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Nomenclature

Romane Symbols

—_—

dhkﬂ

The number of charge carriers (cm™®)
The mobility of charge carriers (cm?.V™.SY)
Electronic charge
The relaxation time
The effective mass of the charge carrier
Mean free path of these charge carriers
The drift velocity
The effective Bohr radius
The static dielectric constant
The effective mass of the electronsin the conduction band
Vacuum permittivity
Planck constant.
The reduced Planck constant
The wave vector
The speed of light (3.10° m/s)
The zero degree incidence reflectance
The film thickness
The absorption coefficient
The extinction coefficient
The photon energy
Electromagnetic wave frequency
The transmittance
The sheet resistance
Urbach energy
The volume resistivity (£2. cm)
The measured voltage (voits)
The source current (amperes)
The sample thickness (cm)
Inter-planer spacing

The Bragg angle

Nomenclature




Nomenclature

n The order of the spectrum;

A The wavelength of X-rays

D The crystalite size

B The full width at half maxima of the peak (FWHM) in radians
a,c Tthe lattice parameters

Greek Symbol

TCOs Transparent Conductive Oxides

CdO Cadmium oxide

SnoO, Tin oxide

ZnO Zinc oxide

Sb Antimony

ATO Antimony doped Tin oxide

TiO; Titan oxide

IN,03 Indium oxide

CvD Chemical Vapor Deposition

PVD Physical Vapor Deposition

MOCVD Metal-organic CVD

PECVD Photo-Enhanced Chemical Vapor Deposition
LCVD Laser-Induced Chemical Vapor Deposition
PECVD Plasma-enhanced CVD

XRD X-Ray Diffraction

UV/Vis ultraviolet/visible




General Introduction



General Introduction

General Introduction

Every solid object has a surface, this surface is the discontinuity in the properties of the
bulk materials and has been the target of modifications (artistic decoration and/or functiona

improvement) since the earliest times of mankind [1].

Today, modern products offer even more new functions with the unusual properties that
often cannot be found in bulk sample. These product materials open completely new areas of
applications. The multifunctionality of these technical products especially concerns their surface
properties. Surface coating of glass with different types of films is one of the technologies that
occupy a key position in the material and product development. Transparent Conducting Oxide
(TCO) thin films are deposited on transparent substrates to form transparent electrodes [3].
Transparent electrodes is the key component of a variety cutting-edge applications, such as solar
cells, gas sensors, organic light-emitting diodes, liquid crystal displays, eectrochromic smart

windows, as well as architectural coatings.

All TCOs can be classified into two major classes; the p-type and the n-type, on the basis
of their mgority charge carriers. However, the n-type TCOs are the most readily available and
therefore more commonly found in practical applications. TCOs have awide variety of industrial
and commercial applications. Their ability to reflact thermal infrared heat is exploited to make
energy-conserving windows. These low emissivity windows are the largest area of current use
for TCOs. Oven windows employ TCOs to conserve energy and to maintain an outside
temperature that makes them safe to touch. Microwaves windows are coated with TCO which

allows visible light to pass and block microwaves so as to protect eyes [4].

Deposition of high quality, uniform thin films, is an intensive area of research which has
yielded many varied deposition techniques each technique fals into one of three broad
categories. wet chemical deposition; physical vapor deposition and chemica vapor deposition.
Careful selection of the appropriate deposition technique is essentia for control over the

properties of the resultant films. Different techniques can affect growth rates, crystalline [5].

The first TCO material was reported in 1907 when K.Badeker sputter coated a thin film
of cadmium and heat treated the sample in air [6]. Current TCO materials include tin-doped
indium oxide 1n;O3:Sn (ITO) [7], fluorine doped tin oxide SnO,:F (FTO) [8] and auminum
doped zinc oxide ZnO:Al (AZO) [9]. These materials, instead of relying on intrinsic vacancies
within the metal oxide structure, These drawbacks have led to the development of fluorine-
doped tin oxide, antimony-doped tin oxide [10], which is studied in this work.



General Introduction

In thiswork, | will try to stapes in writing this memory as follow:

* The first chapter includes the transparent conductive oxides and its important properties. We

chose one of them which our study in thiswork is. It's the tin oxide (SnO,).

* The second chapter | used some methods to get the thin film deposited in good way. We will

focus on the techniques spray pyrolysis which is the support of research laboratory.

* The third chapter is introductions of the experimentally part in which we will study some
reviews methods that used define the electrical optical and structural properties of the thin films.
In addition the experimental methods used in preparing and getting the doped and undoped thin

films takes place in this context.

* In the fourth and the last chapter we will explain and analyze the obtained results and give a

genera conclusion onit.
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Transpar ent Conductive Oxides (T COS)

Based on Electromagnetic Theory (Maxwell’s equations), which could not permit a
material to be both electricaly conducting and optically transparent simultaneously. Optically
transparent materials tend to be electrical insulators by virtue of their large band gaps. However,
Transparent Conductive Oxides (TCOs) is a group of materials with unique optoelectrical
properties. Among different TCOs, Zinc oxide films, Indium oxide and tin oxide which will

study in thiswork.
|.1. Transparent Conductive Oxides

A metal oxide in the thin film form transparent to visible light and conducting to
electricity is caled a transparent conducting oxide (TCO) [1]. The TCO semiconductors suitable
for transparent electrodes should have a band gap energy approximately above 3.1 eV
(i.e., degenerate n-type or p-type semiconductors) [11,12]. Transparent conductive oxides
(TCO) are materiasthat exhibit alow resistivity of the order of 10 (Q.cm), and high carrier
concentration in the range (0.1-1.0)x10** cm™ while being transparent in the visible part of the

electromagnetic spectrum, typically having an average visible transmittance of 80% [13,14].

In our daily lives transparent conducting oxide (TCO) materials are used in numerous
devices. These applications are mostly found in display technology [4], (organic) light-emitting-
diodes (OLEDSs) [15], thin-film solar photovoltaic [8], and smart windows [16].

Flat® Panal Displays DLED

ST Hii = &

a Wle

Solar cxllz

=]

Heat efficient windowss

Z |

Figure (1-1): Some applications of TCOs[16].
|.2. Historical Background

The history of TCO starts from 1907, with the discovery of Cadmium Oxide (CdO), in
thin film form, by a German scientist Karl Baedeker [6]. The first TCO patents for undoped and
doped tin oxide (SnO,) films were filed respectively in 1931 and 1942 [17,18]. Later, a practical

( 1
L ¢ J
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use of TCO started with discovery of tin-doped 1n,O3 in 1954 by G. Rupprecht [9]. In 1960s, it
was recognized that thin films composed of binary compounds such as SnO,, ZnO, In,O3 and
their alloys are also good TCOs [1]. In 1980s, impurity-doped ZnO. In 1990s, new TCO
materials consisting of multicomponent oxides, SnO, and ZnO, have been developed [1]. Among
all these TCO materials the tin-doped indium oxide commonly known as indium tin oxide (ITO)
[19]. All these TCOs have eectrons as majority charge carriers and hence known as n-type
TCOs. In 1993, develop p-type TCOs is thus an undeniable fact until now so many p-type TCOs
have been reported after NiO as a first p-type TCO [20]. However, SrCu,0O, has been found a
promising candidate for p-type TCOs because of its direct band gap and due to the fact that it can
be deposited at relatively low temperature [20]. However, until now no efficient p-type TCO
having optoel ectrical properties comparable to its n-type counterpart is available.

|.3. TCOsProperties

In general, a TCO must exhibit three important qualities: high optical transparency, good
electrical conductivity and mechanical durability including flexibility [21] some of the most

relevant properties of aTCO are:
[.3.1. Electrical properties

TCOs are wide band gap semiconducting oxides, with high conductivity in the range
10° 10° (S.em™) [22,23]. TCOs may be n or p-type semiconductors depending up on their

charge carrier generation mechanism.
* Electrical conductivity

The conductivity is a product of the number of charge carriers in a material, and the
mobility of these charge carriers, times the elementary electron charge. The electrical

conductivity &(Q cm™) is given by [22]:
:'T‘zn,uezlf (I-1)
" - p
Theresistivity p is defined as the inverse of the conductivity.

where n: The number of charge carriers (cm™).
u : The mobility of charge carriers (cm?.V1.S™).

e : Electronic charge.
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For thin films of uniform thickness d, the electrical resistance is sometimes expressed as the

sheet resistance Rs (Q.cm™) is written by [22]:
R
HS — f{i (I - 2)

Other than the thickness, the sheet resistance is independent of the film dimensions.

