due to Lheir technological imporiance

various researchers have reporled the growth and properlies of S3n0; films.

The resources like oil and gas, which are at present the main scurces of energy, will
eventually exhaust afier sometime, necessitating the search for newer encrgy resources.
Nuclear energy is one option, but jt induces acute redialive pollutiom and has some
technical problems. Sun is a huge source of energy ihat can be converted into electrical
energy using Lhe solar cells and this is the best alternative option. In this work SnQ; thin
ilms have been studied as an antireflection coating which is an essential part of the solar
cells. As an antireflection coating for heterojunction solar cells, it is an important device
material for the detection, emission and modulation of visible and near ultra violet light.
For blue light emitting laser diodes and thin film electroluminescent displays.

Thin films ere thin material Jayers ranging from fractions of a nanemeter to several

micrometers in thickness. A thin layer of a substance deposited on an insulating base in a



vacuum by a microelectronic process. When a thin layer of sohid matersal 1s fonned on a
sohid substrate and if the laver thickiess becomes comparable in magmude with mean
free path of the conduction electrons of solid material than this layer is terms as “Thin
Fum’. Thin Film Techoology is an imporant special branch of physics in which the
characteristics of different materials, semiconductlors and insulators are investigated in
thin film form.

We have great mlerest to study and research on transparent conduciing oxide thin films
because of an impertant application of thin film technology from the pomt of view of
global energy crunch 15 solar cell, which converts the energy of the solar mdiatton o
usefui electrical energy. The main requirement for thin Rlm solar cells is the window
material, which allows the visible region of solar spectrum to pass through but reflect the
IR radiation. This can be achieved by the development of transparent and conductmg
oxide (TCO} coatings such as tin oxide (Sn0z), cadmium oxide (Cd0), zine oxude (ZnO),
cadmium stannate {(Cd;Sn0Cy), cadmivm indate {Cdin;(k), and mdium oxde (Inz05).
Studies on these hiphly conducting semiconductors have attracted the interest of many
researchers because of Ltheir wide applicabons in both indusmy and research [3-8]. From
these matenals, tin oxade shows unique charactenstics in chemical inerness, stahlity to
heat treatment and mechanical hardness [9]. The present research work is aimed at the
production of uniform, conductive pure and Cu doped tin oxide thin films by a low cost
techmigue using precurser solution of SnCl 2ZHAO. The advantages of the SnClzare that il
18 cheaper than SnCliand can be produced easily in a laboratory, and SnCl: leads to a
higher rale of film formabien with higher conductivity [10] There are many techniques,
including sputtering, evaporation and chemical vapour or spray deposition, by which the
SnO-{ilms may be deposiied on glass subsirales In this smdy, tin oxide thin films were
prepared by the spray pyrolysis technigue which is particularly attractive because of 11s
simplicity, fast, inexpensive, and suitable for mass production [11]



1.2 Properties of Sn0,

The standard values relating to the physical properties of SnC: are mentioned below:
{1y Other Names: Stannic Oxide, Tin (I¥) Oxide, Stannic Anhydride, Flowers of Tin
{II) Molecular Formula: SnO;, Inorganic

(I Molar Mass: 150,708 g/mol

{I¥) Appearance: white powder

(V) Melting point: 1127 °C

(¥I) Crystal structure: tetragonal, n type Semiconductor

{¥1l) Band gap energy: 3.6 ~ 4 ¢V,

Fig. 1.1: The 5n{); Surface

Figure shown here is a ball model illustration of a nearly perfect (ideal) SnQ; (110}
surface based on the ionic radii of the ions. The small balls {preen) represent Sn*” cations,
while the larger balls (blue) represent % anions. All the visible tin cations are in the
second atomic layer. Increased shading of the oxygen anions represents increascd depth
away from the surface. Several "bridging" oxygen anions have been removed from the
terminal layer 10 represent oxygen vacancies and to give a clearer view of the normally

six fold-coordinated tin cations in the second layer.



1.3 Application Areas of Thin Films

Pure or doped tin oxide ihin [ilms have been wide studied because of (their novel
properties and wide range of applications. In fact (hin flms have superior electrical
condugtivity, high transparency, and chemically inert, mechanically hard, good uniform,
stoichiometric and can resist high temperature so these films are to be uses in different
type of fields. Infect thin films are broadly used in today’s technology, and their
applications are expected to be even more widespread in future. Thin [films are most
commonly used for antireflection, achromatic beam splittets, color filters, narrow pass
band filters, semitransparent mirrors, heat control [ilters, high reflectivity mirrors,
polarizer’s and reflcetion filters. It is not possible to give an exhaustive survey over hin

film applications, but a listing may, neveriheless, be of some interest.

Several kinds of materials, such as tin oxide, indium tin oxide (ITO}, and zinc oxide, are
known as Transparent Conductive Oxides (TCO) tin oxide (5nQ;) shows unique
characleristics in chemical inertness, stability to heat treatment and mechanical hardness
[13]. Transparent and semi-conducting $nQ, thin films have various appealing features
for lechnical applications in solar energy conversion, Mat pancl displays, eleclro-chromic
devices, invisible security circuils, LEDs. Sn(); thin films are currently being used in a
wide range of applications, such as electrodes in electrolumincscent displays, protective
coating, gas and chemical sensors, touch-sensitive switches and meny others mainly due
to their outstanding properties [14, 15]. Hence large area SnO; films on cheap and easily
available substrate are of considerable interest for the formation of most of the photonic
structure.

Tt is not possible (o give an exhaustive survey over thin Glm application, but a list of them

is given bellow.



A. Optically Functional

1. Solar absorbing coatings

2. Automotive windows

3. Display devices (CD)

4. Mirrors

5. Anti- reflection layers on optical components

B. Electrically Functional:

1. Conductors, Insulators (resislors, capacitors)
3. Semiconductor, Super-conductors devices
4, Contacts

5. Micro electronic devices

6. Solar cells

C. Magnetically funefional:

I. Computer memoaries, Computer lopic elements
2. Radio-frequency and microwave

D. Mechanically functional:

1. Adhesjon, lubrication, micromechanics
2. Hard coatings for cutting tolls

E. Chemically functionak:

1. Barriers to diffusion or alloying
2. Batteries
3. Gav/liquid sensors

F. Decarative:

1. Eyeglass frames
2. Watch bezels and bands

3. Costume jewelry



1.4 Brief Review of Earlier Works of Sn0; Thin Films

In recent years, thin [ilm science has grown world-wide into & major research area. The
importance of coatings and the synthesis of new materials for industry have resulted in a
tremendous increase of innovative thin film processing technologies. Curmently, this
development goes hand-in-hand with the explosion of scientific and technological
breakthroughs in microelectronics, optics and nanotechnology. A second major field
comprises process technologies for [ilms with thicknesses ranging from ene to scveral
microns. Presently, rapidly changing needs for thin [lm materials and devices are
creating new opportunities for the development of new processes, materials and
technologies.

Tin oxide is crystaltine solid with a tetragonal crystal lattice. 1t is a wide band gap, non
stoichiometric semiconductor and behaves more or less as a degenerale n-type
semiconducior with a low n-type resistivity ~ 10" Ohm.em, [16]. An important properties
of tin oxide is that it is the most chemically slable in almospheric ambient amongst the
other metal oxides [17). The SnO; [ilms exhibit high transmission in the visible and UV
ranges and high conductivity, SnQ; can exists in two structures belonging to direct and
indirect optical transitions, with different band gaps; a direct band gap (hat ranges from
3.6 to 4.6 eV and indirect band of about 2.6 eV at roomn temperature 18, 9], For many
years, lransparent conduective oxide (TCQ) layers have been studied extensively because
of a wide range of technical applications, for instance as transparent electrodes in
pholovoltaic and display devices, gas sensors, and chewnical sensors [20] and so on. Now
may discuss in brief review of Sn0; thin films prepared by many workers in a number of

techniques bellow.

$n02:Nd thin films were prepared by vapour deposition lechnique under different
deposition parameters: substrate temperature, time and flow rate of vapour deposition,
amount of base inaterial, distance bebween the subsirale and spray gun tip, and dopant
{Nd) concentration and studies on physical properties and camier conversion {21]. X-ray
dillraction studies shows the polycrystalline nature of the films with preferential
orientation aleng the (101), (211) and {301) planes and an average grain size of 100 "A,

The optical properties of these [iims were studied by measuring their optical transmission



spectra in the UV-VIS-NIR range. Optical transmission is found to increase wilth Nd
doping. Band gap, refractive index and thickness of the films were calculated. On doping
with Nd™, carrier conversion takes place from n-type to p-type; p-conductivity dominates,
The resistivity of SnO; [ilms changes from 91,9><-1ﬂ'4ﬂrn to 1.073 x10™ Q.m as the
substrate temperature varied 400-575°C; and resistivily decreases initialiy on doping and
increases as doping concentration increases. The minimum resistivity for the doped Sn();
films was found to be 0.556%10™0m at the deposition temperature 575°C with 1 wi%
concentration of the dopant. Photoconductivity and photovollaic effects of doped 3n0-

lms were also studied.

The results of structural characterization of Sn(; [ilms doped by impurities such as Fe,
Cu, Ni, and Co during spray pyrolysis deposition [22] from 0.2 M SnCli—water solutions
were presented, The change of parameters such as film morphology, the grain size,
texture, and the intensity of X-ray diffraclion peaks were controlled. It was shown that
the doping promoted the change of the film morphology end the decrease of the Sn(;
grain size; howcver, these changes were not great. The doping influence becomes
apparent more obviously for thin films and the films deposited at low temperatures (Tpyr
=350°C). At higher pyrolysis temperatures {Tpyr= 4350°C), the influence of the doping on
both the grain size and the film merphology was weakened. We concluded that used
additives had dominant influence on the structural properties of SnQO; at the initial siages
of the film growih, as well as at the stages of twinning and agglemeration of the Sn0;
crystallites. It was shown that the increase in the contents of the fine dispersion phase in

as-deposited [ilm is an important consequence of the Sn(); doping.

Studies on Cu, Fe, and Mn doped Sn0; semi-conducting transparent films prepared by a
Vapour Deposition Technique [24] observed SnO; is a wide band gap n-type semi-
conductor that has a wide range of appl-ic:atiunsi Cu, Fe, and Mn doped SnO; semi-
conducting transparent thin films were prepared by a simple vapour deposition technique
under different deposilion parameters. The x-ray diffraction studies show the crystalline
nature of (he [lms having preferential orientation along the (101), (211), and {301} planes

with an average grain size of 100 *A. Photoconductivity and photoveltaic effects of Sn0;



films were also studied. The optical properies of the films were studied by measuring
their optical transmission as a function of wavelength. The optical transmission is found
to be increased on doping, particularty with a remarkable increase on Mn doping. The
band gap, refractive index, and thickness of the [ilms were calculated from the ultra-
violet transmiitance and absorption graphs. The optical band gap of undoped film is
found to be 4.08 eV. On doping it shifls to lower energies and then increases on
increasing the concenteation of the dopants. Its electrical properics were determined by
the four probe, Vander Pauw, and Hall probe methods. Resistivity decreases on Cu and
Fe doping but increases on Mn doping. The minimum resistivity for the doped SnO;
films was lound to be 0.381» 107 chm.m which is deposited at 575° C with 3 wi% of Fe

doping.

The possibilities of successive ionic layer deposition (SILD) technology for deposition of
nane-scalled SnQ; films are discussed in strucrural and gas response characterization of
nano-size Snd; films deposited by SILD methed afticle [26]. SnO; thin [ilms deposited
using this technology conlains porous agglomerated structures consisting of nano-size
crystallites. Even aller annealing at 7,,=80{ °C, Lhe average size of crystallites does not
exceed 67 nm. The average size of agglomerates depends on film thickness, and ranges
from 20 to 80 nm. These Sn{; films have good pas respense especially to ozone and Ha,
However, the rate of response to these gases is different. The response to ozone is fast,
while the response to exposure to reducing pas, such as Hj, is slow. It is assumed that

inter-crystallite gas diffusion in agglomerates timils the rate of response to reducing gases.

Effects of solution concentration on the properies of CuySnS, thin flms deposited by
electro-deposition method [27]. Copper tin sullide thin films were electrodeposited on the
indium tin oxide substrate from an aguecus solution containing Cu$Q4, 5nCl: and
N2,8:0, at pH1. Deposition at various concentrations was attempted in order Lo study the
efTect of electrolytes concentration on the film properties. The thin films produced were
polycrystalline in nature. The XRI[? daa showed that the most inlense peak is at 96 A
which belongs to {221) plane of Cus8nSs. The AFM images indicated that the lower
concenlration leads to smaller crystal size, as well as higher optical absorption values,

The optimum bath composition was feund to be 0.01 M for CuSQ,, Na;8;0; and SnCl,.
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The films with smaller ¢rystal gsize and show better photo response have been oblained
from lower electrolytes concentration {0.01 . M). The [lms exhibited n-type
semiconductor behavier with band gap energy of 1,7eV with indirect transition.

Opticel properties of pure and antimony (Sb) doped tin oxide (Sn0.) thin films, prepared
from SnCl; precursor {28], have been studied as a function of antimony doping
concentration, This paper investigates the variation of optical and electrical properties of
the as-deposited films with Sb doping. The doping concentration was varied from 0-4
wt. % of Sb. All the ilms were deposited on microscope glass slides at the optimized
substrate temperature of 400° C. The films are polycrystalling in nature with lctragonal
crystal structure. ‘The details on the optical properties along with the sheet resistance
values are investigated. The sheet resistance of the undoped films is decreased with initial
doping of antimony to atlain a minimum value and increased for higher level of doping.
The sheet resistance achicved for the [ilms doped with 2 wt. % 5b is the lowest among
the earlier reports for these fiims from SnCls precursor. The change in the sheet resistance
is explained in terms of dilferent oxidation states of antimony. The sheet resistance of lin
oxide [ifms was found to decrease from 38.220%/o to 2.17{3/0 for undoped and antimony
deped films respectively. The tmnsmittance increases initially with increase in doping
concentration and then decreases for highet doping levels which is attributed te light
absorption. The transmittance of the films was observed to increase from 42 % 0 55 %
fat 800 om) on initial addition of Sb and then it is decreased for higher level of antimony
doping. Hall measurement studies showed that the films are n-lype and degenerate
semiconductors. The ellective mass of the conduction electrons was caleulated using
Drude theary and found to increase with Sb doping initially but then decrease for higher

Sb doping.

SnO; F ihin Nlms for window materials in solar cells has been employed to prepare ~1.2
pm thick pure and [luorine doped tin oxide films [29] . The electrical and optical studies
on the as prepared f[lms were carried out. The obtamed values of merit and rellectivity
are discussed in the context of the suitability of this material for transparent and
conducting window matenals in heterojunction thin [ilm solar cells. The sheet resislance

was found to decrease with increasing doping concentration to a minimum for 15 wt. %
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of NH4F, but increased thereafter. The minimum sheet resistance observed in the present
study is the lowest among the reported. values for SnOx:F Bims prepared from SnCly
precursor. The optical transmitiance is found to increase wilh increase in the fluorine
concentration to a maximam of 85 % at 800 nm (30 wt. % of Nﬁ4F}. The calcutated
reflectivity in the infrared region is in the range of 94 - 98 % (for 5-30 wit% NH4F).
Transparent, conducting and uniform SnD; thin films were developed by a low — cost
CVD technique vsing a simple, home-made set up [30]. Two methods with different
sources nof oxygen were applicd. The thin layers were deposited on glass substrates. All
films were polycrystalline with cassiterite structure. The flms were found to be
polycrystallme, presenting a preferred orientation along the (110) plane. Temperature
inMuences crystallinity more powerfully than deposition duration. Films exhibited higher
erystallinity when air rather than pure oxygen was used as the oxidizer. Annealing in air
improves the crysiallinity, inducing the films higher conduectivity, since the grain
beundaries occupy a smaller part of the film volume. Especially, when pure oxygen is
used as the oxidizer annsalmg is of major imporiance, Thickness of films varied from
150 nm to 400 nm. Exiended study of ithe mechanism of diffusion of sodium ions out of
the glass as well as its effects on [lin's quality was carried. Crystals of NaCl formed on
the matrix of films, which had been grown with air [unclioning as the oxidizer.
Measuremenls of the mean surface’s roughness were conducted by s profilometer. When
purz oxygen was used, the produced films presented a smoother surface without any
pinholes or undesirable crystal formation. Electrical resistivity at room temperature and
in the range from 25 to 250°C was also measured. Fiims of high conductivity were
oblained for both methods at deposilion temperatures between 515 and 545°C.

The low — cost spray pyrolysis technique, described in (his study, was used to obtain
uniform conductive layers of Sn(h, with good repeatability [31]. Glass surface was
prepared by eiching in HF and acetic acid solutions. The influence of the glass surface
preparation on optical properiies of Sn0, was studied using reflectance spectroscopy. The
results were shown that the tilanium containing coating has the best sodium diffusion

barrier property, The conductlivity of SnO; [ilm strongly depends on the glass surface.

In studies development of a spray pyrolysis coating process for lin oxide film heat

mirrors preparation (32}, at a lab scale, on 2.5 x7.5 cm glass substrates in a horizontal
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reactor designed and constructed for research under the following conditions : substrate
ternperature (400°C, 4507, 500°C), initial solution concentration (SnClyHoOr ratio:3.1),
pneumatic force of spray nozzles (pneumatic transducer, pressure 5 bar), fluorine
concentration in the initial solution {F:8n atom ratios= I;4, 1:2, I:1, 2:1and 4: I ) and spray
lime (120 s). The film spectral transmission was 82, 74 and 58 % in the wavelength
regions of 300 - 760 nm and 70, 68 and 56 % tn tnfrared wavelength regions of 760 -
3200 nm. The average transmitance of film of F:Sn atom catio 1:1 and undoped films
were 8l and 74% in the wavelength regions of 300 - 760} nm. In the infrared wavclength
regions of 760 - 3200 nm, it was 59 and 63 % respectively. For the F:5n atom ratio of 1:4,
1:2, I:1, 2:1 and 4:1, the average transmittance of [lms were 69,78, 81, 76 and 68 %
respectively in the wavelength regions of 300-760 nm and 65,60, 59, 54 and 32 %
respectively in infrared wavelength regions of 760 - 3200 nm. The X-ray diffraction of F-
doping Sn0; films can not provide conclusive results of the effect of fluonne aloms in
the Glm. It could be either that there are no F aloms incorporated in the Sn0; films or
they are present in a very small and undetectable amount. This is not too surprising as the
calculated efficiency of slannic mass transfer is less than 0.1% whereas F and F-
compounds are quite volalile and could readily evaporate and not deposit on Lhe
substrates.

