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ABSTRACT

Full Name: Abdulmajeed Hasan Yahya Hendi

Thesis Title: Band Gap Engineering of Metal Oxide (WOs;, MoO;) Thin Films
through Alloying with Cadmium Telluride

Major Field:  Physics

Date of Degree: December 2016

This study was concerned with the development of a synthesis technique based on
thermal evaporation for engineering the band gap of some metal oxide semiconductors,
namely tungsten oxide (WO3) and molybdenum oxide (MoOs) by alloying them with a
narrow-band-gap I1-VI semiconductor, specifically cadmium telluride (CdTe). In this
study, thermal evaporation, which is considered to be one of the simplest methods for the
deposition of thin films, was employed to fabricate widely-tuned band gaps of WO; and
MoO; films by mixing them with specific concentrations of CdTe. The novelty of this
technique was that the band gap engineering of these oxides required merely evaporation
of a powder mixture of each oxide with controlled concentrations of CdTe. Such a study
was attempted to provide the opportunity for tuning other wide band gap metal oxide

semiconductors through mixing with different narrow band gap compounds.

First, the influence of CdTe concentration of 5%, 10%, 15%, 20% and 25% on the
band gap of WOj; thin films was studied. Second, the influence of CdTe concentration of

2%, 4%, 6%, 8% and 10% on the band gap of MoO; thin films was investigated. X-ray

XXiii



diffraction showed that the obtained pure WO; and MoO; films had an amorphous
structure, while CdTe thin films were polycrystalline. The addition of CdTe to WO; and
MoO; did not improve their structures. However, at high CdTe concentrations, WOj; thin
films still had an amorphous phase but the polycrystalinity of CdTe was decreased. The
films showed an increase in the surface roughness with the increase in CdTe
concentration as revealed by atomic force microscopy. Optical analysis based on
transmittance measurements revealed that the band gap of WO; thin film was
significantly red-shifted due to alloying with CdTe. The band gap values of the fabricated
films were found to decrease from 3.30 eV for pure WO; to 2.47 eV at CdTe
concentrations of 25%. Similarly, a remarkable red-shift in the band gap of MoOs; thin
films through mixing with CdTe was observed. The band gap of the fabricated films was
decreased from 2.90 to 2.60 eV as the CdTe concentration increased from 0% to 10%,
respectively. The experimental variation of the band gap values with CdTe was
described by the standard bowing quadratic equation for the whole range of CdTe
concentration. The obtained results indicated that a wider portion of the visible spectrum
can be harvested rather than only single wavelength, corresponding to the band gaps of
pure WO; or MoQO;s thin films. Chemical analysis of pure WO; and MoO;s films performed
by X-ray photoelectron spectroscopy showed that a sub-stoichiometric WO, and an
almost stoichiometric MoO, ¢g films were obtained. Depth profiling analysis of the films
alloyed with CdTe confirmed a nonhomogeneous distribution of the constituents
throughout the depth of the WO, alloyed films. However, the constituents were

homogeneously distributed throughout the thickness of the MoO; alloyed films.
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Photocurrent measurements showed a significant increase in the photocurrent response of
the CdTe-alloyed WOj; and the CdTe-alloyed MoO; films with the increase of the CdTe
concentration due to the enhancement of the light absorption in the long wavelength
region. The obtained results support the potential of these alloyed films for improving the
photo-to-current conversion efficiency in the photovoltaic and photoelectrochemical solar

cell applications.
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CHAPTER 1

INTRODUCTION and LITERATURE REVIEW

1.1 Introduction

Solids can be classified into three different categories: conductors, semiconductors
and insulators. The electrical conductivity of a solid material is determined by the
response of electrons to an applied electric field. According to the band theory of solids,
the electrons occupy allowed energy bands separated by forbidden regions in which no
electron orbital exists. The uppermost allowed band is fully filled at T = 0 K, and is
known as the valence band. The next bottommost allowed band is known as the
conduction band. The energy gap between these two bands is known as the band gap,
denoted by E4. The band gap results from the interaction of the ion core of the crystal in
the semiconductor with the conduction electron wave [1]. Figure 1.1 shows the energy
bands for the above three categories. A material behaves as a conductor when one or
more bands are partially-filled with electrons and the neighboring bands (valence and
conduction) overlap. The material behaves as a semiconductor if the allowed energy
bands are either empty or filled, and the band gap is small. The material behaves as an
insulator when the allowed energy bands are either empty or completely filled with

electrons and the band gap is large [2,3].
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Fig. 1.1 A schematic diagram for allowed and forbidden energy bands in conductors,
semiconductors and insulators.

In semiconductors, electrons can be excited from the valence band into the

conduction band (leaving a hole state in the valence band) by absorbing thermal,

electrical or optical energy. This process is called electron-hole pair production.

Inversely, electron-hole recombination occurs when an electron is transferred from the

conduction band into the valence band to fill an empty state. Thus, there are two kinds of

charged particles that can carry electric current; electrons and holes. The above two

processes represent the main key of the operation of all optoelectronic devices. The

absorption of a photon results in the creation of an electron-hole pair. The mobile

electrons resulting from the absorption can tune the electrical properties of the

semiconductor, which results in the change of the photoconductivity of the material [4].



Semiconductors can be further classified into two types: direct band gap

semiconductors and indirect band gap semiconductors. Figures 1.2 and Fig. 1.3 show

plots of the energy of the electron (E.) versus wave vector (ﬁ) for both direct and indirect

band gap semiconductors, respectively. The energy difference between the bottom of the

conduction band (E;) and the top of the valence band (E,) varies with k. The band gap of
the semiconductor represents the energy difference between the bottom of the conduction

band and the top of the valence band. If both the top of the valence band and the bottom

of the conduction band are located at the same value of k, the semiconductor is called a
direct band gap semiconductor (Fig. 1.2). In such a semiconductor, the electron transition
between these two bands results from the absorption or emission of a photon. If the value
of k corresponding to the minimum energy of the conduction band is different from that
corresponding to the maximum energy of the valence band, the semiconductor is called
an indirect band gap semiconductor (Fig. 1.3). In this type of band structure, the
transition between the minimum energy of the conduction band and the maximum energy
of the valence band involves releasing a photon and a phonon. This phonon possesses a
wave vector Ak (Fig. 1.3) that is equal to the difference in the k values of the two above-

mentioned bands. In such a case, the energy gap of the semiconductor is given by
E,=hv+ E, (1.1)

where hv is the energy of the emitted photon and E,, is the energy of the phonon [2,3,5].
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Fig. 1.2 Energy-momentum diagram for a direct band gap semiconductor.
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Fig. 1.3 Energy-momentum diagram for an indirect band gap semiconductor.

1.2 Band gap engineering

The band gap has a critical influence on the material properties and performance of
photovoltaic and optoelectronic devices. Fabrication of optoelectronic devices such as
light emitting diodes (LEDs) and detectors with widely varying properties, as well as
lasers operating over the whole visible spectrum, requires engineering new materials that
have their band gaps at custom-designed energies. Such tuning of the band gap is called
band gap engineering [6,7]. Indeed, band gap engineering enables semiconductors such
as Si, Ge, ZnSe, ZnS, GaN AIN and ZnO to be widely used in laser diodes, solar cells,
and ultraviolet photodetectors [8]. In the field of high efficiency solar cells, there is a
need for materials that are able to convert photon energy in the range of 2.3-2.5 eV. In the

field of LEDs, a need exists for highly efficient green LEDs in the wavelength range 555-



560 nm [9]. The concept of band gap engineering has found various applications through
fabrication of quantum dots of I1-VI compound semiconductors. These include non-linear
optical materials for X-ray detectors, thin film transistors with high field mobility, and
LEDs in photovoltaic cells [10]. Band gap tunability of quantum dot materials, such as
amorphous silicon quantum dots demonstrated that superior electrical and optical
properties can be obtained [11]. Some applications like fiber-optic windows require
binary semiconductors with band gaps of 0.95 eV and 0.82 eV (emission at 1.3 um and
1.5 um). Binary semiconducting systems do not exist at these wavelengths so one has to
use alloys to engineer the band gap by varying composition [7]. Therefore, it is of great
importance to engineer the band gap into the desirable values to fulfill specific

optoelectronic applications.

1.3 Synthesis techniques for band gap engineering

Many techniques have been developed for band gap engineering of semiconductors.

These include:

1.3.1 Quantum dots (nonostructures)

In this technique, very small particles of semiconducting materials having sizes of the
order of nanometer (quantum dots) are fabricated. The band gap is blue-shifted with
reduction of the nanostructure sizes. This increase is due to the modification of the band

structure, narrowing of both the conduction and valance bands with decreasing the size of



the nanostructures. This is called the quantum confinement effect. Such an effect results

in tuning the band gap with the changes in the quantum dots sizes [12,13].

1.3.2 Core/shell semiconductor heterostructures

This technique is based on alloying of core semiconductor quantum dots with shell
nanostructures [12,14-16]. This leads to the formation of core/shell semiconductor
hetrostructures, in which the conduction and valence bands of the core semiconductor is
higher or lower than those of the shell [17]. Such a band is called type II- alignment, to be
distinguished from type I-alignment. In type I-alignment, the band gap of the core
semiconductor lies completely within the band gap of the shell so that the electrons and
the holes overlap in the space inside the core semiconductor. In type Il-alignment, the
band gaps of the two materials (core and shell) overlap but no one totally encloses the
other, leading to the separation of the two carriers (electrons and holes) between the core
and the shell materials [16,18]. As a consequence, type Il-alignment has reduced band
gaps compared to those of the constituent core and shell components, which results in the

tunability of the band gap of the core semiconductor [16,17,19].

1.3.3 Doping or alloying

This technique is based on the compositional variation via impurity doping or mixing

of multiple semiconductors [20-22].



1.3.3.1 Doping

Doping involves adding very small concentrations of impurity atoms or compounds
to the semiconductor material leading to changes in its properties [23], with
corresponding tuning of the band gap. Doping can narrow or widen the band gap of the
semiconductor, depending on the characteristics of the semiconductor and the dopant. For
instance, subsitutional doping of semiconductor oxides with nitrogen leads to the
narrowing of their band gaps due to the mixing of nitrogen p and oxygen p states [21]. On
the other hand, widening of the band gap can be achieved by heavily n-type doping of a
semiconductor, in which the donor electrons occupy states at the bottom of the
conduction band leading to the blocking of low-energy transitions, which is known as the

Burstein-Moss effect [24,25].

1.3.3.2 Alloying

A crucial technique for modifying the properties of materials is the fabrication of an
alloy or solid solution. Alloys may be formed by mixing two or more solid materials
[26]. In this technique, the band gap of the material is engineered by alloying multiple
semiconductors [27]. An alloy with two semiconductor materials is termed a binary
semiconductor alloy; one with three is a ternary semiconductor alloy; and one with four is
a quaternary semiconductor alloy [28]. Binary semiconductors have fixed band gaps and
lattice constants [29], while fabrication of a binary alloy results in the tuning of the band
gap to take intermediate values between those of the parent compounds. For instance, the

band gap of ZnSe-CdTe alloy was tuned precisely between the band gap of ZnSe (2.7 eV)



and that of CdTe (1.5 eV) by compositional variation of both ZnSe and CdTe [30]. In
contrast to the fixed band gaps of the binary semiconductors, ternary alloys AxB,—C,
permit adjustment of the band gap and lattice constant. However, Quaternary alloys,
AB1«CyD,-, have an additional degree of freedom, and thus afford independent tuning
of lattice constant and band gap over a limited range [29]. Additionally, wider band gap
materials can be obtained via synthesis of nano-semiconductor alloys which is a better
way than adjusting the sizes of the nano-compounds. This is because the latter leads to
system instability, and requires more involved fabrication while modulating the

composition can avoid these drawbacks [31].

1.4 Motivation

Wide band gap semiconductors exhibit emission /absorption wavelengths in the
green, blue, and ultraviolet regions of the electromagnetic (EM) spectrum [32]. Among
these, wide band gap metal oxide semiconductors have drawn growing interest, due to
their unique optical, electrical, chemical and mechanical properties. Besides non toxicity,
they are also of low cost and easy to fabricate [33]. These unique properties make them
candidates for a variety of applications, including gas sensing [34,35], solar cells [36,37],
water splitting [38,39], transparent conductors [40,41], as well as photocatalysis [42-45].
Although the large band gaps make metal oxides suitable for short wavelength
optoelectronics [46-49], they are of limited applicability in the fabrication of photovoltaic

devices.



Motivated by a necessity of extending their optoelectronics applications over a wide
spectral range for solar and photovoltaic devices, | aim to achieve band gap engineering
through alloying different wide band gap metal oxide semiconductors. Specifically, |
propose to alloy the wide band gap metal oxides tungsten oxide (WO3) and molybdenum
oxide (MoO;) with the narrow-band-gap II-VI compound semiconductor cadmium
telluride (CdTe). To the best of my knowledge, mixing of these two oxides with CdTe
has not been investigated. This field of knowledge would open the door for numerous

applications of other wide band gap metal oxide semiconductors.

1.5 Materials selection and literature survey

1.5.1 Tungsten oxide (WOj3)

WO; is an n-type semiconductor which possesses different polymorphs such as
monoclinic (17 — 330 °C), orthorhombic (330-740 °C,) and tetragonal (> 740 °C) [50,51].
Thin films of WO; have been extensively investigated for electrochromic devices [52-
55], gas sensing [56-58], photoelectrochemical, photocatalytic and optoelectronic
applications [59-62]. Amorphous WOs; thin films have a wide indirect band gap value of
3.4 eV [46]. Consequently, these band gap values limit the photoabsorption to the near
ultraviolet and blue regions of the EM spectrum. Thus, the ability to extend light
harvesting further into the whole visible region (1.7-3.1 eV) requires the modulation of
the band gap. Numerous researches have been devoted to modulate or engineer the band

gap of WO;.
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Bose et al. succeeded in the tuning of the band gap of WOj; thin films prepared by RF
magnetron sputtering [63]. Band gap tuning of WO; was achieved by doping WO; with
silver. The effect of silver addition on the phase formation and band gap modulation of
WO; thin films was significant. It was found that the enhancement of silver content
improved texturing and phase formation. Doping with silver content resulted in grain size
increase, which in turn decreased the band gap of WQOj thin films from 3.14 eV to 2.7 eV.
It was also found that the thickness of the films increased with silver leading to a

decrease in the transmittance of the films.

