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ABSTRACT

In this research, the conductive oxide nanoparticles of fluoride (F)-, antimony (Sb)-doped tin
oxide (Sn0;) were synthesized by sonochemical-assisted precipitation process using metal chloride as
starting precursor.  After that, the conductive oxide nanoparticles was mixed with tetraethyl orthosilicate
(TEOS) and (3-Glycidyloxypropyl)trimethoxysilane (GLYMO) used as starting material for silica film.
Coating films composed of a continuous silica matrix homogenously dispersed with ATO and FATO
nanoparticles were deposited by sol-gel spin-coating process. Effects of synthesis parameters including
dopant concentration and ultrasonic radiation on crucial physical properties of conductive oxide
nanoparticles were investigated. Structural properties of nanoparticles were characterized by XRD. The
size, shape and crystal structure of the particles were observed by transmission electron microscope (TEM).
Surface chemical state analysis was carried out by X-ray photoelectron spectroscopy (XPS). Chemical
boding of nanoparticles was characterized by Raman spectroscopy. Moreover, optical and electrical
properties were investigated by UV-Vis spectroscopy and Hall measurement, respectively. The results
revealed that the as-synthesized powder in SnO, phase with less agglomeration can be obtained by
sonochemical-assisted precipitation process. It is suggested that the sonochemical process generates
localized high temperature area guiding to crystallite growth, nucleation and flocculation of particles. The

resistance of SnO, nanoparticles was decreases after I and Sb doping, suggesting that the incorporation of



F- and Sb’" ions can enhance the conductivity and IR shielding properties of SnO,. The temperature
measurement results indicate that nanoparticles were dispersed in SiO, matrix, the temperature of silicon
solar cell was preserved, decreasing slower than the case of non IR-shielding layers. Moreover, the V.
value of 5:5FATO composite film has a bit higher than that of other materials as additional exposure time,

implying the feasibility of IR irradiation shielding of the composite film.

Keywords: Tin oxide, Conductive nanoparticles, Sonochemical-assisted precipitation process, Spin

coating method
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CHAPTER 1

INTRODUCTION

1.1 Motivation

In the recent times, global warming is a serious threat to our planet which will ultimately result in
the demise of the planet. The use of fossil fuel for generation of electricity produces the excessively
injurious pollutants that are a contributing factor to the cause of global warming. Solar energy is a
promising renewable energy source because it can reduce the quantity of pollution and toxic waste [1,2].
Solar cells are an alternative energy technology which is direct conversion of incident light in to electricity
[3]. In solar radiation, energy radiates from the sun in form of electromagnetic wave, including visible,
ultraviolet light (UV) and infrared (IR) radiation. Most of the solar energy can be transmitted to ground
level, and only parts of the UV (4 < 0.4 pm) and IR (4 > 0.7 pm) radiation are strongly damped. In a
practical situation, the IR radiation generates the thermal energy resulting in the temperature inside in the
solar cells. Fesharaki ef al [4] reported that the increase in temperature inside the device affects the
efficiency losses in solar cell. Heat transmission and heat diffusion was reduced by IR-shielding through
blocking the wavelength of 780-2500 nm. Transparent conducting oxides (TCOs) are promising candidates
as IR-shielding materials because they allow a high level of transmission of visible light and possess the
ability to shield IR radiation. TCOs generally can absorb light in the ultraviolet regime due to its large
band gap as well as in the IR regime due to its free carrier absorption [5]. The carrier concentration is
important for IR-shielding because it dominates the optical properties of materials in the visible and IR
regime. The band gap of TCOs can be shifted towards shorter wavelengths with 4 < 300 nm due to the
higher carrier entering states at the bottom of the conduction band. The longer wavelength exhibits surface
plasmon resonance (SPR) frequencies in the near-infrared (NIR) region due to lower charge carrier
densities than noble metals.

In most case, IR-shield coatings can be prepared by several techniques including sputtering [6],
electron beam evaporation [7] and chemical vapor deposition [8]. These techniques involve vacuum

treatment and high-temperature, which increase the rate of consumption of energy and cost of equipment.



Low-cost and economical alternative fabrication techniques include wet chemical deposition like
conventional dip-coating or spin-coating sol-gel method [9]. The fabrication of TCO nanoparticle
dispersion in silica film matrix deposited by sol-gel method can retain high visible transparency and can
reduce NIR transmittance. Moreover, the advantage of TCO/silica nanocomposite coatings does not require
high temperature because the TCO particles formation can be separated from the deposition of the
nanocomposite layer. The heat treatment of the layers can take place at temperatures which are below 150
°C that is undamaged the solar cell [10]. Therefore it is possible to produce layers on polymer-like
polycarbonate or to use this layer as interfacial layer in organic bulk-heterojunction solar cells which are
specially built in the standard architecture [11].

Tin oxide (SnO,) has recently received considerable interest in TCO materials due to alternatively
low-cost to rather expensive indium tin oxide, excellent thermal properties and stability in oxidizing
environment [12]. However, low optical and electrical performance due to its stoichiometry, low intrinsic
carrier density and mobility are still its major drawbacks. The charge carrier concentration in SnO, and
electrical conductivity can be effectively heightened by the incorporation of extrinsic dopants. Doping is
accomplished-either by adding a higher-valent metal, by replacing some oxygen with fluorine, or by
oxygen vacancies. The appropriate dopants typically utilized for increasing the conductivity and optical
properties of SnO, are In, Sb, F and Mo that can provide oxygen vacancies generating free electrons to
promote higher conductivity of the Sn©, host [13]. Furthermore, the resistivity of SnO, particles can be
reduced by controlling their sizes down to nanoscale regime, which have a high driving force of
densification. The nanomaterials have fewer adjacent coordinate atoms as compared with the bulk atoms
resulting to drastic increase of large specific surface areas. Recently, many processes such as precipitation
process sol-gel method and hydrothermal method have been employed to synthesize tin-oxide-based
materials in form of low dimensional nanostructure with the improvement in physical, optical, catalytic and
electric properties. Among these techniques, the precipitation method has significant advantages over the
others such as simplicity of solution concentration, simply synthesized process, ease of doping and low
time and energy consumption. Nevertheless, agglomeration of ultra-fine nanoparticles is still critical for

this synthesis process. This difficulty can be overcome by the assistance of sonochemical technique which



is one of effective method to synthesize ultra-fine nano-structured materials with less agglomeration and
rapid crystal growth due to cavitation effect in chemical process during high ultrasonic irradiation [14].

In this work, an endeavor was taken on the synthesis of F- and Sb- doped SnO, nanoparticles
employing sonochemical-assisted precipitation process. Effect of doping concentrations on physical
structures, optical and electrical properties of Sb-doped SnO, nanoparticles was investigated., Effect of

F/Sb-codoepd SnO, nanoparticles dispersed in silica film coating on solar cell was investigated.

1.2 Objective of the study
This thesis is conducted in order to
1.2.1 study the synthesis of F/Sb doped SnO, nanoparticles via the sonochemical process.
1.2.2 study the preparation of F/Sb-doped SnO, nanoparticles dispersed in silica films via spin-
coating process.

1.2.3 study the IR-shielding properties of composite films on solar cell.

1.3 Scope of the study

The scope of this thesis is as follows;

1.3.1 Characterization of F/Sb doped SnO, nanoparticle synthesized via the sonochemical process
and investigation on the effect of calcination temperature and dopant content on physical ,
electrical and optical and electrical properties.

1.3.2" Characterization of F/Sb-doped SnO, nanoparticles dispersed in silica films via spin-coating
process and investigation on the effect of calcination temperature and dopant content on
physical and optical properties.

1.3.3 Proving and analyzing IR shielding coating of compesite film on solar cell.

1.4 Expected Results
1.4.1 The relevant parameters of the synthesis such as calcinations temperature, fluorine doping
content, antimony doping content, co-doping content and nanoparticles concentration will
be notified.
1.42 The meaning of transparent conducting oxide and IR-shielding properties will be clearly

understood.



CHAPTER 2
THEORETICAL BACKGROUND

In overview, the objective of this chapter is to investigate the feature of IR shielding for solar
cells, the properties of transparent conducting oxide material, the meaning of composite, the synthesis

techniques and application of IR shielding feature. In this chapter, the relevant theories are explained.

2.1 IR shielding feature for solar cells

In general, solar cells exploit the photovoltaic effect that is the direct conversion of incident light
in to electricity. Electron-hole pairs generated by solar photons are separated at an interface of two
materials of different conduetion polarities. Solar cells represent a very promising renewable energy which
will reduce our dependence on fossil oil. In solar radiation, energy radiated from the sun in form of
clectromagnetic wave, including visible, ultraviolet light (UV) and infrared (IR) radiation. Most of the solar
energy can be transmitted to ground level, and only parts of the UV (1 < 0.4 pum) and IR (1> 0.7 pm)
radiation are strongly damped. In a practical situation, the IR radiation generates the thermal energy
resulting in the temperature inside in the solar cells. Fesharaki et al. [4] reported that the increase in
temperature inside the devices could result in the efficiency losses in solar cells. -In Figure 2.1, the total
power loss due to the inerease in temperature was from around 750 mW down to 458 mw [15]. Heat
transmission and heat diffusion could be reduced by IR-shielding through blocking the wavelength of 780-
2500 nm. Therefore, unwanted thermal gain can be blocked by selective absorption/reflection of ultraviolet
and near-infrared (NIR). Near infrared cut off coatings can effectively reduce heat transmission and heat
diffusion through blocking the near infrared rays of 780<2500 nm to attain the purpose of energy
conservation.

When electromagnetic radiation impinges on a material, one fraction can be transmitted, a second
fraction is reflected, and a third fraction is absorbed [16]. Energy conservation yields, at each wavelength,

that

T(A)+R(A) + A(A) =1 2.1
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Figure 2.1 The relationship between temperature and solar panel power output measured. A 150 w halogen

office lamp was used at a distance of 55 mm from the solar panel as a sun substitute [15].

where T, R, and A denote transmittance, reflectance, and absorbance, respectively. Another fundamental

relationship, also founded on energy conservation and referred to as Kirchhoff’s law that is
A(A) = E(A) (2.2)

with E being emittance, i.e., the fraction of the black-body radiation that is given off at a particular
wavelength. Equation is of practical relevance mainly for 1> 3 pm,

A basic reason why transparent conducting oxides are important is their ability to be transparent in
a limited and well-defined range, normally encompassing visible light in the 0.4 < 1 < 0.7 um wavelength
interval, while they can reflect infrared (IR) and absorb the ultraviolet (UV). Figure2.2 (a) shows optical
reflection, transmission and absorption spectra for a typical commercial ZnO on glass which collectively
shows the key spectral features of a TCO material [1 6]. First, the material is quite transparent, ~80%, in the
visible portion of spectrum, 400-700 nm. Across this spectral region where the sample in transparent,
oscillations due to thin film interference effects can be seen in both the transmission and reflection spectra.
The short wavelength cut off in the transmission at ~300 nm is due to the fundamental band gap excitation
form the valence band to the conduction band as depicted in the Fig.2.2 (b). The gradual long wavelength

decrease in the transmission starting at ~ 1,000 nm and the corresponding increase in the reflection starting



at 1,500 nm are due to collective oscillation of conduction band electrons known as plasma oscillation or
plasmons for short. There can also be substantial absorption due to these plasma oscillations as-is the case
for this particular sample with the maximum absorption occurring at the characteristic plasma wavelength,

A, as shown in Figure 2.2. As the number of electrons in the conduction band, N, is increased, such as by

substitution doping, the plasma wavelength shifts to shorter wavelengths as A, ocx/ﬁ which creates a
fundamental tradeoff between conductivity and the long wavelength transparency limit. At very high
electron concentrations, this can even decrease the visible wavelength transparency.

Figure 2.3 (a) shows how the infrared transparency increases for SnO, as the sheet resistance is
increased from 5 to 100 Q/C). Even though both of these SnO; samples have similar visible wavelength
transparency, the 5 /] sample would be unusable as transparent conductor for telecom applications at
1,500 nm or for giving a high solar throughput. Figure 2.3 (b) shows how the plasma wavelength varies
with the dopant level in Ti doped In,O; and hence how TCO propetties-can be tuned. Collectively, the
examples shown in Figure 2.2 and 2.3 should make it clear that there is no such thing as a single best TCO

and those TCOs must be tailored to the constraints of the IR shielding application.
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Figure 2.2 (a) Optical spectra of typical (ZnO) transparent conductor and (b) Schematic electronic structure

of conventional TCO materials [16].
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Figure 2.3 (a) Optical spectra of TCO materials: SnO; and (b) Ti-doped In,O; from van Hest et al. [17].

2.2 Transparent conducting oxide (TCO) [18,19]

2.1.1 Theoretical background of TCO materials

Theoretical modeling and empirical analysis snggest that the special combination of high electrical
conductivity and optical transparency can be realized by selecting a wide band-gap metal oxide which
could be rendered degeneracy (metal-like electronic behavior) through suitable incorporation of native
donors or substitutional dopants into the host lattice.

For the n-type doped metal oxides, native donor- or extrinsic dopant-induced charges (electrons)
form a level just below the bottom of the conduction band which is empty in the intrinsic semiconductors.
With the increase of doping density, these impurity levels eventually merge and form a continuous band, as
is illustrated in Figure 2.4 (b). Beyond a certain critical concentration; n, (called Mott carrier density), the
donor band overlaps with the conduction band and electrons behave like free charge carriers. The oxides
are degenerated in nature. For p-type doped metal oxides, impurity dopants result in the formation of
acceptor levels located above the top of the valence band. As the doping density increases, a continuous
acceptor band forms and overlaps with the valence band at a critical concentration; n,, resulting in the
degeneration of the oxides.

Figure 2.4 presents a simplified illustration of the doping process, without taking into account the
possible change of the band-gap. Actually, above the critical concentration (»,,, the mutual exchange and

Coulombic interactions between the added free electrons in the conduction band and the electron-impurity



scattering lead to an upward shift of valence band and downward shift of conduction band, hence, the band
gap is reduced. However, the fundamental optical transition in degenerated oxides requires higher energies,
since the highest occupied level becomes higher due to the added free electrons which will result in the
larger optical band gap (so called Burstein-Moss effect). Figure 2.5 depicts the band gap change based on
these two effects, where E, is the intrinsic band-gap, £, is the varied band-gap due to electron-impurity
scattering, £; is the varied band-gap due to Burstein-Moss effect. The actual band-gap change consequently
includes these above two effects.

Besides the degeneracy, a second feature of TCO materials is their free-clectron-like conduction
band minimum, formed from the s states of metal ions. This is a condition for small effective mass of the
free charge carriers, and thus high charge mobility. This feature is shared practically by all the commonly
used TCO systems such as indium oxide, tin oxide, zinc oxide, and it also gives the direction for the

development of new TCO materials.
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Figure 2.4 Schematic descriptions of the n-type doping: with the increase of doping density is the critical

concentration called Mott carrier density.



Burstein-Moss effect

Figure 2.5 Band-gap changes based on electron-impurity scattering and Burstein-Moss effect. E, is the
intrinsic band-gap, Ey is the varied band-gap due to electron-impurity scattering, E, is the varied band-gap

due to Burstein-Moss effect.

2.2.2 Crucial selections of conductive dopant materials

(1) Band-gap energy of the metal oxide: The fundamental requirement for the band-gap energy of
a metal oxide concerns the photon absorption-induced transmittance loss in the visible spectrum. Generally,
a small band gap is advantageous for the electron excitation from valence band to conduction band,
resulting in high conductivity. However, this manner decreases the optical transparency, since photons with
energy corresponding to the visible light spectrum (wavelength from 350 nm to 750 nm) can be absorbed.
When the band gap energy is above 3 eV, the photons lying in the visible range are not absorbed and thus
the optical transparency remains high.

(2) Properties of host metal oxide: Realization of high conduetivity in wide band-gap metal oxide
is largely dependent on the electron affinity or work function of the material. For the n-type doped metal
oxides, high electron affinity of the host metal oxide is suggested to be beneficial to achieve high electron
concentration and degeneracy. For the p-type metal oxides, this rule suggests that a low work function of
the host metal oxide is required. However, low work function is not easy to be satisfied for most of the
wide band-gap metal oxides, owing to the nature of the metal-oxygen bond. This might be one of the

reasons that not so many p-type TCO materials have been reported so far (except the Cu+ containing oxides
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CuAlO,, CuGa0, ). Metal chalcogenides have somewhat lower work function than metal oxides, making
them better candidates for the p-type TCO materials.

(3) Choice of the dopants: In order to accomplish efficient doping, the lattice stability of the host
metal oxide should be considered. It is generally affected by the disparities between dopant atoms and the
corresponding host atoms. According to the Hume-Rothery rule, the atomic radii differences between the
dopant and host atoms/ions should be less than 15%. Otherwise, the distortion of the host metal oxide
lattice will result in generating unfavorable “killer defects”, which will compensate the extra electrons or
holes induced by the dopants. For example, for the n-type doped metal oxides, cation vacancies will start to
form when the lattice stability is decreased. For the p-type doped metal oxides, the presence of anion
vacancies will act as a response towards the lattice distortion, both of which will pin the free charge carriers
and thus weaken the doping effect. Besides, dopants should be able to form shallow donor levels as a result

of the doping process.

2.2.3 TCO material Candidates

Commercially, thin films of indium-tin-oxide (ITO) have been the standard material used for
transparent electrodes in optoelectronic devices. However, the high cost and scarcity of indium as well as
difficulties of processing ITO has motivated a search for other materials that can potentially replace ITO as
demand grows. Since this realization, many other TCO materials have been developed, namely n-type
semiconductors with tin oxide, indium oxide, or zinc oxide as the main component, as listed in Table 2.1.
Commonly investigated replacement materials include doped zinc oxide (Zn0Q), indium oxide (In,0;) and
tin oxide (SnO,). In recent years, great attention has been paid on the synthesis, characterization and
applications of metal-doped SnO, or ZnO based transparent conducting oxides owing to alternatively low-
cost to rather expensive indium-tin oxide. However, Al--and Ga-doped zinc oxides (AZO and GZO,
respectively) are also good alternatives to ITO, but they tend to degrade faster than ITO and FTO in hot,
moist atmospheres. The appropriate material typically utilized for conductive oxide is metal doped SnO,
due to excellent electronically stability in oxidizing environment and low-toxicity material with good

thermal and chemical stabilities [20].
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Table 2.1 Common transparent conductive oxide.

Main Component Dopant

Fluorine (F) [21]
Tin oxide (SnO;)

Antimony (Sb) [22]

Tin (Sn) [23]
Indium oxide (In,0;3)

Zinc (Zn) [24]

Aluminum (Al) [25]
Zinc oxide (Zn0O)

Gallium (Ga) [26]

2.3 TCO based tin oxide (SnQ;) [16]

2.3.1 Crystal structure of Sn0,

Figure 2.6 Crystal structure tetragonal SnO, [27].

Tin Oxide (Sn0O,) occurs in nature as the mineral Cassiterite. It possesses the rutile crystal
structure with a tetragonal unit cell and a = b = 4.738 A and ¢ = 3.188 A. The crystal lattice of SnO; is
shown in Figure 2.6, where the sixfold coordination of the Sn atoms to the oxygen nearest neighbors can be
observed. Each oxygen octahedral in SnO is connected to two adjacent octahedral through edge sharing
along the c-axis, and connected to other octahedral through corner sharing.

The lower symmetry of the tetragonal crystal structure of SnO, leads to an anisotropy in the

electronic and optical properties. For example, the smaller distance between Sn atoms along the c-axis, may
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facilitate a higher atomic orbital overlap and thus a more conductive pathway for electron transport. This
has been confirmed in conductivity measurements on single crystals of the isostructural rutile compound

TiO, with conductivity five to ten times greater along the c-axis as compared to the <110>.

2.3.2 Electrical properties of SnO,

Tin oxide is an n-type conductor, in which wide band-gap and high conductivity coexist. As in the
case of other binary metal oxides (e.g. ZnO, In,0;), oxygen vacancies are responsible for conduction
electron-carrier generation in SnO,. The electron generation can be described by the following equation,

using Kréger-Vink notation:

0y =V, +2¢ +140,(2) 2.3)

According to this equation, oxygen anions escaping the crystal structure ( ¥4 O,) from an occupied oxygen
g q ping . 7Y p Y&

site creates a doubly ionized vacancy site (V(3) and two free electron carriers. Creation of multiple carriers
from a single defect is highly desirable, due to minimization of carrier scattering on crystal impurities. The
presence of oxygen vacancies in bulk SnO, is observed by X-ray diffraction and coulometric titration
experiments. This oxygen non-stroichiometry in bulk SnO,., is in the x = 0.02-0.034 over the temperature
range of 700-900 K. Such a vacancy concentration yields up to 5x 10°%cm’, assuming all vacancies are
doubly ionized. In fact, the most relevant chemical diffusion process in undoped and cation-doped SnO,.,
single crystals is due to oxygen anions, indicating the low formation energy of oxygen vacancies. This
donor level lies about 30 and 140 meV below the conduction band for the single and doubly ionized states,
respectively. The oxygen deficiency can be easily controlled in thin films by adjusting the oxygen partial
pressure during sputtering or other deposition. A decrease of the carrier concentration with higher oxygen
partial pressure indicates a decreasing number of oxygen vacancies in SnO,., thin films.

