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ABSTRACT

GROWTH AND CHARACTERIZATION OF MOLYBDENUM-BASED OXIDE
THIN FILM BY RF MAGNETRON SPUTTERING

Neslihan SISMAN

Materials Science and Nano Engineering, MSc Dissertation, 2022

Supervisor: Prof. Dr. Bur¢ Misirlioglu

Keywords: MoOs, thin film, RF reactive sputtering, characterization

Molybdenum oxide thin films exhibit a variety of stable phases. They possess
interesting structural, optical, chemical, and electrical characteristics that are appealing
for a number of applications in energy storage, sensors, solar cells, infrared detectors,
and smart windows. Additionally, molybdenum oxide thin films are mostly preferred in
chemiresistive gas sensors, for sensitive detection of nitrogen dioxide (NO2), carbon
dioxide (CO>), hydrogen (H2), and ammonia (NHs3). In this study, optimized conditions
of MoOz3 have been investigated for gas sensor applications. Molybdenum oxide thin
films have been deposited by Radio Frequency (RF) magnetron sputtering on silicon
wafers using a metallic molybdenum target in the presence of oxygen (O2) and argon.
In situ heat treatment was applied to form a better crystalline structure of molybdenum
oxide thin films followed by an X-Ray Diffractometer (XRD), Scanning Electron

iv



Microscopy (SEM), Photoluminescence, and Electron Paramagnetic Resonance (EPR)
were used for the structural, stoichiometric, morphological, and defect concentration
analyses respectively. The optical characteristics were analyzed by ellipsometry to gain
insight into the semiconducting character of the samples and the sheet resistance was
measured by the 4-Point Probe method. Considering the information gathered from the
experiments, we discuss the growth conditions in the sputtering system and thickness
effect to improve their structural qualities affecting their optical and electrical
characteristics.



OZET

RF MAGNETRON SICRATMA TEKNIGIYLE BUYUTULMUS MoO3z FILMLERIN
KARAKTERIZASYONU

Neslihan SISMAN

Malzeme Bilimi ve Nano Miihendislik, Yuksek Lisans Tezi, 2022

Tez Danismani: Prof. Dr. Bur¢ Misirlioglu

Anahtar Kelimeler: MoOs, ince film, RF magnetron sigratma, karakterizasyon

Molibden oksit ince filmler, ¢esitli kararli fazlar sergiler. Enerji depolama, sensorler,
giines pilleri, kizilotesi dedektorler ve akilli pencerelerde bir dizi uygulama i¢in ¢ekici
olan ilgin¢ yapisal, optik, kimyasal ve elektriksel oOzelliklere sahiptirler. Ayrica
molibden oksit ince filmler, nitrojen dioksit (NO2), karbon dioksit (CO2), hidrojen (H2)
ve amonyagin (NH3) hassas tespiti i¢in kimyasal diren¢li gaz sensorlerinde ¢ogunlukla
tercih edilir. Bu calismada, gaz sensorli uygulamalar i¢in optimize edilmis MoO3
kosullar1 incelenmistir. Molibden oksit ince filmler, oksijen (O2) ve argonun varliginda
metalik bir molibden hedefi kullanilarak silikon gofretler iizerine Radyo Frekansi (RF)
magnetron piiskiirtme ile biriktirilmistir. Molibden oksit ince filmlerin kristal yapisini
olusturmak igin yerinde 1si1l islem uygulandi, ardindan yapisal ve stokiyometrik

Ozellikleri icin X-Isinlar1 Difraksiyonu (XRD), morfolojik karakterizasyonu igin
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Taramali Elektron Mikroskobu (SEM), Fotoliiminesans ve Elektron Paramanyetik
Rezonans (EPR) kullanildi. Numunelerin yari iletken karakteri hakkinda fikir edinmek
icin optik Ozellikler elipsometri ile analiz edildi ve tabaka direnci 4 Noktali Prob
yontemiyle Olcilildii. Deneylerden elde edilen bilgiler 1s18inda, optik ve elektriksel
Ozelliklerini etkileyen yapisal niteliklerini iyilestirmek igin piiskiirtme sistemindeki

bliylime kosullarini tartisiyoruz ve kalinlik etkisini tartisiyoruz.
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1. INTRODUCTION

The fields of synthesis have expanded as it can accurately control the size of both
organic and inorganic materials [1] — [3]. Various developments in synthesis techniques
have provided access to the tailoring of functional metal-based oxides for a variety of
applications requiring specific functionalities [1]. In parallel, downscaling of device
dimensions has turned attention to nanostructures: They have become one of the
fundamental components of nanotechnology due to their high surface area to volume
ratio, as well as the quantum size effects [4]. On the other hand, nanomaterials have
become a common platform for the direct electrical detection of biological and
chemical species with improved sensing capabilities among the numerous applications
being studied [5] — [8]. Increased functionality and applicability in daily life are further
goals of these investigations by focusing on one of the areas which are high-protein
products such as meat can degrade quickly and affect human health due to widespread
consumption, it has become necessary to control and monitor these high-protein content
foods [9] — [12]. It is important to monitor and control food waste because the spoilage
of food products, especially meat products, not only creates a problem for the health of
the public but also creates a financial problem. According to the Food and Agriculture
Organization of the United Nations [11], people waste about a third of their food, the
financial cost of which amounts to 1 trillion dollars each year. Along with a high
amount of meat waste, which causes both financial and physical damage to people, as
well as determine that more than 20% of the carbon footprint of global food waste is the

waste of spoiled meat. [11].



Based on the problems occurring with the issue of meat waste bring gas sensor arrays
for the monitoring of meat spoilage solutions have gained a lot of attention [13], [14].
Gas detection technologies are effective in monitoring toxic gases emitted during meat
spoilage, as well as gases that affect daily life [15], [16]. Among the gas sensor designs
that have been developed and improved over time, resistivity-based sensors stand out
with their lower cost and size [17]. For the detection of gases based on resistivity
measurement during meat spoilage, metal oxides and mostly transition metal oxides are
widely utilized with their high sensitivity, quick response, and low cost and power

consumption.

For the resistivity-based sensor design, generally transition metal oxides (TMOs) are
utilized which are countable as one of the most interesting classes among solids with
their unique properties, structures, and applications [18], [19]. To emphasize the most
significant properties of TMOs can vary in their outer d-electrons and possess unique
and useful electronic, optical, and magnetic properties. These properties are dependent
on the defects inside the material such as vacancies, dislocations, and grain boundaries
[18] that determine in which application areas it might be used. One of the well-known
uses for TMOs among the numerous applications that consist of the properties
mentioned before is gas sensors. In gas sensor applications where TMOs are used, gas-
sensitive oxide layers consist of materials such as molybdenum trioxide (MoQOs) [20],
tungsten trioxide (WO3) [21], vanadium pentoxide (V205)[22], and so on. Most known
and utilized MoOs [20], WO3[21], and V20s[22] thin films in gas sensor applications
are produced for the detection of toxic and non-toxic gases and these thin films are
produced by many techniques such as sol-gel, ion beam deposition[23], sputtering
deposition [20], thermal evaporation [24], and spray pyrolysis [25]. In this study, M0oO3
has been chosen to investigate the role of defects in the structural, optical, and electrical
properties of the sensing layer and the thin films have been deposited by radio
frequency (RF) reactive sputtering [18] — [20].