Band gap renormalization in titania (TiO,) modified tungsten oxide thin films was
studied by Lethy et al. [64]. In their work, pulsed laser ablation (PLA) was utilized for
the fabrication of pure and titania doped WO; films. Optical measurements showed that
the band gap values reduced from 3.17 eV for pure WO; films to 2.7 eV for 10
wit% titania modified WO; films. Consequently, the photoresponce of the modified films
was enhanced in the visible region, indicating their promising applications in
photovoltaic cells and photocatalysis. The reduction in the band gap of WO; thin films
by introducing titania has been attributed to the lattice disorder of the WO; matrix as

titania additives increased.

Haijin et al. reported the synthesis of WO3/CdS core/shell nanowire arrays by a
rational, two-step chemical vapor deposition (CVD) process [65]. The WO; nanowires
were coated by the narrow band gap semiconductor (CdS) shell. Compared to the band
gap of WO; nanowires, of 2.7 eV, the band gap of WO5/CdS core/shell arrays was

decreased to 2.32 eV, indicating the enhancement of the light absorption range of WO; to

11



the visible region. Furthermore, the WO5/CdS core/shell nanowire heterostructures
demonstrated efficient charge separation and high transfer efficiency of photogenerated
electrons compared to WO; nanowire arrays. This is due to the presence of nano-size

heterointerface between the WO; nanowire core and the CdS shell.

Xilian et al. investigated the modulation of the band gap of WO; thin films by doping
with nitrogen [66]. They prepared N-doped WO; thin films using reactive DC-pulsed
magnetron sputtering employing nitrous oxide (N,O) gas as the nitrogen dopant source
instead of nitrogen (N,). There was a systematic decrease in the band gap values of WO;
thin films with nitrogen incorporation. These values were 3.44, 3.40, 3.36, and 2.97 eV
corresponding to the amount of N concentration of 0, 4.7, 6.1 and 12.5 (at. %),
respectively. Such a decrease in the band gap was attributed to the higher negative

potential of the valence band of the N 2p orbital.

Band-gap tuning of WO; quantum dots was successfully achieved by Hiroto et al.
[67]. They used a template method with mesoporous silica as a facile synthetic technique
for size-tuned WO; quantum dots. In their technique, a precursor solution [WO, (O,)
H,0] was introduced into mesoporous silica templates followed by particulation or
chemical reactions for conversion to quantum dots. A blue shift in the band gap was
realized with reduction of the particle size. This shift was varied from 2.93 eV at a
particle size of 1.8 nm to 3.7 eV at a particle size of 0.7 nm. Such a blue shift in the band
gap with the reduction of the particle size was attributed to the quantum confinement

effect.
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Mohammed et al. reported the deposition of WO4Ny thin films by dual magnetron
sputtering of tungsten with various nitrogen/oxygen ratios [68]. They controlled the
optical band gap of WO; thin films by varying the partial pressure of nitrogen. They
observed a reduction in the optical band gap values of WO; from 3.2 to 2.93 eV with the
variation of the normalized partial pressure of nitrogen from 0.029 to 0.999, respectively.
This reduction was interpreted based on the difference in ionicity between metal-O and
metal-N bonds. The ionicity in single bonds is enhanced with the increase of the
electronegativity difference between the two elements forming a single bond. Since the
electronegativity of oxygen (3.5) is larger than that of nitrogen (3.0), the W-O bond
implies a larger charge transfer than the W-N bond. Therefore, the red-shift of the band
gap may be ascribed to the decrease in the ionicity and hence an increase of the

polarizability in W-N bond with increasing nitrogen content.

A decrease in the band gap of WO; thin films with vanadium doping was reported by
Karuppasamy et al. [69]. The band gap of vanadium-doped WOs; thin films prepared
using reactive DC magnetron sputtering was found to decrease with the vanadium
content. It was inferred that vanadium creates impurity levels below the conduction band
of WOs3, making the band gap decrease. Thereafter, the authors tested the photocatalytic
activity of the tuned band gap films and observed a maximum photocatalytic activity for

the lower band gap sample containing 11 wt% vanadium.

Band gap narrowing of WOs thin films was also demonstrated by Lethy et al. [70].
They reduced the band gap of WO; thin films prepared by pulsed laser deposition (PLD)

through nitrogen incorporation. Their results revealed that a systematic decrease in the

13



band gap of the films was observed with the increase in the nitrogen content. The
explanation of the reduction in the band gap due to the nitrogen content was similar to

that previously mentioned in ref 58.

Yanping et al. investigated the effect of carbon doping on the photo-electrochemical
performance of WOj; thin films [71]. In their study, undoped and C-doped WOj; thin films
were deposited using spray pyrolysis (SP). The results showed that the absorption of the
C-doped WOs; thin films was red-shifted compared to the undoped WO; thin film. The
band gap narrowing was ascribed to the doping of C into the WO; lattice. The photo-
electrochemical analysis showed that C-doped WO; thin films produced approximately
50% more enhanced photocurrent densities from visible light compared to the undoped

films, indicating that C doping improved the photoactivity of WOj; thin films.

A facile deposition-annealing method was employed for synthesizing tuned-band gap
WO; thin films by Song et al. [72]. The band gap tuning was achieved through doping of
WO; with Fe,O;. In their report, a series of Fe,O; modified WO; thin films were
synthesized through variation of the Fe,O3 concentration. The band gap of WO; thin film
was about 2.7 eV, while the Fe,O; modified WO thin films were found to have band
gaps of 2.64, 2.60, and 2.55 eV corresponding to iron concentrations of 10, 20, and 40
mmol/L, respectively. The tuned band gap Fe,O; modified WO; thin films exhibited
higher photocurrent response compared to the pure WOs thin films, due to the enhanced

visible light absorption.
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1.5.2 Molybdenum oxide (MoOj3)

MoOs;, as n-type semiconductor with wide indirect band gap ranging from 2.8 to 3.2
eV, possesses three different crystalline structures: a stable orthorhombic phase (o-
MoO;), a metastable monoclinic phase (B-Mo0Os), and an open hexagonal structure
[73,74]. MoOs; thin films have attracted great interest due to its interesting structural,
chemical, electrical, and optical properties [75]. Several applications have been reported
for MoO;, including electrodes for rechargeable batteries and electrochromic devices
[75], solar cells [76,77], gas sensing [78,79], optoelectronic devices [49,80,81], display
[82] and photocatalytic applications [83]. Owing to its large band gap, MoO; is capable
of absorbing only the short-wavelength portion of the solar spectrum, which limits its
application. Therefore, the success in narrowing its band gap would cover a wider portion
of the visible spectrum, and thus, further photocatalytic, optoelectronic, and photovoltaic

applications may be developed.

Many methods were utilized to tune the band gap of MoOj; to meet the requirements

for specific applications. In the following, | summarize some of these methods:

SP was used to prepare undoped and lithium 1-5 wt%) doped MoOj; thin films by
Kovendhan et al. [84]. X-ray diffraction analysis showed that the stable a-MoO; phase
was obtained for the undoped MoO; while Li-doped MoO; thin films contained mixed
phases of hexagonal and stable a-MoO;. The conductivity of the Li-doped MoOs; thin
films showed a gradual decrease with the increase of Li concentration. This decrease was

attributed to scattering of charge carriers at grain boundaries induced by the hexagonal
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phase. The direct band gap was reduced from 3.72 eV for MoOj; thin films to 3.42 eV for
Li-doped MoO; thin films and the indirect band gap was reduced from 2.38 eV for MoOj;
thin films to 1.84 eV for Li-doped MoOs; thin films. The authors believed that such a
reduction in the band gap was due to the presence of mixed phases present in the doped

films.

Mahajan et al. modulated the band gap of MoOj thin films by titanium doping using
SP [85]. The band gap of the doped films was found to increase from 3.04 to 3.25 eV
with titanium doping. The increase in the band gap was attributed to the increase in
carrier density leading to the increase in the Fermi level in the conduction band towards

higher energy, which is known as the Burstein-Moss effect.

Lee et al. succeeded in the fabrication of MoO; thin films using CVD and post-
annealing [86]. The band gap of MoOj; thin films was altered via heating the substrate
and annealing in an oxygen atmosphere. The transmittance reached 80% with low
reflectivity and the refractive index was around 1.55 with a flat dispersion curve across
the visible. The band gap was 3.00 eV for the as-deposited films, 3.14 eV for the films
heated at 500 °C, and 3.50 eV for the films annealed at 500 °C in an oxygen atmosphere.
They attributed the increase in the band gap of MoO; thin film to the increase of the

film’s oxidation state and improved crystallinity with annealing.

Deposition of niobium-doped MoOs films via SP was reported by Mahajan et al. [75].
The structural analysis displayed the formation of polycrystalline stable a-phase for the
undoped MoO; thin film; however, the Nb-doped films were amorphous. The band gap

of the MoOs thin film was tuned by variation of the Nb concentration and was found to
16



increase from 3.04 eV to 3.25 eV with the increase of Nb doping. Furthermore,
electrochemical measurements showed that the color efficiency and electrochemical

stability of MoOjs thin film increased with increasing the Nb concentration.

Vasilopoulou et al. exploited CVD to prepare hydrogenated and oxygen-deficient
molybdenum oxide thin films [80]. The measured band gap values were found to be
3.00, 2.60, and 2.00 eV corresponding to MoOs;, H/MoOs., and MoOs thin films,
respectively. The reduction of the band gap of the H/M0Os.,, and MoOg3 thin films was
ascribed to the presence of occupied gap states within their forbidden gap. The beneficial
role of the substoichiometric Mo oxides (HyMoOgz., and MoOs. thin films) in organic
optoelectronic devices was tested through designing an organic photovoltaic cell in which
the open circuit voltage, the fill factor, and the cell power conversion efficiency were
significantly enhanced for substoichiometric Mo oxides compared to the stoichiometric

MoO;.

Thermal evaporation was utilized to deposit ZnSe-doped MoO; by Tomas et al. [87].
X-ray diffraction confirmed the formation of amorphous undoped and ZnSe-doped MoO;
films. The indirect band gap was varied with the irradiation time from 3.07 eV to 3.14 eV
for the undoped films, from 3.19 eV to 3.39 eV for the 5% ZnSe doped-films, and from
2.97 eV to 3.28 eV for the 10% ZnSe-doped films. The increase of the band gap values of

the ZnSe-doped MoO; thin films was related to crystallinity improvement.

Bouzidi et al. reported the effect of substrate temperature on the structural and optical
properties of MoO; thin films prepared by SP [88]. The substrate temperature was in the

range 200 to 300 °C. The structural analysis demonstrated that the films deposited at 200
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°C were monoclinic, while a polycrystalline orthorhombic phase was obtained in the
temperature range 250 to 300 °C. The grain size of the films was found to increase with
increasing the substrate temperature. Low transmission was observed in the films
prepared at 200 °C, while those prepared at 250 °C showed a maximum transmission of
71%. Further increase in the substrate temperature to 300 °C led to a decrease in the
transmission. The direct band gap of MoO; thin films was estimated and found to vary
from 3.14 to 3.34 eV. For the films prepared at 200 °C, the band gap was 3.30 eV and
increased slightly to 3.34 eV at 250 °C and then decreased to 3.14 eV at 300 °C. The
authors attributed the increase of the band gap at 250 °C to the partial filling of the
oxygen vacancies, and the decrease at higher temperatures was attributed to the oxygen
vacancies that capture electrons and act as donor centers in the forbidden gap below the

conduction band.

Electron beam evaporation was utilized to prepare MoOs thin films by Sivakumar et
al. [89]. In their work, the optical properties of the films were modified by varying the
substrate temperatures like room temperature (RT), 30 °C, 100 °C and 200 °C. At RT, the
films had a transmittance in the range of about 91-95%. However, with increasing the
substrate temperature, the transmittance was shifted towards longer wavelengths. The
band gap of MoO; thin films was red-shifted with the increase of the substrate
temperature and was found to lie between 2.8 and 2.3 eV. Such a reduction in the band

gap was ascribed to the oxygen vacancies.

Sivakumar et al.[90] investigated the effect of MeV nitrogen-ion irradiation on

electron-beam evaporated MoOs; thin films grown at RT. The films were irradiated using
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2-MeV nitrogen ions. The crystalline structure of the pristine and irradiated MoQOj thin
films was a polycrystalline orthorhombic o-phase, which implied that there was no
structural change in the MoOs; thin films due to nitrogen-ion irradiation. The band gap of
pristine MoOj; film was evaluated to be 2.92 eV. However, for the MoOs films irradiated
with nitrogen, the band gap values were reduced from 2.90 — 2.78 eV, respectively. The
reduction of the band gap with the increase of the nitrogen ion fluencies was attributed to

the effect of the band tailing due to the defects created during irradiation.

Santos et al. [91] employed impregnation—decomposition cycles (ICD) to synthesize
MoOj; nanoparticles. The crystalline structure of the prepared nanoparticles was
orthorhombic a-MoOj; phase. The average sizes of the prepared nanoparticles were 3.2,
3.6 and 4.2 nm corresponding to 3, 5 and 7 ICD, respectively. The optical band gap of the
synthesized MoO; nanoparticles was found to be red-shifted from 3.35 to 3.29 eV with
the increase in the average sizes from 3.2 to 4.2 nm. This red-shift in the band gap was

attributed to the quantum confinement effect.

