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Abstract

ABSTRACT

Interests on transparent oxide semiconductors (TOS) have been increasing tremendously
for wide range of technological and environmental applications. In particular, these TOS
materials act as an integral part in the fabrication of p-n heterojunctions solar cells because of
their fascinating optical, structural, and electrical properties. In this doctoral thesis, several n-
type-oxide semiconductors; namely, SnO,, Ga-O, and Fe-O thin films have been explored and
investigated by employing electrodeposition at room temperature. Fabrication of
heterostructures based on these materials along with the known p-fype materials such as tin
sulfide (SnS) and copper oxide (Cu,0) are also demonstrated to elucidate their potentials in
solar cell fabrication.

Tin oxide (SnO;) thin films are electrodeposited on indium tin oxide (ITO) substrate
from strongly acidic (pH < 1) aqueous solution containing SnSO4. Oxygen bubbling is
employed either before or during deposition. Transparent films are electrochemically
produced from oxygen-bubbled solutions. Nearly stoichiometric ratios are attained for both
as-deposited and annealed films. The n-fype conductivity and the photosensitivity are
evaluated and confirmed from photoelectrochemical (PEC) measurement. X-ray
photoelectron spectroscopy (XPS) revealed that the Sn 3ds, and O 1s levels for the 250°C-
annealed SnO,; film after Argon-ion sputtering are shifted by 0.5 eV towards lower binding
energy (Ep) relative to that at the surface. This effect might be originated from the shift of
valence band maximum (VBM) as evidenced in the additional peak located near 2.6 eV. The
electrodeposited SnS/SnO, superstrate structure with 250°C-annealed SnO, exhibits an open
circuit voltage (Voc) of 40-90 mV and a short circuit current density (Jsc) of 1.5-9.7 mA/cm’.
The highest solar conversion efficiency for electrodeposited SnS/SnO, heterostructure is
estimated to be 0.14%. The valence band offset is determined to be approximately 1.85 eV.
Using this value and the band gaps of individual layers, the conduction band minimum of
SnO, is predicted to be higher than that of SnS by 0.65 eV.

Ga-O based thin films are electrodeposited on fluorine-doped tin oxide (FTO) substrate
at room temperature from aqueous gallium sulfate solution with hydrogen peroxide (H»O) as
oxygen precursor. Effects of different deposition parameters such as deposition voltage,

amount of H,O, and deposition time are investigated. Nearly smooth and crack-free
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Abstract

morphologies are attained at -1.0 (V vs SCE) deposition potential. As-deposited films have
shown O to Ga ratio of 2.0, which signifies GaOOH formation. Thermal annealing in ambient
air at 500-600°C reduces the O/Ga ratio and retains the morphology. As-prepared films with ~
0.2 pum thickness have 80 % transparency in the visible wavelength range; however, the band
gap of GaOOH could not be estimated because no absorption edge is observed. The
SnS/GaOOH and Cu,0/GaOOH heterojunctions have been fabricated via electrodeposition.
In SnS/GaOOH, the rectification property is confirmed but not the photovoltaic characteristics.
On the contrary, for the first time, the Cu,O/Ga-O heterojunctions (with as-deposited and
annealed GaOOH) display rectifying and photovoltaic characteristics. The solar cell
parameters (Voc = 0.15 V, Jsc= 0.35 mA/cmz) and (Voc =022 V, Jsc= 045 mA/cmz) are
attained for Cu,O/Ga-O heterojunctions with as-deposited and 400°C-annealed GaOOH layers,
respectively.

v-FeOOH films are electrodeposited on the ITO substrate from oxygen-bubbled aqueous
FeSO4-KClI solution at room temperature. Potential values near -0.7 (V vs SCE) are chosen to
electrodeposit the films. A mixture of a-Fe and y-FeOOH is achieved at more negative
potential than -0.90 V and intense aggregation is favored at longer deposition time. Raman
shifts at 252, 384, 538, and 664 cm™ signify the characteristics of y-FeOOH. The as-deposited
v-FeOOH film is nanocrystalline with crystallite size probably an order of nanometers. The n-
type conductivity and photoresponse under illumination of y-FeOOH film are confirmed from
PEC measurement. The homogeneity of the anions in the solution is achieved by using
sodium sulfate (Na,SO4) and the deposition current is enhanced by stirring. The y-FeOOH
films exhibit band gaps between 2.2 - 2.6 eV). A transformation of y-FeOOH thin films to a-
Fe,0; is attained by thermal annealing at 400°C in air. In SnS/FeOOH fabricated by buffering
the SnS solution, the rectifying behavior is demonstrated but not the photovoltaic properties.
Interestingly, for the first time, the rectifying and photovoltaic properties of Cu,O/FeOOH
with as-deposited and 400°C-annealed FeOOH layers are successfully done by employing
potentiostatic-galvanostatic electrodeposition techniques. The highest solar cell parameters
(Voc =0.11 and Jgc = 0.95 mA/cmz) are obtained for the Cu,O/FeOOH heterostructure with
50 nm-thick as-deposited FeOOH layer.
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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

Environmental and energy-related issues have been the focal subjects of the development in
engineering and technology. The continuous exploration of alternative and renewable energy
resources provides long-term hope and goal to have clean and green environment. These
alternative energy resources can be of great help to completely eradicate the serious problems
brought by the existing conventional energy resources. Conventional energy resources such as
fossil fuels (oil, natural gas, and coal) and nuclear energy have been the main sources of energy
for a very long time. However, their availability has already been reduced significantly year after
year and can be considered to reach extreme degradation few years from now. One cannot also
disregard the environmental danger due to continuous emission of gas pollution in the
surroundings, in which, it has large contribution in the worsening status of climate change. For
these obvious and ubiquitous reasons, the search of alternative options is essential and worthy of
doing.

Solar energy has been one of the best alternative renewable energy resources available to be
harvested freely and safely by fabricating environment-friendly, stable, abundant, and promising
materials or devices related to solar energy utilization or conversion. There are three familiar
approaches towards energy conversion from sunlight [1]: (i) thermal approach where in solar
radiation is absorbed by passive collection and conversion into thermal energy; it is then used in
various purposes such as water heating, drying, and industrial heating; (ii) biological approach
where in the solar energy is being promoted through photosynthesis, which can be used in the
production of transportable fuels or electricity; and (iii) direct approach, in which energy
conversion involves a one-step or direct conversion process that generates electrical energy from

sunlight. This process can be described and illustrated in photovoltaic (PV) solar cell devices.
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The idea of photovoltaic solar energy conversion is simple but the construction of the real
photovoltaic device and solar panels for effective-harnessing of energy from the sun involves
complex process and complicated problem usually arises. In principle, a solar cell is a junction
device fabricated using two different materials with dissimilar roles in how solar conversion
process is demonstrated within the device. The usual configuration of thin-film based solar cell is
the p-n heterojunctions where in the » and p layers are stacked on top of each other to form a
junction between them. In a simplest configuration, the p-n heterostructure consists of a substrate
with transparent conducting oxide (TCO) that holds the thin film layers and draws the current to
the outer circuit, a window or buffer layer to create junction with the absorber layer and to drive
the generated carriers to the electrode, the absorber layer for carrier generation upon absorbing
photons with minimal losses due to transmission and reflection, and metal contact layer as
electrode contact. Understanding of the individual behaviors of these layers is essential for the
design of the device. Moreover, the interface between different layers must be seriously
considered since each layer has different structure, lattice constant, electron affinity/work
function, physical and chemical properties, etc., the interfaces can cause stress, interdiffusion,
defects and interface states that can act as recombination centers and affect the overall
performance of the device.

The function of the buffer layer in heterojunction is primarily to form a junction with the
absorber layer while allowing maximum amount of light to the junction region and absorber layer
[2]. The beneficial effects of buffer layer can be two-fold: modifying the absorber layer’ surface
chemistry and providing protection on the sensitive interface during the subsequent window layer
deposition [3]. Hence, the durability of the cell is enhanced by the presence of buffer layer at the
same time protects the sensitive absorber layer.

Another important aspect is the selection of the materials as absorber layer in solar cell
device. Essential parameters need to be considered include band gap, absorption coefficient and
minority carrier diffusion length. The band gap should be capable to absorb the entire visible
solar spectrum region. It has been demonstrated theoretically that a 10 % conversion efficiency
can be achieved using any semiconductor with band gap between 0.8 to 2.4 eV [4-5].

Additionally, high absorption coefficients of the absorber layer will yield strong photon
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absorption characteristics and the thickness of the absorber can be reduced significantly with
minimal absorption losses. With these characteristics, the absorber layer can be made thinner but
still effective in absorbing the photons from the sun. Moreover, the other relevant parameter
needs to be considered in choosing the absorber layer is the minority carriers’ diffusion length,
which describes the migration of carriers through diffusion process. After photon absorption and
carrier generation in the absorber, the photogenerated carriers must be transported to the junction
region with minimum losses. If the lifetime of minority carriers is long enough, then these
carriers could reach the junction region and would be separated [6]. Diffusion length is
influenced by the doping and impurity concentration, structure and the thickness of the absorber
material.

Intensive studies have been performed by serious and committed researchers on the
development and advancement of the photovoltaic devices-related research. This area of
scientific and technological research is hoped to make significant contributions to the worldwide
distribution of energy in the near future because it portrays and exhibits technical feasibility,
economical, and very attractive. The PV power generation researches are expected to have major
effect on the significant reduction of CO, emissions in the environment. PV solar cells have been
in the limelight for quite some time with silicon (Si) gains the most attraction. Crystalline Si
dominates the PV market for a long time, but due to some issues encountered during the large-
scale production, the unit price of solar cells could not be lowered and it is still much higher than
that of conventional energy source. These issues include low absorption coefficient (~10° cm™
that can result in a large device thickness to absorb the solar irradiation, and consequently in
complex manufacturing and high material cost. In this regard, Si-based PV materials cannot
compete to the areas with readily available conventional power sources [7]. Thus, alternative
materials as possible replacements to crystalline Si PV solar cells are needed to be explored and
examined. Several replacements have been considered and investigated because of their
promising properties with regards to their production with competitive efficiencies. Much effort
has been performed by solar cell producers to improve efficiency and reduce manufacturing cost

significantly in order to survive the challenging current market environment [8].
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Thin film based Si solar cells have received special attention due to their potential for large
areas and low-cost manufacturing. Conversion efficiencies of these solar cells vary depending on
the structure. For instance, a single-junction amorphous solar panel exhibits an efficiency of 6 -
7 %. However, with the utilization of a double junction technology like a-Si:H/pc-Si:H junctions,
the efficiency is increased up to 11 % [8-9]. Despite the many advantages that these solar cells
can offer, efficiencies are still low compared to crystalline Si-based solar PV. By extending the
structure to triple-junction, this will eventually improve further the efficiency by incorporating a
thin intrinsic layer to obtain an n-i-p or p-i-n stacked triple-junction structures. But the processes
involve in the fabrication of these solar cell structures require sophisticated equipment and
careful considerations are needed in current matching, that is, generated current in individual
cells must also flow in all cells since they are connected in series.

There are a lot of materials that are comparable to or even better than Si-based thin films in
terms of physical and optical properties. Some of the potential candidates are copper indium
(sulfide, selenide) -{CI(S,Se)} and copper indium gallium (sulfide, selenide) - {CIG(S, Se)},
cadmium telluride (CdTe), dye-sensitized solar cells (DSSC) and organic solar cells. They have
already demonstrated promising and substantial progress in the area of materials research, device
fabrication and technology development. Among these candidates, polycrystalline thin film solar
cells based on CIS, CIGS, and CdTe compound semiconductors have shown large improvement
in solar conversion efficiencies. Moreover, CIS, CIGS and CdTe have significant contributions in
terrestrial applications because of their high efficiency, long-term stable performance, potential
for low-cost production and high absorption coefficient (~ 10° cm™) [10]. A thin layer of ~ 2 pm
of CIGS or CdTe thickness is enough to absorb the useful part of the solar spectrum. CIGS and
CdTe solar cells with glass as the commonly used substrates achieved the highest efficiencies of
19.2 [11] and 16.5 % [12], respectively. Furthermore, the interest on flexible substrates gains
much attention to develop innovations on flexible solar cells and other electronic devices. For
instance, CIGS and CdTe - based solar cells have been reported to be efficient on polyimide [13,
15] and metal foils [14, 16] with 7 — 11 % and 12 — 18 % solar conversion efficiencies for CdTe
and CIGS materials, respectively. In simple configurations, the solar cells based on CdTe and

CIGS materials, which serve as p-type layers, utilize transparent conducting oxides (TCO) as
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front contact, an n-type wide band gap semiconductors as partner layers to form the p-n junction
and specific metal layers as back contacts. The efficiencies of the solar cells could depend on
various preparation methods in obtaining the individual layers. It is known that thin film
deposition techniques have strong influence not only on the optoelectronic properties of the
layers to be deposited but also on their interfaces. Cadmium sulfide (CdS) is commonly partnered
in CIGS and CdTe solar cells as n-type layer in the described p-n configurations. However,
problems such as undesirable interdiffusion of Cd into CIGS (or in CIS) layers during absorber
deposition at elevated temperature and the toxicity of Cd are the critical challenges in considering
the future of these structures. Intensive efforts have been performed to eradicate the use of CdS as
buffer layers. Several oxides and sulfide n-type materials with band gaps between 2.0 — 3.8 eV
such as ZnO [17-18], ZnMgO [19], In(OH); [20], In,S; [21-22], and ZnS [23] have been
demonstrated and tested as alternative buffer layers. Interestingly, these materials can also be
utilized as direct heteropartners of absorber layers to produce p-n heterojunctions. The resulting
process is advantageous to reduce the cost because it eliminates an additional deposition step of a
buffer layer. Nakada et. al achieved the breakthrough in the CdS-free configuration by using
undoped ZnO and reported the highest efficiency of 12.8 % [18]. Further increase in the cell
efficiency and the development of prospective non-toxic materials as buffer or window layers for
the fabrication of p-n heterostructures will continue to boost the improvement of these solar cells.
Other alternative buffer layers with wide band gaps and high optical transmission are still needed
to be examined and investigated to reduce optical losses and modify the band alignment between
the individual components of the solar cell structures.

Potential candidate materials as alternative wide band gap n-fype layers are metal oxide
semiconductors such as tin oxide (SnO;), gallium oxide (GaOs), gallium oxyhydroxides
(GaOOR)), iron oxide (Fe,03), and iron oxyhydroxides (FeOOH) thin films. With their interesting
properties such as suitable band gaps as a general requirement for n-type layers, abundance of
their constituents, and optical transparency make them good candidates for low-cost solar cell
fabrication. Several deposition methods have been employed to prepare or deposit these oxides at
room or slightly higher temperatures. Electrodeposition technique is one of these methods that

demonstrate flexibility and simplicity characteristics. It has been widely used as room
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temperature deposition of thin and thick films with different morphologies and properties.

Slightly elevated temperatures can also be possible depending on the desired thin film product.

Objectives

Various n-type metal oxides: SnO,, Ga-O (Ga,0; and GaOOH), and Fe-O (Fe,Os and

FeOOH) thin films have been considered and evaluated in this thesis as promising candidates for

a wide range of device applications. Special attention has been given to these semiconducting

metal oxides as potential gas sensors, transparent electrodes and window or buffer layers in thin-

film based heterojunction solar cells. Several p-fype absorber layers such as SnS and Cu,O

partnered with these n-fype metal oxides to fabricate different superstrate heterostructures.

In this thesis, electrodeposition of transparent metal oxide semiconductors: SnO,, Ga-O and

Fe-O thin films are performed at room temperature from aqueous solutions with the following

considerations:

(M

SnQO; thin film electrodeposition: Dissolved oxygen induced by oxygen bubbling serves as
the source of oxygen precursor. Two modes of electrolyte preparation are considered to
electrodeposit SnO, thin films. These are (i) solution is bubbled only during deposition
process and (ii) solution is bubbled only before deposition. Although there are already
reports on electrodeposition of SnO, thin films, it is deemed wise to note that the deposition
process employed in this study varies with deposition conditions and methods of
preparation. This work aims (a) to investigate and discuss the constant potential
electrodeposition of SnO, thin films from oxygen bubbled aqueous tin sulfate solution at
room temperature with very low pH ( < 1 ). Deposition at elevated temperature is also
carried out to compare the quality of the films. In connection with the effect of oxygen
bubbling, different deposition reaction mechanism to produce SnO; thin films onto the
substrate is also proposed in this study. The reaction mechanism is different from the
reported electrochemical reactions by other researchers working on electrodeposition of
SnO, materials. Thermal annealing is also considered to investigate its effect on the quality

and properties of the films; (b) the annealed-electrodeposited SnO, layer is then utilized to
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2

3)

fabricate SnO,/SnS heterojunction solar cells. The fabricated heterostructure exhibits
promising rectifying and photovoltaic characteristics. The interface of the heterostructure is
also studied and investigated to explain and determine the valence and conduction band

offsets experimentally by performing X-ray photoelectron spectroscopy (XPS).

Ga-O thin films: Hydrogen peroxide (H,0,) instead of dissolved oxygen is used as an
oxygen precursor to electrodeposit the films. Ga-O thin films are successfully deposited
from aqueous gallium sulfate solutions containing H,O,. The option to utilize H,O, in the
deposition of Ga-O thin films is decided based on the significant observation on the
substrate reduction effect during electrodeposition even if oxygen bubbling is induced in the
process. Electrochemical parameters such as amount of H»O,, deposition potential and
deposition time are considered for optimization to produce quality Ga-O thin films. The
formation of Ga-O thin films involves electroreduction of H,O, forming OH" ions and these
electrochemically produced ions combine with Ga®™ ions in the working solution to form
GaOOH thin films on the substrate. Thermal annealing is also performed to study and
investigate the quality, morphology and structure of the films after heat treatment. As-
deposited and annealed GaOOH are then partnered with electrodeposited p-fype Cu,O to
fabricate heterojunction solar cells and the characteristics and the performance of the

heterostructures are presented and evaluated.

Fe-O thin films: Oxygen bubbling is employed to facilitate the formation of Fe-O thin films
on the substrate. The overall electrochemical reaction is discussed according to the starting
precursors and the composition of the final product. The formation of Fe-O thin films is
studied and investigated based on the considered electrochemical quantities: deposition
time, applied potential, oxygen bubbling, stirring condition, and the nature of supporting
electrolytes (KCI and Na,SO4). Thermal annealing is also considered to study its effect on
the composition, morphology, and structure of the films. As-prepared and annealed Fe-O
samples are then utilized to fabricate p-n heterojunctions. The performance and

characteristics of the heterostructures are evaluated and discussed.
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Significance of the Study

Fabrication of low-cost, environment-friendly, and efficient solar cells remains certainly
possible by employing facile electrodeposition method. Several studies have been reported to
synthesize, grow, and deposit SnO,, Fe-O (y-FeOOH and o-Fe;O3) and Ga-O (GaOOH and
Ga,03) transparent oxides in micro- and/or nano-structures. The deposition process employed in
this study differs from the existing works on ECD of these materials. Different oxygen precursors
are utilized and investigated to successfully produce the desired oxide materials for their potential
use in electronic device applications such as transparent electrodes, gas sensors and solar cell

fabrication.

Scope and Limitations

This study focuses mainly on the electrodeposition and characterization of SnO,, Ga-O and
Fe-O thin films using different oxygen precursors (dissolved oxygen induced by bubbling and
hydrogen peroxide). Electrochemical parameters such as deposition time, pH, and deposition
potential are considered for optimization of the quality of the electrodeposited films. The as-
deposited and annealed transparent oxide films are then utilized as window layers along with the
potential absorber layers such as SnS, and Cu,O to fabricate heterojunction solar cells. The
details on the growth kinetics during the electrodeposition of transparent oxide films are beyond

the scope of the study.

Thesis Organization

As for the structure of this thesis, it is divided into eight (8) main chapters. It starts with the
introduction and motivations in Chapter 1, where the main objectives and focus of the study are
presented. This is followed by a brief review of related literature in Chapter 2 about the
characteristics of transparent oxide semiconductors: SnO,, Ga-O, and Fe-O fabricated by

electrodeposition and fundamentals of various chemical deposition techniques. For the results
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and discussion on electrodeposition of SnO, thin films from oxygen-bubbled aqueous solutions,
Chapters 3 and 4 present the details of these. In Chapter 3, the results and discussion on the
electrodeposition of SnO; thin films with oxygen bubbling only during deposition are arranged
according to the cyclic voltammetry, optimization of electrochemical parameters, surface
morphological, structural, and composition studies, optical transmission and conductivity
measurements. In Chapter 4, the result and discussion on the electrodeposition of SnO, thin
films with oxygen bubbling only before deposition are arranged in the same manner of
presentation of results and discussion in Chapter 3 with the addition of effect of thermal
annealing on the surface morphology and composition of the film samples. Fabrication of
SnO,/SnS heterostructure along with the /-J measurements for the SnO,-based heterojunctions
are presented and discussed in Chapter 5. In Chapter 6, results and discussion on the
electrodeposition of Ga-O thin films from aqueous iron sulfate solution are arranged similar to
the presentation in Chapters 3 and 4 that starts from optimization of usual electrochemical
parameters with the addition of the control of H,O, concentration. Characterizations of the
electrodeposited Ga-O films such morphological, structural and composition studies including
optical transmission, conductivity and photosensitivity measurements and fabrication of Ga-O
based heterojunctions are discussed and presented. Electrodeposition and characterization of Fe-
O thin films oxygen-bubbled solutions are presented in Chapter 7. The results and discussion are
arranged in the same manner of presentation in Chapters 3, 4, and 6. The evaluation of the
results in the fabrication of the photovoltaic performance of Fe-O based heterojunctions is also
included and discussed for the potential use of Fe-O thin films in electronic device applications.
The brief summary, concluding remarks and suggestions for future works are presented in

Chapter 8.
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CHAPTER 2

Review of Related Literature

The main focus of this work is on the fabrication of oxide semiconductor thin films by
employing facile electrodeposition technique at room temperature for various device applications.
This chapter begins with the brief presentation and discussion on the significant contributions
that the development of thin film technology can offer; followed by the discussion on the
characteristics of various oxide semiconductor materials that are fabricated in this work to have
insights on their physical, structural and electronic properties. Elucidations of several deposition
techniques are also presented to explain their differences in processing, advantages, and

limitations in relation to thin film preparation.

2.1 Thin Film Technology

Thin film technology tremendously makes an impact on the advancement of scientifically
and environmentally-related things or devices that we are enjoying and utilizing in our daily lives.
Thin film coatings on items from mirrors to camera lenses to sunglasses to glass windows to
television and computer displays provide an enhanced optical properties and performance that
made our life easier and enjoyable. Architectural glass is often coated to reduce the heat load in
large office buildings and provide significant cost savings by reducing air conditioning
requirements. Thin film coatings in aircraft windows have been found to effectively evaporate ice
or fogs upon heating the coating by applying potential over it [1]. Furthermore, the enhanced
properties of the glass windows coated with metal oxide thin film have been demonstrated by
effective reflection of infrared light emitted by the objects in a room [2]. The performance of
optical coatings is typically enhanced when the thin film coating consists of multiple layers with
variation in thickness and refractive index. Moreover, a periodic structure of alternating thin films

made of different materials may collectively form a super-lattice, which exploits the phenomenon
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of quantum confinement by restricting electronic phenomena to two-dimension. Furthermore, the
developments of transparent conducting oxides (TCO) materials have demonstrated significant
contributions in thin film technology research. For instance, the efficiency of a superstrate-type
thin film-Si solar cell strongly depends on the quality of the textured TCO layer used as the front
electrode material. To improve cell efficiency, it is necessary to prepare a TCO layer with a high
transparency in the solar spectrum and to optimize the surface morphology for light scattering by

controlling the deposition and texturing conditions [3].

2.2 Characteristics of SnO,

The rutile structure of tin oxide (SnO,) has tetragonal unit cell belongs to a space-group
symmetry Pymnm and with lattice constants, @ = b = 4.7380 A, ¢ = 3.1865 A. The Sn and O
atoms have 6-3 coordination, that is, Sn atoms are six-fold coordinated and O atoms are three-
fold coordinated, as depicted in Fig. 2.1. SnO, is usually regarded as oxygen-deficient n-type
semiconductor. This means that SnO; prefers to give up oxygen and can accommodate electrons
more easily than holes in its lattice [4]. Thus, oxygen vacancies are always the source of electron
carriers for an undoped material. SnO, is a prototype material for the development of transparent
conducting oxides. Its wide direct band gap characteristics (~3.6 — 3.8 eV), high transparency in
the visible region, high mechanical hardness, and environmental compatibility are the interesting
features that are essential and plausible for electrode materials [5-7], gas sensors [8-11], solar
cell fabrication [12-18], transparent and protective coatings [1-2, 19-27], and other device
applications.