Transparent conducting [luorine-doped tin oxide SnOs-F [ilms was deposited on glass
substrates by pulsed laser deposition [36]. The siructural, electrical and optical properties
of the 8n0;-F {ilms have been investigaled as a function of F-doping level and substrate
deposition temperature. The optimum target composition for high conductivity was found
to be 10 wi % SnFs + 90 wt % 8n0s. Under optimized deposition condilions {7 = 300 °C,
and 7.33 Pa of Os), electrical resistivity of 3 » 107* {3-cin, sheet resistance of 12.5 (Mo,
average optical transmittance of 87% in the visible range, and optical band-gap of
425eV were obtained for 400 nm thick Sn0:-F films. Atomic force microscopy
measurements for these SnO.-F [lms indicated that their root-mean-square surface
roughness { ~- 6 A) was superior to that of commercially available chemical vapor

deposited Sn03:F films (~. &3 Ay



1.5 Aim of the Present Work

The aim of the present work is nanesiructure tin oxide thin films develop to be being
carried out (o decrease the band gap of tin oxide thin film, increase transmission of light,
type of carrier can be change and resistivily decrease. The study of tin oxide is motivated
by its applications 25 a solid state gas sensor material, oxidation catalyst, and transparent
conductor. This review describes the physical and chemical properties that make tin
oxide a suilable material for these purposes. Thin Olm process techniques and research
are strongly related to the basic research activities in iechnology. Achieving high oplical
transparency and electrical conductivity simultaneously in thin film is governed by the

deposilion parameters, the dopants, and controlled non-stoichiometry.

On account of the numerous applications of tin oxide thin film, an attempt has been made
to prepare Sn:Cw:0 alloy film using the spray pyrolysis method. From technological
point of interest, [V-V1 group compound semiconductor thin fitms such as SnO; will be
deposiled on glass substrate by spray pyrolysis method. The objectives of this study is to
synthesis, and characterize undoped and Cu doped SnO; films by locally fabricated spray
pyrolysis system, so as Lo reduce the preparation cost and make it economically feasible,
Tt is expected that various contents of Cu in Sn{); will affect the structural, optical and
glectrical properties of the film and it will be optically transparent and uniform
homogeneous thin film. Recent researches have shown that simple (binary} meclal oxides
in many cases did not have a combination of properies, necessary for the fabrication of
the gas sensors, satisfying the requirements such as high sensitivity and good scleclivity
at high temporal stability of operating characteristics [70-72]. Tt was established that
those problems could be resolved by an optimization of the metal oxide matrix
composition through deping by various additives [73-76]. The same approach was also
widely used during a design of the metal oxide varistors with high nonlinearity of the
current~-voliage {I-V) characteristics [77]. As a result of a special additive embedding,
the magnelic properties of the metal oxides can be appreciably changed as well. It makes
them very attractive for the spinironics and magnetic memory devices design [78]. The

additives means Cu doped can change parameters of the metal oxides such as a
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concentration of charge camiers, chemical and physical properties of the metal oxide
matrix, electronic and physical- chemical properties of the surface (encrgetic spectra of
the surface states, energy of adsorption and desorption of surface species, the sticking
coefficients, etc.), a catalytic activity, the surface potential, the height of inter-crystallite
barriers, the phase composition, the size of crystallites, and so on [79-82).
Good controllabifity of the thin Oims from agueous solutions has prest advantages of
economy, convenience and capacity of large area deposition for production design. In the
best decade, there has been a great deal of interest in the production of inexpensive thin
fiims of tin oxide. Because a widc band gap of semiconductor, such as tin Sn0;, can be
made highly conduciing, when sulficiently doped, it has the desirable property of being
ransparent through most of the visible spectrum. Therefore, it is optimized that optically
transparent and low resistivity, homogeneous and stoichiometric Cu doped thin films
with high efficiency to be grown by using this low cost technigue. Aqueous solutions will
be prepared by mixing 0.1-0.3 M of tin chloride dihydrate (SnCl;.2H;0) and ethanol
(CHiCH;OH) for pure tin oxide and addition of {1wt%-10wt %) copper nitrate Cu (NO;)
at different concentrations for copper doped tin oxide thin [ilms. To enhance the
solubility of prepared solution, a few drops of HC] is to be added. The thin films are to be
prepared by spraying the precursor solution onto a heated glass and indium tin oxide
coated {ITC) glass substrate kept at (300- 400°C). So the experimental investipations will
be completed through appropriate and suitable way ie.
i.  The thickness of the films will be measured by inlerferometer method (Fizean
fringes) :
ii. By 5EM, EDX and XRI} the surface morphology, structures and phase of the
deposited filins will be analyzed.
lit.  The optical transmission and absorption, optical band gap (Eg), refractive index,
etc. will be determined by UV visible spectrophotometer.

iv.  The electrical conductivity measurement will be carried out by four probe method.
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CHAPTER-II

THEORETICAL BACKGROUND

2.1 Formation of Thin Films

2.1.1 Introduction

Thin film science has grown world-wide into a major research area. The importance of
coatings and the synthesis of new materials for industry have resulied in a tremendous
increase of innovative (hin film processing technologies. The properties of thin film
strongly depend on Lheir structure. So it is important to know the factors that govern the

structure of the film. In thin film preparalion, there are involved three steps:

a) Creation of atomic or molecular species
b) Transport of these species Ithn:mgh a medium

¢) Condensation of the species on a substrate,

Thin film is prepared by deposition of the [ilm materials (metals, semiconductors,
insulaters, diclectric etc.) atom by atom on a substrate through a phase transformation.
Sufficient time interval between the two successive deposition of atoms and also layers
are required so that these can occupy the minimum potential energy conliguration. In
thermodvnamically stable films, all atoms (or molecules) wilt take up positions and
erientations energetically compatible with the neighboring atoms of the substrate or Lo the
previously deposited layers, and then the eflect substrate or the initial layers will diminish

gradually [37].
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2.1.2 Different stages of film formation

In thin flm formation there are three mechanisms of thin film condensations which can
be distinguished, depending on the strength of inleraction between the atoms of the
growing film and between the atoms of the [ilm and substrate. These are:

a) The layer by layer growth

b) A three dimensional nucleation, forming, growth and coalescence of iSiﬂn‘dS

¢) Absorption of monolayer and subsequent nucleation on the top of this layer.

In most cases, mechanism (b) takes place and we shall focus our attention on this

mechanism in brief.

2.1.3 Condensation

Much research on the mechanism of thin film growth has been done with evaporated
films; extensive information on initial growih has been published by D. W. Pashley and
his co-workers [38]. The structura! behavior and preperties of films depend on the growth
process. Thin film is most commonly prepared by the condensation of atoms from the
vapor phase of & malerial ineans, the transformation of a gas into a liquid or solid. The
condensation of vapor atom is determined by its interaction with the impinged surface in
the following manner. The impinging atom is attracted to the surface by the instantaneous
dipole and quadruple moments of the surtace atoms. As a result, the atoms losses its
velocity component normal to the surface in a short time, provided the incident kinetic
energy is not too high, The vapor atoms is then physically absorbed (called adatom}, but
it may or may not be completely thermally equilibrium. It may move over the surface and
its own kinetic energy parallel to the surface. The adatom hes a finite stay or residence
time on the surface during which it may interact with other adatoms to form a stable
cluster and be chemically absorbed, with the release of ihe heat of condensation. If not
absorbed, the adatom evaporales or desorbs into the vapor phase. Therefore,
thermodynamically, the only requirement for condensation to occur is that parlial
pressure of the film material in the gas phase be equal or larger than its vapor pressure in

the condensed phase at ihat tcmperature [39].
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The probability that an {impinging atom will be incorporated into the substrate is called
the “condensation” or “striking” coefficient. It is measured by the ratio of thc amount
material condensed on a surface to the total amount mmpinged. In fact, often the striking
coefficient is so small that condensation is not observable by ordinary techniques. On the
other hand, the striking coefficient is found to be strongly dependent on the total time
during which the substratc was subjected o the impingement, and also on the subsirate
temperature. A non-unity striking coelficient is usually explained in terms of monomer
re-evaporalion form the areas on the substrate which are oulside, the capture zones

amound each stable nucleus.

2.1.4 Nucleation

The stable clusters are called nuclel and the process of formation nuclei is called
nucleation i.e. nucleation is the birth stage of a film. Condensation is initiated by the
formation of small cluster through the combination of several absorbed atoms. These

clusters are called nuclei and the process of formation is called nucleation.

There are two types of nucleation occur during the formation of a film;

) Homogeneous nucleation: The todal free enerpy is used in the formation of a eluster of
adatoms.

I} Heterogeneous nucleation: Particular shapes of clusters are formed by collisions of
atoms on the substrate surface, and in the vapor phase its super saturation is sufficiently
high. [40].They initially developed with in increase in free energy until a critical size is
reached above which growth continues with a decrease in free energy. In atomistic theory,
in low substrate temperature or very high super saturations, the critical nucleus may be a
single atom which will form a pair wilh anclher atom by random occurrence to become a

stable cluster and grow spontansousiy.
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2.1.5 Growth

The growth sequence of a film was originally deduced by Andrade [ ] from the observed
optical transmission behavior of silver [ilms. This deduction is in remarkable agreement
with the electron microscope observations. The process of enlargement of the nuclei to
final form a coherent is termed as growth. There are four stages of the growth process
based on the eleciron microscope obscrvations are:

i) The island stapge

i) The coalescence stage

iii) The chanmel stape

iv)The continuous film stage
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Figure 2.1: Dillerent stages of [ilm growth



20

2.1.5 (i) The Island Stage

When a substrate under impingement of condenses monomers is observed in the electron
microscope, the first evidence of condensation is a sudden burst of nuclei of fairly
uniform size. The smallest nuclei detected have a size of 2.0 to 3.0 nm. Growth of nuclei
is three dimensional, but the growth paralle! to the substrate is greater than that normal to
it. This is probably because growth occurs largely by the surface diffusion of monomers
an the subslrate, rather by direct impingement from the vapor phase. The tendency to
form an island structure is increased by

I) At high subsirate lemperature

I} At low boiling peint of film material

TIT) At low deposition rate

IV) At weak binding energy between film matenial and substrate

¥} At high surface energy of the film material and

VD) At low surface energy of the substrale.

2.1.5 (i) The Coalescence Stage

As island increases their size by further deposition and come closer to each other, the
larger ones appear to grow by coalescence of Lhe smaller ones. The coalescence occurs in
less than 0.1s for the smat! nuclei. Afler coalescence has taken place, the island assumes a
more hexagonal profile is ofien faulted. A sequence of micrographs illustrating the
effects as shown in Fig.2.1 where island which eventually becomes crysiallographically
shaped.

2.1.5 (iii) The Channel Stage

When larger isiands grow together they have channels of interconnected holes of exposed
substrate in the form of a network structure on the substrate. As deposition continues,

secondary nucleation occurs in these channels and forms the last stage of nucleation.
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2.1.5 (IV) Continuous Film Stage

This is the linal stage of the film growth. This process is slow and ﬁl]ing the empty
channels which requires a considerable amount of deposits. These empty channels are
filled by secondary nucleation, growth and coalescence and in this way a continuous film

are formed.

2.1.6 Polycrystalline and Amorphous Thin Films

The film deposited by spray pyrolysis arc generally polycrystalline or amorphous m
structure. Lower te:mparﬁture and higher gas phase concentration are actualiy favorable in
forming polvcrystalline film, In this situation the rate of arrival of the aerosol at the
surface is high, but the surface mobility of absorbed atoms is low. A large number of
differently oriented nuclei are formed, after coalesce between themn the films that are
oblained possess grains of different orientation. Further decrease in temperature and
jncrease in super saturation result in even more nuclei and consequently in finer grained
films are deposited. When crystalline is completely stopped formation of amorphous [ilm

is favored [41].

2.1.7 The Incorporation of Defects During Growth

When the islands during the initial stages of thin film growth are still quite small, they are
observed to be perfect single crystal. A large number of defects are incorporated in the
film during their recrystallization process at the early stage of [Him formation [42]. The
defects that are usually encountered in spray deposited films are latlice vacancies,
stoichiometric excess and grain boundary. Ancther type of defect namely surface
roughness which stems from the quality of the sprayer is especially important in the use
of spray deposited films. The properties of the film are strongly affected due to surface
roughness if the film thickness is low. The wnost frequently encountered defects in
evaporated films are dislocations, which are less important in chemical spray deposited

ilms.
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1.2, Band Gap of Semiconductor

In semiconductor physics, the band gap of a semiconductor is always one of two types, a
direct band gap or an indirect band gap. The minimal-energy state in the conduction band,
and the maximal-energy state in the valence band, are each characterized by a cerlain k-

vector in the Brillouin zone. If the k-vectors are the same, it is called a "direct gap”. If

they are differend, it is called an "indirect gap".

2.2.1 Direct Band Gap of Semiconductor

The band gap represents the minimum energy difference between the top of the valence
band and the botiom of the conduction band, however, the 1op of the valence band and
the botlom of the conduction band are not generally at the same value of the electron
momentum. In a direct band gap semiconductor, the top of the valence band and the

bottom of the conduciion band occur at the same value of momentum, as in the schematic
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Figure 2.2 Energy-crystal momentum diagram of a direct band gap of
semiconductor.

Energy vs. crystal momentum for a semiconductor with a direct band gap, showing that
an electron can shifi from the Jowest-energy stale in the conduction band (green) to the
highest-energy state in the valence band (red} without a change in crystal momentun.

Depicted is a transilion in which a photon excites an electron from the valence band to

the condwclion band,
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The momentum of photons is small compared to the crystal momentum; the l!atler
essentially is conserved in the transition. The energy difference between the initial and

final state is equal to the energy of the original photon, Le.
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In terms of parabolic band
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Therefore, the specific value of crystal momentum at which the transition occurs is given
by _
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Where, Ef— L, = hv = Photon Energy

And, E.-E,=Energy gap
As the photon energy hv increases, so does the value of the crystal momentum at which
the lransition occurs. The energy from the band edge of both the initia! and find states
also increases. The probability of absorption depends on the density of the electron at the
energy corresponding to Lthe initial state as well as the density of empty states at the final
energy. Since both these quantities increases with energy away from the band edge, the
absorption co-efficient increases rapidly with increasing photon energy above Eg. A
simple theoretical treatment gives the result as,

ahw Ao =B J . (25)

Where A is a constant having the numerical value of 2x 10* when ¢ is expressed in em”
and Eg and hv are in eV.

1

2.2.2 Indirect Band Gap of Semiconductor

In an indirect band gap semiconducter, the maximum energy of the valence band occurs

at a different value of momentum to the minimum in the conduction band energy:
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Fig. 2.3: Energy-crystal momentum diagram of an indirect band gap of

Semiconductor,

Figure shows energy vs. crystal momentum for a semicenductor with an indirect band
gap, showing that an electron cannot shifi from the lowest-energy state in the conduction
band to the highest-energy state in the valence band without a change in momentum.
Here, almost all of the energy comes from a photon, while almost all of the momentum
comes from a phonon.,

The minimum photon energy required Lo exit an electron from the valance band to

conduction band is
By = Eg=Ep  covvevieeeeieemrvene e (2.6)

Where, E, is the energy of an absorbed photon with the requited momentum. An analysis
of the theoretical value of the shsorption co-efficient for the lransition involving pheton
absorption gives the result

_Alpo-E,+E,}

= v (2.7
o (o axp(EFf A:T)'l @7

For the transition involving photon emissicn

Alpo-E, +E,
explE, kT
Since both photon emission and absorption are possible for hy > {Eg + Ep), the absorption

ap(ﬁm =

co-efficiant is then
a (hv) = o, (hy) + oo {hv) R R -t )



25
CHAPTER-III

THIN FILM DEPOSITION TECHNIQUES

3.1, Introduction

3.2. Pulscd ion-beam Evaporation (IBE) Method
3.3. Molecular Beam Epitexy

3.4, Thermal or Vacuum Evaporation Method
3.5, Plasma-enhanced Chemical Vapor Deposition
3.6. Sputtcring Method

3.7. Sol-gel Process

3.8. Spin Coating Process

3.9. Spray Pyrolysis Method



26

CHAPTER-III

THIN FILM DEPOSITION TECHNIQUES

3.1 Introduction

Pure and doped thin films can be prepared by many methods. Different types of
deposition are used for the preparation of thin [ilms such as,

[. Chemical Vapour Depostion

2. Physical Vﬁpﬂu: Deposition

3. Chemical Bath Deposition

3.1.1. Chemical Vapour Deposition (CVI))

Precursor gases {often diluted in carrier gases) are delivered into the reaction chamber at
approximately ambient temperarures. As they pass over or come into contact with a
heated substrate, they react or decompose forming a solid phase and which are deposited
onto the substrate. The substrate temperature is critical and can inflluence what reactions

will take place. CVD covers processes such as:

1. Atmaspheric Pressure Chemical Yapour Deposition (APCYD)
2. Metal-Organic Chemical Yapour Deposition (MOCYD)

3. Plasma Enhanced Chemical Yapour Deposition (PECYD)

4, Photochemical Yapour Deposition (PCYD)

5. Chemical Beam Epitaxy (CBE}

CVD coatings are usually only a few microns thick and are generally deposiled at fairly
slow rates, usually of the order of a few hundred microns per hour. CYD is an extremely
versatile process that can be used to process almost any metallic or ceramic compound.
Some of these include: Elements, Metals and altoys, Nilrides Carbides, Borides, Oxides,

intermetallic compounds.
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3.1.2. Physical Vapour Deposition (PYD):

Physical vapour deposition (PVD) is fundamentally a vaporization coating technique,
involving transfer of material on an atomic level. lt is an alternative process to
electroplating. The process is similar to chemical vapour deposition (CVD} except that
the raw materials/precursors, i.¢. the malerial that is going to be deposited slarls out in
solid form, whereas in C¥D, the precursors are introduced to the reaction chamber in the
paseous state. Conscquently Physical Vapor Deposition (PVD) is a process by which a
thin film of material is deposited on a substrate according to the following sequence of
steps:

- 1) The material to be deposited is converted into vapor by physical means;
2} The vapor is transporied across a region of low pressure from its source to the
substmate;

3) The vapor undergoes condensation on the substrate to form the thin film. In VYLSI
fabrication, the most widely-used method of accomplishing PVD of thin films is by

spudering. PYD covers processes such ay:

1. Sputter coating
2. Pulsed laser deposition (FLD}

3. Cathede arc deposition

Advantages of the Physical vapour deposition process as malerials can be deposited with
improved properties compared to the substrate material, almost any type of inorganic
material can be used as well as some kinds of organic materials, the process is more
environmentally friendly than processes such as electroplating etc. and some
disadvantages of the physical vapour deposition process as it is a line of sight technique
meaning that 1t is extremely difficult to coat undercuts and similar surface features, high
capital cost, some processes operate at high vacuums and temperatures requiring skilled

operators, the rate of coating deposition is usually quite slow.
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3.1.3 Chemical Bath Deposition {CBD):

The technique of CBD involves the controlled precipitation from solution of a compound
on # suilable substrate. The technique offers many advantages over the more cstablished
vapor phase synthetic routes to semiconductor materials, such as CVD, MBE and spray
pyrolysis. Typical CBD processes for sulfides employ an alkaline media conlaining the
chaleogenide source, the metal ion and added base. A chelating agent is used to himit the
hydrolysis of the melal ion and impart some stability to the bath, which would otherwise
undergo rapid hydrolysis and precipitation. The extent of the heterogeneous reaction on
the substrate surface 1s limited by two major factors, the competing homogencous
reaction in selution {which results in massive precipitation in solution} and deposition of
malerial on the CBD reactor wails. We are developing continuous flow-recyelable CBD
“processes for the fabrication of CdS thin [ims for use as window malerials in solar cells.
The large scale exploitation of these devices is partly dependent on a reduction of the
potential environmental impact of the technology, as cadmium-containing compuunds
and wasle are highly regulated in the EU and elsewhere.