1.5.3 Cadmium telluride (CdTe)

It is well-known that wide band gap semiconductors (Eq > 2.5 eV) are restricted to
only the absorption of short wavelength (blue/ ultraviolet) radiation in the EM spectrum,
and therefore are unable to utilize the visible part. A possible solution to this problem is
to combine them with narrow band gap semiconductors [32,92,93]. Recently, great
attention has been devoted to employ narrow-band-gap 11-VI1 binary semiconductors to

tune the optical properties of the wide band gap semiconductors [92-97]. Among these,
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CdTe is a direct narrow band gap semiconductor (1.5 eV) with a zinc blend crystal
structure [29, 98]. Because of its optimum band gap for solar energy absorption, it is a

promising candidate for photovoltaic applications [99].

There exist few reports in the literature on the utilization of CdTe for tuning the
optical properties of wide band gap semiconductors. Here, | represent some of these

reports.

Zhao-Qing et al. employed electrochemical deposition to grow ZnO/CdTe core/shell
nanotube arrays [100]. Remarkably, the synthesized nanotube arrays exhibited enhanced
photocurrent density for water splitting, compared with the ZnO nanorod arrays. This
enhancement in the photoresponse was attributed to the reduction of the band gap of ZnO

nanorod arrays after being loaded by CdTe nanorods.

Xuebo et al. succeeded in synthesizing Cu;Se,-CdTe nanoclusters by means of a
microwave-enhanced route and chemical process [101]. In their study, they found that
pure Cus;Se, nanoplates demonstrated much intense absorption in the visible portion of
the spectrum and weak absorption in the ultraviolet region. However, Cu;Se,-CdTe
nanoclusters showed high absorption in both the visible and ultraviolet regions. The
enhancement of absorption in the ultraviolet originates from the effect of CdTe quantum
dots. These changes in the optical properties of Cus;Se, nanoplates after mixing with
CdTe quantum dots had strongly reflected on their photoresponse. A superioer increase in
the photocurrent density generated by Cus;Se,-CdTe nanoclusters was recorded compared

to that of Cu;Se; nanoplates and CdTe quantum dots. Furthermore, the response time of
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CusSe,-CdTe nanoclusters for reaching saturation photocurrent was shorter than that of

CusSe; nanoplates and CdTe quantum dots.

CdTe-decorated TiO, nanotube array photoelectrodes were prepared using successive
ionic layer adsorption and reaction technique by Qingyao et al. [102]. Optical analysis
demonstrated significant red shift in the absorption edges of TiO, nanotubes from the
ultraviolet light below 387 nm (3.2 eV) towards the visible region after the deposition of
CdTe quantum dots. As a reflection of their tuned band gap, CdTe-dcorated TiO,
nanotubes showed rapid separation and transformation of electron/hole pairs as well as

photoelectrochemical performance.

The photcatalytic activity of CdTe/TiO, nanotube arrays composites fabricated by
pulse electrodeposition was reported by Hui et al. [103]. In their report, it was
emphasized that CdTe nanoparticles electrodeposited on the TiO, nanotubes improved its
photocatalytic property. This improvement was attributed to the extension of the optical
absorption in the CdTe/TiO, nanotube arrays from the ultraviolet to the visible light

region.

Band gap engineering of zinc selenide (ZnSe) thin films was achieved by alloying it
with CdTe as reported by Al-Kuhaili et al. [29]. In their report, thermal evaporation was
utilized to prepare ZnSe/CdTe thin films. The films demonstrated considerable red shift
in the optical absorption edge with the CdTe concentration increase. The band gap of the
ZnSe thin films was gradually decreased from 2.8 eV of pure ZnSe to 1.75 eV at 33 wt%
CdTe concentration. The new optical features had reflected on the photoresponse of the

prepared films, where the photocurrent was increased with the CdTe concentration.
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Andrew et al. studied the influence of strain on the properties of different shell
materials (ZnS, ZnSe, ZnTe, CdS or CdSe) grown by epitaxial deposition on a small
nanocrystalline core CdTe [104]. The optical properties of the core/shell nanocrystals
were tuned by increasing the epitaxial shell growth as evidenced by the shift of the
optical absorption edge and fluorescence emission to lower energies. The authors
emphasized that such red shift was due to the transformation of core/shell hetrostructures
from type-I alignment to type-11 alignment, in which the conduction band energy of the
core rises up due to the lattice strain effect by the shell while the conduction band energy

of the shell decreases due to the quantum confinement reduction.

1.5.4 Scope of the work

The scope of this work is:

I.  To fabricate WO; thin films alloyed with CdTe using thermal

evaporation

Il.  Toengineer band gap of WO; thin films by mixing it with specific
concentrations of CdTe.

I1l.  To fabricate MoO; thin films alloyed with CdTe using thermal
evaporation.

IV.  To engineer band gap of MoOj thin films by mixing it with specific
mass concentrations of CdTe.

V.  To study the effect of the addition of specific mass concentrations of

CdTe on the band gap of the alloyed films.
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VI.

VII.

VIII.

To investigate the crystalline structure of the deposited films using X-
ray diffraction.

To examine the surface morphology of the films using atomic force
microscopy.

To study the optical properties of the deposited films using
spectrophotometry.

To investigate the chemical composition of the films using X-ray
photoelectron spectroscopy.

To investigate the suitability of the alloyed films for photovoltaic
applications by measuring the photo-to-current conversion in a

photoelectrochemical cell.

23



CHAPTER 2

THEORETICAL BACKGROUND

This chapter provides the theoretical background for this study. Specifically, it will
discuss doping and alloying of semiconductors as well as the derivation of Tauc's

equation used for the determination of the band gap in semiconductors.

2.1 Doping of semiconductors

Semiconductors can be divided into two types, intrinsic and extrinsic. The basic

properties of each type can be highlighted as follows:

2.1.1 Intrinsic semiconductors

The intrinsic semiconductors are materials without impurity atoms and only the
conduction band and valence band are involved. Figure 2.1 shows the energy-band
diagram of an intrinsic semiconductor, where E., E, and E, are the conduction band
energy, the valence band energy, and the band gap, respectively, In an intrinsic
semiconductor such as silicon, some electrons are thermally excited from the valence
band to the conduction band at room temperature, and can produce a current. The excited

electron leaves behind an electron vacancy or "hole™ in the valence band.
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Fig. 2.1 Energy-hand diagram of an intrinsic semiconductor.

The general formulas for the concentration of electrons n, and holes p,at thermal

equilibrium are given by

EC - EF
ng = N, exp [— ko T ] (2.1)
EF - Ev
and Po = N, exp [— ko T ] (2.2)
ks T 2mmkg Tz
2mrmpkg T2 mm; 2
where NC =2 [— h—leB] and N‘U =2 [— h—sz]

N.and N,, are the effective density of states functions in the conduction and valence
bands, respectively, m; and m,, are the effective masses (the mass of the electron inside
the crystal) of electrons and holes, respectively, E. and E,, are the conduction and valence

band energies, respectively, Ex is the Fermi energy (the energy below which all quantum
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states are filled with electrons and above which all quantum states are empty at T = 0 K),
kg = is the Boltzmann constant, T is the absolute temperature and h is the Planck’s

constant.

For an intrinsic semiconductor, the electron concentration in the conduction band is
equal to the hole concentration in the valence band. If we denote n; and p; as the intrinsic

electron concentration and intrinsic hole concentration, respectively, we can write

n; =p; (2.3)

Therefore, one may use the parameter n; to refer to either the intrinsic electron or hole
concentration. Also, the Fermi energy is called the intrinsic Fermi energy, Ep; = Ep

[105].

Thus, by applying expressions (2.1) and (2.2) to an intrinsic semiconductor, we obtain

ng =n; =N, exp[ kT ] (2.4)
_ _ EFL
Po =Poi =N =Ny exp|— (2.5)
Since n; = p;, we can set (2.4) and (2.5) equal to each other,
N, exp [— W] =N, exp [ i ] (2.6)

and solving for Eg;, we have
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1 1 N,
Epi =5 (Ec +E)) + szTln[—Fc

3

Since, N, = 2 [ P

We can write expression (2.7) as
1 3
Er; ==(E. +E,) + —kBTln[
2 4
However,
1
E(Ec + Ev) = Emidgap

Hence, equation (2.8) may be written as

*

3 my,
EFi = Emidgap + ZkB Tin [m*]

n

Thus, at m, = my,

Ep = midgap

2.1.2 Extrinsic (doped) semiconductors

*

mp]
m

*
n

2.7)

3

2mmi kg T2 2mmi kg T2
BT - 20

(2.8)

(2.9)

(2.10)

(2.11)

Incorporation of impurity atoms to an intrinsic semiconductor can modify its

properties, including the band gap. The doped semiconductors are called extrinsic

semiconductors and the impurities are called dopants. A donor atom has an extra valence
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electron loosely bound to it. When providing a small amount of thermal energy, the donor
electron can be elevated into the conduction band of the semiconductor, leaving the donor
atom positively charged. As a result, the electron concentration n, of the semiconductor
increases, and it is called n-type. Conversely, an acceptor impurity atom captures an
electron, hence creates a mobile hole in the valence band of the semiconductor and
becomes negatively charged itself. Therefore, the hole concentration p, of the
semiconductor increases, and it is called p-type [105]. Figures 2.2a and 2.2b show the
energy band diagram of these two types of extrinsic semiconductors, where E; and E,
are the donor and acceptor energy levels, respectively. The expressions for the
concentration of n, at thermal equilibrium can be derived by addition and subtraction of

the intrinsic Fermi energy Ejg; in the exponent of the expression (2.1) as follows,

—E.—Ep; + Ep — Eg;
nyg = N, exp[ J F;{ T dl Fl] (2.12)
B
or,
—E —Ep; Ep—Ep;

no = N, exp [— ex [ ] 2.13

Thus,

Ep—Eg;

Ng =N exp[ FkBTFl] (2.14)

Similarly, by addition and subtraction the intrinsic Fermi energy in the exponent of the

expression (2.2), we get
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EF_EFi]

T (2.15)

Po =1y exp[

As can be seen from (2.14) and (2.15), if Ex > Eg;, thenny > n; and py < n;, thus,
ny > po (n-type semiconductor). However, if Ex < Eg;, thenp, > n; andny, < n;, thus,
pPo > ng (p-type semiconductor) [23,105].

If we take the product of the expressions (2.1) and (2.2) for n, and p,, we obtain

n = N_.N,, ex [— EC_EF] ex [— EF_Ev] (2.16)
Opo c''v p kBT p kBT .

or,

—E
nopo = NcN, exp [—k 79,] (2.17)
B
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Fig. 2.2 Energy-band diagram at T = 0 K of (a) n-type and (b) p-type semiconductors.

2.2 Alloying of semiconductors

When two semiconductors A and B are mixed, the semiconductor alloy A;_, B, is
formed, where x is the concentration of component B in the alloy. The lattice constant of

the obtained alloy a,;;,, is given by Vegard’s law [106]:
Aquoy = xag + (1 —x)ay (2.18)

where a, and ay are the lattice constants of the semiconductors A and B, respectively. If
the probability that the atom or molecule neighboring to a given atom or molecule is

(1 — x) for A atom\molecule and x for B atom\molecule, the alloy is termed a random
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alloy. Such an alloy is desirable for electronic and optoelectronic applications. If A and B
atoms\molecules have an ordered periodic structure, the alloy is called an ordered alloy.
However, if the A atoms are accumulated at one region in the crystal and the B atoms are
accumulated at another region, a phase separated alloy is formed. Figure 2.3 shows a
schematic diagram of these three kinds of alloys [26,31]. The periodicity of the
crystalline potential of a random alloy is broken because of the randomness of the atoms
on the lattice sites. As a result, it is difficult to calculate the band structure of the alloy
and hence the band gap. Therefore, a simple approximation called virtual crystal
approximation (VCA) is used to provide a simple approach to determine the band gap of
the alloy. It replaces the crystalline potential of the alloy with a weighted average of the

potentials (U) of the individual constituents. This potential is given by
Ualloy = XUB + (1 - X)UA (219)

Consequently, the VCA approximates the alloy as a single uniform semiconductor for
which the band gap can be estimated. Hence, the band gap, Ej 41, may be linearly

interpolated between the endpoint values of the parents, which is given by

Egatioy(x) = xEgp + (1 —x)Eg 4 (2.20)

where, Eg,A and Eg,B are the band gaps of the two parent semiconductors A and B.

However, in most alloys, the obtained band gap deviates slightly from the above equation
due to the increase of the disorder with alloying. Therefore, it was found that the band
gap of the alloy can be described reasonably by a modification of the expression (2.20) as

follows:
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Egaioy(x) = xEgp + (1 —x)Eg 4 — bx(1 —x) (2.21)

where b is a bowing factor which describes the nonlinearity in the trend of the band gap

of the alloy [106,107].
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A B A B A B A
B A B A B A B
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A A A A (B B B
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Fig. 2.3 A schematic diagram of (a) random and (b) ordered, and (c) clustered alloys.
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2.3 Derivation of Tauc’s equation

In this section, I will derive the Tauc’s equation that will be used in Chapters 4 and 5

for the determination of the band gap of the fabricated films.
Starting with the general expression for the absorption coefficient «

_ hw. Wi—>f
@=—"F" (2.22)

where h = % (h is the Planck’s constant), w = 2mv (v is the frequency of the incident

photon), W,_,f is the transition probability/ unit volume /unit time, and I is the total light
incident intensity (energy/unit time/unit area). For solving equation (2.22), we have to

look for expressions for W;_,r and I.