1.1. MoQs as a Ceramic Material

To provide general information, molybdenum trioxide has interesting optical, structural,
and electrical properties as a transition metal oxide semiconductor material which has
applications in various areas being perovskite solar panels [26], crystalline silicon (c-Si)
[27], storage devices, li-ion batteries [28], and sensors [29], [30]. For instance, in
heterojunctions of c-Si, it facilitates low-resistance hole transport from the absorber
which is explicitly needed for reducing the resistance of the hole transport devices.
[27]. In addition, it also improves the stabilization of organic light-emitting devices for
wearable display technology. Moreover, it is widely used as a gas and chemical sensor
which stands out for its sensory properties, as it catalyzes the oxidation of hydrocarbons
and the dehydrogenation of alcohols [30] since some molybdenum oxide compounds
specifically MoOs are known to be cathodic electrochromic [31].

1.1.1. Structure

Molybdenum oxide can be found in many different stoichiometries and crystalline
phases such as MoOs, M0O2, M0gO23, M09O26, M04O11, and MoO: based on the
oxidation state of Mo. It is known that the most stable phase the orthorhombic-MoO3
(0-Mo003) [32] and the metastable monoclinic-MoO3z (B-Mo03)[33] thermodynamically
crystal phases are the two main crystal phases of MoOx [34], [20]. Based on this
information, MoO3 exists in the highly desired layered crystal phase known as
orthorhombic-MoOs has a distorted MoOg octahedra that are arranged in dual-layer
planar crystals and van der Waals forces hold these distorted MoOe octahedra together
along the b axis [010] direction[35], [36]. Other covalent and ionic bonds make up the
majority of the octahedra’s internal bonds [34], [37].
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Figure 1. (a) Stable orthorhombic MoO3 (b) metastable monoclinic-MoO. (Reprinted
from Ref. [37], with the permission of ACS Publication).

[010]

The arrangement of the crystal structure is significant to understand the compounds of
molybdenum oxide. As mentioned in the previous paragraph, a-MoOs which is the
most stable one, has very unique layered structure and Figure 1 shows the layers are
formed by atomically thin layers ~0.7 nm thick and then deposited to form secondary
layers in bilayers of distorted Mo-O octahedra [34]. After each molybdenum bonded
with oxygen, MoOs octahedra form rows of corner-sharing along the a-axis [100] plane
and zigzag rows of edge-sharing along the c-axis [001] plane in each double layer. The
internal connections between the atoms in double layers are mostly covalent and ionic
which are strong bonds, whereas weak van der Waals forces are used to link the

adjacent layers along the b-plane to produce a lamellar structure [37], [35].

1.1.2. Optical and Electrical Properties

Since MoQ:3 is a transition metal oxide with high stability, n-type semi-conductivity,
and nontoxicity that has received a lot of interest [38]. The optical and electrical
properties of it requires a lot of attention to be used in the necessary field. Therefore,
[39] the change in optical and electrical properties will have an effect on stoichiometry
and crystal structure, and it is important to understand the relation between them [39].



These different stoichiometries and phases allow researchers to engineer the band gap
of thin film materials from the wide band gap to lower. For instance, the band gap of
MoOs is 2.39-3.40 eV [22], [40] to the more conducting one MoOz.x and then the semi-
metallic MoO- has 1.83 eV [41] and eventually to the metallic, thin film in the form of
metallic Mo. When X is in the range between 2 and 3 which contains a mix of different
molybdenum oxide compounds, the values of the band gaps have been as 2.4 to 2.7 eV
[42]. Generally, the sub-stoichiometric MoOs with mid-gap states made use of the
majority of the reported devices [40], [43] — [45]. Based on a band transition energy
which is approximately 4.15 eV corresponds to the Mo®* dx, — dy, band transition of a
severely distorted polyhedron according to the crystal field model [46]. The smaller
dimension of these nano-structured materials may be the cause of the increased band
energy compared to the previously reported value (3.88 eV). Strong electron-lattice
coupling interaction is demonstrated by the relatively huge gap between the two bands.
Moreover, the relation between the thickness and the band gap for MoOs thin film
shows there is an inverse proportion which indicates that the increase in thickness
outcome with the decrease in the band gap. According to the reports, the reason for this
is attributed to the change in barrier height caused by the grain size in polycrystalline
films and high-density dislocations or quantum size effect [47]. Slater states [48] that
barrier height can vary due to the charge accumulation at the grain boundaries and the
energy barriers are linked with this charge accumulation [49].

The electronic structure of MoOs is in good harmony with Scanlon's modeled X-ray
photoemission spectra [49]. It has been stated that the effects of the localization of
electrons on the surface vacancies on the electronic properties were examined by other
studies [50], [51]. According to Scanlon’s model, 4d states of Mo are filled with
electrons donated from the oxygen vacancies, which then exist as gap states in the band
gap [51], [52]. These 4d states of Mo are filled during the formation of Mo-Mo bonds is
responsible for shear structure’s stabilization of oxygen-deficient MoOgz [51], [53]. For
this reason, oxygen vacancies offer n-type doping that through band bending and
charges transfer doping, permits the alignment of band levels with metals, oxides, and
organic molecules that enables to be used of MoOgz in a hole conductor in organic
electrical devices due to its high work function [52], [54]. Furthermore, despite the fact
that MoOs has a high band gap for the device applications, the band gap is reduced by

electron doping providing the lattice distortion of MoOs in order to be utilized



efficiently as a hole conductor in solar-energy applications [54],[55],[56]. Over and
above that, because of Fermi level states caused by Mo*" ions. [57], amorphous non-
identified, MoOx, films have demonstrated a metallic band structure. Even though the
lattice structure of MoOx was not identified, a transition to correlated metal conduction

was shown to occur near X = 2.6 [58].

1.2.Thin Film Deposition

There are many deposition methods reported in the studies for thin films such as
sputtering [63] — [65], molecular beam epitaxy [62], [63], spray pyrolysis [64], [65],
sol-gel, chemical bath deposition [66], [67], thermal evaporation [68], [69], pulsed laser
deposition [70], and dip coating [71]. In this study, the deposition method performed for
MoOs is radio frequency (RF) reactive sputtering. To understand the properties of the
material, it is crucial to know the deposition technique that is used. Hence, the

sputtering method will be explained in detail in the next section.