In gas sensors applications, when SnO, surface is exposed to air, oxygen absorbs onto the
surface as O> ads or O ads. These adsorbed molecules form an electron depletion layer just
below the SnO, surface and consequently make the SnO, highly resistive [28-31]. When reducing
gases (e.g. H, and CO) are introduced as gas ambient, the adsorbed oxygen species are removed
through the oxidation of reducing gases and the electrons that are being captured in the process
are restored in the conduction band. This results to the decrease of the resistance and/or resistivity,

which can be recorded and measured easily, of the oxide material [32]. Moreover,
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photochemically deposited SnO, thin films as hydrogen gas sensors are found to be highly
sensitive at room temperature [33-34]. Introducing impurities such as Cu, Fe, Co and Ni on the
undoped SnO; can enhance the electrical properties of the material [35-38] and can promote

change or modify the surface morphology and decrease the grain size [39].

ZT‘X
4

Fig. 2.1 Rutile structure of SnO,. Smaller-white and bigger-dark circles are tin and oxygen

atoms, respectively.

Completely stoichiometric undoped tin oxide would be an insulator, but a reasonable
degree of conductivity can be achieved by stoichiometric deviation or by doping. Undoped tin
oxide films often show some degree of conductivity because of unintentional doping with CI” or
due to non-stoichiometry, mostly caused by oxygen vacancies in the lattice. These vacancies
contain electrons from the removed oxygen atom, which can be excited to the conduction band. If
too many oxygen vacancies are created, the structure can change into SnO with excess oxygen,
which often has a negative influence on the conductivity. Another possibility for increasing the
conductivity of tin oxide is the incorporation of suitable ions in the lattice. Substituting Sb>", Sb*",

In*", P°", or As*™ for Sn*', or substituting F", CI" for O*, results in a donor level in the energy
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band gap causing a higher conductivity. The charge carriers generated by non-stoichiometry and
doping are scattered by various mechanisms, like ionized impurity scattering, neutral impurity
scattering, grain boundary scattering, and scattering at other defects and dislocations. Thus, the
conductivity is dependent on the composition and the morphology of the layer, which in turn is
dependent on deposition parameters like substrate temperature, film thickness, gas flow rate,
precursor composition, and post-deposition annealing [40].

For solar cell fabrication, tin oxide is often used as the top window layer in
semiconductor/insulator/semiconductor (SIS) solar cells because of its high -electrical
conductivity and high optical transmission properties. The top wide band gap semiconductor in
SIS solar cells is expected to provide the window of incident photons from sunlight, that is,
photons pass the window and reach the junction without being absorbed. Most of the reported
SIS configuration contain either SnO, or indium tin oxide (ITO) as the window layer and single-
crystalline or polycrystalline Si as the absorber layer. Many SIS solar cells have demonstrated
efficiencies above 10 % and several have produced high efficiencies in the same range as
diffused p-n junction cells [41-45]. For similar reasons, it is often used as substrates such as
fluorine-doped SnO, (electrode material) for growing or depositing thin films that can be utilized
further in the fabrication of heterojunction solar cells as buffer or window layers in p-n
heterostructures. Additionally, SnO, can be combined with conducting organic polymers (COPs)
to fabricate hybrid solar cell. COPs are capable to transport, emit or absorb light under specific
conditions [46-47]. With the application of SnO, to fabricate poly (2-methoxy-5-(2’ethyl-
hexoxy)-1,4—phenylene-vinylene) or MEH-PPV/SnO, solar cell provides a good choice as
electron transport material, which neglects or decreases the degradation of the MEH-PPV
polymer during irradiation under ambient atmospheres [46]. It has been studied and reported that
the electron transfer from MEH-PPV polymer to SnO, is energetically favorable and can be
photoinduced [46, 48]. Hence, COPs partnered with wide band gap transparent oxides will open
other options to have efficient solar cell devices.

Another interesting aspect of SnO, material is the reconstruction of SnO, with respect to
the positioned oxygen atoms. For instance, the reconstructions of SnO, (110) and SnO, (101)

surfaces can result to oxygen deficient surface. The stoichiometric (110) surface is the most
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stable surface at high oxygen chemical potentials. However, at lower oxygen chemical potentials,
one of the reduced (101) surface terminations is energetically favored [49-51]. This implies that
the surface of the material can act as a sink of oxygen vacancies for many times. In addition, the
dual valency of Sn at the surface of SnO, material can cause dramatic change on the surface
transformation of the material. For example, the stoichiometric surface with Sn*" is reduced to a
surface with Sn*". Reduction of the surface can lead to the formation of Sn 5s surface derived
surface states that lie deep within the band gap. This can cause lowering of the work function
[52]. Moreover, derivations from the stoichiometric composition by introducing oxygen
vacancies can cause high conductivity while maintaining the transparency of the material. This is
due to the low carrier density of 10" — 10*' cm™ and high mobility of 150 cm* V™' s™ at room

temperature [53-54].

2.3  Ga-0 (Ga,03 and GaOOH) characteristics

Ga-O based materials such as Ga,O3; and GaOOH are promising materials for wide-range
of device applications. -Ga,Os has a monoclinic crystalline structure with dimensions a = 12.23,
b=3.04,¢c=580 A and B = 103.7° [55-56]. There are 4 GayOs in the unit cell. The most
probable space group to which the crystal belongs is C,’-C2/m, that is, the atoms are in five sets
of special positions 4i: (000, % ¥ 0) + (x0z). There are two kinds of coordination for Ga®" ions in
this structure, namely tetrahedral and octahedral. Average inter-ionic distances are: tetrahedral

Ga-O (1.83 A), octahedral Ga-O (2.00 A), tetrahedron edge O-O (3.02 A) and octahedron edge
0-O (2.84 A). Because of the reduced coordination of half of the metal ions, the density of p-
Ga,0; is lower than that of a-Ga,O3; which has the a-corundum structure, as shown in Fig. 2.2,
where oxygen ions are situated in approximately hexagonal closed-pack array with all the Ga®
ions octahedrally coordinated to O® ions. Also in the a-phase, the octahedral share edges and
faces which bring the metals ions very near each other. In B-Ga,O; no faces are shared between
polyhedra and the shortest Ga®*-Ga®" distance is 3.04 A [56]. Usually the structures, in which the

faces of polyhedra are shared, are less stable than those in which edges are shared, which in turn

are less stable than structures in which only corners are shared [57]. Thus, one would expect the 3
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phase to be more stable than the a-phase. Foster et al. have shown that although the a-Ga,;03
forms at lower temperatures than B-Ga,0s, the a-phase is metastable [58]. Additionally, it is
known that the wave function of the conduction band bottom of $-Ga,0O3 is composed of mostly

4s orbitals of Ga®* in octahedral sites [59-60].

u{-v

Fig. 2.2 Corundum structure of p-Ga,0;. Filled-smaller and empty-bigger circles are Ga

and O atoms, respectively.

B-Ga,O; material has been considered as a wide band gap (E; ~ 4.9 eV [60-61])
semiconductor with interesting electrical and optical properties at high temperatures. It is the
most stable Ga,0; phase and exhibits n-type semiconductor property at high temperatures over
600°C due to oxygen deficiency in the crystal [62]. In fact, this oxide material can detect only
oxygen gas over 900°C [63]. Moreover, Nakagomi et al. have fabricated and demonstrated the
hydrogen gas sensing ability of B-Ga,O; single crystals operating at high temperature [64-65].
Hence, -Ga,Os; is potential materials for high temperature gas sensors. Other applications of -

Ga,0s3 include deep ultraviolet (UV) photodetectors (flame sensors and UV radiation monitoring
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below the ozone hole) [66], photocatalytic decomposition of organic pollutant perfluorooctanic
acid (C7F;sCOOH) under 254 nm UV irradiation [67] and benzene under ambient conditions [68].

Gallium oxide hydroxide (GaOOH) is an important material for the chemical synthesis of
Ga,0; and gallium nitride (GaN). Thermal annealing has been effective in transforming GaOOH
to either 0-Ga,O; or P-Ga,Os; depending on the annealing temperature. For instance,
rhombohedral a-Ga,0; can be readily obtained by heating GaOOH powders as starting materials
at 420°C in oxygen ambient [69] or GaOOH nanorods prepared by hydrothermal method are
transformed to B-Ga,O; with similar nanorods morphology at 700°C [70]. The crystal structure
of GaOOH is reported to be analogous to that of diaspore (. — AIOOH) [71], which has
orthorhombic crystal symmetry, i.e, it consists of double chains of an edge-shared octahedron.
The formation of GaOOH depends on the reactions involve in the deposition process. For
example, GaOOH precipitates are easily formed in aqueous solutions and are usual product of
thermohydrolysis of metal cations in aqueous solutions accompanied by proton (H") generation.
The kinetics of formation is influenced by the temperature. Under this condition, water acts as an

effective reactant in hydrolysis. The formation is described and represented by [70, 72]

Ga* +2H,0 — GaOOH +3H* 2.1)

If transfer of electrons is involved in the formation of GaOOH onto the substrate like in the case
of electrochemical deposition or electrodeposition process from gallium nitrate solution at
elevated temperature of 80°C, the formation is mainly based on the generation of OH™ ions at the
cathode electrode (different from the hydrolysis process described in reaction 2.1). The rate of
formation or growth is strongly influenced by the applied potential, which controls the OH" ions
generated near or at the cathode. With the starting materials, the generated OH™ ions are the
products of electrochemical reduction of precursors such as nitrate ions (NO3") and dissolved O,
in aqueous gallium nitrate solution [73]. These generated OH™ ions then react with Ga’" to
produce GaOOH. The OH’ ion generation process is similar to the process involves in the
formation of zinc oxide (ZnO) from aqueous zinc nitrate solution with nitrate ions as oxygen

precursors [74-76].
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2.4 Fe-O (Fe;O3 and FeOOH) characteristics

7.3

I

Fig. 2.3 Hematite (a-Fe;O;3) structure. Dark-small and white-bigger circles represent Fe and

O atoms, respectively.

Iron oxides are inexpensive materials utilized for many catalytic reactions such as hydrogen
production [77] and oxidation of alcohols [78]. The common iron oxides used in catalytic
applications are the most stable hematite (a-Fe,O3) and magnetite (Fe3;O4). Their semiconducting
properties make them suitable for oxidation-reduction reactions. a-Fe,Os is also an attractive n-
type semiconductor material for photoelectrochemical solar cells [79] because of its chemical
stability in aqueous solutions and its relatively small band gap of 2.2 eV (it can able to absorb
most of the photons of solar spectrum about 40 % of incident solar radiation). The maximum
theoretical energy efficiency of a-Fe,Os under AM 1.5 illumination is approximately 13 % when
utilized as water splitting material [80]. Moreover, nanostructured a-Fe,Oj3 thin films are suitable
for hydrogen production by developing multi-junction hybrid photoelectrodes. The gas sensing
ability of a-Fe,O3 materials has been reported and demonstrated for the detection of combustible
gases such as CH4, CsHs, and i-C4Hg. Furthermore, a-Fe,O; can also be used as an electrode in

non-aqueous and alkaline rechargeable batteries [81].

19



Chapter 2 Review of Related Literature

Hematite (a-Fe,O3) exhibits the rhombohedral-corundum (a-Al,O3) structure as shown in
Fig. 2.3. The structure of a-Fe,Os3 can be described as an array of oxygen ions stacked along the
[001] anions. The Fe (III) ions filled the two thirds of the sites, which are arranged regularly with
two-filled sites followed by a vacant one so that it forms a six-fold ring [82]. It has
antiferromagnetic properties below ~260 K (Morin transition temperature) and shows weak
ferromagnetism between 260 and Néel temperature (950 K) [83]. Several methods have been
employed to prepare a-Fe,O3; materials with micro- and nano-structure morphologies for different
applications.

Maghemite (y-Fe,0O3) is another polymorph of iron oxide material. It has a cubic structure
(as depicted in Fig. 2.4) and considered metastable because it can be converted to the a-Fe,Os at
high temperatures. Maghemite has ferromagnetic features that make it applicable in the
fabrication of recording tapes. The superparamagnetic property of y-Fe,Os; material can be
achieved when they are produced as ultrafine particles with sizes smaller than 10 nm.
Additionally, y-Fe;Os3 can be prepared by several methods such as thermal dehydration of y-
FeOOH and careful oxidation of iron (II, III) oxide and Fe;O4 [84].

2

1

Fig. 2.4 Maghemite (y-Fe,03) structure [85]. Smaller and bigger circles are Fe and O atoms,
respectively.

Meanwhile, iron oxide hydroxides (FeOOH) have gained interest for their potential usage

in scientific, technological and environmental applications. Several iron oxide hydroxide
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polymorphs are known such as a-, B- and y-FeOOH. The high specific surface areas of these
oxide hydroxides compared to iron oxides and other metallic oxides make them potential
candidates for adsorbent materials for the removal of heavy metal ions. Oxide hydroxides,
particularly a- and y-FeOOH, have demonstrated effective performance in the removal of heavy
metal ions such as As(V) and Cr(VI) ions in polluted water and aqueous solutions [86-88] and in
the adsorption of alpha amino acids in water/a-FeOOH interface [89]. Moreover, FeOOH
materials have been also utilized as starting precursors in obtaining the most thermodynamically
and chemically stable phase (a-Fe,O3) by thermal annealing process. Depending on the annealing
condition, FEOOH can be transformed to metastable phase (y-Fe,Os;) at relatively lower
temperature or to the most stable phase (a-Fe,Os3) at much higher temperature. For instance, it is
known that y-FeOOH upon heating in air decomposes to y-Fe,Os and at higher temperatures
transforms into o-Fe,O3.The transformation starts at 200°C that marks the endothermic transition
from y-FeOOH to y-Fe,0O3 and an exothermic transition from y-Fe,O; to a-Fe,O; at temperature
0f 430°C [90].

In particular, y-FeOOH has also exhibited good adsorption performance towards Se (VI)
near neutral pH and at room temperature [91], although it appears that y-FeOOH is
thermodynamically metastable compared to other ferric oxyhydroxides [92-93]; but it has proven
its significant contribution as functional materials for photocatalytic applications. However, most
of the reports on y-FeOOH are focused mainly on the synthesis, growth, and deposition of the
material with their performance as good adsorbent and in photocatalytic process. For instance, y-
FeOOH nanoflakes were successfully synthesized using a simple solution method at 100°C with
ethylene glycol (EG) as mediator [88]. Furthermore, several studies have been reported to
produce y-FeOOH from aerial oxidation of Fe(OH), in aqueous solution. Depending on the
reaction temperature, oxidation rate, initial concentration of the reactants and pH of the solution,
a mixture of Fe;04, a-FeOOH, and y-FeOOH can be obtained from the oxidation of Fe(OH), [94].
Hence, the control of one or more of these parameters is necessary to produce pure y-FeOOH.
Additionally, aerial oxidation of neutral or slightly alkaline suspension containing Fe(OH),
would yield an intermediate green complex and solid green rust (GRI and GRII). The formation

of GRI and GRII depends on the anion added to prepare the suspension, for instance, GRI and
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GRII are formed when FeCl, and FeSO, are used as the starting materials, respectively. The
formation of green rust as intermediate product is considered necessary to obtain pure y-FeOOH
through the process of air oxidation [95-98]. The detailed characteristics of the green rust are
reported elsewhere.

The consideration of y-FeOOH semiconductor properties has not been explored and
reported yet. Thus, one of the objectives in this work is to investigate and gather experimental
evidence that will elucidate and explain the semiconductor properties of y-FeOOH fabricated via
simplified electrodeposition method. The details of the employed process and results are

presented in Chap. 7.

2.5 Chemical Deposition Techniques

Thin films can be prepared either with similar or different properties from their bulk
counterparts. The thickness of the films plays significant role in distinguishing their potential
applications. Selection process and parameters influence the structure and composition of the
films, thereby altering their physical properties. Generally, different thin film deposition
techniques involving simple to complicated processes can be utilized to prepare quality films.
These methods can be classified into two main categories: (a) physical and (b) chemical
techniques. The physical methods such vacuum thermal evaporation, sputtering, and molecular
beam epitaxy (MBE) have been considered the sophisticated technique in obtaining high-purity
films because of its complexity in the process and expensive equipment is needed to achieve the
purpose. On the other hand, the chemical deposition techniques have been regarded as simple and
inexpensive, but still effective methods to synthesize, grow or deposit quality thin films for a
wide range of applications. Several chemical deposition methods are known and popular
depending on the actual process or procedure in the film formation. Some of these chemical
techniques are described and discussed in the following sections to differentiate their individual
capacity in relation to thin film deposition (general perspective) and in oxide semiconductors

fabrication (specific perspective).
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2.5.1 Chemical Vapor Deposition (CVD)

Chemical vapor deposition is a versatile process suitable for manufacturing of coatings,
powders, fibers, and monolithic components. CVD may be defined as the deposition of solid
from a chemical reaction in the vapor phase, that is, it generally uses a gas-phase precursor, often
a halide or hydride of the element to be deposited. With CVD it is possible to produce most
metals, many non-metallic elements such as carbon (C) and silicon (Si) as well as a large number
of compounds including carbides, nitrides, oxides, intermetallic and many others. Moreover, in
CVD process, conformal and multi-directional depositions can be achieved. Several chemical
reactions can happen during the CVD process that includes pyrolysis, reduction, hydrolysis,
disproportionation, oxidation, carburization, and nitridation. These chemical reactions can occur
singly or simultaneously during deposition [99].

Several versions of CVD processes have been developed to address the existing limitations
of the conventional process. These are metal-organic CVD (MOCVD), low-pressure CVD
(LPCVD), plasma enhanced CVD (PECVD), atomic layer CVD (ALCVD), ultra-high vacuum
CVD (UVCVD), laser CVD (LCVD) and many others [99-100].

The development of MOCVD provides alternative options to produce thin films at lower
temperature and pressure compared to conventional CVD. MOCVD only requires temperature
that ranges from 573-1073 K and pressure varying from atmospheric to less than 1 Torr.
Chemical precursors, usually metal-organic compounds, used in MOCVD are often commercially
available. MOCVD reactions have been reported and investigated for the deposition of oxides
such as tin oxide by oxidation of tetramethyl tin at 350-600°C and reaction of {(CH;3),SnCl, with
O, at 540°C [101-103], and iron oxide by decomposition of Fe(F;CsHy); and (CsHs),Fe in oxygen
ambient at 300°C and 400-500°C, respectively [104].

CVD has several important advantages which make it the preferred process in many cases.
Among these are (a) the line of sight deposition is not restricted, (b) deposition rate is high and
thick coatings can be easily obtained, (¢) CVD equipment does not normally require ultra high
vacuum and generally can be adopted to many process variations, and (d) its flexibility that

allows many changes in the composition during deposition. These reasons make the CVD process
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competitive and in some cases more economical than PVD. However, CVD has several
disadvantages such as (i) it is most versatile at temperatures 600°C and above, hence substrate
selection is limited (many substrates are not thermally stable in this temperature range), (ii) the
chemical precursors as starting materials with high vapor pressure are often hazardous, corrosive
and extremely toxic at times, (ii1) the by-products of CVD reactions such as CO, H, and HF are
also toxic and corrosive, thus costly operations are necessary to neutralized these products, and

(iv) compounds with sufficient purity are expensive.

2.5.2 Chemical Bath Deposition (CBD)

Chemical bath deposition (CBD) is one of the wet chemical methods available to grow
semiconductor materials on solid surfaces (as substrates). The desired material to be deposited
can be in the form of a thin film with a dense structure or porous-type structure. The films can be
crystalline, amorphous, single phase or multi-phase. It is widely used to deposit non-metallic thin
film compounds such as chalcogenides, oxides, halides, and carbonates through chemical
reactions that occur in the solution bath. It is based on controlled chemical reaction producing the
desired compound from chemical precursors dissolved in the solution.

CBD is based on chemical transformations of precursors and exchanged of define quantity
during the reaction as opposed to the precipitation method, in which, the reactions occur from
supersaturated solutions of the material to be deposited. This entity can be an electron, a chemical
element or chemical group. Different CBD processes can be classified into three categories
depending on the reactions involve in the formation of the thin film. The CBD classes, namely:
(1) redox CBD - the reaction involves exchange of electrons, (ii) ligand exchange CBD — the
reaction only involves ligand exchange, and (iii) complex reaction CBD, which involves
decomposition of precursor species are identified and distinguished by simple general reactions
illustrated and presented in details by Lincot et. al [105]. The growth of the film can also be
obtained on the substrate surface either by ion by ion process or by aggregation of clusters

(cluster growth) [106].
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The advantages of CBD technique are low cost, large area deposition and relatively low
deposition temperature. CBD is becoming an alternative deposition technique to produce thin
films of compound materials like chalcogenides [107], oxides (TiO,, ZrO,, YtO,, ZnO, VaO,,
SnO,, Cu,O) [108-118] and halides. Ion by ion growth mechanism is the most dominant
mechanism for oxide materials produced by CBD. Additionally, a major success can be found in
the recent period with the deposition of semiconducting cadmium sulfide (CdS) or zinc sulfide
(ZnS) buffer or window layers in efficient copper indium diselenide (CISe) or cadmium telluride
(CdTe) thin film solar cells.

However, CBD has some drawbacks that limit the quality of the grown or deposited thin
films: (1) in the classical beaker configuration, the material yield during film formation is very
low that can lead to an undesirable waste production, increased treatment time and production
costs. The possible reason is that the formation of colloidal particles or precipitates usually

occurs during deposition [107].

2.5.3 Spin-Coating or Sol-Gel Method

Spin-coating or sol-gel process (also known as soft chemistry) is another wet chemical
technique to deposit thin films on a substrate (usually glass substrate or TCO coated-substrate). It
is used primarily for the fabrication of materials starting from a chemical solution, which acts as
the precursor for the formation of gel of either discrete particles or network polymers. Typical
precursors are metal alkoxides and metal chlorides, which undergo various forms of hydrolysis
and polycondensation reactions [119]. The sol-gel precursor is subsequently spun at a high speed
(typically around 3000 rpm) to centrifugally spread the solution over the substrate. Various
factors such as viscosity, drying rate, percent solids, and surface tensions are seriously considered
to determine the terminal (final) thickness of the films. Deposition process can be repeated
several times to increase the thickness of the desired films. Hence, this method involves a multi-
step process in obtaining thicker samples. One of the most important factors in spin coating is
repeatability. Any slight variations in the parameters that define the spin process can result in

drastic change in the spin-coated film. Thermal treatment is often carried out in order to
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crystallize the amorphous spin coated film or to remove the excess solvent. Thin film preparation
in sol-gel process can be summarized into three parts: (i) preparation of the precursor solution,
(i1) deposition of the film from the prepared sol onto the chosen substrate, and (iii) heat treatment.

The sol-gel technique gains much interest in the field of thin films deposition due to the
simplicity in performing the deposition, low processing temperature, stoichiometry control and
its ability to produce uniform and chemically homogenous films over large areas. It is also
feasible for doping process to be performed with ease. The sol-gel method has been successfully
utilized for the preparation of various metal oxides such as ZnO [120-127], CuO [128], Cu,O
[129], and SnO, [130-133] that have shown potential characteristics for photovoltaic devices
fabrication.

However, several disadvantages can be considered: (a) difficult to maintain purity, (b)
multi-step process (which affects the reproducibility and productivity), (c) high-temperature
process, (d) it requires costly chemicals, and (e) the preparation of the desired gel usually requires
longer time for aging process to be completed (several hours to few days depending on the

deposition conditions).

2.5.4 Spray Pyrolysis

Spray pyrolysis (SP) technique has been one of the major processing methods considered in
the preparation and deposition of thin and thick films, ceramic coatings, and powders. Spray
pyrolysis does not require high-quality substrates or chemicals. The method has been employed
for the deposition of dense films, porous films, and for powder production. Owing to its
versatility, multilayered films can be easily prepared and achieved [134]. Spray pyrolysis has
been utilized for several decades in the glass industry [135] and in solar cell production [136].
The prime requisite for obtaining quality thin film is the optimization of preparative conditions
such as substrate temperature, spray rate, concentration of solution and others. It has been
observed that the properties of thin films strongly depend on the preparative conditions. Hence,
tailoring the thin film properties can be made possible by adjusting or optimizing these conditions

[137].
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Typical spray pyrolysis equipment consists of an atomizer, precursor solution, substrate
heater, and temperature controller. Thin film deposition using spray pyrolysis can be divided into
three main steps: (i) atomization of the precursor solution, (ii) transportation of the resultant
aerosol, and (ii1) decomposition of the precursor on the substrate [134].

Various thin films-based materials have been chemically deposited by spray pyrolysis.
These include metal oxides such as undoped and fluorine-doped SnO, [138-139], Cu,O [108,
140], zinc oxide (ZnO) [141-143], and Ga,0O; [144] and sulfides such as tin sulfide (SnS) [145-
147] and zinc sulfide (ZnS) [148].

