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ABSTRACT

The present review reports the synthesis, physical properties, status and prospects for the
development of transparent conducting oxides. Progress in the field of material science is heavily
depend on the development of metal oxides because they constitute a diverse and fascinating
class of materials whose properties cover the entire range from metals to semiconductors and
insulators. A special attention is focused on the properties of bulk and nanostructured materials
especially tin oxide. Brief literature survey on pure and doped SnO

2
 has been incorporated.

Synthesis and fabrication methods of nanostructured materials are mentioned. Phase diagram
and crystal structure of tin oxide have also been described. In this article, we describe some of
the important methods employed for synthesis and fabrication of nanostructures, describing a
few case studies for illustrative purposes.

Keywords: Pure and doped SnO
2
, Phase diagram, Synthesis techniques, TCO’s film fabrication.

INTRODUCTION

Metal oxides offer strong and versatile base
materials for the development of novel
technologies such as superconducting
electronics, microwave communications,
ferroelectric memories, infrared detectors,
magnetic sensors, transparent conducting
coatings and gas sensors [1]. The subtle interplay
between structure and properties makes these
materials strong candidates for the fundamental
materials research world-wide. Among these
metal oxides, semiconducting metal oxides
having wide band gaps have attracted great
interest, because of their future possible
applications in areas, such as UV sensors, light-
emitting diodes (LEDs), laser diodes (LDs), and
other high-speed high-power electronic devices
[2].

Tin (II) dioxide (VI) or SnO2, one of the
important members of the II-VI family of
semiconductors, combines high electrical

conductivity with much high optical transparency
(> 97%) and thus constitutes an important
component for optoelectronic applications.
Another field in which oxides play a dominant
role is the solid state gas sensors. A wide variety
of oxides exhibit sensitivity towards oxidizing and
reducing gases by a variation of their electrical
properties, but SnO2 has been one of the first
considered, and still is the most frequently used,
material for these applications. There is an
obvious close relationship between the gas
sensitivity of oxides and their surface chemical
activity and thus gas sensing applications and
catalytic properties may be considered jointly.
Thus SnO2 has been extensively studied for wide
range of applications such as gas sensors,
transparent conductive oxide (TCO) films,
catalysis, and far-infrared dichromic mirrors.
Chemical and thermal stability, natural off
stoichiometery, optical transparency and
possibility of conductivity variation over a wide
range makes SnO2 suitable for above mentioned
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applications [3].

PHASE DIAGRAM AND CRYSTAL
STRUCTURE

There are two main oxides of tin: stannic
oxide (SnO2) and stannous oxide (SnO). The
existence of these two oxides reflects the dual
valency of tin, with oxidation states of 2+ and 4+.
Stannous oxide is lesser well characterized than
SnO2. For example, its electronic band gap is
not precisely determined but lies somewhere in
the range of 2.5 to 3 eV. Thus SnO exhibits a
smaller band gap than SnO2, which is commonly
quoted to be 3.6 eV. Also, there are no single
crystals available that would facilitate more
detailed studies of stannous oxide. Stannic oxide
is the more abundant form of tin oxide and is
one of the technological significance in gas
sensing applications and oxidation catalysts. In
addition to the common rutile (tetragonal)
structured SnO2 phase there also exists a slightly
more dense orthorhombic high pressure phase.
Suito et al. [4] showed that in a pressure-
temperature diagram the regions of tetragonal
and orthorhombic phases can be separated by
a straight line of the equation given below:

P (kbar) = 140.0 + 0.022 T  (°C).

Figure 1 (a) shows the Sn-O phase   diagram
at atmospheric pressure [5]. This diagram
indicates the presence of an intermediate tin-
oxide phase between SnO and SnO2 at elevated
temperature. Sn3O4 is often given for its
composition [6] but Sn2O3 

[7-8] has also been
considered. In these intermediate oxides Sn is
present as a mixture of Sn(II) and Sn(IV) [6,8]. Also,
the SnO2 phase can accommodate a significant
amount of oxygen vacancies. Y.L. Zi et al. [9]

measured the variation of the bulk oxygen
vacancy concentration as a function of the
oxygen partial pressure by colorimetric titration.
They found a relationship of the oxygen vacancy
concentration X with the oxygen partial pressure
PO2 via the proportionality as:

-1/
02

n
X P∝

with n varying between 5.7 and 8.3  for
temperatures between 990  K  and 720 K
respectively. In these studies a maximum oxygen
deficiency of x = 0.034 in SnO2-x at 990 K was
observed before metallic Sn is formed. At lower

temperatures less oxygen vacancies could be
accommodated. The heats of formation for
stannous and stannic oxides at 298 K were
determined to be “H= -68 cal/mol and “H = -138
cal/mol, respectively [10]. This results in “H = -70
cal/mol for the reaction as given below:

SnO(c) + ½ O2(g) ’! SnO2(c)

Figure 1 (a): Sn-O phase diagram.

Also the disproportionation reaction of
following reaction has been reported to occur at
elevated temperatures [11].

SnO(c) ’!   SnxOy(c)   +   Sn   ’!   SnO2(c)   +   Sn

Figure 1(b): Comparison of the structure of the
(a) SnO (001) and (b) SnO

2
 (101) surfaces. Small

(bright) balls and large (dark) balls represent tin and
oxygen, respectively. The similarities between these
two crystal orientation have been proposed to
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explain the conversion of SnO (001) textured films

into SnO
2
 (101) textures upon oxidation.