1.2.1. Radio Frequency Magnetron Sputtering

Over the past ten years, magnetron sputtering has advanced quickly to the point where
it is now recognized as the preferred method for depositing a variety of crucial
industrial coatings. This expansion has been propelled by the rising need for high-
quality functions in numerous diversified market sectors. Magnetron-sputtered
materials can now perform as well as thicker materials created by other physical vapor
deposition (PVD) technologies and can often give the same functionality [72]. The
physics underlies the concept of sputtering is to understand the mechanism of the
process that sputtering is one of the deposition types of non-equilibrium processes at the
energy range of interest and it takes place when an energetic particle hits the surface of
the solid target. This energetic particle can be an ionized gas or a photon that has
sufficient energy to eject the atom from the surface of the target [73]. This phenomenon
is called glow discharge. The ion bombardment resulting in the glow discharge also

causes secondary electrons to be released from the target surface, and these electrons
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are crucial for maintaining the plasma [74], [75]. Yet, there are limitations to the
sputtering deposition such as low ionization efficiency in the plasma, low deposition
rates depending on the plasma quality, and substantial heating effects. Over the years,
these limitations have been overcome with unbalanced magnetron sputtering [72].

One of the significant parameters in sputtering technique due to provide controllability
is the deposition rate which is the rate of the thickness of the film formed by the atom
reached out to the substrate from the target surface per minute. Generally, the
deposition rate is changing between 50 and 500 A/min [76]. However, some problems
may occur during the deposition. For instance, the ion ejected from the target surface
may be reflected, the ion can be trapped inside of the target, or radiation damage can
occur which means that lattice defects can be created with the incoming ion.
Correspondingly, sputtering occurs as a result of the separation of the atom from the
solid target as a result of ion bombardment by momentum transfer without the

mentioned problems [76].
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Figure 2. Scheme of sputtering growth technique.

Figure 2. Scheme of sputtering growth technique. that helps to visualize the concept of
how the atoms are sputtered and forming a film. The substrates and the targets are
placed into a closed chamber kept under a high vacuum in order to avoid contamination
during the deposition and increase the film quality. A low-pressure inert gas, which is

generally argon introduced to the chamber, and high voltage is applied between the



substrate and the target. High voltage provides a medium that helps to ionize and
energize the inert gas to create plasma. Atoms that have high enough energy to reach
the substrate and low enough to form the desired structure form the thin film to reach
desirable amount of deposition rate with high quality film. As the problems during the
deposition mentioned previous paragraph, reflected ions can accumulate on the target
surface and radio frequency is used to prevent charge accumulation on the target
surface [81] — [83].

Figure 3. a) NANOVAK-400 sputtering device used in this work b) Plasma formation
during the deposition.

Average RF and DC ion currents are not different that much. With a voltage of 1000V
applied and a current density of 1 mA/cm?, t would be equivalent to 1 ps for a quartz
substrate with a typical capacitance of 1 pF/cm?. Therefore, for frequencies exceeding 1
MHz, a continuous discharge can be sustained [76] resulting in the generation of RF
plasma by electron ionization. The electron ionization is conducted by the RF
magnetron frequency which oscillates at 13.56 MHz and exceeds 1 MHz for the
continuous discharge. However, the mechanical inertia of the ions prevents them from
continuing these oscillations at the frequency. The voltage of the RF discharge
decreases resulting from this excitation, which is far more efficient than ionization by
secondary electrons which are not oscillating. Therefore, the target behaves more like
an anode than a cathode during the positive half-cycle. For this reason, the surroundings
of the substrate have much more plasma density for RF [80] which means there is less
need for a gas medium scattering of the sputtered target atoms [76]. The possible

scenario varies from the gas medium scattering is that the arc generation brought on by
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dirt particles on the target surface is another issue with glow discharges. Due to the

rapidly alternating field in RF systems, maintaining the arc is more challenging [76].

1.2.1.1. Reactive Sputtering

Compound films are deposited by both the compound target and the elemental target.
When the elemental target is used to deposit compound film, the reactive gas is
introduced to the system besides the inert gas. These reactive gases can be Oz, N, and
CHa. This process is called the reactive process or reactive sputtering generally when
chemical binding occurs between two or more chemical elements at least one of them is
metal and the other one is not [81]. By adding a suitable reactive gas to the noble
sputtering gas, reactive sputtering can produce a variety of compounds from a cheap
metal target. Compounds represent the substantial commercial value among the
majority of thin films and coatings which makes reactive sputter deposition a topic of
significant industrial and technological interest [82]. Generally, oxides and nitrides [83]
compounds are preferred to deposit to satisfy the industrial interests and demands
besides borides [84], carbides [85], sulfides [86], and selenides [87].

Since the energy and momentum cannot be conserved in a two-body collision, the
reaction between the reactive gas and the sputtered species cannot take place in the gas
phase at the normal sputtering gas pressured which is lower than 2 Pa used in reactive
sputter deposition [81]. Reaction doesn’t take place only at the substrate or chamber
walls but on the cathode target surface as well, because the target surface acts as a third
body for the reaction [88], [89]. Material affects the sputter yield and secondary
electron emission. Therefore, the total sputter process can be influenced by the reaction
at the target surface. The yield of the elemental target is much higher than the yield of
the compound target material, resulting in an increase in the flow rate of the reactive
gas with a drop in the deposition rate. Because fewer reactive gas species are consumed
and fewer atoms of the elemental target material are sputtered, the reactive gas partial
pressure suddenly and sharply increases, and the resulting deposited layer becomes rich
in reactive gas species. As a result, there is a non-linear relationship between the

compound film composition and the rate of reactive gas flow similar to how the flow



rate of the reactive gas affects the deposition rate and the relation between them is not
linear [88].

1.2.2. Effect of Deposition Parameters on Thin Film Growth

There are some parameters that can affect the thin film properties and its growth

conditions:

= Substrate temperature,
» Base pressure,

= Sputtering gas pressure,
» Reactive gas pressure,

= RF power,

The first parameter is the substrate temperature affects the mobility of adatoms. Thus,
an increase in the substrate temperature induces adatom mobility and enhances
structural homogeneity. The substrate temperature is generally optimized according to
the best texture. For instance, above 400°C is not preferable due to microcrack
formation [90]. Afterwards, base pressure determines the number of particles inside the
chamber. If the number of particles is high, the number of collisions will be high as well
which affects the number of particles adsorbed by the substrate negatively. In addition,
an increase in the pressure inside the chamber reduces the deposition rate and the film
stoichiometry. The other parameter which is the total sputtering gas pressure has a
crucial role during the reactive sputtering process. Besides Ar the introduced gas to the
chamber determines the formation of the compound. Some metals tend to grow oxygen
depleted such as Zn and Mo result in the oxygen vacancies and interstitials tend to form
during the deposition [91]. For this reason, the oxygen partial pressure amount that is
given to the chamber can be increased after a while in order to maintain the
stoichiometry. The final parameter, RF power has a positive impact on the adatom
energy and microstructure formation. Since the adatom mobility increase, the energy of
the incident particle increased on the substrate surface. Thus, the crystallinity of the

film is enhanced with the denser and better-oriented film. On the other hand, RF power
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can cause a negative effect on the sputtering yield and the deposition rate. The adatoms
should have enough energy to reach the substrate, whereas when the adatoms’ energy is
too high, the number of collisions increases, and the possibility of reaching the substrate
reduces [89].