2.5.5 Photochemical Deposition (PCD)

Photochemical deposition (PCD) technique gains attention in the field of thin film
technology because of its simplicity to deposit very thin films depending on the substrate and the
reaction conditions, which utilize direct irradiation from ultraviolet light source to activate the
reaction on the substrate. It has been reported and demonstrated that electrons maybe promoted to
excited states through photon absorption. Two possible methods that describe the deposition of
thin films via PCD technique, these include: (1) thin film is being deposited by irradiation onto
the substrate, which is immersed in a solution during the entire deposition process and (2) a small
amount of solution that is dropped on top of the horizontally-positioned substrate and
subsequently irradiated by a light source (an ultra-high pressure - 500 W - mercury arc lamp).
The details of the PCD process are explained and described by A. Dengbaoleer [38]. Deposition
parameters such as concentrations of working solution, deposition time, intensity of irradiation,
and immersion depth can be varied to produce high quality thin films. Various sulfides (such as
ZnS, Cu,Sy, and GaS,Oy) and selenides [149-154] have been deposited using this approach.

Accordingly, PCD technique is relatively simple and inexpensive method to produce thin
films with better controllability and also capable for large area deposition. Several advantages of
PCD can be considered: (1) low temperature deposition, (2) any substrate can be used, (3)
reaction can be controlled by optical modulation, (4) simple process, and (5) broad range of

chemical precursors can be utilized. However, deposition issues such as low deposition rate and
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difficulty in controlling the substrate position that affects the film thickness [154] cannot be
ignored and disregarded during photochemical deposition. Modification of the set-up may solve

these problems or issues.

2.5.6 Electrodeposition (ED)

Electrodeposition (ED) has been widely used as simple and inexpensive method to produce
or deposit quality thin films with micro- and nano-structures at room or elevated temperatures.
Serious scientists and technologists are still fascinated and excited with this method because it
offers remarkable surprises in the atomic level and exceptionally versatile that makes it more
attractive for wide range of applications. It has been considered as a technology for the future
[155].

Basically, the film is deposited on an electrically conducting substrates (with flat or
complex surfaces), which is immersed in the solution/electrolytes containing ions (cations and
anions). Generally, gas (oxygen, nitrogen or argon) bubbling is also carried out either to eliminate
undesired oxygen in the film for sulfide-based materials electrodeposition or to facilitate the
deposition of metal oxide films onto the substrate from an oxygen-bubbled solution (dissolved
oxygen serves as the oxygen precursor). The electrochemical reaction that occurs at the
electrode-electrolyte interface is the main attraction in the electrodeposition process.

The electrode reaction is a heterogeneous reaction occurring only at the electrode-
electrolyte interface. This includes: (1) diffusion, migration and convection of metal ion to the
electrode surface, (2) ion adsorption at the surface by an electron discharge reaction, and (3) the
growth of the deposit which may involve solid state diffusion processes. Either one or many of
these can limit the rate of deposition process. The simplest reactions involve only mass transfer
of a reactant to the electrode, electron transfer involving non-adsorbed species, and the mass
transfer of the product to the bulk solution. When a steady-state current is obtained, the rates of
all reaction steps in a series are the same. The rate determining steps can be determined from the
magnitude of this current which is often limited by the inherent sluggishness of one or more

reactions.
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The electrode reaction can be represented by the movement of the free electrons in the
conduction zone in the form of wave motion according to the band theory of metal. The reaction
involves movement of free electrons at extremely rapid rate equal to the speed of light and
random movement of ions in the electrolyte at normal temperature. Moreover, when the electrode
is polarized by applying external potential, a local depletion of available species can be observed.
This is because the diffusion of species from the bulk solution to the interface is extremely
sluggish compared to the electron movement in the conductor. Since the regeneration of the
species near the electrode is slow, the current density is reduced. Stirring the solution or inert gas
purging can help the transport of the species from the solution bulk to the interface [156].

It is important to note also that in practical electrodeposition metal ions cannot be expected
to be deposited as continuous layer or sheet from one edge of the electrode to the other. Rather,
metal ions become attached to the electrode at certain favored sites. This can possibly lead to
different forms of discontinuities such as pores, cracks, non-uniformities or other irregularities
[157].

The process involves in the electrochemical system can be classified into two categories:
(1) galvanostatic and (2) potentiostatic processes. In the former, a constant current is applied into
the system, while in the latter, a constant potential (DC) or a periodic potential (two- or three-step
potential, pulsed-ED). Potential values in (2) can be varied to control the physical, morphological,
compositional, and structural properties of the deposit. Other electrochemical parameters such as
deposition time, temperature, and pH are also essential factors to be considered in the deposition.
In pulse-ED, potential values and duration of each potential step have significant role in
controlling the properties of the deposits. Meanwhile, the current density in (1) plays a crucial
role in obtaining good quality thin films. The electrodeposit can have undesired impurities
depending on the applied current density.

Figure 2.5 shows the schematic diagram of the electrodeposition system used to deposit 7-
type transparent oxide and p-fype semiconductor thin films. The system is mainly composed of
three-electrode cell: {working electrode (WE), reference electrode (RE), and counter electrode
(CE)}, function generator and potentiostat or galvanostat controller. Saturated calomel electrode

(SCE) is used as the reference electrode and immersed in a saturated potassium chloride (KCI)
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solution. The three electrodes are connected to the potentiostat or galvanostatic controller. In
typical three-electrode ED shown in Fig. 2.5, the applied potential is usually measured with
respect to the reference electrode (SCE is used in this work). The essential role of the reference
electrode is to establish a relatively stable potential in the considered electrochemical system
throughout the deposition process. Different types of reference electrodes can be utilized in ED

method. Commonly used reference electrodes are Ag/AgCl, Hg/HgCl, H,/Pa, and SCE.

Salt Bridge
RE
Function Generator

'-“-‘" s
85 =

3 .

o ‘\__Q .
‘ " 1 "L_E + .g:_i 4
V4 1 .
Potentiostat / Galvanostat
WE CE Saturated KC1

Electrolytic Bath

Fig. 2.5 Schematic diagram of the main components in the three-electrode electrochemical

cell system.

The versatility of ED has shown wonders in thin film deposition, that is, from appealing
colorful metal coatings to continuous layer of micro- and nano-structured semiconducting thin
films. Various semiconducting thin film materials such as metal oxides, sulfides, selenides and
tellurides can be produced by employing facile ED process near or at room temperature. For
instance, successful electrodeposition of strongly adherent ZnO thin films has been achieved by

several researchers from aqueous solution at room temperature and at elevated temperature of 60-
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80°C with the help of dissolved oxygen, nitrate ions, and hydrogen peroxide (H,O,) as oxygen
precursors [158-162]. Furthermore, electrodeposition of Cu,O films has been reported to be
successful at slightly higher temperature of 40-65°C in basic aqueous solutions [163-165]. In fact,
Katayama et al. and Ichimura et al. have also reported and demonstrated that the fabrication of
heterojunction solar cells made up of Cu,O and ZnO thin films can be achieved by employing
electrodeposition technique as step by step process in depositing each layer [165-167]. Other
reports on successful fabrication of heterojunction solar cells by ED include InS,O,-SnS
heterostructure with both layers deposited at room temperature as studied by Abdel Haleem [119].
These reports provide additional experimental proofs of the flexibility and simplicity of ED
method.
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CHAPTER 3

Electrodeposition and Characterization of SnO, Thin Films from Aqueous Tin
Sulfate Solutions

(1. Oxygen Bubbling Employed During Deposition)

3.1 Introduction

Tin oxide (SnO;) is an important semiconducting material and considered as one of the
promising transparent conducting oxides (TCO) because of its wide direct band gap (~ 3.8 eV),
large mobility, high conductivity, and high transparency in the visible region. It can also be used
as a window layer in solar cell fabrication, an anode material for Li-ion batteries [1], and gas
sensors [2-3]. Various techniques have been employed to fabricate tin oxide films such as
chemical bath deposition [4], spray pyrolysis [5], sol-gel process [6], metal organic deposition [7],
liquid flow deposition [8], and electrodeposition (electrochemical deposition). Electrodeposition
is considered as one of the low-cost methods and an effective tool for solar cell fabrication. It can
deposit considerably large area films on a complex surface. The surface morphology and
composition of the films can also be controlled by electrochemical parameters. For
electrodeposition of SnO, or any metal oxides, it is necessary to consider the source of oxygen
precursor. Different kinds of oxygen precursor have been reported for the fabrication of metal
oxide films (e.g., ZnO, SnO,), namely, nitrate ions [9], dissolved oxygen [10], and hydrogen
peroxide [11]. For instance, nitrate ions contribute to the electrodeposition of ZnO following the

reactions:

NO; + H,0+2¢~ — NO; +20H ", (3.1)
Zn** +20H" — Zn(OH),, (3.2)
Zn(OH), — ZnO+ H,0. (3.3)
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However, the decomposition of Zn(OH), to form ZnO in eq. (3) is remarkably slow at room
temperature. Due to this reason, the deposition of ZnO films at elevated temperature, preferably
60°C or above has been performed [12-13].

Hosono et al. reported highly porous and micro-patterned SnO,; films by electrochemically
assisted chemical bath deposition with overall reactions between tin ions and oxygen gas

generated by an anodic applied potential [14],

Sn(OH), +Sn(OH), <> Sn,0(0OH), + H,O <> 2510, +4H,0. (3.4)

Chang et al. reported fabrication of nanostructured SnO, films by electrodeposition from a
solution containing nitrate ions and at elevated temperature of 85°C [15]. Although
electrodeposition of SnO, has been successfully carried out at elevated temperatures, to our
knowledge, no studies have been reported regarding electrodeposition of SnO, from an oxygen-
bubbled solution at room temperature. The present work aims to report and discuss the DC
electrodeposition of SnO, from aqueous tin sulfate solution with very low pH (~ -0.03). The
working solution was bubbled with oxygen to facilitate the formation of SnO; on the substrate. It
was considered in Ref. 15 that SnO, is synthesized according to the reactions similar to reactions

(1)-(3), but we propose a different deposition reaction in this study.
3.2 Experimental Details

SnO; films are deposited by using the conventional DC electrodeposition from an aqueous
solution containing 30 mM SnSO4 and 1.07 M HNOs;. The electrodeposition is performed in a
conventional three-electrode electrochemical cell. An indium-tin-oxide (ITO) coated glass
substrate, a platinum sheet, and a saturated calomel electrode (SCE) in a saturated potassium
chloride (KCI) solution are utilized as the working, counter, and reference electrodes,
respectively (the schematic diagram of the three-electrode electrochemical cell is presented and
described in Chapter 2). During the deposition, the working solution is bubbled by oxygen at a
rate of 0.5 L/min. After the deposition, all the samples are washed softly in water and naturally

dried in air.
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Pre-deposition Preparation

Prior to deposition, both the ITO substrate (with an area of 2.5 cm?) and the platinum sheet
are ultrasonically cleaned using alkyl benzene solution and deionized water, respectively. The
pre-cleaned substrate and Pt sheet are then subsequently dried in N, gas. The deposition area is
made by masking some portions of the ITO side of the substrate such that only 1 cm?” area is
exposed to the electrolyte during deposition. The entire glass side of the substrate is also masked
to avoid some depositions on this region. Solution preparation is performed by dissolving SnSO4

salt in deionized water and then HNOj is added to adjust the pH.
Film Characterizations

The as-deposited films are characterized by a double beam spectrometer for transmission
studies (using the JASCO U-570 UV/VIS/NIR spectrometer with ITO substrate as the reference
for the wavelength ranges from 300 to 1500 nm), photochemical (PEC) measurement (using the
three-electrode electrochemical cell) for conductivity type and photosensitivity confirmation, X-
ray diffraction (XRD) using RIGAKU RINT diffractometer equipped with monochromatic Cu
K, radiation at 40 kV and 30 mA for crystallinity study, Auger electron spectroscopy (AES)
using JEOL JAMP 7800 Auger microprobe at probe voltage (10 kV) and current (2 x 10 A) for
the composition study, scanning electron microscopy (SEM) using HITACHI S-2000S SEM
model at an acceleration voltage of 10 kV for the surface morphology study and Accretech

Surfcom-1400D profilometer for the thickness measurements.
3.3 Results and Discussion
3.3.1 pH optimization

Without nitric acid, SnSO;, salt was not completely dissolved in water. At pH in a range 0.6

— 1.3, the salt was dissolved, but the solution became cloudy because of the precipitation of solid
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products during deposition. These solid products were avoided by adding a significant amount of
nitric acid into the solution. The suitable pH (-0.03) was obtained by adding 1.07 M HNO; to

avoid precipitation prior to and during deposition.

3.3.2 Cyclic voltammetry

20

o

N
o
T

D
o

Current Density [mA/cm?]

— (a) No oxygen bubbling
— (b) With oxygen bubbling

o~
o
T

-80 . ' ' ' . . : : . .
-1 -0.5 0 0.5 1
Applied Potential [V vs SCE]

Fig. 3.1 Cyclic voltammetry curves recorded at the scan rate of 20 mV s of 30 mM SnSO;
and 1.07 M HNOj; aqueous solution in the (a) absence and (b) presence of O, bubbling.

Cyclic voltammetry (CV) is an effective tool in analyzing the electrochemical process that
involves in thin film deposition by electrodeposition method. The solution is prepared in the
same manner of preparation for film deposition. The current response in the electrochemical
system is measured and monitored with the application of a triangular potential scan. The typical
electrochemical system utilized in this measurement is similar to the ED system shown in Fig.
2.5 (in Chapter 2). CV is usually considered as an initial step in ED to have insights on the

possible redox reactions that can occur during film deposition. Reactions that can describe the
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deposition of the film can be identified in the obtained CV curve. The suitable reduction and
oxidation potentials of a certain compound can be determined and analyzed by closely
monitoring the measured current response. Essentially, the potential window for the
electrodeposition of compound semiconductor materials such as tin oxides can be explicitly
extracted from the CV curves (applied potential versus current response).

Figure 3.1 shows the cyclic voltammetry (CV) curves of (a) absence of O, bubbling and (b)
presence of O,-bubbling. The potential is scanned from 0 V, reversed at -1.5 to +0.5 V, and
terminated at 0 V. All potential values are measured with respect to SCE. Without oxygen
bubbling (curve a) as shown in Fig. 3.1, there is no electrochemical reaction observed for applied
potentials between 0 and -0.5 V. From -0.5 to -1.5 V, an increase in cathodic current is attained.
A well-defined cathodic peak is discernable at -0.83 V. From -0.83 to -0.90 V, a decrease in
cathodic current is observed. The decrease in cathodic current is recovered at more negative
potential (lower than -0.90 V). During the reverse scan, the current decreased rapidly up to -0.99
V followed by an increase up to -0.95 V and decreased again until it reaches zero value at -0.39 V.
With the presence of oxygen bubbling (curve b), the reduction and oxidation peaks are not
observed.

The difference in CV curves may imply that the film growth is enhanced with the aid of
oxygen bubbling. The peak at -0.83 V in curve (a) would correspond to the deposition reaction of
SnO,. With the oxygen bubbling, the reduction current started to increase at a less negative
voltage. This will be because the oxygen bubbling enhanced the SnO, deposition reaction and
shifted the equilibrium potential so that the reaction started at less negative voltage. There is no
discernable peak near -0.9 V with the oxygen bubbling. This could be due to stirring effects of
the gas bubbling. In general, a peak appears in a CV curve because of the following reason: with
increasing applied voltage, some reaction is activated and the current once increases, but the
initially accessible species near the electrode will immediately discharge, leading to a local
depletion of the species close to the electrode and the decrease in the current density. Thus, if the
stirring enhances the supply of the ions from the solution bulk to the electrode, the peak can
disappear. Similar cyclic voltammetry results are observed in slightly different solution

conditions.
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3.3.3. Deposition potential and time optimization

Applied potential (V) | Deposition time (min) | AES result (Sn/O) | Thickness (um)

7.5 0.565 ~0.07

10 0.61 ~0.10

Table 3.1 Film thickness and composition ratio (Sn/O) for samples deposited at shorter

times.

Try-test deposition is performed to obtain suitable potential and optimize deposition time.
The applied potential values (-1.0, -0.9, and -0.8 V) employed in the try-test deposition are
decided from the observed reduction peak without oxygen bubbling. Using these potential values
and the considered solution with the presence of oxygen bubbling, thin continuous films with
aggregated grains on the surface are obtained for 5 min deposition. For a relatively short
deposition time performed in the try-test deposition, the occurrence of larger particle formation is
favored compared with continuous film deposition at -1.0 V. Lesser particle formation is
observed at -0.9 V than at -1.0 V. In this case, the continuous film growth is comparatively
dominant as deposition time is extended. On the other hand, even though particle formation at -
0.8 V was minimal, less deposition is observed, that is, the thickness of the continuous film is
considerably small compared to -0.9 V. Due to these observations, -0.9 V is chosen to be the
suitable potential for the electrodeposition of SnO, films from the oxygen-bubbled aqueous tin
sulfate solution. This potential value is utilized to optimize deposition time necessary for the
deposition of SnO, thin films with considerable thickness as a buffer layer for solar cell
fabrication. Deposition time is varied from 7.5 to 35 min. For longer deposition time (20 and 35
min), white and thick films are obtained. Cracks are evident as viewed in the surface morphology

of the deposited film. On the other hand, thin and transparent films are obtained from short time
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deposition (7.5 and 10 min). The thickness of the films is measured by profilometry and

summarized in Table 3.1.

3.3.4 Effect of oxygen bubbling and temperature on the appearance of the film

In the absence of oxygen bubbling and at an applied potential of -0.9 V, a very thin and
weak film is attained, that is, the film peeled off when washed softly in water. This observation
could be associated with minimal presence of oxygen precursor and/or weak surface adhesion
between the film and the substrate. On the other hand, the film did not peel when deposited with
the aid of oxygen bubbling.

Deposition at relatively high temperature (~60°C) was performed to investigate the effect of
temperature on the appearance of the film. The film was deposited at a potential of -0.9 V for 10
min and oxygen was bubbled through the solution during deposition. The solution became cloudy
because of the precipitation of solid products during deposition. The deposited film appeared
white, thick and rough. This appearance is not suitable for window or buffer layers in solar cell
fabrication, in which, the general requirement is as much as possible the layer must have high
transparency to avoid photon absorption losses as it passes the layer. The observed precipitation

did not occur when the deposition was performed at room temperature.

3.3.5 Surface morphology and structural studies

The surface morphologies of the as-deposited samples are shown in Fig. 3.2. Both samples
have defined grains and good surface coverage. The samples are transparent as viewed by the
naked eye but non-uniformity in the surface is apparent. This is maybe due to the aggregation of
smaller particles forming larger nodules and these particles reside on top of the continuous thin
film layer.

The crystal structure of the as-deposited SnO, sample deposited for 35 min is determined
by X-ray diffraction shown in Fig. 3.3. Patterns (a) and (b) depict the diffraction patterns of the

sample and the bare ITO-glass substrate, respectively. As shown in Fig. 3.3, a broad signal is
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observed and could be associated to SnO, (110) diffraction near 20 = 26°. This broad peak
indicates the possibility of either the amorphous-like or nanocrystalline structure of SnO,.
However, other than the broad peak that represents the diffraction of SnO,, two unidentified
sharp peaks were observed at 32 and 63.75°. Further studies should be carried out to resolve the

existence of the unknown peaks.

(@) (b)

Fig. 3.2 SEM photographs of SnO, samples deposited for (a) 7.5 and (b) 10 min.

— (a) as-deposited sample
(b) ITO

Intensity (arb. unit)

10 20 30 40 50 60 70
20 (deg)

Fig. 3.3 XRD spectra of (a) as-deposited SnO, sample deposited for 35 min and (b) indium
tin oxide (ITO). (Open circles and * denote ITO and unknown peaks, respectively.)
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3.3.6 Composition studies
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Fig. 3.4 AES spectrum for the as-prepared SnO; thin film deposited at -0.9 V for 7.5 min

Figure 3.4 shows the Auger electron spectrum of the Argon-sputtered sample deposited for
7.5 min. Impurities due to carbon contamination are removed after 5 s sputtering. The result
confirms the presence of Sn and O Auger peaks with a ratio of Sn/O = 0.565, a 13% deviation
from stoichiometric ratio. This ratio is calculated by using the Auger spectrum of fluorine-doped
SnO, as a standard. As portrayed in the SEM photographs, particles are observed on the surface
of a continuous film. The Auger spectra of these particles are also measured to verify their
composition. However, no significant difference is found in the composition ratios when the
electron beam is illuminated on these particles or illuminated on the background area. For 10 min
deposition, Sn and O peaks are also clearly observed in the Auger spectrum as shown in Fig. 3.5.

The calculated Sn/O ratio for this sample is 0.61; a 22% deviation from stoichiometry is obtained.
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Considering the accuracy of the AES analysis and the obtained Sn/O ratios, we may conclude

that the deposited films were slightly Sn-rich films.
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Fig. 3.5 AES spectrum for the as-prepared SnQO, thin film deposited at -0.9 V for 10 min.

3.3.7 Optical transmission analysis and PEC measurement

Figure 3.6 shows the optical transmission spectra of the as-deposited samples with respect
to the ITO substrate as reference. It is found that the estimated transmission averages in the
visible region are 70.8% and 70.4% for the sample deposited for (a) 10 and (b) 7.5 min,
respectively. No significant difference on the transmission values and this confirms the surface
morphology result shown in Fig. 3.2. However, the results still indicate that the as-deposited
films are transparent under visible light. However, no clear absorption edge for both samples is
observed. Thus, the band gap of the as-deposited SnO, films could not estimated. Apparently, the
band gap of the films seems larger than the reported value in the literature (~ 3.6-3.8 eV). The

presence of the aggregated particles may affect the transmission result.
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Fig. 3.6 Optical transmission curves for the as-deposited SnO; films.

The conductivity type and photosensitivity estimation of the deposited films are confirmed
and evaluated from PEC measurement. The schematic diagram of this characterization is
exhibited in Fig. 3.7. As shown in the figure, the components of the three-electrode
electrochemical cell are similar in ED. The working solution used in the measurement contains
100 mM Na,SO4 as an electrolyte. Though various aqueous electrolytes can also be used as
working solution; however, the dissolution of SnO, can be expected especially in strongly acidic
aqueous solution. But it is already known that SnO, is stable in Na,SO4 solution. Light from the
source is chopped by blocking the source (a Xe lamp with radiation power of about 100
mW/cm?®) using the shutter in the figure in an alternating manner (“on” and “off” states can be

achieved). When the light is in the “on” state, it is directed through the solution and illuminated
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the portion of the sample from the transparent (glass) side of the substrate/film for 5 s. In the

“off” state, light is blocked for 5 s. The process is repeated until the potential scan stops.

Salt Bridge

Function Generator

'-‘\I o
L] =
050 ey
Xe Light
OO
N P
\ L—§+ )
Potentiostat / Galvanostat
WE CE Saturated KCI
Electrolytic Bath

Fig. 3.7 Schematic diagram of the three-electrode system utilized for photoelectrochemical

(PEC) measurement of the thin film.

The observed photocurrent responses under linearly increasing bias from -0.5 to +0.5 V for
the samples and bare ITO are shown in Fig. 3.8. Under illumination, an essential increase in
current response for the samples deposited for 7.5 and 10 min is attained compared to that
observed in ITO only. This suggests that the deposited SnO, films have significant
photosensitivity. Under both cathodic (from 0 to -0.5 V) and anodic bias (0 to +0.5 V), the
photocurrent is positive, that is, the positive current density increased or negative current density

decreased when light illumination is turned on. This behavior can be explained in terms of the
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excitation of carriers in the thin film upon light illumination. The photogenerated minority
carriers flow and participate in the electrochemical reaction at the film-electrolyte interface. Since
the observed photocurrent is positive, the photogenerated minority carriers are holes. Thus, the
results confirm that SnO; thin film exhibits n-type conductivity with significant photosensitive

behavior.

— (A) 10 min
—(B) 7.5 min

Current Density (uA/cm?)
o N D o~

1
N

-0.5 -0.3 -0.1 0.1 0.3 0.5
Applied Potential (V vs SCE)

Fig. 3.8 Photosensitivity measurements under linearly increasing bias (from -0.5 to +0.5 V)

for ITO and the SnO, samples deposited for (a) 10 and (b) 7.5 min.

3.3.8 Deposition mechanism

As noted in Sec. 3.2.2, the deposition reaction for SnO, formation is much enhanced by the

oxygen bubbling. Therefore, dissolved oxygen from O, bubbling is the considered source of
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oxygen precursor. Under the constant negative voltage, the Sn>" ions and the dissolved oxygen in

the solution combine to deposit SnO, on the substrate following the reaction

Sn** +0, +2e — Sn0O,. (3.5)

In comparison to the cathodic electrodeposition of SnO, reported in Ref. 15, the following
differences in the deposition process are regarded: (a) oxygen is blown through the solution, (b)
the deposition is performed at room temperature, and (c) the solution pH is significantly lower
than in the reported solution condition.