This disproportionation of SnO into Sn and
SnO2 proceeds via the aforementioned
intermediates oxides [6-7].This indicates that
stannic oxide is the thermodynamically most
stable form of tin oxide. The oxidation of SnO
films to SnO2 has been studied by Raman
scattering, IR reflectivity and X-ray diffraction [12].

It was found that the oxidation starts with an
internal disproportionation before external
oxygen completes the oxidation to SnO2. More
importantly, (001)-textured SnO layers convert
into (101)-textured SnO2 films. The same
behavior was observed by Yamazaki et al. [13].

Geurts et al. [12] explain this by the structural
similarities between the tin matrix of the SnO
(001) plane and that of the SnO2 (101) plane.
Because of this structural similarity essentially
only the incorporation of an additional oxygen
layer is required to obtain the final SnO2 structure.
For comparison Figure 1(b) shows top views of
SnO (001) and SnO2 (101).

    Stannic oxide is formed in the structure
of rutile, the spatial group being P4/mnm. The
unit cell is tetragonal, it consists of six atoms –
two stannum and four oxygen atoms – and is
characterized by the lattice parameters a and c
and intrinsic parameter u. The atoms of Sn are
located in the bcc-positions (0, 0, 0) and (1/2, 1/
2, 1/2) and are surrounded by oxygen atoms
being in the positions ± (u, u, 0) and ± (1/2+u, 1/
2–u, 1/2) to form a distorted tetrahedron. The
optimized cell parameters obtained in the
calculation are as follows: a = b = 4.738Å, c =
3.188Å and u = 0.30756. The unit cell is shown
in Figure 2. In the bulk all Sn atoms are six fold
coordinated to threefold coordinate oxygen
atoms. SnO2 is an anisotropic polar crystal, which
crystallises in tetragonal rutile structure with
space group D4h [P42/mm] [14-15]. The unit cell
contains 6 atoms, 2 tins and 4 oxygens. Each tin
atom is at the centre of six oxygen atoms placed
approximately at the corners of a regular slightly
deformed octahedron, and three tin atoms
approximately at the corners of an equilateral
triangle surrounding every oxygen atom (Figure
2 and 3). Sn also possesses a lower +2 oxidation
state, with Sn(II) adopting distorted 4-fold
coordination in the corresponding monoxide

SnO[16].

Figure 2 :  Unit cell of SnO
2
. The shaded area

represents the (110) surface [24-25].

Figure 3: Unit cell of SnO
2
 with four O2- anions

and two Sn4+ cations. The crystalline structure of
SnO

2
 is rutile; each tin atom is at the centre of six

oxygen atoms placed approximately at the corners
of a regular slightly deformed octahedron and three
tin atoms approximately at the corners of an

equilateral triangle surrounding every oxygen atom.

In its stoichiometric form SnO2 acts as an
insulator, but in its oxygen-deficient form it
behaves as an n-type semiconductor with a band
gap of 3.6 eV. Although their conductivity is
thought to be due to intrinsic defect formation,
the exact mechanism is not well understood.
Table 1 shows some physical properties of SnO2

materials.

COMPARISON BETWEEN THE BULK
ELECTRONIC STRUCTURES OF SnO AND
SnO

2

The bulk electronic structure has been
investigated by a number of authors [17-21] although
the detailed defect electronic structure has not
yet been studied. Electronic conductivity could
then occur due to the mobility of electrons from
Sn (II) to Sn(IV) sites [22-23]. Since SnO2 is a n-
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type wide-band gap semiconductor. The origin
of this n-type behavior is the native non-
stoichiometry caused by oxygen vacancies. The
conduction band has its minimum at the &” point
in the Brillouin zone and is a 90% tin s-like state.
The valence band consists of a set of three bands
(2+, 3+ and 5+). Figure 4 shows the band diagram
for SnO2 and the projection of the density of states
(DOS) for the 1-states of Sn and O. According to
results of Barbarat et al. a large contribution of
Sn(s)- states is found at the bottom of the valence
band between –7 and –5 eV [17]. From –5 eV to
the top of the valence band, the Sn(p)- states
contribution is decreasing, as the Sn (d)- states
are occupying the top of the valence band. A
large and extended contribution of the O (p) -
state is found in the valence band. Clearly,
bonding between Sn and O is dominated by the
p-state of the latter. Each anion in the unit cell is
found to be bonded to the cations in a planar-
trigonal configuration in such a way that the
oxugen p orbitals contained in the four-atom
plane, i.e., p

x and p
y
 orbitals, define the bonding

plane. Consequently, the oxygen p orbitals
perpendicular to the bonding plane, i.e., p

z

orbitals, have a non-bonding character and are
expected to form the upper valence levels [26-27].

The conduction band shows a predominant
contribution of Sn(s) states up to 9.0 eV. For
energies larger than 9.0 eV an equal contribution
of Sn- and O-states is found in the conduction
band. More information, mainly about the valence
band, can be found in [28-30] and references
therein.

When discussing the atomistic and
electronic behavior of a surface there are two
dominant models in literature: the atomistic model
[31-32] or surface molecule model (Figure 5),
generally preferred by chemists, and the band
model [33-34], generally preferred by physicists. The
atomistic model is more appropriate for chemical
processes at a solid surface. It describes the solid
surface in terms of surface sites or atoms,
ignoring the band structure of the solid. The band
model is preferable for electron exchanges
between (semiconductors) solids and surface
groups that include a conductivity change for the
solid. It describes the surface in terms of surface
states, i.e. localized electronic energy levels
available at the surface, ignoring the microscopic
details of atom-atom interaction between surface

species and its neighboring atoms. Both models
have their merits, but to understand the surface
reactions of semiconductors with gases both
chemical and physical perspectives have to be
considered [35].