Firstly, we start with I. From the point of view of classical electrodynamics, we can

define I as

C

I =
8m

Re {7.(E x B)} (2.23)

where, c is the speed of light, E and B are the electric and magnetic fields, respectively,

and 7 is a unit normal at the surface. However, in vacuum, the electric and the magnetic

field amplitudes are equal, hence, E = B. This gives,

I=—|E| (224)
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Now we define E ,

E = 104 2.25
T cot (2.25)

and for a vector potential of the radiation field A:
A= /TO exp[i(E.? - wt)] +c.c. (2.26)

which represents a transverse plane wave, where /TO is the amplitude of the wave, K is
the angular wave number, 7 represents the vector displacement of a general point from

the origin and w is the wave’s angular frequency.

Hence,

E = 16’3—“‘)& 2.27
Y (2.27)

Plugging 2.27 into 2.24 leads to:
I=—|4] (2.28)

Secondly, W;_:

The Fermi’s Golden Rule defines the transition rate (W;_,) in a quantum system from |i)
(initial eigenstate) of a given Hameltonian H, to |f) (final eigenstate) due to a perturbing

Hameltonian H and is given by
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Wiy =2 [(FIH'|1)2p(hw) (2:29)

where (f|H’|i) is the matrix element of the perturbation H' between the final and initial
states and p(hw) is the density of the final states. Considering the interaction with the

radiation field, the perturbing Hameltonian H' is:

H=—A.3 (2.30)

e
mo
Where e is the free electron charge, m, is the free electron mass and p is defined as
B =ihV

Plugging 2.30 into 2.29 gives

2w e N -2 L
Wey =5 () 1AL 1015 1D p () (231)
where
m3E
212 0™~g
(1 11 = 2

represents the average of the squared matrix elements for transitions between Bloch states

in the valence and conduction bands, where Therefore, equation (2.31) is rewritten as

W, —Zn(e)2|/f|2 Mmoo 2.32
A (G p(hw) (2.32)
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To find an expression for p(hw), one should calculate the joint density of states,

which is defined as the number of electronic states in the conduction and valence bands

that are separated by a given photon energy hw. Assume that the semiconductor system

has simple parabolic bands. In momentum space, the energy-k expressions E,, (k) and

E. (k) for the valence and the conduction bands of the semiconductor, respectively, can

be written as

B () = E, h?K?
TR 2 2my
5 0 B h?k?
e (k) = 27 2m;,

and the conservation of energy states that, £, + hw = E,

So,

E.—E,—hw=0

Plugging (2.33) and (2.34) into (2.35) leads to,

hZk2 [1 1
E, +——

—+ *l—hw:O
my  mj

If we let m* be the reduced mass, where,

Then, (2.36) takes the form
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Eg + T = hw (237)

For an ideal parabolic band direct gap semiconductor, the electronic transitions only

occur at hw = Ej . The density of states in momentum space is given by

k2
pl) =—— (2.38)

and the density of states per unit energy range is given by

2p(k
p(E) = % (2.39)

dk

Since E = hw, we can have from equation (2.37):

dE h%k 2 40
dk  m* (2.40)
Substituting (2.40) into (2.39) gives
_ 2p(k)

Plugging (2.38) into (2.41) leads to,

*

k? \ /m* km
pE)=2 <2n2 > (th) e (242)

where k is given from (2.37) by
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2m”*
kz[hz (hw—Eg)]l/Z

So, (2.42) becomes

*

m zm* 1/2 1/2
T2hH2 ( h2 ) (h(‘) - Eg)

p(E) =

Hence, the joint density of states is,

1
p(E) = pho) =5 (T)  (ho -,

Then, plugging (2.45) into (2.32) gives

x 3/2

2m/eN2, .2 méi_ 1 /2m 1/2
Wier =?<m_o) 4l G 27'[2( h? ) (heo = By )

Finally, we substitute (2.28) and (2.46) into (2.22)

2 4,2 2 *\ 3/2 /

)T () G 7 () (o —5)™
= w?2 | =2
ot L4

a

Simplifying

1/2

8ce?E, (2m*)1/2 (ho — E, )
a=

h h? hw
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Let

- 8ce’E, (Zm*f (2.49)
h h?
Then,
o= ¢ (e _hig )" (2.50)
or
(ahw)? = €% (hw — E,) (2.51)
where C is just a scaling factor.
Therefore,
(ahw)? = (hw — E; ) (2.52)

which is the Tauc's equation for direct band gap semiconductor [108,109]. A similar

analysis for an indirect band gap semiconductor leads to

(ahw)? = (hw — E,) (2.53)
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CHAPTER 3
EXPERIMENTAL WORK and CHARACTERIZATION

TECHNIQUES

The films were fabricated by thermal evaporation and characterized by various
analytical techniques. This chapter sheds light on the main idea of thermal evaporation
and discusses the experimental procedure and characterization techniques associated with

this work.

3.1 Methodology: Thermal evaporation

Thermal evaporation is considered as one of the simplest techniques for the
deposition of thin films. The main idea of thermal evaporation is to evaporate the
material of interest inside a vacuum chamber. Figure 3.1 depicts the schematic of thermal
evaporation. In this technigque, a powder is supplied with adequate thermal energy to be
transformed into the vapor phase. The powder is evaporated by heating it in a crucible
(tungsten or molybdenum boat) of high melting point.  Subsequently, the vapor
condenses as a solid material on a substrate that is at a lower temperature than the heating
source [110]. Thermal evaporation exhibits various desirable characteristics, such as
minimum impurity contamination in the film, lower temperature required for materials
sublimation under vacuum, and a variety of substrate selection including metals, alloys,

ceramics and glass. Furthermore, other attractive features include the simplicity of the
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technique, wide choice of coating materials, excellent coating adhesion, and the ability of

tuning the microstructure by controlling the coating parameters.

Holder ————__]

e——

Substrates

Evaporated __|
material

Vacuum Chamber

Holes -

Material Boat Electrical pole

Fig. 3.1 A schematic of the thermal evaporation process.
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3.2 X-ray diffraction (XRD)

XRD is an important experimental technique used for investigating the crystalline
structure of solids, such as determination of crystalline size (grain size), and orientation
of crystals. It is also commonly used for the identification of unknown materials and
determination of the lattice constants of the crystal. The basic principle of XRD depends
on the diffraction of x-rays by the atoms of the material being analyzed to give
information about the structure of the material. X-rays can be scattered by electrons
contained of atoms in the crystal lattice as shown in Fig. 3.2. If the scattered x-rays are in
phase (coherent), they interfere in a constructive way producing diffracted beams in

specific directions governed by Bragg's law:
2L sinf = jA (3.1)

where L is the spacing between diffracting planes (atomic planes), 8 is Bragg angle, j is
the order of diffracted beam, and A is the wavelength of the x-ray beam. Therefore,
Braggs law plays an important role in indexing x-ray diffraction patterns and for

determining the crystal structure of materials.
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Fig. 3.2 A schematic of diffraction of x-rays by a crystal.

The three basic components of an XRD diffractometer are: x-ray source, specimen,
and x-ray detector are shown in Fig. 3.3. In a typical XRD diffractometer, x-rays are
generated by heating a metal filament cathode (with a current) to emit electrons that are
accelerated toward the anode (target) by applying a high voltage. As the emitted electrons
strike and eject an inner shell electron of the atom of the target, x-rays are produced. The
beam of produced x-rays, in turn, is applied on the sample being analyzed to be
diffracted. The diffraction pattern is like a fingerprint of the substance and consists of a
series of peaks that corresponds to the x-ray diffracted from a specific set of planes in the
material being analyzed. On modern devices, peak searches are performed on a computer.
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The computer plots the peak intensity versus the diffraction angle 26, and therefore, one
can compare standard patterns from the Joint Committee on Powder Diffraction
Standards (JCPDS) database with the experimentally observed patterns, allowing rapid

matching of patterns and material identification [111].

% Detector

X-ray source

Fig. 3.3 A schematic of the basic components of the XRD diffractometer.
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The XRD machine used in this work is a Rigaku Ultima IV diffractometer, with the

following operation conditions:

o X-ray wavelength (A = 1.5406 A) that corresponds to CyK,.
e The current and voltage used were 30 mA and 40 kV, respectively.
e Scanning speed for data collection was 2° /min.

e The angle scanned (26) was in the range 20-80°.

3.3 Atomic force microscopy (AFM)

Among scanning probe microscopies, AFM is a powerful technique for investigating
the local surface structure of a sample with high resolution down to the nanometer scale.
Figure 3.4 illustrates the main components of AFM. These include a sharp tip mounted
on a cantilever, a laser beam and photo-detector. The working principle of AFM is that
the sharp tip scans the surface of the sample at short distances in the range 0.2-10 nm. As
the sharp tip gets sufficiently close to the surface of the sample, Van der Waals
interaction occurs. The interaction force causes the cantilever to deflect and the cantilever
in turn reflects the laser beam that strikes it at the back side. Then, the cantilever
deflections are measured as the reflected laser beam falls on the photodetector leading to
generation of a topographic image of the sample surface. The application of AFM
determines its operation mode. Generally, there are three operation modes; contact mode,
tapping mode and non-contact mode. In the contact mode, the sharp tip is kept in touch

with the sample surface so the interaction force between them is repulsive. During the
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scanning of the sample surface, the contact force deflects the cantilever due to the
changes in the surface topography. The contact mode is often employed for imaging hard
specimen and flat surfaces with high resolution and fast scanning. One of the drawbacks
of this mode is that the cantilever tip may spoil the sample or vice versa due to the direct
contact between them. In the noncontact mode, the tip doesn't contact the sample surface.
However, the cantilever tip oscillates vertically at the resonant frequency of the
cantilever, forming a weak attractive Van der Walls force that acts between the probe and
the sample surface. This attractive force decreases and causes changes in the amplitude of
the cantilever tip oscillation, which reflects the changes in the sample topographic image.
This mode is advantageous for mapping the surface of soft samples because it doesn’t
cause damage to the sample. However, a feedback loop system is recommended for such
a mode to keep the amplitude of the tip oscillation constant and an ultra-high vacuum
environment is also recommended because adsorbed water layer on the sample surface
can hinder the measurements. Finally, in the tapping mode, the cantilever tip is not kept
in constant touch with the sample; rather, the cantilever oscillates and taps the sample
surface. These oscillations are reduced due to the energy loss caused by the sample
surface-tip interaction as the cantilever reaches and touches the sample surface. Then, the
reduction of the amplitude of the oscillation can manifest the surface structures of the
sample. Since the force is greatly reduced during scanning, this mode is preferable in
scanning soft samples such as biological species. However, the scanning takes more time
compared with the contact mode [112-114]. In this study, the surface morphology of the

fabricated thin films was investigated by contact mode AFM (Veeco Innova diSPM). The
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surface of the film was probed with a silicon tip of 10 nm radius oscillating at its resonant

frequency of 300 kHz. The scan area was 2x 2 um?, and the scan rate was 2 Hz.

Photodetector
Laser Beam

/ Cantilever

—Tip Atoms

4 Force

Surface Atoms

Fig. 3.4 A schematic of the basic principle of the AFM technique.

3.4 UV-visible spectroscopy

Ultra violet (UV)-visible spectrophotometry is used to measure the light transmitted,
absorbed and reflected by semiconducting thin films. Since the solid films show low
scattering of light, such a technique is efficiently used for evaluating the band gap values
of these films from their transmittance or absorbance spectra. The main principle of the
spectrophotometer is based on measuring the transmitted, absorbed or reflected light from
the surface of the film as a function of wavelength. A UV-Visible spectrophotometer
consists of a light source (a tungsten/halogen lamp for the visible spectrum or a
deuterium lamp for the UV), a diffraction grating monochromator that splits and diffracts
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light into several beams of different wavelengths, sample cell, reference cell, two rotating

disks (each consists of transparent part, mirror part and black part), two mirrors and

photodetectors. A general schematic diagram showing a double-beam UV-Visible

spectrophotometer is represented by Fig. 3.5.
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%l ;G :

Slit
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\
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d
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G Detector and
s ﬁ
computer

Chart recorder

Fig. 3.5 A schematic diagram of a double beam spectrophotometer.

As the light from the lamp is passed through the diffraction grating and falls on the

first rotating disk, the following three processes may happen:

1- If it falls on the transparent part, it will pass through the sample cell to be

reflected onto the detector and computer (path a and path b).
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2- If it falls on the mirror part of the first rotating disk, it will be reflected by the
mirror (paths ¢ and path d) and then pass through the reference cell to meet the
transparent part. Then, it goes to the detector and computer.

3- If the light comes to the black part of the first rotating disk, it will be totally
blocked and no longer passes through the spectrophotometer within short time.
This helps computer to make allowance for current generated by the detector in
the absence of the light. After rotating disc, the beam is allowed to pass through

the two cells, reference cell and sample cell.

The reference cell is quartz cuvette which contains bare solvent in case of the solution
sample or bare substrate in case of film sample. The detector converts the incident light
into current signal that is then processed and converted into transmittance, absorbance or
reflectance spectrum displayed on the computer. In the transmittance measurements, the
spectrophotometer compares quantitatively both the amount of light passing through the
sample and the reference [115,116]. These optical measurements enable one to calculate
the absorption coefficient, band gap and the thickness of the fabricated thin films as will
be discussed in details in chapters 4 and chapter 5. In this study, a Jasco V570 double-
beam spectrophotometer was employed to execute the normal-incidence transmittance of
the pure WO; and MoOs as well as the alloyed films over the wavelength range 300—-800
nm. However, the normal-incidence transmittance of the CdTe films was measured over

the wavelength range 200—2000 nm.
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3.5 X-ray photoelectron spectroscopy (XPS)

XPS is considered as one of the most powerful analytical techniques that provide the
following: identification of all elements, except H and He, present at concentrations
greater than 0.1 atomic %, elemental surface composition, and information about the
molecular environment such as oxidation state and covalently bonded atoms. The main
components of XPS, as shown in Fig. 3.6, are an x-ray gun, transfer lenses, hemispherical
electron energy analyzer (HSA) which disperses the emitted photoelectrons due to their

speeds and a detector for recording their intensity.