To verify if there is a change in pH during deposition, a pH meter is used to measure the
pH change. It is found that the solution’s pH has increased from the initial value (-0.03) to around
1.35 after 10 min deposition. This could signify that OH" ions are generated in the solution during
deposition. However, these OH™ ions may not contribute to the formation of SnO, according to
reaction (3.2) since the solution is still strongly acidic. It is considered that the concentration of
OH’ ions is relatively low because their presence will be neutralized by H' ions. Therefore, the

source of oxygen in our work on SnO, deposition will be dissolved O, rather than OH" ions.

o T T T T T
* 100 200 300 400 500 6*0
%
0'1 0 B
~
<
E
=
=20 }
c
[}
o
=
o
=-30
>
O]
-40

Deposition Time (sec)
Fig. 3.9 Deposition current density plotted against time for the as-deposited SnO, film.
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The current versus time profile of the sample deposited for 10 min is shown in Fig. 3.9. The
deposition current first decreased within initial 10 s, and then increased gradually with deposition
time. The initial decrease could be due to the change in the overpotential when coating of the
electrode surface with SnO; progresses. As discussed in the CV results, the migration of Sn ions
would be enhanced by the bubbling and thus the depletion of Sn ions near the cathode could not
be the main reason for the current decrease. The reason of the gradual increase after the initial
decrease is not clear. It may be related to the increase of the surface roughness, which means
increase of nucleation sites can be expected. The change in the Sn ion concentration should have
negligible influence on the current. To verify this, the amount of electrolyzed Sn ions during 10
min electrodeposition is estimated and it is approximately 1.0 x 10™* mole. The value suggests
that only a small amount of Sn ions is dissipated during deposition.

If all electrons of the deposition current are used in reaction (5), the thickness of the films

can be calculated as follows based on Faraday’s law

Mﬁlm‘] t'
=t (3.6)
ZFpﬁ/m

where M, (150.71 g/mol) is the molecular weight, p;, (6.95 g/cm’) is the density of deposited

film, J is the current density, ¢ is deposition time, z is the number of transferred electrons
according to the reaction given in eq. (3.5), and F (9.65 x 10" C/mol) is the Faraday’s constant.
Using the obtained absolute value (~0.034 A/cm’) of current density (as shown in Fig. 3.8) for 10
min deposition, the thickness of the film according to Eq. (3.6) would be 22.7 um. This value is
much larger than the obtained thickness of the deposited film (0.1 um). This indicates that only a
small part of the current was utilized for the deposition of SnO; films on ITO. We found no gas
generation in the vicinity of the substrate or formation of precipitates. Apparently, the SnO; film
on the substrate is the only product of the electrochemical reactions. Hence, we may suppose that
majority of the current charge is utilized for the generation of OH" ions, which could be

immediately neutralized by H" ions and contribute to the increase in pH during the deposition.
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3.4 Conclusions

Transparent SnO; thin films were successfully electrodeposited onto ITO substrates from a
very acidic tin sulfate solution at room temperature. Dissolved oxygen was considered as oxygen
precursor. Sn-rich films were obtained as reflected in the AES analysis. The as-deposited films
were considered either amorphous or nanocrystalline structure as revealed from diffractions
peaks obtained in XRD. From PEC measurement results, the n-type conductivity and the good
photosensitivity of the films were confirmed. Further studies are still needed to improve the
uniformity and crystallinity of the film in order to have efficient window or buffer layer for

heterojunction solar cell fabrication.
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CHAPTER 4

Electrodeposition and Characterization of SnO, Thin Films from Aqueous Tin
Sulfate Solutions

(11. Oxygen Bubbling Employed Before Deposition)

4.1 Introduction

It has been reported that agitation incurred by either gas bubbling or stirring (mechanical
agitation) during deposition could enhance the removal of hydrogen bubbles discharged at the
cathode and provide sufficient mixing of the chemical precursors in the electrolyte [1]. However,
the physical appearance of the SnO, thin films electrodeposited in aqueous solution with oxygen
bubbling during deposition (as discussed and presented in Chapter 3) contains white residual
aggregate particles. Preliminary results on the electrodeposition of SnS on as-deposited SnO,
revealed that the presence of these aggregates hinder the deposition of quality SnS layer (as p-
type absorber layer) to fabricate SnS/SnO, superstrate heterostructure. The apparent effects of
these aggregate could be the intensified surface roughness that limits the electrodeposition of the
absorber layer. Due to this encountered problem, the deposition condition for n-type SnO, layer
needs to be modified before the fabrication of the desired superstrate structure (combination of p-
type material and SnO,). The SnO, window layer should have at least minimal roughness to have
smooth or flat surface and highly transparent to be an effective layer for photon transmission. The
following modifications in the deposition process have been made and presented in this chapter:
(a) the working solution or electrolyte is bubbled with oxygen through the solution only before
deposition. This is done to ensure a quiescent solution during deposition. This bubbling process
has been reported to be successful in the electrodeposition of ZnO from quiescent aqueous
solution [2-3]. As a result, the solution is not affected by the stirring effects incurred by gas
bubbling; and (b) after bubbling through the solution, oxygen purging continues but it is now

carried out above the surface of the electrolyte to minimize, if not completely removed, other gas
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impurities from the surrounding that may participate in the deposition process. The schematic
diagram of the closed electrochemical cell with oxygen bubbling employed prior to deposition is
illustrated in Figure 4.1. The prepared electrolytes with different pH values: (a) pH = -0.03
(similar to the pH condition described in the Chapter 3) and (b) pH = 0.4 are performed in this
study to determine the suitable deposition condition for heterojunction fabrication. Cyclic
voltammetry and pre-test deposition experiments are carried out initially to determine the

appropriate potential to deposit better SnO, thin film.
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Fig. 4.1 Schematic diagram of the three-electrode electrochemical cell with oxygen bubbling
employed prior to electrodeposition.

4.2 Cyclic voltammetry study

Figure 4.2 shows the cyclic voltammetry (CV) curves of (@) no oxygen bubbling and (b) 10
min oxygen bubbling before deposition for electrolytes with pH = -0.03. As depicted in this
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figure, the electrochemical reactions revealed from CV results for the two electrolytes start at
relatively the same potential (~ -0.5 V). When this potential is attained, the current density started
to increase until the reduction peak is reached and it is discernable near -0.95 V for un-bubbled
(curve @) and pre-bubbled solution (curve b). This signifies that the deposition potential window
to obtain SnO, thin films occurs at similar potential range and the presence of oxygen in the
solution did not change the overpotential to activate the electrochemical reaction. It should be
noted that extending the bubbling time did not change the CV curve, that is, very similar CV as
depicted in curve (b). Comparing the CV curves obtained in oxygen-bubbled solution shown in
Fig. 3.1 (in Chapter 3) and Fig. 4.2; the observed reduction peak in the pre-oxygen-bubbled
solution is the remarkable results attained from a quiescent solution during deposition. This result
also verifies the disappearance of the peak due to the stirring effects incurred by bubbling if

stirring is employed during deposition.
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Fig. 4.2 Cyclic voltammetry curves for solutions with (a) no O; and (b) 10 min O, bubbling
recorded at a constant scan rate of 20 mV s’ and at pH = -0.003 (Similar to the pH
condition employed in Chap. 3).
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Fig. 4.3 Cyclic voltammetry curves for solutions with (a) no oxygen and (b) 10 min O,

bubbling recorded at a fixed scan rate of 20 mV s' and at pH=0.4.

Fig. 4.3 shows the CV curves of (@) no oxygen bubbling and (b) 10 min oxygen bubbling
before deposition for electrolytes with pH = 0.4. As revealed in this figure, discernable reduction
peaks near -1.08 and -0.95 V for un-bubbled and pre-oxygen-bubbled solution are attained,
respectively. Comparing Figs. 4.2 (b) and 4.3 (b), the observed reduction peak is located at
almost the same potential. However, a shift of the reduction peak is evident for un-bubbled and
bubbled solutions, as seen in curves 4.3 (a) and 4.3 (b). The shift is directed towards less negative
potential. It could mean that the overpotential is also shifted in the same direction and this may
imply that the potential needed to activate the electrochemical reaction at the substrate/electrolyte
interface is reduced with the presence of oxygen bubbling. Hence, an enhanced deposition

reaction of SnO; thin films on the substrate can be expected.
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4.3 Deposition potential, pH and deposition time optimization

In the preliminary stage of electrodeposition, try-test deposition is usually carried out to
optimize electrochemical parameters such as deposition potential, deposition time, and to
determine the quality of the deposits with respect to these parameters. The potential values (-0.92,
-0.90, and -0.88 V) are decided from the CV results shown in Figs. 4.2 and 4.3. However, very
thin films are obtained from the solution with pH = -0.03. Similarly, in the absence of oxygen and
at pH = 0.4, very weak adhesion between the film and substrate is observed even after 10 min
deposition. However, at the same deposition time and pH = 0.4, transparent thin films are
attained from oxygen-bubbled solution. Hence, all the succeeding depositions are focused at this
pH condition. From visual observation during deposition, it seems that white and thick films
could be achieved; but when deposition ended after 10 min, some weakly-adhered white
aggregates were removed by careful washing of the freshly deposited film, leaving a thinner and
smoother film appearance. It should be noted that at more negative potential (e.g. -0.95 and -1.05
V), aggregation of white particles (powder-like) is more intensified and highly favored; thus,
some of these aggregates could not be removed by washing in deionized water. Therefore, the
considered potential values are between -0.88 to -0.92 V. All the films deposited at -0.92, -0.90,
and -0.88 V, have similar physical appearance and the thickness is approximately 0.07 - 0.1 pm,
which can be considered thickness of strongly-adhered film on the substrate.

When the duration of oxygen bubbling and deposition time are extended, the obtained films
are translucent in appearance and strongly-adhered white particulates are highly favorable. This
leads to a less transparent films and significant increase in the roughness of the films can be
attained. Hence, 10 min oxygen bubbling prior to deposition (considered as electrolyte
preparation or pre-deposition preparation) and another 10 min for deposition are already
appropriate to produce SnO, thin films at room temperature under quiescent solutions with
suitable thickness and relatively reduced roughness, which is necessary for heterostructure

fabrication.
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4.4 Morphological, compositional, and optical transmission studies: as-prepared and

annealed SnQO; thin films
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Fig. 4.4 Differential AES spectrum of as-deposited SnO, film deposited at -0.90 V.
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Fig. 4.5 Relationship of Sn/O ratio with annealing temperature for SnO, thin films at

different potentials: (a) -0.92, (b) -0.90 and (c¢) -0.88 V.
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The Auger differential spectrum of the as-prepared sample deposited at -0.9 V after 10 s
Argon-ion sputtering is shown in Figure 4.4. Impurities due to carbon and sulfur contaminations
are removed after sputtering. As depicted in this figure, only Sn and O peaks are clearly observed
in the spectrum. The calculated Sn/O ratio for the as-deposited sample is about 0.51, which is
near the stoichiometric ratio of SnO, (Sn/O = 0.5). This signifies that SnO; film is formed on the
substrate.

Thermal annealing is also performed to study its effect on the composition. The annealing
process is carried out in a tube furnace under air ambient with heating rate of ~10°C/min and the
considered temperatures are 150, 250, and 350°C. For 250°C-annealed sample deposited at -0.9
V, the calculated Sn/O ratio is 0.51, which is similar to the Sn/O ratio for the as-deposited sample.
The relationship of the composition ratio against annealing temperature is plotted and
summarized in Figure 4.5. As seen in this figure, the Sn/O values are all closer to 0.5 with
variation of about = 0.05. These results imply that no big difference is obtained in the Sn to O
ratios (still close to stoichiometric ratio). Thus, it is difficult to decide the optimum annealing

temperature based on AES results only.

Fig. 4.6 Surface morphologies of (a) as-deposited and (b) 250°C-annealed samples deposited

for 10 min at reduction potential of -0.90 V.
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Figure 4.6 shows the morphologies of the as-prepared and 250°C-annealed SnO; thin films
deposited at -0.9 V for 10 min. As can be seen, both surfaces are similar and contain a flat
background with some aggregates. No big difference can be observed in the morphologies of as-
deposited and annealed SnO;. Also, similar morphologies as depicted in this figure are attained

for as-prepared and annealed samples deposited at -0.88 and -0.92 V at the same deposition time.
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Fig. 4.7 Optical transmission of (a) as-deposited and (b) 250°C-annealed SnO; thin films
deposited for 10 min at deposition potential of -0.90 V.

Figure 4.7 shows the transmission curves of as-prepared and annealed SnO, films deposited
at -0.90 V for 10 min. Both films exhibit ~ 71-73 % average optical transmission from 400 —
1000 nm wavelength range. Slight variation in the transmission is observed at 300 — 400 nm
wavelengths. For instance, 12 % and 24 % decrease in transmission is attained for as-deposited
and annealed films from 350 — 300 nm, respectively. It seems that the absorption edge for both

samples is located in this wavelength range. However, the band gap could not be estimated
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precisely. Moreover, similar transmission curves as depicted in Fig. 4.7 are also attained for as-
prepared and annealed SnO, films deposited at -0.88 and -0.92 V at the same deposition time.
Meanwhile, comparing the transmission results obtained for SnO; films deposited from pre-
oxygen-bubbled solution with the transmission data presented in Fig. 3.6 (in Chapter 3), it
appears that almost similar optical transmission properties are obtained. In fact, no significant
change in the transmission averages are observed for films produced from different oxygen
bubbling condition. The possible effect of deposition from quiescent solution is the improvement

in the smoothness of the as-deposited and annealed samples.

4.5 XPS study of annealed SnO; thin film

sn3d
=
c
=)
g
]
e
P
‘n
[ =
[0}
=
= Sn3p O1s
Sn4d
1000 800 600 400 200 0

Binding Energy (eV)

Fig. 4.8 Wide scan XPS spectrum obtained after 30s sputtering for 250°C-annealed SnO,
thin film.

X-ray photoelectron spectroscopy (XPS) is carried out to further study the chemical state at
the surface and the inner part (bulk) of the 250°C-annealed SnO, thin film. Figure 4.8 shows the
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wide scan XPS spectrum after 30 s of sputtering for the annealed film at the bulk. Similar pattern
is attained after 120 s sputtering. The Auger peaks of the constituents of the film are evident in
the higher binding energies. It should be noted that the surface of the annealed sample contains
some ubiquitous carbon impurities as reflected by the C 1s peak located at a binding energy (Ep)
of 285 eV. After sputtering, the peak due to carbon contamination is not detected in the spectrum

as shown in Fig. 4.8.
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Fig. 4.9 Sn3d spectra for 250°C-annealed SnO, film (a) at the surface, after 30 s, and (b)
after 120 s of sputtering.
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The Sn 3d levels of the annealed film are also obtained at the surface and after 30 and 120 s
of sputtering as depicted in Figure 4.9 (a) and (b). It is clear that the spectra taken at the surface
and bulk of the film exhibit two peaks associated to Sn 3ds;, and Sn 3ds); levels: one is at 486.75
(487.25) eV and the other is located at 495.25 (495.75) eV at the bulk (surface), respectively. The
simple shape of the Sn 3d peaks suggests that only one chemical state of Sn atoms [4]. The
binding energy of Sn 3ds, peak at 486.75 eV may indicate the presence of SnO or SnO; since
their binding energies are almost similar [5-8]. In the literature, the reported binding energies of
486.5 and 486.25 eV are assigned to Sn*" (for SnO,) and Sn** (for SnO) peaks, respectively [5].
No evidence is observed from the contribution of elemental Sn° atoms at Eg of ~ 485 ¢eV.
However, a slight shift (about 0.5 eV) observed for Sn 3d levels towards lower binding energy is
attained at the bulk (after sputtering) relative to that obtained at the surface. In addition to that,
the Sn 3d peaks at the bulk are slightly broaden, which may imply a little increase in the FWHM
of the peaks. This effect is likely to happen due to the partial reduction of Sn*" since oxygen may
be removed during Argon ion sputtering [6].

Figure 4.10 (a) and (b) represent the XPS spectra of O s core level of the annealed film at
the surface and bulk (after 30 and 120 s sputtering). Different types of oxygen can demonstrate
various binding energies such as 530.70 eV for O, 530.15 eV for 02', 530.6 €V and 532.8 ¢V for
0O, [9]. The XPS spectrum shows that at the surface shows a main peak at 531.25 eV with a very
slight shoulder located near 532 eV. The main peak at 531.25 eV can be assigned to O", 0>, Oy
that can either form O-Sn*" or O-Sn*" bonds and the slight shoulder may be attributed to oxygen
impurities or oxygen in the adsorbed hydroxyl groups [10]. The presence of these oxygen
impurities can contribute to the O/Sn composition ratio of the film attained in the AES analysis.
After 30 s of sputtering, the O 1s main peak is located at 530.75 eV, which is much closer to the
literature binding energy assignment for O in SnO, material. Similar binding energy for O 1s
peak is obtained after 120 s of sputtering as shown in Fig. 4.10 (b). This could imply that at the
bulk it is more likely that the bond form is for SnO,. In a similar manner, the main O s peak at

the bulk is also shifted towards lower Eg by 0.5 eV with respect to that obtained at the surface.
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Fig. 4.10 O1s XPS spectra (a) at the surface and after 30 s sputtering and (b) after 120 s
sputtering for the 250°C-annealed SnO, film.
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In order to separate the chemical shift of binding energy corresponding to a change of the
sample stoichiometry from the shift of interface Fermi level position AEr = Ef - E, in the band
gap, several researchers proposed new procedure for the deconvolution of Sn 3ds;, and Ols peaks
core levels. Based on this proposed procedure, two additional assumptions can be considered:
[11-14]

» The Sn 3ds,; peak in SnO, is built-up of the following three components: Sn4+, Sn*" and

Sn” components; Sn’" and Sn” components shifted towards the lower binding energy
(Ep) by 0.7 and 2.2 eV with respect to Sn*" component, respectively.

> The O 1s peak in SnO is built-up of the following two components: O-Sn*" and O-Sn**

components; O-Sn>” component shifted towards lower binding energy (E5) by 0.6 eV

with respect to the O-Sn*" component.

Based on the above assumptions and the observed shift in the Sn 3ds, and O 1s peaks at the
bulk relative to that at the surface, it seems that this shift in Sn 3ds;, as well as the O 1s are still
not clear whether these are due to the chemical shifting of Sn*" and O-Sn*" components with
respect to Sn*" and O-Sn*" components, respectively. Additional information is needed to explain
the reasons behind this shift.

It has been reported that thermal treatment on SnO, surfaces can activate surface reduction
and consequently a transformation of Sn surface from Sn*" to Sn** could be achieved. This can
result to the occupation of mainly empty Sn 5s states in Sn*". These 5s electrons form lone pair
electrons and can be associated with band gap surface states at the reduced surface. As a result, a
higher concentration of oxygen vacancies in SnO; would be expected, that is, O/Sn composition
ratio is reduced. Moreover, the occupation of Sn 5s states can be explained from the apparent
change in the valence band maximum (VBM) spectrum. The VBM spectra at the surface and
after sputtering for the annealed SnO, are shown in Figure 4.11. As depicted in this figure, an
additional broad peak near 2.6 eV referenced to the Fermi level is observed at the bulk compared
to that at the surface of the sample. This observed peak represents the reduction of Sn surface
from Sn*" to Sn®* that happens upon annealing at high temperature or under oxygen atmosphere

condition. The transformation can be regarded as Sn 5s derived surface states [15-17].
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Additionally, as a consequence of the higher concentration of oxygen vacancies, the VBM is also
shifted by approximately 0.8 eV towards lower Ep at the bulk (from VBM ~ 3.8 eV at the surface

to 3.0 eV after sputtering). These observations could be the reasons why Sn 3ds;, and O 1s are

shifted by 0.5 eV towards lower binding energy.
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Fig. 4.11 Valence band maximum (VBM) spectrum at the surface and bulk of the 250°C-

annealed SnO; film. Extrapolation of the linear region is shown to determine VBM.

4.6 Conclusion

SnO, thin films were successfully electrodeposited from pre-bubbled oxygen aqueous
solution on ITO-glass coated substrate. From CV results, the suitable deposition potential is close
to -0.90 V. SnO; thin films electrodeposited at -0.88, -0.90 and -0.92 V exhibited very similar

appearance and morphologies. Thermal annealing of the films at temperatures of 150, 250 and
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350°C did not change the Sn/O ratio significantly. As-prepared and annealed films exhibited
nearly stoichiometric ratio of SnO, and no significant difference was obtained in their respective
optical transmittance in the visible wavelength region. From XPS study carried out for annealed
SnO, film, the binding energies obtained for Sn 3ds, and O 1s levels revealed the characteristics
of O-Sn chemical state. A shift of about 0.5 eV towards lower Eg is attained for both Sn 3ds,, and
O 1s peaks evaluated at the bulk with respect to that of the film surface. Furthermore, the VBM
spectrum at the bulk showed additional broad peak near 2.6 eV, which can be attributed to the Sn
5s-derived surface states due to the transformation of Sn surface from Sn*" to Sn*". In addition to
that, a shift of about 0.8 eV in the VBM at the bulk compared to that attained at the surface. The
considered possible effect of the deposition from quiescent solution is the improvement in the
roughness of the as-deposited and annealed films, in which, the deposition of SnS as p-type layer

could be successfully electrodeposited at room temperature.
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CHAPTER 5

Fabrication of Electrodeposited SnS/SnO, Heterojunction Solar Cells

5.1 Introduction

Fabrication of cost-effective and environmentally benign semiconductor materials such as
tin oxide (SnO,) and tin sulfide (SnS) for solar cell applications is certainly possible by
employing facile electrodeposition (ECD) methods. SnO, has been considered as one of the
popular transparent conducting oxides and a promising window or buffer layer material in
heterojunction solar cells because of its wide band gap (3.6 - 3.8 eV) characteristics and high
transparency in the visible region. SnS has a direct energy band gap of 1.3 eV and is regarded as
a good candidate for absorption layer because of its high absorption coefficient. Moreover, the
advantage of utilizing SnO, and SnS for solar cell devices is that the constituent elements are
relatively economical, abundant, and non-toxic. So far, SnS has been partnered with ZnS [1],
ZnS;4Ox [2], ZnO [3], F:SnO, [4], TiO, [5], InScOy [6], CdS [6-11], Cd;xZn,S [12], SnS, [13],
and a-Si [14] to fabricate heterojunction solar cells. All of these fabricated SnS-based
heterostructures share common problem: low conversion efficiency. To date, the reported highest
solar conversion efficiency of 1.3% in SnS-related heterojunction devices was obtained from
CdS/SnS heterostructure [7].

One of the possible reasons for the poor performance of the SnS-based solar cell is the band
alignment at the heterointerface. The band offset has been experimentally evaluated for SnS-
based heterojunctions [6, 15]. Sugiyama et al. have reported and fabricated the SnS/SnO,
heterojunction by sulfurization growth of SnS on SnO,-coated glass substrate and reported the

band offsets at the interface by X-ray photoelectron spectroscopy (XPS). The estimated valence
band offset (AE), ) is 3.5 eV, which indicates that the valence band maximum (VBM) of SnS is

located very near to the conduction band minimum (CBM) of SnO,. Hence, degenerate SnO,

tends to inject electrons into the SnS, and the junction is expected to be ohmic [15].
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To avoid the toxicity of CdS layer, in this work, SnO, is utilized as the SnS heterojunction
partner. It should be noted that the SnS/F:SnO; heterostructure in Ref. 3 was fabricated by a
combination of chemical bath deposition (CBD) and spray pyrolysis techniques. To our
knowledge, no studies on the fabrication of SnS/SnO, heterojunction via electrochemical route
have been reported. The photovoltaic characteristics of electrodeposited SnS/SnO, superstrate
heterostructure are evaluated and reported in this chapter. Moreover, the band alignment between
SnS and SnO, materials is also presented based on the XPS core level spectroscopy and the

relation between the photovoltaic characteristics and the band alignment is discussed.

5.2 Experimental Methods

5.2.1 SnO,-8nS heterostructure fabrication

ECD has been successfully applied for SnO; [16-17] and SnS [2, 11, 18-24]. It should be
noted that the method of preparation of SnO, is adopted from our previous work on
electrodeposition of SnO, from aqueous solution [16] with modifications on the bubbling process
and pH (as discussed in the previous chapter). Prior to the electrodeposition process, the indium-
tin-oxide (ITO) coated glass substrate is ultrasonically degreased in alkyl benzene and deionized
water. SnO; thin films are then electrodeposited on the pre-cleaned ITO substrate from an
aqueous solution containing 30 mM SnSOy4 at room temperature. The pH is adjusted to 0.4 by
adding adequate amount of HNOs;. The solution is pre-bubbled with oxygen at a constant rate of
0.5 L/min before deposition. Various deposition potentials between -0.88 and -0.92 (V versus
SCE) are employed to deposit SnO; thin films onto the ITO substrate. These potential values are
considered from the cyclic voltammetry (CV) results presented in Chapter 4. All samples are
electrodeposited for 10 min. After the deposition, all the films are naturally dried in ambient air.
Prior to SnS deposition, the as-deposited SnO, thin films are annealed in air using a tube furnace
at temperatures between 150 and 350 °C for 1 h. SnS thin films were then electrodeposited on the
annealed SnO, films using an aqueous solution containing SnSO4-Na,S,0; salts with

corresponding concentrations of 30 mM and 100 mM, respectively. A three-step pulsed voltage
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(V1 =-1.0, V, = -0.6, and V3 = 0 V versus SCE) with equal pulse time (t; =t; = t3 = 10 s) is
employed for 20 min to deposit SnS at room temperature [23]. All depositions (for SnO, and

SnS) are performed in a quiescent solution.