1.2.3. Structure Zone Model

The relation between the deposition parameters and the film produced by sputtering has
been mentioned in the previous section. By giving detailed information about the
microstructure of the thin film formed by the sputtered atoms called adatom which lies
on the crystal structure based on the structure zone model will be elucidated in this
section. The quantity of energy and the mobility of the adatoms on the surface affect the
microstructure of thin films. The substrate temperature and incident ion energy, which
are principally controlled by the chamber pressure and the intense particle
bombardment of the film during deposition, are responsible for determining the energy
and mobility of the adatom [92] The adatom movement is rather modest during this
process and there is a one-sticking coefficient which is the shadowing effect.
Shadowing produced a film with a network of interconnected voids that delineated
columns of material and a low number of nuclei due to the low adatom mobility,
columns also developed in a power-law shape, generating hierarchical aggregates and
cauliflower-like structures, which are collections of more compact and equiaxed grains
[93], [94].

11



-

B R il

Figure 4. Structure Zone Model developed by Messier and Trolier-McKinstry [95] .

In Figure 4, the structure zone model has been demonstrated and will be explained in
further. As seen in figure, Zone T represents the transitional area consisting of Zone 1
and Zone 2 consist of strong grain boundaries and tightly packed, fibrous grains were
the results of the elevated substrate temperature dependent on the rising gas pressure
result in the temperature for the transition zone shifted to higher temperatures. Zone 2 is
explained by the surface diffusion increased with the homologous temperature (Thr) due
to the enhanced adatom mobility brought on by Th. With the increased width, increased
density, and clearly defined grain boundaries, surface diffusion becomes higher [94].
The activation energy for metallic films was of the same order of magnitude as that for
surface diffusion and was also comparable to that for diffusion along grain boundaries,
and as the temperature increased, the Zone 2 columns are getting complicated. Zone M
is dependent on Zone T in terms of pressure in which with the easing pressure,
matchstick morphology starts to occur, and the columns are parallel to each other in this
zone. In Zone 3, a highly dense structure with equiaxed grains starts to form with
increased Th. The nucleation and growth processes are in competition when the first few
monolayers are forming. The proportions of the island and the layers are determined by
their respective weight. An island-type of growth is noticed when the bonding between
the atoms or molecules of the film material is greater than the bonding between the film
and substrate [93], [96].
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2. EXPERIMENTAL PROCEDURE

2.1. Substrate Preparation

Figure 5. Scheme of the substrate preparation before the deposition.

Substrates should be selected and prepared carefully to determine the final thin film
properties properly. Since different substrates have different structures and mechanical
and optical properties, three types of substrates were used which are, [001] Si wafer,
MgO (magnesium oxide), and Al2Oz (sapphire). The dimensions of Si wafer and Al,O3
substrates are given respectively as 1x1 cm? and 1.5x1.5 cm? sizes. In Figure Stheir
cleaning process was demonstrated which consists of acetone and alcohol cleaning.
Substrates were cleaned under ultrasonic vibration with acetone for 10 min at room
temperature. Then, they were cleaned with isopropanol and dried under a nitrogen jet.
Teflon tweezers were used during the cleaning process to avoid scratches on the
substrate. After the cleaning process, substrates were put on the substrate holder by

using tape placed into the chamber for the deposition.
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2.2. Film Deposition

Molybdenum oxide thin films were deposited with the reactive sputtering method at
NANOVAK-400 device which is in Sabanci University Nanotechnology Research and
Application Center (istanbul, Turkey). Pure (99.95%) metallic molybdenum target
(Adesis) was used as a cathode and O partial pressure gas was given into the chamber
for the reactive sputtering. The diameter of the target is 50 mm, and the target-to-
substrate distance is 120 mm. Before the deposition, residues in the chamber from
previous depositions were cleaned with ethanol and a vacuum cleaner. In addition, the
shutter in front of the substrate holder, the housing ring of the target, and the substrate

holder plate were also cleaned with ethanol.

The chamber was put under vacuum to approximately 2x10® mTorr. Afterward, Ar gas
was introduced to the chamber and generated the plasma in order to clean the
contamination on the target surface during the pre-sputtering process. At the end of the
pre-sputtering process, Oz gas is sent through the chamber to form a molybdenum oxide
compound, especially for tuning the MoOs compound. For tuning the MoOs, the
deposition parameters such as power, sputtering pressure, partial pressures of Ar and O

gases, and substrate temperature optimization were one of the aims of this study.

Table 1. Optimization of Ar and O partial pressures.

Target Power Working Pressure  Time Partial Pressure Partial Pressure  Substrate Temperature

(W) (mTorr) (min) Gas of Ar (%) Gas of 0, (%) (°C)
Mo 150 15 40 100 0 Si RT
Mo 150 15 40 80 20 Si RT
Mo 150 15 40 60 40 Si RT
Mo 150 15 40 40 60 Si RT
Mo 150 15 40 20 80 Si RT

Molybdenum oxide thin films were deposited on [001] Si substrate at room temperature

under different partial pressures of Ar and O2 shows the power and sputtering pressure
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were kept at the same value and the variable parameter was partial pressures of Ar and
O2 gases. Molybdenum oxide thin films were grown in a mixture of (Ar+0O.) gasses
being introduced into the chamber through mass flow controllers in order to get a total
working pressure of 15 mTorr. The RF power was 150 W is enough to keep the

deposition rate at moderate level.

2.3. Post Heat Treatment

Wiidy

Air
= 0 t—-f 0

Figure 6. Post-heat treatment of metallic molybdenum after the deposition under air
atmosphere.

The metallic Mo thin film was deposited by RF magnetron sputtering in the presence of
100% Ar on a silicon wafer at room temperature. The metallic Mo thin films were
annealed in the air atmosphere at the furnace at different time durations. The aim was to
oxidize the Mo atom with oxygen existing in the air. However, the air is made up of
approximately 78% of nitrogen, 21% of oxygen, and small amounts of other gases [97]

which means air is not the pure oxygen source for the annealing.
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Table 2. Post-Annealing Parameters.

Target Power  Working  Time  Partial Pressure Temperature Post Annealing  Annealing  Substrate

(W) Pressure  (min) Gas of Ar (%) During Deposition Temperature Time (min)

(mTorr) (°C) °0)
Mo 150 15 30 100 RT 500 0 Si
Mo 150 15 30 100 RT 500 15 Si
Mo 150 15 30 100 RT 500 30 Si
Mo 150 15 30 100 RT 500 45 Si
Mo 150 15 30 100 RT 500 60 Si
Mo 150 15 30 100 RT 500 120 Si

In Table 2, post-annealing parameters were given with the deposition conditions. On
top of Si substrates, metallic Mo was deposited for 30 minutes at room temperature and
put inside the furnace under the air atmosphere. All molybdenum thin films were
annealed at 500°C for different time durations. First, extreme annealing times were
attempted to see the effect on the structure. Since the desired phase could not be

obtained, the time intervals between the extreme ones were performed.

2.4. In-situ Deposition Treatment

Figure 7. In-situ heat treatment during the deposition under the oxygen partial pressure
atmosphere.
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Table 3. Optimization of in-situ heat treatment temperature.