Table 1: Physical Properties of SnO
2
.

Molecular formula SnO2 
Crystal Structure Rutile(tetragonal), 
Space  group P42/mnm,  No. 136 
Geometry Planar (O2- ) 
Heat Formation[eV] 6.0 
Symmetry Oh 
Sn-O bond lengths 2.054 Å 
Tin sphere radius 1.384Å 
Density 6.95 g/cm3 
Molecular Mass 150.71 g/mol 
Lattice constants at 
room temperature 

a = b = 4.738 Å , 
 c = 3.188 Å 

Melting point 1630 °C 
Relative permittivity 7.5 
Band gap energy at  
room temperature (Eg) 

3.6 eV 

Specific heat capacity (Cp) 70 J/(K mol) 
Thermal conductivity (k) 4.5 W/(K m) 
Thermal diffusivity (α) 0.015 cm2/s 
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Figure 4: Band diagram of SnO
2
 (top) and

projection of the density of states (DOS) for the 1s

states of SnO
2
, Sn and O (bottom) [36].

    From a chemical standpoint, a surface
can be divided into surface sites of varying
reactivity. Usually, more reactive sites can be
associated with heterogeneous surface regions
or surface imperfections. Examples of reactive
sites are surface atoms with unoccupied or
unsaturated orbitals (“dangling bonds”), surface
atoms with unsaturated coordination sphere,
crystallographic steps, intersections, interstitial
defects or superstructures. From a physical point
of view the interruption of the crystal periodicity
at the surface results in localized energy levels.
These can function as acceptor or donor states,
exchanging or sharing electrons with the non-
localized energy bands in the bulk of the solid.
Those energy levels in the band gap have an
effect on the electronic properties of the solid,
especially for semiconductors. Surface states
can result from non-ideal stoichiometry or bulk
defects (intrinsic) or arise from (intentional)
impurities, as for doping (extrinsic).

Figure 5: Ideal and reduced (compact) SnO
2

(110) surfaces; the schema on the right is obtained
by removing the bridging oxygen layers.

BRIEF LITERATURE SURVEY ON PURE AND
DOPED SnO

2

Recently the work on transparent
semiconducting oxides (TCO’s) such as ZnO,
SnO2, In2O3 and Cd2SnO4 has been of   great
technological interest due to their high quality of
electrical and optical properties [37]. Besides, a
wide variety of oxides exhibit sensitivity towards
oxidizing (O2, NO2, SO2 etc.) and reducing (H2,
hydrocarbon, LPG etc.) gases by a variation of
their electrical properties. So many efforts are
being made to control the sizes and shapes of
various oxide nanostructures for tailoring their
physical properties [38-39]. Among these oxides, tin
oxide (SnO2) belongs to a class of materials that
combines high electrical conductivity with optical
transparency and thus constitutes an important
component for optoelectronic (photovoltaics)
applications, rechargeable lithium batteries [40],

antistatic coating, transparent electrode
preparation and widely used as a photocatalyst
for oxidation of organic compounds. Tin oxide is
an n- type wide band gap semiconductor (Eg =
3.6 ~ 3.97 eV) [41] and its electrical properties
critically depend on its stoichiometry with respect
to oxygen, on the nature and amount of impurities
or dopants present and on its size as well as
shape of nanostructures [42- 44]. Materials based
on tin oxide (SnO2) have also been proposed as
alternative anode materials with high energy
densities and stable capacity relation in lithium -
ion batteries [45-47]. Various SnO2-based materials
have displayed extraordinary electrochemical
behavior such that the initial irreversible capacity
induced by Li2O formation and the abrupt
capacity fading caused by volume variation could
be effectively reduced when in nanoscale form
[48-50]. Tin oxide has also been one of the first
considered and still has shown very high
sensitivity towards reducing   gases such as H2,
CO, hydrocarbon, and alcohol. Its sensitivity can
be further improved by increasing the surface
area. Therefore, the use of porous
nanostructured SnO2 with large surface to volume
ratio and small crystal size could lead to easy
gas transport and interesting optical and electrical
properties. When undoped, it behaves like n-type
semiconductor due to oxygen vacancies and
interstitial tin atoms. Since antimony (Sb) is a
common n-type dopant in SnO2, so tin oxide
doped with Sb have interesting electrochemical
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properties in different electrode processes, like
low temperature electrochemical combustion of
organic pollutants, ozone production and organic
electro-synthesis.

Antimony-doped tin dioxides possess
interesting physical and chemical properties.
These properties have a wide range of
applications such as catalysis and optoelectronic
devices. This is why such materials are
intensively studied using a diverse range of
analysis methods. Although there has been great
interest in the effect of oxidation states of
antimony on tin dioxide, the nature of the
antimony sites in highly doped nanocrystalline
tin dioxide is still not well understood [51]. However,
it is widely accepted that antimony can and
usually exist in both +III and +V oxidation states
in the Sb-doped tin dioxide structures [51-53]. The
+V oxidation state is in particularly tight
association with sites inside the tin dioxide
particle. This association is due to its slightly
smaller ionic radii (60 pm) of antimony +V, which
enables it to replace the tin ion (69 pm) more
easily than does the lager antimony +III (76 pm)
ion. On the other hand, the +III Sb ion tends to
replace tin ions at the surface sites or at grain
boundaries [52-55]. Antimony +V imparts n-type
conductivity to nanocrystalline tin dioxide. In
contrast, doping tin dioxide with antimony of
oxidation state +III decreases its conductivity to
that of an insulator [56].