The conductivity of TCOs is reflected from the mobility, that can be expressed as[24]:

e.T E.dnmp

.F’t:—::

mt

(I-3)

m'.Vp

where r: The relaxation time;
m": The effective mass of the charge carrier;
Ampp: Mean free path of these charge carriers,
Ve: The drift velocity.
The conducuvity of n-type TCOs is aways higher than that of p-type due to relative

small effective mass of eectron in conduction band than that of hole in the valence band [1].
*Band gap and doping of TCOs

In order to promote conductivity, the number of charge carriers can be increased by
doping. Dependant on the material this can be done by substitutional doping, creation of
vacancies or implantation of interstitials. Dependant on the valence of dopants or vacant sites,
acceptor or donor states will induce p- or n-type conductivity [25]. The range of Eg for different
dopantsis shown in the Table (I-1).

Table (I-1): Therange of Eg for different dopants.

TCOs Eg Dopants Reference
Sno;, 36-42 Sh, F, Fe, Nb, Pd, In, Co [26]
n ZnO 32-33 Al,Ga B, In, F, S, Ge, [27]
1N,O5 3.5-3.75 Sn, Ge, Mn, Fe,Ti, Nb, Ta [7]
SrCu,0, ~3.3 K, Ba, Ca, CaO [1]
Pl nio 311 Li, Na, Fe, B, Al (28]
CuAlO, 35 Mg, Mn, Ca, Zn [29]

The presence of aband gap, providing low absorption in the visible range, is an essential

feature of TCOs. Metal-oxide semiconductors having a band gap more than 3 €V meet this
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condition. The top of the valence band (By) is mostly formed by the oxygen 2p bands, whereas
the bottom of the conduction band (Bc) is composed of a single and highly dispersed metal s
band. The Oxygen 2p orbitals are low in energy and that it is a large band gap (Eg) can be
obtained in oxides [25]. The band structure of metal-oxide (SnOy,) is described in Figure (1-2).

=n p L L &

Figure (1-2): Schematic for structure of SnO,[30].

In intrinsic stoichiometric oxides, coexistence of electrica conductivity besides visible
transparency is not possible. However, substitutional doping by cationic donors or anion
vacancies can create charge carriers, i.e. electrons. The donor (or acceptor) states ater the
electronic band structure of the material. For increased donor density, the donor states merge
with the conduction band at a certain critical density n.. whose magnitude can be estimated by
Mott’s criterion [25].

n.'"? ay" = 0.25 (I1-4)

The effective Bohr radius a," is qiven by:

h2. 5. ™
B [-5
HU - Ei.mr_—. ( )
where £™: The static dielectric constant;

m.": The effective mass of the electronsin the conduction band,;
£y: Vacuum permittivity;

M: Pianck constant.

In general, the carrier density in TCOs is far larger than this (~10*'cm™). Above this
Mott critical density, free electron behavior can be expected. The donor states have merged with
the conduction band and the material is said to be degenerate. The Fermi energy Er is determined
by the highest occupied state of the conduction band, and one can write [25]:




Chapter |

Transparent Conductive Oxides (TCOs)
_
po=iE -6
By = (-6
where #i: The reduced Planck constant;

k: The wave vector.

The band structure of tin oxide is approximated by parabolic functions of k close to the band
edges. The schematic representation in figure (1-3) is vaid for most binary metal oxide wide

band gap semiconductors. The valence band maximum and conduction band minimum are both
located at k=0.

(a) (b)

, i N

|
ol |I | 1 |
\ |

Wk | | \ '
E:I-{H=En_r¢-“+ ' .I | E (k) =EMk)+hZ (k)

E (k)=E\(k)+hE, (k)

Figure (1-3): Schematic representation of the band structure of undoped (@) and doped (b) metal oxide wide band

gap semiconductor in the vicinity of the top of the valence band and bottom of the conduction band [25].

[.3.2. Optical propertiesof TCOs

An important feature of TCOs is the existence of a transmission window covering most
part of the visible spectrum. In literature, the optical transmission is defined as the ratio between
incoming light intensity and transmitted intensity averaged over all values in between 300 nm

and 800 nm [30]. The typical spectra dependence of TCOs is schematically shown in figure
(1-4).

10
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e ————

Absorbing ,u/ Transmitting \ Refecting
!

Transmiflance
_-_‘—\_
T

Figure (1-4): Spectra dependence of conducting transparent materials: Ay, and A, are the wavelengths at which the
band gap absorption and free electron plasma absorption takes place [31].

Transmission window is defined by two regions where no light is transmitted due to different

phenomena.

- Low wavelengths (A<Agy): the absorption due to the fundamental band gap dominates. The
photon energy in this near-and deep-UV part of the spectrum is high enough to equal the band
gap energy (3 4 eV). Thisenergy is absorbed and transformed to band to band transitions, and

no light is transmitted because of this quantum phenomenon.

- Longer wavelengths (A>Ap): in the (near) infrared (IR) part of the spectrum no light is
transmitted due to the plasma edge. Here the light is electronically reflected which can be best
described by the classical Drude free electron theory [31,32].

In the free electron model, the el ectrons may be thought of as plasma whose density is set
into motion by the electric field component of the electromagnetic field. The plasma oscillates at
a natural frequency wp, the resonance or plasma frequency. This frequency corresponds to the
plasma wavelength A, and is of the order of (1 4 um) for TCOs [28]. The plasma wavelength is
written by [33]:

27c
Ap = — I-7)
mp

where c: The speed of light (3.10° m/s).

The TCO behaves like a dielectric and is transparent in the region for (w>wp). In this

transparent regime the film is weakly absorbing and the transmission can be expressed as[34]:

11
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T=(1-R)exp(—ad) (I-8)

where R: The zero degree incidence reflectance;
d: The film thickness;

t: The absorption coefficient is dependent on the wavelength according to [33]:

_ Awk I—9
= T ( )
where k: the extinction coefficient determine the absorptance of the material.

Close to Agsp the reflectance is zero and the absorption coefficient as a function of wavelength
can be obtained easily from the transmission curve. The following relation applies for direct
allowed transitions [35]:

(echv) o« Jhv — E, (I-10)

where hv: The photon energy;

v: Electromagnetic wave frequency.

The band gap energy is calculated from the Tauc plot [35], versus the photon energy hv. If
(chv ) is extrapolated to the x-axis intersection ((ahv)"=0), formula (I-10) implies that the
photon energy equals the band gap energy (hv = Eg). This method is commonplace to extract
band gap energies from transmission data. Figure (I-5) shows the Tauc plot.

(=8l
S0 -
S+
e 1
_-‘=" el
8 <0
204
1
104
=
3 T i T . T ¥ T ¥ fl ¥ T ’ 1
1.0 1.6 2.0 2.5 3,0 3,5 4,0 4.5
hv (el

Figure (1-5): The band gap energy for SnO, film [9].
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1.3.3. Electrical and optical correlation propertiesof TCOs

In many applications requiring transparent conducting films, the optical transmission and
electrical conductivity should be as high as possible. This is particularly important for solar cell
applications because high optical transmission in the visible region enhances the photo generated
current and low sheet resistance (i.e. high electrical conductivity) reduces series resistance of the
cal. The performance of transparent conductors is often assessed through figures of merit
¢ (2" which incorporate both electrical and optical parameters [36,37]. Figure of merit is
calcuiated by using Haacke formula [38):

Tl{i
h = — I-11
e ( )
where T: The transmittance;

Rs: The sheet resistance.