Target Power Working Time Partial Partial Substrate Temperature
(W) Pressure (min) Pressure Gas  Pressure Gas During Deposition
(mTorr) of Ar (%) of O, (%) (°C)
Mo 150 15 10 60 40 Si 350
Mo 150 15 10 60 40 Si 400
Mo 150 15 10 60 40 Si 450

Table 3 shows different temperatures were applied during deposition to get the best
crystalline structure of MoOs. The only variable parameter was the in-situ temperature
such as 350, 400, and 450°C, and the temperature was applied to just the sample holder
where the samples were placed. Power and working pressure were kept the same.
According to XRD analysis of in-situ deposited samples, 400°C was chosen as the

deposition temperature with the highest intensity given of MoO:s.

Table 4. Thickness optimization of molybdenum oxide thin films on Si wafer.

Target  Power Working Time Partial Partial Pressure  Substrate Temperature
(W) Pressure (min)  Pressure of Ar of O, (%) During Deposition
(mTorr) (%) °C)
Mo 150 15 10 60 40 Si 400
Mo 150 15 20 60 40 Si 400
Mo 150 15 30 60 40 Si 400
Mo 150 15 40 60 40 Si 400

In Table 4, after setting all the parameters that can vary the phase and structure of the
MoOs. The thickness increased by the deposition time increase in order to see the
thickness effect on the microstructure, and optical and electrical properties of the thin

film by keeping all other parameters the same.
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Table 5. Thickness optimization of molybdenum oxide thin films on Si, MgO, and
Al>O3 substrates.

Target  Power Working Time Partial Partial Pressure  Substrate Temperature
(W) Pressure (min)  Pressure of of O, (%) During Deposition

(mTorr) Ar (%) (°0)
Mo 150 15 10 60 40 Si 400
Mo 150 15 20 60 40 Si 400
Mo 150 15 30 60 40 Si 400
Mo 150 15 40 60 40 Si 400
Mo 150 15 10 60 40 MgO 400
Mo 150 15 20 60 40 MgO 400
Mo 150 15 30 60 40 MgO 400
Mo 150 15 40 60 40 MgO 400
Mo 150 15 10 60 40 Al O, 400
Mo 150 15 20 60 40 Al,O4 400
Mo 150 15 30 60 40 Al O, 400
Mo 150 15 40 60 40 Al O, 400

Table 5 shows the parameters of the deposition of molybdenum oxide by reactive
magnetron sputtering. By using the metallic molybdenum in the presence of Argon and
oxygen (O2) gas, molybdenum oxide was deposited on various substrates such as
silicon wafers, glass, and magnesium oxide (MgO), sapphire (Al.O3). On all substrates,
the same power, working pressure, partial pressure of Ar and O2 gases, and temperature
were applied in order to compare the substrate effect on the structural and
morphological properties of molybdenum oxide thin films. The variable parameter was
deposition time and according to the increase in time, the thickness of the thin film also

increased.

The first characterization tool was XRD to analyze the structure of the thin film. After
getting the crystalline peak of molybdenum oxide, other analyses have been done
before applying heat treatment to the films. The purpose of the heat treatment was to

analyze the effect of heat treatment on the crystalline structure and the phases in
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structure, reflectance and absorbance in optical properties, sheet resistance in electrical

properties, and morphology at the surface of the thin film.

2.5. Material Characterization

2.5.1. Crystal Structure by XRD

XRD measurements were carried out Bragg-Brentano configuration using a Bruker
diffractometer with point focus geometry under Cu K. wavelength (1.5418 A) radiation
and a 0D Lynxeye detector in order to confirm the structure of the thin films. All these
deposited molybdenum oxide thin films were analyzed by XRD with a range of angle of
X-Ray from 5 to 90°. Incident X-Ray scanned the surface of the film to analyze the
structure, lattice parameters, and angle of incidences to see the directions of

crystallinity.

2.5.2. Microstructure by SEM

Zeiss Gemini-SEM using a field emission gun was utilized to see the morphology of the
thin film surface. 5.2 kV was applied as an extraction voltage. The electron high tension
(EHT) value was 3 kV. Both top-view and cross-view images were magnified from
20000X to 150000X. In this way, continuous and homogeneous film formation on the
substrates was determined. Before SEM analyses, samples were coated with gold (Au) /

palladium (Pd) to increase the conductivity of the sample.

2.5.3. Optical Measurement and Band Gap Calculation by Ellipsometry

Absorbance graphs of the molybdenum oxide films were obtained by Woollam
spectroscopic ellipsometry (SE) stands for determining the optical, physical, and

topographical properties of the thin film. It is operated in the range of 1.25 to 4.97 eV
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photon energy (250-1000nm). Spectroscopic ellipsometry measurements were carried
out at 65, 70-, and 75- angles of incidence, and the ellipsometric data were fitted using a
single-layer model. The absorption coefficient was calculated by the extinction
coefficient (k) value and the band gap was found by the Tauc plot.

2.5.4. Photoluminescence  and Electron Paramagnetic  Resonance

Measurement for Defect Analysis

Measurements of photoluminescence (PL) were made using an Edinburgh Instrument
Spectrofluorometer FS5. The samples were evaluated at room temperature using an
excitation wavelength of 260 nm and an excitation and emission bandwidth of 8 nm. It
IS an important instrument for comprehending the crystalline quality and locating

contaminants in the substance.

A Bruker EMX Nano spectrometer with 2 G modulation amplitude, 0.31 mW
microwave power, 500 scans with a sweep duration of 200 s, and X-band (9.64 GHz)

continuous-wave EPR measurements were performed at room temperature.

2.5.5. Sheet Resistance Measurement by 4-Point Probe

Van der Pauw's four-point probe method was performed for investigating the electrical
properties such as electrical resistivity (pe) and sheet resistance (Rs) of molybdenum
oxide films at room temperature. A 4-Point Probe was utilized to draw the I-V curve.
The distance between the current and voltage points was known as 1mm Again, the
effect of the deposition parameters, in-situ, and post-heat treatments on the electrical
properties of molybdenum oxide films was analyzed to determine the semiconductor

characteristics of the material.
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3. RESULTS AND DISCUSSION

Results of the experimental work on MoOs thin film production and characterization are
presented in this chapter. The results are categorized under the subgroups which are the
general crystal structure of the as-deposited MoO3 thin films, effects of post and in-situ
heat treatment on the thin film crystal structure and morphology, molybdenum oxide

thin films on a different substrate, and effect of thickness on the composition.
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3.1. General Structure of the As-deposited MoOs Thin Films at Different

Partial Pressures of Sputtering Gas
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Figure 8. XRD graph of molybdenum oxide thin film at different partial pressures.