Apart of oxygen deficiency, a variety of dopants have been employed to induce conductivity in
Sn0O,. In case of donor doping, the most common choices are Sb™ substitution on the Sn** site and F'" on
the O site. Some of the less traditional n-type dopants are Mo, Ta and Cl. In most of these doping
scenarios a single electron is produced per substitution. Anion doping by F'" on the threefold coordinated

O site is the least ambiguous method for electron generation. Moreover, the crystal lattice is affected the
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least by this substitution, due to the similarity of the oxygen and fluorine ionic radii. Such a size-matched
dopant minimizes the lattice distortion, thus preserving the transport properties of the undoped lattice.
Doping by the larger CI" anion, which also prefers a sixfold coordinated environment results in lowering
carrier mobility and carrier concentration. The incorporation of Ta produces free electrons, but only low
doping levels of a few at.% of Ta and Mo can be accommodated in the SnO, lattice beyond which the
conductivity of doped SnO, decreases due to a reduction in mobility.

Group II and III cation dopants, such as In, Ga, Al, Fe, Zn, etc., as well as substitution on the
anion site by N*" create acceptor-like states in SnO,. Incorporation of Zn is reported to decrease the electron
carrier concentration, whereas SnO,:Fe gas sensors showed p-type response in an oxygen atmosphere. A
few reports on p-type tin oxide use high doping levels (typically > 8at%) of In, Ga or Al to produce a low
hole carrier concentration. It is typically difficult to induce hole carriers in wide band-gap oxide
semiconductors. The reason for such behavior lies in the generation of compensating donor-states. Based
on thermoluminescence measurement, modeling, and first-principle calculations, the number of oxygen
vacancies and tin (or trivalent acceptor dopant) interstitials is predicted to increase with a higher acceptor
doping level. Therefore only low hole carrier concentrations can be achieved and a changeover to n-type

carriers with time may occur, due to slow diffusion processes at room temperature.

2.3.3 Optical properties of SnO,

The interest in SnO, coatings is due to the coexistence of high conductivity and transparency in
the visible range of the electromagnetic radiation spectrum. For TCO applications, a band-gap of at least
3.1 eV is required. Undoped conductive tin oxide films exhibit a larger band-gap, typically greater than 3.6
eV. The direct nature of the band edge transition is established from band structure calculations. In
addition, a direct gap is indicated by the good linear fit of the ahv (hv - E,)'"” relationship shown in Figure
2.7, where « is the absorption coefficient, /v is the incident photon energy, and E, is the band-gap energy
required to promote an electron from the top of the valence band to the first available unoccupied state in
the conduction band. With addition of various donor dopants (Sb and F), Figure 2.8, the energy needed for
the transition of an electron increases due to filling of the conduction band with free electron carriers. This
effect is known as the Burstein-Moss shift, responsible for band-gap widening with an increase in carrier

concentration.
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Undoped and doped tin oxides are highly transparent in the visible-light wavelength range (400-
800 nm) as shown in Figure 2.8. The high transparency can be explained by a low concentration of mid-gap
states, typically responsible for absorption of photons with energies below the band-gap value. Refractive
index values between 1.9 and 2 are commonly observed in SnO, thin films.

Optical transmission of the conductive SnO, films is limited in the near infra-red (IR) region. This
plasma wavelength (or more commonly plasma frequency) depends on the carrier concentration and
effective mass. Thus, the observation of the plasma frequency (@,) together with the measured carrier
concentration (V) allows the determination of the carrier effective mass (m"), which is expressed from the
classical Drude theory as:

_ 4aNe’

@ - 2.4)
Egm

P

where ¢ is the electron charge, ¢ is the high frequency dielectric constant, and &, is the permittivity of free
space. The electron effective mass of doped SnO, derived from these measurements is in the range of 0.15-
0.4 my. This is close to the average value of 0.25 m, reported for the single crystal. The high reflectivity in
the near IR region below the plasma wavelength allows the use of highly doped SnO, as low-emissivity
window coatings.

The properties of SnO are in little studies, but band-gap values in the 2.7-2.9 eV range are
reported. The band-gap value below 3.1 eV leads to absorption the visible range and thus coloration of SnO

thin films.
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2.4 Nanoparticle-based materials and their optical and electrical properties [30,31]

Nanoparticles are generally considered to be a number of atoms or molecules bonded together in a
cluster with a radius less than 100 nm. A nanometer is 10” meters (m) or 10 angstroms (A), so particles
having a radius of ~1000 A or less can be considered to be nanoparticles. For example, a cluster of 1 nm
radius has approximately 25 atoms with most of the atoms on the surface of the cluster. This definition
based on size is not totally satisfactory because it does not really distinguish between molecules and
nanoparticles. Since an atom generally has ~1 A size, a cluster of 1 nm radius would consist of ~ 25 atoms
and most of the atoms would be on the surface. Compared to some large molecules with hundreds or
thousands of atoms, such as many polymer molecules, a nanoparticle might be much smaller, The nanosize
by itself does not warrant unique nanomaterial behaviors or exciting properties. What makes nanoparticles
such an interesting and unique material category is that their size is smaller than the critical dimensions that
characterize many physical phenomena, such as thermal diffusion length, light wavelength, and electron
mean free path. When a dimension is less than these critical lengths, new physics or chemistry is likely to

occur, such as catalytic properties or quantum effects.

Conduction Conduction
band band

Figure 2.9 A comparison of the electronic energy states of different types of semiconductor materials: (a)

bulk inorganic semiconductors and (b) inorganic semiconductor nanocrystals,
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Semiconductor nanocrystals (NCs) are small crystalline particles which are typically synthesized
with dimensions in the range of 1-100 nm. Since the discovery of nanocrystals embedded in glasses in the
early 1980s, they have attracted considerable attention as an important component of materials.
Semiconductor materials are characterized by their band structures (direct or indirect) and a band gap
energy (£,) that falls within a range of between 0 <E,< 4 eV, and can be thought of as the minimum
energy required to excite an electron from the valence band (VB) to the conduction band (CB) (Figure 2.9
(a)). Furthermore, if one dimension of a semiconductor is smaller than the Bohr exciton radius of the
material, the band structure will be modified and blue shifted to higher energy by the quantum confinement
effect. In the limit of very small particle size, the so-called strong confinement regime, quantized levels
appear which is distinct with the continuous band of bulk counterparts and shows characteristics of the
discrete molecular semiconductors (Figure 2.9). The quantum size effect opens up possibilities for the fine-
tuning of the band structures and thereby the optical and electrical properties of semiconductor NCs by
simply controlling their sizes. Apart from the size-effect, the physical and chemical properties of
semiconductor NCs are highly dependent on their compositions, shapes, structures, and surface chemistry,
which have enabled semiconductor NCs to be utilized as active materials in various applications and
fields. NCs has attracted considerable attention due to their tunable energy structures, high optical
absorption coefficients, large dipole moments, and the potential multiple exciton generation properties.

The effects of refined microstructures on electrical conduetivity of nanoparticles and nanoparticle-
based materials are complex, since conductivity may originate from distinctly different mechanisms.
Electrical conductivity in‘metals can be hindered by various electron scatterings, and the total resistivity of
a metal 1s a combination of the contribution of individual and independent scattering, which includes
thermal scattering, defect scattering, and surface scattering (including grain boundary scattering). Thermal
scaltering originates from electron collisions with vibrating atoms (phonons) displaced from their
equilibrium lattice positions. Defect scattering can be divided into impurity scattering, lattice defect
scattering, and grain boundary scattering. Increased perfection of nanoparticles and nanoparticle-based
materials, such as reduced impurities, structural defect, and dislocations, would increase the electrical
conductivity. However, the defect scattering makes a minor contribution to the total electrical resistivity at

room temperature, and thus the reduction of defects has very small influence on the electrical resistivity,
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mostly unnoticeable experimentally. Surface scattering, on the other hand, plays a very important role in
determining the total electrical resistivity of nanostructured materials. With decreased nanoparticle or grain

sizes, the electrical conductivity decreases.

2.5 Nanoparticle synthesis [32]

Nanoparticle synthesis involves the creation of nanoparticles form ions, atoms or molecules.
Different from conventional micron-sized particle synthesis, nanoparticle synthesis often involves careful
design of nanoparticle atomic structure, composition, size and even specific composition distribution.
Synthesized nanoparticles generally range from <100 atoms to 100 nm in size. Nanoparticle synthesis is the
first necessary and fundamental step for the entire nanoparticle-based material field and plays pivotal roles

in the continuous advancement of nanomaterials.

2.5.1 Nanoparticle growth process

For nanoparticle synthesis, just as for micron-sized particle synthesis, there are two essential steps:
nucleation and growth of nanoparticles. At the beginning of the nanoparticle formation process, this system
is very important for nucleation. Sometimes this can involve very short time scales, such as sub-
picoseconds. After nuclei are formed and remain stable, nanoparticle growth needs to be carefully
controlled in order to obtain targeted particle size, shape, and distribution. An integrated understanding of
nanoparticle growth across a variety of timescales, such as from femtoseconds to hours or even days, is
needed.

(1) Nucleation: There are two types of nucleation: homogeneous and heterogeneous. In
homogeneous nucleation, nuclei are formed in a completely uniform environment. In heterogeneous
nucleation, nuclei are preferentially formed on some media such as existing particles or the walls of the
container. Reactant addition mode, stirring rate, container surface condition, temperature uniformity, and
many other factors can all affect the nucleation process. For example, fast nucleation results in a high
particle concentration and ultimately yields small particles, while a slow nucleation results in a low
concentration of embryonic seeds that consume the same amount of precursor and therefore results in a

population of proportionally larger particles as depicted in Figure. 2.10 [33].
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Figure 2.10 Comparable between fast nucleation and slow nucleation.

Homogeneous Nucleation: The local fluctuation of solution concentration generates the possibility
of forming small nuclei, a new phase in the liquid that is composed of the intended new species. Whether
the new phase remains stable or not depending on the chemical potentials of the old and new phases. When
the initial bulk phase forms phase, the new phase will become stable and grow after some critical size is
exceeded. For nucleation to occur, supersaturation of the solution is necessary. To achieve the desired
supersaturation state, the solution can be oversaturated either by dissolving the solute at higher temperature
or by adding reactants to produce a supersaturated solution. In other words, the work of nucleus formation
must be overcome for the process to proceed. If a system is free from other preferential nucleation sites,
such as container walls or other surfaces, homogeneous nucleation occurs when the precursor concentration
increases to above the nucleation threshold.

Heterogeneous Nucleation: When nuclei originate on the surface of foreign species, such as
impurities, dispersed particles, or container walls heterogeneous formation of nuclei occurs. Heterogeneous
nucleation on a foreign surface has a lower surface energy and a diminished thermodynamic barrier, which
leads to a lower critical supersaturation as shown in Figure 2.11. Although traditionally not quite desirable,

heterogeneous nucleation has found new applications such as coating one type of particles with a layer of



20

the second type of species. With the increasing interest in forming unique composition nanoparticles and
templating, heterogeneous nucleation is being utilized in increasingly creative manners for novel materials
and properties.

(2) Growth: After stable nuclei are formed, nanoparticles can grow in three ways: homogeneous
growth, Ostwald ripening, and aggregation. The ability to control the growth of nuclei determines if the
obtained particles will be nano-sized or micron-sized and how wide the particles size distribution will be.
During homogeneous nanoparticle growth, nucleus size increases by molecular addition. Along with
nucleus growth, solution supersaturation decreases as shown in Figure 2.12 [34]. There are three discrete
steps for nanoparticle growth: diffusion of the growing species from the solution to the nucleus surface,
adsorption of the growing species onto the nucleus, and the incorporation of the growing species into the
nucleus. Nanoparticle growth process can be diffusively-controlled or particle surface reaction controlled.
If the growth is controlled by diffusion, concentration gradient and temperature distribution in the given
system are important factors in determining the growth rate.

For homogeneous nanoparticle growth, diffusively-controlled growth is often encountered. No
new nuclei form as long as the consumption of precursor by the growing nanoparticles is not exceeded by
the rate of precursor addition. At this stage, smaller particles grow more quickly than larger ones because
the free energy driving force is larger for smaller particles. As a result, the particle size distribution
becomes smaller. This is called focusing in size. Nearly nonodispersed size distribution can be obtained at

this stage.
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Figure 2.11 Supersaturation state of homogeneous and heterogeneous nucleation.
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Figure 2.12 Schematic illustration of the nucleation and growth process of nanocrystals in solution.
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Because of the large surface area and high surface energy available, nanoparticles can also grow
through aggregation of small particles or unstable nuclei. Aggregation occurs by engulfing smaller particles
onto the surfaces of large particle clusters; the growth rate is higher than that through molecular addition,
but the process is not controllable. More problematically, smaller nanoparticles or nuclei tend to aggregate
with large particles more often than with the same size counterparts. This is because when the surface
charge density is the same, the aggregation rate decreases exponentially. In addition, the barrier for
aggregation increases with the particle size. This means that aggregation is a more dominant phenomenon
for nanoparticles compared with their micron-size counterparts. To prevent aggregation of nanoparticles,
stabilizing agents can be used. When stabilizing agent molecules attach to nanoparticle surfaces, they
satirically stabilize nanoparticles in the solution, mediate nanoparticle growth/aggregation, and passivate
the electronic states of nanoparticle surfaces.

Particle size growth is a relatively well-discussed topic, under the assumption that particles are
spherical and grow isotropically. This concept works well for amorphous particles. Many nanoparticles,
however, are crystalline and the surface energies are different at different crystallographic orientations,
which need to be considered during growth. Anisotropic particles growth is thermodynamically favored.
This is also the basis for synthesizing nanobelts, nanoribbons, nanotubes, nanoprisms, nanorods, etc. When
the surface energies of different crystal planes are not drastically different, the isotropic assumption is

acceptable and equiaxed particles can be made.

2.5.2 Precipitation method

Aqueous precipitation is ong of the earliest techniques in nanoparticle synthesis. The technique is
simple, inexpensive and can be used to synthesize single-or multicomponent nanoparticles. The process
generally starts with a solution of metal salts, such as alkoxides, nitrates, or chlorides. The experiment
procedure of precipitation method is shown in Figure 2.13. Upon the addition of a proper reagent,

precipitate forms: M" +nX — MX,
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Figure 2.13 Schematic illustration of precipitation method.

Under supersaturation, the precipitate nucleates and grows which can stay as-synthesized or be
dehydrated to form simple or complex nanoparticles. In a strict sense, precipitation is mainly suited for the
synthesis of oxides. A’ prerequisite for aqueous precipitation is that the formed precipitates must have a
very low solubility in water. During precipitation, the kinetics of nucleation and particle growth in a
solution reaches a critical supersaturation for the participating speeies to_control the precipitation factor
such as the pH, temperature, and concentration of the reactants. Organic molecules can be used to control
the release of the reactants in the solution during the precipitation process. However, nanoparticles can also
undesirably adsorb or react with species in the environment. If nothing else, nanoparticles have a high

tendency for agglomeration at a dry state.

2.5.3 Sonication-assisted Synthesis
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Figure 2.14 Schematic illustration of during the sonication.
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Recently, ultrasound has been introduced for nanoparticle synthesis. Rapid heating is realized
from sonication of a liquid, similar to microwave-induced heating. Ultrasound provides strong mechanical
force that can disperse reactants easily and thoroughly. During the sonication of a liquid, cavitation forms
the implosive collapse of bubbles, resulting in localized hot spots with effective temperature as high as
5000 K and lifetimes of a few nanoseconds or less as illustrated in Figure 2.14. Thus, chemical reactions
mostly take place inside the bubbles. However, the extremely rapid cooling rate accompanying the process
greatly favors the synthesis of amorphous nanoparticles. The shape and size of the nanoparticles can be
controlled by adjusting the power of the ultrasonic irradiation.

N. Ghows and M.H. Entezari [35] reported that CdS/TiO, core/shell nanoparticles were made by
microemulsion under ultrasound. TiO, and CdS in the resulting particles were anatase and hexagonal,
respectively. The TiO; coating thickness on CdS nanoparticles can be controlled. After 30 minutes of
sonication, the particles are mostly amorphous. By increasing the time of sonication to 90 minutes and 120
minutes, the X-ray diffraction peaks become sharper and indicate increased crystallinity as shown in Figure
2.13. Compared to conventional synthesis, which requires thermal treatment at 673-723 K to induce and
improve the crystallinity of the deposited layer, sonochemical synthesis is more effective as it take
advantage of the ultrasonic power for the crystallization of TiO5 and CdS. Crystalline TiO, can be formed
in the dispersion and inherently bind to CdS particles without any post thermal treatment. The average

particle size is about 8 nm from the half-width of the X-ray diffraction peak of the (101) plane.
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Figure 2.15 X-ray diffraction patterns of the prepared CdS/TiO, composite at different sonication times
(mole ratio = 2.5).

The enhancement of the crystal phase of the product in the presence of ultrasound can be
explained according to the cavitation process. The chemical and physical effects of ultrasound arise from
acoustic cavitation. When a bubble is formed in the microemulsion system, there is a possibility for small
droplets of 0il to accumulate at the interface of the bubble produce by ultrasound. This behavior arises from
the higher tendency of the oil droplets to interact with the bubble interface than with the water phase. The
implosion of a bubble generates many local hot spots in the solution and promotes the reactions. The
formation, growth, and crystallization of composite nuclei are accelerated under these conditions. The high
temperature produced during the cavitation facilitates the crystallization of the product. The hot spots

produced during the sonication play the same role as the calcination process. The advantages of the
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ultrasound-assisted technique include chemical homogeneity and reactivity through mixing at the atomic

level, better dispersion even without a surfactant or a dispersant and high crystallinity of nanoparticles.

2.6 Nanocomposite thin films preparation [36]

Nanocomposite materials are a new form of nanocrystalline materials and have been investigated
tremendously because these may have superior properties due to the size effect and especially due to the
mixing of different nano-phases with different properties. This material represents a new class of film,
powder, or bulk materials that are, in the simplest case, composed of two phases with a grain size below
100 nm, typically about 10 nm or smaller. This is illustrated in Figure 2.14. As mentioned, increased
activity on the synthesis of nanocomposite films in recent years is due to the combining advantages of thin
films and nanocomposite structures. So far, a number of techniques have been used to synthesize
nanocomposite films in which the starting material can be either in the solid, the liquid, or the gaseous state
(Table 2.2). In principle, any method capable of producing films can be used to produce nanocomposite
films. If a phase transformation is involved, e.g., liquid to solid or vapor to solid, then certain steps have to
be taken to control the nucleation and growth rates in order to control the composite’s structure and
properties. The particle’s second-phase size, morphology, and texture can be varied by suitably modifying

or controlling the process variables in each of these methods.

Nanoparticles Matrix

Figure 2.16 Schematic diagram of nanocomposite material.
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In sol-gel methods, organometallic salts, such as metal alkoxides, are deposited on porous
electrode substrates and hydrolyzed under controlled condition, forming a colloidal sol and a condensation
step with organic monomers to form a gel. The deposition by methods such as by spin coating or dip
coating is followed by a drying and firing process, leading to the formation of a dense film. The key feature
in this sequence is sol-gel polymerization, which can be described by a two-step reaction: initiation via the
hydrolysis of alkoxy ligands and polycondensation via an oxolation reaction. The particle concentration,
viscosity, concentration, and stability of the sol-gel influence the deposition parameters and film quality

and have to be controlled carefully.

Table 2.2 Methods to synthesize nanocomposite films

Starting phase Techniques

Co-sputtering (PLD)

Vapor Co-evaporation (CVD)

Pulse laser deposition (PLD)

Electrodeposition

Liquid Sol-gel process

Casting

Mechanical alloying/milling

Solid Spark erosion

Powder processing
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2.7 Literature reviews

Wu et al. [37] had synthesized F-doped SnO, nanocrystals using sol-gel process followed by a
hydrothermal treatment. The diameter of the F-doped Sndz nanocrystal in rutile-type structure was
approximately 10 nm calculated from XRD. TEM images showed small particles and good dispersion as
illustrated in Figure 2.17. The electrical resistivity properties of F-doped SnO, nanocrystals were measured
by a four-point probe measurement as shown in Figure 2.18. The results showed that sheet resistances (Ry)
of F-doped SnO, decreased with the increasing NH4F/Sn molar ratio in the range from 0 to 2. However,
further increase of NH,F/Sn molar ratio from 2 to 5 resulted to higher sheet resistance. The sheet resistance

of fluorine doped SnO, powder was 110 Q/C] when NH,F/Sn molar ratio equaled to 2.