== =8

Transfer Lenses f—F— Detector

I —— \_fk_j-\_/—\
——

Sample

Fig. 3.6 A schematic of an XPS instrument.

In XPS, an incident beam of monochromatic x-rays irradiates the sample under study,
resulting in photoelectron emission from the core level of atoms on the specimen’s

surface with a certain kinetic energy. The kinetic energy of the emitted photoelectrons is
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linearly proportional to the energy of the incident x-rays. The binding energy of each
core-level electron is a characteristic of the atom and the specific orbital to which it
belongs. Thus, determination of the binding energy, E;, of the emitted photoelectron is
useful for identification of the atom involved. It is given by the Einstein equation

[117,118]:
Ei = hV—Ek— 0] (34‘)

where hv is the energy of the incident X-ray, Ex is the Kinetic energy of the emitted
photoelectron and @ is the work function of the spectrophotometer (energy needed to
move an electron from the Fermi level of the solid into vacuum). The binding energies of
the various elements have been measured and tabulated in reference tables. These tables
are used as a reference when studying the surface atomic composition of any sample

[119].

In this work, a Thermos Scientific Esca lab 250Xi spectrometer equipped with a
monochromatic Al K, (1486.6 eV) X-ray source was employed to perform the chemical
analysis. To calibrate the spectrometer energy, Ag 3ds,, Au 4f;, and Cu 2ps,, were fixed
at binding energies of 368.2, 83.9 and 932.6 eV, respectively [120]. The energy
resolution of the instrument was 0.5 eV. The pressure inside the spectrometer during the
XPS analysis was 7x10™'° mbar. The binding energies of the spectra were calibrated with
adventitious C 1s peak positioned at 284.5 eV. Elemental depth profiles of the
WO;/CdTe and MoO3/CdTe thin film samples were accomplished by a sequence of 60s

Ar" ion etching followed by XPS analysis. Etching was achieved with a 3keV Ar" ion
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beam with a medium ion current over a 1x1 mm? area of the sample surface. The
incidence angle of the Ar* ion beam with respect to the surface of the sample was 30°.
During depth profile process, the pressure inside XPS chamber was 5x10™ mbar. Films
were completely etched by applying fourteen etching cycles, except one film of lower
thickness that was etched by only ten etching cycles. To eliminate charging of film

surface during XPS analysis, all films were deposited on tantalum substrates.

3.6 Potentiostat/Galvanostat (PGSTAT) — Electrochemical cell setup

Figure 3.7shows a simplified energy diagram of a photoelectrochemical (PEC) cell
based on a three-electrode potentiostat and an electrolyte. The three-electrode are a
working electrode (WE), such as n-type semiconductor thin film deposited on a
conducting substrate, a metal counter electrode (CE), and a reference electrode (RE). The
main component of the PEC cell is the semiconductor, which absorbs light and converts
it to electron-hole pairs. These electrons and holes are spatially separated from each other
due to the presence of an electric field inside the semiconductor. The photogenerated
electrons are swept toward the conducting substrate (back contact), and are transported to
the metal counter-electrode via an external wire. At the counter electrode, the electrons
reduce water to form hydrogen gas. The photogenerated holes are swept toward the
semiconductor/electrolyte interface, where they oxidize water to form oxygen gas. The
potentiostat is operated in two modes; potentiostatic mode and galvanostatic mode. In
potentiostat mode, the PGSTAT controls the potential of the CE versus WE, so that the

potential difference between the WE and the RE is well defined, which corresponds to
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the value assigned by the user. In galvanostatic mode, the current flowing between the
WE and the CE is controlled. The potential difference between the RE and WE and the
current flowing between the CE and WE are continuously monitored. In this work, the
photocurrent was measured in a standard three electrode configuration with WO3/CdTe
thin films on indium-tin oxide as a WE, Ag/AgCl as RE, and a Pt foil as a CE,
respectively. Photoelectrochemical measurements were conducted in 0.5M Na,SO,
(Sigma Aldrich) electrolyte. The samples were illuminated by an artificial sunlight
simulator (300 mW/cm?) using a Xenon lamp. The bias voltage was kept at 0.23 V for

chronoamparometric study.
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Electrolyte

Fig. 3.7 A schematic of a three-electrode PGSTAT-photoelectrochemical cell setup.
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3.7 Experimental Procedure

In my work, the starting materials were powders of WO;, MoO; and CdTe, and the
mass of the WO; or MoO; powder was 2g in all depositions. Various concentrations of
CdTe specifically; 5%, 10%, 15%, 20% and 25% were added to WO; powder, however,
2%, 4%, 6%, 8% and 10% were added to MoO; powder. These concentrations were the
ratio of the CdTe mass to the mass of the concerned metal oxide. | reduced the CdTe
mass concentration added to MoO; to avoid the deterioration of the optical properties of
the alloyed films at higher CdTe concentrations. A detailed discussion will be reported in
Chapter 5. The films were fabricated in a Leybold L560 box coater. Compared to the
other sophisticated deposition techniques, the novelty of this technique is that the band
gap tuning of the oxides of interest just requires evaporation of a powder mixture of each

oxide with small additives of CdTe.

In a typical deposition experiment, WO; powder (Alfa, 99.999% purity) was
homogeneously mixed with specific concentrations of CdTe powder (Balzers, 99.999%
purity). The mixture was then thermally evaporated in a molybdenum boat (heater)
leading to the deposition of thin films on the substrate. Different substrates namely; fused
silica, tantalum and indium tin oxide (ITO) were used. The variation of the substrates
aims to make a comprehensive characterization of the structural, optical and elemental
properties as well as testing the photocurrent response of alloyed films. The film
thickness and the evaporation rate were monitored by a quartz crystal and a rate
controller, respectively. The thickness of the films was fixed to be 300 nm. However, the

real thickness of all films was estimated optically and verified by a stylus profilometer
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and was found to be 270 = 20 nm. The evaporation rate was 0.2 nm/s. Prior to
evaporation, the thermal evaporation system was pumped down to a base pressure of 2 x
10 mbar and the raw material (the mixture of powders) was slowly out gassed. During
deposition, the substrate holder was rotating to obtain uniform films and the substrate-
sample distance was 40 cm. The band gap of WOs; thin film was engineered by varying
the concentration of CdTe in the mixture. A similar procedure was followed for
engineering the band gap of MoO;. The effect of CdTe concentration on the band gap of
WO; and MoO; thin films deposited on unheated substrates was investigated. However,
the effect of substrate heating on the band gap of the concerned metal oxides was
excluded from this study because one deposition was conducted on CdTe and it was
found that no film was deposited. This indicates that the band gap of the concerned metal
oxides cannot be engineered on heated substrates since CdTe cannot stick to heated

substrates.
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CHAPTER 4
RESULTS and DISCUSSION
BAND GAP TUNING of WO; THIN FILMS THROUGH

ALLOYING with CdTe

In this chapter, results of the band gap engineering of WOj; thin films will be
presented. The effect of CdTe concentration on the tuning of the band gap of the
fabricated WO, thin films will be discussed as well as its effect on the morphological,
optical properties and the chemical composition of the films. Further, the suitability of
the fabricated WO3/CdTe thin films for photovoltaic solar energy conversion will be also

presented.

4.1 Structural analysis

XRD analysis revealed the amorphous and polycrystalline nature of the thermally-
evaporated WO; and CdTe thin films, as seen in Figs. 4.1a and 4.1b, respectively. Peak
assignments were based on the International Center for Diffraction Data (ICDD) files
[121]. The amorphous nature of the WO; thin films indicates that the kinetic energy of
the evaporated species was less than the height of crystallization barrier. However, the
polycrystalline CdTe films indicate that the crystallization barrier was overcome in these
films. The broad hump centered at 26 = 22° in all films is attributed to the fused silica

substrate. The films alloyed with 5%, 10% and 15% of CdTe still had an amorphous

56



nature, as presented in Figs. 4.2(a-c). However, a CdTe concentration of 20% resulted in

0 0 0
the appearance of multiple peaks characteristic of CdTe centered at 260 = 23, 39 and 46,

corresponding to the (111), (220) and (311) orientations of CdTe, respectively, as shown
in Fig. 4.3a. The intensities of these peaks increased with further increase in the CdTe

concentration up to 25%, as seen in Fig. 4.3b.
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Fig. 4.1 XRD patterns of thermally-evaporated WO; (a), and CdTe (b) thin films
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Fig. 4.2 XRD patterns of thermally-evaporated WO; thin films alloyed with CdTe mass
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Fig. 4.3 XRD patterns of thermally-evaporated WO; thin films alloyed with CdTe mass
concentrations of 20% (a) and 25% (b).
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4.2 Morphological study

The morphological structure of the fabricated films was investigated using the AFM
technique. The surface roughness of the investigated films was characterized by the root-
mean-square (Rrms) roughness. Three dimensional AFM images of pure WO; and pure
CdTe thin films are shown in Fig.4.4a and Fig. 4.4b, respectively. The surface
morphology of pure WO; films displayed a columnar structure, while a granular structure
was observed in the pure CdTe thin films. CdTe dopant concentrations of 5 and 10 %
resulted in the formation of a dense columnar structure, as shown in Fig. 4.4c and Fig.
4.4d, respectively. However, Fig. 4.4e reveals that this columnar structure started to
transform into a granular structure at a CdTe concentration of 15%. A dense granular
structure was formed in the film containing 20% CdTe, as shown in Fig. 4.4f. Further
increase in the CdTe dopant to 25% led to the formation of a columnar structure mixed
with small grains as can be seen in Fig. 4.49. The variation of Ryys with CdTe
concentration is presented in Fig. 4.5. It can be noted that the roughness increased

linearly as the CdTe dopant increased from 5 to 25%.
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Fig. 4.4 Three dimensional AFM images of thermally evaporated WQO; films (a), CdTe films
(b) and WO; films alloyed with mass concentrations of 5% (c), 10% (d), 15% (e) 20%, (f)
and 25% (Q).
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4.3 Optical properties

4.3.1 Transmittance measurements

Figure 4.6a shows the transmittance spectrum of a pure WOs; thin film. The film
shows maximum transparency in the visible region down to a wavelength of 400 nm. A
pronounced absorption edge can be observed below a wavelength of 400 nm. This
absorption edge will be red-shifted due to alloying of WO; with different concentrations
of CdTe, as will be seen in the following discussion. However, before proceeding in this
discussion, it makes sense to determine the absorption edge of the CdTe film so that we

make a reasonable comparison between the absorption edges of the films before and after
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alloying. The transmittance of a pure CdTe thin film is shown in Fig.4.6b. The film is
transparent in the infrared region of the EM spectrum, showing a sharp absorption edge

below a wavelength of 850 nm.

The absorption edge of WO; thin films was red-shifted by alloying with CdTe, as
shown in Fig. 4.7 Moreover, it can be noted that the optical transparency of the films
decreased with the addition of CdTe. The lower optical transparency in the alloyed films
may be accounted for by the increase in the optical absorption due to mixing with CdTe,

which has a higher absorption coefficient.
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Fig. 4.6 Transmittance spectra of thermally-evaporated WO; (a), and CdTe (b) thin films.
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Fig. 4.7 Transmittance spectra of thermally-evaporated WO; thin films alloyed with CdTe
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4.3.2 Thickness measurements

The thickness of the films was measured optically based on the maxima and minima
in the transmittance spectra of the films. The maxima and minima appear in the
transmittance spectrum due to constructive and destructive interference of light reflected
from air/film and film/substrate interfaces, respectively. When a wave of light reflects
from the air/film interface and interferes constructively with another wave reflected from
the film/substrate interface, a transmittance maximum appears. A transmittance minimum
appears if the two reflected waves interfere destructively. Representative maxima and
minima are depicted in the transmittance spectrum of a pure WOj; thin film recorded over
the wavelength range 200-2000 nm, as shown in Fig. 4.8. The real thickness (d) of the
film was estimated optically using the following relation [122, 123],

A

4= Ny — Ay

(4.1)

where n is the refractive index of the film, 4; is the wavelength corresponding to a
maximum (or minimum) transmittance and A, is the wavelength corresponding to an
adjacent minimum (or maximum) transmittance. The refractive index was estimated

based on the equation of the measured minimum transmittance (tmin) given by [123]
n = 4.237 — (2.9615 t,;,,) (4.2)

The thickness of all films was found to be 270 + 20 nm.
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Fig. 4.8 Transmittance spectrum of a WO; thin film in the wavelength range 200-1400 nm A
maximum and an adjacent minimum and their corresponding wavelengths are depicted.