5.2.2 SnS-SnO; heterostructure characterizations

In SnOZ In
ITO

Glass

Light

Fig. 5.1 Schematic representation of the fabricated SnS/SnO; heterojunction solar cells with
indium metal as electrical contacts.

The thickness of the SnO, sample was measured by a profilometer. Indium electrodes with
1 mm?® area each were evaporated on top of the fabricated SnS/SnO, heterojunction to provide
electrical contacts during current-voltage (J-V) measurement. The schematic representation of the
fabricated SnS/SnO, heterostructure is shown in Figure 5.1. The fabrication was performed layer
by layer via electrodeposition method. The surface morphology and chemical composition of the
individual layers were analyzed by scanning electron microscopy (SEM) and Auger electron
spectroscopy (AES) using JEOL JAMP-9500F, respectively. Argon ion sputtering (with an
etching rate of 10 nm/min) was performed for 10 s to remove carbon impurities in the surface of
SnO, layer. Current-voltage (J-V) measurement was done using 100-mW/cm?-solar simulated

light to confirm rectification property and evaluate the solar cell performance of the fabricated
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SnS/Sn0O; heterostructures. XPS measurement was carried out using XPS PHI-5000 (ULVAC-
PHI) with the Al Ka used as an X-ray source to study the interface between SnS and SnO; layers.

5.3 Results and Discussion

5.3.1 SnO,-8nS deposition and solar cell fabrication

SnO, thin films adhered well on the ITO substrate. The thickness of the films as measured
by a profilometer was approximately 70-100 nm. Figures 5.2 (a) and (b) showed the surface
morphology of the as-deposited and 250°C-annealed SnO, films deposited at -0.92 V. As seen in
these figures, small and aggregated grains were present on the surface. No significant difference
was observed on the morphologies of as-deposited and 250°C-annealed films. Similar effects on

the morphology were observed at annealing temperature of 150 and 350°C.

Fig. 5.2 Surface morphologies for (a) as-deposited and (b) 250°C-annealed SnO; thin films
deposited at -0.92 V for 10 min.

The Auger spectra of as-deposited and 250°C-annealed samples deposited at -0.92 V after
10 s Ar ion sputtering are shown in Figure 5.3. As depicted in Fig. 5.3(a) for as-deposited film,
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only Sn and O peaks were observed with Sn:O ratio of 1:1.96, which signifies that nearly
stoichiometric film is obtained. Similar Auger spectrum, shown in Fig. 5.3(b), was observed for
250°C-annealed sample with Sn to O ratio close to 1:2. Moreover, for samples annealed at 150

and 350°C, the composition ratios (Sn/O) are still near the stoichiometric ratio (refer to Fig. 4.5 in
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Fig. 5.3 Differential Auger spectrum of (a) as-deposited and (b) annealed SnO; thin films
deposited at -0.92 V.
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Chapter 4). Hence, annealing in air did not significantly affect the composition of the SnO, films.

Preliminary fabrications were conducted on both as-deposited and annealed SnO; thin films
to fabricate SnS/SnO, heterostructures. However, relatively good adherence of SnS on annealed
SnO, was obtained compared to SnS on as-deposited SnO,. Possibly, some modification of the
surface of SnO; layer after annealing is obtained. Thus, all the heterostructures presented in the

succeeding discussion were fabricated using the annealed SnO; thin films as window layers.
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Fig. 5.4 Current-voltage (J-V) characteristics of electrodeposited SnS/SnO; heterojunction
with 250°C-annealed SnO, layer under dark and light conditions.

The characteristics of SnS/SnO, superstrate heterostructure under dark and light
conditions with SnO, layer deposited at -0.90 V and subsequently annealed in air at 250°C prior
to SnS deposition are shown in Figure 5.4. The SnS/SnO; heterostructure is further analyzed by
considering the current-voltage (I-V) curve under dark condition as shown in Figure 5.5. Several
features can be deduced from this I-V curve. First, in the forward bias, three possible regions are
attainable. Namely, region I (0 V < Viyward < 0.3 V) displays linear relation of current with

respect to voltage. Region II (0.3 V < Viyrward < 0.72 V) shows exponential behavior of current
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with B ~ 7.5 s Region III (0.72 V < Viorwarda < 1.0 V) demonstrates linearity of the current-
voltage relationship at high forward bias. It should be noted that the steepness of this linear
region would correspond to high or low series resistance of the device that has significant effect
on the solar cell characteristics. The series resistance Ry can be estimated from the slope of the I-
V curve in this region (the diode R is equal to the inverse of the slope when linearity is obtained
in high forward bias region). The calculated Rg is ~ 108.6 Q. This value is much larger than the
expected values for efficient solar cells (Ry << 1 Q). Second, it seems that the current starts to
increase between 0.3 — 0.4 V. This means that the cut-in voltage is located in this voltage range
(cut-in or threshold potential corresponds to the potential barrier that the carriers needed to
overcome in order to contribute to the forward current). Fourth, it is apparent that the
heterojunction exhibits some rectifying behavior (exponential I-V characteristics were observed).
Fifth, in the reverse scan, it appears that the leakage current started to be visible between -0.3 to -
0.4 V and exponentially increases after that. These observed features in some ways contribute to

the photovoltaic performance of the solar cell device.
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Fig. 5.5 Current-voltage (I-V) curve of SnS/SnO; heterojunction under dark condition.
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Fig. 5.6 The J-V curve shown in Fig. 5.4 is expanded near 0 V to estimate the photovoltaic

parameters such as Voc and Jsc under illumination.

The open circuit voltage (Voc) and short circuit current density (Jsc) are determined by
expanding the region near 0 V of the J-V curve, as depicted in Figure 5.6. The estimated Voc and
Jsc were found to be 60 mV and 9.74 mA/cm?, respectively. The solar cell conversion efficiency
is approximately 0.14%. The same cell showed variation of the values of the solar cell
parameters: for instance, Voc (40 - 60 mV) and Jsc (6.32 — 9.74 mA/cmz) were attained from one
electrode point to another. This may indicate that the fabricated layers of the SnS/SnO,
heterostructure have significant non-uniformity. Similar behavior of J-V curves were observed
for heterostructures with 250°C-annealed SnO, layer deposited at -0.88 and -0.92 V with
variations of the estimated solar cell parameters as illustrated in Figure 5.7. The best values of
(Voc, Jsc) for SnS/SnO, heterostructures with annealed SnO; layer were approximated to be (90
mV, 1.54 mA/cm?) and (70 mV, 3.94 mA/cm?) for the -0.88 and -0.92 V deposition potentials,
respectively. The solar conversion efficiency is approximately in the order of 107 - 10™" %. These

results suggest that the fabricated SnS/SnO, heterojunctions exhibit rectifying and photovoltaic
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characteristics. However, the output voltages for all cells are small (less than 0.1 V) and the
reproducibility is very poor: sometimes the cell showed poor rectification properties and
negligible photocurrent. For SnS/SnO; heterostructures with 150- and 350°C-annealed SnO,
layers, the J-V characteristics showed very poor rectification (nearly ohmic type behavior) and

insignificant photovoltaic effect was attained.
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Fig. 5.7 Current-voltage curves for SnS/SnO, heterojunctions with SnO, annealed at 250°C
and deposited at (a) -0.88 and (b) -0.92 V for 10 min.
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5.3.2 XPS measurement

The band alignment between SnS and SnO, is developed based on core-level spectroscopy
[25-26]. The valence and conduction band offsets of SnS/SnO; heterostructure can be determined

by using the following relations:
SnS SnS Sn Sn
AE, = (ESn4d —Ey )_ (ESn4OZd —Ey . )_AECL (5.1)
AE, :AEg —-AE, (5.2)
The expressions inside the parentheses in Eq. (5.1) represent the difference of the energy position
of Sn 4d levels in SnS-SnO; individual layers and the corresponding VBM in each layer. AE¢; is

the difference in the Sn 4d level between SnS and SnO, and determined at the interface of

SnS/Sn0O, bilayer. AE, corresponds to the band gap difference of the two materials.

Sn4d = 26.55 eV

Intensity (arb. unit)

VBM =3.0 eV

40 35 30 25 20 15 10 5 0
Binding Energy (eV)

Fig. 5.8 Sn4d spectrum of the SnO; thin film annealed at 250°C in air for 1 hour.
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Intensity (arb. unit)

8 7 6 5 4 3 2 1 0
Binding Energy (eV)

Fig. 5.9 The spectrum near the VBM in Fig. 5.7 is expanded to determine the VBM position
of SnO,.

Intensity (arb. unit)

1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 M 1 .6|

6 55 5 45 4 35 3 25 2 1.5 1 05 0
Binding Energy (eV)

Fig. 5.10 The linear region in the VBM spectrum (Sn 4d) of SnS is extrapolated to

determine the VBM position of the material.
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The Sn 4d and VBM spectra of SnO, are shown in Figures 5.8 and 5.9, respectively. Two
broad peaks are observed near 2.6 and 5.0 eV in the VBM spectrum. The peak near 5.0 eV can be
extrapolated, as depicted in Fig. 5.9, to determine the VBM of the SnO; layer. The value of VBM
was approximated to be 3.0 eV, and Eguaq - Ey = 23.55 eV. In addition, the weak signal near 2.6
eV may be associated to the Sn-derived surface states. Batzill et al. extensively studied these
surface states on different SnO, surfaces through different treatments, such as annealing at high
temperature and exposure to oxygen gas [27-28]. On the other hand, the VBM spectrum for the
SnS layer showed only one broad peak centered at around 4.0 eV (as shown in Fig. 5.10). By
extrapolation of the leading edge, the VBM of SnS was estimated to be 0.65 eV, and Egy4q - Ev =

25.40 eV, which is in good agreement with previous results [6].

26.00

N
o
©
o

N
o
o~
o
L 2

25.40 |

Sn4d Binding Energy (eV)

25.20 |

25‘00 " L " L " L
0 2 4 6 8 10 12 14

Sputtering time (min)

Fig. 5.11 Relative energy position of Sn4d levels for the SnS/SnO; heterojunction as a

function of sputtering time.

The relative position of Sn 4d levels at SnS/SnO, interface is evaluated from the Sn 4d
spectrum of the heterostructure to determine AEc;. The spectra were taken repeatedly with

continual Ar sputtering for the sample with a thin SnS over layer. It should be noted that after 14
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min sputtering the In 4d peak near 18.25 eV from the ITO substrate started to appear in the
spectrum. Additionally, the intensity of the S 2p and O 1s signals of the heterostructure decreases
and increases with sputtering time, respectively. However, it is still difficult to identify the
interface between SnO, and SnS based on those intensity variations. One possible reason is that
the individual layers of the heterostructure have considerable roughness. The approximated
energy positions of the Sn 4d levels for the SnS/SnO, heterojunction are shown in Figure 5.11.
Considering the accuracy of XPS machine, the relative energy positions of Sn 4d levels are
almost the same, that is, the energy position of Sn 4d levels for SnS/SnO, heterostructure is
almost constant. This suggests that the core levels of SnO, and SnS might be assumed to coincide,
1.e., AEc; =~ 0.

With the results on the relative energy position of Sn 4d levels of SnS and SnO; and the
values of VBM of the individual layers, the valence band offset was found to be 1.85 eV. Using
this value and the band gaps of individual layers, the conduction band minimum of SnO, is
predicted to be higher than that of SnS by 0.65 eV. Thus, a Type-I heterostructure shown in
Figure 5.12 was developed. Based on this structure, considerably large output voltage is expected
to be attained for SnS/SnO, heterojunction. However, the values of solar cell parameters
presented in the J-V curves under illumination did not confirm the possibility to have large open
circuit voltage. The discrepancy can be explained from the presence of the defects in the SnO;
layer in the form of surface states, as evidenced in the XPS spectrum in Fig. 5.9 (as described
also in Chapter 4). These defects can contribute to the high density of interface states in the
heterostructure and act as recombination centers for the current through the junction. Saad et al.
reported that the presence of high interface density in the heterostructure can increase the
junction ideality factor n (n > 2) and saturation current density due to the interface recombination,
resulting in the decrease in Voc and fill factor [29]. The n value obtained from the current-voltage
(J-V) curve shown in Fig. 5.5 under dark condition is approximated to be 2.3 in the forward
voltage range of 0 V < Ve < 0.1 V. This result indicates that the current is dominated by

recombination at the interface defects.
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Sn0O, SnS
EC O SRR ‘ ......................
AE,. = 0.65¢V
i -
E, =13eV
E, =3.8eV
T l A EV
AE, =185V
E y LY
T (3, - £°)

Fig. 5.12 Band alignment of SnS/SnQ; heterostructure based on the results provided by
XPS measurement. E¢c and Ey are the CBM and VBM, respectively.

As noted in the introduction, Sugiyama et al. reported AE, of 3.5 eV, significantly larger
than the value obtained in this work (1.85 eV). According to their results, the SnS/SnO,
heterojunction is Type-II, with VBM of SnS is very close to CBM of SnO;. The reason of this
discrepancy is not clearly understood. Since they used degenerate F-doped SnO,, its metallic
nature may influence the apparent band offset. If VBM of SnS nearly coincides with CBM of
SnO,, the junction will exhibit complete ohmic behavior. However, as shown in Figs. 5.4 and 5.6,
rectification and photovoltaic properties were observed for the SnS/SnO, heterojunction.

Therefore, it seems that AEy was somewhat overestimated in their analysis.
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5.4 Conclusions

SnS/SnO, heterojunction was successfully fabricated by electrodeposition method. As-
deposited and annealed SnO, thin films had similar surface morphology with nearly
stoichiometric Sn:O ratio. SnS films adhered well on annealed SnO, layer during the fabrication
of SnS/SnO, bilayer. The fabricated heterojunction solar cells exhibited rectification and
photovoltaic characteristics, but reproducibility was very poor. One of the reasons might be the
presence of surface states in the SnO; layer as evidenced by the valence band XPS spectrum. The

heterojunction showed a series resistance about 108.6 €, which is much higher than the reported
values for highly efficient solar cells (usually << 1 Q). The evaluated AE, for SnS/SnO,

heterostructure was 1.85 eV and a Type-I heterostructure was developed according to the

obtained value of AE,, .
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CHAPTER 6

Electrodeposition and Characterization of Ga-O Thin Films from Aqueous
Gallium Sulfate Solutions

6.1 Introduction

Gallium oxide (Ga,0;) is considered as one of the most suitable materials for high
temperature gas sensing due to its high melting point and stable structure. In addition, its wide
band gap (~4.8 eV) [1] characteristics make it also applicable for solar cell fabrication, deep UV
transparent conducting oxide [2], anti-reflection [3] and passivation coatings [4]. Ga,O; could
exist in five different crystalline phases, among which are well known a-, -, y-, 8-, and rare &-
structures. The most stable form is the monoclinic structured B-Ga,Os [5].

Several methods such as sol-gel [5-7], spray pyrolysis [8], molecular beam epitaxy (MBE)
[9], pulsed laser deposition (PLD) [10], plasma enhanced atomic layer deposition (PEALD) [11],
and chemical vapor deposition (CVD) [12] have been performed to prepare Ga,O; thin films.
Recently, Ga,03-based nanostructured materials: nanorods, nanobelts, nanotubes, and nanowires
[13-17] have attracted a great deal of attention due to their fascinating properties such as superior
catalytic behavior [18] and enhanced luminescence efficiency [19]. The growth or deposition of
Ga,03 nano- or micron-sized structures may involve either direct thermal activation of Ga and O
precursors or indirect process that follows the growth of intermediary products such as gallium
oxide hydroxide (GaOOH) or gallium hydroxide [Ga(OH);] from the starting precursors.
Calcination of these intermediaries at higher temperature can produce Ga,0O; as product.
Interestingly, researches on GaOOH have been increasing rapidly due to its significant role in the
synthesis of Ga,Oj; and gallium nitride (GaN) materials. Extensive studies have been carried out
to GaOOH nanostructures for optoelectronics and photonics applications [6, 20-22]. Rod-like

GaOOH nanostructures can be done by hydrothermal synthesis and chemical solution deposition
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(CSD) [23-24]. Recently, GaOOH nanorods have been synthesized by electrodeposition from
gallium nitrate-ammonium nitrate aqueous solution at elevated temperature of 80°C [25].
Moreover, several works are devoted to the preparation of GaS,O, thin films via
electrodeposition [26] and photochemical deposition (PCD) [27] methods from the solutions
containing gallium sulfate [Gay(SO4);] and sodium thiosulfate (Na;S,03). In these works, it is
found that the addition of Na;S,03 in the solution favors the inclusion of S forming GaSOy
instead of Ga,0; thin films. The reaction mechanism is reported to be similar to the deposition of
other sulfide-based semiconductors that involves release of sulfur from thiosulfate ions [28-31].

In this recent study, gallium sulfate [Ga,(SO4);] and hydrogen peroxide (H,O,) are utilized
to electrodeposit Ga-O thin films. The role of H,O; as an oxygen source has been considered and
investigated in ZnO thin films electrodeposited from the following solutions: ZnCl,-LiCl-H,0,
[32] and ZnCl,-KCI-H,0, [33]. Additionally, the significant contribution of H,O, on the
electrodeposition of zinc peroxide (ZnO;) from Zn(NOs;),-H,O, working solution has been
studied and reported [34]. In their work, the suggested reaction mechanism involves: (a)
production of OH" ions from H,0, (along with NO3 ions) reduction on the substrate surface and
(b) reaction of H,O, with Zn(OH), to form ZnO, (H,O, serves as an oxygen source). Moreover,
Uekawa et al. reported and prepared ZnO, from the dispersed solution of Zn(OH), precipitates in
H,0, solution [35]. The above findings led us to employ hydrogen peroxide as a suitable oxygen
precursor to deposit Ga-O thin films.

This work aims to present and explain the deposition results of Ga-O thin films from
aqueous Gay(SO4)3-H,O, medium at room temperature according to the following deposition
parameters: amount of H,O,, applied potential and deposition time. Annealing in air from 300 to
600°C temperatures is also considered to study its effect on the composition, morphology and
quality of the films. Additionally, the results of the fabrication of Ga-O based heterostructures are
also presented and discussed. The fabrication of Ga-O based heterojunctions is performed by
employing step by step electrodeposition of individual layers. The solar cell performance in the
fabricated heterostructures is then evaluated from the corresponding current-voltage

characteristics obtained after evaporation of indium (In) metal electrodes as contacts.
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6.2 Experimental Procedure

6.2.1 Electrodeposition and characterization of Ga-O thin films

Ga-O thin films were electrodeposited on fluorine-doped tin oxide (FTO) coated glass
substrate using the typical three-electrode electrochemical cell with FTO, platinum sheet, and
saturated calomel electrode (SCE) as working, counter, and reference electrodes, respectively. As
noted and observed in Ref. 26, no noticeable deposition was obtained from the solution
containing Gay(SO4); only and without oxygen bubbling. Instead, the substrate undergone
reduction (it turned black) during cathodic electrodeposition. Furthermore, with dissolved oxygen,
which was carried out by oxygen gas bubbling, similar substrate reduction effect occurred upon
applying the reduction potential. These observations suggested that the substrate was not stable in
these solution conditions. However, by adding a suitable amount of H,O, in the non-bubbled
solution, the substrate reduction was prevented to happen. Hence, an aqueous solution containing
20 mM Ga,(SO4); and H,O, (taken from 9.79 M H,0, solution) was considered and prepared to
electrodeposit the Ga-O films. H,0O, was added in small amount before the start of the deposition
experiment. All depositions were carried out at room temperature, normal pH (~2.52), and
quiescent solution. Prior to electrodeposition, FTO substrate was ultrasonically cleaned in alkyl
benzene, subsequently rinsed in pure water, and finally dried by nitrogen purging. After
depositions, freshly electrodeposited Ga-O films were naturally dried in air ambient. Cyclic
voltammetry (CV) was carried out to decide the suitable applied voltage. Deposition time was
varied from 2 - 10 min.

Compositional analysis and surface morphology studies were performed using a JEOL
JAMP-9500F field emission Auger microprobe at a probe voltage of 10 kV and a current of 1.0 x
10® A. Argon ion etching was done using an acceleration voltage of 2 kV with ion current of 2.6
PA to sputter the film’ surface. The Auger electron spectroscopy (AES) spectra were recorded
and analyzed after 10 s sputtering with a rate of 9.5 nm/min. The composition ratio (O/Ga) was
calculated using standard Ga,Os; compound (with O/Ga ~ 1.5). The crystalline structure of the

sample was characterized by X-ray diffraction (XRD), which was carried out using a SmartLab
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[X-ray Diffractometer]. The thickness of the films was measured using an Accretech Surfcom-
1400D profilometer. A JASCO U-570 ultraviolet/visible/near infrared (UV/vis/NIR)
spectrometer was used for optical transmission studies from 300 — 900 nm wavelengths with the

FTO substrate as the reference.
6.2.2 Fabrication of Ga-O-based heterojunction solar cells

The as-deposited and annealed Ga-O thin films are utilized to fabricate Ga-O-based
heterostructures. SnS and Cu,O are considered to be the p-fype absorber layers to form a p-n
heterojunction. Both p-type layers are electrodeposited on top of either as-deposited or annealed
Ga-O thin films to fabricate SnS/Ga-O and Cu,O/Ga-O superstrate heterostructures. Indium
electrodes are then evaporated on top of the absorber layer and on FTO to provide electrical
contacts during current-voltage (J-V) characterizations. The photovoltaic performance of these
heterostructures are investigated and evaluated from the obtained J-V curves of the fabricated
SnS/Ga-O and Cu,O/Ga-O heterojunctions. Illumination condition is carried out using a solar-

simulated light source with an intensity of 100 mW/cm®.
6.3 Results and Discussion
6.3.1 Cyclic voltammetry

Figure 6.1 shows the CV curve obtained from the Ga,(SO4),-H,O; solution at normal pH.
From this graph, the current response is recorded against applied voltage (V vs SCE), which is
scanned in a triangular form. The cathodic scan starts from O to -1.5 V and the anodic scan is
from -1.5 to +0.5 and back to 0 V at a constant scan rate of 20 mVs™. As seen in Fig. 6.1, a
gradual increase in current density was observed from -0.1 to -0.5 V and a cathodic peak
appeared at around -0.68 V. The existence of this cathodic peak was not observed in the CV
curve for H,O,-free solution, that is, only small and constant (plateau-type) cathodic current

density is obtained at this potential region. Hence, the cathodic peak seen in Fig. 6.1 could be
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associated to the reduction of H,O,. In the anodic scan, no perceivable anodic peak was observed.

Try-test depositions were performed to decide the suitable deposition potential.

Ol
o4

iy
[«

0.3 0j6

Current Density (mA/cm?)

Applied Potential (V vs SCE)

Fig. 6.1 CV curve obtained from Ga,(SO4); - H,O; aqueous solution. The voltage scan rate
is 20 mVs™. The directions of the arrows correspond to the cathodic (down) and anodic (up)

scans, respectively.

For 5 min deposition, no considerable film thickness was attained at potentials more
positive than -1.0 V. This signifies that large overpotential is needed to activate the reaction on
the FTO substrate. It should be noted that the formation of the film on the substrate depends on
the available reduced species near the substrate during electrodeposition. For higher deposition
potential, the OH™ ions produced during electroreduction are expected to be large. Thus, short
deposition time is needed to form the film on the substrate. Hence, the chosen potential values are

more negative than or equal to -1.0 V.
6.3.2 H;O; optimization

Initially, -1.2 V was considered as the applied potential to optimize the amount of H,O,,

which was added in small amount: 0.13-0.28 mL. It should be noted that all the prepared
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solutions were clear and transparent before, during and after deposition. No noticeable
precipitation was observed. All the as-deposited films appeared translucent under transmitted
light. Higher amount of H,O; in the solution (0.16-0.28 mL) resulted to higher degree of non-
uniformity and roughness. This observation could be attributed to the rapid reaction, which is
represented by the bubbling effect or oxygen gas generation in the solution that occurred during
deposition. It was confirmed further that by adding much higher amount (1.0-2.0 mL) of H,O,,
the reaction was so violent. The thickness of these films ranges from 0.40 — 0.75 pm over an
entire deposition area. On the other hand, for 0.13 mL of H,O; in the solution, relatively uniform
thickness of about 0.5 pm was obtained. In the succeeding results, the amount of H,O, added in
the solution is kept constant at 0.13 mL and other parameters such as applied potential and
deposition time were varied to investigate their effects on the morphological and compositional

properties of the films.