Both transmittance and resistivity were significantly affected by the film thickness. Figure of
merit was used to determine the thickness at which the films present the best condition for their
usein solar cells as widow and collector. Table (I-2) shows different values, of transmittance and

conductance of thin films with different method deposition, which will be study in the chapter 11.

Table (1-2): opto-electrical properties of different TCOs [25].

TCOs Q*'em™) T(%) M ethod deposition
Sn0O,:Sb 1000 85 Spray
n ZnO:Al 3000 85 CvD
IN,03 5000 86 PLD
p CuAlO, 2.94 70 PLD
SrCu,0O, 20.8 75 PLD
|.4. Tin oxide

Tin oxide (i.e. SnO,), adso known as stannic oxide, is a widely applied and studied as
ceramic material [39]. SnO, belongs to the important class of transparent conductor oxide
materials; it was the first to be TCO marketed that combine high optical transparency in the

visible range of the electromagnetic spectrum and very good electrical conductivity [39]. Tin
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oxide thin films are n-type semiconductors. They have a high band gap of Eg = 3.6 - 4.2 eV
[40,41], when suitably doped can be used both as n-type semiconductor.

[.4.1. Crystalline structure

Tin oxide has a single stable phase at ambient pressure [42], called cassiterite and adopts a

square mesh rutile. Its space group P4/mnm. The unit cell has the parameters [9]:
a=b=0475nm and c=0.318 nm

And contains six atoms. Each tin ion, Sn*" is at the center of an amost regular octahedron
formed by six ions oxygen, O%, while each O” is surrounded by three-Sn*" situated a the
vertices of a triangle isosceles. The ionic radii of the cation Sn** and the anion O* have the
values respectively 0.071 and 0.14 nm. A schematic representation of a unit cell oxide tin is
reported in Figure (1-6).

Figure (1-6): Unit cell of SnO, in the rutile structure [11].

1.4.2. SnO, gap

Tin oxide thin film gap varies between 3.6 and 4.2eV, its variations are related to the
deposition techniques. Tin oxide gap is direct type. The extreme of the valence band and the

conduction band are on the same axis of i< vectors in the Brillouin zone. Electrons transitions
from the valence band to the conduction band are vertically [9].
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Figure (1-7): SnO, Band structure [9].

[.4.3. Electrical properties

Tin oxide (SnOy), close to perfecily stoichiometry condition, have low free carrier
concentration and high resistivity (p~10" (L em), which is similar to insulation. However, non-
stoichiometric forms of these oxide films have high Tree carrier concentration between 10" and
10 cm®. In other words, during crystal growth, there is an oxygen vacancy in the structure and
therefore the formula for thin film form of this material is SnO,., where x is the deviation from
stoichiometry. Indeed, the electrical conduction in this material results from existence of defects
in the crystal, generally, either oxygen vacancies or interstitial atoms, which may act as donor. It
is possible to increase the free electron concentration or n-type conductivity in SnO, film, two
important donors for tin oxides are F and Sb, which can increase the n-type electrical
conductivity to several orders. F* substitutes O% with a free electron injected in B and Sb>*

substitutes Sn** so that an extra electron enters the lattice [10].
[.4.4. Optical properties

SnO; trangparent conducting thin films are n-type semiconductors with a direct optical
band gap about 3.6 — 4.2 eV. It has a high reflection of solar radiation in the range of infrared
and strong absorption in the ultraviolet range, while it has a transmission of the order of 85% in
the visible range and it becomes opaque beyond of 1200 nm. This reduction in optical
transmission is due to the strong increase of absorption caused by the presence of free electrons

[43]; asit will be seenin chapter 1V.
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|.5. Antimony doped Tin Oxide (ATO)

Electrical properties can be improved with doping such as doping with antimony (Sb),
cobat (Co), iron (Fe), paladium (Pd), niobium (Nb), fluorine (F),indium (In); It has been
achieved to improve tin oxide (SnO;) properties. Antimony (Sb) on SnO; is one of the most
studied dopants in the field anong these dopants. Antimony-doped tin oxide (ATO), being an n-
type, wide band gap semiconductor (>3.6 eV) with special properties (high transmittance in the
visible range and high reflectance in the infrared, excellent electrical conductivity, greater carrier
mobility and good mechanical stability), is used in different devices, like solar cells as
transparent, protective electrodes, flat panel collectors as spectral selective windows, sensors for
the detection of gases, sodium lamps and varistors[10].

Conclusion

In this chapter we have known the transparent conductive oxides which have the double
characteristics of (Electrical conductivity and optical transmission), and from TCOs types we
have specialized our study on Tin oxide in which we have proposed to study its The films are
polycrystalline with tetragona crystal structural, optical and electrical properties in order to
ameliorate its characteristics.
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Thin Film Deposition M ethods

The transparent conductive oxide (TCO) is obtained in the form of thin film by the
deposition technique. The deposition ways of the thin layers are different from one another. It
refers to the diversity of the domain where we use these layers. Scientificaly, these ways are
divided into two parts: physical and chemica such as Spray pyrolysis which is the spot of our
study in thiswork.

[1.2. Thin Film

Thin film technology is the basic of astounding development in solid state electronics.
The usefulness of the optical properties of metal films, and scientific curiosity about the behavior
of two dimensional solids has been responsible for the great interest in the study science and
technology of the thin films. Thin film studies have directly or indirectly advanced many new
areas of research in solid state physics and chemistry which are based on phenomena uniquely
characteristic of the thickness, geometry, and structure of the film [43,44].

Thin films are especially appropriate for applications in microelectronics and integrated
optics. However the physical properties of the films like electrical resistivity do not substantially
differ from the properties of the bulk material. Thin filmis defined as a low—dimensional
material created by condensing, one- by —one, atomic/molecular/ionic species of matter. For a
thin film the limit of thickness is considered between tenths of nanometer and severa
micrometers [44,45,46].

Some of the factors, as conditions preparation, which determine the physical, electrical,
optical and other properties of a film rate of deposition, substrate temperature, environmental
conditions, residual gas pressure in the system, purity of the material to be deposited, in
homogeneity of the film, structural and compositional variations of the film in localized or wider
areas etc [47,48].

I1.2. Stages of Thin Films Growth

In order to obtain fine quality thin films for device applications and for better
understanding the properties, the concepts regarding the nature of the films should be
understood. The ideal condition of the film formation involves the deposition of the material
atom by atom (or molecule by molecule) and layer by layer with proper time interval between

the two successive depositions so that, they can occupy the minimum potential energy
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configuration with respect to the substrate and subsequently on the previously deposited
layers[49].

For more understanding thin films, the following properties illustrate various mechanisms
occurring at different stages of film growth. There are severa stages in the growth process, from
the initia nucleation of the deposits to the final continuous three dimensional film formation

states [479]:
I1.2.1. Nucleation

The nucleation is the primary process for al deposition. The common process of addition,
adsorption, desorption, migrations, etc. of atoms is called nucleation or small cluster formation

which is schematically shown in (figure I1-1-a).