SYNTHESIS OF TIN OXIDE (SnO
2
) IN

GENERAL

(1) Thermal Evaporation

Thermal evaporation is one of the simplest
and most popular synthetic method, and it has
been very success and versatile in fabricating
nanostructured materials with various
characteristics. The basic process of this method
is sublimating the source materials in powder
form at high temperature, followed by a
subsequent deposition of the vapour in a
particular temperature zone to form the desired
nanostructures of the different materials [57-59].

(2) Sol-Gel Process

Sol-gel process is a wet chemical route that
involves synthesis of a colloidal suspension of
solid particles or clusters in a liquid (sol) and

subsequently the formation of a dual phase
material consisting of a solid skeleton filled with
a solvent (wet gel) through the sol-gel transition
(gelation). When the solvent is removed, the wet
gel can be converted to various types of
nanostructured materials through an appropriate
drying or sintering process [60-64].

   Numerous excellent reviews can be found
in the literature concerning the sol-gel processing
of materials. In this section, we would like to
summarize the main features and to underline
the major advantages in the view of producing
scintillators.

    During the last 30 years, sol-gel
processes have been widely used for the
preparation of glasses and ceramics. Usually,
starting with molecular precursors like alkoxides
or acetates, the sol-gel process takes place in
solution. This provides definitive homogeneity for
multi component systems. In the particular case
of doping, the sol-gel process provides an ideal
way to control the level and the homogeneity of
doping. For luminescent materials, this is crucial
since the light emission is usually due to doping
of ions like rare-earth or transition metals ions.
Quenching concentrations are usually found
higher for sol-gel-derived materials because of
better dispersion of doping ions and thus higher
average distance between emitting centers.
Several authors have also developed
heterometallic precursors associating different
elements through chemical bonding and thus
providing the highest homogeneity. As far as
alkoxides chemistry is concerned, it is useful to
distinguish the case of silicon alkoxides (Si being
a semimetal) and the case of metal alkoxides.
The sol-gel process involving silicon alkoxide can
be described in two steps, the hydrolysis of the
alkoxide and its polycondensation. Usually,
silicon alkoxides are very stable against
hydrolysis. Step 1 thus requires catalysis usually
performed by using acids or bases.

    Contrary to silicon alkoxides, metal
alkoxides react very quickly with water in absence
of catalysts. In particular, transition metal
alkoxides are very reactive because of the
presence of highly electronegative or groups that
stabilize the central atom in its highest oxidation
state. This in turn makes the metal atom very
susceptible to nucleophilic attack. An excellent
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review presents the chemical reactivity of metal
alkoxides. In any case, both for silicon and metal
alkoxides, the ongoing  polycondensation
process leads to the formation of a 3D network.
The point where this network extends throughout
the reactor is described by the percolation theory
and named the gel point. The obtained wet gel
can be dried in various conditions leading a
xerogel with residual porosity. Further heating of
the xerogel in controlled conditions allows
obtaining the desired glass or ceramic. Before
the gel point, the colloidal solution can be
stabilized and used directly to coat various
substrates by classical techniques like dip
coating, spin coating, or spray. This provides a
low cost and efficient way to produce nanometric
thin films with good homogeneity.

     Furthermore, the temperatures required
for the full densification and crystallization of the
desired glass/ceramic are usually lower than the
ones required by classical melting or solid-state
processes. This can be interesting from an
economical point of view but also because in
some cases, the obtained phases can differ from
the one obtained by classical procedures. By this
way, new phases can be obtained or high-
temperature phases can be stabilized at room
temperature.

Here, we mention the synthesis of antimony-
tin oxide. In the typical synthesis, 5-10 ml of
hydrochloric acid was added in double distilled
water. At the moment SnCl2. 2H2O and SbCl3
precursor solution was mixed to the above
solution and stirred for 6 h. In addition, small
amount (5-10 ml) of poly-ethylene glycol was
added which works as capping agent. Vigorous
magnetic stirring was done for 18-24 h to ensure
complete and intimate reaction between the
various components. The product was dried for
5 h at 80 °C in an oven and calcined at 400 °C
for 3 h, resulting in complete crystallization to
obtain antimony-tin oxide into powder form.

(3) Vapor phase evaporation

The vapor phase evaporation represents the
simplest method for the synthesis of one-
dimensional oxide nanostructures. The
syntheses were usually conducted in a tube
furnace as schematically shown in Figure 6 [65].

The desired source oxide materials (usually in

the form of powders) were placed at the center
of an alumina or quartz tube that was inserted in
a horizontal tube furnace, where the
temperatures, pressure, and evaporation time
were controlled. Before evaporation, the reaction
chamber was evacuated to <“ 1–3×10–3 Torr by a
mechanical rotary pump. At the reaction
temperature, the source materials were heated
and evaporated, and the vapor was transported
by the carrier gas (such as Ar) to the downstream
end of the tube, and finally deposited onto either
a growth substrate or the inner wall of the alumina
or quartz tube.

For the vapor phase evaporation method,
the experiments were usually carried out at a high
temperature (> 800 C) due to the high melting
point and low vapor pressure of the oxide
materials. In order to reduce the reaction
temperature, a mixed source material, in which
a reduction reaction was involved, was
employed.