4.3.3 Absorption coefficient

In the fundamental absorption region, the absorption coefficient « is related to the

transmittance (t) through the following approximate relation [124]:
=-—In-— 4.3
a=glns (4.3)

The absorption coefficients of all films were calculated using eq. (4.3) and are plotted as

a function of the wavelength as shown in Fig. 4.9. The absorption edge of pure WO; thin
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film can be observed to shift up towards longer wavelength (red-shift) with the increase
of CdTe content, which supports the previous discussion in the transmittance section.
Moreover, the absorption coefficient also increased gradually with the CdTe content to
reach twice that of pure WOj; thin film at a CdTe content of 25%. The enhancement of
absorption is attributed to the increase of the CdTe content, which has a high light
absorptivity level [125]. As previously reported [125,126], a film of absorption
coefficient >10° cm™ over the visible region is able to absorb over 90% of the day light.
This suggests that our new fabricated films can be utilized for absorption of a wide

portion of the visible range of the solar spectrum for energy harvesting applications.
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Fig. 4.9 The absorption coefficients of pure WO;, CdTe and CdTe-alloyed WO; thin films as
a function of the wavelength.
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4.3.4 Determination of the optical band gap

The band gap of a semiconductor (E, ) can be obtained based on the dependence of

the absorption coefficient on the incident photon energy (E) in the strong absorption

region using the well-known Tauc relation [4,127]:
(@E) = B(hv — E,)" (4.4)

where B is a constant, and the power n describes the optical absorption process.
Theoretically, n takes the values 1/2 and 2 for direct and indirect allowed transitions,

respectively. Thus, the direct band gap of the CdTe and the indirect band gap of WO; and
CdTe-alloyed WOj5 thin films can be evaluated by plotting («E) and (aE)"” versus E,
respectively, and extrapolating the linear portions of the plots to intercept the E axis at «
= 0. The band gaps were found to be 3.30 eV for WO; and 1.42 eV for CdTe, as shown in
Fig. 4.10a and 4.10b, respectively. These values are in good agreement with the
previously reported values for thermally-evaporated WO; and CdTe [128,129]. Figure
4.11 shows the plots of (aE)'/? versus photon energy for the CdTe-alloyed WO; films.
The band gap values were 3.05, 2.87, 2.75, 2.58 and 2.47 eV at CdTe content of 5%,
10%, 15%, 20% and 25%, respectively. The band gap of the CdTe-alloyed WO; films
decreased significantly with the increase of CdTe content. As previously reported, an
alloyed semiconductor material has often a band gap intermediate between those of its

binary compounds [130].
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The dependence of the band gap of the alloyed films on the CdTe content (x) was

fitted using the quadratic form of the bowing equation (2.21) [131,132]:
Eg at10y (%) = bx? + ax + E4(0) (4.5)

where b is the bowing factor corresponding to nonlinearity in the trend of the band gap
values of the alloyed films, a = E; — Ey, — b, where E; is the band gap of pure CdTe,
Eyy, is the is the band gap of pure WO;, and E,;(0) = Ey,. Figure 4.12 displays the least-
squares fitting of equation 4.5 to the experimental data presented in Figs. 4.10 and 4.11,
where the best fit values of the parameters a and b were -3.75 and 1.90 eV, respectively.
Such a fit confirms that the standard bowing equation described accurately the CdTe
content dependence of the band gap of the alloyed films over the whole range of CdTe
concentrations. The obtained results reveal the systematic red shift of the band gap of the
(WO3) film from 3.30 eV (376 nm) at 0% content of CdTe to 2.47 eV (502 nm) at 25%
CdTe of content, indicating that a large portion of the visible spectrum was covered. This
means that a wider portion of the visible spectrum region can be harvested rather than

only a single wavelength corresponding to the band gap of pure WO; thin film.
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Fig. 4.10 Tauc plot of (aE) "*and («E) * against photon energy for determining the band gap
of WO; (a) and CdTe (b) thin films, respectively.

73



(@E) (em™ev)”? (aE)m(cm'leV)l n

(aE)lIZ(cm-leV)lfl

1.8x10°

1.4x10°

9.0x10°

4.5x10°

1.6x10°
1.4x10°
1.2x10°
1.0x10°
8.0x10%
6.0x10°

4.0x10°

1.5x10°
1.2x10°
9.8x10°
7.2x10°

4.6x10°

2.0x10°
2

(c)

3.6
Photon Energy (eV)

0.10 CdTe

2.1

Photon Energy (eV)

0.05 CdTe
[’

Photon Energy (eV)

Fig. 4.11 Tauc plot of (aE) "* against photon energy for determining the band gap of WO,
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4.4 Chemical analysis

4.4.1 XPS analysis of WO; thin film

The tungsten 4f level consists of two sublevels (W 4fs, and W 4f;,) which are due to
spin-orbit splitting. The spin-orbit splitting is 2.11 eV, and the intensity ratio between W
4f,, and W 4fs), peaks in tungsten oxide (WQOs) is in the range 0.76 [133-135]. Tungsten
has different oxidation states, including WO; (W®"), WO, 5 (W>"), and WO, (W*"). WO;,
having the highest oxidation state, is the stoichiometric oxide. WO, s and WO, are sub-

stoichiometric compounds [136-149]. The binding energies of W 4fs, assigned to W°®",
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W>*and W*" have values in the range 36.5-39.0, 35.7-38.5, and 33.7-38.0 eV,
respectively. The corresponding binding energies of W 4f;, have values in the range
35.4-37.0, 33.7-36.4, and 31.2-35.7 eV, respectively [133, 136-145]. A typical XPS
survey for the surface of a pure WO; thin film is shown in Fig. 4.13, which indicates that
the film contains only the constituent elements (W and O). More detailed information
about the prepared WO; films can be obtained from the high-resolution spectra of W 4f
and O 1s. Figure 4.14a shows a high-resolution XPS spectrum in the W 4f core level
region, that is splitted into two spin-orbit doublet peaks positioned at binding energies of
35.4 eV and 37.5 eV ascribed to W 4f;, and W 4fs),, respectively. The intensity ratio
between W 4f;, and W 4fs), peaks is 0.77 and the spin-orbit splitting was 2.10 eV, which
are in good agreement with the reported values for W®" oxidation state [133-135]. The
presence of other oxidation states in the fabricated thin film can be investigated by
deconvolution of the W 4f spectrum using mixed Gaussain/Lorenzain function with
iterated Shirley background subtraction, as shown in Fig. 4.14b. It can be observed the
presence of two additional small components (statistical weight of 8%) located at binding
energies of 34.2 and 36.1 eV, corresponding to W 4f;, and W 4fs), respectively that may
be attributed to the W>" oxidation state. The statistical weight of each component is listed
in Table 4.1. Similarly, the O 1s core level spectrum was decomposed into two peaks, as
shown in Fig. 4.15. The first peak is positioned at a lower binding energy of 530.5 eV
and is assigned to oxygen bonded to tungsten (W-0O), and the second peak is centered at a
higher binding energy of 532.8 eV and is attributed to adsorbed oxygen (O-H) on the

surface of the film [135,140,141,146,157]. The ratio of the O-H to the total O 1s peak
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was 12%. Finally, the O/W ratio in the fabricated thin film was calculated using the

statistical weight of each component due to the following formula [148]:

6 6 5 5
Rojw = (2) - 261552) o (4.6)

where €6 and £°, are the ratio of W®"and W°" to the total W in the film, and (6/2) and

(5/2) are the ratio (oxygen atoms)/( tungsten atoms) in W®"and W>", respectively.
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Fig. 4.13 XPS survey spectrum of a WO; thin film.
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Table 4.1: Deconvolution results of W 4f spectrum of WO; thin film with corresponding
binding energies (BE), statistical weight and full-width at half maximum (FWHM) of each
component Ratio of sub-stoichiometric oxide (W) to the total W and ratio of oxygen to
tungsten in the film are also listed.

Component | Peak BE | FWHM | Area | Statistical | W™/W | Row
(eV) (eV) (CPS) weight
WS4t 35.4 1.18 | 90112.27 91.58
W4, 34.2 1.57 | 8288.03 8.42
0.08 2.96
WS 4fs) 37.5 1.18 | 71037.41 -
W 4fs 36.1 1.57 | 6533.63 -
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4.4.2 XPS analysis of CdTe thin film

The surface chemistry of pure CdTe thin films was also investigated using XPS. The
XPS survey spectrum for a CdTe film is shown in Fig. 4.16, which confirms the presence
of Cd and Te only, without the presence of further elements, except oxygen and carbon
originating from the environment. Figure 4.17a displays the characteristic XPS spectrum
in the Te 3d region, that shows two doublet peaks (Te 3ds, and Te 3d;») centered at
binding energies of 572.9 and 583.3 eV, respectively, and assigned to Cd-Te bonds [149-
153]. Besides, two corresponding satellite peaks were positioned at binding energies of
576.2 and 586.7 eV, and are attributed to Te-O bond found in TeO, [ 154-157]. The
binding energy difference between Te 3ds, and Te 3ds, is almost 10.4 eV, which agrees
with the reported values [155,157,158]. In order to investigate the existence of additional
oxidation states, the main and satellite Te 3ds, peaks were fitted as shown in Fig. 4.17b.
The resulted fitting showed that no further components were present, indicating that the
main component of the film is Cd-Te bond with a small amount of Te-O bond (only 3%
of the total Te 3d peak) due to exposure to oxygen emerging from WO; during
deposition. In addition, the energy difference between the two Te 3ds,, signals assigned to
Te-Cd and Te-O bonds is 3.3 eV, which is also in good agreement with the previous
reports [162]. The statistical weight of each component is presented in Table 4.2.
Similarly, the Cd 3d core level region shows two doublet peaks (Fig. 4.18a) positioned at
binding energies of 405.5 and 412.2 eV, and ascribed to Cd 3ds, and Cd 3d;, doublet
peaks found in Cd-Te bonds, respectively [149-151,160,161]. The energy difference

between these two doublets is 6.7 eV, which is in good agreement with the literature
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[155, 161]. To investigate the possibility of the formation of Cd-O bond, the Cd 3ds),
peak was fitted as can be observed in Fig. 4.18b. The fitted curve does not show any
further peaks, indicating that the only formed bonds are Cd-Te bond. The statistical

weight of Cd component is given in Table 4.2.
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Fig. 4.16 XPS survey spectrum for CdTe thin film.
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Te 3ds, peaks of CdTe thin film showing that no further oxidation states were present
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Table 4.2: Deconvolution results of Te3 ds, and Cd3 ds, peaks of CdTe thin film with
corresponding binding energies (BE), statistical weight and full-width at half maximum
(FWHM) of each component Ratio of Te to Cd and ratio of oxidized tellurium (Te-O) to the
total Te in the film are also listed.

Component Peak BE | FWHM | Statistical | Te/Cd Te-O/Te
(eV) (eV) Weight
Cd (Cd-Tebond) | 405.5 1.03 50.09
Te (Cd-Te bond) 572.9 1.27 48.24 0.97 0.03
Te-O 576.2 1.17 1.66

4.4.3 XPS depth profiling of WO;/CdTe thin films

XPS depth profiling of a thin film involves etching the surface of the film with an Ar”
ion source, recording XPS intensity-etching time spectra, and repeating the process down
through the thickness of the film to produce a profile of the distribution of the constituent
elements within the film. In order to characterize the depth distributions of the
components in each film, XPS depth profiling was obtained by plotting the intensities
(corrected by the sensitivity factor of each element) of each component as a function of
etching time. The etching time was not converted into depth because of the variation of
the etching rate between the different components in the film. Figs. 4.19-4.23 show XPS

depth profiling of WO3/CdTe films prepared at CdTe concentrations of 5%, 10%, 15%,
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20% and 25%, respectively. For the two films prepared at 5% (Fig. 4.19a) and 25% (Fig.
4.23a) CdTe, it can be seen that both Cd and Te components evolved gradually starting
from the bottom side of the film towards the top side of the film. However, at etching
times of 540 s and 360 s, a sharp increase in Cd and Te intensities can be observed,
followed by a gradual decrease in the film alloyed with 5% CdTe until the etching time of
420 s, and abrupt decrease in the film alloyed with 25% CdTe until the etching time of
300 s. Eventually, their intensities leveled off as the sputtering time decreased until the
top side of the film. Such a sharp evolution indicates that most of the CdTe material was
exhausted, and may be explained in terms of the melting point of the material and the
minimum energy necessary for evaporation. The abundance of CdTe material in the films
at etching time of 540 s and 360 s suggests that the energy of evaporation increased to a
value greater than that needed to melt CdTe (melting point of 1098 °C), which led to a
high evaporation rate and hence consuming the material at this layer. Besides, W and O
components evolved gradually from the bottom side of each film until etching times of
500 s and 300 s, and then their intensities increased smoothly until reaching the top side
of each film as can be seen in (Fig. 4.19b) and (Fig. 4.23b), respectively. This continuous
increase in the amount of W and O with the decrease in the etching time is due to the
great amount of raw WO; material as well as longer period of evaporation is needed
because of the higher melting point of WO; (1473 °C) compared to that of CdTe. A
representative XPS depth profile spectra of all components in the (WO3)o9s (CdTe)o.05

thin films are depicted in Fig. 4.24.
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No attempt was made to investigate the oxidation states in each fabricated (WO3),«
(CdTe)x thin film for two reasons; first one is the removal of the C1s peak reference at the
first etched layer as can be viewed in Fig. 4.24e and the second reason is the shifted
photoelectron peak positions due to the Ar* ion sputtering as can be seen in Figs. 4.24a-c.
However, it was reported that ion bombardment of metal oxides leads to preferential
sputtering of oxygen leaving metal-enriched surface and formation of sub-stoichiometric
oxides [162-164].The phenomenon was observed in most sputtering runs but the increase
in the metal signal means the increase of the metal atoms which was not believed and
explained by the increase in the amorphicity of the film due to the sputtering. In our
study, such phenomenon was observed in some samples where the intensity of W was
greater than that of O at the late stages of etching. A similar trend was reported in
thermally evaporated WO; films by Driscoll et al. [162] with the formation of other sub-
stoichiometric oxides such as WO, and WO, due to Ar" ion sputtering. Based on this

consideration, the presence of the original stoichiometric WOj; is reasonably assumed.