6.3.3 As-prepared Ga-O thin films: Thickness, surface morphology and AES analysis

Table 6.1 gives the approximated thickness and the surface morphology type (crack
morphology, CM or crack-free morphology, CFM) of the samples deposited at -1.2, -1.1 and -1.0
V at different deposition times. At potential of -1.2 V, the deposition rate is close to 0.1um/min,
which is higher than the rate at lower potential (about 30 - 60 nm/min). The different cathodic
potential provides different amount of electrons for the deposition reaction. Higher applied
potential promotes the generation of OH™ by electrochemical reduction of H,O, near the cathode.
Thus, it is expected that the surface density of the film is increased and the deposition rate is
accelerated. Furthermore, the agglomeration or coalescence of smaller grains could be intensified
at higher potential and longer deposition time. Hence, an increase of surface roughness along
with the deterioration of the film quality can be attained under this condition.

Figure 6.2 shows the surface morphologies of the as-prepared samples deposited at -1.2 V
for (a) 5 and (b) 2 min, (c) at -1.1 V for 2 min and (d) at -1.0 V for 5 min. As evident in Fig.
6.2(a), crack morphology with coalescence of smaller grains on the background film is observed.

Although the aggregation is reduced for 3 min deposition at the same potential of -1.2 V, but the
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crack-morphology is still observed. On the other hand, crack-free surfaces are attained for 2 min
deposition at applied potentials of -1.2 and -1.1 V. Similar crack-free, smooth surface, and good
surface coverage as in Fig. 6.2(c) are also observed at -1.0 V for 5 min as shown in Fig. 6.2(d).
Moreover, extending the deposition time to 10 min at -1.0 V could still produce crack-free
surface as shown in Fig. 6.2(e), but rough films with aggregation could be obtained. The crack-
free morphologies seen in Fig. 6.2 (b-d) are related to the attained total film thickness as reflected

in Table 6.1. This implies that thinner films avoid the possibility to have crack morphologies.

Deposition voltage (V) Deposition time (min) | Thickness (um) | Surface morphology

5 0.50 CM

-1.2 3 0.25~0.35 CM
2 0.10~0.15 CFM
5 0.20~0.30 CM/CFM

-1.1 3 0.10~0.15 CFM
10 0.25~0.30 CFM

-1.0 5 0.15~0.20 CFM
3 0.10~0.15 CFM

Table 6.1 Approximate thickness and surface morphology type denoted by CM (crack-
morphology) and CFM (crack-free morphology) of the samples deposited at different

potentials and deposition times.
Figure 6.3 shows the AES spectra of the films deposited at -1.2 and -1.0 V for 2 and 5 min,

respectively. These spectra were recorded after 10 s sputtering of the film surface. Sputtering was

carried out to remove unwanted carbon or other impurities. As evident in the spectra, Ga and O
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peaks are clearly observed. The estimated O/Ga ratio is about 2.0 (referenced to standard Ga,03)

for both samples. These O/Ga values may signify GaOOH formation on the substrate.

Fig. 6.2 SEM images of as-deposited Ga-O thin films deposited at -1.2 for (a) 5 and (b) 2
min, (¢) at-1.1 V for 2 min, at -1.0 V for (d) 5 and (e) 10 min.
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Fig. 6.3 AES spectra of as-prepared Ga-O thin films deposited at (a) -1.2 for 2 min and (b) -
1.0 V for 5 min.
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Similar Auger spectra as shown in Fig. 6.3 are attained for as-prepared samples deposited at

-1.1 V for 2 min and -1.0 V for 10 min.
6.3.4 Thin film formation

The formation of Ga-O thin films from aqueous gallium sulfate solution at room
temperature on FTO substrate by electrodeposition is mainly based on the generation of OH™ ions
at the cathode. When a certain cathodic voltage is applied, the OH" ions are produced near the
cathode by electrochemical reduction of starting precursors such as hydrogen peroxide and
dissolved oxygen (O;). For H,O,-free solution and under dissolved O, condition (oxygen gas was
bubbled through the solution until saturation), the substrate still undergoes reduction during
electrodeposition and no film formation is attained. Thus, the apparent reaction that produces OH
ions in Ga*" + H,0; aqueous solution could be due to the electroreduction of H,O,. Then, the
Ga’" ions react with the electrochemically produced OH™ ions to form GaOOH. These reactions

can be represented by
H,0, +2¢” > 20H", (6.1)

Ga* +30H™ —> GaOOH + H,0 . (6.2)

The formation of GaOOH represented in reaction (6.2) is entirely different from the approach
employed and reported in Ref. 23 according to the following considerations: (a) OH" is generated
first due to H,O; electroreduction represented by reaction (6.1); (b) Deposition is carried out at
room temperature; and (c) Relatively short deposition time is needed to deposit the GaOOH thin
films. Thus, the method employed in this study deviates from the chemical solution deposition
approach, which involves thermohydrolysis of Ga®" in heated aqueous solutions, carried out in
Ref. 23. Moreover, the deposition procedure followed in this work is also different from the
process employed in Ref. 25 to deposit GaOOH nanorods on ITO substrate with thin layer of

antimony-doped SnO, (ATO) according to considerations (a), (b), and (c). For instance, in their
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work, the OH" ions are generated by electroreduction of nitrate ions, which are present in the

solution. Hence, this work suggests different approach to deposit Ga-O based thin films.

6.3.5 Annealed Ga-O thin films: Morphological and compositional studies

Fig. 6.4 Surface morphologies of Ga-O thin films annealed at temperatures 600 (a, b) and
300°C (c, d). (a, ) at low magnification and (b, d) at high magnification.
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The thermal treatments of as-deposited Ga-O thin films were carried out by simple
annealing process in ambient air for 1 h at 300-600°C to investigate its effect on the morphology
and composition. Annealed Ga-O thin films (as shown in Figure 6.4) retained the same

morphology as that of as-deposited Ga-O thin films after thermal treatment.
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Fig. 6.5 Estimated compositional ratio (O/Ga) plotted against annealing temperature of the

Ga-0O samples deposited at -1.0 V.

The estimated O/Ga ratios of the samples deposited at -1.0 V for 5 min are plotted against
annealing temperature and shown in Figure 6.5. As seen in this plot, the O/Ga ratios slightly
reduced after 300-400°C annealing and closer to stoichiometric Ga,O; after annealing at 500-
600°C. This decrease could be associated to the decomposition of GaOOH by annealing. Thermal
decomposition of GaOOH forming Ga,O; at 400°C has been reported and demonstrated in
previous works on GaOOH [6, 13, 23, 36-38]. The decomposition of GaOOH can be expressed

as
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2GaOOH —> Ga,0, + H,O. (6.3)

Reaction (6.3) is similar to reaction (2) in Ref. 23. Along with the decomposition due to thermal
treatment, the thickness of the film decreases after annealing. For instance, 0.5 pm film thickness
reduced to 0.25 um after annealing at 600°C for 1 h. However, in this work, thermal annealing at
temperature higher than 600°C could not be performed because the FTO substrate cracked or

broke in this temperature range.

6.3.6 XRD analysis and optical transmission study
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Fig. 6.6 Optical transmission of as-deposited Ga-O thin films deposited at -1.2 V for 5 and 2

min and at -1.0 V for 5 min.

Figure 6.6 exhibits the optical transmission (in %) of the as-prepared sample deposited at -
1.2 and -1.0 V. Relatively good transparency (~ 80 %) in 350-800 nm wavelength is obtained for
thinner samples (~ 0.15-0.20 um). Additionally, for sample deposited at -1.2 V and same
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deposition time (5 min), the transmission decreases to about 60 % in the same wavelength range.
This decrease is attributed to the increase of thickness as reflected in the Table 6.1 shown in
section 6.3.3. No absorption edge was attained because the FTO substrate has an optical
absorption edge between 300 - 350 nm. Hence, the band gap of as-prepared Ga-O thin film could
not be estimated in this work. Sinha et. al found that the band gap value for thin film-based

GaOOH is 5.27 eV with absorption edge between 200 — 300 nm [5].
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Fig. 6.7 XRD patterns of as-deposited Ga-O thin films and FTO substrate.

Figures 6.7 and 6.8 depict the XRD patterns of the as-deposited and 600°C-annealed Ga-O
thin films with the typical XRD peaks of FTO substrate. As can be seen in the patterns of as-
deposited and annealed Ga-O samples, only FTO (110), (101), (200) and (211) prominent peaks
were observed and no perceivable peaks associated to GaOOH or Ga,0; are observed. These
suggest that the as-prepared and annealed samples are either consist of very fine grains

(nanocrystalline) or amorphous in nature.
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Fig. 6.8 XRD patterns of 600°C-annealed Ga-O thin films and FTO substrate.

6.3.7 Fabrication of SnS/Ga-0 and Cu;0/Ga-O heterostructures

The electrodeposited Ga-O thin films (as-deposited and annealed) are utilized and partnered
with electrodeposited p-type SnS and Cu,O thin films to fabricate heterojunction solar cells. The
SnS/Ga-0O and Cu,0/Ga-O heterostructures are fabricated by step-by-step electrodeposition (ED)
of individual layers, that is, after depositing the Ga-O film as window layer, SnS or Cu,O
absorber layer is then electrodeposited on top of the window layer.

For SnS deposition, a three-step pulsed electrodeposition (with potentials V| = variable, V,
=-0.6 Vand V3 = 0 V at equal pulse time of t; = t; = t3 = 10 s) is employed for 20 min using
FTO/Ga-0 as the working electrode. The solution contains 30 mM SnSO4 and 100 mM Na,S,0:s.
For potentiostatic electrodeposition of SnS absorber layer on Ga-O, cyclic voltammetry (CV) is
usually carried out to decide the suitable potential. This preliminary step is essential in the

fabrication of p-n heterostructures via step-by-step electrodeposition method. The CV curves for
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SnS on FTO and SnS on Ga-O thin film is shown in Figure 6.9 from SnSO4-Na,S,0; aqueous
solution at room temperature. It should be noted that the SnS deposition condition is adopted
from the work of Naglaa Fathy et al. on electrodeposition of SnS [39] with varied V). As
depicted in Fig. 6.8, the onset of the reduction potential for SnS on Ga-O is slightly shifted
towards more negative potential compared to that on FTO only. However, the reduction peak is
situated at almost the same potential (~ -0.9 V vs SCE). Hence, the suitable potential values
obtained in SnS deposition on FTO can also be utilized in the electrodeposition of SnS on Ga-O.
The decrease in the observed reduction current density for SnS on Ga-O film is due to the
presence of Ga-O layer. The total resistive property of Ga-O/FTO is expected to be higher than
that of bare FTO. Thus, the measured deposition current density is lower in SnS/Ga-O deposition
configuration. However, preliminary fabrication of SnS/Ga-O heterostructure revealed that no
good SnS layer (not continuous over the entire area) is attained using the as-deposited Ga-O film.
Hence, thermal treatment is tried on Ga-O film prior to SnS deposition to fabricate SnS/Ga-O

heterojunction.

. S

—SnS on Ga-O/FTO
—SnS on FTO

Current Density (mA/cm?)

D

Applied Potential (V vs SCE)

Fig. 6.9 Cyclic voltammetry curve for SnS on Ga-O film obtained from SnSO4 and Na,S,0;
aqueous solution at room temperature. The potential is scanned at a rate of 20 mVs™. The

arrows represent the direction of the cathodic and anodic scans.
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For Cu,0/Ga-O heterostructure, galvanostatic electrodeposition is performed to deposit
Cu,0 over the as-deposited and annealed Ga-O thin films from aqueous basic solution containing
0.2 M CuSOq4, 1.6 M lactic acid, and KOH solution (for pH adjustment to 12.5). The Cu,O
deposition condition is adopted from the work of Ichimura and Song on step-by-step
electrodeposition of CuyO/Zn0O heterojunction solar cells [40-41]. In galvanostatic ED, a constant
current density (-1.0 mA/cm?) is applied on the electrochemical system for 10 min with Ga-
O/FTO as the working electrode. The annealing condition for Ga-O layer is at 400 °C in ambient
air for 1 hour. After the electrodeposition of the n- and p-#ype layers, indium electrodes are then
evaporated on top of the absorber layer and on FTO to provide electrical contacts for current-

voltage characterizations.

6.3.8 Current-voltage characterizations of SnS/Ga-O and Cu;0/Ga-O heterostructures

The current-voltage (J-V) profiles of the SnS/Ga-O heterostructure with SnS deposition
potential of under dark and light conditions are displayed in Figure 6.10. As seen in Fig. 6.10 (a),
SnS/Ga-O configuration with 400°C-annealed Ga-O and SnS deposited at V| = -1.2 V vs SCE
shows some rectifying behavior. Photocurrent is observed under illumination, however, no
photovoltaic characteristics are achieved after expanding the region near 0 V. The measured
current density for the heterostructure is too large. Moreover, at less negative V; (-1.1 V vs SCE)
for SnS deposition, the SnS/Ga-O heterojunction depicts very poor rectification (nearly ohmic
behavior) as seen in Fig. 6.10 (b).

Figure 6.11 shows the J-V characteristics for the fabricated Cu,O/Ga-O superstrate
heterostructures. Photoresponse is clearly observed under illumination condition. The
heterojunctions displays rectifying behavior and photovoltaic characteristics. The solar cell
parameters: open circuit voltage (Voc) and short circuit current density (Jsc) are approximately
0.15 V and 0.35 mA/cm?, respectively; for heterostructure with as-deposited Ga-O layer. Slight
increase in the values of the Voc (0.22 V) and Jsc (0.45 mA/cmz) is obtained for the
configuration with the annealed Ga-O film as the window layer. This slight improvement could

be due to improved morphology after annealing or in the crystallinity. It is well known that with
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appropriate annealing condition, enhancement of the morphology and crystallinity of the thin
films can be achieved. The estimated conversion efficiency n is (1.3 and 2.5) x 102 % for

heterostructures with as-deposited and annealed Ga-O layers, respectively.
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Fig. 6.10 Current-voltage characteristics of SnS/annealed-Ga-O heterojunctions with SnS

deposition potential V{ (a) -1.2 and (b) -1.1 V and Ga-O layer is annealed at 400°C for 1 h.
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6.4. Conclusions

Ga-O thin films were electrodeposited on FTO substrate from an aqueous Gay(SO4)3-H,0;
solution. It was found that for higher applied potential and longer deposition time, the film
showed crack-morphology with intense aggregation of particles on the background film.
However, Ga-O samples deposited at relatively lower potential (-1.0 V) exhibited crack-free
surface characteristics and good surface coverage. Moreover, the O/Ga ratios for the as-prepared
samples were very close to 2.0, which signified GaOOH formation. Annealing in air at 500-
600°C reduced the O/Ga to about 1.75. This result suggested the decomposition of GaOOH to
Ga,0;. The surface morphology did not change after thermal treatment. Furthermore, the Ga-O
thin films were found to be transparent in the visible wavelength region. However, the optical
absorption characteristics of the substrate used in this study forbids the estimation of the band
gap. These findings can also be utilized to electrodeposit other oxides semiconductor using H,O,
at room temperature.

Fabrication of Ga-O based heterostructures was made possible by employing step-by-step
electrodeposition technique. SnS/Ga-O superstrate heterojunction showed some rectification with
annealed Ga-O layer; but photovoltaic properties were not achieved by this configuration. The
origin of too large photocurrent measured in this heterostructure is not known. Probably, the
junction formed between SnS and Ga-O is poor. On the contrary, by utilizing Cu,O as absorber
layer instead of SnS, rectification and photovoltaic properties were obtained for Cu,O/Ga-O
heterostructures with as-deposited and annealed Ga-O layer. Estimated Voc, Jsc and n are (0.15,
0.35, 1.3 x 107%) and (0.22 V, 0.46 mA/cm?, 2.5 x 10 %), respectively. The results suggest that
better junction is formed between Cu,0 and Ga-O. However, further studies are still necessary to

improve the photovoltaic characteristics obtained for Cu,O/Ga-O heterojunction solar cells.
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CHAPTER 7

Electrodeposition and Characterization of Fe-O Thin Films from Oxygen-
Bubbled Aqueous Solutions

7.1 Introduction

Micro- and nano-structured iron oxides/oxyhydroxides have been regarded as attractive
semiconductor materials in many scientific and technological applications. They are suitable for
photoelectrochemical solar cells, catalyst/photocatalyst, sensors, electrodes in Li ion batteries and
supercapacitors due to their abundance at or near the Earth’s surface, environmental compatibility,
suitable band gaps and high specific surface area [1-4]. Additionally, iron oxyhydroxides can also
be used as adsorbent materials for environmental concerns. For instance, they are potential
materials for the removal of toxic ions such as Cr (VI) and As (V) in contaminated drinking water
and other polluted aqueous solutions [5-6]. Among the most common iron oxides/oxyhydroxides
polymorphs: hematite (a-Fe,Os), maghemite (y-Fe,Os), magnetite (Fe;04), goethite (a-FeOOH),
akaganeite (B-FeOOH) and lepidocrocite (y-FeOOH); a-Fe,03 is the most popular because it is
thermodynamically and chemically stable over a broad pH range [7-10] and it can sufficiently
utilize ~40% of the visible light spectrum [11]. Numerous reports have been devoted to the
semiconductor properties and potential applications of a-Fe,Os.

Interestingly, iron oxide hydroxides can be utilized as starting precursors to produce iron
oxides by thermal treatment depending on the annealing conditions. For instance, Naono and
Nakai reported the thermal decomposition of y-FeOOH particles to y-Fe,O; at 200°C and to a
more stable phase, o-Fe,O; at 400°C [12]. In addition, Musi¢ et al. studied and reported the
decomposition of B-FeOOH particles to a-Fe,O; at temperature range of 300-600°C [13]. These
reports suggest that iron oxide hydroxides are essential materials to produce the most stable iron

oxide phase, a-Fe,Os.
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Several studies have been devoted to the synthesis, growth, and deposition of y-FeOOH by
spray [14], hydrolysis of Fe ions [15-16], chemical oxidation of Fe(Il) ions or Fe(Il) complexes
[17-26], and electrodeposition techniques [27-32]. Carpenter et al. reported amorphous y-FeOOH
on polyimide film deposited by spray method [14]. Nagtegaal et al. reported deposition of
FeOOH film from iron nitrate solution by hydrolysis at room temperature [15]. Moreover, -
FeOOH can be prepared via the chemical oxidation of green rusts as intermediate products.
Commercially available green rust powders can also be used as starting precursors to produce y-
FeOOH by direct chemical oxidation, though the product is usually a mixture of a-, B- and vy-
FeOOH and Fe;O4 phases. Schneider et al. and J. Majzlan et al. reported the synthesis of y-
FeOOH thin film by chemical oxidation of synthesized green rust thin film [17-18]. Nakanishi et
al. prepared and deposited y-FeOOH on Pd-catalyzed substrates facilitated by electroreduction of
nitrate ions in the solution [27]. FEOOH can be electrodeposited from acidic solution (pH = 2.9)
via reduction of H,O,; as a result, OH™ ions are generated in the process [30]. However, the
solution should contain complexing agent (F) to increase the solubility of Fe’™. Other efforts
have been performed in either slightly higher pH (6.0-8.0) or in acidic solution (pH = 4.1) by
anodic oxidation of ferrous ions. At higher pH, complexing agents such as NH,;  are often
included to increase the solubility of Fe*" [31-32].

So far, the semiconductor properties of y-FeOOH have not been reported and investigated
yet. Hence, this work focuses on electrodeposition of y-FeOOH thin films from oxygen-bubbled
aqueous solution of Fe*" jons at room temperature. Different deposition parameters such as type
of supporting electrolytes, stirring rate, applied potentials, and deposition time are considered in
electrodepositing the films in acidic solution. The as-prepared y-FeOOH thin films are then
characterized to study and investigate their semiconductor properties such as conductivity type,
photoresponse, optical transmission, and band gap. Thermal annealing in air is also considered to
investigate its effect on the composition and quality of the films.

Moreover, the fabrication of Fe-O based heterojunctions by employing step-by-step
electrodeposition of the n-type window (as-deposited and annealed Fe-O) and p-type absorber
(SnS and Cu;0) layers are also presented to discuss the possible heterojunction solar cell

application of the electrodeposited Fe-O thin films.

114



Chapter 7 Electrodeposition and Characterization of Fe-O.....

7.2 Experimental Details

7.2.1 Electrodeposition and characterization of Fe-O thin films

Fe-O thin films were electrodeposited on indium tin oxide (ITO)-coated glass substrate
using the typical three-electrode electrochemical cell with ITO, platinum (Pt) sheet, and saturated
calomel electrode (SCE) as working, counter, and reference electrodes, respectively. An aqueous
solution containing 0.05 M FeSO4.7H,0 and 0.1 M KCI was prepared to electrodeposit the Fe-O
thin films. Sodium sulfate (Na,SO,4) as supporting electrolyte was also used to investigate its
effect on the deposition of the films. In this solution condition, KCI was replaced by Na,SO4 with
equal concentration. The as-prepared solutions were then saturated with oxygen by bubbling
before the start of electrodeposition. Additionally, an investigation for hydrogen peroxide (H,O;)
instead of dissolved oxygen as oxygen precursor was also performed at room temperature; but it
turned out that by adding just one drop of aqueous H,O, in FeSO4-KCl (or FeSO4-Na,;SO4)
solution, the appearance of the solution changed from colorless to transparent reddish-brown,
which indicates oxidation of Fe*" to Fe** (H,0, as oxidizing agent). However, after few minutes,
brown-colored precipitates appeared in the solution. These precipitates could be the highly
insoluble iron (III) hydroxides, Fe(OH)s. Thus, deposition using H,O, as oxygen precursor was
not performed further at the present.

All depositions were carried out at room temperature and in either quiescent or non-
quiescent solution. For non-quiescent condition, the solution was stirred during deposition at
different stirring rates (150, 300, and 600 rpm) using a magnetic stirrer to study its effect on the
quality of the films. Thermal annealing in air for 1 hour was also carried to investigate its effect
on the physical, compositional, and morphological properties of the films.

As a usual procedure prior to electrodeposition, ITO substrate was ultrasonically cleaned in
alkyl benzene, subsequently rinsed in pure water, and finally dried by nitrogen purging. Similarly,
Pt counter electrode was ultrasonically cleaned in deionized water and then dried in nitrogen gas.
Cyclic voltammetry (CV) was carried out to determine the suitable potentials for the deposition

of the film. All deposition potential values were referenced to SCE.
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Compositional analysis and surface morphology studies were performed using a JEOL
JAMP-9500F field-emission Auger microprobe at a probe voltage of 10 kV and a current of 1.0 x
10® A. Argon ion etching was done using an acceleration voltage of 2 kV with ion current of 2.6
PA to sputter the film’s surface. Auger electron spectroscopy (AES) spectra were recorded and
analyzed at the surface and after sputtering the surface with a rate of 10 nm/min. The composition
ratio (Fe/O) was calculated using the standard Fe,Os; compound (with Fe/O ~ 0.67). Additionally,
Raman spectroscopy was done by utilizing JASCO NRS-3300 laser Raman spectrophotometer
for further analysis of the composition of the as-deposited samples. A red laser with 632.83 nm
wavelength was used in Raman spectroscopy. The crystalline structure of the sample was
characterized by X-ray diffraction, which was carried out using a SmartLab X-ray Diffractometer.
The thickness of the films was measured using an Accretech Surfcom-1400D profilometer. A
JASCO U-570 ultraviolet/visible/near infrared (UV/vis/NIR) spectrometer was used for optical

transmission studies from 300 — 1000 nm wavelengths with the substrate as the reference.

7.2.2 Fabrication of SnS/Fe-O and Cu,O/Fe-O heterojunction solar cells

The as-prepared Fe-O thin films were then utilized as window layers and partnered with
potentiostatically-electrodeposited SnS and galvanostatically-electrodeposited Cu,O to fabricate
SnS/Fe-O and Cu,O/Fe-O heterojunctions. All the heterostructures (SnS/Fe-O and Cu,O/Fe-O)
are fabricated with the same heterojunction configurations (superstrate structures), that is, a light
with intensity of 100 mW/cm” was illuminated from the source and transmitted from the substrate
side towards the n-fype layer (Fe-O) and then reached the absorber p-type layer.