Figure 2.17 TEM images of SnO, nanocrystals with doping ratio of (a) undoped SnO,, (b) NH,F/Sn=0.5,

(c) NH4F/Sn=1.5, (d) NH4F/Sn=0.5, (¢) NH,F/Sn=2 and NH,F/Sn=5 [37].
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Figure 2.18 Sheet resistance of SnO, powder doped with different NH,F/Sn molar ratio [37].

Krishnakumar er al. [38] reported that Sb-doped SnO, nanostructures were prepared using
chemical precipitation technique. The SnCl,, SbCl; were used as starting precursor of antinomy and tin,
respectively. The antimony composition was varied from 5 to 20wi%. The lower resistance was observed at
composition of Sn:95 and Sb:05, when compared with Sn0O, and higher doping concentration of antimony.
The average crystalline size of Sb-doped SnO, was decreased from 30 to 11 nm after Sb concentration

increased calculated from XRD pattern and it was further confirmed by TEM observation in Figure 2.19.

Figure 2.19 TEM micrograph (a) 5wt% Sb-doped SnO, and (b) its SAED pattern [38].
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Li et al. [39] reported that indium tin oxide powders were synthesized by a co-precipitation
process. The process of ITO nanoparticles synthesized by co-precipitation is shown in Figure 2.20. A
mixture of In(OH);, InOOH and Sn;0,(OH), preferred the path of pure In(OH); — In,0; during
calcinations in Ar gas and the powders with rhombohedral and cubic structured crystalline ITO were
obtained at 600°C as illustrated in Figure 2.21. If this powder was thermally calcined under Ar gas, the
color turned into slight blue due to removal of oxygen from ITO particles. So a decrease in the conductivity
at about 400°C was matching the exothermic peak during thermal analysis process and the mass of powder
did not lose from TC curve as demonstrated in Figure 2.22. These results showed that the ITO particles

possessed oxygen vacancies after caleination at 400°C.

Aqueous solution of . N
Aqueous solution of

SLlyoR0 18Cl; 4H;0

| ]
b Stirring with bath and ultrasonic

SnCly, InCl; mixed solution

lﬂ————- Aqueous solution of NH;, pH=9.5

Coporecipitation of Sn doped In
hydroxide, In{OH)3;-H,[Sn(OH);4]

i‘ Washing and drying in air

ITO precursors
b Caleination in air

SnO,/InyO5 erystalline powder

Figure 2.20 Process of ITO nanoparticles synthesized by co-precipitation [39].
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Figure 2.21 The variations of XRD patterns of ITO particles at the various calcination temperatures [39].
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Figure 2.22 Thermal analysis of the ITO precursor sample with thermal temperature [39].
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Silva et al. [40] reported that indium tin oxide nanoparticles were synthesized by a nonhydrolytic
sol-gel method. The XRD patterns in the Figure 2.23 indicated the preferential formation of metastable
hexagonal phase ITO in corundum type as opposed to cubic phase ITO when the reflux time was less than

3 h and the heat treatment temperature was below 600°C. F igure 2.24 shows morphology of ITO particle

with 4h reflux time at treatment temperature of 600°C,
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Figure 2.23 XRD patterns of ITO powders with different reflux times treated at 600°C [40].

Figure 2.24 SEM images of ITO powders after 4h reflux time at treatment temperature of 600°C in

different magnitude [40].
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Zhang et al. [41] reported that Sb-doped SnO, nanoparticles (at ratio of Sb/Sn, 5:100) were
synthesized by mild hydrothermal method free from the widely used metal chlorides. The result indicated
that all Sb ions came into the SnO, lattice to substitute Sn ions, though the hydrothermal temperature was
as low as 120°C. In Table 2.3, the electrical conductivity and crystalline size were changed after increasing
the heat treatment temperature accelerates the growth of the nanoparticles. The highest electrical

conductivity (8x 10 S cm™) is obtained at a hydrothermal temperature 140°C and the TEM image of this

particle was shown in Figure. 2.25.

Figure 2.25 TEM images of ATO nanoparticle at hydrothermal treatment of 140°C [41].

Table 2.3 Characterizations of the hydrothermally synthesized ATO nanoparticle [41].

Hydrothermal Dxrp Conductivity
Temperature (°C) (nm) e (10> S em™)
120 o 27 2
140 3.2 8

170 4.0 6
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Jung et al. [42] reported that nano-sized antimony-doped tin oxide particles were synthesized
using DC arc plasma jet. As shown in Figure 2.26, the precursors SnCly and SbCls was injected into the
plasma flame in the vapor phase. ATO powder could conveniently be synthesized without any other post-
treatment in this study. SEM image indicated that the size of particles synthesized using the Ar carrier gas

was smaller than the particles prepared using the O, carrier gas as illustrated in Figure 2.27.

Bubbler
SaClL&

SbCls

Pressure
Coatroller

Fig. 1. Schematic diagram of DC plasma jet for synthesis of ATO nanopowders.

Figure 2.26 Schematic diagram of DC plasma jet for synthesis of ATO nanopowders [42].

Figure 2.27 SEM images of ATO synthesized under different carrier gas (a) O, andn (b) Ar [42].

Sadegh e al. [43] reported that they had successfully synthesized nanocrystalline In(OH); and

In,O; nanoparticles through a sonochemical reaction. This report studied the effect of concentration of
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In(CH3COO0); and NaOH with different aging times and different sonicated power. The schematic of the
experimental setup is depicted in Figure 2.28. The reactions proceeded under ultrasonic conditions resulting
in approximately spherical and uniform In(OH); and In,O; nanoparticles as shown by SEM obervations in
Figure 2.29. It appeared that higher ultrasound power and frequency resulted in better separation and size
distribution in the product. The InO; nanoparticle was obtained by calcination at 400 °C and its

morphology was shown in Figure 2.29(f).
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Figure 2.28 Schematic of the experimental setup used for the sonochemical reactions: (a) NaOH vessel, (b)
In(OAc) solution, (c) thermometer, (d) reaction cell, (¢) double jacketed vessel, (f) water circulation and

(g0 ultrasound bath [43].
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Figure 2.29 SEM images of synthesized powders with different ultrasonic power and frequency [43].
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Qmidi et al. [44] reported that Sb-doped ZnO nanostructures were prepared by ultrasonic
irradiation method without using any organic compound and additional post treatment. Nanostructures of
ZnO doped with Sb* ions with dopant content ranging from x = 0.00 to 0.15 were prepared in water using
60 min ultrasonic irradiation. The SEM images in Figure 2.30 indicated that the doping greatly changed
morphology and size of the pure ZnO. It is evident that ZnO nanostructures are mainly plates with different

sizes. The morphology and size of Sh-doped ZnO nanostructures changed with increasing mole fraction of

Sb** ions.

X =000 X =006

X=00 } X'= 00

X =015

Figure 2.30 SEM images of Sb-doped ZnO nanostructures with various mole fraction of Sb>" ions [44].
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Tran ef al. [45] investigated of the effects of the growth of SnO, nanoparticles on the structural
properties of glass—ceramic planar waveguides. (100-x) SiO—x SnO, (x from 12 to 60 mol%) glass—
ceramic thin films were prepared by the sol-gel processing method, obtaining high SnO, concentrations (up
to 60 mol%) for the first time. Figure 2.31 shows the SnO, nanocrystals dispersed in the amorphous silica
matrix. Using an appropriate thermal process, SnO, nanocrystals were nucleated in the glassy silica matrix,
providing optical waveguides for x < 30 mol%. FTIR results provided information on the structural
evolutions of the matrix which resulted from the formation and the growth of the SnO, nanocrystals as

illustrated in Figure 2.32.

Figure 2.31 SEM and TEM images of a 75 Si0,-25 SnO, glass—ceramic sample heat-treated for 1 h at (a)
600 °C and at (b) 1100 °C, respectively. The circles highlight SnO, nanocrystals dispersed in the

amorphous silica matrix [45].
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Figure 2.32 Evolution of the FTIR spectra of a 70 Si0,-30 SnO, glass-ceramic sample with increasing

annealing temperatures [45].
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Li et al. [46] reported that nano-antimony-doped oxide was synthesized by sol-gel method as
illustrated in Figure 2.13. A colloidal dispersion of ATO nanoparticles in distilled water was achieved using
a milling process. This study showed that the pH value, dispersant type and dosage, and grinding time had a
considerable impact on the stability of the ATO suspensions. An ATO suspension with pH =6-10 has a
higher zeta potential and better stability. Among the several dispersants studied in this paper,
polyacrylamide and sodium polyphosphate could improve the stability of the ATO suspension significantly
as shown in Figure. 2.34. An ATO suspension with 8 wt% sodium polyphosphate, pH = 9, and a grinding
time of 36 h can be stored for more than one year at room temperature. This work developed a robust and
reliable method for the preparation of stable suspensions of ATO nanoparticles for thermal insulation glass
paint. The stable dispersion of ATO nanoparticles was used to prepare nano-thermal insulation glass paint

to block near-infrared ray of sunlight.

SnCls*5H20 SbClz
Ethanol Ethanol
Sn Ethanol Sol Sb Ethanol Sol

T I

.

Stirred at 70°C

< NH3H:0

Y

Gel precipitation

v

Washing, drying, calcination

v

ATO nanoparticles

Figure 2.33 The preparation of nano-sized antimony tin oxide using the sol-gel [46].
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Figure 2.34 TEM image of ATO suspension (a) without dispersant, (b) with Polyethylene glycol 4000

dispersant and (c) Sodium polyphosphate [46].
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Cho et al. [47] reported that nanosized colloidal indium tin oxide (ITO) dispersion was prepared
by milling ITO powder together with isopropyl tri(N-ethylenediamino)ethyl titanate as disperstant.
Experimental procedure in this method is depicted in Figure 2.35. The nanosized colloidal ITO dispersion
was prepared for electrically conductive and transparent coating materials. ITO sol was deposited on a
cathode ray tupe (CRT) panel for antistatic or electromagnetic shielding purposes and alkyl silicate was
used for the formation of an antireflective over-coat layer as illustrated in Figure 2.36. The double-layered
coating film showed a low minimum reflectance of about 1% as shown in Figure 2.37 and a sheet
resistance of the order of 10* Q/0 which was enough to satisfy antireflective and antistatic properties. The
electrical resistance and visible light reflectance of the coating film were affected by the secondary

particles.

ITO Powder, dispersion medium,

isopropyl tri (N-ethylenediamino)ethyl titanate
Vibratory milling with
paint shaker
ITO dispersion (15 wt. % of ITO powder)
Dilution with organic
solvent

Antistatic (AS) Coating Solution
(0.9 wt. % of ITO Powder)

Spin coating with AS
coating solution
% (140 rpm, 40 seconds)

Antistatic coating layer
| Spin coating with
i Antireflective (AR) coating
- solution
W (140 rpm, 40 seconds)
AR overcoat layer
& Baking at 180 °C
(30 minutes)

Double-layered c'bating film on CRT panel

Figure 2.35 Experiment procedure of colloidal indium tin oxide nanoparticles coating [47].
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Figure 2.36 SEM image of double-layerd indium tin oxide/silica coating layer [47].
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Figure 2.37 Visible light reflectance of cathode ray tube panel as a function of the wavelength of incident
light. The secondary particle size and dispersant concentration of colloidal ITO dispersion are 101 nm and

0.67 wt%, respectively [47].
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Goebbert et al. [48] reported that crystalline SnO,, SnO,:Sb and In;05:Sn nanoparticles, fully
redispersable in water or ethanol had been prepared. The growth of the particles was controlled in an
aqueous ammonia solution by chemical modification of the particle surface. The obtained suspension was
stable at pH > 8 for ATO and pH < 6 for ITO. Transparent conducting coatings with thickness up to 500
nm/layer had been obtained by spin coating. The transmission in the visible range measure against air was
about 90% as shown in Figure 2.38. This reflects the beneficial effect of using particles in the nonometer
range for coating production as these particles practically do not scatter the visible light. The annealed ITO
and ATO coatings showed a similar increase of the annealed ITO and ATO coating showed a similar
increase of the reflectance in the IR range due to the conducting properties of the materials. However, the

deposited ITO film had a lower reflectance due to the lower density of the electrons.

)
$-60/ -
Qd ----- ATO as deposited | -
[-: 40 - oo ITO annealed o A

e | TO) @5 deposited

.....
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Figure 2.38 Reflectance and transmission spectrum of ATO and ITO coating annealed at 550 °C for 30

min (Sheet resistance: ATO =430 /71, ITO = 1 kQ/, ITO (annealed) =250 Q/(1) [48].



44

Katagiri et al. [49] reported that infrared-shielding coating films were prepared by dispersing
indium tin oxide nanoparticles in a silica matrix as illustrated in Figure 2.39. Hydrophobized ITO
nanoparticles were synthesized via a liquid phase process. Coating films composed of a continuous silica
matrix dispersed with ITO nanoparticles was obtained using perhydropolysilazane (PHPS) as a precursor.
PHPS was completely converted to silica by exposure to the vapor from aqueous ammonia at 50 °C. In
Figure 2.40, the surface plasmon resonance (SPR) absorption of the ITO nanoparticles could be tuned by
varying the concentration of Sn doping from 3 to 30 mol%. The shortest SPR wavelength and strongest
SPR absorption were obtained for the ITO nanoparticles doped with 10% Sn because they possessed the
highest electron carrier density. The prepared coating films could efficiently shield IR radiation even
though they were more than 80% transparent in the visible range as shown in Figure2.41. The coating film

with the greatest IR-shielding ability completely blocked IR light at wavelengths longer than 1400 nm.
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Figure 2.39 Schematics of ITO nanoparticles dispersed in a silica matrix for IR-shielding application [49].
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Figure 2.40 UV-vis-NIR spectra of ITO nanoparticle with different Sn concentration [49].
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Figure 2.41 UV-vis-NIR spectra of ITO nanoparticle dispersed in silica matrix with different Sn

concentration [49].




CHAPTER 3

EXPERIMENTS

This chapter explains the preparation of SnO, and F-doped SnO, nanoparticle systhesized by
ultrasonic-assisted precipitation process. Sb- and F/Sb-doped SnO, were synthesized by sonochemical-assisted
precipitation. Then, the synthesized nanoparticles were used for fabrication of nanocomposite film. Finally, the

films were applied on IR-shielding coating in solar cells.
3.1 Preparation of SnO, nanoparticles via ultrasonic-assisted precipitation process

SnO, nanoparticles were synthesized by ultrasonic-assisted precipitation process using 0.2 M stannic
chloride pentahydrate as exhibited in Figure 3.1. The sonication was operated at 120 W with frequency of 40

kHz using ultrasonic bath.

3.1.1 Materials and equipment
1) Stannic chloride pentahydrate (SnCl,- 5H,0)
2) Deionized water and ethanol
4) Beaker, magnetic bar and magnetic stirrer
6) Ultrasonic bath
7) Calcination oven

8) Centrifuge machine

3.1.2 Experimental details

All equipment are illustrated in Figure 3.2. Firstly, 14.024 g SnCl,-5H,O was dissolved in 200 ml deionized
water and kept under sonication in ultrasonic bath at 60°C for 20 min until homogeneous solution was reached.
Then, the aqueous ammonia was added dropwise into solution under ultrasonic bath for 1 h. The precipitate of
tin hydroxide was obtained and then aged for 24 h at room temperature. The precipitate was washed several

times with deionized water and ethanol via centrifugation to remove chlorine ions and other residues. The
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conventional precipitation method was prepared by magnetic stirrer under similar condition. Finally, the as-

synthesized precipitates were dried in oven at 80 °C and then calcined at 400 °C for 2 h.

SnCl,-5H,0

|

DI water

N

sonicated for 20 min

Added the aqueous ammonia under ultrasonic bath
at 60 °C for 1h

aged 24 h

Washed several times with DI and
ethanol via centrifugation

Dried at 80 °C in oven

Calcined at 400 °C for 2h

Sn0O, powdersr

Figure 3.1 Experiment procedure of tin oxide nanoparticles.

Ultrasonic bath

Magnetic stirrer

B
-

Centrifuge machine

Calcination oven

Figure 3.2 Equipment used in nanoparticles synthesis.
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3.2 Preparation of F-doped SnO, (FTO) nanoparticles via ultrasonic-assisted precipitation

In this synthesis, all equipment were used as SnO, nanoparticle synthesis but precursor sort of fluorine was
added. The starting precursor of fluorine dopant is ammonium fluoride (NH4F) and the experiment procedure is
shown in Figure 3.3.

The composition of fluoride was varied from 0 to 20 mol%. 0.2 M of SnCl; and NH,F was dissolved in
deionized water under sonication in ultrasonic bath operated at 120 W with frequency of 40 kHz. The
suspension was sonicated at 60°C for 20 min until homogeneous solution was obtained. Then, aqueous
ammonia was dropped into solution within operating time of 2 h. The gelatinous precipitated product was
washed several times with deionized water and ethanol via centrifugation to remove chlorine ions. Finally, the

as-synthesized products were dried in oven at 80 °C and then calcined at 400°C for 2 h.

SnCl;-5H,0 NH,F DI water

| sonicated for 20 min

Added the aqueous ammonia under ultrasonic bath
at 60 °C for 1h

aged 24 h
y

Washed several times with DI and
ethanol via centrifugation

Dried at 80 °C in oven

Calcined at 400 °C for 2h

F-doped SnO, powders

Figure 3.3 Experiment procedure of F-doped SnO; nanoparticles.
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3.3 Preparation of Sb-doped SnO, (ATO) nanoparticles via sonochemical assisted precipitation

3.2.1 Materials and equipment
In this synthesis, the source of ultrasonic radiation was changed from the ultrasonic bath to direct-
immersion ultrasonic which has higher energy radiation. The ultrasonic horn using Sonic model VCX 750
(750W, 20kHz) are shown in Figure 3.4. The starting precursor of antimony dopant is antimony chloride

(SbCl;) and the experiment procedure is illustrated in Figure 3.5.

3.1.2 Experimental details

0.2 M of SnCl, and SbCl; powders with Sb concentration at 0, 5, 10, 15 and 20 mol% were dissolved
in absolute ethanol and then acetylacetone was added. The precursor was stirred for 20 min at room temperature
until homogeneous solution was reached. The solution was sonicated for 30 min by a direct-immersion
ultrasonic. The aqueous ammonia was added drop wise to the stock solution during sonication until the pH
value of the solution was reached to the range of 9-10, After sonication for 30 min, the completely precipitates
product was obtained and allowed to cool down to room temperature. The precipitates were washed several
times with deionized water via centrifugation at 4500 rpm for 4 min, Finally, the as-precipitated powders were

dried slowly at 80 °C and calcined at temperature of 400°C for 2 h.

Figure 3.4 Ultrasonic horn (Sonic model VCX 750)
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SnC]4‘ 5H20 Ethanol SbC]:;

added AcAc stirred for 20 min

Added the aqueous ammonia under sonication
for 30 min (20 kHz, 750 W)

aged 24 h

Washed several times with DI and
ethanol via centrifugation

Dried at 80 °C in oven

Caleined at 400 °C for 2h

Sb-doped SnO, powders

Figure 3.5 Experiment procedure of Sb-doped SnO, nanoparticles.

3.4 Preparation of F/Sb-doped SnO; (FATO) nanoparticles via sonochemical assisted precipitation
process
In this synthesis, all equipment were used as ATO nanoparticle synthesis but precursor sort of fluorine was
added. The starting precursor of fluorine dopant is ammonium fluoride (NH4F).

F-doped SnQ,, Sb-doped SnO, and F/Sb-codoped SnO, (FATO) nanopowders were synthesized by
sonochemical process as illustrated in Figure 3.6 Stannic chloride pentahydrate (SnCl,-5H,0) was used as a
host precursor while antimony(I1l) chloride (SbCl;) and ammenia fluoride (NH,F) were chosen as Sb and F
dopant precursor, respectively. The composition of antimony was fixed at 5 mol% and 10 mol% while the
fluoride composition was varied from 1-10 mol%. The F/Sb-codoped SnO, nanopowders were named F:Sb
mol% FATO following the mol% ratio such as 1:5FATO. The starting precursors were dissolved in absolute
ethanol and acetylacetone was slowly added. The precursor was vigorously stirred for 20 min at room
temperature until homogeneous solution was reached. Ammonia solution was added drop wise to the stock

solution during sonication until the pH value of the solution was reached to the range of 9-10. The solution was
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sonicated for 30 min by a direct-immersion ultrasonic horn. The gelatinous precipitated products were obtained
and allowed to cool down to room temperature then the product was washed several times with deionized water
via centrifugation to remove both ammonia and chlorine ions and dried slowly at 80 °C overnight in an oven.
Finally, the samples were calcined at 400 °C for 2 h to ensure the complete decomposition of the organic

polymer and improve crystallinity of the particles.