Figure 8, Molybdenum oxide thin films were deposited by reactive sputtering in the
presence of different percentages of Ar and O2 atmosphere at room temperature for 40
minutes by a metallic molybdenum target. XRD analyses show the existence of the
crystalline structure of orthorhombic-molybdenum trioxide (a-M0QOs3) on the substrate
with a 26 peak at 33.065° corresponding to (101) plane. However, the dominant phase
of the thin film was metallic molybdenum with a 20 peak at 40.5° in a cubic structure.
In order to form molybdenum oxide compounds, heat treatment was applied during
deposition to analyze the effect of in-situ and ex-situ heat treatment. According to the
XRD spectra as a function of different partial pressures of argon and oxygen, 60% of Ar
and 40% of O, atmospheric condition was chosen. After the in-situ heat treatment was
applied, the metallic molybdenum peak disappeared and was converted into the a-

MoOs while after the ex-situ heat treatment multiple phases start to evolve.
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3.2. Post-Annealing on Thin Film Composition and Microstructure
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Figure 9. XRD graph of 2 hours post-annealed metallic molybdenum thin films in the

presence of air.

In Figure 9, XRD analysis of the as-grown sample which was post-annealed at 500°C
for 2 hours under both Ar and air atmosphere in the furnace was shown. The black line
shows that the metallic molybdenum with a cubic structure still remained after post-
annealing at a degree of 41°. However, when the as-grown sample was annealed at
500°C under air atmosphere for 2 hours, the phase was completely changed from
metallic molybdenum to a-MoOs at 14°, 26°, and 33°. Hence, the formation of a-M0QO3

during post-annealing under air atmosphere was confirmed by the XRD spectrum.
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Figure 10. SEM images of 2 hours post annealed metallic molybdenum thin film in the
presence of air a) Top-view 40000X b) Cross-view 40000X c¢) Top-view 70000X d)

Cross-view 70000X magnifications.

In Figure 10, 2 hours annealed sample under air atmosphere was performed by SEM.
According to the top-view images, big chunks of a-MoOs3 started to form instead of
homogeneous and continuous film and they become islands. Hence, 2 hours of
annealing under an air atmosphere is too long to protect the film’s morphology.
Additionally, big nanostructure affects the performance of molybdenum oxide thin
films in sensing layer applications. The smooth and smaller size of the particles
increases the surface area to volume ratio and it enhances the penetration of the target
gasses as a gas sensing layer. Since 2 hours of post-annealing causes large
nanostructures and removes the film homogeneity, the films were treated to heat for a

shorter time.
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Figure 11. XRD graph of post-annealed metallic molybdenum thin films at different

time durations.

As it seems in Figure 11, many phases other than MoOs were observed in the samples
subjected to post-heat treatment for less than 2 hours. In addition, it was observed that
the metallic molybdenum peak is still not completely converted to molybdenum oxide.
In other words, while large islet structures were formed in the samples that were heat
treated for a long time, the desired phase could not be tuned in the samples that were
heat treated for less time. At the same time, since there was no mass flow controller, the
amount of oxygen inside could not be adjusted, and for this reason, annealing was
performed in the air. Thin films annealed in air, crystallized uncontrollably and the
desired phase could not be reached. According to the side-view images, rough surface

can be observed.
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Figure 12. a) Top and cross-view SEM images at a magnification of 20000 and
100000X of 15 minutes post-annealed metallic molybdenum thin films in the presence
of air atmosphere b) Top and cross-view SEM images at a magnification of 20000 and
100000X of 60 minutes post-annealed metallic molybdenum thin films in the presence
of air atmosphere.

Since, 2 hours of post-annealing of metallic molybdenum thin film under air
atmosphere causes island formation and deform the film homogeneity as shown in
Figure 10, post-annealing was carried out at intervals of 0 and 60 minutes. Figure 12
shows that homogeneity and smoothness disappear, and forms large, disorganized
structures. The surface of the film was very rough, yet 60 minutes air-annealing was not
enough to form molybdenum oxide compound entirely.

26



3.3. In-situ Heat Treatment on Thin Film Composition and Microstructure
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Figure 13. XRD spectra of reactively sputtered molybdenum oxide thin films with

different in-situ heat treatment temperatures.

In Figure 13, it was produced by using a Mo target with an RF magnet sputtering
method by giving temperature during deposition. XRD graphs of metallic Mo films
produced at different temperatures on a silicon wafer are given. When the XRD
graphics were examined, it was observed that the same molybdenum oxide structure
which is a-MoO3z was formed at 350, 400, and 450°C, and the metallic molybdenum
peak disappeared. It was observed that a-MoOs has the highest intensity at 400°C.

Hence, the optimized temperature for in-situ heat treatment was chosen as 400°C.
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Figure 14. SEM images of reactively sputtered molybdenum oxide thin film at 400 °C
a) top-view 100000X b) cross-view 100000X c) top-view 150000X d) cross-view
150000X.

Figure 14 shows that it has been found that films magnified from SEM images have
small particle sizes and continuous films. Figure 5 shows (a, ) upper-section and (b, d)
side-section SEM images of molybdenum oxide films grown at 400°C for 10 minutes
on Si substrate. It has been observed that top-view SEM images show homogeneous
and smooth film morphology obtained and columnar growth was observed from the
cross-view images. The columnar type of growth was observed as mentioned in the
structure and zone model. When it is compared with the post-annealed samples, a
smoother surface can be observed from the side-view images.
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3.4. Effect of Film Thickness on Film Composition and Microstructure
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Figure 15. XRD spectra of thickness-dependent reactively sputtered molybdenum oxide
thin film at 400°C.

XRD spectra of thin films deposited by in-situ heat treatment reactive rf sputtering
technique using elemental Mo sputtering target are given in Figure (12). In order to
determine the crystalline structure and phases of thin films grown on Si [001]
substrates, XRD 0/20 measurements were performed in the range of 260=5°-65°. As seen
in Figure 1, all investigated films were crystalized in a-Mo0O3z with a lattice constant of
a=3.966, b=13.88, ¢=3.703 A, p-Mo0O;, and y-M04O11 crystal structures. (JCPDS card
no: 05-0507, 33-0929, 76-1683 respectively.) XRD pattern of 10 minutes of deposited
film shows that the a-MoO3 thin film has a highly textured nature with a 20 peak at
33.065° corresponding to (101) plane. The average crystallite size was calculated by the

Scherrer equation for each deposited film.

KA

8(29) - L cos(80) (1)

B is the average crystallite size corresponding to the 26 angle, K is proportionality
constant, A is the wavelength of the cupper K, X-Ray photon, L is the full width of half
maximum (FWHM), and 6 is the angle of the pattern.
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Figure 16. Average crystallite size graph as a function of deposition time.

According to the Scherrer equation, the average crystallite size of 10 minutes of the
deposited film was 43nm. The peak position and angle of incidence of 20 minutes of the
deposited thin film were the same as the 10 minutes of the deposited film. However, the
average crystallite size was 93.27nm. The nanostructured sizes are getting higher with
the increase in deposition time. As the deposition time increases to 30 and 40 minutes,
the thin films start to lose their highly textured nature, and other molybdenum
compounds start to form with high crystallite size for the dominant phase. The increase
in crystallite size can be associated with both increasing film thickness and the longer
in-situ heat treatment during the deposition. In 30 and 40 minutes, the average

crystallite size starts to decrease while the formation of other compounds.
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Figure 17. Top-view SEM images magnified at 100000X of reactively sputtered
molybdenum oxide thin films at different deposition times a) 10 minutes b) 20 minutes

¢) 30 minutes d) 40 minutes.