We have more deposilion processes as

1. Molecular beam epitaxy (MBE)

2. Reactive sputlering

Generally each method has its advantages and limitations. In this chapter some of the
commonly used techniques are described briefly. In principle physical methods such as
sputtering and thermal evaporation lead to weakly non-stoichiometric tin oxide with co-
existence of other insulating phases like Sni), resulting into relatively high resistive films.
On the other hand, chemical methods lead to strongly non-stoichiometric tin oxide,
resulting into comparatively low resistive films.

The delails of the literature for various deposition techniques and review articles can be
found in [49-53], here shorly brief about these techniques. Among these techniques, the
spray pyrolysis is well suited for the preparation of pure and doped tin oxide thin films.
This technique has the advantage of simple and inexpensive experimental arrangement.
In this case though, intrinsic advantages of SPRAY PYIRULYSIS TECHNIQUE have
been used Lo deposit SnOs thin films.
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3.2 Pulsed ion-beam Evaporation (IBE) Method

A schematic of the experimental setup for thin film preparation by Pulsed ion-beam
evaporation {IBE) method [49] is shown in Fig. 3.1. The Left-hand side represents an ion
beamn diode chamber, which produces a pulsed light ion beam (LIB), while the right-hand
side represents the chamber to prepare thin (ilms. The intense pulsed jon beam was
extracled from he magnetically-insulated diode (MID) with a geometrically focused
configuration. The MID consists of an aluminum anode, on which the flashboard (1.5
mm polyethylene} was attached as the ion source, and the cathode with slits to extracting
the ion beam. The gap distance between the anode and the cathode is 10 mm. To achieve
geomelric focusing of the beam, the anode and the cathode were shaped as concave
strctures with curvature of 160 mm. The current supplied by the external stow capacitor
bank produced a transverse magnetic field {~1 T) belween the anode and the cathede, by

which the electrons were magnetically insulated. The beams were mainly composed of

protons (>75%) and some carbon ions.
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Figure 3.1: A schematic of the pulsed ion-beam evaporation (IBE)} method
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3.3. Molecular Beam Epitexy

Epitaxy means growth of film with a crysiallographic relationship betwecn film and
substrate. Molecular beam epitaxy is a technique for epitaxial growth via the interaction
ol ane or several molecular or atomic bcams that occurs on a surface of a heated
crystalline substrate [50]. In Fig.3.2 a scheme of a typical MBE system is shown. The
solid sources materials are placed in evaporation cells to provide an angular distribution
of atoms or molecules in a beam. The substrate is heated to the necessary temperature and,
when needed, continuously rotated to improve the .gm'mh homogeneity. Ultra high
vacuum (UHYV) is the essential environment for MBE. Therefore, the rate of gas
evolution from the materials in the chamber has to be as low as possible. Focusing on the
possibility that, despite the fact that MBE processcs occur under strong nonequilibrium
conditions, for the 1I'V elemenis, a thermodynamic approach can be used on the basis of
equations for mass action in combination with the equations describing the conservation

of the mass of the interacting elemenis.
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Fipure 3.2: Diagram of a molecular beam epitaxy



31

3.4. Thermal or Vacuum Evaporation Method

Among ph}-‘Si{-Ial vapor deposition techniques thermal evaporation (TE) is Lhe one with
the longest standing tradition. In intefligence, the story of high temperature
superconductor (HTS) film deposition can serve as an example how this technique,
sometimes regarded as old — fashioned, still bears a high polential for innovation and
surprising efficiency. This technique is the simple, convenient and most widly used
method for the preparation of the films. TE is the classical technigue applied for metal -
plating of glass or plastic surfaces, like e.g. aluminum coatings widely used for capacitors,
plastic wrappings, and as barrier against water diffusion. It is evident that the deposition
of quaternary metal — oxide compounds imposes quite dilferent requircments o the
technique and will go far beyond the rudimentary concept of evaporating a single metal
in 2 vacuum chamber. The necessary features of & conventional HTS deposition system
are depicted in figure 3.3 The meta! species the superconductor is composed of are
evaporated in high vacuum ambient. In this method materials are vaporized by heating to
a sufTicient high temperature and then condensation of the vapor into a relatively cooler

substrate yielding thin solid [ilms.
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Figure 3.3: Thermal evaperation method
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3.5 Plasma-enhanced Chemical Yapor Deposition (PECVD):

A novel manufacturing process using plasma-enhanced chemical vapor deposition
(PECVD) for the synthesis of transparent conducting oxide (TCO) thin films like tin
oxide [51]. In order to develop PECVD as & reliable manufacturing technology we plan
to employ in-sitn metrology coupled with nonlinear feedback control. Control designs
will be developed through nonlinear system identification and semi global empirical
modeling. PECVD offers scveral potential advantages over current processing
technologies. Foremost is the opporiunity to reduce deposition temperatures to below
250 °C. Achievement of this goal will create opportunities for device fabncation on
lightweight, Mexible polymer substrates. Second, reactant species may be introduced into
the low-pressure PECVD reactor by direct liquid injection. PECVD is also compatible
with current integrated circuit manufacturing processes. Along with the advantages of
PECVD is the realjzation that it is a highly complex system. The reactor for this work 13
partially shown in Fig. 3.4. Tt is a custom-made, stainless steel thin film deposition
system. Currently, the system is configured as a PECVD system. In addition to
mechanical pumps, the system has a turbo molecular pump which attains a base pressure
of 107 torr. The plasma is generated using a 300 Watt 13.6 MHz RF power supply and

match network, with a 4" diameler deposilion area.

Figure 3.4: Schematic diagram of the PECVYD reactor
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3.6 Spuitering Method:

Sputtering is a mechanism by which atoms are dislodged from the surface of a material as
a result of collision with high-energy particles. Thus, PYD by Sputtering is a term used to
refer to a physical vapor deposition (PVD) technique wherein aloms or molecules are
ejected from a Larget material by high-energy particle bombardment so that the glected
atoms or molecules can condense on a substrate as a thin film. Sputtering has become
one of the most widely used techniques for deposiling various metallic films on wafers,
including aluminum, alominum atloys, platinum, gold, TiW, and tungsten [52]. This
method can possibly be used to synthesize thin films of other oxide materials as well. All
the films were deposited in a chamber with a base pressure of 10;7 Torr using ri-Plasma
Products RE-10. Ar was used as the sputtering gas. Using a programnmable rf power
supply with an automatic tuner, the rf forward power conld be varied between two
different power levels. If an rf forward power as high as 250 W was dumped into the
brittle ferrite target for a long time, the target cracked. Introducing the new method could
save the larget. The upper and lower rf forward power levels were varied bebween two

values, with a pulse time of 30 seconds as shown in the example given in figure 1.

Gax Miser lina o
W2 Ar =

Water out 3 Circuit
i3

"-t..:_-:_-:_.____‘___ L J

—— = o

Figure 3.5; Schematic diagram of the magnetron sputtering system.
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3.7 Sol-gel process:

Sol-gef method is a wet chemical oute for the synthesis of colloidal dispersions of oxides
which can be altered to powders, fibers, thin films and monoliths [53]. In general, sol-gel
method consists of hydrolysis and condensation reactions. Sol-gel coating is a process of
preparation of single or multicomponent oxide coating which may be glass, glass ceramic
or crystalline ceramic depending on the process. Also, the nanomaterials used in modern
ceramic and device technelogy requirc high purity and facilitate to control over
composition and structure. The solgel coating is one of the interesting methods because it
has many advantapges. Examples are as the followings

1. The chemical reaclants for sol-gel process can be conveniently purified by distillation
and crystallization.

2. All starting materials are mixed at the molecular level in the solution so that a high
degree of homogeneity of [ilms can be expected.

3. Organic or inorganic salts can be added 1o adjust the microsteucture or Lo improve the
structural, optical and electrical propenies of oxide films.

4. The sol-gel coating is almost exclusively applied for fabrication of transparent layers
with a high degree of planarity and surface quality.
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3.8 Spin Coating Process:

Spin coaling has been used for several decades for the application of thin films. A typical
process involves depositing a small puddle of a Huid resin onto the center of a substrate
and then spinning the substrate at high speed (tvpically around 3000 rpm). Centripetal
acoeleration will cause the resin to spread to, and eventually ofT, the edge of the substrate
leaving a thin film of resin on the surface. Final film thickness and other properties will
depend on the nature of the resin (viscosity, drying rate, percent solids, surface lension,
etc.) and the paremeters chosen for the spin process. Factors such as final rotational speed,
acceleration, and fume exhaust contribute 1o how the properties of coated film are defined,

Ome of the most important faclors in spin coating s repeatability. Subtle variations in the

parameters Lhat define the spin process can result in drastic variations in the coated fitm,

Figure 3.7: Schematie diagram of the spin coating process



3.9 Spray Pyrolysis Technigue (SPD):

Spray pyrolysis is a convenient, low-cost, very simple and rapid method for the
deposition of thin films, and is suitable for industrial applications and has been used for
about 30 years for the manufacture of conductive glass. It is also an excellent method for
preparing films of semiconductor alloys and complex compounds.

Spray Pyrolysis is a process in which a thin film is deposited by spraying a solution on a
heated surface, where the constituents react to form a chemical compound, The chemical
reactions are selected such that the products other than the desired compound arc volatile
at the temperature of deposition. The process is particularly useful for the deposition of
oxides and has long been a production method for applying a transparent electrical
conductor of SO, to glass. There have been studies in this area since the pioneering
paper by Chamberlain and Skarmain on CdS films for solar cells in 1066, among then &
review of transparent cenductors and a bibliography Pamplin presented at a conference
on spray pyrolysis, We discuss here the method and its control; the properties of the films
that have been deposited (particularly in relation to the conditions), some specific films,
particularly CdS; and device application.

Spray pyrolysis is a convenicnt, low-cost, and rapid method for the deposition of thin
films, and has been used for about 30 years for the manufacture of conductive glass.
Because individual droplets evaporate and react very quickly, grain sizes are very small,
usvally less than 0.1/~m. The small grains are a disadvantage for most semiconductor
applications. The use of low concentration and stow spray rates to improve film quality
tends to frustrate the low-cost processing objective, bul post deposition heat trealment ol
small-grain. Films can improve stoichiometry and crystallinity. The process is sensitive
to variables, pariicularly temperature, end the measurement at the surface is uncertain.
Not onty do the physical end electronic properties of the film vary with temperature, but
the deposition efficiency decreases with increased temperature; stoichiometry is also
affected, particularly for alloys. ln spite of these difficulties, spray pyrolysis is an
excellent method for the deposition of large-area thin (ilms.

Viguie and Spitz classified chemical spray pyrolysis deposition process according to the

type of reaction. In process
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A) The droplet resides on the surface as Lhe solvent evaporates, leaving behind a solid
that may further react in the dry state.

B) The solvent evaporates before the droplet reaches the surface and the dry solid
impinges on the surface, where decomposition oceurs.

C) The solvent vaporizes and the vapor diffuses to the substrate, there to undergo a
heterogeneous reaction. (They identify this process as true chemical vapor deposition.).

) The enter reaction akes place in the vapor state.

Solution Solution Flow

—Carrier Gas Flow
1

Fogging Systam

&% |Distance
= Substrate
Heater Hat Plate

Figure 3.8: Schematic diagram of a spray pyrolysis technique

This technique involves spraying of an ionic solution, usually aqueous containing soluble
salts of the constituent atoms of the desired compound onto heated subsirates. Hydrolysis
and pyrolysis are the main chemical reactions imvelved in the process. Spray pyrolysis is
a process in which a thin film is depesited by spraying a solution on a heated surface,
where the constituents react to form & chemical compound. The chemical reaclants are
selected such that the products other than the desired compound are volatile at the
ternperature of deposition. Here individual droplets evaporale and react very quickly,
grain sizes are very small, usually less than 0.1/~m. The small grains are a disadvantage

for most semiconductor applications. The process is sensitive to varjables, parlicularly
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temperature, and the measurement at the surface is uncertein, Not only do the physical
and electronic properties of the (iim vary with temperature, but the deposition cfficiency
decreases with increased temperature; stoichiometry is also affected, pamicularly for
alloys. The process is particularly useful for the deposition of oxides and has long been a
production method for applying & transparent electrical conductor. In spite of these
difficulties, spray pyrolysis is an excellent method for the deposition of large-area thin
Olms.

Chemical spray deposition processes classified according to the type of reaction. In
process A, the droplet resides on the surface as the solvent evaporates, leaving behind a
solid that may further react in the dry state. In process B, the solvent evaporates before
the droplet reaches the surface and the dry solid impinges on the surface, wherc
decomnposition occurs. In process C, the solvent vaporizes as the droplet approaches the
substrale; the solid then melis and vaporizes, and the vapor diffuses to the substrate, Lhere
to undergo = heterogeneous reaclion. (They identify this process as true chemical vapor
deposition.) In process D, the entire reaction takes place in the vapor state. n all
processes, the signilicant variables are the ambient temperature, carrier gas flow rate,
nozzle-to-substrate distance, droplet radius, solution concentration, solulion flow rate,
and--for continuous processes--substraie motion. To this list one should add the chemical
composition of the carmrier gas and/or environment, and, most importantly, substrale
temperature. Most spray pyrolysis depositions are type A or B. Tn our gxpertment we
have used a modified spray pyrolysis technique and this will be discussed of the method

and its control in some details 1ater,
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CHAPTER-1V

EXPERIMENTAL DETAILS

4.1 Film Deposition

4.1.1 Introduction

The spray pyrolysis methed is particularly atiractive because of its simplicity. Tt is [ast,
inexpensive, vacuum less and is suitable for thin film production. The spray pyrolysis
method used is basically a chemical deposition method in which fine droplels of the
desired material are sprayed onto a heated substrate. A continuous film is formed on the
hot substrate by thermal decompesition of the material droplets,

We may prepare Lhin films from a variety of materials such as semiconductors, insulators,
metals or diglectrics ete., and for this purpose various preparation techniques has also
been developed. But spray pyrolysis is the most commonly used technique adopted for
the deposition of metals, alloys and many compounds. Spray pyrolysis technique involves
spraying of an ionic solution usually aqueous solution (0.2 M) of tin chleride (SnClz.2H;0)
and ethanol (CH:CIH.0H) and copper nitrate [Cu(NQ3);] are taken as the precursor for
Cu doped Sn0: films containing soluble salts of the constituent atoms of the desired
compound onto heated substrates around 300 ~ 400°C. Hydrolysis and pyrolysis are the main
chemical reactions involved 1n the process. In this techmique, the chemicals vaporized and
react on the subsitate surface afier reaching on it. The fow rate of the solutien during
spraying is to be adjusled Lo be about 5 ml/min and kept constant through out the experiment.
The distance hetween the spray nozzle and the substrate is to be maintained about 30 cm and
the temperature of the substrate to be measured by Copper-Constantan thermocouple. The
system is equipped with an electric healer and thermo couple. An air compressor pipe is
attached within and an exhaust fan is fittled in order to remﬂ;.'e the pas which is produced
during the film deposition. This chapter deals various steps of the film deposition procedure

of the spray pyrolysis method and discuss below.
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4.1.2 Experimental Equipments

4.1.2.1 Prepatation of Masks

In order to study the various properties of thin film, it is necessary that they must be
properly pattemed. The direct deposition of thin film pattern requires a suitably shaped
aperture, commonly referred to as a mask. For the purpose of varions experimental
studies, film of specific size and shape are required. Mask was made from stainless steel
plate with the desired pattern cut into it. The aperture was made in a bath machine,

The most commonly used method of patierning thin film is the physical masking, which
is accomplished by placing the mask of desired shape on the subsirale. In the present

waork, thin mica sheet was used for the preparation of masks as shown in figure 4.1.

Figure 4.1: Mask

Regardless of mask material and fabrication process all masks should be thoroughly
cleaned and inspected before use. Surface contaminants, particularly oil. grease or other
organic materials may become volatile when the mask is beated and then be absorbed by
the substrate and this may be a canse of weak film adhesion. The mask is placed in
proximity to the substrate, there by allowing condensation of evaporate only in the
exposed subslrate areas. The mask was prepared in such away that the edge of the mask

is smooth so that it is helpful for determining the [ilm thickness accurately.

4.1.2.2 Heater

The heater ‘H' is an ordinary hot plate, 3 K wartt nichrome wire healer which 1s put in
spherical shape holder. An electronic power supply (voltage variance) unit is connected
with the heater power line to supply proper heat to the substrate. A thick stainless steel

plate ‘G’ is placed on heater. Substrate with mica sheet is placed on this suspected plate.
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4.1.2.3 The Design of the Reactor

The design of the reactor is shown is Fig.4.2. It is a vertical batch type reactor composed
af a palvanized iron enclosure ‘E’, heater *H’ and heat susceptor *G’, thermocouple *T.C",
lower tube “A™, upper tube “P”. For the rapid expulsion of the by product gases therc are
opening at the side and at the top of the reactor. It helps focusing the incoming sprayed
solution towards the substrate °S’ and also provides a chimney action to the exhaust gas

upwards.

Fignre 4.3: Schematic diagram of spray pyrolysis system in laboratory.
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4.1.2.4 The Fume Chamber

Itisa Iargé type chamber with a slanting top and is provided with a chimney. There is an
exhaust fan [fitted at the mouth of the chimney to remove Lhe unused gases from the
chamber. The slanting top and the sidewalls are made of glass and wood. There air tight
doors in the front side. The chamber has purging facilities. The whole spray syslem and
the reactor are kept inside this fume chamber at the time of film deposition because of the
safety grounds and to check air current disturbances at the deposition site. These two
points just stated are very important for the spray process when deposition is carried out
in opcn-air atmosphere. The sinple spray nozzle consists of capillary tubes (stainless

steel} [itted perpendicular to the other tube as shown in figure 4.2. A very fine needle

shaped capillary tubc was used for the spray nozzle and it may vary from nozzle to nozzle.

4.1.2.5 Air Compressor

It is reservoir type electrical air compressor. A rotary pump in this section mode draws
atmospheric air and keeps it reserved in a large capacity air tank. At the outlet of the tank
a pressure gauge is attached which records the pressure of the air at the time of supplying
it from the tank. There is a by pass confrol valve which can keep the output pressure

constant.

4.1.2.6 Substrate and Substrate Cleaning

For thin film deposition, several types of substrales are used. Generally, glass, quanz,
plastic and ceramic substrates are used for polycrystalline fitms. However, in the present
work, thin [ilms were deposited on glass substrates, The most commonly microscope
glass slides having 5 cm long, 2 cm wide and 0.1 cm thickness were used. These were
fine smooth high quality microscope glass slides.