SnCl,-5H,0+Ethanol+Ethanol NH,F+DI

added AcAc stirred for 20 min

Added the aqueous ammonia under sonication
for 30 min (20 kHz, 750 W)

aged 24 h

Washed several times with DI and
ethanol via centrifugation

Dried at 80 °C in oven

Calcined at 400 °C for 2h

F/Sb-codoped SnO, powders

Figure 3.6 Experiment procedure of F/Sb-codoped SnO; nanoparticles.
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3.5 Preparation of nanocomposite films deposited by sol-gel spin-coating process
3.5.1 Materials and equipment
1) (3-Glycidyloxypropyl) trimethoxysilane
2) Tetraethyl orthosilicate
2) Absolute ethanol
3) Deionized water and ethanol
4) Beaker, magnetic bar and magnetic stirrer
6) Ultrasonic bath

7) Spin coater

3.5.2 Experimental details

The nanoparticles dispersed in silica thin film were prepared by sol-gel spin coating process as
exhibited in Figure 3.7. The model of spin coater is VTC-100 compact spin coater as shown in Figure 3.8. A
stock solution of (3-Glycidyloxypropyl) trimethoxysilane (GYMO) with tetraethyl orthosilicate (TEOS) sol-gel
precursor was prepared by hydrolyzing GLYMO and TEOS separately in ethanol (Absolute, >99.8%, Sigma-
Aldrich) and distilled water under acidic condition before mixing together and stirred for 24 h prior to usage.
The molar ration of GYMQ:TEOS:EtOH:H,O:HCI were 1:1.63:2:19:5:0.26. Coating procure with various
nanoparticle types were prepared. Before deposition, both substrates were cleaned ultrasonically in deionized
water, acetone and isopropanol for 10 min, respectively. The solution was coated on the substrates by spinner at
speed of 2000 rpm for 40 s followed by heating on a hot plate at 100 °C for 10 min. The precursor was coated
on glass substrate by spin coating technique: The films were treated at 150°C for 1 h on hotplate.

TEOS+GYMO P 4
Ethanol+=H,0+HC]

 soommmen
Composite film

2500 rpm, 50 sec 150°C, 1h

70°C, 24 h

Figure 3.7 Preparation of composite film using sol-gel spin-coating method.
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q3

Figure 3.8 Image of VTC-100 compact spin coater.

3.6 Characterization

1) The structural properties of powders were characterized by XRD (PANalytical X Pert Pro) operated
at 40 kV and 30 mA using Cu-K, radiation over a 26 from 20° to 80° with step of 0.02%/sec.

2) The size, shape and crystal structure of the particles were observed by TEM (FEI, TECNAI G*20)
operated at 200 kV. Chemical bonding of powders was characterized by Raman spectroscopy carried out in the
range of 300-800 cm™.

3) The chemical state analyses of the samples were carried out by X-ray photoelectron spectroscopy

(Kratos analytical, AXIS ULTRAP'P) using Al-K,, with radiation at 1.4 keV.

4) The resistivity (p) and carrier concentration (1) of the films were measured at room temperature
using Hall measurement system in Van der Pauw configuration. Before Hall measurement, the 0.6 g of
nanopowder was pressed into circular pellet of 1.5 mm diameter under 2.5 ton pressures for 2 min by hydraulic
pelletizer as illustrated in Figure 3.9. Then the pellets were sintered at 1000 °C for 30 min giving the pellet with
thickness of 1 mm.

5) Reflectance spectra were recorded in a wavelength of 200-1500 nm using UV-Vis

spectrophotometer on model Shimadzu UV-3600.
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6) The normalized V,. of reference solar cell using composite film for IR-shielding layer were

measured under continued exposure of halogen lamp as illustrated in Figure 3.10

7) The temperature of silicon solar cell was measured using thermocouple with multimeter under solar

simulator exposure. The schematic of this measurement is shown in Figure 3.11.
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" -0 7o
As-synthesized . R
L g8 L yogasl e
5 PR Py
o ko4 2
. el e .

¥ g widil Bo0r oy . 10AT0- i _1sea10 ) . 1:10FATO
JFTO ,,‘_': ;" ISI"EP"%:“’S‘ : j ol .-.‘HATO - 5:5FATO . . SIOFATO

* ) A;}'T() :‘r "‘“m -'m ¥ ’ { \:} !f\TU ._.20-’31'0 i

.’1f h ;: =N . 8 { ) ]
#2520 ] K9 340

s HD:SFATO ..III:IUFAI'H
\ ¥ N\

I €
) 8
I w p A

Calcination

Nanocomposite film

Figure 3.10 Schematic of normalized ¥,. measurement under halogen lamp exposure.




Figure 3.11 Schematic of temperature measurement using thermocouple under solar simulator.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 SnO; nanoparticles via ultrasonic-assisted precipitation process

The thermal behaviors of as-synthesized precipitates SnO, powders prepared with and without
sonication are shown in Figure 4.1 (a) and (b), respectively. The TG/DTA curves of as-synthesized precipitates
detected at around 70°C and 230°C are assigned to the removal of absorbed water and alcohol and the

decomposition of NH," in the powder according to the Eq.4.1 [50],

The noticeable peak position about 485°C of sample prepared without sonication is attributed to the

dehydroxylation and phase transformation of the as-precipitated product according to the Eq. 4.2,

Sn(OH), —> SnO, + 4H, 0. (4.2)

Interestingly, the phase transformation peak of sample synthesized by ultrasonic-assisted method clearly shifts
to lower temperature at around 375°C. The shift could be due to increase of the surface area possibly resulting
from the size decrease of material. During ultrasonic radiation through a liquid, ultrasound can efficiently
generates expansion and compression cycles leading to the cavitation in an aqueous medium. The cavitation
effect in chemical process by restrains aggregation of particles can consequently decrease the particle size and
reduce temperature of phase transformation [51].

Figure 4.2 shows the XRD patterns of as-synthesized and SnO, nanoparticles synthesized with and
without sonication assistance. After calcinations at 400 °C, the sharpness and intensity of diffraction peaks
increases remarkably, indicating the transformation of amorphous phase to well-defined crystallization of
SnO, after calcination at this temperature range. All diffraction peaks of SnO, nanoparticles prepared
with/without sonication evidently reveal polycrystalline phase of tetragonal SnO, crystal structure [52]. In
addition, average crystallite sizes of the SnO, nanoparticles were calculated by well-known Scherrer’s equation

as follows [53]:
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where A is the X-ray’s wavelength (0.154 nm), S is the peak width at half-maximum (FWHM),@ is the
diffracted angle of the corresponding peak. From Scherrer’s equation, the broader intensity peaks of as-
precipitated powders indicate that their average size is about 13-15 nm. It is noticed that the diffraction peaks of
SnO, powders prepared by an assistance of ultrasonic possess higher sharpness than one prepared by

conventional process due to the lower temperature phase transformation of Sn(OH), to SnO-.
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Figure 4.1 TG/DTA curves of as-synthesized SnQ, powders (a) without and (b) with sonication.
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Figure 4.2 XRD patterns of (a) as-precipitated powders and (b) after-calcinedSnO, nanoparticles with/without

sonication.
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7

Figure 4.3 TEM images and SAED patterns of SnO, powders at different conditions (a) as-synthesized without

(b) and (c,d) synthesized SnO, nanoparticles with sonication.

The TEM images and selected area electron diffraction (SAED) patterns of SnO, nanoparticles
synthesized by precipitation method are illustrated in Figure 4.3. As seen in Figure 4.3 (a) and (b), the
morphologies and particle size of as-precipitated SnO, nanoparticles prepared with/without sonication are
unable to identify due to extremely tiny structures of the as-prepared particles reflecting their amorphosity in
nature. After calcinations, the TEM image of SnO, nanoparticles shows excellent dispersesiveness with less
agglomeration and an uniformity in particle size approximately 10-15 nm.  The SAED patterns of as-
precipitated nanoparticles show soft halo rings reflecting an amorphous phase. While SAED of after-calcined
SnO, nanoparticles exhibits several strong halo rings confirming to polycrystalline and the brightest inner ring

attributes to the (110) plane of SnO, [54].

4.2 F-doped SnO, nanoparticles via ultrasonic-assisted precipitation process

The XRD patterns of F-doped SnO, nanoparticles with different fluorine doping content of 0-20 mol.% are
illustrated in Figure 4.4. All diffraction peaks of samples show the major peak of (110), (101) and (211) plane
orientation corresponding to polycrystalline phase of tetragonal SnO, crystal structure [37]. The XRD patterns
of all samples reveal only diffraction peak of pure SnO, without another impurity phase. It is noticeable that
major peak position of F-doped SnO, powders shifts slightly toward the lower diffraction angles due to the
prolongation of d-spacing caused by the dopant [55]. Because the ionic radius of fluorine ion (1.33 A) is close
to oxygen ion (1.32 A). When doping, the good substitution of oxygen sites by fluorine ions can result to the

alternation of d-spacing of the structure [56]. In addition, average crystallite sizes of the F-doped SnO,
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nanoparticles were calculated by well-known Scherrer’s equation. The crystallite size of all samples are
obtained from the FWHM of the (100) peak and summarized in Table 4.1. The crystallite size of nanoparticles

slightly varies in the range of 10.2-11.2 nm by fluoride incorporation.

20% E-doped SnO,
15% E-doped SnO,
)
‘g
=
o
)
iy 10% F-doped SnO,
B
E
5% F-doped SnQ),
(110) (101)
0% F-doped SnO,
! L | L i !
20 40 60 80

20 (deg.)

Figure 4.4 XRD patterns of F-doped SnO, nanoparticles with different fluorine content of 0-20 mol.%.
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Table 4.1 crystallite sizes of the F-doped SnO, nanoparticles

F contents (mol.%) crystallite size (nm)
0 10.2
5 10.1
10 9.8
15 11:2
20 11.0

Figure 4.5 (a) and (b) show EDX analysis of undoped and F-doped SnO,, respectively. In Figure 4.5(a),
the major elements found in EDX result are Sn and O. The existence of Cu is resulted from the Cu grid used in
TEM and EDX measurement. Meanwhile the EDX result of F-doped sample as seen in Figure 4.5(b) indicates
the existence of fluorine in SnO, nanopowder. TEM images and selected area electron diffraction (SAED)
patterns of undoped and F-doped SnO, nanoparticles are illustrated in Figure 4.6. The TEM images of SnO,
nanoparticles exhibit excellent dispersion with less agglomeration and uniformity of particle size in the range of
10-13 nm. It is suggested that the good dispersion of the particles is obtained by the aid of ultrasonic energy
supplied during synthesis. The SAED of F-doped SnO, nanoparticles exhibits several strong halo rings
confirming to polycrystalline structure and the brightest inner ring attributes to the (110) plane of SnO,
structure. The halo ring has reciprocal relation with space between crystallite planes (d-spacing) [57]. The d-
spacing of undoped and F-doped SnO, nanopowder was calculated from halo ring of (110) plane and found to
be 0.33 nm and 0.39 nm, respectively. The particles size and d-spacing of samples obtained from TEM images
are in harmony with XRD results. This feature is probably caused by the substitution of oxygen sites by

fluorine ions.
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Figure 4.5 EDX analysis of (a) undoped and (b) F-doped SnO, nanoparticles.
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Figure 4.6 TEM images and SAED patterns of (a,c,f) undoped and (b,d,g) F-doped SnO; nanopowder.
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4.3 Sb-doped SnO, nanoparticles via sonochemical assisted precipitation

Figure 4.7 shows the XRD patterns of as-synthesized ATO nanoparticles prepared via sonochemical-
assisted precipitation process. The broad diffraction peaks of samples possess the major peaks of (110), (101),
(211) and (301) plane orientations corresponding to tetragonal SnO, crystal structure [58]. It is implied that as-
synthesized product obtained by this synthetic method comprises primarily polycrystalline phase of SnO,
structure. The formation of crystalline phase of SnO, during sonochemical process without applying any
thermal treatment could be occurred by cavitation effect during ultrasonic radiation though a precipitate
solution. Under intense ultrasound irradiation, rapid collision driven by strong ultrasound energy can generate
localized high temperature area, which can expedite the condensation reactions of hydroxyl groups to produce

the nucleation of fine spherical nanoparticles of SnQ; according to chemical reactions [59].

By (O [{)4 ultrasonic  radiation & 02 4 H2 0. (4.4)

This result indicates that the as-synthesized powder in SnO, phase can be obtained by single step sonochemical-
assisted process. In addition, the sharpness and intensity of diffraction peaks drastically increase after
calcinations at 400°C, reflecting that the crystallization of the oxide compounds tends towards more integrity
with grater crystallite size. The average crystallite sizes of all nanoparticles were calculated from the peaks of
(110) and summarized in Table 4.2. The smallest crystallite size of ~2.4 nm was obtained from as-synthesized
product, while the crystallites become larger in size after calcinations due to the thermal energy promoted
crystallite growth.

Table 4.2. The average crystallite sizes of'all nanoparticles were calculated from the peaks of (110)

Sb concentrations (mol.%) as-synthesized D (nm) Calcination D (nm)
0% 2.64 11.6
1% 225 -
5% 2.59 9.33
10% 2.7 7.65
15% 3.71 -

20% 3.27 6.99
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Figure 4.7 XRD patterns of Sb-doped SnO, nanoparticles with different Sb concentration (a) as-synthesized

(b) after calcinations at 400°C.
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From Figure 4.7 (a), relative intensities of all peaks reveal only diffraction peak of pure SnO; phase
until Sb doping concentration was arised to 15 mol.%. An increase of Sb concentration up to 20 mol.%, Sb
segregation was observed in phase of Sb,O; [60]. The Possibility of Sb incorporated into the SnO, lattice was
replaced by two oxidation states of Sb** which has a lager ionic radius (r = 0.76 A) and Sb’* which has a
smaller ionic radius (r = 0.62 A) than Sn*"(r = 0.69 A) [38]. A part of the Sb™" is able to easily substitute into
the tin oxide lattice since Sb>" has a similar ionic radius to Sn*" state. On the other hand, the substitution of Sb>*
state is more difficult to occur resulting the existence of detectable Sb,O; phase. By calculation, the crystallite
size of as-synthesized ATO nanoparticles decreases as Sb concentration is less than 5 mol.% and increases from
2.64 to 3.27 nm when Sb concentration is raised to 10 mol.%. This critical feature may derive from the truth
that the Sb>* state could occupy interstitial sites of SnO, lattice due to Sb*" has a lager ionic radius to Sn** state
causing in a large number of dislocations [61]. Therefore, the phase of Sb,0; was observed since Sb>* may
probably be reduced to Sb** after Sb concentration up to 20 mol.%. After calcinations, this phase weakens and
finally disappears due to the instability of Sb”* with rather big ionic radius in the expanded crystallite size of
SnO, structure. However, XRD patterns and crystallite size of ATO nanoparticles become weakened
appearance with increasing Sb content, suggesting that Sb dopant could prevent the SnOj crystallite growth.

In Raman active mode, the spectra of as-synthesized Sb-doped SnO, nanoparticles are illustrated in
Figure 4.8 (a). For as-synthesized nanoparticles, the Raman peaks located at 477 and 575 cm™' are observed,
which is attributed to the vibration of oxygen in the oxygen plane and small size effect of SnO, particle,
respectively [62]. The peak position at 576 e¢m™ is not detected obviously on Raman spectra after Sb
concentration increases up to 10 mol.%. This effect may come from the segregation of Sb’* state occupied
interstitial sites of SnO, lattice, resulting in bigger crystallite size as seen in Table 4.2. In Figure 4.8 (b), it is
suggested that the thermal energy provided by calcination process not only results to the disappearance of the
Raman peak at 576 cm™ but also influences appearance of Raman peak at 627 cm™. This peak can be attributed
to the symmetric Sn-O stretching mode in nanocrystalline SnO,, suggesting the better crystallinity of the sample
can be obtained by heat treatment. However, the peak intensity of symmetric Sn-O stretching mode is absent
after Sb concentration increases, implying the presence of imperfect lattice sites. The Raman results of the Sb-
doped SnO, nanoparticles synthesized by sonochemical-assisted precipitation process coincidently affirm the

crystallite growth of nanopowder, which is in good agreement to XRD results.
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Figure 4.8 Raman spectra of Sb-doped SnO, nanoparticles with different Sb concentrations (a) as-synthesized

(b) after calcinations at 400°C.
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The TEM images and selected area electron diffraction (SAED) patterns of SnO, nanoparticles are
illustrated in Figure 4.9 The image of as-synthesized powders as shown in Figure. 4.9 (a) is unable to identify
general structure of small granular clusters. The SAED of SnO, nanoparticles exhibits several stronger halo
rings than as-synthesized nanoparticles confirming to polycrystalline structure and the brightest inner ring
attributes to the (110) plane of SnO, structure. It can be deduced that the crystallite growth of the nanoparticles
are strongly affected by calcinations. Figure 4.9 (b) shows excellent dispersiveness with less agglomeration of
the nanoparticles of the size estimated 10-13 nm. The good dispersion of the particles is obtained by the aid of
ultrasonic energy supplied during synthesis. It is suggested that the sonochemical assistance not only provides
energy for crystallite growth' but also influences the formation process including nucleation, growth
coagulation, and flocculation.

In order to gain insight of the nanoparticles, the chemical composition was analyzed by XPS. Figure
4.10 shows the XPS survey scan spectrum of ATO with 10 mol.% Sb content caleined at 400 °C, which
contains the Sn3d, Sb3d, and Ols peaks. As seen in Fig. 4.10 (b), Sn3d spectra detected in two regions of 485-
490 ¢V and 493-497 eV correspond to the spin orbital state of 3ds, and 3dy5, respectively. The XPS spectrum in
the binding energy range of 525-545 eV is masked by the O1s and S$b3d transition, which can be deconvoluted
into Ols, Sb3ds;, and Sb3ds), as shown in Figure 4.10 (¢). The Gaussian line centered at 540.63 eV corresponds
to the Sb** oxidation state resulting from the intervalence charge transfer as mixed Sb*-Sb*". The XPS spectra

of Sb-doped SnO; also obviously confirm the existence of Sb** and Sb*" incorporated into SnO, matrix.

Figure 4.9 TEM images of SnO, nanoparticles (a) as-synthesized and (b) after calcinations at 400°C.
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Before resistance measurement, the Sb-doped SnO, nanoparticles were pressed in the form of pellet
provided the increase in powder density and contacts between grains. The electrical resistance of nanoparticles
with different Sb concentration is exhibited in Table 4.3. The high resistance of tin oxide was observed due to
the oxygen vacancies of SnO, grains. When doping with Sb, the resistance of SnO, decreased dramatically,
suggesting that the incorporation of Sb ions can enhance the conductivity of tin oxide. A minimum resistance
value of 17.49 QO was obtained by 5 mol.% Sb concentration and then the resistance slightly increases when Sb
concentration was raised to 10 mol.%. The resistance of tin oxide can be reduced by Sb>* incorporated into the
SnO, lattice, causing the formation of donor levels appeared very close to the conduction band. These donor
levels can consequently generate the extra electrons and promote the higher electron mobility into the
conduction band as depicted in Fig. 4.11 (a). From XRD results, it is indicated that the phase of Sb,0; can be
obtained by the Sb** ions reduced to the Sb** state after excess antimony. The incorperation of Sb*" ions into tin
oxide can create the acceptor levels as shown in Figure 4.11 (b). Therefore, possibility of the free electrons may
be trapped by the acceptor levels (Figure 4.11 (c¢)) leading to an increase the resistance of tin oxide. In addition,
the increasing resistance can also be partially attributed to the excess antimony atoms build in the grain
boundary regions which can potentially prevent the growth of SnO, nanoerystals [63], which is in good
accordance with Raman results. These results reveal that the Sb incorporation with optimal concentration can

produce lower resistance affected by the substitution of Sn** by Sb™".

Table 4.3 The electrical resistance of ATO nanoparticles.

Sb concentrations Resistance (£2)
0% 2190.58
1% 26.65
594 17.49
10% 18.37
15% 57.86

20% 82.83
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4.4 F/Sb-doped SnO; nanoparticles via sonochemical assisted precipitation

Figure 4.12 (a) shows XRD patterns of as-synthesized samples and SnO, nanoparticles calcined at
400°C. For as-synthesized samples, there are noticeable diffraction peaks which are attributed to (110), (101)
and (211) planes of SnO, with tetragonal rutile structure [64]. This result suggests that as-synthesized powder
with primarily polycrystalline phase of SnO, ultrafine structure can be obtained by one-step sonochemical
process without heat treatment process. The formation of crystalline phase of SnO, during sonochemical
process could be initiated by cavitation effect during intense ultrasonic radiation via rapid collision forced by
strong ultrasound energy. This collision is capable to rapidly elevate localized high-temperature area that can
effectively quicken the condensation reactions of hydroxyl groups to produce the nucleation of fine
nanoparticles of SnO, via aceording to chemical equation (1) and (4). Moreover, after calcinations at moderate
temperature, it is observed that there is increasing intensity of all diffraction peaks, indicating that the better
crystallinity of SnO, nanoparticles can be obtained by calcinations process.