(4) Hydrothermal Synthesis

Hydrothermal synthesis appeared in 19th

century and became an industrial technique for
large size quartz crystal growth in 20th century
[66]. Recent years, hydrothermal synthesis method
has been widely used for preparation of
numerous kinds of inorganic and organic
nanostructures. Hydrothermal synthesis offers
the possibility of one-step synthesis under mild
conditions (typically < 300°C) in scientific
research and industrial production [67]. It involves
a chemical reaction in water above ambient
temperature and pressure in a sealed system.
In this system, the state of water is between liquid
and steam, and called as supercritical fluid
(Figure 7). The solubility to the reactants and
transportation ability to the ions in the liquid of
such a fluid is much better than that in water.
Therefore, some reactions that are impossible
to carry on in water in ambient atmosphere can
happen at a hydrothermal condition. Normally,
hydrothermal synthesis process is a one-step
reaction. All the reactants with water are added
into the autoclave. The reaction occurs in the
sealed autoclave when the system is heated, and
the nanostructures can be obtained after the
autoclave cooled down. Formation of metal
oxides through a hydrothermal method should
follow such a principal mechanism: the metal ions
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in the solution react with precipitant ions in the
solution and form precipitate, and the precipitate
dehydrate or decompound in the solution at a
high temperature and form crystalline metal oxide
nanostructures [68]. Figure 7 shows a typical
autoclave for synthesis of oxide nanostructure.
Earlier the different nanostructures (nanorods,
nanospheres, nanocubes, nanoribbons,
nanocubes and nanowires etc.) of undoped and
doped SnO2 has been reported by many authors
by different methods. Some results are given
below in a Table 2 [69-73].

Possible advantages of the hydrothermal
method over other types of crystal growth include
the ability to create crystalline phases which are
not stable at the melting point. Also, materials
which have a high vapor pressure near their
melting points can also be grown by the
hydrothermal method. The method is also
particularly suitable for the growth of large good-
quality crystals while maintaining good control
over their composition. Disadvantages of the
method include the need of expensive
autoclaves, and the impossibility of observing the
crystal as it grows.

Figure 6: Schematic experimental setup for the
growth of one-dimensional oxide nanostructures via

an evaporation-based synthetic method.

Figure 7: Phase Diagram of water (a); An autoclave

for synthesis of oxide nanostructure (b)

Table 2: Reported different type of nanostructure of

SnO
2
 by different method.

TRANSPARENT CONDUCTING OXIDE FILMS

One of the most important fields of current
interest in materials science is the fundamental
aspects and applications of conducting
transparent oxide thin films (TCO). Transparent
conducting films act as a window for light to pass
through the active material beneath (where
carrier generation occurs) and as an ohmic
contact for carrier transport out of the
photovoltaic. Transparent conducting oxide
(TCO) thin films are semiconducting materials
with large band gaps of energies corresponding
to wavelengths which are shorter than the visible
range (380 nm to 750 nm). As such, photons
with energies below the band gap are not
collected by these materials and thus visible light
passes through. Thus TCO have not only high
optical transmittance in the visible region but also
have relatively high electrical conductivity and
high reflectance in the IR region. However,
applications such as photovoltaic’s (PV) may
require an even broader band gap to avoid
unwanted absorption of the solar spectra. This
unique combination of physical properties i.e.
transparency and electrical conductivity, makes
them suitable for a variety of applications in
optoelectronic devices. Consequently, various
techniques for the growth of these films have
been recently intensively investigated. The
growth technique plays a significant role in
determining the properties of these films,
because the same material deposited by two

Method Shape (Nano Range) Refer- 
ence 

Chemical vapor   
deposition  

Nanowires (size ranging  
from 70 to 150 nm) 

[69] 

Thermal evaporation  Polyhedron-shaped  
(200 to 1300 nm) 

[70] 

Wet chemistry  
technique 

Nanospheres 
(diameters of∼30 nm) 

[71] 

Thermal evaporation 
technique 

Tree branch, Flowerlike,  
Hollow Square 

[72] 

Hydrothermal  
technique 

Nanorods (100–150 nm), 
 with lengths of the order  
of 1–2 µ m 

[73] 
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different techniques usually may have different
micro and macro properties. The simultaneous
occurrence of high optical transparency (>80%)
in the visible spectrum and low electrical
resistivity (10-3 Ù-cm or less) is not possible in
an intrinsic stoichiometric oxides, because of the
large optical band gap (> 2.0 eV). Partial
transparency and fairly good conductivity may
be obtained in very thin (< 10 nm) films of metals.
On the other hand, the only way to have
transparent conductors is to populate the
conduction band with electrons in spite of the
wide band gap by controlled creation of non-
stoichiometry or the introduction of appropriate
dopants. These conditions are very conveniently
obtained in oxides of cadmium (Cd), tin (Sn),
indium (In), zinc (Zn) and their alloys in thin film
form, prepared by a number of different
deposition techniques. The first report of a
transparent conducting oxide (TCO) was
published in 1907, when Badeker [74] reported that
thin films of Cd metal deposited in glow discharge
chamber could be oxidized to become
transparent while remaining electrically
conducting. Since then, the commercial value of
these thin films has been recognized, and the
transparent and electrically conducting oxide
films (TCO), e.g., In2O3:Sn (ITO), SnO2 (TO), ZnO
and ZnO:Al (AZO), have been extensively studied
owing to their variety of applications in
optoelectronic devices and as gas sensors. The
optoelectronic applications include the
transparent electrodes for flat panel displays
(FPD’s), solar cells, light emitting diodes and
transparent heating elements for aircraft and
automobile windows, heat reflecting mirrors for
glass windows, and antireflection coatings [75-79].