For SnS/Fe-O heterojunction structure, SnS was deposited via the three-step pulsed
electrodeposition onto the Fe-O layer. The deposition potentials are V; =-1.0 V, V, =-0.6 V and
V3 =0V at equal pulse time t; =t, = t; = 10 s for 10 min. The working solution contained 10 mM
SnSO4, 50 mM Na,S,05 and 5 or 20 mM FeSO4.7H,0. It has been observed that no good SnS
layer deposition attained on as-prepared Fe-O using the usual solution condition (mixture of
SnSO4 and Na,S,05 only) to electrodeposit SnS layer. This observation is thought to be due to

the possible dissolution of Fe-O film in acidic aqueous solution. Dissolution can be regarded as
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the more dominant process than SnS deposition. Hence, negating this effect is necessary to
provide relatively good SnS thin film deposition on the Fe-O layer. One possible technique is by
buffering the solution with a precursor that supplies the appropriate ions for suppression of
FeOOH dissolution. This technique has been employed by Musselman et al. to fabricate
ZnO/Cu,0 heterojunctions via electrodeposition method [33]. In their work, ZnO powder is used
and added in the solution as the buffering precursor prior to Cu,O deposition. It turns out that
ZnO powder supplies the suitable ions to effectively negate the dissolution effect on ZnO during
Cu,0 layer deposition.

For Cu,0O/Fe-O heterostructures, as-prepared and annealed Fe-O thin films are used as
window layers. The p-fype Cu,O absorber layer is then deposited on Fe-O by employing
galvanostatic electrodeposition. The deposition condition for Cu,O is adopted from the work of
Ichimura and Song [34-35]. Briefly, the Cu,O deposition solution contained 0.2 M CuSOg4, 1.6 M
lactic acid and the pH was adjusted to 12.5 by adding suitable amount of KOH in the solution.
Deposition was carried out in slightly elevated temperature of 40 °C and in a quiescent solution.
A constant current density (-1.0 mA/cm?) was applied to electrodeposit Cu,O on Fe-O layer. The
thickness of the FEOOH layer was varied to investigate its effect on the photovoltaic performance
of the fabricated Cu,O/Fe-O heterostructures. Indium (In) electrodes are then evaporated on ITO
and on the top of Cu,O layer to provide electrical contacts during current-voltage (J-V)

characterizations.
7.3 Results and Discussion
7.3.1 Cyclic voltammetry and thin film formation

Figure 7.1 shows the CV curves obtained from the aqueous solutions (a) without and (b)
with oxygen bubbling. The solution contained 0.05 M FeS0O4.7H,O + 0.1 M KCI. In curve (a),
during cathodic scan, no reduction peak was observed. A sharp increase in reduction current

started at around -0.94 V. This current can be associated to the plating of Fe metal onto the

substrate at a large overpotential due to the reduction of Fe*" to Fe. This onset potential for Fe
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plating agrees very well to the value (-0.947 V vs SCE) obtained by Brogan from FeSO4 aqueous
solution [36]. It has been reported that from thermodynamic calculations the onset of the
reduction Fe*" to produce Fe should begin at around -0.772 (V vs SCE) [37]. The possible reason
for the deviation of the values could be due to the slow rate of reaction at less reductive potential.
Indeed, Fe deposition is expected to happen during cathodic voltage scan from a non-oxygen-
bubbled solution. In the anodic scan, a well-defined anodic peak at -0.5 V is observed. This can

be considered as the oxidation of the deposited Fe attained during cathodic reaction.
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.
Ted

Applied Potential (V vs SCE)

Fig. 7.1 CV curves obtained from 0.05 M FeSO4.7H,O + 0.1 M KCI aqueous solution (a)
without and (b) with oxygen bubbling. The voltage scan rate is 5 mVs™. The directions of

the arrows correspond to cathodic (to the left or down) and anodic (up) scans.

On the other hand, by employing oxygen bubbling as shown in curve (b), the reduction
current started to be visible at -0.55 V and a discernable reduction peak at around -0.70 V was
attained. This could imply that dissolved oxygen promotes the cathodic reaction associated to the
film formation onto the ITO substrate. In the reverse potential scan, two distinct peaks were

observed: at -0.46 and -0.02 V. The peak at -0.46 V is similar to the anodic reaction observed in
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no oxygen bubbling case, while the broad peak at -0.02 V can be considered as oxidation of the
other species present during electrodeposition.

The formation of the iron compound thin films from oxygen-bubbled aqueous iron sulfate
solution at room temperature can be described as electrochemical reaction involving the starting
precursors: Fe', dissolved oxygen and water forming iron oxide hydroxide (FeOOH) as the final

product. The overall reaction mechanism can be represented by,

4Fe* +30, +2H,0+8e” —> 4FeOOH (7.1)

This electrochemical reaction will result to the deposition FeOOH film onto the substrate.
Without oxygen bubbling, the deposition current is very small, that is, very thin film is attained
even after 20 min of deposition. Hence, all samples used for characterization are electrodeposited
from the oxygen-bubbled solutions.

In addition, subsidiary reactions (chemical reactions) other than reaction (7.1) above could
also occur during the deposition process. These reactions may involve generation of H', which in
effect reduces the solution’s pH. The change in pH value was monitored with a pH meter. It was
observed that the pH slightly reduced from 4.60 to 4.40 after 10 min bubbling. By visual
observation, the solution remained clear and precipitation was not seen during the entire bubbling
process. When the bubbling time is extended to 60 min, the solution appearance changed to pale
yellow and the pH further reduced to 4.06. These observations may signify oxidation of some
Fe* ions under acrobic condition. Generally, a change in color (from colorless to yellowish
appearance) can be expected if the amount of oxidized species in the starting solution is larger
than that of the remaining un-oxidized Fe*" ions. At room temperature, this effect is considered
very slow compared to the change at higher temperature condition. To verify this, a separate
experiment is performed at slightly elevated temperature of 40 °C. After 10 min oxygen bubbling,
a yellowish solution was obtained. The pH of this oxygen-bubbled solution reduced to 4.11. This
implies that at higher temperature, the oxidation of Fe*™ happens at a relatively faster rate. In
addition, extending the bubbling duration also decreased the pH significantly with the formation

of yellowish precipitates or colloidal particles.
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Moreover, the solution’s pH further reduced to 3.88 after 20 min deposition. By visual
observation, the solution after deposition contained yellow colloidal particles or precipitates. This
observation is probably due to the reaction of Fe*" with dissolved oxygen and water forming iron
oxide hydroxides as precipitates. The reaction can be described and represented by

2Fe™ + %02 +3H,0 - 2FeOOH +4H" . (7.2)

Reaction (7.2) is similar to the reported precipitation reaction for y-FeOOH produced by

hydration and oxidation of Fe*" ions accompanied by proton generation [38].
y

7.3.2 Surface morphology studies

Fig. 7.2 SEM images of as-prepared Fe-O thin films deposited at -0.9 V for (a) 2, (b) 5, and
(c) 10 min.

Figures 7.2 shows the surface morphologies of the as-prepared thin films deposited at -0.90
V at different deposition times (2 — 10 min). As seen in Fig. 7.2 (a), deposition at -0.9 V for 2
min, the surface seems flat with minimal aggregation. As deposition time is extended up to 20
min as depicted in Fig. 7.3 (a), flake like morphologies become apparent and somewhat disperse
over the entire area. Additionally, the aggregation becomes more intense and non-uniformity in

the surface is very evident. This can contribute to a significant roughness of the films. This flake
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like type morphology of y-FeOOH was reported by Jia et. al on the synthesis of y-FeOOH
nanoflakes by using simple ethylene glycol (EG)-mediated solution method [6]. By comparing
the surface images of the samples deposited at other potentials (-0.8 and -0.7 V) as shown in Figs.
7.3 (b) and (c), the surfaces seem to have similar dispersed flake like morphologies. In addition to
that, non-uniformity in the surface is clearly observed. Extending the deposition potential at more
negative values; for instance, at -1.1 and -1.3 V, the films exhibit a mixture of FeOOH and Fe
metal. As displayed in the surface images in Figs. 7.3 (d) and (e), the surfaces exhibit additional
cubic and a mixture of dominantly cubic-dendritic morphologies at -1.1 and -1.3 V, respectively.

These types of morphology are characteristics of Fe metal constituents in the film.

Fig. 7.3 SEM images of as-prepared Fe-O thin films deposited at (a) -0.9, (b) -0.8 and (c) -
0.7 V for 20 min. Surface images of the films deposited at (d) -1.1 and (e) -1.3 V prepared

for 2 min (magnification: 15,000).
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7.3.3 XRD, Auger, and Raman spectroscopic analyses
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Fig. 7.4 Auger spectra for sputtered surface of as-prepared thin film deposited at -0.9 V
for (a) 20 and (b) 5 min.

Auger spectroscopic analysis was carried out to determine the composition of the films at
the surface as well as at the inner portion of the film. Figure 7.4 shows the AES spectra of the as-

prepared films deposited at -0.9 V after 30 s of Argon ion sputtering. It should be noted that the
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sputtering is usually done to remove contaminations like carbon impurities, which are
ubiquitously present at the film’s surface. As seen in these spectra, Fe and O peaks are clearly
observed with Fe/O ratio ranges from 0.52 - 0.55, which is estimated using the standard Fe,Os.
These results support the formation of non-stoichiometric FEOOH film onto the substrate as
described in reaction (7.1).

It is noticeable that small sulfur (S) peak could appear in the spectrum even after sputtering.
Additionally, chlorine (Cl) peak is evidently visible in the spectrum especially for samples
deposited at shorter times as depicted in Fig. 7.4 (b). The origin of these sulfur and chlorine
impurities could be due to some sulfate (SO4~) and CI” ions that are being incorporated during the
formation of the FeOOH film. To verify this possibility, Raman spectroscopic analysis is

performed for further analysis of the chemical bonding between Fe and O constituents.

as-deposited film
252

n 3184

537 663

Raman Intensity (arb. unit)

100 300 500 700 900

Wavenumber (cm™)
Fig. 7.5 Corresponding Raman shift for the as-prepared thin film deposited at -0.9 V.
Figure 7.5 depicts the Raman shift for the as-prepared film deposited at -0.9 V for 20 min.
Two sharp peaks (252 and 384 cm™) and two broad peaks (537 and 663 cm™) are observed.

These observed peaks are the characteristic Raman shifts of y-FeOOH [39-44]. These results

further confirm the formation of FeOOH onto the substrate. However, the presence of S
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impurities due to sulfate ions as detected in AES measurement can be considered small since no
peak associated to sulfate band (which is prominently located near 1000 cm™) [45] is displayed in
Raman result. It is important to note that the inclusion of SO,* and CI ions in FeOOH has been
reported to be possible. For instance, previous studies have concluded that B-FeOOH material

contains chloride ions [46-48].
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Fig. 7.6 XRD patterns for the ITO substrate and the as-prepared thin films deposited at
different potentials: -0.90 and -0.95 V for 20 min.
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Figure 7.6 shows the XRD patterns of as-prepared thin films deposited at -0.90 and -0.95 V.
The pattern of ITO substrate is also shown for comparison. It is observed that no perceivable
XRD peaks associated to y-FeOOH for the film deposited at -0.90 V. This suggests that the
electrodeposited y-FeOOH thin film consists of very fine grains (nanocrystalline structure), i.e.,
the film does not have a long-range order sufficient for XRD but a sufficient short-range order for
Raman scattering. However, for the film deposited at -0.95 V, the prominent peak of a-Fe, (110)
diffraction, is clearly observed at 20 = 44.66°. Additionally, the peak near 20 = 65° can be
associated to Fe(200) diffraction. These results imply that the plating of Fe metal onto the
substrate is obtained at reduction potentials more negative than -0.90 V. As discussed in the CV
results, the onset of Fe plating occurs near -0.95 V. It can be said that the film deposited at a
reduction potential of -0.95 V is a mixture of FeOOH and a highly crystalline a-Fe. With this
observation, the maximum reduction potential to obtain pure y-FeOOH film without Fe

impurities is at -0.90 V.

7.3. 4 Optical transmission and band gap estimation

Figure 7.7 shows the optical transmission of the y-FeOOH films deposited at -0.9 V for 10
and 20 min. It should be noted that since the ITO substrate was used as the reference in the
double-beam spectrometer measurement, the effects of the substrate absorption was basically
removed. However, the transmission of the substrate in the UV range (< 350 nm) is low, and
therefore the data in the wavelength range < 350 nm may be not so reliable. As depicted in the
figure, no clear absorption edge is observed for the thicker sample deposited for 20 min because
the optical transmission of the sample gradually decreases with wavelength; but for the thinner
film, an absorption edge is apparently between 400 and 500 nm. Hence, this absorption edge can
be regarded as the optical characteristic of the as-deposited y-FeOOH film.
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Fig. 7.7 Optical transmission for the as-prepared thin films deposited at -0.9 V for (a) 10
and (b) 20 min.
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Fig. 7.8 The corresponding Tauc’s plot of the transmission curve for the FeOOH sample

deposited at -0.9 V for 10 min to estimate the band gap.
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The optical band gap of y-FeOOH can be experimentally determined from the plot of (ahv)’
versus hv, where a is the absorption coefficient near the absorption edge, 4 is the Planck’s
constant and v denotes the frequency. The linear region is extrapolated to estimate the band gap
as depicted in Figure 7.8. As seen in this Tauc’s plot, the band gap is estimated to be 2.6 eV. This
value is slightly higher than the reported band gaps of a-Fe,0s;, y-Fe,O3; and B-FeOOH materials
(2.0~2.2 eV) [49-52]. These results may suggest the potential usage of y-FeOOH obtained via

electrodeposition technique for solar cells and other device applications.

7.3.5 Photoelectrochemical measurements: conductivity type and photosensitivity determination
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Fig. 7.9 Photoresponse characteristics of y-FeOOH film deposited at -0.9 V for 20 min.
Photoelectrochemical (PEC) measurements using the as-deposited y-FeOOH as the cathode
electrode were carried out in aqueous solution containing 100 mM Na,SO4 under chopped

illumination (with an intensity of 100 mW/cm?) from the substrate side of the film to evaluate

and determine the photosensitivity and also the conductivity type of the semiconductor material.
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The photocurrent response is recorded or plotted against the applied potential (linearly increasing
or fixed). Figure 7.9 shows the PEC response of the as-prepared y-FeOOH under linearly
increasing bias from -0.2 to +1.0 (V vs SCE). For reverse (cathodic) bias, only an increase in
current is attained under dark and illumination conditions. However, the photocurrent response
during forward (anodic) bias scan is clearly observed, that is, positive photocurrent increased
under illumination and decreased under dark condition. Hence, generation of carriers by photo
irradiation occurs in the electrodeposited y-FeOOH. Since the observed photocurrent is positive,
the photogenerated minority carriers are holes. Thus, the as-deposited y-FeOOH exhibits n-type

conductivity.
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Fig. 7.10 Photoresponse for y-FeOOH film at constant applied potential of 0.6 (V vs SCE).

Figure 7.10 shows the transient photocurrent response obtained by applying a potential of
0.6 (V vs SCE) at the scan rate of 5 mV/s. The photocurrent of the as-deposited y-FeOOH thin
film shows no sign of any degradation. This implies that the material is quite stable in Na;SOy4
aqueous solution. Thus, this result suggests that y-FeOOH thin films can have a potential use in

water splitting applications.
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7.3.6 Effect of stirring and supporting electrolytes
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Fig. 7.11 Current density profiles obtained from deposition in aqueous solutions with either

KCl or Na,SQOy4 as supporting electrolytes. Inset shows the morphology of the sample.

As discussed in the AES results presented in Section 7.3.3, CI ions can be incorporated in
the y-FeOOH film. These anions can be adsorbed during film formation. It has been known that
the formation of FeOOH could also depend on the nature of the anions present in the starting
solution. For instance, chloride as an inert anion is preferred to produce y-FeOOH and carbonates
direct the system towards goethite (a-FeOOH) formation [53-54]. Additionally, Cl" and SO4*
ions are useful to obtain pure y-FeOOH via the formation of intermediate green rust products [55].
It is also possible that during the formation of FeOOH from solutions with the presence of both
CI" and SO4* ions, the inclusion of these anions by adsorption can be expected. Thus, for this
reason, instead of KCl as supporting electrolytes, Na,SOy is utilized to ensure homogeneity of the
anions in the solution (SO42' ions) since the Fe salt (FeSO4+7H,0) already has the sulfate

component. This preparation surely avoids the inclusion of CI” ions during film formation.
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Figure 7.11 shows the current density profiles for the y-FeOOH films deposited at -0.9 V
for 10 min using different supporting electrolytes added into the solution. It is observed that at
the initial stage of electrodeposition, the obtained current density is higher in the solution with
Na,SO4 compared to that attained in the solution with KCI. This could mean that the non-
uniformity of the anions in the solution might affect the deposition of the film onto the substrate.
As seen also in the figure, after the initial surge of deposition, a large decrease in the reduction
current is observed for solution with either KCI or Na,SOy4 as supporting electrolyte. After around
100 s, a constant reduction current is obtained. The decrease could be associated not only to the
increase of the resistivity of the substrate when the film started to form but also to the decrease of
the available ions near the vicinity of the substrate to participate in the formation of the film. In
addition to that, as discussed in Section 7.3.1, a subsidiary reaction could happen during
deposition; as a result, some yellowish precipitates were formed in the solution.

The formation of precipitates could affect the deposition of the film via electrochemical
reaction. It is observed that the precipitate formation is more apparent when the duration of
deposition is extended to 30-60 min. As noted also that this formation of yellow precipitates is
very sluggish at room temperature condition. Hence, at shorter deposition time, y-FeOOH film is
dominantly formed due to the electrochemical reaction described by reaction (7.1). The inset in
Fig. 7.11 shows the morphology of the film deposited at -0.9 V for 20 min from FeSO4-Na,SO4
solution. This morphology and the image shown in Fig. 7.3 (a) for the film prepared from FeSOs-
KCI solution that is deposited at the same potential and deposition duration conditions display
very similar surface morphology.

Figure 7.12 (a) depicts the transmission curve of the sample deposited from the solution
using Na,SOy as supporting electrolyte. It can be seen that the optical transmission of the sample
deposited from the mixture of FeSO4-Na,SOy is slightly improve from 500-1000 nm wavelength
range. It is observed that very similar morphology as shown in Fig. 7.2 (¢) is attained from this
solution condition. Hence, the reason for the slight improvement is not yet known. In addition to
that, the absorption edge is also slightly shifted towards longer wavelength. In fact, a large

decrease in transmission started at around 550 nm for the sample obtained from FeSO4-Na,SO4
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solution and ~500 nm for the sample deposited from the FeSO4-KCl solution. As displayed in the
Tauc’s plot shown in Fig. 7.12 (b), the band gap of y-FeOOH film is estimated to be ~2.45 eV.
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Fig. 7.12 (a) Transmission curve and (b) the corresponding Tauc’s plot obtained for the
sample deposited from solution with Na,SO4 as supporting electrolyte. The transmission

curve for the sample deposited from the solution with KCl is re-plotted for comparison.
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In addition to this slight improvement in the optical properties, the homogeneity of the
anions in the working solution results to the disappearance of the Cl peak in the AES spectrum.

Only sulfur impurity represented by the S peak is observed after 180 s of sputtering (Figure 7.13).
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Fig. 7.13 Auger spectrum for the FeOOH sample prepared from FeSO4-Na;SO4 solution
and deposited at -0.9 V for 20 min.

The effect of stirring is also studied by employing magnetic stirrer during deposition at
different stirring rates from 150 — 600 rpm. By stirring the solution during deposition, it could be
assumed that a homogenous distribution of cathodic and anodic ions in the electrolyte can be
achieved. The relationship of the obtained film thickness against stirring rate is plotted and
shown in Figure 7.14. It is observed that for non-stirred FeSO4-Na,SO4 solution, a thickness of
50 nm is achieved after 10 min of deposition. Almost the same film thickness is attained when
deposition is carried out in stirred solution at a rate of 150 rpm. However, for much higher

stirring rate (300 and 600 rpm), the obtained film thickness is 150 and 350 nm after 10 min of
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deposition, respectively. This implies that the thickness can be significantly increased by stirring
the solution at an appropriate rate during deposition. Additionally, much thicker film (~1.0 um) is
obtained at 600 rpm compared to ~ 0.5-0.6 um at 300 rpm after 60 min of deposition. The reason
for the significant increase in the thickness obtained in stirred solution can be analyzed from the
current density recorded and monitored during film formation. It is expected that a higher current
density will result to a thicker film (larger thickness). By looking at the current density profiles
obtained from the stirred solutions as shown in Figure 7.15, the deposition current is clearly

enhanced by stirring.
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Fig. 7.14 Relationship of film thickness against stirring rate for as-prepared y-FeOOH thin
films deposited at -0.9 V for 10 min.
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Fig. 7.15 Current density profiles obtained from stirred solutions containing FeSO4 and

Na,SOy at different stirring rates (a) 300 and (b) 600 rpm.

Fig. 7.16 SEM images for as-prepared Fe-O thin films from stirred solution at a rate of (a)
150, (b) 300, and (c) 600 rpm. All samples are deposited at -0.9 V for 10 min.
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Fig. 7.17 Transmission curves for the as-prepared FeOOH films deposited from stirred
FeSO4-Na,SOy4 solutions at a rate of 300 and 600 rpm. Also shown is the transmission curve

for the film obtained from non-stirred condition.

The enhanced current density attained for deposition under stirring condition can be
regarded as the improvement in the deposition condition. The surface morphologies of the as-
prepared thin films obtained from stirred solution at different rates: (a) 150, (b) 300, and (c) 600
rpm are shown in Figure 7.16. It can be seen that a similar disperse flake like morphologies are
attained with some aggregations; but it seems that the aggregation is reduced by stirring. This
observation can be deduced by comparing Fig. 7.16 (c) with the morphology displayed in the
inset of Fig. 7.11. Both these films exhibit same thickness (~0.35 um); however, intense
aggregation is very apparent for the film deposited under non-stirred solution. In stirred solution
condition, the roughness is somewhat reduced. This is may be due to the removal of some weakly

bonded aggregates by stirring during film deposition.
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Fig. 7.18 Band gap estimation for the as-prepared films deposited from stirred FeSOy-
Na,SOy solutions at different stirring rates (300 and 600 rpm).

Figure 7.17 shows the transmission curves for the as-prepared samples deposited at -0.9 V
from stirred FeSO4-Na,SO, solutions at different rates (300 and 600 rpm). The reduced
transmission attained for stirred solutions is due to the difference in thickness (as illustrated in
Fig. 7.14 for 10 min of deposition). The corresponding Tauc’s plots of the transmission curves
for the samples prepared at 300 and 600 rpm are depicted in Figure 7.18. It appears that the band
gaps of these films are slightly lower (2.2 — 2.25 eV). These estimated values are consistent with
the observed absorption edge, which are slightly shifted towards higher wavelength (e.g. closer to

600 nm for sample deposited under 600 rpm stirring rate condition).
7.3.7 Annealing effects on Fe-O thin films: morphological and compositional analyses

Thermal annealing was performed using the tube furnace in ambient air for 1 h. The as-
prepared FeOOH thin film deposited at -0.9 V for 10 min from stirred solution at a rate of 600

rpm is used for this study. The annealing temperature is kept at 400°C. Figure 7.19 shows the

variation of the composition ratios: O/Fe and S/(Fe+O) with depth for the annealed film. It is
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observed that the surface contains no sulfur and higher O/Fe ratio (close to 2.0). After 30 s of
sputtering, the O/Fe ratio reduced to ~1.80. The reason for this oxygen-rich composition is not
yet investigated. Possibly, some oxygen impurities are present at or near the surface. After 120
and 300 s sputtering, the composition ratio is reduced to 1.60-1.62, which is closer to the
stoichiometric ratio of Fe,Os;. Meanwhile, the S/(Fe+O) ratio after Argon ion sputtering can be
considered very small (0.02-0.03). Additionally, the morphology of the annealed sample is
somewhat refined (by comparing Fig. 7.16 (c) and the inset SEM image in Fig. 19).
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Fig. 7.19 Composition ratios (Fe/O and S/(Fe+Q)) obtained from Auger analysis at the
surface and the inner part of the film (annealing temperature: 400°C). Inset shows the SEM

image of the annealed sample.

Raman spectroscopy is done to analyze further the chemical composition of the film.
Figure 7.20 shows the Raman spectrum of the annealed sample. Also shown for comparison is

the measured typical Raman characteristics of commercial Fe,O; powder as standard. The
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prominent Raman shifts for the annealed samples are located at the wave numbers 225, 296, 408,
497, 610, and 1311 cm™. These wave numbers can be regarded as the Raman characteristics of a-
Fe,O3; material. Also, it seems that there is a slight shift of the observed wave numbers for the
annealed sample in referenced to that obtained for Fe,O3; powder as standard. This can be due to
some defects, which could be present in the film. Thus, the transformation of electrodeposited y-
FeOOH to a-Fe;Os by thermal annealing is confirmed; the result also agrees well on the reported

transformation at this temperature [12].
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Fig. 7.20 Raman spectrum of annealed-FeOOH thin film. The typical Raman shifts of Fe,O;

powder is also shown for comparison.
7.3.8 Fabrication and characterization of SnS/FeOOH heterostructures

As reported by Musselman et al. that the buffering technique employed during Cu,O

electrodeposition by adding appropriate amount of ZnO powder as the buffer prevents unwanted
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impurities and dissolution of ZnO nanostructures during Cu,O deposition; thus, effectively
improved the photovoltaic performance of the ZnO/Cu,O heterostructures [30].