XRD patterns of after-calcined FATO nanoparticles prepared via sonochemical process with various
doping contents are exhibited in Figure 4.12 (b). Three prominent diffraction peaks positioned at 26 = 26.5°,
34.0° and 51.9° are well-indexed to (110), (101), (211) plane orientations of tetragonal SnQ, crystal structure,
respectively. In addition, the other minor noticeable peaks situated at 2= 38.0° and 65.3° are nicely ascribed to
(200) and (301) planes of tetragonal SnO, structure, respectively [65]. This result suggests that the good
crystallinity of tetragonal SnO; structure can be obtained via this synthesis method and moderate heat treatment.
It is further noticed that their major peak intensities tend to decrease with increasing content of either dopant.
The average crystallite size of FATO nanoparticles can be calculated from the full-width at half maximum
(FWHM) of (110) most distinct peak by Scherrer’s equation. It is found that the average size of the particle is
ca. 10 nm indicating that tiny and uniform SnO,-based nanopartieles can be achieved by sonochemical process.
It is further interpreted from the XRD intensity that the crystallite size of FATO nanoparticles significantly
changes with increasing doping content. These manners may originate from the difference in ionic radius of
Sb** which has a lager ionic radius (r=0.76 A) than that of Sn*" (=0.69 A) and between that of fluorine ion

(1.33 A) and oxygen ion (1.33 A) [66].
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The Raman spectra of SnO; nanoparticles with different heat-treated temperatures are illustrated in
Figure 4.13 (a). For as-synthesized samples, the peaks observed at 484.89 and 576.76 cm™ are attributed to the
E, vibration mode and the small size effect of nanocrystalline SnO, [56]. The doubly degenerated E, mode is
related to the vibration plane of oxygen in the direction of the c-axis. After calcined at 400°C, the fundamental
Raman peaks of rutile SnO; at 633.51 and 774.25 em™! are observed, that is attributed to A, and B,, vibration
modes. Both peaks are corresponded to non-degenerate phonon modes vibrating in the plane perpendicular to

the c-axis corresponding the expansion (A,,) and contraction (B,,) vibration of Sn-O bonds [67].
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Figure 4.13 Raman spectra of SnO, nanoparticles with (a) different heat treatments, (b) Sb and F doping, (c)

FATO at 5 mol.% Sb content and (d) FATO at 10 mol.% Sb content with different F concentrations.
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Moreover, the broad peak around 400-600 cm™ may originate from combination of E, vibration mode
and nanocrystalline SnO, system mode_whereas the peak at 309.50 cm™ can be correlated to the E, transverse
optical mode. All vibration peaks are Raman active mode except in the E, mode which is Raman-inactive
caused by disorder at the interface between crystals [68]. Three fundamental Raman peaks positioned at 474.50,
633.51 and 773.42 cm™ are clearly observed in the sample sintered at 1000°C. These peaks are assigned to the
three characteristic spectra of rutile SnO, single crystal, suggesting the better crystallinity of the sample can be
obtained by heat treatment. In addition, Raman spectroscopy is an important tool to confirm structural defect
affected by the Sb and F substituted into SnO, lattice on vibrational properties. The Raman spectra of FTO and
ATO nanoparticles calcined at 400°C are shown in Figure 4.13 (b). Raman result of FTO sample exhibits three
fundamental Raman peaks with decreasing intensity of Sn-O bond due to the proper substitution of F ion at O
site without significant alternation of SnO; local structure. On the other hand, three fundamental Raman peaks
are evidently absent by the incorporation of Sb, implying the presence of imperfect lattice sites due to the
improper substitution of Sb ion or other local defects in SnO; crystal [69]. This manner implies that the F and
Sb dopant substitution in SnO; lattice results in vacant lattice site or oxygen vacancies and lattice distortion. In
Fig. 2 (c) and (d), Raman spectra of codoped samples are disappeared after sintering at 1000°C, implying the
presence of imperfect lattice sites and intensive reduction in lattice space symmetry.

The surface chemical characteristics of the FTO, ATO and FATO nanoparticles were analyzed by
XPS. All the binding energy (BE) calibration of the spectra were referenced to the CIS peak located at
285.040.1 eV. Figure 4.14 (a) shows the XPS survey scan spectrum of FATO sample calcined at 400°C,
indicating that the sample consists of the Sn3d, Sb3d, F1s and Ols peaks. As seen in Figure 4.14 (b), Sn3d
spectra detected in two regions of 485-490 eV and 493-497 eV correspond to the spin orbital state of 3ds/, and
3dsp, respectively [22]. In the Sn3d spin erbital spectrum, the peak intensity of Sb-doped sample become lower
and shifts to the higher binding energy than that of F-doped sample as observed in Figure 4.14 (b). The
substitution of F~ anion at O* anion and Sb** or Sb*"cations at Sn*" site can lead to the creation of greater
amount of free electrons [70]. These results indicate that Sb dopant has dominance on the decrease in peak

intensity of Sn3d than F dopant and the shift in binding energy reflects to more oxidization by the dopant.
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Figure 4.14 XPS spectra of FATO SnO, nanoparticles (a) survey scan, (b) narrow scan of Sn3d and (c) narrow

scan of Sb3d+0O1s.
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In narrow scan spectra, the orbital state of Sb3ds, is masked by the Ols in binding energy range of
528-535 eV but Sb3dsy, is clearly observed at 540 eV for both samples except in FTO sample. Alternative way
to study the defects in the lattice is to analyze the change at the binding energy level of Ols as noticed in Figure
4.15. The Ols core level line can be deconvoluted into four peaks components centered at 529.59 eV, 530.84
eV, 532.14 eV and 533.28 eV. The peak center at 529 eV is attributed to O in lattice of SnO, structure
implying a fully oxidized stoichiometric environment, while the main peak at 531 eV is associated with O ion in
the oxygen deficient regions or oxygen vacancies in the lattice [71]. The binding energy at 532 eV is the
combination of chemisorbed oxygen of OH™ groups on surface with orbital state of Sb3ds;, in Sb doped sample.
The peak position of Ols is shifted to high binding energy, suggesting that the more oxygen vacancies are
generated by Sb incorporated into SnO, structure [72]. The peak located at 533 eV is observed only in the FTO
sample, which is associated with adsorbed oxygen of H,O or CO; on surface of sample indicating the more
hygroscopic in nature [73]. The XPS results affirm that F ions and Sb ions incorporated into the SnO, lattice
are able to effectively provide more oxygen vacancies in the doped sample.

TEM images and selected area electron diffraction (SAED) patterns of FTO, ATO and FATO
nanoparticles are illustrated in Figure 4.16. As seen in Figure 4.16 (a), the morphologies and particle size of as-
synthesized SnO, nanoparticles are unable to identify due to general structure of small granular clusters as well
as the SAED patterns show soft halo rings reflecting their amorphosity in nature. The TEM image indicates that
the SnO, nanoparticles are excellent dispersed with less agglomeration and uniformity of particle shape which
appear in spherical shape with estimated size of less than 10 nm after caleination at 400°C. The SAED of SnO,
nanoparticle exhibits several strong halo rings confirming to polycrystalline structure and the brightest inner
ring attributes to the (110) plane of SnO; structure, which is consistent with XRD results. It can be deduced that
the crystallite growth of the nanoparticles are highly affected by heat treatment. From TEM images, it is
suggested that the F dopant has slight effect on morphologies and particle sizes of SnO- particles while Sb
dopant provide significant influence on SnO, structure. In addition, the morphologies of FATO particles display

many spherical shaped grains formed by aggregation of nanocrystalline.
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(a) as-systhesized SnO,

(b) SnO,/400 °C

(e) 10:10FATO /400 °C

Figure 4.16 SEAD patterns and TEM images of (a) as-synthesized SnO, (b) SnO,, (b) FTO, (c) ATO and (d)

FATO nanoparticles.
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The resistivity (o) and carrier concentration (#) of FATO samples are exhibited in Table 4.4. The high
resistance of tin oxide is observed, while the resistivity of FTO sample decreases considerably from 10.45 Q-cm
to 13.6 Q-cm. This feature is originated from the fact that fluoride ion incorporated in SnO, can contribute one
exceeding free electron to SnO, leading to the reduction in electrical resistivity [56]. For ATO sample, its
resistivity decreases dramatically down to 5.03 x 10 Q-cm and 5.43 x 102 Q-cm for the samples with Sb
concentration of 5 mol.% and 10 mol.%, respectively. This feature is due to Sb ions incorporated into the SnO,
lattice causing the formation of donor levels appeared very close to the conduction band [61]. These donor
levels can consequently generate the extra electrons and promote the higher electron mobility into the
conduction band. Both F and Sb doped SnO; samples can promote the higher electron mobility as shown in
Table 4.4. It is observed that the lower resistivity and good carrier density are obtained as the Sb content
reaches a specific content of 5 mol.%. However, the resistivity slightly increases after the Sh concentration
augmented beyond 10 mol.% in the SnO, lattice owing to possibility of the free electrons trap by the acceptor
levels. This level is created by Sb’* ion incorporated in Sn*” site in SnO, lattice when the doping exceeds the
specific value [74] that can initiate the oxidation reduction of $b*" to Sb*". In addition, the resistivity greatly
decreases with F/Sb codoped in SnO; structure due to the co-existence of oxygen vacancies and substituted Sn
producing the extra electrons and the higher electron density [75]. The limitation of F:Sb codopant ratio is 1:5
mol.% providing the lowest resistivity at 3.96 x 107 €-cm. Nevertheless, the free carrier density decreases with
increasing F concentration due to the Sn-F complexes formed in the grain boundaries, leading to a slight
increase in the resistivity. These results reveal that the F/Sb co-incorporation in SnQ, structure can considerably
increase its carrier mobility and conductivity. Diffuse reflectance spectra of SnO,, FTO, ATO and FATO
nanoparticles in the form of pellet are shown in Figure 4.17 (a). The reflectance spectra show the sharp
absorption edge in the wavelength region of 250-350 nm implying semiconductor behavior with the existence
of direct optical band gap. The corresponding optical band gap could be estimated by Tauc’s method. In direct
transition semiconductors, the optical absorption coefficient and the optical energy band gap is expressed as

[76]:

(ahv)=A(hv-E)" (4.5)
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where E, is optical band gap, 4V is photon energy and A is constant. & is absorption coefficient which is

substituted with F(R..). Thus the relational expression becomes:
(hvF(R,))’ = A(hv-E,)" , (4.6)

where F(R.) is absorption coefficient which is obtained from the acquired diffuse reflectance spectrum using

Kubelka-Munk function [77]:

F(;@ﬁﬁ% , 4.7)

where R, is the diffuse reflectance. The optical band gap energies were interpreted from the interception of the
straight section to energy axis as shown in Figure 4.17 (b) and (c). In Figure 4.17 (b) and (c), the optical band
gap of SnO, sample increases from 3.83 eV to 3.85 eV after fluoride doping and dramatically increases to 3.90
eV and 4.04 eV for 10ATO and 1:5FATO sample, respectively. The extended optical band bap of SnO; samples
after F, Sb incorporation may be ascribed to Bursstein-Moss effect as a result of the increase of carrier
concentration. Increasing carrier concentration will cause the alternation of Fermi level moving into the
conduction band leading to a broadened optical band gap [78].

Table 4.4 The resistivity and carrier density of samples by Hall measurement.

Samples Resistivity (Q cm) Carrier Density (1/cm®)
Sn0O, 14.5 1.35x 10'¢
10FTO 13.6 3.88 x 10"
S5ATO 5.03 %107 1.04 x 10"
10ATO 5.43 x 107 4.36 x 10"

1:5FATO 3.96 % 107 1.27 x 10"

5:5FATO 5.61 % 107 1.0 = 15"

10:5FATO 4.82 x 107 3.46 x 10"

1:10FATO 6.05 x 107 2.72 x 10"

5:10FATO 1.03 x 107 3.25 x 10"

10:10FATO 7.15 x 107 9.92 % 10"




82

70

| o (a)
" s
50 4
s
S
£
= 40
£
31 SnO,
B ;
S - ---10FTO
= 1 4 10ATO
4 ¥ L 10:10FATO
10 el
D L T T Y T o T bt
200 400 600 800 1000 1200
Wavelength (nm)
TN ®)
= - - 10FTO
d
5
&
i,
p-
F
CREAF T
25 3.0 5.0
pov ENSSEEN, WREREE, . WS B AR :- (c
510 _ )
F-=-1:5FATO i
.- 5:5FATO
== 10:SFATO
&
o
5
&
-
a
o
50

Figure 4.17 (a) Diffuse reflectance spectra and (b) The (/vF(R.))> vs. hv curves of SnO,, FTO, ATO, FATO.

(¢) The (hvF(R.))* vs. hv curves of FATO at Smol.% Sb with different F concentrations .




83

4.5 Composite film used as IR-shielding layer for Solar cell

Diffuse reflectance spectra of FTO, ATO nanoparticles were measured in the pellet form (Figure 4. 18)
with different amounts of dopant as shown in Figure 4.19 (a) and (b), respectively. The noise spectra in the
range of 750-1000 nm were occurred from instrument. The reflectance spectra of FTO nanoparticles exhibited
identical characteristic of SnO, which is an interband transition at ~400 nm, high reflection in visible region and
weak absorption in the IR region. In the other hand, the reflectance spectra of ATO nanoparticles demonstrate
the low reflection in visible region and strong absorption in the IR region. Because the ATO nanoparticles
appear a blue color attributed to plasma excitation of free carriers and the strong absorption in IR region.
Reflectance spectra of F(x):5FATO and F(x):10FATO nanoparticles are exhibited in Figure 4.20. The results
reveal that the reflectance spectra of FATO nanoparticles show similarly characteristic spectra of ATO
nanoparticles. Nevertheless, the spectra exhibit the higher reflection in the visible region and deeper absorption

in IR region after F incorporation in ATO nanoparticles.
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Figure 4.18 Image of all nanoparticles in the pellet form.



Reflectance (%)

Reflectance (%)

100

60

40

100

I
500

T
750

T T
1000 1250

Wavelength (nm)

r

1500

I
1750

T

2000

250

T

I
500

T

T
750

T T
1000 1250

Wavelength (nm)

T
1500

I
1750

2000

84

Figure 4.19 Diffuse reflectance spectra of (a) FTO and (b) ATO with different F and Sb composition,

respectively.
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The reflectance spectra of ATO nanoparticles in near infrared (NIR) region are depicted in Figure 4. 21
(a). The results indicate that the reflection in NIR increases with increasing Sb concentration as it depends on
the mobility and carrier concentration, which can be explained using the classical Drude-Lorentz theory as
given the follow expression [79]:
2
_ | _Ne (4.8)

a)p_

*
8,5 EgM

opt

Where @, is plasma frequency, m" is the effective optical mass of conduction electrons,  is conduction electron
density, & is vacuum permittivity and &, is the one measured in transparent spectral region which is known
from the refractive index of undoped semiconductor. Absorbance spectra of ATO and FATO nanoparticles were
calculated from reflection data according to the Eq. 2.1 which is A = 1-T-R. In calculation, transmission value
was implied to be zero because the reflectance data was measured in pellet form resulting in no transmitted light
to the detector. From Figure 2.21 (b), the ATO spectra appear the surface plasmon resonance (SPR) absorption
in the IR region according to the increase in carrier concentration of nanoparticles [80]. The SPR absorption of
ATO nanoparticles gradually shift to the shorter wavelength with increasing Sb concentration up to 5 mol.%
due to higher densities of free electrons [49]. The free electrons were increased by Sb>" incorporated into the
SnO, lattice creating the donor levels. However, the peaks shift back to longer wavelength after Sb
concentration up to 10.mol.%. These behavior associate as Sb in multivalent, significant presence of Sb>* which
creates acceptor states has been reported at higher doping concentration of Sb. The acceptor level created by
Sb** traps the electrons and hence reduces the number of charge carriers contributed by Sb**. Furthermore the
FATO absorbance spectra show stronger absorption and small shift in NIR region because replacement of O%

sites with F'atoms can promote the higher electron mobility as exhibited in Figure 2.22.
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Figure 4.21 (a) diffuse reflectance spectra and (b) absorbance spectra of ATO nanoparticles with different Sb

concentrations in long wavelength.
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Phase distribution of composite film was investigated by FE-SEM/EDX mapping. The EDX mapping
confirms the presence of FATO nanoparticles dispersed in SiO, matrix as depicted in Figure 4.23. The image
shows the O, F, Si, Sn, and Sb distribution as pink, green, white, blue and green spots, respectively. The EDX
mapping confirms that Si is highly dispersed phase which is used as matrix in the sample. The Sn and Sb
distribution can be inferred as the same position where elemental nanoparticles are found. Nevertheless, the
presence of main small particulates illustrates incomplete dispersion in the Si matrix.

The surface morphology of the composite film of 1:5FATO nanoparticles and SiO, matrix was
observed by the FE-SEM as shown in Figure 4.24. The morphology of SiO, matrix formed by thermal curing of
GLYMO and TEOS precursor coated on the glass substrate exhibits an amorphous solid with smooth surface
which is typical nature of 8i0,. The surface morphology of 1:5FATO nanoparticles embedded in the SiO,
matrix to form the composite film is shown in Figure 4.24 (b). The result reveals that the synthesized FATO
nanoparticles have small size in particulate form with good dispersion in the 810, matrix, However, the surface
morphology of 6 vol.% 1:5FATO concentration demonstrates poor uniformity with large agglomerated

nanoparticles.

Figure 4.23 Phase distribution of 5:5 FATO nanoparticles dispersed in SiO, matrix.
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Figure 4.24 FE-SEM image of (a) SiO, film, (b) 1:5FATO composite film at 2 vol.% concentration and (c)

1:5FATO composite film at 6 vol.% concentration.
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The thickness of the composite films determined by cross-section from FE-SEM observation is
illustrated in Figure 4.25. The cross-sectional SEM images of SiO, and composite films illustrate the regularly
uniform thickness until the concentration up to 4 vol.% of FATO nanoparticles and then the thickness is non-
uniform at concentration of 6 vol.%. The thickness of SiO; film is ~0.83 pum and then the thickness of film
increases to ~2.02 um, ~2.9 um and ~3.45 pm for the samples with 2 vol.%, 4 vol.% and 6 vol. % of 1:5FATO
concentration, respectively. The results indicate that the thickness of composite films increase as the
concentration increases. According to theory, the thickness () of films deposited by spin coating depends on
fluid viscosity (), the angular velocity (@) of the turntable, and the spin total time (f), that can be evaluated

with the following formula [81]:

1/2
By (_IL) . (4.9)
tw?

From eq.4.9, the thickness is changed directly with viscosity which is cotresponding to solid content. For this
reason, the viscosity of spin-coated solution is increased by higher FATO nanoparticles adding. Therefore, the

elevated thickness is definitely due to the increasing amount of FATO nanoparticles.

(a) S10, filin (b) 1:5FATO film (2vol.%)

X
[ 0.83 um
¥

™ " & On SF %

(¢) 1:5FATO film (4vol.%) (d) 1:5FATO film (6vol.%)

e ——

I 3.45um

Figure 4.25 Cross-section SEM images of (a) SiO, film and 1:5FATO composite film at (b) 2 vol.%, (c) 4

vol.% and (d) 6 vol.% concentration.
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Cross-sectional SEM images of 1:5FATO composite films at concentration of 2 vol.% with various
number of spin-coated layers are shown in Figure 2.26. The FE-SEM observation exhibits significant increase
in film thickness with increasing spin-coated layer from I to 3 times. The cross-sectional SEM images indicate
that the thickness is 2.02 um, 5.55 pm and 8.25 um corresponding to 1 layer, 2 layers and 3 layers, respectively.
However, non-uniformity of composite film was occurred in 3 spin coated layers due to improper adherent

problems between deposited layers.