In FPD’s, the basic function of ITO is as
transparent electrodes. The volume of FPDs
produced, (and hence the volume of ITO
coatings) continues to grow rapidly. Specifically,
for applications in the field of thin film solar cells,
the TCO can serve as an electrode and protection
layer of the p-n junction, which is the main part
for the performance of solar cells. In terms of
conductivity and transmission, each TCO varies.
Therefore, choosing the type of TCO is a major
issue for a new solar cell design. Beside the
optoelectronic applications, transparent
conductive oxide (TCO) films have found a wide
range of applications in electric equipments and

coatings where transparency is required. This
material constitutes an important commercial use
in the manufacture of anti-frost windshields (nesa
glass) and in the manufacture of thin film resistor.

    At present, and likely well into the future,
tin-doped indium oxide (ITO) material offers the
best available performance in terms of
conductivity (~ 104 Ù cm) and transmission (80-
90%), combined with excellent environmental
stability, reproducibility, and good surface
morphology. However, the enormously high cost
of indium, toxicity and the scarcity of this material
create the difficulty in obtaining low cost TCO’s.
Hence search for other alternative TCO materials
has been a topic of research for the last few
decades. It includes some binary materials like
ZnO,  CdO, SnO

2
 and ternary materials like

Zn
2
SnO

4
, CdSb

2
O

6
: Y, ZnSO

3
, GaInO

3 
etc.

However, the application of binary oxides e.g.
ZnO and SnO

2
 thin films is sometimes limited

because these materials could become unstable
in certain chemically aggressive and/or elevated
temperature environments. The introduction of
multi -component oxide materials resulted in the
design of TCO films suitable for specialized
applications. This is mainly because one can
control their electrical, optical, chemical and
physical properties by altering the chemical
compositions. But the major advantages of using
binary materials are that their chemical
compositions and depositions conditions can be
controlled easily.

   Among the available TCO’s, SnO2 seems
to be more appropriate because they are quite
stable towards atmospheric conditions,
chemically inert, mechanically hard and can
resist high temperature. As reported [80-81] tin
containing oxides are promising anode materials
for secondary lithium ion batteries.  Several
studies [82-83] show that antimony (Sb) as well
as zinc (Zn) doped tin oxide (ATO and ZTO) are
a possible alternative to ITO because both are
inexpensive as well as chemically and thermally
stable. Antimony and zinc doped tin oxide was
reported to behave as n-type semiconductor with
wide band gap within 3.6-4.2 eV, displaying low
resistivity, remaining transparent in wavelength
that includes the visible region. On the other
hand, a group has also reported that SnO2 films
doped with fluorine or antimony are better suited
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in order to get low electrical resistivity and high
transmittance for solar cell applications [84].

Tin oxide thin films are n-type
semiconductors with high transparency (> 97%
in visible range for films of thickness 0.1-1.0 ìm)
and very good electrical conductivity (104-106 Ù-

1cm -1). The films are chemically inert,
mechanically hard and can resist high
temperature. Owing to its low resistivity and high
transmittance, tin oxide thin films are used  in
solar cells as a window material and as an
electrode to collect the charge in CdS/Cu2S, CdS/
CdTe and amorphous silicon solar cells, heat
reflectors in solar cells, various gas sensors,
liquid crystal displays etc. [85-91].

In addition to solar cell technology, tin oxide
has also been used in fabrication of gas sensors
due to the sensitivity of its surface conductance
to gas adsorption [92-93]. To increase the electrical
conductivity and transparency of the SnO2 thin
film various dopants were introduced. Since the
appropriate doping can enhance the electrical
conductivity and transparency of these films, thus
the purpose of present work is to improve the
electrical (conductivity) and optical
(transparency) properties of the spray deposited
un-doped SnO2 thin film by introducing different
dopants (Sb and Zn) at different substrate (optical
glass) temperature.

BRIEF LITERATURE SURVEY ON TIN OXIDE
THIN FILMS

SnO2 is a perfect insulator in its bulk form.
When these materials are prepared from
spraying method, deviation from the
stoichiometry occurs and hence the material
becomes semi-metallic. The challenge is to
produce coatings of this non-stoichiometric oxide,
which are highly transparent and conducting. To
conquer this problem, variants of the standard
deposition techniques and precursors are being
tried out. SnCl4 has been used as the very
common source of tin in spray pyrolysis
technique and in few cases, organic tin
compounds, and tin (II) fluoride have also been
used [94-95].

Tin oxide is a crystalline solid with a
tetragonal crystal lattice. It is a wide band gap,
non stoichiometric semiconductor and behaves
more or less as a degenerate n-type

semiconductor with a low n-type resistivity  (H”
10-3 &!-cm) [96]. Tin oxide can exist in two
structures belonging to direct and indirect optical
transitions, with different band gaps; a direct band
gap that ranges from 3.6 to 4.6 eV [97] at room
temperature and indirect band gap of about 2.6
eV. An important property of tin oxide is that it is
the most chemically stable in atmospheric
ambient [98] amongst the other metal oxides.

Among the various transparent conducting
oxides (TCO’s), SnO2 has been the subject of
research over a number of years [99-100], because
it is a naturally non-stoichiometric prototypical
transparent conducting oxide. SnO2 thin films are
transparent in the region above 400 nm which is
the region of interest for electrochromic devices.
SnO2 films were used extensively as transparent
electrodes in display devices like LCDs, and as
transparent active layers in SnO2/silicon solar
cells, optical waveguides, ultra- sensitive gas
sensors, transistors, organic light emitting diodes,
thermoelectric energy conversions, transparent
electrodes and electrically conductive glass [101-

107]. Among the variety of methods that have been
proposed for depositing films of SnO2, spray
pyrolysis has been found to be attractive from
the point of view of its simplicity and low cost.