The cleaning of subsirate has a major influence on the properties of the thin film
deposiled onto them. Surface contaminations manifest it in pinholes, which can cause
open resistor or localized high resistance. The following procedures were used for
substrate cleaning. The gross contamination of each of the substrates were [irst removed

by acetone and then washed with distilted water. Afier washing in distilled water, the
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substrates were dipped at first into nitric acid for some time and again washed in distilled
waler, Taking them out of one by one and then these were washed and thoroughly rinsed
with deionized water for several times. Finally, these were dried in hot air and preserved
for use. During the whole process the substrates were always held by slide holding

forceps.

4.1.3 Working Solution

The working solution was prepared by taking tin (I} chloride dihydrate [SnCl;.2H0)] as
a source material disselved into ethanol (CH3CH,OH) and water (H»0). Aqueous
solutions were prepared by mixing 0.20 M of (SnCl2.2H;0) and (CH;CH;CH) for pure
and addition of {1 wt%-8wt %) copper nitrate Cu (NO;3)2 3H2O at different concentrations
for copper doped tin oxide thin films. To enhance the solubility of prepared solution, a
few drops of HCI were added.

Since the spray system used in the present experiment operates via a partial vacuum path
as the mouth of the spray nozzle, the concentration of the solution prepared by the solvent

was made in such away that it could he at least be drawn by the nozzle.

4.1.4 Film Deposition Parameters

In the chemical spray deposition technique the structure, composition and olher
characteristics of Lhe deposited films depend on a number of process varjables such as
solution flow rate, substrate temperature, deposition time, quality of the substrate material,
size of the atomized particles, substrate to spray outlet distance, solution concentration,

pas rate (air pressure) etc. are affected on the film propertics.

4.1.5 Optimization of the Deposition Process

To obtain the optimum condition of the film deposition process, it is essential to select at
first the requirements with respect to which the process should be optimizes. The
optimization process is very lengthy because there are a numher of process variables. The
basic requirement was to pet a Glm of high transparency as well as high electrical
conductivity.

For the process ol optimization following set of films have been deposited:
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(i) The first set of films was deposited at various subsirate temperatures, keeping all other
deposition parameters constant at an arbitrary level. From the set of flms the optimum
substrate T, was selected with respect to the best conducting and transparent film,

(ii) ARer obtaining the optimum value of T, second set of films were deposiled by
varying the substrate to spray outlet distance, d, using the optimized T; and other
paramelers were kept constant to the arbitrary level as they were in the first set. From this
second set of films the optimum distance d; was selected corresponding to the best film.
(iii) Fixing the distance d and substrate temperature T, the carrier gas Pa a (hird set of
films were deposited by varying the molar concentration of solution. From this set,
optimurm molar concentration was selected.

(iv) Keeping T, d. , P, and melar concentration ( 0.20 M) as fixed fourth set of films
{ pure films) were deposited by taking constant spray rale S, for /6 minutes deposition.
{v) The fifth set of films { Cu doped) were deposited keeping Ti, ds, Py 5 molar
concentration, deposition time fixed at there oplimum walues. ln this case, the
concentration of Cu was varied for Cu doped SnOy thin films. Thus in all cases the
optimum values of the parameters (T, ds, Py, S, and C) were selected for deposition of
films that exhibit good conductivity and high transparency.

The resulting oplimization is undoubledly a tentative one because the process variables

are in some degree mutually interdependent.

4.1.6 Film Preparation

It has been stated earlier that spray pyrolysis echnique for preparing SnQzand Cu doped
Sn(, thin film, is an economically atiractive method, which consists basically pf spraying
solution on a heated glass substrate. The apparatus needed to carry out the chemical spray
process consists of a device to atomize the spray solution and a substrate heater. Figure
4.2 shows a typical experimental setup, A considerable amount of (about 50 ml} solution
taken in the container ‘F' fitted with the spray nozzle *A’. The clean substrate with a
suitable mask was put on the susceptor of the heater ‘H', The distance between the tip of
the nozzle and the surface of the glass substrate was kept 30 cm. Beforc supplying the

compressed air the substrate temperature *T;® was to be kept at a level slightly higher than
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the required substrate temperature because at the onset of spraying a slight fall of
temperature is likely. The temperature of substrate was controlled by controlling the
heater power using a variance. The substrate temperature was measured by placing a
copper constantan thermocouple on the substrate. Deposition rate and time was kept
constant for every film such that the thickness of the film may same.

When compressed air is passed through ‘P’ at constant pressure (1 bar), a fine Sn0; was
produced and was automatically carried to the reactor zone where film was deposited on
the healed substrate. We have adjusted a situation such that 5 to 6 minutes of spray
produces SnO; thin film, thickness of the range 190 nm to 210 nm keeping substrale
temperatures ranging from 300°C to 400°C. AR grade SnCh.2H;O laken in Lhe
deposition unit was heatcd end subjected to thermal evaporation. The rate of flow of the
working solution can he controlled by a suilable nozzle ‘A’ and adjusting the airflow rate.
The SnCl; vapors formed were sprayed onto the heated subsirate with the help of an air
pump; there they transforn into tin oxide. The main reaction that leads to the formation
of 5n0s is [64]

SnClig) + O,(g) = SnO,(s) + ClL ()T

watet, H.0 Ethyl alcahol C,H.0H

Miving at room femperature

mixing J:i Tin Chioride, 31ic 12

Ceposillon by spray pyrotysis method

{

Heat trealmeni at 350 *C far 5 min

%

Tin oxide Lhin Bm

'

ool down to roont lemperaline

Preparation procedure of a thin [ilm by the spray pyrolysis technique
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4.2, Measurement Details

4.2,1 Methods for the Film Thickness Measurement

Film thickness plays an imporant role on the properties of thin [ilm and those it is one of
the most significant [ilm parameter and thickness measurement is & most essential job,
Therefore, the thickness should be measured with great care as far as possible to have an
accurate value. The thickness may be measured either by monitoring the rate of
deposition or alter the film is taken out of the deposition chamber. The latter type is
appropriate for the gpray deposition for the spray deposition technique because it is
operated in open atmosphere. In the present work, ihe film thickness is measured afler
taking out the [ilm from the chamber. There are many tcehniques for measuring film
thickness, such as Gravimettic Method, Microbalance Technigue, Stylus Method,
Photometric, Crystal Oscillatory, Color Comparison and Optical Interference etc.
Thickness may be direetly known by in-site monitoring the rate of deposition or it may be
measured afier the [ilm is taken out of the deposition chamber. In the present work the
later method was used. There are several methods for the measurement of film thickness

and in the present work optical interference fninge method was used.

4.2.1.1 Opiical Interference Method

The thickness of the [ilm can be measurement accurately by optical interference method
and it is one of ihe best method comparative others process. In this method two reflecting
surfaces are brought inlo close proximiry to produce interference fonges. Weiner was the
[irst to use interference fringes for the measurement of film thickness. Latter on using
Fizeau fringes, Tolansky developed this method to a remarkable degree and is now
accepled as a standard method [44, 45].When two reflecting surfaces are brought into
close proximity, interference fringes are produced, the measurement of which makes
possible a direct determination of film thickness and surface lopography with high
accuracy. In this method, two types of fringes are utilized for thickness measurement.
The first produces Fizeu fringes of equal thickness, using a monochromatic light source,
The second uses a white light source and produces fringes of equal chromatic order. The

second method is prepared for thinner [ilms.
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The Fizeu fringes method was used in the present work for the measurement of film
thickness. For the experimental set up a low power microscope, a monochromatic: source
of light, a glass plate and an interferometer are required, To make the Fizeau fringes of
equal thickness visible in a multiple beam interferometer formed by a thin absorbing film
on a glass subsirale, generally and auxiliary reflecting coating on the film surface is
required. But if the experimental sample is nanspmntrwith a very smooth surface ne
such auxiliary coating is necessary {46].

The film whaose thickness is to be measured is required to form a step on a glass substrate
and over it another plane glass plate (Fizeau plate) is placed. This illuminated with a
parailel monochromatic beam of light a fringe system as shown in figure (2.5} is
produced and is viewed with low power microscope. In this method, thickness from 3 nm
to 2000 nm can be measured with an accuracy of £ 5nm. The fringe spacing and fringe
displacement across the step are measured and uscd to calculate the film thickness. The
displacement *h’ of the fringe system across the film subsirate step is then measured to

caleulate the film thickness ‘t” using the relation
E

h

=
Jringes — spacing

A
5 #.1)

Where & is the wavelength of the monochromatic light {(sodium light) employed.

1f d is the fringe s'pacing then the film thickness t is given by,

=£><5-t—[nm) ertrertrissenrneninirnrnrieornnenn (Hh2)

d 2
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4.2.2 Surface Morphology and Structural Analysis of Thin Films
4.2.2.1 Study of Scanning Electron Microscopy (SEM) and Energy
Dispersive Analysis of X-ray (EDAX)

The scanning electron micms-cnpf: {SEM) is a type of ¢lectron microscope that creates
various images (surface morphology) by focusing a high energy beam of electrons onto
the surface of a sample and detecting signals from the interaction of ihe incident electron
with the sample's surface. The type of signals gathered in a SEM varies and can inclode
secondary electrons, characteristic x-rays, and back scattered electrons. In a SEM, these
signals come not only from the primary beam impinging upon the sample, but from other
interactions within the sample near the surface. The SEM is capable of producing high
resolution images of a sample surface in its primary use maode, secondary electron
jmaging. Due to the manner in which this image s created, SEM images have great depth
of field yielding a characteristic three-dimensional appearance usefut for understanding
the surface structure of a sample. This great depth of field and the wide range of
magnifications are the most familiar imaging mode for specimens in the SEM.
Characleristic x-ravs are emitted when the primary beam causes the ejection of inner
shell electrons from the sample and are used to tell the elemental composition of the
sample. The back-scattered electrons emitted from the sample may be used alone to form
an image or in conjunction with the characteristic x-rays as atomic numbcr contrast clues
1o the elemental composition of the sample.

Scanning Electron Microscopy (SEM) measurement was performed at the
Bangladesh Council for Scientific and Indusirial Research (BCSIR), Dhaka. 5-3400N
HITACHI, JAPAN, apparatus is used to carry out the SEM measurement. This apparatus
operates in the range of 300 V to 30 KV. Tt has 5 to 300 thousand times magnification
capacity. This apparatus has two imaging system, secondary electron imaging (SE
imaging) and back scattered imaging (BS imaging).

EDAX describes the compositional analysis of the thin [films. This is done by the
scanning electron microscopy {SEM) by focusing the X-ray beam on the full frame or a

particular spot of the thin films. The analysis represents the individual weight {%0) of the
element that is present in the thin films.
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4,2.2.2 X-ray Diffraction (XRD) Study

The X-ray diffraction (XRIDY) provides substantial inlormation on the crystal
structure. XRD is one of the oldest and effective tools for the determination of the atom
arrangement in & cryskal, X-rays are the electromagnetic waves and its wavelength =
0.1nam The wavelength of an X-ray 15 thus of the same order of magmiude as the lattice
constant of crysials

When X-rays are incident on a crystal surface, they are rellected from . The
reflection cbeys the following Brage™s law

2dsimB=nh ...l (43)

Where, d is the dislance between crystal plangs; 8 is the X-ray incident angle; A 15 the
wavelength of the X-ray and n is a positive integer. Bragg’s law also supgests that the
diffraction is only possible whend < 2d.
Attempts were made to study the struciure of the films by X-ray diffraction. X-ray
diffractometer system PW3040 X'Pert PRO X-ray Phtlips Company was used at
Magnetic Matenal Division (MMD) of Atomic Energy Center, Dhaka {AECD). The
monochromatic (using Ni filter) CuK. radiatton was used and the accelerating
potential was 40 KV constituting a cument of 30 mA, The scanning speed was 20 degree
and fie measurernent was done 1 the range 20° to 60% respectively to oblain the X-ray
diffraction pamem of the purc and Cu doped $n0; thin films. All the data of the
samples were analyzed by using computer software “X'PERT HIGHSCORE™ from

which structural parameters was determined
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4.2.3 Optical Property Analysis of Thin Films

The optical behaviors of a semiconductor are mvestigated tn term of the three phenomena
namely transmission, reflection and absorption. When 2 semiconducter 15 luminated by
light, photon sirikes the surface, a fraction of photons are reflected, some of these are
absorbed within the semicenductor and the remainder transmitied into the semiconductor
and some may be reflected. For optical property studies of pure and copper doped Sud;
thin [ilms were measured transmittance and absorbance by using 2 double beam UY
spectrophotomeler. Measuremenis were made by placing the sample 1n the incident beam
and another empty glass substrate in the reference beam of the mstrument. The optical
transmission and reflection spectra of the film with respect to glass substrate were than
taken for wavelength range 290 to 1100 nm ustng UY-1601 PC SHIMADZ U VISIBLE
SPECTROMETER. The spectral transmittance and absotbance of SnO; films were
considerer in two wavelength repions, namely, visible and infrared regions. The optical
spectra of transmittance, T (%) and absorhance, A (%6) have been measured with tespect

to plam glass substrate were taken using the spectrophotometer.
4.2.3.1 Mcasurement of Absorption CoefTicient and Optical Band Gap

Absorption co-efficient and opuical band gap have heen calculated using transmutiance
and absorption spectra taken at room temperature direclly. Knowing the hlm thickness
and transmittance at the comesponding wavelength, ene can determine abserpton
coefficient by using equation (4.4.1},

. T
X = T . (44T

From the optical transmission data wete analyzed using the classical relation for near
edge of the optical absomtion using the relation (fora > 10% em™

{ahv)=B (hv-E)" ... (4.4.2)
Where B is a constant 1n the optical frequency range and E, 15 the optical band gap, and n
ié an index related to the denstty of state curves for the energy. This n is dstermined by
the nature of the oplical transmission involved in the absorption process whereas n = 2
for direct ransition and for indirect transition n=1/2. Analyzsis of the data have been made

considenng bothn=12and n=2.
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4,2.4 Electrical Property Analysis of Thin Films

4.2.4.1 Measurements of the Resistivity and Electrical Cnndu:ﬁvity

Resistivity and electrical conductivity of SnOs thin film was measured by Van-der
Pauw’s method. Van-der Pauw Method [47] is one of the standard and widely used
techniques for the measurement of resistivity of thin {ilm. The Van-der Pauw methoed is a
technique for doing 4-probe resistivity and Hail effect measurements. The advantages of
this method include Jow cost and simplicity. The Van-der Pauw technique can be used on
any thin sample of material and the four contacts can be placed anywhere on the

perimeter/boundary, provided ceriain conditions are met:

» The contacts are on the boundary of the sample {or as close to the boundary as
possible)
« The contacts are infinitely small {or as close as possible)}

o The sample is thin relative to the pther dimensions

A brief account of this method is given bellow because in our measurement we have used

Yan-der Pauw Method.

Figure 4.5: Van-der Pauw mcthod for resistivity measurements of a thin
film of arbitrary shape
At [irst we select a region on the samplc where four electrical contacts were made at four
cormers, say A, B, C, and D as shown in figure 4.5. Silver past was used (o the contact.
The sample should not need to be of the shape as shown in figure. This method is

applicable for any arbitrary shape of uniferm sheet of material with four conlacts applied
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to the periphery. Through commutative switches the connections are made between the

filmn and the meter terminals.
If adc current [sp entering the specimen through the contact A and leaving through the
contact, B produces a potential difference Vp-VY between C and D then the resistance

Rapcp can be expressed as

V,-F.
R =8 T & 4.5
e Idii I AR l: )
Similarly,
V,-V, F
Racpa = *‘I L= }—f’i- ............ {4.6)
& B
v.-¥, ¥V
R, ="t —4-_48 4.7
cous = I, (4.7)
V.-V
And Rpoe = ff o Yo (4.8)
04 Fatl

The resistivity of a thin film can be expressed as by the equaticn

o= m | Rupon + Bocap < f- Rangn | (4.9}
In2 2

2

or, g =453x |:RM’m T = |:R"5":D

] e (4.10)

Ryc.oa

Where t is the thickness of the [ikm and the function f can be evaluated from the equation

[Rm.m—f'fac.m]* S expn2/f) . @an

= Arccosf
In2

RAB,(.‘.D + RBC.IH
If, Rancp and Rer py is almost equal, f may approximately equal Lo unity and then the
cquation (£.11) takes the form,
p=2265R 5 + Rz py o =cm (v (4.12)

4.2.4.2 Sheet Resistance

The resistance of a thin film directly proportional to the resistivity p and inversely
proportional to the thickness t and we can write for a rectangular film of length L and

width W. Then the resistance, R of the film is given by,
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Py Lyop (L
R _(:)X(W] R, (W) eaa e, (413 |

Where, R, =$ is known as the sheet resistance and expressed in chms per square.

4.2.4.3 Activation energy

The energy requisite to transfer charge from one neutral island to another is known as
activation energy and it is denoted by AE. This is equivalent to the electrostatic binding
energy of the charge (o the island. The activation energy, which is related to the electron

transport process in the material, can be expressed by a conventional type relation

T (45
sz] (+13)

Where k is the Boltzmann constant and T is the absolute temperature.

g =0, exp[

Equation (4.15} can be written as,

- AL
Ina =1 H = 4.16
na=lho, (ZkT] {4.16)

The activation energy AE is calculated from the slop of a curve Ing vs. (L/T}. So the

activation energy is given by

The circuit amangements used for the resistivity and conduclivity measurement are

shown in Fig. 4.6.

©

Figure 4.6: Circuit arrangements to measure resistivity
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CHAPTER-Y

RESULTS AND DISCUSSION

5.1 Introduction

The objective of this study is to synthesis and characterizes of pure and Cu doped $n0-
thin flms by home fabocated spray pyrolysis system. Here films deposited by the
reduced of the preparation cost and made it economically feasibie. In this chapter the
results and discussion of the various experimental studies viz. surface morphology
siructural, opticel and electrical properties of pure and Cu doped $n0O; thin Rims have
been presented and discussed step by step.

3.2 Deposition of Pore (fin oxide)} and Cu Doped SnO; Thin Films

To prepare Sn¥; thin [ilm tin chloride ($SnCl; 2H20) was taken &s a source material and
copper nilrale [Cu (NO;). 3H:0] was taken for Cu doped Ethanol and wailer was taken as
solvent since tin chloride dissolves well in water and ethanol at room temperature and
ethanol may lake easy vaporized, 0.2 M concentration of tin chloride solutions were
made where 0-8% copper nitrate was dissolved. 1n the present spray deposited, (he
depositton time was 5 minutes, subslrale temperature was kept 350° C and substrate 1o
spray nozzle distance was 30 cme and flow rate of solution was kept constant as Sml/min.
The colour of the pure tin oxide thin film is white {deep) which tums gravs white on

copper doping. In looking the film is uniform and herropeneous.