{n)

Muclention e} ("naleacens

:4

Figure (11-1): Schematic diagram showing stages of thin film growth [49].
[1.2.2. 1dand structure

The islands consist of comparatively larger nuclei (>10 A) and generaly of three
dimensional natures with their height, however, much less than their lateral dimensions. The
formation of these islands and their growth take place either by direct addition of atoms from the
vapor phase or from other environment or by the diffusion controlled process (see figure I1-1-b).
The diffusion controlled process is moreover commonly observed except at low substrate

temperature.
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I1.2.3. Coalescence

As mentioned in the second stage, as islands grow they develop some characteristic
shapes and then with further growth, coalesce with the neighboring ones by rounding off their
edges near the joining region (neck) where these deposits assume a liquid like structure. The
coalescence involves considerable transfer of mass between islands by diffusion. Small islands
disappear rapidly. The process resembles the sintering of bulk powder where the individua
particles assume spherical shapes due to the lowering of their surface energies. During
coalescence of two islands which occurs at their necks recrystallisation as well as annealing

takes place leading to some definite shapes of larger islands (figure I1-1-c and d).
[1.2.4. Channel and Holes

As the coalescence continues with deposition, there will be a resultant network of the
film with channels in between (figure 1l-1-€). These channels do not remain void, but the
secondary nuclel start to grow within these void spaces in the channel. Sometimes these channels
may not be completely filled up even with increasing film thickness thus leaving some holes or
gaps in the aggregate mass (see figure I1-1-f). With increasing film thickness, these holes or gaps

will decreasein size.
I1.2.5. Continuousfilm

When these gaps are completely bridged by the secondary nuclei, films will be
continuous. However, it often happens that some void space may still remain unbriged. In an
ideal continuous film there should not be any gap in the aggregate mass. Such a stage in the film

can be attained at certain average film thickness (figure I1-1-g).
I1. 3. Thin Film Deposition Processes

Thin film materials are the key elements of continued technological advances made in the
fields of optoelectronic, photonic, and magnetic devices. The processing of materials into thin
films alows easy integration into various types of devices. The properties of materia
significantly differ when analyzed in the form of thin films.

The vast varieties of thin film materials use in their deposition processing and fabrication
techniques methods which are possible to be classified in two ways as following [50,51]:
Physical Process and Chemical Process. The thin film deposition methods are summarized in
figure (11-2).
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Deposition Processes
A 4 A 4
Physica dep@ Chemica d@

y A 4

v v A

Vacuum evaporation Glow discharge Chemical vapor Sol gel
Laser evaporation sputtering deposition Spray pyrolysis
Flash evaporation Getter sputtering Laser CVD Anodisation

Figure (11-2): Classification of Thin Film Deposition Techniques [52].
[1.3.1. Physical Processes

Physical method covers the deposition techniques which depends on the evaporation or

gjection of the material from a source, i.e. evaporation or sputtering [53,54],
[1.3.1.1. Evaporation

Evaporation is a physical vapor deposition (PVD) process in which the wafer (substrate)
is placed in a chamber and subjected to very low pressures as the chamber are removed using a
vacuum pump. One the chamber is free of residua gases, the material to be deposited is
subjected to a temperature sufficient to cause it to evaporate. The evaporated molecules are
dispersed throughout the chamber, landing on the wafer (and the chamber walls) and condensing,
coating the wafer uniformly. Evaporation or sublimation techniques are widely used for the
preparation of thin layers. A very large number of materials can be evaporated and, if the
evaporation is undertaken in vacuum system, the evaporation temperature will be very

considerably reduced, the amount of impuritiesin the growing layer will be minimized [55].
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Figure (11-3): Schematic diagram of the evaporation technique [56].
11.3.1.2. Sputtering

Sputtering is another physical vapor deposition process occurs in a vacuum chamber. A
large piece of the material to deposited, known as atarget, is bombarded with high energy argon
ions from a glow discharge. When the argon ions strike the target, they knock off target atoms
and molecules, which are then conveyed through the vacuum to the wafer (i.e. substrate), where
they condense and form a thin film. Sputtering is most commonly used for depositing metal
films, but, like evaporation, can aso deposit insulating films with some dight process and
equipment variations [57].
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Figure (11-4): Schematic diagram of the sputtering technique [58].
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Each method has his advantages and disadvantages as it recapitulated in table (11-1).

Table (11-1): Advantages and Disadvantages of Physical process.

Deposition Advantages Disadvantages

process

- Highest purity (Good for Schottky | - Poor step coverage,

Evaporation contacts). - Lower throughput due to low
[59]
- To low pressures. vacuum.
- high cost.
- Better step coverage. - Some plasma damage including
Sputtering - Less radiation damage than | implanted argon;
[60] evaporation. - Good for ohmics, not Schottky
- Easier to deposit alloys. diodes;

- The higher pressure produces
better step coverage due to more
random angled delivery;

- high cost

I1.3.2. Chemical Process

Chemica methods depend on physical properties. Structure-property relationships are the
key features of such devices and basis of thin film technologies. Underlying the performance and
economics of thin film components are the manufacturing techniques on a specific chemical

reaction [61].
[1.3.2.1. Chemical Vapor Deposition

Chemical vapor deposition can be defined as a material synthesis method in which the
constituents of vapor phase react together to form a solid film at surface. The chemical reaction
is an essential characteristic of this method; therefore, besides the control of the usual deposition
process variables, the reactions of the reactants must be well understood. Various types of
chemical reactions are used in CVD for the formation of solids are pyrolysis, reduction,
oxidation, hydrolysis, synthetic chemical transport reaction etc, a numbers of forms of CVD in
wide use and are frequently referenced in the literature [62].

a) Meta-organic CVD (MOCVD), CVD processes based on metal-organic precursors,
b) Photo-Enhanced Chemical Vapor Deposition (PECVD);
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c) Laser-Induced Chemical Vapor Deposition (LCVD);

d) Low-pressure CVD (LPCVD), CVD processes a sub atmospheric pressures. Reduced
pressures tend to reduce unwanted gas phase reactions and improve film uniformity
across the wafer;

e) Plasma-enhanced CVD (PECVD), CVD processes that used plasma to enhance chemical
reaction rates of the precursors. PECVD processing allows deposition at lower

temperatures, which is often critical in the manufacture of semiconductors.

Main Gas flow Region
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Figure (11-5): Deferent stages of chemical vapor deposition (CVD) process [63].
11.3.2.2. Sol-gel

Sol-Gel is achemical method using for preparation of metal oxide-type materials such as
ceramics and glasses. Initially, it consists of a stable suspension (Sol) of chemical precursorsin
solution. These "Sol" was transformed to a "Gel" during the gelling step result of chemical
interactions between species in suspension and solvent, to give an expanded three-dimensiona
solid lattice through the liquid medium. The obtained gel is "wet" subsequently it was
transformed into dry amorphous material by removal of solvents (to obtain an air-gel) or by

evaporation under atmospheric pressure (to obtain xerogel) [64].
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Figure (11-6): Sol-gel mechanism [65].

Table (11-2): Advantages and disadvantages of Chemical Process.

Deposition Advantages Disadvantages
process
- The versatility of the CVD process. - CVD tends to increase the cost of
Chemical | _ Materials in excess 99.9% of | fabrication.
Vapor theoretical density. - Limitation can be overcome using
Deposition | _ Economical in production, since | single source chemical precursors.
[66] many parts can be coated at the same | - The use of more sophisticated reactor
time. and/or vacuum system by CVD
variants.
-  Smaler particle size and | - High cost of the precursors.
morphological control in powder | - Long process duration.
Solgd | o nthesis - Difficulies in the synthesis of
[67] - Sintering at low temperature aso | monaliths.
possible.
- provides high purity homogeneous
materials.

In al deposition process, atoms collect on the substrate in structures that initially have
low density and low order compared to the equilibrium structure of the film material. The

mechanisms by which crystallographic order is gradually recreated within the deposited film
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have been subjects of intense study, as reviewed by Machlin and other investigators cited therein
[11-7]. A key feature of these processes is the creation of stressin the newly deposited film.

11.4. Spray Pyrolysis

Different processes for the preparation of films have been employed, such as. physical
vapor deposition (PVD), chemical vapor depositions (CVD), sol-gel and spray pyrolysis.
However, Compared to the other techniques mentioned, spray pyrolysis requires ssmple and
inexpensive equipment and has as main advantages the easy addition of doping materials, good
reproducibility, high films growth rate, chemical homogeneity in the final product and the
potential for deposition over large areas. The films, dense or porous, have thicknesses ranging
from 0.1to 10 ym [68].

Spray pyrolysis is a technique through which dense or porous films and powders can be
obtained by controlling the deposition parameters. This technique involves the atomization of a
precursor solution that is thrown directly over the heated substrate where the film will be formed
[69].