   There are many techniques for fabrication
of conductive thin film, including sputtering,
thermal evaporation, dip coating and chemical
vapour or spray deposition by which the SnO2

films may be deposited on glass substrates [108-

110]. In this study, tin oxide thin films were prepared
by the spray pyrolysis technique. The spray
pyrolysis technique is particularly attractive
because of its simplicity. It is fast, inexpensive,
vacuum less and suitable for mass production
[111].

(1) Zn-doped SnO
2
 thin film (ZTO)

Zinc-doped tin (IV) oxide (ZTO) is also a
useful material for many reasons. First, it provides
an amorphous nature and a low processing
temperature compared to high processing
temperatures of crystalline oxide channels. ZTO
shows improved transistor performance because
of its high electron mobility (30 cm2/Vs at 500°C)
in spite of its amorphous character. It has many
attractive properties as Minami et al. [76]

concluded. ZTO film (ZnSnO3) showed superior
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properties as compared with SnO2 and ZnO, such
as the zinc-stannate films were more thermally
stable in hydrogen environment than SnO2 films
and are chemically stable in acidic and basic
solutions than ZnO films [112]. ZTO shows extreme
resistance to scratching and more importantly
forms an exceedingly smooth surface in thin
films[113-114]

(2) Sb-doped SnO
2
 thin film (ATO)

Antimony-doped tin oxide (ATO) possesses
special electrical and optical properties and has
applications in transparent electrodes, energy
storage devices, print displays and heating
elements. Antimony doped and un-doped SnO2

films have been prepared by electron beam
evaporation and spray pyrolysis methods [115]. The
optical band gap of the spray deposited film in
the range of 4.07-4.11 eV has been reported [116].

ATO spray deposited films have shown a sharp
decrease in the resistivity. The best conductivity
of the films is achieved, when the dopant is in
the range of 1-2 wt%. Doping with 5 wt% leads
to a higher sheet resistance (e” 0.5 kÙ/cm2)
compared to un-doped films (453 Ù/cm2) at one
and the same temperature. This effect was
explained by Sb addition to SnO2. The
incorporation of Sb atoms into the Sn4+ sites of
the SnO2 lattice is substitutional. In Sb doped
SnO2 films, Sb can be present in two different
oxidation states, Sb5+ and Sb3+. During the initial
addition of Sb in the film, Sb5+ incorporated at
Sn4+ sites acts as donor and creates excess
electrons [117]. The mobility and the carrier
concentration of the film are reported to be e” 1
cm2/V.s and 10x1020 / cm3, respectively. Spray
pyrolysis techniques have been used to prepare
ATO thin film [118]. Sb doping levels used were 1
to 4 wt%. The dependence of the crystallinity of
the films on the Sb doping level is reviewed. Films
doped with 1 wt% have large grains in contrast
to those fabricated with higher doping levels [119].

PREPARATION OF PURE AND DOPED SnO
2

THIN FILM IN GENERAL

Thin film properties are strongly dependent
on the method of deposition, the substrate
materials, the substrate temperature, the rate of
deposition, and the background pressure.
Specific applications in modern technology
demand such film properties as high optical

reflection/transmission, hardness, adhesion,
non-porosity, high mobility of charge carriers,
chemical inertness toward corrosive
environments, and stability with respect to
temperature. Somewhat less required properties
are stoichiometric composition and high
orientation in single crystal films. The need for
new and improved optical and electronic devices
stimulated, in addition, the study of thin solid films
of single elements, as well as binary and ternary
systems, with controlled composition and specific
properties, and has consequently accelerated
efforts to develop different thin film deposition
techniques. Further, pure and doped tin oxides
show significant sensitivity to humidity adsorption
and thus may be challenging materials for
humidity sensing point of view [120-124]. The thin
film deposition techniques can be classified
according to the scheme shown in Figure 8.

The common techniques that have been
used to grow TCO films include Chemical Vapor
Deposition (CVD), Spray Pyrolysis, Sputtering,
Reactive and Plasma Assisted Reactive
Evaporation, Ion Beam Sputtering, Ion Plating
and Filtered Vacuum Arc Deposition (FVAD).
Each of these techniques has its own advantages
and disadvantages. For example, spray
techniques are very cheap, deposition
parameters are easily controllable but the
produced films are not so stable.

(1) Chemical Vapor Deposition (CVD)

Chemical Vapor Deposition (CVD) is a
material synthesis method in which the
constituents in the vapor phase react to form a
solid film on a substrate. Gas precursors can be
used directly, and liquid precursors can be used
with a bubbler, in which a carrier gas is passed
through the liquid. The chemical reaction is an
essential part of this technique and should be
well understood. Various types of chemical
reactions are utilized in CVD (Figure 9) for the
formation of solids. In one type of reaction, a
vapor precursor that contains the material to be
deposited is decomposed by reduction, e.g. using
hydrogen at an elevated temperature.
Decomposition is accomplished by thermal
activation. Alternatively, plasma activation may
be used to reduce or decompose the pre-cursor
at a lower temperature than with thermal
activation.
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CVD processes have numerous other
names; such as: metal-organic CVD when
plasma is used to induce or enhance
decomposition and reaction; low pressure CVD
when the pressure is less than ambient; and low-
pressure plasma enhanced CVD PECVD when
the pressure is low enough that ions can be
accelerated to appreciable energies from the
plasma.