At CdTe concentrations of 10% (Fig. 4.20a) and 20% (Fig. 4.22a), the Cd and Te
components showed steady level of growth starting from the substrate surface toward the
uppermost side of the film but significant increase in their intensities at etching time of
240 s can be observed due to the high evaporation rate indicating that most of the CdTe
material was consumed at this layer, then a sudden drop in their intensities can be noticed
at etching time of 180 s followed by a steady decrease until reaching the upper surface of
the film. Similarly, W and O elements (Fig. 4.20b) and (Fig. 4.22b) grew steadily along

with Cd and Te components from the bottom side to the top side of the film with a sharp
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increase at etching time of 180 s, then they proceed in growth smoothly until reaching the
topmost surface of the film. Furthermore, a relative W metal-enriched layer was formed
after the early stages of etching, specifically at etching time of 420 s, and dominated the
exposed surfaces of the film until the bottom side of the film. On other hand, the intensity
of each component reflects the number of photoelectrons detected during acquisition of
XPS data so one can expect that the intensities of Cd and Te components in each film
increase with the increase of their concentrations. However, such expectation was not met
in all samples. As reported, even for samples of the same thickness, the intensity from run
to run is not the same due to the slow decrease in the sensitivity of the detector over time
caused by adsorption of water vapor and other materials upon the cold detector surface
[162]. Finally, in the films prepared at a CdTe concentration of 15%, it can be noted that
the Cd and Te components (Fig. 4.21a) were distributed in the film with similar
mechanism noted in the film prepared at CdTe concentration of 20% where their
evolution was steady along with the etching time but with a remarkable increase at the
middle layer of the film due to the high evaporation rate at this layer. However, W and O
components (Fig. 4.21b) were distributed in the film in a mechanism similar to that
observed in the film prepared at CdTe concentration of 25% where both components
were evolved gradually from the top surface of the substrate toward the upper side of the
film with great and relative enrichment of O on the exposed layer of the film at the early

and lately stages of etching, respectively.

The enrichment of Te and Cd through the depths of the films prepared at 5% and 10%

CdTe content respectively indicates the difference in the CdTe stoichiometry which can
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be explained by the formation of oxide layers due to the change of the chemical states in
the material caused by ion sputtering [165,166]. However, only few exposed surfaces in
the films prepared at 15%, 20% and 25% CdTe content are enriched with Te. As a result,
it can be stated that all constituents; Cd, Te, W and O were non-uniformly distributed
throughout the thickness of the films due to their variation from site-to-site in a single

film.
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4.5 Photocurrent measurements

The suitability of the CdTe-alloyed WO; thin films for photovoltaic applications was
investigated by measuring the photocurrent density of the films. Figure 4.25a shows the
variation of the photocurrent density of the fabricated films at various CdTe
concentrations. It can be observed that the photocurrent density of the alloyed films
increased monotonically with the applied potential. This increase is attributed to the
enhanced mobility of the photogenerated excitons due to the increase of the band bending
at the film/electrolyte interface [167]. Furthermore, applying a positive potential enables
the separation of the photogenerated electrons and holes leading to enhancement of the
photocurrent [168]. The dependence of the photocurrent density of the alloyed films on
the CdTe concentration is shown in Fig. 4.25b, which represents the integrated area under
the photocurrent density—potential curves versus CdTe concentration. Obviously, the
photocurrent density increased gradually with the CdTe concentration to reach a
maximum value at a CdTe concentration of 20%. This is ascribed to the decrease of the
band gap of the alloyed films with CdTe concentration, which improves the light
absorption at longer wavelengths, resulting in the enhancement of the photogenerated
excitons [169]. However, the photocurrent density decreased at higher CdTe
concentration (25%) despite its low band gap. This could be attributed to the increase of
the impurity scattering centers at the grain boundaries in the film due to the increase of
CdTe concentration, which in turn leads to the decrease of the photogenerated electron

mobility and the enhancement of their recombination with diffusing holes [170,171].
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concentration is indicated on each spectrum (b) Integrated photocurrent density of the
alloyed films versus CdTe mass concentration
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CHAPTER 5
RESULTS and DISCUSSION
BAND GAP TUNING of MoO; THIN FILMS THROUGH

ALLOYING with CdTe

5.1 Structural analysis

Thermally-evaporated MoOj; thin film and films alloyed with 2%, 4%, 6%, 8% and
10% had an amorphous nature as revealed by XRD study. The absence of the CdTe
crystalline peaks in these films compared to WO;/CdTe films fabricated at high CdTe
concentrations may be attributed to the low concentrations of CdTe which may be below

the detection limit of XRD.

5.2 Morphological analysis

Figure 5.1a shows a three dimensional AFM micrograph of an MoO; thin film. It can
be observed that the film had a columnar structure. However, in the film mixed with 2%
of CdTe, some of the columnar growth was transformed into granular growth as shown in
Fig.5.1b. The granular growth increased significantly with the increase of CdTe
concentration into 4% and 6%, as depicted in Fig. 5.1c and Fig.5.1d, respectively. Further
increase in CdTe concentration to 8% and 10% led to the formation of a dense granular
structure, as shown in in Fig. 5.1e and Fig.5.1f, respectively. The surface roughness of

the investigated films was characterized by root mean square roughness (Rms) obtained
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from the AFM micrographs. The Ryms values of the fabricated films were found to be
slightly increased with CdTe as displayed in Fig. 5.2. The observed increase in the Ryps

may be due to improper agglomeration of crystallites [172].

7.9 nm 14.0 nm

0.0 nm 0.0 nm

Fig. 5.1 Three dimensional AFM images of thermally evaporated MoO; film (a), and MoO;
films alloyed with mass concentrations of 2% (b), 4% (c), 6% (d) 8%, (e) and 10% (f).
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Fig. 5.2 Variation of R;ys of M0oO; thin films with CdTe mass concentration.

5.3 Optical properties

5.3.1 Transmittance measurements

The transmittance spectrum of a pure MoOs thin film is displayed in Fig. 5.3a. The
film has maximum transparency in the visible region down to a wavelength of 400 nm. A
sharp absorption edge can be observed below 400 nm. The absorption edge of MoO; was
shifted toward longer wavelengths by alloying with different concentrations of CdTe, as

shown in Figs. 5.3b-5.3f. In this case, less CdTe concentrations were used with MoOj;
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compared to that with WO; to avoid the deterioration of the optical properties (i.e. the
significant decrease of transmittance at higher CdTe concentrations) of MoOj; thin films.
Furthermore, it is evident that the CdTe alloyed films demonstrated lower transmittance
compared to the pure MoO; film. The same considerations concerning the lower optical
transparency of WO; films due to mixing with CdTe are applicable here, in that the
transparency of CdTe alloyed MoOs films is dominated by the absorption of these films.
As the CdTe content increased, the absorption increased leading to lower transmittance,
and the films became non-transparent at higher CdTe concentrations. This enhancement

in the absorption is due to mixing with CdTe which is a good absorber for light.
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Fig. 5.3 Transmittance spectra of thermally-evaporated pure MoO; thin film (a) and MoO;
thin film alloyed with CdTe mass concentrations of 2% (b), 4% (c), 6% (d), 8% (e) and
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5.3.2 Thickness measurements of the films

The thickness of the pure MoO; film and CdTe-alloyed films was estimated following
the same method described in section 4.3.2. Based on the interference maxima and
minima of the transmittance spectra, the thickness of each film was calculated using Eqg.
4.1. Figure 5.4 demonstrates representative interference maxima and minima of the
transmittance spectrum of a pure MoQOj thin film in the wavelength range 200-1400 nm,

which was used for the estimation of the film thickness. The thickness of all films was

found to be 270 + 20 nm.
1.0
Tpnax~ 0.94258
[
|
0.8 - Tpin 1= 0.81825 :
| |
| [
| |
it ! [
g 061 | :
£ i |
| |
g . .
: | |
& 0.4 I | :
| |
| |
| |
| [
02 | |
| |
! |
I A;1=702 nm A, |=1026 nm
0 0 N M 1 5 N M 1 5 dl [ M [ ! M 1 o 5 N
200 400 600 800 1000 1200 1400
Wavelength (nm)

Fig. 5.4 Transmittance spectrum of a pure MoO; thin film in the wavelength range 200-1400
nm A maximum and an adjacent minimum and their corresponding wavelengths are
depicted.
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5.3.3 Absorption coefficient

The absorption coefficients of MoO; and CdTe-alloyed MoO; films were estimated
following the same method described in section 4.3.3. Plots of the absorption coefficients
of all films versus the wavelength are depicted in Fig. 5.5. It can be noted that the
absorption edge of the pure MoO; film was located below 400 nm. This absorption edge
was shifted up toward longer wavelengths (red-shift) with the increase of CdTe content,
which coincides with the previous observation in the transmittance spectra of the films. In
addition, it can be seen from the figure that the absorption coefficient of pure MoOj; thin
film increased gradually from 3.75x10° cm™'in the UV region with the increase of CdTe
content to reach three times of this value at a CdTe content of 10%. Since the absorption
coefficient was greater than 10° cm™ over the entire visible region, the alloyed films are
able to absorb over 90% of the day light [125,126]. The physical interpretation
considered with the results obtained from alloying of WO; film with CdTe could be
applicable here, in that the enhancement of absorption of MoO; thin film is ascribed to
the alloying with CdTe material which is a good absorber for light. The obtained results
make our new designed films candidate for light energy harvesting and photovoltaic

applications over larger portions of the visible spectrum.
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Fig. 5.5 The absorption coefficients of pure MoO;, CdTe and CdTe-alloyed MoO; thin films
as a function of the wavelength.

5.3.4 Determination of the optical band gap

The values of the indirect band gap, (E,) of the films were obtained using the Tauc
relation, Eq. 4.4. The plot of (aE)/? as a function of photon energy for the fabricated
MoOs; films is shown in Fig. 5.6a. The band gap was found to be 2.90 eV, which agrees
with the previous reported values [173,174]. Figures 5.6b-5.6f demonstrate the graphs of
(aE)Y/? as a function of photon energy for CdTe-alloyed MoO; films. The band gap

values were 2.85, 2.75, 2.70, 2.65 and 2.60 eV at CdTe concentrations of 2%, 4%, 6%,
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8% and 10%, respectively. It is clear that the band gap of the MoO; film was red-shifted

with the increase of CdTe concentration.

Similar to the trend of the band gap values of WO;/CdTe thin films, the band gap
values of MoO5/CdTe thin films obey the bowing Eg. 2.21. Thus, the method of fitting
the band gap values of WO3/CdTe thin films are applicable to those of MoOs/CdTe thin
films in that the dependence of band gap of the alloyed MoO; films on the CdTe content
may be fitted using the quadratic bowing Eq. 4.5. However, in this case, a is given
by a = Er — Ey — b, where Ey is the band gap of pure MoOs, and E;(0) = E). Least-
squares fitting of Eq. 4.5 to the experimental data presented in Fig. 5.6 is shown in Fig.
5.7, where the best fit values of the parameters aand b were -3.25 and 1.75eV,
respectively. Furthermore, it is clear that the experimental variation of the band gap
values with CdTe is described by the standard bowing quadratic equation for the whole
range of CdTe concentration. The systematic red shift of the band gap of the (M0O3)1/
(CdTe)x films from 2.90 eV at 0% CdTe to 2.60 eV at a maximum CdTe content of 10%
reveals that the band gap of MoO; was engineered to cover a wide part of the visible
region of the solar spectrum. Hence, we end up with similar results to those obtained by
engineering the band gap of WO; films in that light harvesting may be extended over

larger portion of the visible spectrum region.
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5.4 Chemical analysis

5.4.1 XPS analysis of MoO;

The chemical composition of the fabricated MoOj; thin film was investigated by XPS.
The XPS survey spectrum for the film is shown in Fig. 5.8. As can be seen, the film
contains only the main elements; Mo and O. The scan for Mo 3d core level (Fig. 5.9a.)
reveals that Mo 3d level is splitted into two peaks (Mo 3ds, and Mo 3d;,,) centered at

binding energies of 232.7 and 235.9 eV, respectively, and are attributable to MoO; [175-
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179]. The intensity ratio of Mo 3ds, peak to Mo 3d;, peak is 1.5 and the spin-orbit
splitting is 3.2 eV, which are in good agreement with the reported values [177,178, 180-
182]. The existence of different oxidation states in the film was investigated by fitting the
Mo 3d spectrum, as depicted in Fig. 5.9b. The fitting showed that Mo 3d spectrum was
deconvoluted into two pairs of Mo 3ds, and Mo 3ds, peaks. Two peaks positioned at
high binding energies of 232.8 eV and 235.8 eV were assigned to stoichiometric MoO;
(Mo®"), and two small peaks located at low binding energies of 231.5 eV and 234.5 eV
were assigned to sub-stoichiometric MoO,s (Mo®") [176,179, 183,184]. The
decomposition results (Table 5.1) show that the amount of Mo’ in the film was only 4%
of the total Mo 3d peak, indicating that the film is predominantly in the Mo®" oxidation
state, i.e stoichiometric. Similarly, the O 1s core level spectrum was deconvoluted into
two components centered at a lower binding energy of 530.7 eV and a higher binding
energy of 531.8 Ev, as presented in Fig. 5.10. The lower binding energy component is
attributable to oxygen bonded to molybdenum (Mo-O) while the higher binding energy
component is ascribed to OH groups or adsorbed oxygen on the film surface [175,182,
185,186]. The ratio of the OH to the total O 1s peak was only 6%. The O/Mo ratio was
calculated from Eq. 4.6, with replacing the statistical weight of W®" and W°* by those of

Mo®*, Mo’", respectively.

114



1.0x10°
01s
5 L
8.0x10
—
=z
£ s L Mo 3d
S 6.0x10
2
@)
g Mo 3
z 0-p OKLL
2 40x10° [ &
W =]
b =
Cls
5
2.0x10 0 2s
Mo 4p
Mo 4s
0 ‘}M . 1 . 1 . 1 . 1 .
0 200 400 600 800 1000 1200
Binding Energy (eV)

Fig. 5.8 XPS survey spectrum of the MoOj; thin film.

115



1.6x10°

1.2x10°
8.0x10"
- 4
2 4.0x10
Z
=
3 0
@)
e
2z 5
g 1.6x10 (a) | Mo 3ds)» Mo 3d
g I\ 232.7eV
E s | |
1.2x10 : | Mo 3d3),
. 235.9eV
I AE&=3.2 eV €
8.0x10® | )
J
|
40x10° |
o L ! ' . :
230 232 234 2306 238
Binding Energy (eV)

Fig. 5.9 (a) XPS spectrum in the Mo 3d core level region, showing the two doublets assigned
to Mo 3ds, and Mo 3ds, of MoOs (b) Deconvolution of Mo 3ds, and Mo 3d;, peaks into
Mo® and Mo™* oxidation states.