[1.4.1. Principle

Spray pyrolysis involves a thermally stimulated chemical reaction between constituent
ions to form the required compound. In this technique, a solution containing the soluble salts of
the constituent atoms of the required compound is sprayed on to a hot substrate in the form of
fine droplets, using a sprayer. Usually compressed air will be the carrier gas. But compressed
nitrogen is aso used as carrier gas to avoid the presence of oxygen. The sprayed droplets
reaching the hot substrate surface undergo pyrolytic decomposition and form the compound as a
thin film on the surface of the hot substrate. In fact it is the hot substrate which provides the
thermal energy needed for the decomposition and subsequent recombination of the constituent
species. The other volatile by products and the excess solvents are converted into vapor phase

and are removed from the site of chemical reaction by using an exhaust fan [70].
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Figure (11-7): The schematic of the spray pyrolysis[71].
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[1.4.2. Chemical Aspects

The chemicals used for spray pyrolysis have to satisfy the following conditions:
1. On therma decomposition, the chemicas in solution form must provide the
species/complexes that will undergo a thermally activated chemical reaction to yield the desired
thin film material;
2. The remaining constituents of the chemicals, including the carrier liquid should be volatile at
the spray temperature. For a given thin film material, the above conditions can be met by a

number of combinations of chemicals[70].
11.4.3. Characteristic features of the spray pyrolysis process

The growth rate of the sprayed films depends upon the chemical and topographical
nature and temperature of the substrate, the chemica nature and concentration of spray solution
and its additives. Another factor that affects the growth rate is the spray parameters like
scanning speed of the spray head, the distance of the spray head from the substrate, the angle of
incidence of the droplet on the substrate etc. The thickness of the film increases almost linearly
with spraying time, i.e. with the amount of sprayed solution. In general, the spray pyrolysis
process affects the substrate surface. When it is not desirable for the substrate to take part in the
pyrolytic reactions, neutral substrates such as glass/quartz, ceramics are employed.

Compared with other techniques for obtaining films, this technique presents a simple
experimental arrangement and is a cost effective method, mainly due to its simple equipment. It
does not require the use of high quality reagents and substrates. The composition of the films can
be easily controlled with the reagents used in the precursor solution. Several types of films have
been deposited by spray pyrolysis, and this technique has been used for decades in various
industries, such as in the production of glass, solar cells and electrical conductive electrodes
[72].

[1.4.4. Advantages and disadvantages of Spray Pyrolysis
Advantages [5]

- Low cost (inexpensive apparatus, does require high quality targets or vacuum);

- Easy control of composition and microstructure (facile way to dope material by merely adding
doping element to the spray solution;

- Deposition at moderate temperatures of 100-500°C;

- Technological ability for mass production.
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Disadvantages [5]

- Possible oxidation of sulfides when processed in air atmosphere;
- Difficulties with growth temperature determination;
- After long processing time spray nozzle may become cluttered;

- Films quality may depend on the droplet size and spray nozzle.

Conclusion

It has been shown in this chapter, even if it is briefly, the cognition of the thin film for the
TCOs and its stages of growing. Also, we have mentioned some methods of deposition to get
that film. We have proposed in each method its advantages and disadvantages where we focused
on the chemical process. Spray pyrolysis, which is the base of our experimental study of
elaborated SnO,.
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Characterizations M ethods and Experimental

Characterizations methods of transparent conductive oxides thin films are different, there
are alot of structural, electrical and optical methods which specialize the thin films and help to
obtain characteristics ( band gap, absorption coefficient, grain size, thickness film types...... ) of
the deposited thin films. In this chapter we will study some experimental methods to determine

the characteristics of the transparent conductive oxide (SnOy).
[11.1 Thin films description techniques

In order determine structural, electrical, optical properties and thickness for thin films, we
have used different method describe below:

[11.1.1 Deter mination of optical properties
[11.1.1.1 UV-visible spectr oscopy

In conventional spectrometers electromagnetic radiation is passed through the sample
which is held in a small square-section cell (usualy 1 cm wide internally). Radiation across the
whole of the ultraviolet/visible range is scanned over a period of approximately 90s, and
radiation of the same frequency and intensity is simultaneously passed through a reference cell
containing only the solvent (references). Photocells then detect the radiation transmitted and the
spectrometer records the absorption by comparing the difference between the intensity of the
radiation passing through the sample and the reference cells shows in Figure (111-1). In the latest

spectrometers radiation across the whole range is monitored simultaneously [73].
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Figure (I11-1): Diagram showing how the ultraviolet/visible spectrometer works[74].
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No single lamp provides radiation across the whole of the range required, so two are used. A
hydrogen or deuterium discharge lamp covers the ultraviolet range, and a tungsten filament
(usually a tungsten/halogen lamp) covers the visible range. The radiation is separated according
to its frequency/wavelength by a diffraction grating followed by a narrow dlit. The dlit ensures
that the radiation is of a very narrow waveband, i.e. it is monochromatic. The cells (references
dlides glasses in the spectrometer must be made of pure silicafor ultraviolet spectra because soda
glass absorbs below 365 nm, and pyrex glass below 320 nm). Detection of the radiation passing
through the sample or reference cell (slides glasses) can be achieved by either a photomultiplier
or a photodiode. The spectrum is produced by comparing the currents generated by the sample
and the reference beams. Modern instruments are self-calibrating, though the accuracy of the
calibration can be checked if necessary. Wavelength checks are made by passing the sample
beam through glass samples that have precise absorption peaks, and the absorption is calibrated
by passing the sample beam through either a series of filters, each with a specific and known

absorption, or a series of standard solutions [75,76].
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Figure (111-2): Ideal spectrum of transmittance of SnO, deposited by spray pyrolysis, from our work.
[11.1.1.2 Absor ption coefficient

Based on transmittance spectra, we can determine the absorption (a) and extinction (k)
coefficients for the materials formed, we use the relation, which known by the beer-lambert
low [77].

T = exp(—a.d) (I —1)

Comparing the relation (I11- 1) with the formula (I-8), we find that the coefficient
({1 —R) = 1), this is due to negligence of the interaction of light on the faces (reflection): air

and 11im, air and substrate, film and substrate.
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Insertion the logarithm (f1) to the formula (111-1), we find a absorption coefficient (i) as follows:

1+ o1
InT=—a.d So a= = iﬂ? but on the transmittance spectra by (T%) so:
1 1
o = Elnﬁ (HI - 2)

Based on a formula (I11-2), we can determine absorption coefficient, also the extinction

coefficient k.
[11.1.1.3 Band gap

The band gap energy is calculated from the Tauc plot, versus the photon energy hv
[78].
(ahv)* = A(hv — Ey) (111 - 3)

where A: constant.

If (echv)” is extrapolated to the x-axis intersection ((ahv)“=0), formula (111-3) implies that
the photon energy equals the band gap energy (hv = Eg). This method is commonplace to
extract band gap energies from transmission data. The rigure 1ollow shows a plot for SnO, film

non-doping.
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Figure (111-3): the variation plot (r:rhu]:'function hv for SnO, film, from our work.

[11.1.1.4 Urbach energy

Urbach energy defined as the width of the localized states available in the optical band
gap that affects the optica band gap structure and optical transitions. The Urbach tail is
determined by the following relation (Urbach 1953) [79,80]:
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E
o = ity eXp (F—) (111 — 4)
U
Where E: The photon energy (i.e. hv):
ity Constant;

E,: Urbach energy, which refers to the width of the exponential. It is possibile to

determine the value or"urbach energy F,,, through drawing a statement In ¢ as function of hv:

hv
na = Ina, +Ir (IlI — 5)
_ . 1
Thisis by calculating the slope of the plot £ oul put.
U

[11.1.2 Deter mination of electrical properties

In order to determine of the electrical properties, we uses the 4-probe method, which
determining the sheet resistance based on electrical resistivity.