(2) Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is an
evaporation technique in which a laser pulse is
used to ablate target material, producing a local
plasma jet. The plasma also contains energetic
molecular clusters and macro-particles. The
emission of these macro-particles is a serious
drawback. A solution to this problem is to use
crossed laser induced evaporation plumes to
discriminate macro-particles ejected from the
target. The energy of the evaporated material

The energy spectrum of the plasma particles
consists of a major relatively low-energy
component (1-100 eV) and a minor high-energy
component (up to a few keV). As this energetic
impact of the evaporated material is kept
responsible for a layer growth with smooth
surfaces, a choice of the proper laser pulse
energy is required. Each laser pulse evaporates
a well-defined amount of material. Multilayer films
can be very accurately controlled by varying the
number of laser pulses.

(3) Vacuum Evaporation

Vacuum evaporation (including sublimation)
is a physical vapor deposition (PVD) process
where material is thermally vaporized from a
source and reaches the substrate without
collision with gas molecules in the space between
the source and substrate. The trajectory of the
vaporized material is “line-of-sight.” Typically,
vacuum evaporation is conducted in a gas
pressure range of 10-5 to 10-9 Torr, depending on
the level of contamination that can be tolerated
in the deposited film [125]. The basic system and
evaporator source configurations are shown in
Figure 10.

Deposition of thin films by evaporation is
very simple and convenient, and is the most
widely used technique. One merely has to

produce a vacuum environment, and give a
sufficient amount of heat to the evaporant to
attain the desired vapor pressure, and allow the
evaporated material to condense on a substrate
kept at a suitable temperature. The important
process parameters are the substrate material,
source and substrate temperatures, source-
substrate distance, and background gas
composition and pressure. Evaporants with an
extraordinary range of chemical reactivity and
vapor pressures have been deposited. This
variety leads to a large diversity of source designs
including resistance-heated filaments, electron
beams, crucibles heated by conduction,
radiation, or rf-induction, arcs, exploding wires,
and lasers.

(4) Chemical Spray Pyrolysis (CSP)

It is a process where a precursor solution,
containing the constituent elements of the
compound, is pulverized in the form of tiny
droplets onto the preheated substrate, where
upon the thermal decomposition of the precursor
an adherent film of thermally more stable
compound forms.

Figure 8: A schematic diagram of thin film deposition

techniques.

Spray pyrolysis involves several stages:

(1) generation of micro sized droplets of
precursor solution,

(2) evaporation  of solvent,
(3) condensation  of solute,
(4) decomposition of the precursor or solute and
(5) sintering   of the solid particles.
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Figure 9: A schematic drawing of the CVD technique.

Figure 10: Schematic diagram of the pulsed laser

deposition system.

Figure 11: Conventional vacuum evaporation system

and evaporator source configurations.

The  quality  of  films,  when  prepared  by
spray pyrolysis  coating  unit,  depends  on
various  parameters  such as  spray  rate,
substrate  temperature  and  the  ratio  of  the
various  constituents  in  the  solutions [126].  Since
the  deviation  from  stoichiometry  due  to  oxygen
vacancies  makes  thin  films  to  possess
semiconducting  nature,  it  is  necessary  that
the  complete  oxidation  of  the  metal  should
be  avoided  in  order  to  obtain  films  with  good
conductivity.  This is generally achieved by
adding appropriate reducing agents. Methanol

can be used as the reducing agent .Generally
SnCl2.2H2O dissolved in concentrated
hydrochloric acid by heating at 90°C for 10 min.
The addition of HCl rendered the solution
transparent, mostly, due to the breakdown of the
intermediate polymer molecules. The transparent
solution thus obtained and subsequently diluted
by methanol, served as the precursor. To achieve
Sb doping, antimony trichloride (SbCl3) was
dissolved  in  isopropyl  alcohol  and  added  to
the  precursor  solution.  The  amount  of  SbCl3
to  be  added  depends  on  the  desired  doping
concentration.  Microscope  glass  slides,
cleaned  with  organic  solvents,  were  used  as
substrates.

    CSP is a convenient, simple and low-cost
method for the deposition of large-area thin films,
and it has been used for a long time. Additionally
it is a low cost method i.e., the device does not
require high quality targets or vacuum. Also the
composition and microstructure can easily be
controlled and the deposition takes place at
moderate temperatures of 100-500 ºC.
Furthermore, it offers the possibility of mass
production. However as every other method, CSP
has some disadvantages such as the possibility
of oxidation of sulfides when processed in air
atmosphere, difficulties regarding the growth
temperature determination. Apart from that after
a long processing time the spray nozzle may
become cluttered. Finally the films quality may
depend on the droplet size and spray nozzle. This
method is useful for the deposition of oxides and
is also a powerful method to synthesize a wide
variety of high purity, chemically homogeneous
ceramic powders.

CONCLUSION

    Metal nanoparticles of varying sizes can
be prepared by physical as well as chemical
methods. They exhibit many fascinating
properties, the size-dependent metal to nonmetal
transition being an important one. The quest for
nanoscale architecture has demanded newer
synthetic methodologies for forming and
organizing metal particles. We have discussed
some properties of bulk and nanosized tin oxide.
The synthesis methods of SnO2 and doped SnO2

have been discussed. In addition the fabrication
techniques of thin/thick film have been described.
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