TMEC 5 0kV 11 Trnen w5 00Kk SEIM) 1312017

Figure 4.26 FE-SEM image of composite film at 2 vol.% concentration of 1:5FATO nanoparticles with (a) 1

layer, (b) 2 layers and 3 layers of spin coating.
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In order to identify the optimal doping concentration of composite film for IR-shielding coating, its
optical transmittance was investigated by UV-Vis-NIR spectrophotometer. The optical transmittance of the
composite films using ATO nanoparticles deposited at 1 spin-coated layer with different Sb concentrations are
illustrated in Figure 4.27. The transmittance of SiO, possesses high optical transparency of > 90% in visible and
IR region therefore the SiO, film cannot reflect or absorb NIR radiation. As shown in Figure 4.27, the
transmittance spectra of all composite film was slightly reduced by incorporated nanoparticle which can provide
optical transparency of > 85% in visible region. The transmittance change of the SnO, composite film is

~4.12% in the NIR region. After Sb doping, the transmittance spectra gradually decrease at longer wavelength

with increasing Sb concentration. The transmittance change of ~7.38% reaching the minimum in the NIR region
was obtained from 5 mol.% and 10 mol.% Sb concentrations. Under this condition, the ATO composite film
can provide IR-shielding feature depending on Sb concentration. The ATO composite films can shield IR
radiation because they have higher densities of free electrons resulting to SPR absorption in long wavelength as
mentioned previously [82]. From UV-Vis-NIR spectra, the appropriate IR-shielding coating is attained by the
samples with 5 and 10 mol.% Sb concentrations which have similarly spectra feature in all wavelengths.
Although, the samples with 15 mol.% Sb doping content possesses lower transmission in long wavelength, the
transmission in visible region is lower than that of the samples with 5 and 10 mol.% Sb concentration.
Therefore, the optimal Sb doping concentration is 5 and 10 mol.% which are based condition for co-doping.
UV-Vis-NIR spectra of composite films using co-doping nanoparticles which are F(x):5FATO and
F(x):10FATO conditions are demonstrated in Figure 4.28 and 4.29, respectively. The results reveal that the
transmittance spectra decrease in long wavelength by less F incorporation in 5ATO nanoparticle as shown in
Figure 4.28. The transmittance change is 4.12 % for the SATO nanoparticles, while it increases to 7.38 % for
the 5:5FATO sample. There is about 3.26% expansion attributed-to the free carriers provided through F ion
doping. In the case of heavy F-doping, the free carrier density decreases due to the Sn-F complexes formed in
the grain boundaries, leading to a higher transmittance spectra in NIR region. On the other hand, the
transmittance spectra of F(x):10FATO composite films exhibit higher transparency than 10ATO composite
films in long wavelength. These results agree well with hall measurement result which is referring to electron

density reduction by exceeded F concentration. The IR-shielding property can improve by suitable F
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incorporation in SATO nanoparticle. The lowest transmission in longer wavelength was obtained by 5:5FATO

composite films.
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Figure 4.27 (a) UV-Vis-NIR spectra of ATO composite films with different amounts of Sb and (b) Zoom-in

image with transmittance in range of 70-100%.
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Figure 4.30 Relationship between reflectance, absorbance and transmittance spectra of composite film using

SnO, and 5:5 FATO nanopatticles.

Relationship between reflectance, absorbance and transmittance spectra of the composite films using
Sn0O; and 5:5 FATO nanoparticles is demonstrated in Figure 2.29. In the case of composite films, the absorption
was calculated from the reflectance and transmittance spectra’ which were measured by UV-Vis-NIR
spectrophotometer. The absorption peak of 5:5FATO composite film in long wavelength has the stronger
absorbance than SnO, composite film which implies that the sample with 5:5FATO nanoparticle has the highest
electron density. From Figure 2.29, the reflectance spectra of both composite films show slight reflectance,
while transmittance spectra exhibit high transparency in the visible region because particles in the nanometer
range practically do not scatter the visible light [48]. The composite films using 5:5FATO nanoparticles have
lower transmission than SnO, nanoparticles due to the higher density of the electron. For IR-shielding
application in solar cell, a high transmission in the visible range is exactly important and a low transmission in
NIR range is also mandatory. Thus, the composite film of 5:5FATO nanoparticles dispersed in SiO, matrix is

determined to be appropriate for IR-shielding coating.
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The effect of nanoparticles concentration in composite film using 1:5FATO on the IR-shielding
property were investigated. Transmittance spectra of 1:5FATO composite films with various 1:5FATO
concentrations are shown in Figure 4.31. The transmittance of film in all wavelength continuously decreases in
long wavelength after increased nanoparticles concentration from 2 vol.% to 6 Vol.%. As a result, the
composite film with 4 vol.% concentration of 1:5FATO nanoparticles has remained high optical transparency in
the visible range but it has lower transmission in long wavelength than that of 1:5FATO nanoparticles at 2
vol.% concentration. However, the transmittance spectra of 1:5FATO nanoparticles at 6 vol.% exhibits the
lowest transmission in whole wavelength because the film performs hard agglomeration and opaque feature.
Therefore, it is considered that the optimization of IR-shielding capability was obtained by the sample with
concentration of 4 vol.%.

Next, the effect of number of spin-coated layers on the IR-shield property of the composite film
coating was also studied. The 1:5 FATO nanoparticles fixed at 2 vol.% concentration were prepared by spin
coating method with various number of spin-coated layers. Transmittance spectra of 1:5FATO composite films
with different spin-coated layers are exhibited in Figure 4.32. The results show that the transmissions of all
samples remain more than 80% transparency in visible range and then gradually decrease in NIR range.
Nevertheless, the transmittance spectra in the visible region decrease slightly upon increasing the number of
spin-coated layers from 1-3 layers. The IR-shielding capability of the composite films depends on the number
of spin-coated layers. Therefore, the optimal number of spin-coated layers should be 2 or 3 in this system.

Moreover, the thickness of the composite films significantly affect to transmission which is related to

absorption coefficient according to following equation [83]:

P L (4.10)
d T
where a in is an absorption coefficient, ¢ is film thickness and T is its transmittance. The absorption coefficient
of 1:5FATO composite films with various nanoparticle concentrations and number of spin-coated layers are
shown in Figure 4.33 and 4.34, respectively. From this equation, the absorption coefficient changes inversely
with the film thickness. Under both conditions, the absorption coefficient increases as the nanoparticles

concentration and number of spin-coated layers increase which affects to thickness expansion of composite film
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observed by FE-SEM. Actually, a material with a low absorption coefficient has a poor absorbance resulting to
high transparent related with wavelength. In this case, the absorption coefficient of 1 layer has higher than 2
layers and 3 layers but the transmittance spectrum of 1 layer has transparent higher than both of the conditions.
The controversial feature should be due to another related effects including scattering, the change in refractive

index due to interface effect of the deposited layer that are not taken into account in this study.
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Figure 4.31 Transmittance spectra of 1:5FATO composite films at 1 spin-coated layer with different

nanoparticle concentrations,
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Figure 4.32 Transmittance spectra of 1:5FATO composite films with different spin-coated layers.
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Figure 4.35 Normalized V. of solar cell with different IR-shielding coating.

In the next step, the composite films applied on the top of silicon solar cell were examined in the part
of IR-shielding coating. Ordinarily, the change in temperature will affect to the efficiency (7) of the solar cell.
When the solar cell temperature increase, the short-circuit current consequently increases while the open-circuit

voltage should dramatically decrease as described by equation (4.11) [84]:

gl JL\.CTI;)CUFF, @iy

n

where Jsc is the short-cireuit current (when V = 0), ¥, is the open-circuit voltage (when J = 0), FF is the fill
factor and Py, is the power incident on the solar cell. The voltage is significantly dependent on the operating
temperature, resulting in dramatically reduced efficiency because voltage decreases faster than the increasing
current. Thus, the ¥,. of silicon solar cell as function of exposure time was observed for IR -shielding study.
Relationship between V. and times under continuous exposure with halogen lamp using different IR-
shielding film types is shown in Figure 4.35. 1In the case of non [R-shielding layer, the V,. immediately
decreases with exposure time which is similar to Si0; film used as matrix of nanoparticles. From this result, it

indicates that the SiO; film unable to shield the IR irradiation. After SATO nanoparticles were dispersed in SiO,
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matrix, the ¥, of silicon solar cell was preserved, decreasing slower than the case of non IR-shielding layers or
810, film. Moreover, the V,, value of 5:5FATO composite film has a bit higher than that of other materials as
additional exposure time, implying the feasibility of IR irradiation shielding of the composite film. The results
indicate that the V. value using the composite film at 5:5 FATO is higher than those of other materials due to
greater electron density as described in previous section.

The V,. value of 1:5FATO composite film with various nanoparticle concentrations is illustrated in
Figure 4.36. By the FE-SEM observation, the nanoparticles concentration designated at 2 vol.%, 4 vol.% and 6
vol.%, as the thickness increases gradually, provides the decreased transmittance in all wavelength with
increasing concentration. From V. result, the composite film with nanoparticle concentration of 4 vol.% can
preserve the slowest decrease in V. than that of the samples with 2 vol.% and 6 vol.% of nanoparticles.
Because the composite film at 2 vol.% has lower nanoparticle concentration and lower thickness than other
conditions. Nevertheless, the composite film at 6 vol.% has a high concentration and greater thickness, the non-
uniformity of film was observed resulting in IR-shielding capability. Thus, in this case, the composite films
with 4 vol.% particle content is considered to be appropriate for using as IR-shielding coating since it still has

high transparency in visible range and low transmittance in IR region.
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Figure 4.36 Normalized V. of solar cell using 1:5FATO composite films as IR-shielding layer at 1 spin-coated

layer with different nanoparticles concentration.
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Figure 4.37 Normalized Voc of solar cell using 1:5FATO composite films as IR-shielding layer with different

spin-coated layers.

The V. value of 1:5FATO composite film with various numbers of spin-coated layers is illustrated in
Figure 4.37. By the FE-SEM observation, spin-coated layers are 1 layer, 2 layers and 3 layers, which provide
the gradually increased thickness affecting to transmittance decrement in all wavelength. From V,, result, the
spin-coated layers at 2 layers can maintain the slower decrease in Ve of silicon solar cell than others. In FE-
SEM observation, the image shows less regular thickness implying that the non-uniformity was occurred. This
result indicates that the suitably spin-coated layer is important to determine the thickness and uniformity of

composite film used as [R-shielding module.
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To confirm the IR-shielding capability, the relationship between temperature and exposure time was
also studied. In this measurement, the temperature of silicon solar cell was measured using thermocouple with
multimeter under solar simulator exposure. As seen in Figure 4.38 (a), the temperature of a silicon solar cell
increases as exposure time increase. The result shows that the temperature of non IR-shielding layer is higher
than that of solar cell shielded with the 5:5FATO composite film. Likewise, the V,. of silicon solar cell of non
IR-shielding layer has lower value than that of the cell accompanied with 5:5FATO composite film as exhibited
in Figure 4.38 (b).

Figure 4.39 shows the /-¥ characteristic of silicon film with/without IR-shielding layer as a function of
exposure time. The results indicate that the J,. of both conditions increases as the exposure time increases that
are resulted from the higher temperature in silicon solar cell. However, the J,, value slightly decreases when the
silicon solar cell is shielded with the 5:5FATO composite film due to the shielding property of the FATO
particles dispersed in the matrix. .

Moreover, the relationship of efficiency, J. and V.. of both conditions as a function of exposure time is
depicted in Figure 4.40. Although, the J increases as temperature increases, the efficiency of silicon solar cell
gradually decreases, implying that the V. would decrease faster than .J;.. These overall results confirm that the
Voo and J;. of silicon solar cell considerably changes with operating temperature, directly affecting to an
efficiency of silicon solar cell. As exposure time is extended, the expectation of this result implies that the

temperature of silicon solar cell is preserved by 5:5FATO composite film and the efficiency is also maintained.



105

50
| (@)
45 g & i
i o >
[ . 1 ¢
A §
_ 404 : *
o y n ¢ Y
e ¢ v
‘é‘ 35 4 o uncover
s ¢ v
= l
=
k> 30 $ 7
5_
2 ®
20 T v T X T J T T T v T
0 /) 4 6 8 10
Time (min)
0.69
[ o)
! n uncover
0.68 - ® Si0,
| A 5nQ,
v. S5ATO
£47 1 o & S5:5FATO
1
A 0.66 4
g SR
* \\ 4
0.65 — !
s |
0.64 - b 5t
0.63 T T T T T T T v T J T
0 2 4 6 8 10

Time (min)

Figure 4.38 (a) The temperature of solar cell shielded with different types of shielding layer and (b) its V,. as a

function of exposure time.



106

30
| (@) uncover ‘
A
20
!o
10 4
®
&
e-g 04 .
é’ ® (0 min ! -
: °
8 .10 ® 2 min 1%
2 A 4 min !o.
- v 6 min 2%
-20 .
¢ 8 min to.
< |10 min ‘t. u
-30 - .
M
; """
r!ﬂﬂ.‘..“l".’l.’!‘
AT Mlahal & A= * 0 ¢ 28 W ) : ———
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voe (V)
30
1 (b) 5:5FATO )
20 4 -
‘o
10 < a
& (min t.'
e 1 ® 2 min
€ &7 4 4min | to.
X\ 7 v 6 min gos
B 101 * 8 min g
Q . n
2 . <4 10 min gon
=20 4 s
J !!I
-30 ; ""‘
_l.."..l.l.’.“.'.“’
A0 g g R
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voc (V)

Figure 4.39 /-V characteristics of silicon solar cell (a) without IR-shielding layer and (b) with IR-shielding

layer using 5:5FATO composite film at different exposure times.



37.0
1644 (a) uncover
! | =
. .
16.2 - ~36.9
- ]
[ |
— 16,0 - _
(= (2]
S 1 o 368 £
o 15.8 4 Efficiency é’ i
5 Jsc g
. — S
2 156 Voc L 36.7 9
25 =k
15.4 [
i - 36.6
15,2 "
5] u | | [l
15.0 ; oA —IGY 36.5
0 4 6 8 10
Time (min)
15.0
5:5FATO 8
1 (b), A
14.8 ] =
a o ~33.3
1 ||
~ 1464 p i
g <
e Efficiency = 33.25
g A Js <
.8 £ g
Q Voc I -
E ) 2
@ Fa3.1™
|
14.0 B L F
| | |
I n L ] = 33.0
13.8 4 p> g/
I T y I I . 1
0 4 6 8 10

Time (min)

107

~0.69

~ (.68

- 0.65

- 0.64

~ 0.69

- 0.68

~ 0.67

Voc (V)

~ 0.66

~ 0.65

~ 0.64

Figure 4.40 Relationship of efficiency, J;. and V,, of the solar cell (a) without IR -shielding layer and (b) with

IR-shielding layer using 5:5FATO composite film,



CHAPTER 5

CONCLUSIONS

SnO, nanoparticles and F-doped SnO, were synthesized by ultrasonic-assisted precipitation method
operated at 120 W with frequency of 40 kHz. From the TG/DTA results, ultrasonic-assisted has
considerable effect on reduced temperature of phase transformation from Sn(OH); to SnO, due to
cavitations in solution during ultrasonic radiation. The XRD and TEM results exhibit that, by an assistance
of ultrasonic energy during precipitation process in combination of calcination at rather low temperature,
the well-dispersed SnO, and F-doped SnO,nanoparticles with uniform size in the range of 10-15 nm can be
successfully prepared. The XRD and TEM results exhibit the observable change of d-spacing and particle
size caused by the substitution of oxygen sites by fluorine ions.

Sb-doped SnO, nanopowders were synthesized by sonochemical-assisted precipitation process
operated at 750W with frequency of 20 kHz. The characterizations of the powders were conducted and the
results revealed that the as-synthesized powder in SnO, phase with less agglomeration can be obtained by
single step sonochemical process. It is suggested that the sonochemical process generates localized high
temperature area guiding to crystallite growth, nucleation and flocculation of particles. When doping with
Sb, the resistance of SnO, decreases dramatically, suggesting that the incorporation of Sb>' ions can
enhance the conduetivity of SnO,. However, the Sb incorporation with optimal concentration is significant
since the free electrons may be trapped by the acceptor levels which are created by the substitution of Sn**
by Sb*" after excess antimony.

F/Sb-codoped SnO, nanoparticles with size less than 10 nm can be synthesized by the aid of
ultrasonic energy supplied via sonochemical synthesis. Itis suggested that the ultrasonic not only provides
energy for crystallite growth but also prevents the agglomeration of as-synthesized nanoparticles. It is
revealed that Sb dopant strongly affects the crystallinity of SnO, reflecting the decrease in crystallite size
and the deterioration of local structure bonding of SnO,. It was acknowledged that both dopants play
significant role on the enhancement in the electrical properties. The electrical resistivity of the codoped

sample with F/Sb ratio of 1:5 mol% can be lowered to 3.96 x 107 Q-cm.



109

In order to identify the optimal doping concentration of composite film for IR-shielding coating was
observed. The UV-Vis-NIR spectra reveal that the surface plasmon resonance (SPR) absorption in the IR
region was occurred by Sb doping which creates more carrier concentration in SnQO, nanoparticles. The
UV-Vis-NIR spectra in IR range reveal that transmittance change is 4.12 % for the SATO composite film,
while it increases to 7.38 % for the 5:5FATO sample that is attributed to the higher density of free carriers
provided by F ion doping. In the case of IR-shielding study, the results show that the temperature of non
IR-shielding layer is higher than that of solar cell using the 5:5FATO composite films as the IR-shielding
layer. Moreover, The V. of silicon solar cell of non IR-shielding layer is lower than that of 5:5FATO
composite film. These results ensure that the ¥, changes inversely with temperature affecting to decreased
efficiency of silicon solar cell. The expectation of this result implies that the temperature of silicon solar

cell is preserved by 5:5FATO composite film and the efficiency is also maintained as an extended time.
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Abstract. SnO; nanoparticles were synthesized by ultrasonic-assisted precipitation process using
stannic chloride pentahydrate (SnCly-5H,0) as a precursor. The stannic chloride aqueous solution
was precipitated by ammonia under sonication. The as-synthesized precipitates were dried at 80 °C
and then calcined at 400 °C for 2 h. The physical properties of nanoparticles with/without sonication
were characterized by thermogravimetic and differential thermal analysis, X-ray diffraction, and
transmission electron microscope. The results reveal that ultrasonic radiation has significant
influence on phase transformation mechanism from Sn(OH), to SnO,, grain size and uniformity of
SnO; nanoparticles.

Introduction

Tin oxide nanoparticles (SnOy) have received great interest from researchers owing to their wide
varieties of applications in different fields such as photovotaics, photocatalysis, energy storage,
sensing and optoelectronic devices [1]. The performance of these devices can be improved by
controlling the structural properties of SnQ; in form of low dimensional nanostructures. It is
recognized that an improvement in physical, optical, catalytic- and electric properties can be
effectively achieved by reducing the size of the particles down to nanoscale regime. Due to high
surface to volume ratio, the nanomaterials have fewer adjacent coordinate atoms as compared with
the bulk atoms resulting to drastic increase of large specific surface areas [2]. Meanwhile, several
methods have been conducted on the preparation of SnO» nanostrueture bottom-up building form
including the sol-gel methods, chemical vapor deposition, precipitation, solvothermal and
hydrothermal methods. Among. these techniques, the precipitation method has significant
advantages over the others such as simple synthesis process, low energy consumption and
simplicity of solution concentration. However, this- method still has crucial problems which are the
high degree of agglomeration and difficulty of controllable size distribution [3]. Recently, synthesis
technology of ultra-fine nano-structured materials can be attained by utilizing ultrasonic radiation
because it is able to provide high frequency clean energy to prevent the agglomeration [4]. This
paper reports the synthesis of SnO; nanoparticles using ultrasonic-assisted precipitation process.
The physical properties of nanoparticles with/without sonication were characterized by
thermogravimetic and differential thermal analysis (TG/DTA), X-ray diffraction (XRD) and
transmission electron microscope (TEM). Effects of sonication supplied during precipitation
process on physical structures of SnO, nanoparticles were analysed and involved mechanisms are
proposed.

Experimental

SnO, nanoparticles were synthesized by ultrasonic-assisted precipitation process using 0.2 M
stannic chloride pentahydrate. The sonication was operated at 120 W with frequency of 40 kHz
using ultrasonic bath. Firstly, 14.024 g SnCly-5H,0 was dissolved in 200 ml deionized water and

All nghts reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www Hn net (N 1681 246 94 1685 Collene nf Nanntechnnlnov Ranaknok Thailand-21/0R/13 NG'57:14)
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kept under sonication in ultrasonic bath at 60 °C for 20 min until homogeneous solution was
reached. Then, the aqueous ammonia was added dropwise into solution under ultrasonic bath for 1
h. The precipitate of tin hydroxide was obtained and then aged for 24 h at room temperature. The
precipitate was washed several times with deionized water and ethanol via centrifugation to remove
chlorine ions and other residues. The conventional precipitation method was prepared by magnetic
stirrer under similar condition. Finally, the as-synthesized precipitates were dried in oven at 80 °C
and then calcined at 400 °C for 2 h.