116



5
2.0x10
X 0 1s
~  15x10°
—
z
=
=
=]
O
e’
2 1.0x10°
wn
=
e
=
5.0x10*
0 5 [ 5 [ 5 [ 5 [ 5 [
528 529 530 531 532 533

Binding Energy (eV)

Fig. 5.10 Deconvolution of O 1s core level spectrum into two components in MoQ; thin film.

117



Table 5.1: Deconvolution results of Mo 3d spectrum of MoO; thin film with corresponding
binding energies (BE), statistical weight, and full-width at half maximum (FWHM) of each
component Ratio of sub-stoichiometric oxide (Mo™) to the total Mo and ratio of oxygen to
Mo in the film are also calculated and listed.

e Peak BE | FWHM Area | Statistical | Mo*>" /M R
P (eV) @Vv) | (CPS) | weight 0 0/Mo
Mo® 3ds, | 232.8 1.08 1566370'0 96.25
Mo®" 3ds), 231.5 1.06 10323.11 3.75
0.04 2.98
Mo 3ds) 235.8 1.08 1081563'6 -
Mo 3ds), 234.5 1.1 7780.34 -
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5.4.2 XPS depth profiling of MoO;/CdTe

The compositional depth profiles of the MoOs/CdTe thin films were obtained by a
sequential Ar* ion etching followed by XPS analysis. Each film was completely etched
after 15 cycles with an etching period of 60 s for each cycle. The other parameters of
XPS depth profile runs were the same as those fixed during performing depth profiling of
WOQO3/CdTe thin films. Figs. 5.11 shows typical representative XPS depth profile spectra
of MoO; thin film alloyed with 6% CdTe. The discussion concerning the WO5/CdTe thin
films are applicable to the MoO3/CdTe thin films in that the oxidation states were not
investigated due to the shift in binding energy peak positions caused by Ar® ion
sputtering as can be seen clearly in Figs. 5.11a-c, as well as the total disappearance of
C1s peak reference after the first cycle of etching as shown in Fig. 5.11e. In order to
investigate the variation of the constituents in each film, the XPS signal intensity was
plotted versus the etching time. XPS depth profiling of MoO5/CdTe thin films fabricated
at CdTe concentrations of 2%, 4%, 6%, 8% and 10% are depicted in Figs. 5.12-5.16,
respectively. Fig. 5.12 shows the depth profile of MoOs/CdTe thin film fabricated at
CdTe concentration of 2%, where both Te and Cd evolved gradually (Fig. 5.12a) starting
from the early stages of evaporation at an etching time of 840 s and continued in growth
smoothly throughout the film thickness until etching time of 60 s. Then, one can observe
a significant increase in the content of Cd accompanied by a decrease in the intensity of
Te until reaching the upper side of the film. As mentioned before in the discussion of the
depth profiling of WO5/CdTe thin films, such non-stoichiometry is explained by the

formation of oxide layers. On other hand, it can also be seen that Mo and O evolved
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smoothly (Fig. 5.12b) and in parallel with Cd and Te from the bottom side of the film at
an etching time of 840 s until an etching time of 600 s followed by a remarkable increase
in the intensity of O and slight decrease in the intensity Mo, then a stable behavior of
distribution can be observed along with the decreasing of etching time until reaching the
upper side of the film. Obviously, the late stages of etching show that the exposed
surfaces of the lower layers are rich in Mo metal. A similar result was previously reported
by Driscoll et al. [162] in thermally evaporated MoOs; film with the co-presence of
different oxidation states of MoO; film, specifically MoO4 and MoO; in addition to the
primary MoQj;. The discussion concerning the depth profiling of WO/CdTe thin films is
applicable to depth profiling of MoO3/CdTe thin films in that the metal-enriched layers
were explained by the increase in the amorphization of the film due to the initial etching
and the variation of oxidation states was caused by sputtering. The presence of different
oxidation states in the alloyed films is evident from the decrease in the intensities of O
components along with etching which indicates that the stoichiometry of MoO; is no
longer preserved and sub-stoichiometric oxides (MoOy) were formed [162]. It is also
noticed that contrary to consuming of Te and Cd components at the middle layers of
WQO3/CdTe thin films, smooth and continuous growth of these two components in parallel
with Mo and O components until reaching the topmost side of the film can be observed.
This observation may be attributed to the low energy of evaporation determined by the

melting point of MoOs (795 °C).

When the CdTe content was increased to 4% (Fig. 5.13), both Cd and Te were

evolved with leveled off signals throughout the film thickness as shown in Fig. 5.13a,
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starting from the bottom side corresponding to an etching time of 840 s toward the top
side of the film until reaching the upper level of the film specifically at an etching time of
300 s. Then, the Cd signal increased remarkably as the etching time decreased to 240 s
and then leveled off until reaching the upper side of the film. On the contrary to the
increase in the Cd signal, the Te signal was decreased and then leveled off until reaching
the upper side of the film. The remarked increase in the Cd signal compared to that of Te
indicates that the sample is rich in Cd due to the formation of oxide layer as discussed
previously. Regarding the distribution of Mo and O in this sample, Fig. 5.13b shows a
stable behavior for distribution of both components starting from the bottom side towards
the top side of the film with decreasing the etching time to 360 s. Then, a sharp increase
in the O signal accompanied by slight decrease in Mo signal were observed at the upper
layer of the film corresponding to the etching time of 300 s followed by a stable level of
distribution until reaching the side of the film. Moreover, one can observe that most of
the exposed surfaces of this sample are rich in Mo metal. At a CdTe concentration of 6%,
the distribution of Cd and Te elements in the film showed similar trend as that observed
in the film prepared at CdTe concentration of 2%, as depicted in Fig. 5.14a. However,
more exposed layers were rich in Te at the late stages of etching and a slight increase in
the Te signal at the middle layers of the film compared to the sample prepared at CdTe
concentration of 2%. Likewise, the depth distribution of Mo and O (Fig. 5.14b) was
similar to that noted in the film prepared at Cd concentration of 2% with the slight
increase of the exposed surfaces enriched with Mo at the late stages of etching. In case of
increasing the content of CdTe into 8% (Fig. 5.15), the variation of depth distribution of
the constituents in the film; Cd, Te, Mo and O showed behavior like that observed in the
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film fabricated at CdTe content of 4%, where the film was rich in Cd throughout the
depth of the film compared to Te and the exposed surfaces of the film at the late stages of
etching are rich and Mo compared to O. However, a slight increase in the Te signal can
be observed at the layer corresponding to the etching time of 300 s opposite to that
observed in the film fabricated at CdTe content of 4%. Finally, further increase in the
CdTe content into 10% (Fig. 5.16) resulted in a slight enrichment of Te element on the
exposed layers of the film at the late stages of etching with remarked increase at the
middle layer compared to that observed in the film prepared at CdTe concentration of
6%. Then, the signal of Te decreased gradually with decreasing of the etching time,
showing similar behavior observed previously in the film prepared at CdTe concentration
of 6% until an etching time of 360 s, then leveled off until reaching the topmost of the
film. Regarding the distribution of the other components (Cd, Mo and O), it can be
observed that they were roughly distributed throughout the film thickness by the exact
mechanism of distribution observed in the sample prepared at CdTe concentration of 6%.
As a result, it can be concluded that the XPS depth profiling demonstrated that the

constituent elements were uniformly distributed along the depth of the alloyed films.
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Fig. 5.11 XPS depth profile scan of (a) Cd 3d, (b) Te 3d, (c) Mo 3d, (d) O 1s and (e) C 1s
regions in the MoO; thin film alloyed with 6% CdTe.
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5.5 Photocurrent measurements

The photoelectrochemical behavior of the prepared films was investigated by a linear
sweep voltammetry technique. Figure 5.17a depicts the photocurrent density versus
applied potential curves for the pure and CdTe-alloyed MoOj; thin films as a function of
the CdTe concentration. The photocurrent density of the pure MoO; film was negligible,
whereas it increased steeply with the addition of CdTe. As discussed in section 4.5, the
increase of the photocurrent can be explained by the potential-driven separation of
photogenerated electrons and holes within the space-charge region of the alloyed films.
The maximum photocurrent densities recorded at CdTe concentrations of 2%, 4%, 6%,
8% and 10% were 0.03, 0.13, 0.14, 0.21 and 0.24 mA/cm?, respectively. It is obvious that
the CdTe concentration had a great influence on the photocurrent response, which is
attributable to the enhanced absorption of longer wavelengths of light. This behavior is
explained by the decrease of the band gap of the alloyed films with the increase of the
CdTe concentration, as previously discussed in the optical section. The variation of the
integrated photocurrent density with CdTe concentration is shown in Fig. 5.17b.The
continuous CdTe alloying improved the absorption in the alloyed films, leading to
enhancement of the generation of electron-hole pairs that are the active species for

producing the photocurrent.
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5.6 Comparison of band gap tenability of WO; and MoOQO; thin films in this
study with previous reports

This section provides a comparison of the band gap tenability of WO5; and MoO; thin

films achieved in this study to the previous reports.

Table 5.2: Band gap (E,) tenability of WO3 and MoOs thin films by doping with elements
and oxides using different methods. For comparison, the band gap tenability achieved in
this study is also listed.

Dopant Host Deposition Dopant Eq Range Ref.
(Metal oxide Technique Concentration (V)
of interest)
Li WO; RF 0.5-10 wt% 3.14-2.70 63
TiO, PLA 1-10 wt% 3.17-2.70 64
N DC 4.7-12.5 at% 3.44-2.97 66
Dual magnetron 5-50 sccm 3.19-2.93 68
sputtering
PLD 2.33-3.88at%  3.15-2.84 70
\Y DC 9-11 % 3.2-2.90 69
C SP 0.04-0.13mL  2.62-2.57 71
Fe,03 hydrothermal 10-40 mmol/L  2.77-2.55 72
reaction and post
calcination
CdTe Thermal 5-25% 3.30-2.47 Current
evaporation study
Li MoO; SP 1-5 wt% 2.38-1.84 84
Ti SP 3-9 wt% 3.04-3.25 85
ZnSe Thermal 10-15 mol% 3.07-2.97 87
evaporation
Nb SP 3-9 at% 3.04-3.25 75
CdTe Thermal 2-10 % 2.90-2.60 Current
evaporation study
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CHAPTER 6

CONCLUSIONS

The following conclusions can be drawn from the present study concerning band gap
engineering of WO;3 and MoO; thin films through alloying with CdTe. WO; and MoO;
thin films alloyed with CdTe were fabricated by thermal evaporation. Band gaps of WO;
and MoO; thin films were engineered by mixing with specific mass concentrations of
CdTe. The structural analysis showed that the pure WO; thin films were amorphous,
while CdTe thin films were polycrystalline. No improvement in the crystallinity of WO;
was observed as the concentration of CdTe increased. However, at the highest CdTe
concentration, only CdTe polycrystalline phase was present. On other hand, the obtained
pure MoOj; and MoO; alloyed films were amorphous. The pure WO; and MoOs; films had
a columnar structure with a smooth surface. However, as the CdTe concentration
increased, granular structures were developed with lighter roughness. The optical
transparency of the mixed films was found to decrease with the increase of CdTe
concentration indicating that the optical absorption increased and the absorption
coefficient was raised from 4.5 x 10° cm™ for pure WO thin film to 9x 10° cm™ (twice
that of pure film) at CdTe concentration of 25%. Similarly, the absorption coefficient of
MoO; was raised from 3.75 x 10° cm™ for pure MO thin film to 1.18x 10° cm™ (triple
that of pure film) at a CdTe concentration of 10%. A remarkable red-shift in the band
gaps of WO; and MoOs; thin films through alloying with CdTe was observed. The band

gap values of the fabricated WO; thin films were found to be 3.35, 3.05, 2.87, 2.75, 2.58
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and 2.47 eV at CdTe mass concentrations of 0%, 5%, 10%, 15%, 20% and 25%,
respectively, while those of the fabricated MoOj; thin films were found to be 2.90, 2.85,
2.75,2.70, 2.65 and 2.60 at CdTe mass concentrations of 0%, 2%, 4%, 6%, 8% and 10%,
respectively. The standard bowing equation described accurately the CdTe content
dependence of the band gap of the alloyed films over the whole range of CdTe
concentrations. The obtained experimental results indicate that the light absorption in the
longer-wavelength portion of the visible light was enhanced, and hence the mixed films
can be utilized for light harvesting, photovoltaic and photoelectrochemical applications
over a wider portion of the visible spectrum. XPS analysis of unalloyed film showed that
the sub-stoichiometric WO, ¢ and almost stoichiometric MoO; ¢ were obtained, and
depth profiling analysis of the alloyed films confirmed the nonhomogeneous and
homogeneous distributions of the constituent elements through the entire film depth of
WO; and MoO;, respectively. Moreover, the Cd:Te atomic ratio of unity in CdTe, W:O
ratio in the stoichiometric WO;3 and Mo:O ratio in the stoichiometric MoO; compounds
were no longer maintained as a result of the change of chemical states due to the Ar"
bombardment. Photocurrent measurements showed a continuous increase in the
photocurrent density of the alloyed films with the CdTe concentration and the optimum
response in the alloyed WOs; films was obtained at a CdTe concentration of 20%. The
results obtained pave the way for the potential photovoltaic and photoelectrochemical

applications of the CdTe-alloyed WOj; thin films.
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6.1 Suggestion for future work

This work is recommended to be redone in future by co-sputtering to control the band

gap and crystallinity of the concerned metal oxides.
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