In a similar manner, for SnS deposition solution, adding small amount of FeSO4 shows
improvement in the SnS deposition (continuous and adhered-well on the FeOOH film). The
effect of adding FeSO4 can be regarded as: (a) a buffer in the solution to suppress the dissolution
of FeOOH film during SnS deposition and (b) Fe may be deposited and incorporated in the SnS
forming Fe-doped SnS or the like. In the latter consideration, for an aqueous solution containing
Sn*" and Fe*" ions, the electroreduction of Sn”" is highly favorable compared to Fe*" reduction
since the standard potential for Sn*" reduction forming Sn’ (E° = -0.38 V vs SCE) is less negative
(or more positive) than that of Fe*" reduction forming Fe” (-0.65 V vs SCE). Although it is
possible that Fe can be incorporated in the SnS films depending on the applied potential; but at
V; =-1.0 V, Fe peak was not detected in the AES spectrum, as shown in Figure 7.21, for the

sample deposited under the described solution condition.

Sn

Intensity (arb. unit)

Sn:$=1:1.13

100 200 300 400 500 600 700 800
Energy (eV)

Fig. 7.21 AES spectrum for SnS thin film deposited from FeSO4-SnSO4-Na,S,0; solution.
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Fig. 7.22 Current-voltage characteristics of SnS/FeOOH heterojunctions with SnS layer
deposited from the mixture of SnSO4-FeSO4-Na,S,0; in aqueous solution with different

FeSO4 concentration: (a) 0.0005 and (b) 0.02 M.
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Figure 7.22 depicts the current-voltage (J-V) characteristics of the fabricated SnS/FeOOH
heterojunctions with SnS layer electrodeposited from a mixture of SnSO4-FeSO4-Na,S,0;3
aqueous solution. For a low concentration (0.005 M) of FeSO4 added in the SnS deposition
solution, the heterostructure exhibited nearly ohmic type behavior and no photovoltaic
characteristics were attained. However, when 0.02 M FeSO, was added in the solution prior to
SnS deposition on FeOOH layer, the heterojunction characteristics showed some improvement in

the rectification property; but still no photovoltaic effect was observed.
7.3.9 Fabrication and characterization of Cu;O/FeOOH heterostructures

Another potential thin film-based p-type absorber material that can be utilized to fabricate
heterojunction solar cells is the Cu,O semiconductor. Cu,O partnered with ZnO to obtain p-n
heterostructure have shown promising photovoltaic properties [33-35]. In this regard and with the
successful elucidation of the potential features of FEOOH material as discussed mostly in this
chapter, the fabrication of Cu,O/FeOOH is attempted in this work for the first time. Cu,O thin
film is electrodeposited on as-deposited and 400°C-annealed FeOOH thin film via galvanostatic
approach (at constant cathodic current). Three different heterostructures were fabricated using
both as-deposited and annealed FeOOH layers. For Cu,O/FeOOH superstrate heterostructure
with as-deposited FeOOH layer, two different thicknesses (0.05 and 0.35 pm) of FeOOH thin
films are considered: (1) Cuy0/0.05-FeOOH and (2) Cu,0/0.35-FeOOH heterojunction structures.

The J-V characteristics of structure (1) are shown in Figure 7.23. From this figure, the
Cu,0/0.15-FeOOH heterojunction displays some rectifying behavior and the photocurrent is
clearly observed under illumination condition. Furthermore, the photovoltaic properties of the
heterostructure are evaluated by expanding the region near 0 V in the J-V curve in illumination
condition as depicted in Fig. 7.23 (b). The obtained open circuit voltage (Voc) and short circuit
current (Jsc) are 0.11 V and 0.95 mA/cmz, respectively. Moreover, the variation in the solar cell
parameters is apparently observed from one electrode to another within the entire heterojunction
area, that is, the photovoltaic parameters are Voc = 0.08 — 0.11 V, Jsc = 0.82 — 0.95 mA/cm® and
n=14-25x 107 %. Similarly, for structure (2) with 0.35 um FeOOH layer, the photovoltaic
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characteristics are also confirmed as displayed in Figure 7.24; but the best values of the solar cell
parameters for this structure are Voc = 0.07 V, Jsc = 0.65 mA/cmz, andn=12x 107 %:; these
values are smaller than that obtained from structure (1) with thinner FeOOH layer. Additionally,

non-uniformity in the values from one electrode to another is apparent.
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Fig. 7.23 J-V characteristics for Cu,0/0.05-FeOOH heterojunction under dark and

illumination conditions.
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Fig. 7.24 J-V curves of Cu,0/FeOOH heterojunction with 0.35 pm-thick FeOOH layer

under dark and illumination conditions.
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Fig. 7.25 J-V curves of Cu,0/Fe;03 heterojunction under dark and illumination conditions.

143



Chapter 7 Electrodeposition and Characterization of Fe-O.....

Figure 7.25 depicts the J-V characteristics of the fabricated Cu,O/Fe,O; heterostructure
under dark and light conditions. The Fe,O; window layer was obtained by annealing the as-
prepared FeOOH layer, which was deposited at -0.9 V for 10 min prior to the electrodeposition of
Cu0. The annealing condition was 400°C in air for 1 h. The annealed FeOOH film appeared
reddish-orange, which is a typical appearance of Fe;O;. As seen in this figure, the Cu,O/Fe,03
heterojunction exhibits some rectifying properties and the photovoltaic characteristics are
demonstrated and confirmed under light condition. The best values of the solar cell parameters
are Voc = 0.10 V and Jsc = 0.27 mA/cm?. The estimated efficiency 1 is in the order of 107 %. All
the fabricated heterostructures based on the combination of Cu,O and as-deposited and annealed
FeOOH (or Fe,0;) thin films display some rectifying and photovoltaic characteristics, but the
fabrication process is not yet optimized. Further studies are still necessary to optimize the

fabrication condition.

7.4 Conclusions

v-FeOOH thin films were successfully electrodeposited on ITO substrate by employing
simplified electrodeposition approach on oxygen-bubbled aqueous solution containing FeSOs-
KCl ions at room temperature. Potential values in the vicinity of -0.70 V vs SCE were chosen as
the suitable potentials to electrodeposit pure y-FeOOH films. Extending the deposition potential
favored intense aggregation with disperse flake like morphology. Raman spectrum of the as-
deposited thin film showed two sharp peaks at (252 and 384) cm™ and two broad peaks at (538
and 664) cm™. These Raman shifts are the characteristics of y-FeOOH material. From AES study,
the estimated Fe/O ratios (0.51 ~ 0.54) agree well on the Raman result. Photoelectrochemical
measurement revealed that the as-deposited y-FeOOH was quite stable in Na,SOs aqueous
solution and exhibited n-type conductivity. Furthermore, the photoresponse was confirmed under
illumination condition.

Homogeneity of the anions was performed by choosing suitable supporting electrolyte
(NaySOy). Electrodeposition from FeSO4-Na,SO4 showed slight improvement in the deposition
current; but the physical and morphological properties of these films did not change significantly.
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However, slight change in the optical transmission and band gap was elucidated. By employing
stirring during deposition, thicker y-FeOOH could be achieved at shorter deposition time. This is
due to an enhanced deposition current incurred by stirring. Improvement in the optical and
morphological properties were attained under stirred solution condition. The absorption edge of
the y-FeOOH thin film was found to be between 400-600 nm wavelength range and the direct
band gap was approximated to be 2.2 - 2.6 eV.

SnS/FeOOH, Cu,0/FeOOH, and Cu,0O/Fe,03 have been successfully fabricated for the first
time by employing electrodeposition method. SnS/FeOOH with SnS layer electrodeposited from
a mixture of SnSO4-FeS04-Na,S,03; showed some rectification but no photovoltaic behavior.
However, Cu,O/FeOOH and Cu,0O/Fe,O3 heterojunctions exhibited both rectifying and
photovoltaic characteristics. The best solar cell parameters: Voc =0.11 V, Jsc = 0.95 mA/cm? and
n = 2.5 x 107 % were achieved from the Cu,O/FeOOH heterostructure with 0.05 pm-thick
FeOOH layer. Further investigation and optimization of the fabrication conditions are still needed

to exploit the photovoltaic properties attained in the present experimental conditions.

145



Chapter 7 Electrodeposition and Characterization of Fe-O.....

References

[1]
[2]
[3]
[4]
[5]

[6]

[7]
[8]

E. L. Miller, D. Paluselli, B. Marsen, and R. E. Rocheleau: Thin Solid Films, 466 (2004) 307.

B. Pal and M. Sharon: Thin Solid Films, 379 (2000) 83.

S. S. Kulkarni and C. D. Lokhande, Mater. Chem. Phys., 82 (2003) 151.

J. Sarradin, A. Guessors, and M. Ribes, J. Power Sources, 62 (1996) 149.

H. Li, W. Li, Y. Zhang, T. Wang, B. Wang, W. Xu, L. Jiang, W. Song, C. Shu, and C. Wang:

J. Mater. Chem., 21 (2011) 7878.

Y. Jia, T. Luo, X. Yu, Z. Jin, B. Sun, J. Liu, and X. Huang: New J. Chem. (2013) Advance
Article.

M. Patange, J. Jadhav, and S. Biswas: AIP Conf. Proc. 1447 (2012) 455.

T. Lindgren, H. Wang, N. Beermann, L. Vayssieres, A. Hagfeldt, and S.E. Lindquist: Sol.
Ener. Mater. Sol. Cells 71 (2002) 231.

J. H. Kennedy and M. Anderman: J. Electrochem. Soc. 130 (4) (1983) 848.

S. S. Shinde, R. A. Bansode, C. H. Bhosale, and K. Y. Rajpure: J. Semicond. 32 (2011)
013001.

S. Agarwala, Z. H. Lim, E. Nicholson, and G. W. Ho: Nanoscale 4 (2012) 194.

H. Naono and K. Nakai: J. Colloid and Interface Sci. 128 (1989) 146.

S. Musi¢, S. Krehula and S. Popovi¢: Mater. Lett. 58 (2004) 444.

E. E. Carpenter, V. Cestone, G. Landry, V. G. Harris: Chem. Mater. 15 (2003) 1235.

M. Nagtegaal, P. Stroeve, J. Ensling, P. Gutlich, M. Schurrer, H. Voit, J. Flath, J. Kashammer,
W. Knoll, and W. Tremel: Chem. Eur. J. 5 (1995) 1331.

C. Peng, B. W. Jiang, Q. Liu, Z. Guo, Z. J. Xu, Q. Huang, H. J. Xu, R. Z. Tai and C. H. Fan:
Energy Environ. Sci. 4 (2011) 2035.

M. Schneider and M. Stratman: Ber. Bunsenges. Phys. Chem., 96 (1992) 1731.

J. Majzlan, L. Mazeina, and A. Navrotsky: Geochim. Acta 71 (2007) 615.

E. Repo, M. Miinen, S. Rengaraj, G. Natarajan, A. Bhatnagar and M. Sillanpdi: Chem. Eng.
J. 180 (2012) 159.

T. Ishikawa, H. Nishimori, I. Abe, and K. Kandori: J. Mater. Sci. Lett. 12 (1993) 1359.

T. Ishikawa, K. Takeuchi, K. Kandori, and T. Nakayama: Colloids Surf. A 266 (2005) 155.

146



Chapter 7 Electrodeposition and Characterization of Fe-O.....

[37]
[38]

[39]

[40]
[41]

[42]

R. F. Chen, H. X. Chen, Y. Wei, and D. L. Hou: J. Phys. Chem. C 111 (2007) 16453.

Y. L. Lin, Y, Wei, and Y. H. Sun: J. Mol. Catal. A: Chem. 353-354 (2012) 67.

P. Borer, B. Sulzberger, S. J. Hug, S. M. Kraemer and R. Kretzschmar: Environ. Sci. Technol.
43 (2009) 1871.

S. Das, M. J. Hendry, and J. Essilfie-Dughan: Appl. Geochem. 28 (2013) 185.

N. Schwertmann and R.M. Corneil: Iron Oxides in the Laboratory, VCH Publishers, New
York, (1991).

T. Nakanishi, Y. Masuda, and K. Koumoto: J. Cryst. Growth 284 (2005) 176.

H. Antony, S. Peulon, L. Legrand, and A. Chausse: Electrochim. Acta, 50 (2004) 1015.

A. Jagminas, K. Mazeika, E. Juska, J. Reklaitis and D. Baltrtinas: Appl. Surf. Sci. 256 (2010)
3993.

R. Schrebler et al.: Electrochem. Solid-State Lett. 10 (10) (2007) D95.

L. Ryan and K. S. Choi: Chem. Mater. 21 (2009) 3701.

L. Martinez et al.: J. Electrochem. Soc. 154 (3) (2007) D126.

K. P. Musselman, A. Marin, A. Wisnet, C. Scheu, J. L. MacManus-Driscoll, and L. Schmidt-
Mende: Adv. Funct. Mater. 21 (2011) 573.

M. Ichimura and Y. Song: Jpn. J. Appl. Phys. 50 (2011) 051002.

Y. Song and M. Ichimura: Jpn. J. Appl. Phys. 51 (2012) 10NC39.

L. J. Brogan: Electrochemistry of FeSO4Na»S>03 and CuSO4Na,S,0; Systems for Template-
Assisted Nanowire Synthesis, Ph.D. Thesis (2011).

Ref. 36 & references therein.

H. Lin, H. Sakamoto, W. S. Seo, K. Kuwabara, and K. Koumoto: J. Cryst. Growth 192 (1998)
250.

D. L. A. de Faria, S. Venancio Silva and M. T. de Oliveira: J. Raman Spectroscopy 28 (1997)
873.

R. J. Thibeau, C. W. Brown and R. H. Heidersbach: Appl. Spectrosc. 32 (1978) 532.

D. Thierry, D. Persson, C. Leygraf, N. Boucherit and A. Hugot-Le Goft: Corros. Sci. 32
(1991) 273.

G. Nauer, P. Stretcha, N. Brinda-Konopik and G. Liptay: J. Thermal Anal. 30 (1985) 813.

147



Chapter 7 Electrodeposition and Characterization of Fe-O.....

[53]
[54]

[55]

T. Ohtsuka, K. Kubo and N. Sato: Corrosion 42 (1986) 476.

J. Diinnwald and A. Otto: Corros. Sci. 29 (1989) 1167.

W. Rudolph, M. H. Brooker, and P. R. Tremaine: J. Solution Chem. 28 (8) (1997) 757.

C. Leygraf and T. Graedel: Atmospheric Corrosion, Wiley-Inter-Science, New York (2000) 9.
R. M. Cornell and U. Schwertmann: The Iron Oxides, Wiley-VCH, Weinheim (2003) 185.
S.-K. Kwon, S. Suzuki, M. Saito, T. Kamimura, H. Miyuki and Y. Waseda: Mater. Trans. 46
(9) (2005) 2030.

H. B. Russell: Characterization of Hematite Nanowire Arrays Synthesized by Atmospheric
Plasma, Ph.D. Thesis (2009)

G. Rahman and O.-S. Joo: Mater. Chem. Phys. 140 (2013) 316.

Z. Sun, X. Feng, and W. Hou: Nanotech. 18 (2007) 455607.

A. G. Joly, G. Xiong, C. Wang, D. E. McCready, K. M. Beck, and W. P. Hess: Appl. Phys.
Lett. 90 (2007) 103504.

L. Carlson and U. Schwertmann: Clay Min. 25 (1990) 65.

U. Schwertmann and R. M. Cornell: Iron Oxides in the Laboratory: Preparation and
Characterization, Wiley-VCH, Weinheim (2000) 93.

M. Kiyama, N. Jikuhara, and T. Takada: Bull. Chem. Soc. Japan 46 (1973) 323.

148



Chapter 8 Summary and Conclusion

CHAPTER 8

Summary and Conclusion

This thesis reports the essential experimental results and characterizations on the
electrodeposition of three (3) transparent oxide materials (SnO,, Ga-O, and Fe-O) at room
temperature and in aqueous solutions. The effects of different electrochemical parameters are
considered to explain and discuss the physical, structural, morphological, electrical and optical
properties of these oxide films. The importance of the two different oxygen precursors (dissolved
oxygen and H,0,) for successful electrodeposition of oxide semiconductors is also elucidated.
Furthermore, the potential usage of these oxides are attempted and demonstrated for future
considerations in solar cell fabrications. The significant results achieved and presented in the

preceding chapters are summarized and suggestions for future work are discussed in this chapter.

8.1 Electrodeposited SnO; thin films

Electrodeposition of tin oxide (SnO,) thin films onto ITO substrate from strongly acidic
(pH < 1) aqueous solution containing 30 mM SnSO4 at room temperature was successfully
performed by employing oxygen bubbling either before or during deposition. The dissolved
oxygen was considered as the oxygen precursor for the formation of SnO, thin films. Transparent
films were obtained from oxygen-bubbled solution at shorter deposition time. The as-deposited
films showed nearly stoichiometric ratios (Sn:O = 1:1.96). Photoelectrochemical measurement
revealed the n-fype conductivity and the photosensitivity of the films under illumination
condition. Thermal annealing in air did not significantly change the composition of the SnO,

films.
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Superstrate heterostructures based on SnO, and SnS materials were fabricated by
electrodeposition method. The SnS/SnO, superstrate structure with 250°C-annealed SnO, as a
window layer exhibited an open circuit voltage (Voc) of 60-90 mV and a short circuit current
density (Jsc) of 1.54-9.74 mA/cm®. However, the solar conversion efficiencies (107 — 107%) are
still low; this could be due to the interface defects in SnS/SnO; heterostructure as displayed by
the observed surface states in the SnO, layer. From core level spectroscopic analysis at the
SnS/Sn0O, interface, the valence band offset was determined to be approximately 1.85 eV. Using
this value and the band gaps of individual layers, the conduction band minimum of SnO, was
predicted to be higher than that of SnS by 0.65 eV; i.e., the fabricated SnS/SnO; heterojunction

exhibited a type I heterostructure.

8.2 Electrodeposited Ga-O thin films

Electrodeposition of Ga-O thin films on FTO-coated glass substrate was successfully
carried out at room temperature from aqueous gallium sulfate solutions with hydrogen peroxide
as oxygen precursor. The optimization of different deposition parameters such as deposition
voltage, amount of H,O, and deposition time was found to be crucial in the obtainment of a
crack-free and smooth film. Nearly smooth and crack-free morphologies were attained at -1.0 (V
vs SCE) deposition potential. As-deposited films showed O to Ga ratio of 2.0, which signified
GaOOH formation. Thermal annealing in air at 500-600°C reduced the O/Ga ratio closer to
stoichiometric gallium oxide (Ga,Os) but retained the morphology of the films. As-prepared
GaOOH films with ~0.2 pm thickness have 80% transparency in the visible wavelength range.
However, the band gap could not be estimated because no absorption edge was observed.

Fabrication of SnS/Ga-O and Cu;O/Ga-O heterojunctions was successfully done by
employing electrodeposition of each layer. For SnS/Ga-O heterostructure, the rectification
property was confirmed for structure with SnS layer deposited on thermally annealed Ga-O layer.
However, the photovoltaic characteristics were not attained for this heterojunction. On the
contrary, heterostructures fabricated using galvanostatically-electrodeposited Cu,O and

potentiostatically-electrodeposited Ga-O (as-deposited and annealed) layers exhibited some
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rectifying and photovoltaic characteristics. The solar cell parameters: open circuit voltage and
short circuit current (Voc, Jsc) are (0.15 V, 0.35 mA/cmz) and (0.22 V, 0.45 mA/cmz) obtained
from CuyO/Ga-O heterojunctions with as-deposited and 400°C-annealed Ga-O layers,

respectively.

8.3 Electrodeposited Fe-O thin films

Another interesting oxide semiconductor is the y-FeOOH thin film electrodeposited on ITO-
coated glass substrate from oxygen-bubbled aqueous solutions containing FeSO,4 and either KCl
or Na SOy as supporting electrolytes at room temperature. Dissolved oxygen is considered as the
oxygen precursor to deposit FeEOOH. Different deposition parameters such as applied potential,
deposition time, nature of supporting electrolytes, and stirring conditions have shown significant
effect on the quality of FeOOH films. Potential values in the vicinity of the observed reduction
peak (-0.7 V vs SCE) were chosen to electrodeposit the films. The observed Raman shifts at 252,
384, 538, and 664 cm™' signified the characteristics of y-FeOOH material. The Fe/O ratios of
0.51-0.54 were obtained from AES. XRD result suggested that the as-deposited y-FeOOH film is
nanocrystalline with crystallite size probably an order of nanometers. Photoelectrochemical
measurement revealed that the as-prepared y-FeOOH film exhibited n-type conductivity and
photoresponse was confirmed during illumination. Moreover, the inclusion of Cl impurities in the
film was avoided by ensuring the homogeneity of the anions in the solution. The band gap of y-
FeOOH was estimated to be 2.2 — 2.6 eV. A transformation of y-FeOOH thin films to a-Fe,O;
was attained via thermal annealing at 400°C in air for 1 h as displayed in Raman result. The O/Fe
ratio was about 1.6, near the stoichiometric Fe,Os.

The SnS/FeOOH heterostructure with rectifying behavior was fabricated and demonstrated
by buffering the SnS deposition solution with FeSO4. However, the photovoltaic characteristics
were not confirmed in the SnS/FeOOH configuration. Interestingly, for the first time, the
rectifying and photovoltaic properties of p-Cu,O/n-Fe-O heterojunction with as-deposited
FeOOH and annealed-FeOOH (Fe,03) layers were demonstrated by employing a combination of

potentiostatic and galvanostatic electrodeposition techniques. The obtained solar cell parameters:
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open circuit voltage and short circuit current (Voc, Jsc) are (0.11 V, 0.95 mA/cmz) and (0.07 V,
0.64 mA/cm?®) for Cu,0O/FeOOH heterojunctions with 50 nm- and 350 nm-thick FeOOH layers,
respectively; and (0.10 V, 0.27 mA/cm?) for Cu,0/Fe,O; heterostructure.

8.4 Suggestions for future work

The present work has shown that electrodeposition of oxide semiconductor materials (SnO,
GaOOH, and FeOOH) can be achieved from aqueous solution at room temperature with either
dissolved oxygen or hydrogen peroxide as suitable oxygen precursors. Higher temperature
deposition was not attempted because precipitation occurred, which could affect the desired
electrochemical reaction for film formation. However, deposition at this temperature would be
possible if appropriate complexing agents are added in the solution to increase the solubility of
metal ions that can participate in the precipitation reaction. Additionally, electrodeposition of
oxide semiconductors using organic additives and in non-aqueous solution would also be feasible
to obtain better quality oxide thin films. It is known that the organic additives have the ability to
bind metal ions to form stable complexes over a broad pH range, and thus, the formation of metal
oxides can be promoted.

Furthermore, as observed in the structural studies, electrodeposited SnO,, Ga-O, and Fe-O
films exhibited either amorphous or nanocrystalline structural properties. Thermal treatment of
as-deposited thin films has been tried but it did not show improvement in the crystallinity. Thus,
it is recommended that the structural properties of these oxide films under the present
experimental conditions should be improved to have better window layers for photovoltaic
devices.

Deposition of SnS on SnO,, SnS on GaOOH, and SnS on FeOOH was achieved either by
employing thermal treatment on the window layers or by buffering the SnS deposition solution.
In SnS/FeOOH, buffering the SnS solution deposition was found to be successful to
electrodeposit SnS on as-deposited FeOOH; but the buffering condition employed in this work is
not yet optimized. Further investigations should be carried out to explain the details of the effects

of this buffering technique in acidic solutions. For SnS/SnO, and SnS/GaOOH heterostructures,
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thermal annealing was performed on the window layers prior to the SnS layer deposition, but
only the SnS/SnO, heterojunction displayed photovoltaic characteristics. The solar cell
conversion efficiency of the fabricated SnS/SnO; heterostructure is still low, and thus further
improvement is necessary. It is important to note that only the interface defects due to the surface
states in the SnO; layer have been considered as one of the limiting factors in obtaining efficient
SnS/Sn0O, solar cells, while the defects in the SnS layer have not been investigated. Hence,
understanding the defects that maybe present in the individual layers of the heterostructure is
significant.

Meanwhile, the electrodeposited Cu,0O/GaOOH and Cu,O/FeOOH heterojunction solar
cells with as-deposited and annealed GaOOH layers displayed both rectifying and photovoltaic
characteristics. But, the fabrication conditions for these heterostructures are not yet optimized. In
addition to that, the Cu,O/GaOOH and Cu,O/FeOOH interfaces have not been studied at present.
Thus, intensive effort should be performed to have optimum fabrication condition and to
elucidate the band bending at the heterointerface for Cu,0O/GaOOH and Cu,O/FeOOH

configurations.
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