The thermal behaviour of as-synthesized precipitates were characterized by thermogravimetic
and differential thermal analysis (DTA, Perkin Elmer Pyris) operated in ambient air with heating
rate of 5 °C/min in range of 40-900 °C. The physical properties of nanoparticles prepared
with/without sonication were characterized by X-ray diffraction, and transmission electron
microscope. XRD (Burker, D8) operated at 40 kV and 30 mA over a 2¢ in the range of 20-70°
using Cu-K,, radiation. The diffraction patterns were recorded with a scanning rate 2°min. The
size,shape and crystal structure of as-synthesized SnO; nanoparticles were observed by TEM (FEI,
TECNAI G*20) operated at 200 kV. Before TEM analyse, the samples was suspended in ethanol
and dropped on a carbon-film coated copper grid.

Results and Discussion
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Fig. 1 TG/DTA curves of as-synthesized SnO powders (a) without and (b) with sonication.

The thermal behaviors of as-synthesized precipitates SnO, powders prepared with and without
sonication are shown in Fig.1 (a) and (b), respectively. The TG/DTA curves of as-synthesized
precipitates detected at around 70 °C and 230 °C are assigned to the removal of absorbed water and
alcohol and the decomposition of NH4" in the powder according to the Eq.1 [5],

SnCly + 4NH,OH — Sn(OH), + 4NH,Cl, (1)

The noticeable peak position about 485 °C of sample prepared without sonication is attributed to the
dehydroxylation and phase transformation of the as-precipitated product according to the Eq. 2,

Sn(OH)y — SnO, +2H,0. (2)

Interestingly, the phase transformation peak of sample synthesized by ultrasonic-assisted method
clearly shifts to lower temperature at around 375 °C. The shift could be due to increase of the
surface area possibly resulting from the size decrease of material. During ultrasonic radiation
through a liquid, ultrasound can efficiently generates expansion and compression cycles leading to
the cavitations in an aqueous medium. The cavitation effect in chemical process by restrains
aggregation of particles can consequently decrease the particle size and reduce temperature of phase
transformation [6].

Fig. 2 shows the XRD patterns of as-synthesized and SnO, nanoparticles synthesized with and
without sonication assistance. After calcinations at 400 °C, the sharpness and intensity of diffraction
peaks increases distinguishedly indicating the transformation of amorphous phase to well-defined
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crystallization of SnO; after calcination at this temperature range. All diffraction peaks of SnO,
nanoparticles prepared with/without sonicationevidently reveal polycrystalline phase of tetragonal
SnO; crystal structure [7]. From Scherrer’s equation [8], the broader intensity peaks of as-
precipitated powders indicate that their average size is about 13-15 nm.

It is noticed that the diffraction peaks of SnO, powders prepared by an assistance of ultrasonic
possess higher sharpness than one prepared by conventional process due to the lower temperature
phase transformation of Sn(OH), to SnO,.
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Fig. 2 XRD patterns of (a) as-precipitated powders and (b) after-caleinedSnO, nanoparticles
with/without sonication.

Fig. 3 TEM images and SAED patterns of SnO, powders at different conditions (a) as-synthesized
without (b) and (¢,d) synthesized SnO, nanoparticles with sonication.

The TEM images and selected area electron diffraction (SAED) patterns of SnO, nanoparticles
synthesized by precipitation method are illustrated in Fig.3. As seen in Fig. 3 (a) and (b), the
morphologies and particle size of as-precipitated SnO, nanoparticles prepared with/without
sonication are unable to identify due to extremely tiny structures of the as-prepared particles
reflecting their amorphosity in nature. After calcinations, the TEM image of SnO, nanoparticles
shows excellent disperse siveness with less agglomeration and an uniformity in particle size of
estimately 10-15 nm. The SAED patterns of as-precipitated nanoparticles show soft halo rings
reflecting an amorphous phase. While SAED of after-calcined SnO, nanoparticles exhibits several
strong halo rings confirming to polycrystalline and the brightest inner ring attributes to the (110)
plane of SnO, [9].

Conclusion

SnO; nanoparticles were synthesized by ultrasonic-assisted precipitation method. From the
TG/DTA results, ultrasonic-assisted has considerable effect on reduced temperature of phase
transformation from Sn(OH), to SnO; due to cavitations in solution during ultrasonic radiation. The
XRD and TEM results exhibits that, by an assistance of ultrasonic energy during precipitation
process in combination of calcination at rather low temperature, the well-dispersed SnO,
nanoparticles with uniform size in the range of 10-15 nm can be successfully prepared.
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Sb-Doped SnO, Nanoparticles Synthesized by
Sonochemical-Assisted Precipitation Process

Russameeruk Noonuruk', Naratip Vittayakorn', Wanichaya Mekprasart
Jaran Sritharathikhun?, and Wisanu Pecharapa' % *

' College of Nanotechnalogy, King Mongkut's Institute of Technology Ladkrabang, Bangkok, 10520, Thailand
2 National Electronics and Computer Technology Center, Pathumthani, 12120, Thailand
®Thailand and Center of Excellence in Physics (ThEP Center), CHE, 328 Si Ayutthaya Rd., Bangkok, 10400, Thailand

Sb-doped SnO, nanopowders were synthesized by sonochemical-assisted precipitation process
using stannic chloride pentahydrate (8nCl, - 5H,0) and antimony chloride (SbCl) as starting pre-
cursors. Effect of sonication and Sb doping concentrations on physical structures and electrical
properties of Sb-doped SnO, nanoparticles were investigated by X-ray diffraction, transmission
electron microscope, X-ray photoelectron spectroscopy, Raman spectroscopy and two-point probe
method. The results indicated that the good dispersion with less agglomeration of particles in Sn0O,
phase can be obtained by single step sonochemical-assisted process. Moreover, XRD results indi-
cated that the crystallinity of Sb-doped SnO, nanopowders deteriorated with increasing Sb content,
suggesting that Sb dopant significantly. prevent Sn0O, crystallite growth. The XPS spectra of Sb-
doped SnO, obviously confirmed the existence of Sb ion incorporated into SnO, matrix. These
results revealed that incorporation of Sb ions into Sn0, lattice with specific concentration has sig-

nificant influence on formation and crystallization and can dramatically enhance the conductivity of

tin oxide.

Keywords: Sb-Doped SnO, Nanopowders, Sonochemical, Precipitation.

1. INTRODUCTION

Sb-doped SnO, (ATO) has recently received considerable
interest due to its technological importance as a solar
energy material both in energy generation and in energy
saving applications such as rechargeable Li batteries,!
transparent electrodes,” solar cell,? heat-reflection coating,’
and photovoltaic devices.” In recent years, great atten-
tion has been paid on the synthesis, characterization and
applications of Sb-doped SnO, based transparent con-
ducting oxide owing to alternatively low-cost to rather
expensive indium tin oxide and excellent electronical sta-
bility in oxidizing environment.® High conductivity of Sb-
doped Sn0, is typically originated from good substitution
of Sn** by Sb>*, leading to creation of a conducting
carrier-oxygen vacancy. The oxygen vacancies can act
as doubly ionized donors generating extra electrons into
the conduction band.” Furthermore, the resistivity of Sb-
doped SnO, particles can be reduced by controlling their
sizes down to nanoscale regime, which have a high

*Author to whom correspondence should be addressed.
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driving force of densification. The nanomaterials have
fewer adjacent coordinate atoms as compared with the
bulk atoms resulting to drastic increase of large spe-
cific surface areas. Up to now, several methods have
been conducted on the preparation of Sb-doped Sn0O,
nanostructure bottom-up building form including sol-gel
method,” precipitation,” solvothermal'® and hydrother-
mal method."" Among these techniques, the precipita-
tion method has significant advantages over the others
such as simple synthesis process, low energy consump-
tion and simplicity of solution concentration. However, the
high degree of agglomeration of ultra-fine nano powder
is still the crucial problem. Recently, synthesis technol-
ogy of ultra-fine nano-structured material can be attained
by sonochemical method. During ultrasonic irradiation, the
cavitation effect in chemical process is able to provide
high frequency clean energy to prevent the agglomera-
tion. Nevertheless, to our recent knowledge, researches
devoted on sonochemical synthesis of ATO nanostructure
are rarely explored. In this work, an endeavor was taken on
the synthesis of Sb-doped SnO, nanoparticles employing

1533-4880/2015/15/2564/006 doi:10.1166/jnn.2015.10222
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sonochemical-assisted precipitation process. Effect of Sb
doping concentrations on physical structures and electrical
properties of Sb-doped SnO, nanoparticles were investi-
gated. The characterizations of as-prepared samples were
conducted using X-ray diffraction (XRD), transmission
electron microscope (TEM), X-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy. The resistivity
measurement was carried out using conventional two-point
probe method.

2. EXPERIMENTAL DETAILS

Sb-doped SnO, nanopowders were synthesized by
sonochemical-assisted precipitation process using stannic
chloride pentahydrate (SnCl, - 5H,0) and antimony chlo-
ride (SbCl;) as starting precursors. 0.2 M of SnCl, and
SbCl; powders with Sb concentration at 0, 5, 10, 15 and
20 mol% were dissolved in absolute ethanol and then
acetylacetone was added. The precursor was stirred for
20 min at room temperature until homogeneous solution
was reached. The solution was sonicated for 30 min by a
direct-immersion ultrasonic horn using Sonic model VCX
750 (750 W, 20 kHz). The aqueous ammonia was added
drop wise to the stock solution during sonication until
the pH value of the solution was reached to the range of
9-10. After sonication for 30 min, the completely precip-
itates product was obtained and allowed to cool down to
room temperature. The precipitates were washed several
times with deionized water via centrifugation at 4500 rpm
for 4 min. Finally, the as-precipitated powders were dried
slowly at 80 °C and calcined at temperature of 400 °C
for 2 h. The structural properties of powders were char-
acterized by XRD (LabX, XRD-6000) operated at 40 kV
and 30 mA using Cu-Ka radiation over a 28 from 20
to 80° with steps of at 0.2°. The size, shape and crys-
tal structure of the particles were observed by transmis-
sion electron microscope (FEI, TECNAI G220) operated
at 200 kV. Chemical bonding of powders was character-
ized by Raman spectroscopy carried out in the range of
300-800 em™'. The surface chemical state analysis was
carried out by X-ray photoelectron spectroscopy (Kratos
analytical, AXIS ULTRAP'P) using Al-K, with radiation
at 1.4 keV. The room-temperature resistivity measurement
was carried out using typical two-point probe configu-
ration setup with direct current. Before resistance mea-
surement, 0.4 g Sb-doped SnO, powders (without added
binder) were pressed by using hydraulic pelletizer with
diameter of 10 mm under 4 tons for 4 min. Then the pellets
were calcined at 1000 oC without holding times.

3. RESULTS AND DISCUSSION

Figure | shows the XRD patterns of as-synthesized ATO
nanopowders prepared via sonochemical-assisted precip-
itation process. The broad diffraction peaks of samples
possess the major peaks of (110), (101), (211) and (301)

J. Nanosci. Nanotechnol. 15, 2564-2569, 2015
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Figure 1. - XRD patterns of Sb-doped SnO, nanopowders (a) as-
synthesized (b) after calcinations at 400 °C.

plane orientations corresponding to tetragonal Sn0O, crys-
tal structure.'” It is implied that as-synthesized product
obtained by this synthetic method comprises primarily
polycrystalline phase of SnO, structure. The formation of
crystalline phase of SnO, during sonochemical process
without applying any thermal treatment could be occurred
by cavitation effect during ultrasonic radiation though a
precipitate solution. Under intense ultrasound irradiation,
rapid collision driven by strong ultrasound energy can gen-
erate localized high temperature area, which can expedite
the condensation reactions of hydroxyl groups to pro-
duce the nucleation of fine spherical nanoparticles of Sn0O,
according to chemical ractions:'3

SnCl, +4NH,OH, — SnOH, +4NH,C1 (1)

Itrasonic radiatio
Sn(OH), OO G LA, ()
This result indicates that the as-synthesized powder in
Sn0O, phase can be obtained by single step sonochemical-
assisted process. In addition, the sharpness and intensity of
diffraction peaks drastically increase after calcinations at
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Table 1. The average crystallite sizes of all nanopowders were calcu-
lated from the peaks of (110).

% Sb concentrations (%) As-synthesized D (nm) Calcination D (nm)

0 2.64 11.6
1 2.25 -
5 2.59 9.33
10 2.71 7.65
15 3.71 -
20 3.27 6.99

400 °C, reflecting that the crystallization of the oxide com-
pounds tends towards more integrity with grater crystallite
size. The average crystallite size of nanopowders can be
calculated from the full-width at half maximum (FWHM)
by well-known Scherrer’s equation as follows:

0.9A
BcosbH

®3)

where D is the crystallite size, K is the shape factor, A is
the X-ray wavelength of Cu K,(0.154 nm), B is the full-
width at half maximum (FWHM) and 6 is the Bragg angle.
The average crystallite sizes of all nanopowders were cal-
culated from the peaks of (110) and summarized in Table L.
The smallest crystallite size of ~2.4 nm was obtained
from as-synthesized product, while the crystallites become
larger in size after calcinations due to the thermal energy
promoted crystallite growth.

From Figure 1(a), relative intensities of all peaks reveal
only diffraction peak of pure SnO, phase until Sb doping
concentration was arised to 15 mol%. An increase of Sh
concentration up to 20 mol%, Sb segregation was observed
in phase of Sb,0:*. The Possibility of Sb incorporated
into the SnO, lattice was replaced by two oxidation states

of Sb** which has a lager ionic radius (r = 0.76 A) and
Sb* which has a smaller ionic radius (r=0.62 A) than
Sn**(r = 0.69 A)." A part of the Sb** is able to easily
substitute into the tin oxide lattice since Sb>" has a similar
ionic radius to Sn** state. On the other hand, the sub-
stitution of Sb** state is more difficult to occur resulting
the existence of detectable Sb,0, phase. By calculation,
the crystallite size of as-synthesized ATO nanopowders
decreases as Sb concentration is less than 5 mol% and
increases from 2.64 to 3.27 nm when Sb concentration is
raised to 10 mol%. This critical feature may derive from
the truth that the Sb** state could occupy interstitial sites
of SnO, lattice due to Sb** has a lager ionic radius to
Sn** state causing in a large number of dislocations.®
Therefore, the phase of Sb,0; was observed since Sb*
may probably be reduced to Sb¥* after Sb concentration
up to 20 mol%. After calcinations, this phase weakens
and finally disappears due to the instability of Sb** with
rather big ionic radius in the expanded crystallite size of
SnO, structure. However, XRD patterns and crystallite size
of ATO nanopowders become weakened appearance with
increasing Sb content, suggesting that Sb dopant could
prevent the SnO, crystallite growth.

In Raman active mode, the spectra of as-synthesized Sb-
doped SnO, nanopowders are illustrated in Figure 2(a).
For as-synthesized nanopowders, the Raman peaks located
at 477 and 575 em™" are observed, which is attributed to
the vibration of oxygen in the oxygen plane and small size
effect of SnO, particle, respectively.'” The peak position at
576 em™" is not detected obviously on Raman spectra after
Sb concentration inereases up to 10 mol%. This effect may
come from the segregation of Sb** state occupied inter-
stitial sites of SnO, lattice, resulting in bigger crystallite
size as seen in Table I. In Figure 2(b), it is suggested

(a) as-synthesized (b) T=400°C
20%Sb-doped SnQ 20%Sb-doped SnO,
e e T SR
15%Sb-doped SnO. 15%Sb-doped Sn0O,
) Z
E g
'E': 10%Sb-doped SnO 'E 10%Sb-doped SnO,
= e e |
= —
z Z
g g,
E | 5%Sb-doped SnO E | 5%Sb-doped SnO,
ki R N Resioticaaaon, A
1%Sb-doped S 1%Sb-doped $nO,
SnO. \J\\N 500,
1 'l 1 1 _’“*er.n\"?\w
800 700 600 500 400 300 800 700 600 500 400 300

Raman shift (cm")

Raman shift (em™)

Figure 2. Raman spectra of Sb-doped SnO; nanopowders (a) as-synthesized (b) after calcinations at 400 °C.
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that the thermal energy provided by calcination process
not only results to the disappearance of the Raman peak at
576 cm™' but also influences appearance of Raman peak
at 627 cm™'. This peak can be attributed to the symmetric
Sn—0O stretching mode in nanocrystalline 5n0,, suggest-
ing the better crystallinity of the sample can be obtained
by heat treatment. However, the peak intensity of symmet-
ric Sn—0O stretching mode is absent after Sb concentration
increases, implying the presence of imperfect lattice sites.
The Raman results of the Sb-doped SnO, nanopowders
synthesized by sonochemical-assisted precipitation process
coincidently affirm the crystallite growth of nanopowder,
which is in good agreement to XRD results.

In order to gain insight of the nanoparticles, the chem-
ical composition was analyzed by XPS. Figure 3 shows
the XPS survey scan spectrum of ATO with 10 mol%
Sb content calcined at 400 °C, which contains the Sn3d,
Sb3d, and Ols peaks. As seen in Figure 3(b), Sn3d spectra
detected in two regions of 485-490 ¢V and 493-497 ¢V
correspond to the spin orbital state of 3ds,, ‘and 3dy),,
respectively. The XPS spectrum in the binding energy
range of 525-545 eV is masked by the Ols and Sb3d tran-
sition, which can be deconvoluted into Ols, Sb3ds), and
Sb3ds,, as shown in Figure 3(c). The Gaussian line cen-
tered at 540.63 eV corresponds to the Sb*" oxidation state
resulting from the intervalence charge transfer as mixed
Sb**—Sb**. The XPS spectra of Sb-doped SnO, also obvi-
ously confirm the existence of Sb** and Sb’* incorporated
into SnO, matrix.

The TEM images and selected area electron diffraction
(SAED) patterns of SnO, nanopowders are illustrated in
Figure 4. The image of as-synthesized powders as shown
in Figure 4(a) is unable to identify general structure of
small granular clusters. The SAED of SnO, nanoparticles
exhibits several stronger halo rings than as-synthesized
nanopowders confirming to polycrystalline structure and
the brightest inner ring attributes to the (110) plane of
SnO, structure. It can be deduced that the crystallite
growth of the nanopowders are strongly affected by cal-
cinations. Figure 4(b) shows excellent dispersiveness with
less agglomeration of the nanoparticles of the size esti-
mated 10-13 nm. The good dispersion of the particles
is obtained by the aid of ultrasonic energy supplied dur-
ing synthesis. It is suggested that the sonochemical assis-
tance not only provides energy for crystallite growth but
also influences the formation process including nucleation,
growth coagulation, and flocculation.

Before resistance measurement, the Sb-doped SnO,
nanopowders were pressed in the form of pellet pro-
vided the increase in powder density and contacts between
grains. The electrical resistance of nanopowders with dif-
ferent Sb concentration is exhibited in Table II. The high
resistance of tin oxide was observed due to the oxygen
vacancies of SnO, grains. When doping with Sb, the resis-
tance of SnO, decreased dramatically, suggesting that the
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Figure 3. XPS spectra of Sb-doped SnO, nanopowders with 10 mol%
(a) survey scan, (b) narrow scan of Sn3d, and (c) narrow scan of Sn3d
and Ols.

incorporation of Sb ions can enhance the conductivity of
tin oxide. A minimum resistance value of 17.49 Q was
obtained by 5 mol% Sb concentration and then the resis-
tance slightly increases when Sb concentration was raised
to 10 mol%. The resistance of tin oxide can be reduced by
Sb3* incorporated into the SnQ, lattice, causing the forma-
tion of donor levels appeared very close to the conduction
band. These donor levels can consequently generate the
extra electrons and promote the higher electron mobil-
ity into the conduction band as depicted in Figure 5(a).
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Figure 4. TEM images of $n0O, nanopowders (a) as-synthesized (b) after calcinations at 400 °C.

Table 11.  The electrical resistance of ATO nanopowders.

% Sb concentrations (%) Resistance ({2)

0 2190.58
1 26.65
5 17.49
10 18.37
15 57.86
20 82.83

From XRD results, it is indicated that the phase of Sb, 0,
can be obtained by the Sb™* ions reduced to the Sh**
state after excess antimony. The incorporation of Sb** ions

Conduction band
e ¢ e = e
——————————— ¥5=====* Donor level

Valence band

(a)

Conductionband

-~ = Acceptorlevel
Valence band

Conductionband
e [ e
------------------- Donor level
==l OO ———-. Acceptorlevel

Valence band

(©)

Figure 5. Band diagram of Sb ions incorporated into SnO, generating
(a) donor levels by Sb™*, (b) acceptor levels by Sb** and (c) the free
electrons trapped by acceptor level.
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into tin oxide can create the acceptor levels as shown in
Figure 5(b). Therefore, possibility of the free electrons
may be trapped by the acceptor levels (Fig. 5(c)) lead-
ing to an increase the resistance of tin oxide. In addition,
the increasing resistance can also be partially attributed
to the excess antimony atoms build in the grain bound-
ary regions which can potentially prevent the growth of
Sn0O, nanocrystals,'® which is in good accordance with
Raman results. These results reveal that the Sb incorpora-
tion with optimal concentration can produce lower resis-
tance affected by the substitution of Sn*+ by Sb**.