5.3 Thickness Measurement

The thickness of the films was measured by the setup- of Fizeau fringes at Deparimant of
Physics, BUET, and Dhaka. Thickness of the films was varying with £10 nm, but here
{ilms were used for measurement only whose films thickness was about 200 nm.
Photograph of composted SnO» thin film shows uniform deposition and surface
consistency of the filin slightly changed for Cu deping
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5.4 Surface Morphelogy and Structural [nvestigation

5.4.1 SEM and EDX Study

Scanning Electron Microscopy {SEM) has been used to characterize the surface
morphology and to find out the rain and impurity of pure and Cu doped SnO; thin films,
respectively. SEM images Fig. 5.1 to5.4 is shown that the surface of the film is uniform
and homogeneous, After Cu doping the sutface nature of the film may little change. SEM
images show lhat there are no remarkable grains and impurity for the $n0; thin films.
The films were found uniform and well covered on the glass substrate surface. SEM
photograph reveals that sprayed particles (atoms} are ahsorbed onto the glass substrate
into clusters as (he primary stage of nucleation. After Cu doping the surface of the films
litle change and for 5% Cu doping it s shown that surface of the films may vast change.
S0, the SEM surface studies of both pure and Cu doped 500> and fitms exhibit a smooth
and homogeneous growilh in the enlire surface.

The EDX images of pure and Cu doped SnO, thin films are shown in Fig.5.5 to 5.8.The
quantitative analysis of the deposited films carried out by EDX images (Fig. 5.5} shown
that there are bwo strong peaks corresponding to Sn and O were found in the specirum
which confirms the high purity of the $n0); thin films. An average atomic percentage of
Sp and O were found to be 56.37 and 43.63 respectively. It is significance to mention that
the deposited films are stoichiometnic. It is cleared from EDX images (Fig. 5.6 o 5.8}
that the grains were typically comprised of both Cu and Sn melals. The percent of Sn, O,
and Cu present in films for different concentration of Cu are shown in table 3.1. From
EDX images it is obscrved that the height of the peak for Sn decreases and Cu increases
with the increases of the Cu doping. From (he table 5.1 it is evident that for all the films
the amount of $n and O for pure and 5n, O and Cu for doped films ere present at an
excellent tatio. There is a shift in the wavelength at which it occurs clearly signifying a
crystal ficld effect. Further evidence is presented in the form of X-ray diffraction pattemns
shown in figure 5.9. Hence from the EDX, optical absorption speclra and X-ray
diffraction pattcrns, it is clear that the Cu™ jons are acting as dopants in the SnO-

struchure.

-
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Figure 5.2: SEM image of 2% Cu doped 8n0; thin flm
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Table 5.1; Quantitutive results of pure and Cu dupedISnD; thin films from EDX

analysis.

Sample Element Net counts Weight % | Atom %

Pure Sn(); film 0 5879 9.45 43.63

Sn 695435 00.55 56.37

2% Cu SpQ: 0 12185 51.84 £8.85

film Sn 2818 48.06 11.10

Cu 17 0.10 0.04

4% Cu 5n; 0 6931 17.30 60.41

film Sn 37286 £1.12 38.19

Cu 609 1.58 1.39

5% Cu SnQ; O 9517 20.50 63.20

film Sn 33688 69.52 28.94

Cu 4378 5.98 7.76
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5.4.2 XRD Study

The X-ray diffraction of pure and Cu doped SnO; thin film samples has been done using
a dillractometer, PHILIPS model “X’Pert PRO XRD System .X-ray diffactograms of all
the samples have been recorded using monochromatic CuK, radiation ( = 1.54178 A),
scanning speed 2 degres/min, starting from 10° and ending at 60° to ensure the
information of the singlc phase nature of the sintered product. Peak inlensities are
recorded corresponding to their 26 values,

Using the data of diffractogram, the dyg (inter-planar distance} values and their
corresponding <hkl> values have been cafculated. The dig values of pure and Cu doped
films and their corresponding <hkl> values from the standard JCPDS Card# 4-0834 [74],
and the calculated lattice parameter (g, b, ¢) values, deviation of 20 and grain size of these
samplcs are tabulated in table 5.2 to 5.3. The X-ray diffractogram of 8nO; samples with
different concentration of Cu are shown in Fig.3.1 and 3.4, respectively. It is seen from
these diffractograms that the pure and Cu doped Sn0; films respectively, have different
peak at dyg values with its corresponding crystal planes in JCPDS card. Different
fundamental peaks were identified as {110), {101}, (200}, {210), (211}, and (220), for
pure SnO; films which indicate the tetragonal struclure of Sn0;. This is letragonal
wurizite type structure which is formed in the present case during pyrolysis of SnQ..
Grain size of the prepared §nQ; thin film was determined from the stronger peaks of

(110) from each XRD patterns using Scherrer formula [38],

_ K2
£ Sweosd

Where Dy is the average grain size, & is the wavelength of the radiation used as
the primary beam of CuK, (3= 1.54178 A), 9 is the angle of incidence in degree ( Bragg
angle) and S is the fuil width at half maximum (FWHM) of the peak in radian, which
was determined experimentally alter correciion of instrumental broadening {in the present
case it is 0,05°).Thin films, where two strong peaks (J10) and (101) are shown in
expended form to understand the variation of FWHM and peak shill of Bragg peaks with
temperature. Lattice parameters a and ¢ were determined from the 26 value:. It is seen that
the value of latticc parameter a was observed 4 7522 A for pure Sn0; and it shified to

47482 A afler 2% Cu doping. Similarly the value of a was observed changed due to
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different percentage of Cu dopping is given in table 5.3, Similariy the value of the
.parameter ¢ was 3.1804 A for pure $n0; films and it shifted to 3.1927 A for 2% Cu
doping. Both the values of a and ¢ change with increasing of Cu doping. Average grain
size of SnO; thin film have been ohtained i‘.’ the range of 7 244578 A to 6.08995 A, which
indicates the Angstrom size of $n0y grains developed in the film. Tt was observed that
A28° value is different for Cu doped SnO; films than pure SnO; thin films. Peak shift was
ohserved very clearly in figure 5.9 to 512 and in table 5.2.to 5.3, From this figure it is
observed that the peaks in the doped flms shift from their standard positions in the
presence of the dopant. The shift in the lattice parameter is mainly due to the dopant
occupying interstitial positiens in the lattice. XRD patterns of 8n0; films is pound to
have a better polycrystalline nature oriented along the (110), (101}, and (200}, (211)
planes at 20 = 26.591°, 33.888°, 37.959 and 51.787° respectively wilh single phase Sn0Os.
This is in good agreement with [21, 24, 59, and 60]. The presence of other orientations
such as (210}, (220) was also detected with another agreements. The (110) surface of
Sn0, is energctically the most stable and the predominant crystal face found in
polycrysialline samples. On Cu doped no peaks correspondimg to their compounds were
detected. The intensity of the peak corresponding io the plane (200) is increased on Cu
doping, which shows better atomic arrangement and lower scatlering in these planes, On
increasing the concentration of Cu the intensity of the 8nO; peaks were further decreased
due to the decrease in the atomic density in these plangs. The decrease in peak inlensities
is basically due to the replacement of Sn™ ions with Cu ions in the lattice of SnO; film
as in [69]. This process leads to the movement of Sn™* iens in the interstitial siles and also

an increase in lthe amorphous phase and disorder.



60

Table 5.2: X-ray diffraction data for pure and Cu doped SnO; thin films

Sample hkl Iy [%e] | 20° {cal) | 20° (exp) A20°
(110 100 26.591 26.5262 +0.0648
{101) 2976 33.888 33.8882 -(1.0002
{200) 8.86 37.959 37.8692 +0.0898
Pure $n03 (210) 11.68 42.6435 429309 -(.2859
thin film (211} 22.72 51.787 51.6729 +0.1141
{220) 5.77 54.767 54.6531 +0.113%
{110) 100 26.591 26.5491 +0.0415

{101) 22.83 33.888 33.8334 +0.0546
2% Cu doped 5n0); | (200} 17.39 31.939 37.9569 +0.0021

thin film an 21.54 51787 | 51.7535 | -+0.0335
(220 183 53.767 54.694 -0.927
(110} 100 26.591 26.5286 | +0.0624

(101} 20.13 33.888 33.8561 +0.031%
4% Cu doped Sn0y | (200 30.05 37.959 37.8459 +0.1131

thin film (211) 19.08 51.787 51.6989 +0.0881
(220) 7.34 53.967 54.6763 -0.9093
(110) 100 26.591 26.4947 +0.0963

(101) 30.00 33.888 | 33.7773 | +0.1107
5% Cu doped 8n0; | (200) 7153 37.950 | 37.8364 | +0.1226

[hin film (211) 11,57 42645 | 43.2374 | -0.5924
(220) 26.67 51.787 | 517163 | +0.0707

Table 5.3: Lattice parameters and grain size for pure and Cu doped Sn0O: thin [lms

Sample{film) | Lattice parameter, a | Lattice parameter, ¢ Grain sizein A

Pure 8n0; 4,7522 3.1804 7.244579
2% Cu doped
Sn0; 4,7482 3.1927 6.585204
4% Cu doped
S0, 47518 3.1874 7.244096
5% Cu doped

snQz 4.7578 31972 6.06995
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5.5 Optical Properties
5.5.1 Optical Transmission and Absorption Coefficient

Qptical propeniics of pure and Cu doped SnO; thin films such as transmittance,
absorbance, direct and indirect band gap, refractive index, etc were calculated as
deposited films. Tranvmission specra were tzken within range of 300 nm to 1100 nm for
films. Fig.5.13 shows t1e variation of transmittance with wavelength for pure and Cu doped
SnOathin films having thickness 200nm, and its data are shown in table 5.10 to 5.18. It is seen
from the graph that the values of transmirtance is high in the visible and IR region it is
minirmum at wavelength ~ 300 nm. Among these transmitlance plols it is also seen from the
graph that films deposited at 4% Cu doped is the highest in ransmittance value. The values of
trmsmittance are decrease afier 4% Cu doped films. Films prepared at 350° C exhibit a
transmission of > 60% in the visible and IR region, again it is found = 70% in the visible
and IR region for Cu doped flm, which is found to be greater than that of undoped film.
It is found that transmittance decreases with increasing concentration of the dopant,
which is due to the increase in lhe amorphous nature of the doped films as revealed by
XRD. The transmittance of the films is also influenced by a number of elfects, which
include surface roughness and optical inhoinogenily in the direction normal to the film

surface.

From transmiltance spectra, the absorption coefficient and optical band gap were
calculated for pure and Cu (1%-8%). The absorplion coefficient (z) was calculated from

the transmission spectra using the relation
o =-InTi ... (500

Variation of absorption coelficient (o) with photon energy {huv} for pure and Cu doped
$nQ; Lhin Glms is shown in Fig.5.14. This fgure shows the distinction of & with photon
gnergy for Cu doping. The absorption coefTicient is of the order of 10° m™ which may
also be suitable for a transparent conducting film. From both ihe figures it is observed

that the absorption coefficient first increases slowly in the low energy region Le. in the
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high wavelength region and then increases sharply near the absorption edge. The value of
the absorption coefficient depends on Cu doping. It is decreascs as the concentration of
Cu increases but it is increases as Cu doping as more than 4%.

Significantly, it was observed that at a dopant concentration of ~ 8 wt% the transmission
in the films reached a minimum accompanicd by a increase in the optical band gap. At
the same value of dopant concentration the resistivity also reached a peak. This behavior
appears to be a consequence of valence fluctuation in Sn between the 2% and 4" states.
The transparent conductivity behavior {t’s into a model that attributes it to the presence of

Sn interstitials rather than exygen vacancies alone in the presence of Sn’t,

5.5.2 Optical Absorbance

Figure 5.15 shows the variation of absorption with wavelengih of pure and Cu doped thin
films. It is found that the absorption is decreased with higher wavelength slowly. 1t is also
observed that absorption is rapid increase at lower wavelength. For Cu doping
absorbance shified to low Intensity but more than 4% Cu doped 1t shifted to high intensity
compare to pure SnO; thin films. The absorbance spectrum for pure and Cu doped 5n0;
thin [lm is shown in Fig.5.13, absorbance spectrum shows low absorbance in the entire
wavelength region but it high at wavelength < 350 nm. This reduction of absorbance in
Cu doped samples can be explained as due to the removal of defeets and disorder in the
as-deposited {ilm by Cu doping.

The imporiant optical characteristic of SnQ; flm is that they are (ransparent in the
wavelengih ranging from 400 to 1t60 nm. At wavelengihs shorter than 400 nm,
absorption occurs due Lo the fundamental band gap, and thus light cannot be transmitted
due to quantum pheneomenon. At longer wavelengths, reflection occurs because of the
plasma edge, and Tight cannot be (ransmitted due to a classical phenomenon. The
corresponding wavelengths for those transmissions are determined by a number of

fundamental characteristics as well as by the concentration of free electrons.

¥a.
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3.5.3 Optical Band Gap

The optical band gap (E,) is determined from the plots of {ahw)” vs. photon energy (hu)
for direct transition and (ahv) 12 vs. hu for indirect transition for pure and Co doped Sn0;
thin films. These statesments are shown in figures 5 16 to 517, The direct and indirect
band gap energy of the films have been obuined from intercept on the energy axis after
extrapolation of the straight line section of (zhv)’ vs. hv curve and (ahw)' vs hu
respectively. The varation of optical band gap obtined for direct and indirect wansitions
for pure and Cu (1%-8%) doped are given in table 5.8. The vanation of band gaps both
direct and mdirect for Cu doped 1s shown 1n figure 5.17 The direct band gap of pure
Sn0:; thin films ebtained 3.75 eV which iz an excellent agreement with 1he reported value
of band gap determined by others workers. For 4% Cu doping the direct band pgap of the
[ilm becomes 3.50 V. So it is clear that for Cu doping change the direet band pap of the
pure Sn; thm films. These values are very close to the reponed values. Similaily,
indirect band gap of ihe films oblained 1,75 eV for pure and 25 &V for 4% Cu doped
SnO; thin films These values are very close to the reporied values. From figures and data
table 1t i3 seen (hat in both cases (direct and indirect) the energy gap decreases slightly
with increasing Cu doping but not afler mere than 4% Cu doping. The direct band gap is
higher than the indirect band gap energy.
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Table: 5.8.Variation of direct and indirect band gap of pure and copper (Cu) doped
Sn{}; thin [ilms.

Sample Direct Band Gap in eV __| Tndirect Band Gap ineV
Pure 5n0); 3.75 1.75
1% Cu Doped 5n0; 3.56 1.50
2% Cu Doped 5n0O: 3.59 1.45
3% Cu Doped 5n0; 3.55 1,30
4% Cu Doped 5nidz 3.5 1.25
_5% Cu Doped Sn0; 3.79 1.50
6% Cu Doped Sn(h 3.8 1.88
7% Cu Doped 5nQs : 5.83 1.50
894 Cu Doped Snl, 3.85 1.92
5 ; |
- 1—e— Direct Band Gap |
- ! \
4 | | =~ Indirect Band Gapl
;)_ |
W
E3 T
=
=]
BD
,ﬂ -
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1 -
u ' ' 1 ' ' | ' ' ' ' 1 1 L

4 6 8 10
Doping of Copper (Cu} in %

Figure 5.18: Variation of direct and indirect band gap of 810, thin [ilms
with Cu doping.
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5.5.4 Refractive Index

The refractive index of the films has been calculated from the transmission spectra using
the relation as equation (5.2) and considered highest fransmission at wavelength 740 nm

and lowest transmission at wavelength 380 nm.

1, .2 7, 1 ?
2 n, +a, Hp
no= +2n.n1. 1, [+ +2nn T, | —n
2 # 2 :

The variations of refractive index d for pure and C doped 5nO; thin [lms with Cu doping

142

is shown in table 5.9 and these statesman are graphically shown in Fig. 5.19. The
refractive index of pure SnQ; thin film have been obtained 1.631625 which vatues is
very close to the reported values 1.70 to 1.8 [24, 29] and lowest refractive index become
1.541791for 4% Cu doping. The cbserved value is low compared to the reported values
for similar films [56). As suggested by Arai [ 57]. this low value ol refractive index may
probably due to the smaller density of the films. It is observed that refractive index
increases further than Cu doped. At the films shows high index because the impurity in

the [ilm increases optical properties.



Table: 5.9 Variation of refractive index of pure and Cu (1%-8%6) doped

Sn0; thin fGilms,
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Figure 5.19: Variation of refractive index of pure and Cu doped SnQ; thin films.
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5.6 Electrical Properties

Electrical parameters like resistivity, conductivity, resistance, activation cnergy €lc. of the
S§nOy films were measured by the four probe method from the laboratory of Applied
Physics Department, Rajshahi University. D.C electrical resistivity measirements were
made in air for freshly deposited films from room temperature 305 K to 475 K by Van
der Pauw (four prove) method and data were taken by increasing the temperature of the
film slowly., On ncreasing up to a maximum temperature (475 K) and then film cooled
down slowly to room temperature. Yariation of current and voltage corrcsponding
lemperature recorded in data and then calculated electrical parameters these values are
given in table (5.23-5.31).

5.6.1 Variation of Resistivity with Temperature

From Fig.5.20 it is observed that the resistivity the as-deposited SnQa thin [ilms is
decreased (close to linear) with increasing temperature, This behavior indicates the
semjconductor nature of the films. It is alse observed from figure that resistivity
decreases due to increasing temperature from at first which is the nature of a well
semiconductor. The reason is that, at high temperature the mechanism of impurities
thermal activation becomes the dominant one. Tt is seen from the graph that the resistivity
decreases with copper (Cu) doping up to 4% once mare resistivity increases. The
decrease of resistivity means increase of conductivity with temperature may due to the
increase of carrier mobility or due to increase of carrier concentration. The resistivity and
conductivity pure and Cu doped Sn0O; tin oxide at room temperature are given in lable
523 It is observed that the resistvity (p) of pure SnO; film at room temperature (32 °C)
ig 5.1065%10°* ohm-m and corresponding conductiviry (o) is 1.9582x 10* (ohm-m) ", The
values of p and g are good agreement with that obtained from four prove method. The
resistivity, p of Cu doped Sni); thin films is found to be lower than pure SnOz thin films.
The lowest resistivity of the film is found 1,1395x10 ohm-m for 4% Cu doped Sn0,
(hin films. So it is ¢lear that conductivity of the SnQ; Blm increases due 10 Cu doping for
concentration of charge camriers increases and, as a result, film resistivity decreases.
Beyond 4% Cu doping for more carrier concentration exists such that scattering occurs

and then resistivity incrcases.
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Table: 5.23 Resistivity, conductivity and sheet resistance for (0% - 8%) Cu doped
Sn{}, thin [ilms. )
Thickness, t =200 nm, Room temperature =303 K

Resistivity, Conductivity, Sheet Resistance,
Doping of px 107 ax10% in R, 10°
Copper (Cu} in ohm-m (ohm-m)"' in ohm/0
0% 5.106545 1.958271 2,553273
1% 4.509502 221754 2.254751
2% 2.329714 4.292372 1.i64857
3% 1.812 5.518764 {.906
4% 1.139578 8775177 0.569789
5% 3.44497 2.902783 1.722485
8% 3.882857 2.373423 1.94142%
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Figure 5.21: Variation of resistivity (p) and condectivity (a) with respect to Cu
doped {or Sn(); thin [ilms.
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5.6.2 Variation of Sheet Resistance with Temperature

Fig.5.22 shows the variation of sheet resistance with temperature for pure and Cu doped
Sn0y thin (lms. I is seen from Fig.5.22 and 1able 5.23 that the sheet resistance of pure
and Cu doped Sn0; thin (ilms is decreased with increasing temperature. On the other
hard at room temperature the resistance of the pure SnO; thin film is 2.553273=10°
ohm/sheet and it is reduces to 0.569789=10° at 4% Cu doping. A given material might
exhibit different values of resislivity depending on how it was synthesized. The decrease
in B; is due to the increase in the crystalline nature as the temperature increases. Again
resistivity and sheet resistance of Cu doped (beyond 4%) higher than undoped films due
to increase the amorphous nature of the film. On the other hand sheet resislance decreases
due to¢ Cu doping in films indicate for increase in carrier concentration, Sn forms an
interstitial bond with oxygen and exists either as SnO or SnQs; accordingly it has a
valancy of +2 or +4, respectively. This valence state has a direct bearing on the ultimate
conductivity of tin oxide. When Cu incorporated in SnO, films increase in carier
concentration might be due to (he substitution of Sn™ with dopants at higher oxidation
state. This can be ariributed as the reason for decreasing Ry, wilh mcreasing Cu doping.
The increase in the value of Ry, bevond a cerain deping concentration of Cu probably
represents a solubility limit of Cu in the SnQ; larlice. The excess of Cu atoms do not
acoupy the popper lattice posttions to coniribute to the free carrier concentration while, at
the same time, cnhance the disorder of the structure leading to an increase in sheet

resislance, This was observed for our films beyond 4% of Cu.
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5.6.3 Variation of Conductivity (Ine) with Inverse Temperature

From Fig.5.23, it is seen that increasing and decreasing of the logarithm of conductivity
{In@) of SnD; thin Nlms with inverse temperature and their corresponding data are shown
in lable 5.23 to 5.31. Conductivity of ihe SnQ; samples have been calculated from the
resistivity measurcments and these described in above. The elecirical conductivity of tin
oxide results primarily from the existence of oxygen vacancies, which act a¢ donors.