Four probe method

The 4-point probe set up figure (I111-4) consists of four equally spaced tungsten metal tips
with finite radius. Each tip is supported by springs on the end to minimize sample damage during
probing. The four metal tips are part of an auto-mechanical stage which travels up and down
during measurements. A high impedance current source is used to supply current through the
outer tow probes; a voltmeter measures the voltage across the inner two probes, to determine the

sampleresistivity. Typica probe spacingis ~ 1 mm [81].
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Figure (111-4): Four probe method of measuring resistivity of a specimen [81].
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In figure (111-4) for the Four probe method, s is spacing between point probes, it unit by meter
(m).

The two outer probes are used for sourcing current and the two inner probes are used for
measuring the resulting voltage drop across the surface of the sample. The volume resistivity is
calculated as follows [10,82]:

o2 = d III 6
1 2 . ; Lo ( )
where o+ thevolume resistivity (ﬂ'. cm);

V': the measured voltage (voits);
|I: the source current (amperes);

d: the sample thickness (cm);

Based on aformula (1-2), we deduce the following:

= 4.53 X
=453 -

Ry = —

nx I -7
In2" 1 ( )

[11.1.3 Deter mination of structural properties

We will use X-Ray diffractometer for determining the thin films structural properties, i.e.

determining the lattice parameters, and grain size.
X-Ray Diffraction (XRD)

XRD is a precise and popular method for determining the crystal Structures of thin films
and it is essentially non-destructive. It gives information about the crystal structure, orientations,
lattice constants, crystallite size and composition with the help Joint Committee Power
Diffraction Standards (JCPDS) of the sample. Analysis of the diffraction pattern obtained, by
comparing with the JCPDS data can reveal the existence of different crystallographic phases in
the film, their relative abundance and preferred orientations. From the width of the diffraction
line the average grain size of the film can also be estimated [83].

Much of our knowledge about crystal structure and the structure of molecules as complex
as DNA in crystalline form comes from the use of x-rays in x-ray diffraction studies. A basic
instrument for such study is the Bragg spectrometer [46]. For thin films, the powder technique in
conjunction with diffractometer is most commonly used. In this technique the diffracted

radiation is detected by the counter tube, which moves along the angular range of reflections.
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The intensities are recorded on a computer system. Figure (111-5) shows the schematics of X-ray
diffractometer.

Diffraction in genera occurs only when the wavelength of the wave motion is of the
same order of magnitude as the repeat distance between scattering centers. This condition of

diffraction is nothing but Bragg's law and is given by [84,85]:
Zdhkf sinf = nd (III — 8)

where d s iNter-planer spacing;
#: The Bragg angle;
n: The order of the spectrum;

A: The wavelength of X-rays.
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Figure (111-5): schematic of X-rays Diffraction [86].

Using the d values the set of lattice planes (hkl) are identified from the standard data and the
lattice parameters are calculated using the following relations. For tetragona system, such as
SnO, [87]:

! = i + L I1—-9
dt”  @° & ( )

where a and ¢: the lattice parameters
The sampie used may be powder, single crystal or thin film. The crystallite size of the
deposits is estimated from the full width at haf maximum (FWHM) of the most intense

diffraction line by Scherrer's formuhz as follows [88]:

0.94

D=
B cosd

(Il — 10)
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where D: The crystalite size;
f: Thefull width at half maxima of the peak (FWHM) in radians.

This technique is not useful for identification of individuals of multilayers or percentage of

doping material.
[11.1.4 thin film thickness M easuring
We will use a program named Hebal optics for deducing the thickness of the films.
[11.2 Experimental installation
[11.2.1. Spray Apparatus

The experimental setup used in the laboratory (VTRS) for the preparation of undoped
and Sbh doped SnO; thin filmsis showsin figure (111-6).

Figure (I111-6): Photo for Spray pyrolysis Apparatus.

Names of the numbered elements are illustrated in table (111-1).
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Table (111-1): represented Spray pyrolysis home made.

Number System components
1 Solution reservoir and Atomizer
2 Air compressor
3 Nozzle
4 Substrate holder
5 Temperature controller
6 Moving nozzle

[11.2.2. Preparation of spray solution

SnO; solution was prepared by dissolving 0.5 M Tin chloride (SnCl,, 2H,0) in mixture
doubly distilled water and methanol under volume ration (1:1). methanol solution (99.995%) of
absolute purity is provided from Sigma Aldrich; Few drops of acetic acid were added to the
solution. The mixed solution was stirred at 60°C for 120 min to yield a clear and transparent
solution. The doped solution was prepared by adding to the precedent solution (SbCl3 7H,0) as
doping source. The weight percentages of (Sb/Sn) were in 0 - 1 wt. % average. The solution
became clear and homogeneous after stirring for 60 min at 50 to 70°C. The substrate was
microscope glass having (ref R217102) and size of (7.5 cm x 2.5 cm x 0.13 cm); prior to deposit,
the substrate was cleaned with acohol in an ultra sonic bath and blow-dried with dry nitrogen
gas. Undoped and Antimony doped tin oxide (SnO, and SnO,:Sbh) thin films were prepared using
a chemical spray pyrolysis technique as described elsewhere. Stannous chloride (SnCl, 2H,0)
was used as a precursor for tin. This tin precursor dissolved in double distilled water and
methanol (volume ratio 1:1) with adding few drops of (HCI). The precursor concentration was

(0.1 M), served as a starting solution.

For Antimony doping, Antimony chloride (SbCls) was dissolved in doubly distilled
water and added, with an appropriate amounts to achieve Sb concentration, to the starting
solution. The Sb concentration in the stock solution was varied as 0, 0.6, 0.8, and 1 wt.% of
course by adding appropriate amount of (SbCl3). An R217102 microscopic glass dide in asize
of (75 x 25 x 1.1 mm®) was used as substrates which were cleaned with alcohol in a pyrolysis
bath and distilled water, then blow-dried with dry nitrogen gas. A chromel—-alumel and K type
thermocouple were used for reading and controlling the optimized substrate temperature to

480 °C [10,89]. The resulting solutions were spray pyrolysis on the heated glass substrates under
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uniform and fine droplets of 40 Im average diameter (given by the manufacturer). The time
deposition was 3 min for each experiment. The sprayed solution on the heated substrate leads, at
nuked eye, to uniform and homogenous ATO films. After deposition, the films were alowed to

cool down naturally to room temperature (rt).
[11.2.3. Preparation of SnO, Thin films

Tin oxide thin films were deposited on heated substrate at 475°C using homemade spray
pyrolysis technique; a nebulizer was used as atomizer to produce uniform size droplets (
diameter of droplet 5um provided by manufacture); the droplets are undergone, via a nozzle, on
the heated substrate. The nozzle performed an oscillating movement at constant velocity to scan

the whole area of the substrate.
I11.2.4. Characterization

For optical transmission spectra we have used an UV-visible spectrophotometer
(Shimadzu, Model 1800) as shown in figure (I11-7) spectral region 200-900 nm. The film
thickness was estimated from the exhibited interference patterns of the transmission spectra.

Figure (111-7): Photo for uv-vis apparatus (Shimadzu, Model 1800).

Structural characterizations are carried out using a X-ray diffractometer (BRUKER -
AXS type D8) equipped with X’Pert High Score under Cu Ky (A\=1.54056A) radiation whereas
the scanning range of (28) was between 20° and 80°. The grain size of the films was estimated

using X’Pert High Score. The measurements were carried out at room temperature (rt).
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Figure (111-8): Photo for X-Rays Diffraction apparatus (Brukers Advance D8 - type).

Conclusion

In this chapter we realized that it is possible to determine the electrical, optica and
structural characteristics of thin films oxide layer doped and non-doped through the experimental
results that we have done in comparison with the theoretical equations where we have known the

components of the experimental machine and how to get thin films.
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Results and Discussion

We aim in this chapter to give principle characteristics of the elaborated thin films and
the effect of dopant concentration of thin film such as structural properties by X-ray diffraction
studies, optical and electrical properties by spectra transmittance and four probe respectively.
Also, we will determine the films quality which we have prepared by spray pyrolysis method.