Figure 17 shows upper-section SEM images of reactively sputtered molybdenum oxide
thin films at different times. It has been found that films magnified for 20 minutes from
SEM images have larger particle sizes compared to films magnified for 10 minutes. It is
observed that porous structures are formed in the films grown for 30 and 40 minutes.
Just by increasing the deposition time, the film thickness increases while the co-
existence of the other Mo-O phases starts to appear and change the morphology. Long
deposition time means exposing the samples to heat long time as well. The observed
increase in the nanostructured size can be associated with the longer in-situ heat
treatment of the samples during the deposition. Thicker samples are exposed longer
time to heat in order to form grain growth. In conclusion, homogeneous and continuous

films of molybdenum oxide were obtained.
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Figure 18. Cross-view SEM images magnified at 100000X of reactively sputtered
molybdenum oxide thin films at different deposition times a) 10 minutes b) 20 minutes

¢) 30 minutes d) 40 minutes.

Figure 18 specifies that molybdenum oxide thin films grow columnar as stated in the
structure zone model in the introduction section. As it seems in the images, the surface
IS quite smooth and clear. Therefore, the thicknesses of the films were determined by
these cross-view SEM images. The thicknesses of the films for 10 to 40 minutes are
measured at 120, 220, 335, and 450 nm. The film composition was tuned to a-MoOs up
to about 335 nm according to the XRD spectrum.
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3.5. Thickness Effect on Optical, Defect Concentration and Electrical Analysis

A technique for optical analysis called spectroscopic ellipsometry (SE) depends on how
differently light is polarized when it is reflected from a planar surface. His method
makes it possible to ascertain the optical characteristics of thin films that are influenced
by parameters such as composition, thickness, porosity, or any other. The measured
data can be used to create single or multilayer films with thicknesses ranging from a
few nanometers to microns by fitting the data to a physical model of the structure. For
uniform films that offer better reflection.

The Refractive index determines the path that light encounters before being bent inside
the material. The critical angle for total internal reflection, the intensity, and Brewster's
angle are all determined by the refractive indices, as well as the amount of light that is

reflected when it reaches the interface [98].
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Figure 19. Refractive index graph as a function of wavelength by ellipsometry.
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Figure 19 demonstrates the refractive index of the thin films deposited by RF
magnetron sputtering. The values in the range from 1.5 to 3.2. The maxima point of the
refractive index might be indicated by the inhomogeneities in the film structure. The
structure of the films is formed by crystalline phases. The reason for this could be the
high deposition rates during the deposition. In addition, substrate temperature might
influence the refractive index due to enhancing the film density. Different values of the
refractive index for each sample can be attributed to the thickness of the films. This
behavior can be influenced by high crystallinity, the roughness of the surface, crystallite

size, and defect concentration.
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Figure 20. Extinction Coefficient graph as a function of wavelength by ellipsometry.

Figure 20 shows the extinction coefficient as a function of the wavelength plot for the
same thin films. The k value gives the absorption of the light through the film. The
maxima of the extinction coefficient indicate the presence of proper-type defects inside

the film. In the plot, the extinction coefficient of each film has a higher k value than 1
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which indicates the absorbance of the films is high. Extinction coefficient measurement

is highly sensitive in lower thicknesses.

The absorption coefficient can be calculated by the extinction coefficient with the

formula below:

‘=" )

In the formula, k is the extinction coefficient, and A is the wavelength. The general
literature review and the result we’ve found in the absorption coefficient spectrum are
in an agreement that MoOs has a direct band gap. The direct band gap can be calculated

by the equation below:

(ahv)" = A(hv — E,) 3)

a 1s the absorption coefficient, h is Planck’s constant, v is the frequency of the photon, n
Is the nature of electron transition, A is the probability parameter for the transition, and
Eg is the band gap. When n is equal to 2, the direct band gap is calculated by the Tauc
plot. The (ahv)'/? have no linear behavior which suggests that molybdenum oxide thin

films deposited by RF reactive sputtering.
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Figure 21. Band gap calculation by Tauc plot.

Figure 21 is presented for the variation of (ahv)? as a function of the energy of MoOs
thin films prepared at different deposition times. The band gap is estimated from the
extrapolation of the linear part of the curve intersecting with the energy axis. The
optical band gap of the thin films is found in the range of 2.75 to 3.52 eV. 20 minutes
sample has a slightly higher band gap than 10 minutes sample. This might be attributed
to the partial filling of oxygen vacancies formed while the deposition. The band gap
reduces with the increase in the deposition time to 30 and 40 minutes. The reason for
the decrease can be linked to the oxygen vacancies that can capture the electron from
the conduction band by acting like a donor center. Moreover, the dominant phase
becomes a molybdenum oxide compound with oxygen deficiency and molybdenum
tends to grow oxygen deficient as the deposition time is prolonged according to the
XRD results. Sub-stoichiometric molybdenum oxide films show more metallic

characteristics resulting in a reduction in the band gap.
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Photoluminescence measurement was performed at the excitation wavelength of 250
nm which is 4.97 eV. The excitation wavelength is higher than the band gap energy to
excite an electron from the valence band to the conduction band directly, yet it is
possible to excite the electron to the localized level within the forbidden gap. The
intensity of PL is affected by many parameters may rise from the sample properties or
device condition. Based on this information, it is known that geometry, nanostructure
type, and substrate can affect the photoluminescence intensity drastically. The change
in the confinement of carriers in tiny volumes of differently shaped nanostructures may
be the cause of the morphology-dependent PL behavior [99]. The locations of the PL
bands may change depending on the makeup of the substrates. Additionally, the high
surface-to-volume ratio, high lattice mismatch, and surface roughness of the film all
contribute to variations in PL density. Because materials having a high surface-to-
volume ratio are more likely to absorb incoming light, it is expected that their PL
densities will be higher [100]. The increase in surface area, which enables high
absorption of incoming UV light, may be the cause of the rise in PL intensity with an
increase in porosity and roughness. In contrast to a smooth film, which generates
specular reflection, a rough film may let the excitation beam to reflect onto a different
region of the film surface, resulting in a more efficient utilization of the excitation
energy and hence superior PL intensity. Due to a combination of total internal reflection
and incident light reflection, the films with modest surface roughness exhibit somewhat
low PL intensity [99].
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Figure 22. Photoluminescence spectra of reactively sputtered molybdenum oxide thin
films at different deposition times a) 10 minutes b) 20 minutes ¢) 30 minutes d) 40

minutes.