It is observed that the conductivity of the samples dependent on dopant concentration and
similar oscillatory behavior in resistivity has been observed for temperature getting
higher. It is also seen lrom the graph that the legarithm of conductivity increases when
Cu doped in samples but it decreases beyond 4% Cu doping. It may be due to the mean
frec path of the electron become greater than the mean free path of the conduction
electrons and hence surface scaltering of conduction electron decreases and conductivity
increases. But at certain time means bevond 4% Cu doping logarithm of conductivity of
&1(Q; thin films decreases and 1t is shown in figure 5.23. This is due to the fact that after
3% Cu doping lattice defects and dislocations are involved. From the nature of the
conductivity curve of SnQ; Mm it may be suggested that more than one types of

conduction mechanisms are invelved,
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5.6.4 Variation of Activation Energy with Cu Doping

The overall conductivity of the Sn0); samples increases with temmperature. The Ing vs. 1/T
graphs as shown in figure 5.23 would be a straight line {close linear) for intrnsic
semiconductor. From figure it is shown that Ino vs. I/T curve is a linear and it is
decreased with inverse temperature for the as-deposited pure and Cu doped SnO- films, Tt
is seen from Fig.5.24 and Table 5.24 that the activation energy is found to increase for Cu
doping yet again it is decreased beyond 4%. These agrees with the fact that the grain size
and activation encrgy depends on a lot of factors such as deposition condition, annealing
lemperature, dislocations, minor defects, stacking faults ete [62]. The smaller is the size
of the grain, the greater is the activation energy. It is seen Lhat the activation energy for
the pure and Cu doped samples are fairly low and is of the order of 0.022 to 0.058 eV.
This value of activation energy is well agreed with the other workers. The increase of
aclivation energy with Cu doping above the anomaly temperature can be understood from
island structure theory based on tunneling of charged carriers between islands separated
by short distanice [63]. From the naturc of the conductivity curve of SnQ, film it may be
suggested that more than one types of conduction mechanisms are involved. The
conductivity is metallic up to temperature 473 K, after which SnO; behaves like
semiconductor. Activation energy of the samples varies in the semiconductor region
0.022896 to 0.058889 eV. The tow value of activation energy may be associated with the
localized levels hopping due to excitation of carriers from donor band to the conduction
band. The low value of activation energy may be associated with the localized levels
hopping due (o excitation of carriers from domor band to the conduction band. From the
nature of the conductivity curve of Sn0O; film it may be suggested that more than one
types of conduction mechanisms are involved. So up to temperature 473 K, SnO; behaves
like semiconductor. Activation energy of the <emiconductor AE = [.022896 eV. The low
value of activation energy may be associated with the localized Jevels hopping due to

excilation of carmiers from donor band to the conduction band,
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CHAPTER- VI

CONCLUSIONS AND SUGGESTIONS
FOR FUTURE WORK

6,1 Conclusions

The purpose of Lhis chapter 15 1o summarize the results obtamed m this work, As
d-.?m:::-nstrated, the low-cost spray pyrolysis deposition {SPD) technique, described in this
study, can be used 10 obtain uniform conductive layers of pure and Cu doped SnOy; thin
films with pood repealability, The effects of varying the compositions, thickness,
structural, optical and electrical properties were studied of the prepared sample. The
results of the present work are summanzed and the following noleworthy conclusions as .

follows:

1 Spray pyrolysis 15 a suilable and novel lechmque for the production of quality SnO;
thin films, The substmate temperature 15 the most important parameter that should be
controlled when spraying. Before spraying, the temperature disinbution contnbutes o the
non-uniformity of deposition on the substreie. The structural propeny, elecirical
conductivity, and optical transmittance of Sn(); thin films depend on the concentralion of

the dopant, wihich are eptimized in the preseni work.

2. The average thickness of the film is found to be (200 + 10} nm. But the samples with

thickness 200 nm were studied extensively.

3. SEM surface studies of both pure and Cu doped SnO-. films exhibit & smooth and
homogenecus growth in (he entire surface. The SEM micrographs of as—dlcpositcd film
show uniform surface and deposition covers the substrate well It means that sprayed
particles (atoms) are absorbed onto the substrate o form clusters as the primary stage of
nucleation, From the EDX, optical absorption spectra and X-ray diffraction patiems, 1115
clear that the Cu ions are acting as dopants in the Sn(Q); structure and m pure SnO; filims,
Sn and O are present. In pure Sn0; films weight % of Sn and O is found to be 20.55 and
9.45 respectively, On the other hand for 4% Cu doped fiims, weight % of Sn, Q and Cu
are found ag 69,50, 20,50 and 9,98 respectively.
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4. X-ray diffraction studies show that spray deposited thin films are polyerystailing in
nature with preferential crientation along the {110}, {101) and (211} planes and the films
coated are Sn0; and are found to be n-type semiconductors. Avemge gram size of the
fitm 15 found 7.244579 A, which 15 agreed well with previous reported value. The
decrease of the prein size due to Cu doping is not sigmficant. The shifling in the lattice
parameter values is mainly due to the Cu dopant occupying at the interstitial positions in

the lattce,

5. The average mansmitiance of Cu ;:loping $n0; films in the visible region 15 larger than
the undoped Sn0; films. The pure Sn0-: films have good optical transmission and it is
about 71% Maxrmum transmission about 79% is found for 4% Cu doped SaCk; films but
beyond 4% Cu doped, imnsmission decreases. The absorplion coefficient 15 of the order
of 10° m™” The direct band gap of pure Rlm i3 found to be 3.75 eV and it reduces to a
minimum energy level of 3.50 eV for 4% Cu deped Sn0; [ims and then increases with
further increasing of the concentration of the dopants The indirect band gap of pure film
is 1 75 eV and it 15 shifted 10 1 25 eV for 4% Cu doped Sn(- films. The refractive index
of the pure films is found for pure film is 1.63 and for 4% Cu doped lilm is 1.54. The
higher doping ratio shows a low refractive index as the incorperated impurity 111 the film
increases the optical transmission properties, The transmittance increases itially with
increase in doping concentration and then decreases for higher doping level which is

atiributed to light absorption.

6. The electrical resistivity of the Cu doped film is lower than ihat of the pure film, It is
found that the conductivity of the [itms directly depends on temperature and Cu doping.
At room temperaiure, the electrical resistivity and sheet resistance of pure Sn0; Flms is
found to be 5.1065 x107*Q-m, and 2.5532 10" Q/o respectively. (‘Dnductivity of pure
films is varied in the range of 1 9582 x10° (chm-m)"' to 2.4065 x1¢° {chm-m}" in the
tempegature range 305475 K. For Cu doping the fesistivily is reduced and then ifs range
becomes 1.1395+107° Q-m to 0.5080 x107! &-m. On Cu doping, camer conceniration
increases and conductivity enhances remarkably. The reduction of conductivity for more
than 4% Cu doping in samples is due to the removal of defects and disorder ness in the

pure film The electrical resistivity incrcases with the addition of more than 4% Cu
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doping. This is expected as the periodicity of Sn matrix distributed in the him in presence
of Cu atoms might enhance the scattering of the conduction clectrons, Activation energy

varics in the range of 0.02289 1 0.05888 eV for pure and copper doped samples.

7. The quahty of these films prepared by spraying depends on various parameters such as
spray rate, substrate tempcmtﬁre and the mtio of the various constituents in the solutions,
An oxygen vacancy makes tin oxide thin films to possess semiconducting nature, S0 it is
very essertial 1o avond the complete oxidation of the metal in order to obtain films wath

good conductivity.

In this research work the results oblamed from morphological, structural, ophcal and
clectrical studies on Sn0- thin (iim deposited by spray pyrolysis method are found to be
in good agreement with the resulis obtamed by other techniques The films show good

optical transparency end higher electrical conductivity for 4 wt% Cu doped Sn0; sample.



92

6.2 Suggestions for Future Work

This is the first time that Sn(); thin films have been prepared in our laboratory. We have
deposited Sn(; thin films on glass substrate at 350°C substrate termperature and studied
some of their structural, electrical and optical properties. To prepare high quality SnO;
films and for their details characterization, more studies are necessary. Hence to get
berler performance from the as deposited pure and Cu doped SnQ; thin films by spray

pyrolysis technique, the foilowing research work may be extended:

1. Study and carry out magnetic properties.

2. Optimization of film growth condition. ,

3. Measurements of Hall Effect and temperature dependence of Hall Effect.
4, The effect of thickness on pure or doped 8n0; films.

5. More structural study.

6. Study of photoconductivity properiics.

1. Electrochemical study.
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1. Data Tables
Table 5.4: XRD data {peak least) for pure SuOz thin films

Pasition
[728] Height{cts] | FWHM [°26] | d-spacing [A] | Rel. Int. [%)]

26.5262 504.33 (.1968 336033 10D

| 33.8882 150.07 0.6298 2.64528 29.76
37.8692 44,67 0.3936 2.37585 8.86
42.9309 58.91 0.2165 2.10673 11.68
51.6729 114.6 0.2165 1.769 22.72
54,6531 29.08 {.768 1.67799 5.77

Table 5.5: XRI) data (peak least) for 2% Cu doped Sn(; thin films

Position

[°26] Height[cts] | FWHM [°28] | d-spacing [A] | Rel. Int. [%]
26.5491 608,79 0.2165 3.35749 160
33,8334 139 {.3149 2.64944 22.83
37.9569 105.89 0.3149 2.37056 17.39
51.7535 131.14 (.2755 1.76643 21.54
54.694 20.43 0.576 1.67683 4.83

Table 5.6: XRI) data (peak least) for 4% Cu doped SnO; thin [iims

Position

[20] Height[cts] | FWHM [°26] | d-spacing {A] [ Rel. Int. [%
26.5286 610,73 0.1968 3.36003 100
33.8561 122.96 (1.2932 2.64703 20.13
37.8458 183.51 0.2165 237726 30.05
51.6989 116.51 {1,3936 1.76817 19.08
546763 | 4483 0.288 1.67733 7.34

Table 5.7: XRI} data {peak least) for $% Cu doped Su0; thin [[ims

Position
[°26] Heightlets] | FWHM [*20] | d-spacing (A] | Rel.[nt [%)] ]

264947 202.92 0.3936 3.36426 100
29.1448 39.41 0.2362 3.0641 19.42
337713 61.06 0.4723 2.65371 30.09
37.8364 43.69 0,3149 237784 21.53
43.2374 23.49 0.4723 2.09251 11.37
51.7163 54,12 0.576 1766352 20.67
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"fable 5.10: Data for optical measurement for pure Sn0O; thin films
Thickness, t = 200 nm, Substrate temperature, Ty = 350° C, Concentration = {.2 M

Absorption | Eoergy, (ahv)'in
Wavelengih | Transmittance, | Cocfficient v (m'eVy (ohv)'"® in
in nm T inm' in eV %102 fm'eV)"”
1100 07102 1711043 1130114 3738083 1300 566
1080 07054 1744951 1151042 4 034118 1417 22
1060 {.6893 1TEBITY 1172759 4 388819 14458 218
1040 0,693 1833626 1,195313 4 BOATIY 1480.458
4020 { 68Y 1862570 1.21875 5152933 1608.654
1000 0.6836 1901912 1243125 5.58908 1537.633 |
980 06780 1837144 1.268455 8.038112 1567.564
D60 0.6743 1970401 1,294922 8.510229 1597 346
240 0 6584 2006887 1322473 7.043868 1625119
820 0.6647 20420487 1.351223 7.613804 1661123
400 (.6508 2075082 1.38125 8.246929 1684.623
880 .65 2118418 1442642 8.953914 1730312
B&0 0.6454 2158532 1 445494 9.735308 1766.383
840 0.6436 2203385 i 479511 10.63284 1805.774
820 g 6379 2247869 1 816006 11.61288 1846.018
800 06318 2297495 1,553806 12.74556 1885, 460
780 0625 2350015 1.589375 1402758 1935.288
780 0G18 24063534 1.635691 15.458224 15883.94
740 06105 2467285 1.67080% 17 18087 »()35.517
T20 06024 2534168 1. 728563 19.14412 2091 748
700 0.5938 260E084 1,775893 2141921 2151.3
&80 0.5348 2684137 1828125 24.07804 2215161
g60 05742 27737 1.883523 27.28015 2285.397 |
640 0.5632 2870602 1.842383 31.080654 2361.315
520 0.5514 2976474 2 00504 3561643 2442 539
&00 0 5382 a0eTE25 2.071875 41,18534 2533.3568
580 05238 3233227 2.143319 4502263 2632458
560 0.5073 3293264 2.219866 55 73993 2744 557
540 {.4889 3577887 2.302083 67.54528 2669.087
520 0.4684 3792163 2.390625 g2 18583 3010.92
500 0.4442 4057402 2 48625 104,762 3176.116
480 0 4165 4379344 2.585844 1286368 A367.761
450 .38 4797296 2702448 18B.0785 3500616
A48 0.3442 5333662 Z2.825284 225,999 3581.6M1
420 0.2955 Ga5432 Z.858821 3254918 4247 516
400 0,236 7217498 3107813 503.1333 4735088
280 g 1687 BB98166 3.271382 847 3512 5395.303
350 0.0974 11644645 3453125 1616.878 &341. 165
340 00549 $4511210 365625 2815.004 7283.997
320 00218 19105343 3.584766 5509 152 B615.316
300 0 00258 FOTOGE2Y 414372 15245 06 11112.28




96

Table 5.11: Data for optical measurement for 1% Cu doped SnO; thin films
Thickness, t = 200 nm, Substrate temperature, T, = 350° C, Concentration = 0.2M

Absorption Energy, (ahv)* in

Wavelength | Transmittance, | Cocfficient, & hv (meV) | (ehyv)®in
in nm T inm’' in eV x10' {m'e¥)"
1100 0,7257 I 1602083 1.130114 3.282174 1345.988
1080 07246 1610878 1151042 3.4371588 1361601
1060 07224 1625831 1,172759 3635763 1360.655
1040 0.7198 1645299 1.1895313 3.B87508 1402.372
1020 07174 1660609 121875 4 008036 1422 627
1000 0.¥141 1683661 1.243125 4.380655 1448, 721
880 0717 1700404 1.268485 4 852542 1468 686
860 { 7087 1721615 1,294922 4.970032 1483103
&40 0.7046 1760625 §.322473 5.358943 1521.563
920 {.6996 1786233 1.351223 bB.R25457 1553.578
800 0.6046 1822006 1.38125 5,33413 1586.433

280 ! 0.6895 18568943 1412642 &.885886 1620.5
BGO 06838 18900448 1445484 7.546492 1657.414
840 0.8678 1943040 1,479511 8. 268548 1695737
B2 0.56718 1638573 1.516006 0.082005 173265.461
800 0 BESY 2033079 1.553006 9 950633 1777.418
780 0 6585 2081367 1.59375 11.007367 1821.312
780 0.6528 2132422 1.6356%91 12.16603 1867.614
740 (6463 21809140 1679595 13.42276 1614.082
T20 {.6403 2229082 1.726563 14.81224 1051.802
700 0.6339 2279320 1.775893 1638492 2011.922
G800 (6276 2325281 1828125 18,1321 2062.526
860 0.6213 2378706 1.883523 20 08039 2117128
B4l D.E143 2436352 1.542381 22 38507 2175 385
620 0 6057 26506852 2 00504 25.26409 224195
&no 0.5542 ZEQ2687 2071875 29.07865 2a22. 188
580 0 5808 2716744 2 1432318 33 90357 2413.068
260 { 5846 ZE58 1680 2 219866 40, 25644 2516.888
540 0,547 3016532 2.302082 4822343 2635.208
520 {.528 3183205 2. 300825 hA 27751 2762 964
500 0,508 3385385 2.48625 70.84442 2901.1%92
480 0.4851 3617001 2580844 §7.74945 | 3060.632
460 04587 3806794 2. 702446 1108993 3245141
440 {4293 4229161 2.825284 142, 7EBB 3458672
420 03822 JE7A91T 2.8549821 191,870 3721.79
400 0.3502 £245254 3.107813 265.8326 4037 868
380 02097 B024A86G7 3271382 388, 4698 4439 554
360 0.2416 7102258 3453125 &01,482 4052.306
340 0. 1268 10333614 3 65625 1427.5 6145.729
320 Q.038 16220858 A_RB47EE 3970847 7938177
300 0.01225 22011147 4.14375 5319.025 | 9550.324
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Table 5.12: Data for optical measurement for 1% Cu doped SnO; thin Llms
Thickness, t = 200 nm, Substrate temperature, Ts = 350° C, Concentration = 0.2M

| Absorption {ahvy’ in
Wavelength | Transmittance, | Coefficient, E.nergy, (m'eV)y (ahvY'? in
in nm T ainm’ hv in eV x10" (meV)"”
1100 0.7598 1373500 1130114 2. 40936 1245.878
1080 0 7548 1408512 1,151042 2.821013 1272.381
1060 0.7478 1453089 1.372759 2 904076 1305 425
1040 0.7408 1600123 1185313 3.215264 1338.073
1020 0.7336 1548957 1.21875 3.563735 1373.5969
1000 07259 1807229 1.243125 3.051548 1413.501
880 071 1655732 1.268495 44112089 1449 237
050 071068 1706821 1.294522 4.884083 1486.674
940 0.7025 1765549 1322472 5451721 1628.035
820 07045 1751335 1.351223 5.600055 1538325
a0a 06995 1786947 138125 6.092118 1571.057
§80 0.6929 1834348 1412642 &.714717 1609.744
BA0 0.5688 1864832 1.445454 7.305259 1644029
840 06842 1887525 1,479911 7.885805 1675.758
820 0.6801 1927h77 1.616008 B.534362 1709.45 i
BOD 0.6749 1965854 1_553806 g.3324582 1747.829
T8Q 06702 2000896 1.58275 1016926 1¥585.757
TE0 06631 2064147 1.635691 11.2B926 16533.017
740 06524 2135487 1.678859 12.86945 1804 044
720 0 6481 2168551 1.726563 14 01856 1934.978
T00 . 0.641 2223629 1.775892 1550402 1987.191
&80 068323 2281857 1.0828125 17.55556 Z2046.945
660 06255 2346020 1.5883523 18.52563 2102.08
G640 36165 2418485 1.54 2383 22 DRTES 2167 .4
820 nE104 2468204 2 00504 24,4911 2224 B0
BO0 a6 2554128 2071875 2800351 2300398
580 0.5912 26280056 2.143319 3472677 237331
L=t 08727 27868456 Z 218866 3827516 2487.306
540 g.55 2980185 2.302083 AT 35302 2E23.233
520 0.5336 3140544 2.390625 h5. 366 2740.0458
500 0.5181 3287535 248625 66.82455 2859 131
AED 0 4986 3470756 2.589844 B1.21656 3002.002
40 0.4651 38275614 2.702446 106.9911 3216.154
440 4483 4000322 2.825284 127 7363 3361.862
420 04045 4625518 2850821 1794188 A550.88
400 13887 4724737 3107813 215,508 3831.918
380 0.3108 5843028 3.271382 355 3748 4372.045
36D 02614 aToae1vT 34531325 536 6334 45813.039
340 7 B85 8436907 3 B5825 851 585 o564 077
370 0 04401 15516602 3 884760 350,508 7785914
300 0.0168 20402208 4 14375 7147 281 9194653 |
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Table %.13: Data for optical measurement for 3% Cu doped Sn); thin [ilms
Thickness, t = 200 nm, Substrate temperature, T, = 350° C, Concentration = 0.2 M