IV.1. Structural properties

IV.1.1. X-ray diffraction studies

XRD patterns of undoped and Sb doped SnO, with various amounts of Sb concentration
(0-1 wt%) are shown in figure (1V-1). The analysis of those patterns revealed that the undoped
and Sb doped SnO; films are polycrystalline tetragonal rutile phase of tin oxide (JCPDS card No.
041-1445) which belongs to the space group P42/mnm (number 136). It is perceptible from the
XRD patterns of figure (1V-1), as it seen, that both the undoped and Sb doped tin oxide films
grow along the preferred orientation of (211). The presence of other orientations such as
(110), (101), (200), (310), and (301) aso has been detected with considerable intensities for both
undoped and doped tin oxide films.
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Figure (1V-1): XRD patterns of Sb (0-1 wt.%) doped SnO, thin films pyrolysisally sprayed.

A focused analysis, on (211) peaks, revea that the later is located at about (51.82°) for
the undoped SnO, whereas the values for the Sb doped ones, until 0.8 wt.% level, are lower than

the undoped SnO, spectra, indicating that the inter-planar spacing of SnO; (211) increases after

Sb doping which may due to that some Sb in Sb*® states are incorporated into the SnO; lattice by
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substituting for Sn** sites. With increasing Sb doping to 1 wt.%, the location of peak (211) return
back toward the higher degree direction asit can be seen in figure (IV-1). This result implies that
some Sb*™3, occupying the Sn™ sites [10], miss its role in substituting for Sn and enter the
interstitial sites, so the inter-planar spacing of SnO; (211) decreases to reach the value of inter-
planar spacing of undoped SnO, one. The full width at half maximum (FWHM) of (211) peak
decreases dightly, with increasing Sb concentration to 1 wt.%, indicating that the crystalline

quality becomes better.
IV.1.2. Lattice parameters (a and c)

According to JCPDS data the standard |attice parameters of SnO, area=b =4.737 A and
c = 3.185 A [89], and revealing slight decrease wheress the calculated ones of Sb doped SnO,
films from XRD patterns data. according ta the given equations [90]:
1 K24k P

. - + — V-1
Akt a* c* ( )

and
Zdhkf sinf = nd (IV — 2)

The values lattice parameters (a = b, and ¢) of undoped SnO; thin film are shown in Table
(IV-2), where A is the X-ray wavelength (1.5406 A for CuKal) and 8 is the Bragg's angle, d,, is

inter-planer spacing.

Table (IV. 1): showstheinter-planer spacing dg;; and lattice parameters a, ¢ of the undoped and Sb doped SnO,
thin films between (0 —1 wt.%) at (211) peaks.

L attice parameters
Sb (wt.%) ik (NM)
a(A) c(A)
0 1.76332 4.715822 3.183337
0.6 1.764458 4.716154 3.189849
0.8 1.766504 4.735564 3.196527
1 1.76448 4.7285 3.190782
(42 )
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The lattice parameters (a and ¢) are found to increase with Sb doping concentration until
0.8 wt.%. This may be attributed to the substitution of Sn** ions by Sb** ones in the crystal
|attice as their ionic radius match (ionic radius of Sn** = 0.74 A and that of Sb*™ = 0.93 A) [10]
thin films pyrolysisally sprayed. In the same doping average (0 — 0.8 wt.% Sb). Beyond 0.8 wt.%
to 1 wt.% the lattice parameters (a and c) then decrease, as shown in Table (1V-2), to reach its

initials values.
IV.1.3. crystallite size

The average crystallite size deduced from the full width at half the maximum (FWHM) of
(211) and planes was estimated wusing Scherrer’s relation [91]:

D= a9 Iv-3
~ fcosé ( )
where B isthe observed angular width at half maximum intensity (FWHM) of the peak,

The variation values of the grain size undoped and Sb doped SnO, thin films is shown in
Table (1V-2).

Table (1V-2): showsthe crystalline size D of the undoped and Sb doped SnO, thin films between (0 —1 wt.%).

Dn | | e o o
0 51.82 0.3247 33.253

0.6 51.76 0.3838 27.206
0.8 51.73 0.4133 24.933

1 51.79 0.3247 33.249

The grain size can be seen that the films are polycrystalline. With the increase of Sb
concentration, the grains become more compact and gets little until 0.8 wt.% Sb doping, further
the more the grain size gets bigger, so the degree of crystallization gets better as it was reported

in the literature [89,90], which is consistent with the results of the XRD measurement.
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IV.2. Optical properties
IV.2.1. Effect of the concentration of dopant on the spectra transmittance

The optical transmission T curves as a function of wavelength in 200 - 900 nm range of
undoped and Sb doped SnO, thin films are shown in figure (1V-2). It is observed that the average
transparency in the visible range is around ~85%. All films exhibit significant oscillations in the
visible range; those oscillations, which are related to the interference phenomenon, are generated
by the film thickness [10].
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Figure (1V-2): Spectral transmittance plot of Sb (0 - 1 wt.%) doped SnO, thin films pyrolysisally sprayed.

The opticaly estimated film thickness is ranged between (700-935 nm) for the same
given time deposition (6.16 min) as it is shown in table (IV-5). Also one can see that the
decreased in transmission envelope region (around Eg region), T curves exhibits a shift toward
lower wavelength for the Sb doping level lower than 0.8 wt.% with minimum value of
transmittance, for wavelength more than 400nm, at this given doping level and then become
large for 1 wt.% Sb doping level restoring its initials transmittance values. In heavily doped
semiconductors, (having carrier concentration between 10*° and 10" cm™®), which is the case of
0.8 wt.% doped film.

IV.2.2. band gap

The optical gap (E;) of the films can be obtained by plotting ((ahv)® vs hv) ( ais the

absorption coefficient and hv is the photon energy) and extrapolating the straight-line portion of

this plot to the energy axis asit was shown in figure (IV-3).
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Figure (1V-3): Optical band-gap estimation, from Tauc relation, of Sb (0-1 wt.%) doped SnO, films pyrolysisally
Sprayed.

The obtained values of (£ ) for the undoped and Sb doped SnO; films are recapitulated in
Table (IV-3). With increasing Sb concentration.

Table (1V-3): Theoptical gap (E;) of Sb (0-1 wt.%) doped SnO, films pyrolysisally sprayed.

Sb (Wt.%) ,; (ev
. 3.651

. 3.829
s 3.929

. 3.860

From O to 0.8 wt.%, the absorption edge of the films shifts to shorter wavelength. The
direct optical band gap (E;) hasincreased from 3.651 to 3.929 V. As Sb concentration increases
further, the absorption edge shifts slightly to the longer wavelength and (£} has decreased from
3.929 eV to0 3.869 eV. It was found that the Eq value for all the samplesis over than that of the Eg
value for pure SnO, (3.65 eV). This might be due to lower defect concentration in the crystals of
Sb doped SnO2 due to Burstein-Moss band-filling effect, which causes the energy band widen
(blue-shift) since Urbach energy (as will be seen bellow) remains practicaly constant with
increasing the band gap indicating the independence of band gap on defects.
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IV.2.3. Urbach energy

We can determine the value of urbach energy E,, through drawing a statement In a as

function of photon energy hv, the plotting ( Ina vs fiv ) of Sb (0 wt.%) doped SnO, films
pyrolysisaly sprayed is shown in figure (1V-4).
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Figure (1V-4): shows the Urbach energy for undoped SnO,thin films.

It was found that the Urbach energy remains practically constant with increasing the band
gap indicating the independence of band gap on defects.
It is worth noting that a minimum of Urbach energy was reached with Owt. % Sb doping SnO-»
thin films and remains constant as shown in table (1V-4), which means that the doping has less
disorder in the film network. Such less disorder reveal the good crystalline of the thin films as it

was correlated to the results carried out by DRX investigations in the above section

Table (1V-4): The Urbach energy of Sb (0-1 wt.%) doped SnO, thin films.