4. CONCLUSION

Sb-doped  SnO, nanopowders were synthesized by
sonochemical-assisted precipitation process. The charac-
terizations of the powders were conducted and the results
revealed that the as-synthesized powder in SnO, phase
with less agglomeration can be obtained by single step
sonochemical process. It is suggested that the sonochemi-
cal process generates localized high temperature area guid-
ing to crystallite growth, nucleation and flocculation of
particles. When doping with Sb, the resistance of Sn0O,
decreases dramatically, suggesting that the incorporation
of Sb>* ions can enhance the conductivity of SnO,. How-
ever, the Sb incorporation with optimal concentration is
significant since the free electrons may be trapped by the
acceptor levels which are created by the substitution of
Sn** by Sb** after excess antimony.
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F/Sh-codoped SnO; nanoparticles were synthesized via sonochemical process using
stannic chloride pentahydrate (SnCly5H>0) as host precursor while antimony(1ll)
chloride (SbClz) and ammonium fluorvide (NHF) were chosen as Sh and F dopant
precursors, respectively.  Their physical properties and morphologies were
investigated using X-ray diffraction, Raman spectroscopy, X-ray photoelectron
spectroscopy and transmission electron microscope while their electrical and optical
properties were investigated by Hall measurement and diffuse reflectance
spectroscopy. As-synthesized powder of polycrystalline phase SnO; nanoparticles can
be obtained by one-step sonochemical process and its crystallinity can be improved by
calcination process. The formation of crystalline phase of SnO, is assisted by
cavitation effect provided by intense ultrasonic radiation via rapid collision. The
characterization results disclose that Sb dopant has strong influence on both physical
and electrical properties while F_dopant provide considerable effect on electrical
property of the samples. It is noticed that the codoping of both elements with certain
contents can significantly heighten its electrical conductivity,

Keywords Tin oxide; fluorine-antimony codoping; sonochemical; characterization

1. Introduction

Due to its exceptional properties including wide band gap n-type semiconductor
(3.67 eV), excellent thermal properties and good chemical stability [1], tin oxide has
been recently recognized as a versatile metal oxide material for various practical applica-
tions such as gas sensor [2] transparent conducting electrode [3], catalyst [4] and optical
electronic devices [5]. However, low optical and electrical performance due to its

Received October 26, 2014; in final form January 26, 2015.
*Corresponding author. E-mail: kpewisan @ gmail.com

[648]/136



Properties of F/Sb Codoped SnO; [649]/137

stoichiometry, low intrinsic carrier density and mobility are still its major drawbacks. The
charge carrier concentration in SnO, and electrical conductivity can be effectively height-
ened by the incorporation of extrinsic dopants [6]. The appropriate dopants typically
utilized for increasing the conductivity and optical properties of SnO, are In, Sb, F and
Mo [7] that can provide oxygen vacancies generating free electrons to promote higher
conductivity of the SnO, host [8].

Recently, many processes such as precipitation process [9] sol-gel method [10] and
hydrothermal method [11] have been employed to synthesize tin-oxide-based materials in
form of low dimensional nanostructure with the improvement in physical, optical, cata-
lytic and electric properties. Among these techniques, the precipitation method has signif-
icant advantages over the others such as simplicity of solution concentration, simply
synthesized process, ease of doping and low time and energy consumption. Nevertheless,
agglomeration of ultra-fine nanoparticles is still critical for this synthesis process. This
difficulty can be overcome by the assistance of sonochemical technique which is one of
effective method to synthesize ultra-fine nano-structured materials with less agglomera-
tion and rapid crystal growth due to cavitation effect in chemical process during high
ultrasonic irradiation. Based on recent reports, particular researches dedicated to sono-
chemical synthesis of F and Sb-doped SnO, nanoparticles are rather limited. Therefore,
this study reports the synthesis and characterization of F/Sb-codoped SnO, nanoparticles
via sonochemical process and effects of both dopants on the variation of crucial properties
of SnO, were investigated.

2. Experimental Procedure

2.1 Sample Preparation

F-doped SnO; (FTO), Sb-doped SnO; (ATO) and F/Sb-codoped SnO, (FATO) nanopow-
ders were synthesized by sonochemical process using stannic chloride pentahydrate
(SnCly-5H,0) as a host precursor while antimony(III) chloride (SbCls) and ammonia fluo-
ride (NH,4F) were chosen as Sb and F dopant precursor, respectively. The composition of
antimony was fixed at 5 mol% and 10 mol% while the fluoride composition was varied
from 1-10 mol%. The F/Sb-codoped Sn0; nanopowders were named F:Sb mol% FATO
following the mol% ratio such as 1:5FATO. The starting precursors were dissolved in
absolute ethanol and acetylacetone was slowly added. The precursor was vigorously
stirred for 20 min at room temperature until homogeneous solution was reached. Ammo-
nia solution was added drop wise to the stock solution-during sonication until the pH
value of the solution was reached to the range of 9-10. The solution was sonicated for
30 min by a direct-immersion ultrasonic horn using Sonic model VCX 750 (750 W,
20 kHz). The gelatinous precipitated products were obtained and allowed to cool down to
room temperature then the product was washed several times with deionized water via
centrifugation to remove both ammenia and chlorine ions and dried slowly at 80°C over-
night in an oven. Finally, the samples were calcined at 400°C for 2 h to ensure the com-
plete decomposition of the organic polymer and improve crystallinity of the particles.

2.2 Characterizations

The structural properties of powders were characterized by XRD (PANalytical X’Pert
Pro) operated at 40 kV and 30 mA using Cu-K,, radiation over a 28 from 20° to 80° with
step of 0.02°/sec. The size, shape and crystal structure of the particles were observed by
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TEM (FEI, TECNAI G*20) operated at 200 kV. Chemical bonding of powders was char-
acterized by Raman spectroscopy carried out in the range of 300-800 cm™'. The chemi-
cal state analyses of the samples were carried out by X-ray photoelectron spectroscopy
(Kratos analytical, AXIS ULTRAP'P) using Al-K,, with radiation at 1.4 keV. The resis-
tivity (») and carrier concentration (n) of the films were measured at room temperature
using Hall measurement system in Van der Pauw configuration. Before Hall measure-
ment, the 0.6 g of nanopowder was pressed into circular pellet of 1.5 mm diameter under
2.5 ton pressures for 2 min by hydraulic pelletizer. Then the pellets were sintered at
1000°C for 30 min giving the pellet with thickness of 1 mm. Reflectance spectra were
recorded in a wavelength of 200-1500 nm using UV-Vis spectrophotometer on model
Shimadzu UV-3600.

3. Results and Discussion

Figure 1 (a) shows XRD patterns of as-synthesized samples and SnO, nanoparticles cal-
cined at 400°C. For as-synthesized samples, there are noticeable diffraction peaks which
are attributed to (110), (101) and (211) planes of SnO, with tetragonal rutile structure.
This result suggests that as-synthesized powder with primarily polyerystalline phase of
SnO; ultrafine structure can be obtained by one-step sonochemical process without heat
treatment process. The formation of crystalline phase of SnO, during sonochemical pro-
cess could be initiated by cavitation effect during intense ultrasonic radiation via rapid
collision forced by strong ultrasound energy. This collision is capable to rapidly elevate
localized high-temperature area that can effectively quicken the condensation reactions
of hydroxyl groups to produce the nucleation of fine nanoparticles of SnQ, via following
chemical reactions:

SnCly +4NH,OH — Sn(OH), +4NH,Cl (1)

ulrasonic  radiation
Sn(OH), SnOr +2H,0. (2)

Moreover, after calcinations at moderate temperature, it is observed that there is
increasing intensity of all diffraction peaks, indicating that the better crystallinity of SnO,
nanoparticles can be obtained by calcinations process.

XRD patterns of after-calcined FATO nanoparticles prepared via sonochemical pro-
cess with various doping contents are exhibited in Fig. 1 (b). Three prominent diffraction
peaks positioned at 260 = 26.5°, 34.0° and 51.9° are well-indexed to (110), (101), (211)
plane orientations of tetragonal SnO, crystal structure, respectively [11]. In addition, the
other minor noticeable peaks situated at 26 = 38.0° and 65.3° are nicely ascribed to (200)
and (301) planes of tetragonal SnO, structure, respectively [3]. This result suggests that
the good crystallinity of tetragonal SnO, structure can be obtained via this synthesis
method and moderate heat treatment. It is further noticed that their major peak intensities
tend to decrease with increasing content of either dopant. The average crystallite size of
FATO nanoparticles can be calculated from the full-width at half maximum (FWHM) of
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Figure 1. XRD patterns of (a) SnO, nanoparticles with different heat treatments and (b) FATO
nanoparticle with different Sb and F concentrations.

(110) most distinct peak by Scherrer’s equation expressed as follows:

09

- _ 3
Bcosh )

Note that D is the crystallite size, K is the shape factor, A is the X-ray wavelength of
Cu K, (0.154 nm), f is the full-width at half maximum (FWHM) and @ is the diffraction
angle. It is found that the average size of the particle is ca. 10 nm indicating that tiny and
uniform SnO,-based nanoparticles can be achieved by sonochemical process. It is further
interpreted from the XRD intensity that the crystallite size of FATO nanoparticles signifi-
cantly changes with increasing doping content. These manners may originate from the
difference in ionic radius of Sb™* which has a lager ionic radius (r = 0.76 A) than that of
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Sn** (r = 0.69 A) [12] and between that of fluorine ion (1.33 }D\) and oxygen ion (1.33 A)
[13].

The Raman spectra of SnO, nanoparticles with different heat-treated temperatures
are illustrated in Fig. 2 (a). For as-synthesized samples, the peaks observed at 484.89 and
576.76 cm ™! are attributed to the E, vibration mode and the small size effect of nanocrys-
talline SnO, [14]. The doubly degenerated E, mode is related to the vibration plane of
oxygen in the direction of the c-axis. After calcined at 400°C, the fundamental Raman
peaks of rutile SnO, at 633.51 and 774.25 cm™! are observed, that is attributed to Ajg
and B,, vibration modes. Both peaks are corresponded to non-degenerate phonon modes
vibrating in the plane perpendicular to the c-axis corresponding the expansion (A,,) and
contraction (B,,) vibration of Sn-O bonds [15]. Moreover, the broad peak around 400-
600 cm ™' may originate from combination of E, vibration mode and nanocrystalline
SnO, system mode, whereas the peak at 309.50 cm™" can be correlated to the E, trans-
verse optical mode. All vibration peaks are Raman active mode except in the E, mode
which is Raman-inactive caused by disorder at the interface between crystals [16]. Three
fundamental Raman peaks positioned at 474.50, 633.51 and 773.42 cm™! are clearly
observed in the sample sintered at 1000°C. These peaks are assigned to the three charac-
teristic spectra of rutile SnO, single crystal, suggesting the better crystallinity of the sam-
ple can be obtained by heat treatment. In addition, Raman spectroscopy is an important
tool to confirm structural defect affected by the Sb and F substituted into SnO, lattice on
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Figure 2. Raman spectra of SnO, nanoparticles with (a) different heat treatments, (b) Sb and F dop-
ing, (c) FATO at 5 mol% Sb content and (d) FATO at 10 mol% Sb content with different F
concentrations.
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vibrational properties. The Raman spectra of FTO and ATO nanoparticles calcined at
400°C are shown in Fig. 2 (b). Raman result of FTO sample exhibits three fundamental
Raman peaks with decreasing intensity of Sn-O bond due to the proper substitution of F
ion at O site without significant alternation of SnO, local structure. On the other hand,
three fundamental Raman peaks are evidently absent by the incorporation of Sb, implying
the presence of imperfect lattice sites due to the improper substitution of Sb ion or other
local defects in SnO, crystal [17]. This manner implies that the F and Sb dopant substitu-
tion in SnO;, lattice results in vacant lattice site or oxygen vacancies and lattice distortion.
In Fig. 2 (c) and (d), Raman spectra of codoped samples are disappeared after sintering at
1000°C, implying the presence of imperfect lattice sites and intensive reduction in lattice
space symmetry.

The surface chemical characteristics of the FTO, ATO and FATO nanoparticles were
analyzed by XPS. All the binding energy (BE) calibration of the spectra were referenced
to the C18 peak located at 285.040.1 eV. Fig. 3 (a) shows the XPS survey scan spectrum
of FATO sample calcined at 400 °C, indicating that the sample consists of the Sn3d,
Sb3d, Fls and Ols peaks. As seen in Fig. 3 (b), Sn3d spectra detected in two regions of
485-490 eV and 493-497 eV correspond to the spin orbital state of 3ds;» and 3dss,
respectively [18]. In the Sn3d spin orbital spectrum, the peak intensity of Sb-doped sam-
ple become lower and shifts to the higher binding energy than that of F-doped sample as
observed in Fig. 3 (b). The substitution of F~ anion at O*~ anion and Sb°* or Sb>* cati-
ons at Sn*" site can lead to the ereation of greater amount of free electrons [19,20]. These
results indicate that Sb dopant has dominance on the decrease in peak intensity of Sn3d
than F dopant and the shift in binding energy reflects to more oxidization by the dopant.
In narrow scan spectra, the orbital state of Sb3ds; is masked by the Ols in binding energy
range of 528-535 eV but Sb3ds,; is clearly observed at 540 eV for both samples except in
FTO sample. Alternative way to study the defects in the lattice is to analyze the change at
the binding energy level of Ols as noticed in Fig. 4. The Ols core level line can be decon-
voluted into four peaks components centered at 529.59 eV, 530.84 eV, 532.14 eV and
533.28 eV. The peak center at 529 eV is attributed to 0>~ in lattice of SnQ, structure
implying a fully oxidized stoichiometric environment, while the main peak at 531 eV is
associated with O ion in the oxygen deficient regions or oxygen vacancies in the lattice
[21]. The binding energy at 532 eV is the combination of chemisorbed oxygen of OH™
groups on surface with orbital state of Sb3ds/, in Sb doped sample. The peak position of
Ols is shifted to high binding energy, suggesting that the more oxygen vacancies are gen-
erated by Sb incorporated into SnO, structure [22]. The peak located at 533 eV is
observed only in the FTO sample, which is associated with adsorbed oxygen of H,O or
COj3 on surface of sample indicating the more hygroscopic in nature [23], The XPS results
affirm that F ions and Sb ions incorporated into the SnO; lattice are able to effectively
provide more oxygen vacancies in the doped sample.

TEM images and selected area electron diffraction (SAED) patterns of FTO, ATO
and FATO nanoparticles are illustrated in Fig. 5. As seen in Fig. 5 (a), the morphologies
and particle size of as-synthesized SnO, nanoparticles are unable to identify due to gen-
eral structure of small granular clusters as well as the SAED patterns show soft halo rings
reflecting their amorphosity in nature. The TEM image indicates that the SnO, nanopar-
ticles are excellent disperse with less agglomeration and uniformity of particle shape
which appear in spherical shape with estimated size of less than 10 nm after calcination
at 400°C. The SAED of SnO, nanoparticle exhibits several strong halo rings confirming
to polycrystalline structure and the brightest inner ring attributes to the (110) plane of
SnO, structure, which is consistent with XRD results. It can be deduced that the
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Figure 5. TEM images of (a) as-synthesized SnQ, (b) Sn0,, (c) FTO, (d) ATO and (e) FATO
nanoparticles.

crystallite growth of the nanopowders are highly affected by heat treatment. From TEM
images, it is suggested that the F dopant has slight effect on morphologies and particle
sizes of SnO, particles while Sb dopant provide significant influence on SnO5 structure.
In addition, the morphologies of FATO particles display many spherical shaped grains
formed by aggregation of nanocrystalline.

The resistivity (p) and carrier concentration (1) of FATO samples are exhibited in
Table 1. The high resistance of tin oxide is observed, while the resistivity of FTO sample
decreases considerably from 10.45 Q-cm to 13.6 Q-cm. This feature is originated from
the fact that fluoride ion incorporated in SnO, can contribute one exceeding free electron
to SnO; leading to the reduction in electrical resistivity [13]. For ATO sample, its resistiv-
ity decreases dramatically down to 5.03 x 10~ ()-cm and 5.43 x 102 Q-cm for the sam-
ples with Sb concentration of 5 mol% and 10 mol%, respectively. This feature is due to
Sb ions incorporated into the SnQ, lattice causing the formation of donor levels appeared
very close to the conduction band [12]. These donor levels can consequently generate the
extra electrons and promote the higher electron mobility into the conduction band. Both F
and Sb doped SnO, samples can promote the higher electron mobility as shown in
Table 1. It is observed that the lower resistivity and good carrier density are obtained as
the Sb content reaches ‘a specific content of 5 mol%. However, the resistivity slightly

Table 1
The resistivity and carrier density of samples by Hall measurement
Samples Resistivity ({2 cm) Carrier Density (1/cm?)
Sn0O, 14.5 1.35 x\0'°
10FTO 13.6 3.88 x 10"
5ATO 5.03 % 1072 1.04 x 10'®
10ATO 5.43 x 10%& 4.36 x 10"
1:5FATO 3.96 x 1073 137 = 103
5:5FATO 5.61 x 1073 1.01 x 10'®
10:5FATO 4.82 x 1073 3.46 x 10"
1:10FATO 6.05 x 107 2.72 x 10"
5:10FATO 1.03 x 107! 3.25 x 107

10:10FATO 7.15 x 1072 9.92 x 107
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increases after the Sb concentration augmented beyond 10 mol% in the SnO, lattice
owing to possibility of the free electrons trap by the acceptor levels. This level is created
by Sb™* ion incorporated in Sn** site in SnO, lattice when the doping exceeds the spe-
cific value [24] that can initiate the oxidation reduction of Sb>* to Sb>*. In addition, the
resistivity greatly decreases with F/Sb codoped in SnO, structure due to the co-existence
of oxygen vacancies and substituted Sn producing the extra electrons and the higher elec-
tron density [25]. The limitation of F:Sb codopant ratio is 1:5 mol% providing the lowest
resistivity at 3.96 x 107> Q-cm. Nevertheless, the free carrier density decreases with
increasing F concentration due to the Sn-F complexes formed in the grain boundaries,
leading to a slight increase in the resistivity. These results reveal that the F/Sb co-incorpo-
ration in SnO; structure can considerably increase its carrier mobility and conductivity.

Diffuse reflectance spectra of SnQ,, FTO, ATO and FATO nanoparticles in the form
of pellet are shown in Fig. 6 (a). The reflectance spectra show the sharp absorption edge
in the wavelength region of 250-350 nm implying semiconductor behavior with the exis-
tence of direct optical band gap. The corresponding optical band gap could be estimated
by Tauc method. In direct transition semiconductors, the optical absorption coefficient
and the optical energy band gap is expressed as [26]:

(ahvy=A(hv — E;)'"? )

where E, is optical band gap, fiv is photon energy and A is constant. « is absorption coef-
ficient which is substituted with F(R..). Thus the relational expression becomes:

(hvF (R ))* =A(hy = E,)'/? )

where F(R.,) is absorption coefficient which is obtained from the acquired diffuse reflec-
tance spectrum using Kubelka-Munk function [27]:

R —1)?

IR ©)

where R, is the diffuse reflectance. The optical band gap energies were interpreted from
the interception of the straight section to energy axis as shown in Fig. 6 (b) and (c). In
Fig. 6 (b) and (c), the optical band gap of SnQ, sample increases from 3.83 eV to
3.85 eV after fluoride doping and dramatically increases to 3.90 eV and 4.04 eV for
10ATO and 1:5FATO sample, respectively. The extended optical band bap of SnO, sam-
ples after F, Sb incorporation may be ascribed to Bursstein-Moss effect as a result of the
increase of carrier concentration. Increasing carrier concentration will cause the alterna-
tion of Fermi level moving into the conduction band leading to a broadened optical band

gap [28].

4. Conclusion

In summary, spherical F/Sb-codoped SnQ, nanoparticles with size less than 10 nm can be
synthesized by the aid of ultrasonic energy supplied via sonochemical synthesis. It is sug-
gested that the ultrasonic not only provides energy for crystallite growth but also prevents the
agglomeration of as-synthesized nanoparticles. It is revealed that Sb dopant strongly affects
the crystallinity of SnO, reflecting the decrease in crystallite size and the deterioration of
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local structure bonding of SnO. It was acknowledged that both dopants play significant role
on the enhancement in the electrical properties. The electrical resistivity of the codoped sam-
ple with F/Sb ratio of 1:5 mol% can be lowered to 3.96 x 107> Q-cm.
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