Abserption Energy, {uhv)® in
Wavelength | Transmittance, | Coelficient, hv (m'eVy | (v in
in nm T ain m™ in eV x10" {meVy"?
1100 0772 7203854 1.130114 2138034 1209.215
1080 07709 1300883 1.151042 2.242454 1223.718
1060 0.7686 1315823 1.17 2759 2 381655 1242.281
1040 D.7662 1331560 1185313 2533288 1261.598
1020 0.7642 1344829 1.2187¥5 2685555 1280.143
1000 0.7605 1368896 1.243125 2.895812 1304, 456
220 0.7577 13873349 1.268495 3.097009 13268.587
960 0 7544 1409163 1. 2584822 3.329733 350,835
40 0.7491 1444414 1.322473 3.64886 1382.1
820 0.7427 1487315 1.351223 40385872 1417 637
800 0.736 1532626 1.38125 4 431432 1454971
880 07292 1579036 1412642 4 .975634 1453.524
860 0.7214 1632808 1.445484 5.570609 1536.299
840 07141 1683661 1479811 6.208412 1578.502
820 0.7057 1742825 1.516006 6.980871 1625 464
800 06875 1801264 1.553806 7.824374 167.3.02
T80 {.6885 1866200 1.59375 8.846108 1724.603
760 {.6786 19332617 1.635651 10,0551 1780724
¥40 {6666 2027826 167958959 11.60452 1845.682
720 {.6572 2098824 1726583 13,1317 100362
Fiil ).6494 2158532 1.7 758493 14.69436 1957.887
680 {.8398 2232098 1 828125 16.66436 2020.445
660 {.628% 2318915 1.883523 160.07708 2088 911
G40 6171 2413621 1 842383 21.978949 216522
G20 0.614 2438802 2 00504 23.91108 2211.311
B0 0.6045 2516768 2071875 2719027 2283 542
R0 {.6092 2478043 2.14331%9 28.20024 2304 512
560 {.584 2688271 2.219B66 35.63878 2443322
540 {1.552 2971038 2.302083 46 77975 2615.258
520 0.5406 I0753Y8 2380825 54.05302 2711.441
500 05277 3198137 248625 6314519 2818 935
480 0.5065 2401155 2 589844 77.5BBO6 2967.905
460 0.4937 3529136 2. 702446 a0 88007 J088.252
444 0.4637 3842587 2.825284 1178614 3294.805
420 04347 4165406 2.9548821 152.0073 3511.285
400 0,3826 4674820 3.107813 211.0763 2811.624
380 0.3584 51165897 3271382 280,172 4091.252
360 0.3020 5071763 3453125 4252357 4541.062
340 0.2281 7380856 3.65625 730.035 5107 9098
320 0.1227 103480065 3.884766 1660.65 B3B3 686
300 0.07503 12848336 414375 2870.268 7325.218
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Table 5.14: Data for optical measurement for 4% Cu doped SrO; thin films
Thickness, t = 200 nm, Substrate temperatuce, T; = 350° C, Concentration =0.2 M

Absorption Energy, (chv)’ in
Wavelength | Transmittanece, | Coefficient, hv (m'eV)® | {@hv)'”in
in nm T einm’ in ey x101 (m”’ev)”?
1100 0.752 1165564 1.130114 1.736275 | 1147.902
1080 0.7877 1183180 1.151042 1.8862568 | 1171.926
1060 {).7813 1233980 1172759 2094278 1202981
1044 {7745 12757502 1.185313 2.325387 1234 877
1020 0.7709 1300083 1.21875 2514042 | 1259198
1000 N.7678 1321130 1.243125 2687247 1281.534
ga0 0.7526 1355108 1.268485 2.854781 1311.086
860 0. 7585 1382062 1.284922 3.202893 1337.783
240 0.7568 1383281 1.322473 3.385002 | 1357 418
g20 (1.7429 1455969 1351223 4031564 | 1416.995
a0 07403 1503489 1.38125 4312715 1441074
850 (0.7325 1556460 1412642 4834371 1482.808
a60 07281 1578722 1445494 5214276 1511.118
840 0.7251 1807229 1479911 2657522 1542,256
820 0.7185 1652948 1. 516006 6.275943 1582 897
800 0.7056 1743534 1.553506 7.3402432 1645.992
T80 0.7002 1781944 1.59375 B.065465 1686.223
60 0.6914 1841585 1.635691 9.073577 735,58
740 0.6856 1887305 1.678809 10.05195 1780.584
720 0.6607 2004827 1.726563 11,9783 1860.407
700 0.6617 2064715 1.7 o853 13.44478 | 1914 866
Ga0 0.6528 2132422 1828125 1519701 1974, 42
G0 0.6422 2214277 1.883523 17.39425 2042 215
540 0.6304 2236125 1.842323 18.86522 2084 085
G20 0.6246 2353218 2.00504 2226235 | 2172.165
| 800 0.6221 2373272 2071875 24.1781 2217 458
580 {.6142 24371¥3 2.143318 27.2864 2285 528
£60 0.6105 2467385 2.2 15866 30.00042 2340.356
$140 0.581 2629606 2.302083 36.64825 2460 443
g20 0.5807 2717605 2.390625 42.20808 2548.877
500 0.5534 2938371 248625 54,0897 2712058
480 0.5381 3098554 2.580844 6439606 | 2832803
460 05001 3464736 2. 702448 B7 67065 | 3059945
440 0.4784 J686540 2825284 108 4831 3227.309
420 0.4521 3869250 2959821 138.0225 3437.579
400 04048 4460430 3107813 1921601 I7F23.185
| 2480 0.3723 4940275 2.271382 261.195 A20.14
360 0.3164 5753740 3453125 3847527 | 4457.397
340 (). 2405 7125176 A.65625 6786767 5104.06
320 01232 10468731 J.BB47EE 16854 348 | &377.496
300 0.0812 12554200 4 14375 2706.233 [ 7212.581
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Table 5.15: Data for optical measurement for 5% Cu doped Sn0O; thin hims
Thickness, t = 200 nm, Substrate temperature, T, = 350° C, Conceniration = 0.2 M

Absorption Energy, | (chv)in
Wavelength | Transiittance, | Cocflicient, hv (meVy | {ehw)'" in
in nm T win m? in eV x19" {m'eV)"*
1100 0.6644 2044355 1.130114 533773 1519.885
1080 0.6528 2057518 1151042 5610979 | 1538.0F5
1060 0.6592 2083642 1172758 54971231 1563205
1040 0.6556 2111022 1. 185313 6.3672 15885
1020 0.6517 2140855 1.21875 B.BO7751 1615292
1000 0 G462 2183231 1.243125 7.365854 | 1847421
o800 0.6415 214730 1.2684595 7928281 1678.01
960 0.6365 2258854 1.294922 8555858 1710.275
240 0.8305 2306211 1.322473 9.301903 | 1746.357
820 {.6237 2360429 1.351223 1017269 | 1785007
900 1.6179 2407143 1.38125 11.05474 | 1823422
880 0.6125 2451032 1412642 11.883842 | 1860.761
860 0.6068 2497780 1.445484 13.0359 1900.139
B840 0.6013 2543307 1.475911 14 16569 | 1940.069
B20 (.5953 2593449 1.516006 15.45814 | 1982.848
800 D.58 2638164 1.583006 1680656 | 2024712
780 583 2096983 1.98375 1847562 | 2073.238
760 .57 2754767 1.635691 2030356 | 2122722
740 05698 2812348 1.679899 2232054 2173.533
720 0.5623 2878559 1. 726563 247017 2229.368
700 0.5532 2060178 1.775803 27 63562 | 2282 806
530 0.5427 J055993 1.828125 31.21163 | 2363628
G0 0.5304 2123706 1.883523 34.6164 2425 607
40 0 5275 31898032 1.942383 3058649 | 2482345
620 {.5164 3275405 2.00504 4312866 | 2H82.678
Gog 0.5073 3393264 2.071875 4942678 | 2651.494
580 0.481 3556056 2.14331% ERAOTED | 2760.848
560 0.4711 ATe3d24 2.218866 60,7943 2850.38
540 {.4507 3884767 2.302083 84.14878 202874
520 0.4282 4240825 2.390625 F02.7835 | 3184.057
501} 0.4038 4534178 2. 48625 127.0828 | 3357.544
480 0.3755 48497484 2589844 160.876F | 3561.421
460 £.3441 5334115 2.702446 2077967 L6733
440 0.3096 5862371 2.825284 274.3284 4069.75
420 0.2708 86535568 2.0509821 3741947 | 4388194
400 {23 7MB206 3107813 021.2378 | 4778141
380 {1569 92607323 3.271382 G17.8108 | 5504.125
360 00882 12140742 3453125 1757.58 G474 836
340 0.044 15617828 3.65625 3260717 | 7556.632
320 0.0208 15364011 3884766 5668.747 | BEV3.274
300 0.00107 34200483 414375 20084.06 | 118904.55
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Table 5.16: Data for optical measurement for 6% Cu doped 5nO; thin [ilms
Thickness, t = 200 nm, Substrate temperature, T, = 350° C, Concentration = 0.2 M

Absorption | Energy, | (ahv)’in
Wavelength | Transmittance, | Coefficient, hv (m'evy | (ahv)?in
in nm T ainm’ in ¥ 10" (m"'e¥)"?
1100 06182 2404716 1.130114 7.385364 1648.515
1080 {.6132 2445321 1151042 7.922345 1677 687
1060 {.6069 2496956 11727559 8.575111 1711 236G
1040 { 6005 2548963 §.195313 9240322 1745.853
1020 {.5853 2583449 121875 8.980441 1777.854
1000 0.5801 2645797 1.243125 10.81789 1813.575
B0 05837 2691841 1.268495 11.6584 1847.86
L6 0.5784 2737448 1294922 12.56547 1882755
240 0.5725 2788713 1.322473 13.60133 1920.416
820 0.5665 2841391 1.351223 14, 74063 1959, 427
900 03613 2887494 1.38125 15.807 1997087
840 0.5564 2831338 1412642 17.14732 2034 828
B0 0.3515% 2975567 1445484 18.50002 2073.925
840 5474 3012877 1.478911 19,8808 2111585
820 0.5428 3055072 1.516006 21 45086 2152.004
800 0.5391 080271 1.553006 23.0442 2190.59
TEO 0.5348 3129312 1.98375 24 87357 2235236
760 0.5302 3172505 1.635691 2692818 2277.99
740 0.5258 3213221 1 679899 2913717 2323 335
720 05214 3256189 1. 726563 314.60704 2371.079
TO0 0.5164 3304368 1. 775893 34.43581 2422.438
650 0.5108 3360844 1.828125 37.74926 2478.718
660 0.5057 3408058 1883523 41.22974 2533.97¥
640 049985 3467736 T 542383 45 36927 2585317
G20 0.4808 3558593 2.00504 50.909497 2671165
&0 .47 AF75113 2071875 65117683 2786708
i) 045 3592538 2. 143319 732271 2925283
560 {.4389 4147418 2.219866 83.54175 3023.263
540 {.4306 4212878 2.302083 94 03891 3114225
520 .4052 4516873 2380625 116.6 3286.054
500 0.3718 4846596 248625 151.2769 2907.06
480 0.3606 5089930 2.580844 1744518 3634284
AG0 0.3008 6004886 2.702446 263 3444 4028384
4440 0.2573 6787563 2 825284 2677494 A379.132
430 0.2389 T158551 2958821 448 9327 4603.046
400 1.1856 2420807 3107813 £84.8841 5115.621
J80 01278 10286444 3.271382 1132.382 5800 938
60 a.0812 12554200 3453125 1878 328 6584.165
340 0.0439 15629205 3.63625 3265469 7558.384
320 002031 15483210 3.884766 5728.628 B9 BG8
300 .00094 34848153 4.14375 20851.85 12016.74
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Table 5.17: Data for optical measurement for 7% Cu doped SnQ; thin films
Thickness, t = 200 nm, Substrate temperature, T; = 350° C, Concentration = 0.2 M

Absorption | Energy, {ahvy" in

Wavelength | Transmittance, | Coefficient, hv {m'eVy | {ohvy'?in
in nm T o in m™ in eV x10* {m'ev)"
1100 0.5495 2992823 1130114 | 11.43848 1833.084
1080 0.5441 3043111 1151042 | 1236924 1871.563
1060 0 5385 3094839 1172759 | 13.17328 1905.125
1040 00,5325 3150862 1.195313 | 1418475 1040.687
1020 0 5262 3191401 1.21875 15.12837 1972.187
1000 0.5234 3237046 1.243125 | 16.19301 2006.004
980 05177 3291797 1266495 | 17.43586 2043.435

960 0.5117 3350084 1294922 | 18.81908 20R2.81
940 0.5056 3410047 1.322473 | 20.33736 2123.605
820 0.5002 3463736 1.351223 | 21.80502 2163.395
440 {).4952 3513968 1.38125 23.55600 2203 104
880 0.4802 3564709 1.412642 | 2535785 2244027
860 0.4356 3611850 1445494 | 27.25789 2284 931
540 0.4805 3664640 1.479911 | 2941262 2328.807
820 0.4753 3719045 1516006 | 31.78812 2374 467
800 0.4694 3781500 1563906 | 34.52851 2424 066
780 0.4619 3862034 1.59375 37.88547 2480.951
760 0.4537 3951595 1635601 | 41.77797 2542.359

740 0.4453 4038303 1679899 | 46.02183 2604.6
720 0.4263 4256027 1726563 | 53.99747 2710.774
700 04204 4332743 1775893 | 59.20514 2773.854
680 0.4174 4368551 1.828125 | 63.78032 2825.997
660 0 4072 4492254 1883523 | 71.59297 2908.825
640 0.3969 4820355 1.942383 20.5416 2995,747
620 0,385 4772560 2.00504 91,5691 3093.408
500 3.3713 4953725 | 2071875 | 105.3394 3203.669
580 0,355 5178187 2143318 | 123.1769 3331.442
560 0 3348 5471110 | 2.219866 | 147.5042 3484.986
540 0.3141 57902198 | 2.302083 | 177.6774 3650.968
520 0.2927 6143035 | 2300625 | 215.6696 3832.192
500 0.2734 5484097 248625 250.8894 4015107
480 0.2545 padz272 | 2589844 | 314.0131 4209 582
460 0.2371 7198366 | 2702446 | 3TR.2185 | 4409.865
440 0.2218 7520896 2.825284 | 4525871 4612 385
420 0.2084 7841480 2.950821 | 5386753 | 4817.611
400 0.1815 8532498 3107813 | 7031727 5149.505
380 0.123 10477855 | 3.271382 | 1174917 5854661
360 0.079 12681537 | 3463125 | 1920671 6620.08
340 0.0426 15779505 | 365625 3328.576 7595.645
320 0.6193 19738251 | 3884766 | 5879.589 8756.625
300 0.00063 36848954 4.14375 23315.114 12356.89
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Tablg 5.18: Data for optical measurement for 8% Cu doped SnO; thin films
Thickness, t = 200 nm, Substrate temperature, Ty = 350" C, Concentration = 0.2 M

Absorptlon | Encrgy, (ahv}’ in
Wavelength | Transmittance, | Coefficient, hv (mev)y {ehv)'"? in
in nm T ainm” in eV <1012 (m’eVy"*
1100 0.5028 3437814 1.130114 1508416 1971.071
1080 04957 3508922 1154042 16.31284 2008705
10680 0.4883 3584127 1172758 1766788 2050.2
1040 0.4807 JGH25E0 1.195313 19.16604 2002.344
1020 04741 J731685 1.21875 20.68422 2132.602
1000 (4668 2800372 1.243125 2242402 2176088
480 04594 3889170 1.268485 24 33836 2221.124
260 04517 3973885 1.284522 26.47732 2268354
240 0.4436 4064160 1.322473 28.88787 2318.348
Q20 {.4358 41528549 1.351223 31 48824 2368.847
00 04281 4241982 1.38125 34.33083 2420.589
880 0.4204 4332743 1 412642 3746183 2473 98B
BG0 04125 4427595 1.445404 40 96081 2529.B35
840 04115 4439731 1. 479811 43.17023 2563.28
820 0 40635 A500857¥ 1. 516006 46.557786 2612 15
800 04035 4537894 1.553906 49 72311 2655.459
780 0.381 ABZ4780 1 58375 59.12829 27729493
760 03734 JG25525 1.635621 a4 90939 2838.421
740 0 3802 5105479 1.675859 73.55957 2028.598
21 (,3589 5123557 1. 726563 78.25423 2974 246
700 {.3516 2226306 1. 775893 86.14362 3045.532
580 (0 3445 5328306 1.828125 £24.88337 3121.027
G660 0.3376 5429468 +.883523 104.5818 3197.6894
G640 0.3303 5538770 1.942383 115.74.34 3280002
G20 03214 5675344 200504 1294883 3373.321
600 .3103 5851079 2071875 146.9585 3481.767
580 0.2963 6081914 2.143318 169.0238 3610468
560 0.2803 6350474 2219866 1092848 3757.284
540 0.2639 6650825 2.302083 2351317 3915866
520 02468 S9058850 2.300625 2797102 4089 564
500 0.2294 V361440 248625 3349772 4278.128
430 0.2103 77868101 2.580844 407 6637 4483 404
460 0.1903 BZa5yGe 2 702446 502.6053 4734856
440 01711 8827535 2.825284 6220183 4994 (026G
420 0.1514 85435150 2 959521 780.5420 5285.66
ADO 0 1333 10075765 3107813 80,5400 5595855
380 0.1136 10875355 3.271382 1265.755 5064 683
360 Q.07016 13284585 2453125 2104.458 6773.062
340 0.0447 155389049 3.65625 J327.846 7537.015
320 1.01863 18914910 3884786 5885.306 B795.724
300 0.0005 38004512 414375 2480033 12549 15
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Table 5.21: Data for optical absorption varies with wavelength for pure and
Cu (1%-7%} doped SnO; thin [ilms.