Sb (wt.%) In (meV)
o 553
06 24
0.8 688
R 617
([«
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V1. 2.4. Determining the thickness of undoped and Sb doped SnO, thin films

We used the program Hebal Optics on computer to calculate thickness of undoped and Sb
doped SnO, thin films. The results of calculating are shown in the table (1V-5).

Table (IV- 5): Thickness of Sb (0-1 wt.%) doped SnO, films pyrolysisally sprayed.

Sb (wt.%) Thickness (nm)
0 806
0.6 935
0.8 700
1 700

IV.3. Electrical properties

The resistance sheet Rs as a function of Sb concentration. All Sb doped SnO; thin films
were conducting at 300 K with resistivity values much less than of undoped SnO, one as it was
shown in table (1V-6).

Table (IV-6): The resistance sheet Rs of Sb (0-1 wt.%) doped SnO; films.

Sb (Wt.%) Rs (Q)
0 806

0.6 47.43
0.8 31.07

1 56.09

The resistance sheet Rs of the undoped SnO; is relatively high compared to the doped
ones. For the 0 —1 wt.% doped films, the resistance sheet decreases at first from 138 to 31.07 Q
until 0.8 wt.% Sb doping level and then increases to reach 56.09 ( Q.cm?) for the 1 wt.% Sb
doping level. Antimony can play two roles due to its two oxidation states namely Sb** (0.93) and
Sb°* (0.62). At doping level lower than or equal to 0.8 wt.%; substitutions of Sn by Sb resulting
in increasing in the lattice parameters of SnO, which may considered as the predominate
phenomenon. Doping level with Sb until 0.8wt.% create more oxygen vacancies than

participating in free electrons increase, leading to decrease in the resistance sheet. Beyond 0.8wt
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Sb doping, substitutions become less yielding to low oxygen vacancies which means low free

electrons in band conduction B and high Rs.

Conclusion

Through this chapter we have known the suitable experimental conditions to prepare a
un-doped SnO; film, and another one doped by antimony with different concentration.. Undoped
and Sb doped SnO, thin films are successfully prepared using inexpensive spray pyrolysis
technique (home made). Analysis, on (211) peaks, indicated that the inter-planar spacing of SnO-
(211) increases, after Sb doping until 0.8 wt.% level, which may due to the substitution of some
Sn by Sb into the SnO, network causing more oxygen vacancies generation free electron. With
increasing Sb doping to 1%, it was revealed that Sh, occupying the Sn sites, miss its role in
substituting for Sn and enter the interstitial sites leading to afeeble oxygen vacancies. The lattice
parameters (a and c) are found to increase with Sb doping concentration until 0.8 wt.% level and
then decrease.. The optical gap Eg has increased from 3.65 eV for undoped SnO, film to 3.92 eV
at 0.8 wt.% Sb doping and then decreases. The average transparency in the visible range was
found around 85%. The minimum resistance sheet (Rs) and maximum carrier concentration. We
have reach to know that doping the tin oxide by antimony changes its characteristic.
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General Conclusion

In this work both theoretically and experimentally are exposed. We studied the (SnOy) tin
oxide because it is very available in the laboratory of El-oued university. So, we understood that
this oxide is one of the n-type semiconductors. Some concepts and results were reached. In the
first chapter we knew that the transparent conductive oxides are degenerate semiconductors: they
contain high band gap (= 3,1 eV). Thus it contains a high band gap between (3.6 — 4.2 V).
Despite this high band gap it is an eectricity conductor and optically transparent at the
sometime. In the second chapter we have exposed different deposition methods to get good thin
films aving double properties (conductivity and transparent), we had chose one of those methods
which is spray pyrolysis to prepare the films because of the availability of the experimental
installation in the laboratory. This technique characterized by its advantages compared with other
techniques because of the low cost, easiest and it can be done in the natural atmospheric
pressure. In the third chapter we clarified the different methods to define and characterize the
prepared films using such as X-RD and UV-visible and four probe technique. In the fourth
chapter results occurred through some technique will be discussed and the analyzed.

All tin oxide films were prepared at the degree of 480°C, which is suitable for the
precipitation on the substrate surface, as we studied the properties of those different films for the

undoped and (0-1%) antimony doped tin oxides. We have get the following results:

Undoped and Sb doped SnO; thin films are successfully prepared using inexpensive spray
pyrolysis technique (home made). Analysis, on (211) peaks as preferred orientation, indicated
that the inter-planar spacing of SnO, (211) increases, after Sb doping until 0.8 wt.% level, which
may due to the substitution of some Sn by Sb into the SnO, network causing more oxygen
vacancies generation free electron. With increasing Sb doping to 1%, it was revealed that Sb,
occupying the Sn sites, missits role in substituting for Sn and enter the interstitial sites leading to
a feeble oxygen vacancies. The lattice parameters (aand c¢) are found to increase with Sb doping
concentration until 0.8 wt.% level and then decrease.. The optical gap Eg has increased from
3.65 eV for undoped SnO, film to 3.92 eV at 0.8 wt.% Sb doping and then decreases. The
average transparency in the visible range was found around 85%. The minimum resistance sheet
(Rs) and maximum carrier concentration. We have reach to know that doping the tin oxide by
antimony changes its characteristics. Highly antimony doped tin oxides will a subject for future
studies with proposed method.
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Abstract

The object of this present work is to obtain conducting transparent SnO; thin films
deposited by spray pyrolysis technique (home made) on glass substrates heated at 480 °C
with different percentage of Antimony (Sb) dopant Our interest is on the investigation of
the doping level influence on the optical, structural and electrical properties of SnO,thin
films elaborated in our laboratory (VTRS: Valorsation et Technologie de Resources
Sahariennes). We have used as precursor source source SnClz and SbCl; as dopant. We
varied the rate of doping from 0 to 1% in the starting solution.

X-ray diffraction patterns confirm that films are rutile structure and exhibit the
(211) direction as a preferred orientation with low energy of formation. The optical
characterization of deposited films was carried out using UV-Vis spectrometry in the
spectral range 300-900 nm. The analysis of the transmittance spectra allows us to deduce
that the films thicknesses, value of the transmittance and optical band gaps were affected
by the amount of dopant. Hence, the average value of the transmittance is around 85%,
the values of the gap were found between 3.65 and 3.92 eV, The four points technique
showed that all thin films have as resistance sheet range [ 31.07- 806 (Q.cm™)].

Key Words: thin films, Tin dioxide, Antimony, Electrica conductivity, transmittance,
X-ray diffraction.

Résumé

Dans ce travail, nous avons élaboré des couches minces de a partir d’une source de
dissoute dans du Méthanol avec différents pourcentage de dopage en Antimoine (Sh)
utilisant comme source de dopant (SbCl3). L objet de ce travail est d’étudier I'influence de
ce dopage sur les caractéristiques optiques, structurelles et électrique du SnO,. Ces
couches sont élaborées par la technique de spray pyrolysis sur des substrats en verre
chauffés & une température donnée (480°C).

La caractérisation structurale des couches par analyse de diffraction des rayons X a
montré que les couches sont de structure quadrique rutile. avec une orientation
préférentielle (211) qui est de faible énergie de croissance. La caractérisation optique des
films a été réalisée a I’aide spectrométrie UV- Visible dans la gamme spectrale allant de
300 a 900 nm, et elle a montré que les films sont transparents avec une valeur moyenne de
la transmittance de |’ordre de 85 % dans le visible, ainsi, cette technique nous a permis de
déterminer les épaisseurs des couches éaboreées, |a variation de I'énergie du gap optique E
en fonction du dopage en : est de 3.65 a 3.92 eV, La technique de quatre points a montré
queles couches de ont une résistance carré alant de 31.07 2806 (Q.cm™).

Mots clés:. Couche mince, Dioxyde d'étain, Antimoine, Conductivité électrique,
Transmittance, diffraction des rayons X.
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