Figure 22 shows emissions in the range of 300-550 nm. The calculated band gap of the
films from the Tauc plot was in the range of 2.7-3.6 eV. Beyond it, especially in the UV
range might be attributed to the lattice imperfections or it can be linked to the radiative
decay of self-trapped excitons. Lattice imperfections can be oxygen vacancies or more
complex defect centers. Formation of the oxygen vacancies lowers the oxidation state
of Mo which is shown as Mo®* to Mo®* [101], [102]. Because an oxygen vacancy can
distort MoOs octahedra by pushing a Mo atom in the direction of the terminal oxygens,

oxygen vacancies play a significant role in the PL emission. This lattice disruption
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determines the energy position of the defect states regarding the valence band and the
conduction band. The crystal field effect causes the core Mo ion's d levels to separate
into distinct energy levels in the deformed octahedra of a-MoOz3. Excitonic emission
bands are created when these levels change due to stimulation. Accordingly, the Mo®*
d-d band transition of a severely deformed polyhedron (Mo-O) in an octahedral crystal
field may be responsible for the transitions in the visible area in the crystal field model
[103], [104].

Table 6 Percentage of UV and blue light emission from the time-variant samples

Material Near band emissions % Blue light emissions %
10 Min MoO; Thin film 39 61
20 Min MoOj; Thin film 51 49
30 Min MoOj; Thin film 57 43
40 Min Mo0O; Thin film 59 41
% Conduction Band

Blue Light Emissions E = 3.1 - 2.4 eV

Near Band Emissions E =3.4 — 3.2 eV

Valence Band

Figure 23. Illustration of the emission states.

As shown in the Table 6 and emission states, blue light emission decrease with the
deposition time increase was observed. On the other hand, UV light emission increases
with the thickness of the films. This can be stated that the defect structures possibly

oxygen vacancies increase with the UV light emission and reduces with the blue light
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emission. As a result, it can be attributed to the oxidation state of oxygen.
Correspondingly, the amount of oxygen vacancies increases according to the PL results
which is consistent with the band gap calculations from the Tauc plot. The increased
amount of oxygen vacancies decrease the band gap and the 40 minutes sample shows
more metallic property which explains the high value of the imaginary part of the

dielectric function which is the extinction coefficient.

One of the most sophisticated methods for identifying paramagnetic point defects in
solid-state materials including metal oxides, carbides, and borides is EPR spectroscopy.
The local configuration and electrical characteristics of unpaired electrons, which are
intimately connected to spin-orbit coupling and heavily dependent on the value of g-
factors, may be learned from EPR in a profound and beneficial way. Here, X-band (9.64
GHz) continuous wave EPR spectroscopy was employed at room temperature to
understand the roles of defect structures in the performance of MoOs thin films. The
EPR intensity as a function of the applied Magnetic field is plotted in Figure 24 and g-

factors are calculated by using the following equation:

hv = gBB (4)

where h is the plank constant, v is the applied microwave frequency, B is the Bohr

Magneton and B is the applied Magnetic field.
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Figure 24. EPR spectra of reactively sputtered molybdenum oxide thin films at different

deposition times.

Although many studies are reported for MoOg, there are not studies that focused on the
effect of molybdenum ion EPR measurements. There are two types of signals observed
from the EPR measurement. Based on the g values given in the literature, the signal
with g1=2.09 and g;=2.00 was temporarily assigned to O [105] which is localized in
the coordination sphere of Mo*®ions [106] and the g values of 2.0023 are the signal of a
free electron [107]. In figure 20, the signal of g = 1.9885 was observed which
corresponds to the MoOs lattice's hexa-coordinated MoOs octahedra having an oxygen
vacancy, which is where this signal is connected to Mo®* [107]. It was observed that as
the deposition time increased, the peak starts to broaden which is linked to the several
overlapping signals according to the reports and although, the signal at around g = 1.98
has mentioned to be attributed to the Mo®* species, the signal may not be resolved due
to the frequency limitation. Besides, as the deposition time increases UV light emission
brings about the defects especially oxygen vacancies in the sample according to the PL
results. In this case, broader peaks at 40 minutes sample may have higher oxygen
vacancies concentration that EPR couldn’t resolve. In addition, the signal with a g
factor is 3.3925 can be attributed to the Si wafer and as the thickness increases, the

signal from the Si wafer disappears.
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Shallow donor levels
(oxygen vacancies)

VB

Figure 25 Schematic representation of shallow donor levels (oxygen vacancies).

In this figure, since the oxygen vacancies are assigned to shallow donors and they are
attributed to the singly ionized oxygen vacancies, these shallow donor levels start to
appear just below the conduction band edge. When the concentration of oxygen
vacancies is high, shallow donor levels become more delocalized and overlap with the
conduction band edge. This overlap results to the band gap narrowing and explains the

band gap decrease according to the data obtained from Tauc plot.

PL and EPR results verified the oxygen vacancies inside the films. These oxygen
vacancies should have an effect on the sheet resistance as well. Therefore, the electrical
properties of grown molybdenum oxide thin films by reactive sputtering on a silicon
wafer at different time intervals were analyzed by a 4-Point Probe in order to
investigate the sheet resistance. Sheet resistance has an important role in the device's
performance. For evaluating the doped areas on c-Si wafers, sheet resistance
measurements are highly preferred to be performed. In addition, it is used to
characterize the doping processes which is made of ion implantation, laser doping or

thermal diffusion [108]-[111]. Sheet resistance can be calculated by the equations

_mfm
P In2\ /

below.

42



(5)

80
70—_
60—.
50
40—.

30

Sheet Resistance (Q2-cm)

20

10

10 15 20 25 30 35 40

Deposition Time (min)

Figure 26. Sheet resistance graph as a function of deposition time by 4-point probe.

According to the Figure 25, the sheet resistance first starts to increase by the thickness,
after it starts to decrease. 20 minutes sample has slightly higher value in sheet resistance
due to the partial filling of the oxygen vacancies during the deposition. By the
increasing deposition time, the concentration of the oxygen vacancies becomes higher
which means there are more-free electron inside the film. In this way, the conductance
of the film gets higher with the lower value in the sheet resistance. The higher
conductance is important for the semiconductors. Enhancing the conductance of the
films by creating oxygen vacancies during the deposition allows the films to be used in

the electronic device applications.
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4. CONCLUSION

MoOs has been successfully grown by reactive magnetron sputtering on [001] Si
substrate. Their crystallinity increased by applying in-situ heat treatment. The
structural, morphological, and electrical properties of MoOs films were investigated by
several characterization techniques besides the effect of the correlation between the
thickness and deposition parameters on the defect concentration. Films deposited at
deposition time shorter than 40 minutes have a a-MoQO3z dominated crystal. In contrast,
the film deposited at 40 minutes consists mainly of a dominant B-MoO: phase structure
as well as consisting of a-MoOz and y-Mo04O11 structures. The formed films in the
system molybdenum oxide compound are therefore interesting materials for a variety of
optical and electrical applications such as gas sensor, storage devices or micro batteries.
Since the structure and properties of the deposited MoOs thin films were modified by
varying the deposition period as well as the thickness. These discoveries may also be
useful for improving the structure and characteristics of other metal oxide thin films

through suitable adjustment of film thickness and defect engineering principles.
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