Wavelength 1%
in nm Pure Cu 3% Cu | 5% Cu | 7%Cu
1100 0.2 0.1528 01123 0.2395 0.3583
1080 0.2052 0.1585 0.115 0.2441 0.3636
1060 0.2104 0.1605 0.1182 (.2487 {,3696
1040 0.2162 0.1648 0.1215 0.2573 0.3763
1020 0.2211 0 1G85 01248 0 2592 0.3534
1000 0.2268 0.1732 (12584 0.2653 0.3925
280 0.2318 0.1777 0.1339 0.2722 0.4018
S60 02372 01825 0.138 0.2791 04118
844 0.2427 01875 | 01448 0.2861 04213
420 1.2485 {1827 0.1508 0.2932 0.4304
900 0.2543 01878 0. 1565 0.2983 .4343
280 0.2601 0.2031 0.1624 0.3047 {).4486
860 02664 {.2085 0.1683 03099 0.4595
840 0.2726 1.2141 01741 0.3152 04718
520 0 2758 0.2203 0.181 0.3217 0.4866
800 0,287 0.2266 01873 0.3273 {34997
780 0 2938 0.2329 {1,1951 0.333 0.5212
780 0.3021 02404 0 2035 0.34 0.5359
740 0.3108 3.2474 0.2128 0.3468 0.5543
720 0.318% 2551 0.2225 .354 0.5706
700 0.3297 .2634 0.233 0 3619 0.5878
Ga0 .34 0.2723 0.2443 0.3706 0.6101
660 0.3514 0.282 02572 0.3804 0.63301
640 0.3638 0.2025 0.272 3917 0.6538
620 03768 0.304 0.2B87 0.4056 0.67543
600 {.3914 0.3174 (3079 0.4236 0. 70025
580 040756 0.3331 £.3302 D.44568 0.72595
560} 0.4257 0.3513 0.3567 0.475 . .7578
540 .4459 03717 0.28584 0.5083 {.7923
520 0.4684 {.3858 04252 0.54 .83158
500 0.4545 04236 | 0.466E 0.5885 3.87008
480 0.82585 0.458 0.5157 0.6423 0.90821
460 0.5636 0.5031 0.5741 {.7084 0.8575
440 0.6085 0.563 0.6429 0.7888 1.02001
420 ) 6725 0.6515 0.7273 0.8937 1.08686
400 0.7661 (.7343 0.8285 1.0291 1.1484
380 {9111 08221 0.9513 1.1982 1.2803
3&0 1.1731 110027 | 1.114%9 1.5854 1.6265
340 1.6383 1.4638 1.2301 2.0852 2.14959
320 2.3463 2.1818 1.4478 2.5447 2.9899
300 1.8307




Table 5.22: Data for optical absorption varies with wavelengih for pure and
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Cu (2%-8%) doped SnQ; thin Rlms.

Wavelength
in nm Pure | 2% Cu | 4% Cu | 6% Cu | 8%Cu
1100 0.2 0.1362 0.1407 0.28 0.3759
1080 0.2052 0.1399 0.145 0.297 0.3834
1080 02104 | 01436 0.1494 2.304 0.3
1040 p.2162 | 0.1476 0.1543 0.3115 0.39493
1020 022114 0.1514 D.1587 0.318 0.4059
1000 (12268 01581 0.16846 0 3252 0.4136
880 3.2319 { 0.1803 {.1658 0.3319 0.4208
B60 0.2372 | 0.1646 0.1754 0.3389 0.4285
240 0.2427 | 0.1691 3.1813 0.3462 0.4365
820 0.2485 0.174 0.1875 03535 0.4447
g00 02543 | 01787 01937 0.3812 0.4528
880 0.2601 01833 0.2001 (.3694 0.4617
860 0 2664 0. 1887 0.207 03781 0.4708
840 0.2726 01937 0.2137 .387 {0.4802
820 0.2798 0.2 0.2203 0.3982 0.4911
800 0287 0.2057 0.2273 0.4097 0.5011
TED 0.2338 0.2118 0.2344 0.4225 0.5121
780 0.3021 02184 0.2424 0.4355 0.5244
740 0.3108 0.2255 02493 0.4506 3.5374
| 720 03189 | 02327 0.2577 04653 0.551
700 03297 0.2405 0.2666 04811 0.5654
680 0.34 02488 0.2748 0.45976 0.5811
£a60 03514 | 0.2578 [1.2833 0.516 0.5981
640 0.3638 | (.2676 0.2821 0.536 0.6172
G620 0.3768 | 0.2782 0.3041 0.5569 0.6378
600 2.3914 0.28 0.3167 0.578 0.6613
580 04076 | 0.3033 0.3309 0.6035 0.6882
560 04257 | §.3184 0.3472 05306 0.7182
540 0.4458 0).3355 0.3654 0.6627 0.7558
520 04664 0.3545 0.3861 0 5998 0.7876
500 0.4945 0.3771 0.4087 0.7421 . 8485
450 0.5255 0.4042 0.434 0 7806 0.9142
460 0.5635 04363 {.462 0.8478 1 0011
440 0.6085 0.4755 0.4835 0.9152 11077
420 0.6725 0.5282 0.5326 1.0076 1.2428
400 0.7661 0.605 0.5834 11516 1.436
380 09111 07212 (LE51 1.3621 1.7153
360 1.1731 0.89076 0.7528 1.6705 1.9178
340 1.6383 1.16 0.8091 21107 2.2424
320 2.3463 1.5348 1.1584 2.6963 34727
J0C 1.8881 1.5277




Table 5.25: Data of clectrical measurement for pure SnQ); thin [ims.
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Thickness, t = 200 nm, Molar Concentration = 0.2M

Tin Resistivity, | Condoctivity, Resistance,
Tin | K | 1000/T px 167 | ax10° in {ohm- Ina R,*10"
°C inK' in ohm-m m)” in ohm/
32 | 305 | 3.278685 | 510654545 | 1.95827] 7.579817 | 2.553273
42 | 315 |3.174603 | 510654545 | 1958271 7.579817 | 2.553273
52 | 325 | 3.076923 | 5.08631579 1.96606 7.583787 | 2.543158
62 | 335 | 2985075 | 5.04182125 1.98341 7.592573 | 2.520911
72 | 345 | 2.898551 1 5.02512235 |  1.990001 7.595891 | 2.512561
82 | 355 | 2.816901 | 5.01740506 | 1993062 7.597427 | 2.508703
92 | 365 | 2.739726 | 5.00245359 | 1.95%019 7.600412 | 2.501227
102 | 375 | 2.666667 | 4.96264045 | 2015056 7.608402 | 248132
112 | 385 | 2.597403 | 4.89068826 |  2.044702 7.623007 | 2445344
122 | 395 | 2.531646 | 482893401 2.07085 7.635715 | 2.414467
132 | 405 | 2469136 | 4.73941606 |  2.109965 7.654426 | 2.369708
142 | 415 | 2.409639 | 4.65942857 |  2.146186 7.671448 | 2.329714
152 | 425 |2.352941 | 4.57870968 |  2.184021 7.688923 | 2.289355
162 | 435 | 2.298851 | 447407407 | 2.235099 7712041 | 2.237037
172 | 445 | 2.247191 | 4405321l 2.269982 7.927527 | 2.202661
182 | 455 | 2.197802 | 4.33564356 |  2.306463 7.74347 | 2167822
192 | 465 | 2.150538 | 4.26018809 | 2.347314 7761027 | 2.130094
202 | 475 | 2.105263 | 4.15533835 | 2.406543 7.785947 | 2.077669
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Table 5.26: Data for electrical measurement for 1% Cu doped Sn(}; thin [ilms.

‘Thickness, t = 200 nm, Molar Concentration = 0.2

Tin Resistivity, | Conductivity, Resistance,
Tin| K 1000/T px 167 ax1i® In o R,x10°
" In K* in chm-m in (ohm-m)" in ohm/
32 | 305 [3.278689 | 4.509502 221753963 | 7.704154 2.254751
42 | 315 | 3174603 | 4489189 222757375 | 7708668 2244555
52 | 325 | 3.076923 | 4.360265 2.2580286598 7.7136432 2.183133
02 | 335 { 2985075 | 4.270707 234153264 | 7.758501 2.135354
72 | 345 | 2.898551 | 4.168712 239882266 | 7.782733 2084356
82 | 355 | 2.816901 | 4.130699 242089772 | 77918594 {- 206535
92 | 365 [2.739726| 408338 2448585143 7.803415 2.04169
102 | 375 | 2.000667 | 4.0214] 248669004 | 7.R18708 2.010705
112 | 385 | 2.597403 | 3.959383 2.52564602 | 7.834252 1.979692
122 1 395 | 2.531646 | 3.912273 2.55605902 | 7.846222 1.956136
132 | 405 | 2.469136 1 3.855319 2.59381898 | 7.860887 1.92766
142 | 415 | 2.4095639 | 3820482 2.61747083 | 7.869%04 1.916241
52 | 425 | 2.352041 3775 2.64500662 7.88194 1.8875
162 | 435 | 2.298851 | 3.677491 2.71924543 7.80811 1.838745
172 | 445 | 2.247191 | 3.643007 2774408512 | 7917531 [.821503
182 | 455 | 2197802 | 3.431818 251390728 7.97725 1.7135509
192 | 465 | 2.150338 | 3.399134 2.94192562 7.95682 1.699567
202 | 475 | 2.105263 | 3350059 298422042 | 8.001094 1.675479
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Table 5.27: Data for electrical measurement for 2% Cu doped SnO; thin (iims.

Thickness, t = 200 nm, Molar Concentration = 0.2M

Tin | Tin Resistivity, | Conductivity, Hesistance,
“C K 1000/T px 197 ox10? In ¢ Rx10°
in K in ohm-m in (chm-m)" in ohm/
32 305 1 3278689 | 2.329714 4.292372 8.364595 | 1.164857
42 315 | 3.174603 | 2311862 4.325518 8372287 | 1.155931
52 325 | 3.076923 220952 4350919 8.37952 1.1476
62 335 | 2.985075 2.265 4.415011 8.392760 1.1325
72 345 | 2.898551 2,223818 4.496771 B411115] 1.1119G9
82 355 | 2.816901 2.1744 4.598%7 8.433588 1.0872
02 365 | 2.739726 | 2.164333 4.62036 8.438228 | 1.082167
102 F 375 | 2666667 1 2.074263 4.82098% B.4R0734 | 1.037132
112 | 385 | 2.597403 2.0385 4.505568 8.498126 | 1.01925
122 | 395 | 2.531646 1991915 5.020295 §.521244 | 0.995957
132 | 405 | 24608136 1931473 51773597 B.5520538 | 0.965736
142 | 415 | 2.409639 1514351 5.223701 8.560961 | D.957176
152 | 425  2.352041 1.8958355 5.274665 8.57067 | 0.947528
162 | 435 | 2.208831 1.825522 5.477884 3.608474 | 0.81276]
172 1 445 | 2.247191 1.733217 5.769617 8.660361 {}.86661519
182 | 455 | 2.197802 1.631383 6.12977 8.720912 | 0.815651
192 | 465 | 2.150538 1.583435 6.315385 8.750744 | 0.751717
202 | 475 | 2.105263 1.51 66022517 8.798231 0.755
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Table 5.28: Data for electrical measurement for 3% Co doped Sn(); thin films.

Thickness, t = 200 nm, Molar Concentration = (.2M

Tin Resistivity, Conductivity, Resistanc,
Tin| K 1060/T px 10 ax10® In o R,x10°
°C in K in ohm-m in (ohm-m)" in ohm/
32 305 | 3.278689 1.812 5518.764 8.615509 0.906
42 315 | 3.174603 1.812 55]8.‘?64 8.615909 0.906
52 325 | 3.076923 1 802593 5547.557 8§.621113 | 0.901298
62 335 | 2.985075 1.781026 5614742 8.633151 | 0.890513
72 345 | 2.898551 1.743454 §735.741 8.054472 | 0871727
52 355 | 2.816901 1.646076 6075.055 8.711946 | 0823038
92 365 | 2.739720 1.588207 6296408 8747735 | 0.794104
102 | 375 | 2.666667 1.538067 6501.668 8.779814 | 0.769033
112 | 385 | 2597403 1.49236 6700.797 8.809982 | 074618
122 | 395 ] 2.531646 1445215 6919.388 8.842083 | 0722607
132 | 405 | 2469136 1.392399 7181.851 £.879312 | 0.696180
42 | 415 | 2.409639 1335713 7486.639 8.920875 | 0.667856
152 _425 2.352541 1.277692 7826.61 8.965285 | 0.638846
162 | 435 | 2298851 1.27342% 7832.814 8.968627 | 0636714
172 | 445 | 2247191 1.2651 7904515 B.O975189 | 053255
182 | 455 | 2.197802 1,263098 7917.041 8976773 | 0631548
152 | 465 | 2.150538 1.205565 §294.869 9.023392 | 0.602782
202 | 475 2.1{}5263 1.194337 8372.846 9.032749 | 0.597168
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Table: 5.29 Data (or electrical measurement for 4% Cu doped SnO; thin films.

Thicl-mess, t = 200 nm, Molar Concentration = 0.2M

Resistivity, Condnctivity, Resistance,
Tin | TmK | 1000/T px 167 ax 10 In ¢ Rx10°
5 in K* in ehm-m in {ohm-m)" in ohm/
32 305 | 3.278689 1.139578 87751772 G.079682 | 0.569780
42 315 | 3.174603 1.139578 87751772 G.079682 | D.569789
52 325 | 3.076923 1.033606 0674.805% 8.177287 | D.516803
62 335 [ 2.985075] 0.930486 10747.066 0282388 | 0.465243
72 345 | 2898551 0.900078 11110.143 9315614 | 0450039
82 355 | 2.816901 (.849727 11768.49 9373181 | 0424863
92 365 | 2.739726 | 0.819198 12207.067 9.40977 | 0.409599
102 375 2.600667 | (.781034 12803.532 9.457476 | 0390517
i12 385 12597403 | 0.760033 13157.318 9.484733 | 0.380017
122 | 3585 | 2531646 |  0.74R435 13361.218 9500112 | 0.374217
132 | 405 | 2.469136 0.7248 13796.509 9.5322 $.3624
142 | 415 | 2.409639 0.69762 14334.451 9.570421 | 0.34381
152 | 425 12.352941 0.655771 15249.216 0.632283 | 0.327886
162 | 435 | 2.298851 0.625964 15975.368 9.678803 | D.312982
172 | 445 | 2.247191 0.56625 17660.044 977906 | 0.283125
182 1 455 [ 2107802 ) 0.547224 18274.052 G.R13237 { 0.273612
192 | 465 | 2.150538 | 0.533146 18756.583 5.8393 0.266573
202 | 475 | 2105263 0.508007 19684.763 G.8876 {.254004
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Table 5.30 Data: for elecirical measurement for 5% Cu doped Sa(; thin films.

Thickness, t = 200 nm, Molar Concentration = (L.2M

Resistivity, | Conductivity, Resistja nee,
Tin|TinK| 1006T | px10* ox1¢’ o |BX10
°C inK' | inohm-m |in (ohm-m)’ in ohm/
32 | 305 [3.278689| 3.44497 2902783 | 7.973425 | 1.722485
42 | 315 |3.174603 [ 3.44497 2.902783 | 7.973425 | 1.722485
52 1 325 |3.076923 | 3.434687 2911474 | 7.976415 | 1.717343
62 | 335 [2985075| 3.431006 2914597 | 7.977487 | 1.715503
72 | 345 | 2.898551 | 3.420885 2.92322 7.980441 | 1,710442
82 | 355 [2.816901] 3.321114 3.011038 8.01004 | 1.660557
92 | 365 [2.739726] 3.301525 3.028903 | 8.015956 | 1.650763
102 | 375 | 2.666667 | 3.276493 3.052044 | 8.023567 | 1.638247
112 | 385 | 2597403 | 3.21328 3112085 | 8.043048 | 1.60664
122 | 395 | 2531646 | 3.192571 3.132271 8.049514 | 1.596286
132 | 405 {2.469136| 3.111913 3213457 | 8075103 | 1.555957
142 | 415 | 2409639 | 3.013837 3.31803 8.107126 {1.506918
152 | 425 | 2352041 | 2.913412 3432402 | 8.141016 | 1.456706
162 | 435 | 2298831 | 2.767418 3.613476 | B.192426 | 1.383709
172 | 445 |2247191| 2.670316 3.744375 | R.228144 | 1.335158
182 | 455 12197802 | 2.608655 3.833393 8.251506 | 1.304328
192 | 465 [2.150528| 25217 3.965579 | 8.285407 | 1.26085
202 | 475 |2.105263 | 2.406563 4155305 | 8.332141 | 1.203281

)
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Table 5.31 Data: for electrical measurement for 8% Cu doped Sn(); thin flms.
Thickness, t = 200 nm, Molar Conceniration = 0.2M

Registivity, | Conductivity, Resistance,
Tin T 1000/T px 107 ax10® In o Ryx10°
*C inK in K" in ohm-m in {(ohm)’ in ochm/
32 305 3.278685 | 3.882857 2.575423 7853769 1.941429
42 315 3.174603 | 3 882857 2.575423 7853769 | 1.941429
52 325 3.076923 3.8503 2.597065 7.862137 1.92525
B2 335 2.885075 3.8505 2.597065 7.862137 1.92525
72 345 2.898551 | 3.810529 2.624307 7872572 | 1.905265
82 355 2.816901 | 3.701657 2701493 7.90156 1.850829
92 365 2.739726 3.624 2.759382 7.922762 1.512
102 375 2666667 | 3.559286 2.8095352 7.94078 1.779643
112 385 2.597403 | 3.481736 2.872131 7.962809 1.740868
122 395 2.531646 | 3.412658 2.930267 7982849 | 1.706329
132 405 2469136 | 3.391266 2948751 7989137 | 1.695633
142 415 2.409639 3.29079 3038784 8015213 1.645395
152 425 2.352841 3.210646 3.114638 8043868 | 1.605323
162 435 2208851 | 3.142267 3. 182416 8.065396 | 1.571134
172 445 2.247181 3.05818 3.269919 3.002521 1.52909
182 435 2197802 | 3.016497 3315104 R.106244 1.508248
142 465 2.150538 | 2.88799% 3.462609 8. 149778 1.443998
202 475 2 105263 | 2.800855 3.570339 8.18!}416 1.400427

%
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